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INTRODUCTION

This memoir is the third and final part of the general report on the oceanographlc
survey of the Gulf of Maine.

. Key charts to the stations will be found in the precedmg part of this volume
(Bigelow, 1926, figs. 1-9) ; the dates and positions are tabulated below (p. 976) with the
physical data.

The chapter on hydrodynamics has been made p0551b1e by Lieut. Commander
E. H. Smith’s collaboration; R. Parmenter tabulated the physical data for the Fish
Hawk cruises of 1925, collaboratlng also in the charts a.nd discussion based thereons

Records of temperature or salinity have been contributed by R. A. Goffin,
Wm. C. Schroeder, Capt. G. W. Carlson, Capt. G. W. Greenleaf, C. G. Corliss, and Dr.
C. J. Fish of the Bureau of Fisheries. Capt.John W. MacFarland, from his schooner
Victor, and Henry Stetson and T. C. Graves, from their yachts, also have taken
welcome observations.

- I owe a debt of gratitude also to Dr.- A. G. Huntsman, who has generously
allowed quotation from his report on Canadian drift-bottle expenments in advance
of publication, and who contributed other data acknowledged in the appropriate
connections; to Dr. J. P. McMurrich, who has offered the use of his unpublished
data on temperatures at St. Andrews, New Brunswick; and to the late Dr. A. G.
Mayor, who contributed the colorimetric tubes used in the determination of alkalinity
on the Albatross and Halcyon cruises of 1920-21.

OCEANOGRAPHIC HISTORY
1. GULF OF MAINE PROPER

The first Gulf of Maine temperatures, so far as I can learn, were taken in October,
1789, by Benjamin Franklin’s nephew, Jonathan Williams, who read the “heat of -
the air and water at sunrise, noon, and sunset” (1793, p. 83) on a voyage from
Boston to Virginia, and found the surface 8.9° C. (48° F.) off the mouth of Massa-~
chusetts Bay on October 11, warming to 11.1° (52° F.) off Chatham on Cape Cod,
to 15° (59° F.) over the outer- pa,rt of the continental shelf south of Nantucket, and
to 18.3°-19.4° (65° to 67° F.) in the inner edge of the Gulf Stream outside the edge
of the continent on the 13th—readings that agree very well with the usual distribu-
tion of temperature for that season. On another voyage (from Halifax to New York)
during the last week of July, 1790, he again took temperatures on Roseway Bank,
Browns Bank, and in the gully between them; also along the southern side of Georges
Bank (53° to 64° F).

Enough readings of the surface temperature of the Gulf of Maine had accumulated
during the first half of the nineteenth century to permit Maury (1855 and 1858) to
show its coastal belt and the Bay of Fundy as between 50° and 60°, its southern side
out to the continental edge as between 60° and 70° in July, and the entire gulf as
colder than 50° in March. 2

1 The first part was devoted to the fishes (Bigelow and Welsh, 1925); the second to the plankton (Bigelow, 1926).

1 Petermann (1870) more correctly interprets the individual readings reproduced on Maury’s (1852) thermal chart by showing
the inner parts of the Gulf of Maine as 54.5° to 59° and the Georges Bank-Nantucket Shoals region as about 59° to 65.5° in July
about 32° and 32° to 41°, respectively, in January . .
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The first attempt to measure the temperature of the gulf below the surface was
made in the summer of 1870, when Verrill (1871, p. 3) found the water virtually homo-
geneous, surface to bottom, in Passamaquoddy Bay, thoughreadings with thermometers
of the maximum-minimum type established a considerable range of temperatures on
the offshore slope of Georges Bank (Verrill, 1873; Sanderson Smith, 1889, p. 887).

Two summers later surface and bottom temperatures were taken at a large num-
ber of stations in the neighborhood of Casco Bay from the Fish Commission steamer
Blue Light (Verrill, 1874, 1874a), and also at various localities in deep water in the
western side of the gulf by the Coast Survey steamer Bache (Sanderson Smith,
1889, p. 885; Packard, 1876). As a result of this summer’s work Verrill was able to
bring to scientific attention the contrast between the low bottom temperature and
the warm surface of the western side of the gulf.

The survey was continued by the Bache in the summer of 1874 at about 40 dredg-
ing stations in the western side of the Gulf of Maine, in depths of 27 to 113 fathoms
(Sanderson Smith, 1889, p. 886). No observations were taken in the gulf in 1875
or 1876; but in 1877 the Fish Commission, from the Speedwell, in connection with a
survey of the bottom fauna, took surface and bottom temperatures in the northern
part of Massachusetts Bay, with serial observations at several stations on a line
crossing the gulf to Cape Sable. i

Unfortunately, none of the subsurface temperatures taken in the gulf up to that
date were even approximately dependable, according to present-day standards,
because the Miller-Casella thermometers employed were not only unreliable (Verrill,
1875, p. 413), but, being of the maximum-minimum type, they would register merely
the lowest temperature at each station, which was not necessarily at the level at
which the reading was ostensibly taken. Modern oceanographic research in the gulf
may therefore be dated from the summer of 1878, when the Speedwell took temper-
atures in Massachusetts Bay and off Cape Ann, including serials at 31 stations (San-

" derson Smith, 1889, p. 905; Rathbun, 1889, p. 1005), with reversing thermometers.
This type, improved from time to time, has been employed regularly ever since.
The Speedwell worked again in the gulf in the summer of 1879 (Sanderson Smith,
1889, p. 909; Rathbun, 1889, p. 1006). In June, 1880, the Blake took surface
and bottom readings at three stations inside the 200-fathom contour on the eastern
part of Georges Bank (Rathbun, 1889, p. 972, and A. Agassiz, 1881), while in
August the Fish Hawk obtained similar data off Chatham, Cape Cod, in 10 to 43
fathoms (Rathbun, 1889, pp. 922-923), but did not visit the more northern parts of
the gulf.

The year 1882 is an important one in the annals of North American oceanography,
because that spring saw the oft-quoted destruction of the tilefish ® and of the inver-
tebrate fauna that inhabited the warm band along the edge of the continent, pre-
sumably by flooding with very cold water. During the following August the Fish
Hawk took observations south of Marthas Vineyard and made one trip to the 100-
fathom line east of Cape Cod (Rathbun, 1889, p. 925).

Surface and air temperatures were recorded from early spring to late autumn at
several lighthouses and lightships along the coast of the gulf from Nantucket Shoals
to Petit Manan during the years 1881 to 1885, the 10-day averages of which are

$ For an account of this event and of the gradual reestablishment of the species see Bigelow and Welsh, 1925,
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tabulated by Rathbun (1887). The very large number of temperatures taken on the
lightships in the ordmary routine since that time have not been exammed crxtlcally.
however.

The Albatross occupied a large number of dredging stations along the oﬁshore
slope of Georges Bank during 1883, 1884, 1885, 1886, and 1887, but only five of her
serial readings and a few of the bottom records fall Within the limits of the Gulf of
Maine.* An extensive series of temperatures taken by Dr. W. C. Kendall at the
surface and at small depths in the western part of the gulf, in connection with mack-
erel investigations carried out by the Grampus in 1897, also deserves mention (p. 594).

A gap follows in the thermal history of the gulf until the summer and autumn
of 1904, when the Tidal Survey of Canada took a large number of surface and subsur-
face temperatures in the Bay of Fundy region and off the west coast of Nova Scotia
(Dawson, 1905, 1922). Many of these were repeated in 1907. In July, 1908, a few
readings were taken from the Grampus in the region of Nantucket Shoals.

The reestablishment of the biological station of the Biological Board of Canada
at' St. Andrews, at the mouth of the St. Croix River, in 1908 marks an epoch in the
oceanographic study of the Bay of Fundy region. The first published survey of the
temperature and density (the latter determined by hydrometer) in the neighbor-
hood of St. Andrews was carried out in July, 1910 (Copeland, 1912). Since then
the taking of temperatures and of salinity has been a regular part of the station’s
work, and such of the data as have been published are mentioned below.

Although the preceding summary may seem somewhat formidable, very little
was yet known of the subsurface temperatures of the offshore parts of the gulf, even
in summer, for only one small area in its western side had been examined with
satisfactory instruments. Nor had anything been learned of its winter state or of
the salinity of its deep waters at any time of year until 1912. In that year the
United States Bureau of Fisheries and the Museum of Comparative Zoology jointly
undertook the general oceanographic exploration of the gulf, which, continued to
date under my direction, has been the foundation of this report and of those that
have preceded it (Bigelow, 1914 to 1926; Bigelow and Welsh, 1925).

The first fruits were the serial records at 46 stations (10001 to 10046) in the
northern half of the gulf during that July and August (p. 978; Bigelow, 1913, 1914),
including the first determinations of the salinity of the water of the gulf by the
titration method (p. 976) that for some years had been in general use on the other
side of the Atlantic. This, subsequently, has been a routine part of our station work.
Observations were taken bimonthly off Gloucester by the Blue Wing during the
winter of 1912-1913; north of Cape Cod during the following spring by W. W.
Welsh (stations 10047 to 10056; W. W. Welsh stations 1 to 32; and Bigelow, 1914s);
also a few temperatures and water samples between Massachusetts Bay and Georges
Bank by Thomas Douthart and W. F. Clapp (table, p. 980).

The Grampus carried out a general survey of the western and northern parts of
the gulf in the summer of 1913 (stations 10057 to 10061, 10085 to 10112, p. 982; Bigelow,
1915), as well as of the coastal waters between the longitudes of Marthas Vineyard and
Chesapeake Bay. This was followed by a more comprehensive oceanographic exami-
nation of the offshore banks, as well as of the inner parts of the gulf and of the coastal

4 For these Albafross data see T'ownsend (1901, dredging stations 2053, 2054, 2060-2064, 2068, and 25622).
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shelf eastward along Nova Scotia to Halifax in the summer of 1914 (stations 10213
to 10264, p. 985; Bigelow, 1914b, 1917). . Temperatures and water samples (density
of the latter determined by hydrometer) were taken at many localities in the Bay of
Fundy region that summer and the following winter from the biological station at
St. Andrews (Mavor, Craigie, and Detweiler, 1916; Craigie, 1916, 1916a; McMurrich,
1917; and Doctor McMurrich’s unpublished plankton lists). In 1915 the Grampus
cruised in' the gulf from spring to midautumn (stations 10266 to 10339, p. 987;
Bigelow, 1917). Craigie (Craigie and Chase, 1918) likewise took serial temperatures
in the Bay of Fundy, in Annapolis Basin, and in St. Marys Bay, as well as salinities
in the latter (Vachon, 1918). ‘ , :

-~ That same summer is memorable in oceanographic annals for the general survey
of eastern Canadian waters carried out by the Canadian Fisheries Expedition (Hjort,
1919; Sandstrém, 1919; Bjerkan, 1919). This, however did not touch the Gulf of
Maine region except for one profile crossing the shelf off Shelburne, Nova Scotia, in
July.

- It is a fortunate chance that the western and southwestern parts of the gulf, on
the one hand (stations 10340 to 10357, 10398 to 10404; Bigelow, 1922%), and the
Bay of Fundy, on the other (Vachon, 1918), both were studied in 1916, for that
summer and autumn followed an almost Arctic winter and a backward spring.

Exploration of the offshore waters of the Gulf of Maine was interrupted by the
war, except that serial observations were taken at a station between Grand Manan
and Nova Scotia by the St. Andrews station at intervals from 1916 to 1918.

- In 1919 work was resumed, when the United States Coast Guard cutter
Androscoggin, on ice patrol, ran profiles across the gulf in March, April, and May
(United States Coast Guard stations 1 to 3, 19 to 22, 35 to 38, p. 997; E. H. Smith,
1924, p. 103), while Mavor (1923) made an oceanographic survey of the Bay of Fundy
in August. Study of the surface currents of the Bay of Fundy by drift bottles also
was inaugurated by the St. Andrews station during that summer (Mavor, 1920 to
1923), and later was expanded into a joint project to cover northeastern American
waters generally. v :

Prior to 1920 attention had been directed chiefly to the state of the gulf during the
warm half of the year. To remedy this seasonal deficiency the Albatross carried out
& general survey of the entire region from February to May, 1920 (stations 20044 to
20129, p. 998; United States Bureau of Fisheries, 1921), while the Halcyon eruised in the
northern half of the gulf during the following December, January, and March. The
Halcyon also occupied a net of oceanographic stations in Massachusetts Bay during
August, 1922, and has made scattered observations at various seasons since then
(stations 10631 to 10645, p. 995, and unnumbered stations, p. 1012). Finally, the
Fish Hawk took temperatures and salinities at many stations in Massachusetts and
Cape Cod Bays at intervals during the winter and spring of 1924-25 (p. 1004).

The following lines of drift bottles have been set out in the Gulf of Maine since
1919: July, 1922, one line running southeasterly from Cape Elizabeth to the center
of the gulf; another from the southern angle of Cape Cod southeasterly out across
the edge of the continent; and likewise a line off New York. A line also was set out

§ The operations of the Grampus in 1916 were in the immediate charge of W. W. Welsh.
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off Cape Sable that summer by the Biological Board of Canada, besides several other
lines farther east (p. 908). During August, 1923, lines of bottles were set out normal
to the coast line off Mount Desert, Cape Elizabeth, Cepe Ann, and Cape Cod (p. 874);
and a much larger number of bottles was put out in more eastern Nova Scotian
waters by the Biological Board of Canada, some of which have drifted to the Gulf of
Maine, as described below (p. 908). No bottles were put out in the Gulf of Maine
proper in 1924, although lines were run across Vineyard and Nantucket Sounds. Some
of the many Canadian bottles put out that summer off the outer coast of Nova Scotia
have been picked up in the Gulf of Maine. Finally, bottles were put out in Massa-~
chusetts ‘and Ipswich Bays in February, April, and May, 1925; in Massachusetts
Bay again by Henry Stetson in April, 1926, and off Cape N edlck by T E. Graves
that July, from their yachts (pp. 878, 879).

The measurements of currents, which have been taken in the gulf- by the Tidal
Survey of Canada and by the United States Coast and Geodetlc Survey, are mentioned
in a later chapter (p. 857). :

2. CONTINENTAL SHELF SOUTH OF NANTUCKET AND MARTHAS
' VINEYARD

The earlier explorations in this area are summarized in a previous report (Bige-
low, 1915), hence they may be passed over briefly here.

The general range of surface temperature south of Woods. Hole is now well
known for the summer season, thanks to the early explorations by the vessels of the
Bureau of Fisheries, notably in 1880 to 1882 (Tanner, 1884 to 1884b) and in 1889
to 1891 (Libbey, 1891, 1895). Daily records of temperature of air and water also
have been recorded for many years at Woods Hole,* and observations have been
taken on the various collecting trips carried out summer after summer from that
station.. Dickson (1901) likewise has collected a large number of surface tempera-
tures from the logs of vessels, and the Grampus has crossed this part of the conti-
nental shelf on several recent cruises.

" A large number of subsurface temperatures and determinations of salinity by
hydrometer also have been taken from Marthas Vineyard and Nantucket out to
the edge of the continent and beyond, beginning with the early dredging trips of
the vessels of the Fish Commission (1880 to 18817} and continued by Libbey in 1889,
1890, and 1891. Libbey continued his study in subsequent years, but the results
never have been published; nor, except in a few instances, have the bottom tem-
peratures taken subsequently on the various dredging trips sent out to the waters
south of Marthas Vineyard from the Woods Hole station of the Bureau of
Flshenes :

In 1908 the Grampus took temperatures in 31 to 400 fathoms southward from
Nantucket Shoals (p 595; Bigelow, 1909) In July, 1913, she occupied several ocean-
ographic stations in that general region, working southward thence to Chesapeake
Bay (Bigelow, 1915 stations 10062 to 10084). During that August she took
surface temperatures from Cape Cod to Cape May (Bigelow, 1915, p- 350); in 1914

- 4These are summarized by Sumner, Osburn, and Cole (1913) and by Fish (1925).

1 For records of temperature during this period, see Sanderson Smith (1889); for the 4lbatross stations, see Tanner (1884a,
1884b) and ‘Townsend (1901).

8951—28——34
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and 1915 she ran oceanographic profiles across the slope abreast of Marthas Vine-
yard in August and October, mentioned above (p. 517). In 1916 she again made
summer and November cruises from Gloucester to Chesapeake Bay (Bigelow,
1922).

TOPOGRAPHY

The indentation of the coast between Cape Sable, at the southeast angle of Nova
Scotia on the east, and Cape Cod and Nantucket Island, on the west, seems to have
gone unnamed until late in the last century, when it was christened “Gulf of Maine.”
As outlined by the coast, the gulf is roughly rectangular, much wider (about 200 miles)
than deep (about 120 miles). It is a far better marked natural province below the
surface of the sea than the shallow recession of its shore line would suggest, for its
southern boundary is marked by a shallow rim, or “sill,” pierced by three narrow
passages only. Passing eastward from Nantucket, with its off-lying shoals, these,
successively, and the banks that separate them, are: The South Channel (not very
well defined and only 40 to 50 fathoms deep), Georges Bank, the Eastern Channel,
Browns Bank, the Northern Channel, and finally the Seal Island or coastal bank off
Cape Sable. This rim, as Mitchell (1881) long ago pointed out, 259 miles in length
from Nantucket to Cape Sable, follows, in its main outlines, the arc of a circle whose
radius is about 167 miles. Along this arc the length of Georges Bank, from the
deepest trough of the South Channel to the 50-fathom contour on the slope of the
Eastern Channel, is about 140 miles, with a greatest breadth of about 80 miles from
north to south between the 50-fathom contours. Between these same contours of
the Eastern Channel and of the Northern Channel each occupies about 25 miles of
the arc. ) In round figures, the area of Georges Bank is 10,000 square miles; that
portion of Browns Bank west of longitude 65° 30’ W. (taken as the arbitrary bound-
ary of the region under discussion) is about 550 square miles.

The ares of the gulf north of the rim is given by Mitchell as about 36,000 square
miles. } The coast line of the gulf, as it would appear on a small-scale chart, follows
a fairly regular curve, but in detail it is extremely complex; for the northern and
eastern shores are not only frequently and deeply embayed, but are bordered by a
perfect labyrinth of islands, large and small, extending in places 10 to 20 miles sea-
ward from the mainland. Its largest bays (Massachusetts on the southwest and the
still larger Bay of Fundy on the northeast) are too well known to need more than
passing mention. '

The coast of the Gulf of Maine falls into two main types, Cape Elizabeth mark-
ing the transition from one to the other. South of this headland the shore line is
characterized by a succession of sand beaches alternating with bold headlands, nota-
bly Cape Ann, and with rocky stretches, which in Cape Cod Bay give place to the
continuous sand strand of the cape. Along this part of the coast there are but few
islands, except in Boston Bay, and the fjord type of indentation is notably absent.
East of Cape Elizabeth, on the contrary, the shores of the State of Maine are almost
continuously rocky, as are the islands of the outlying archipelago already mentioned;
and deep bays succeed each other in close succession as far as the mouth of the
Bay of Fundy. Asa whole, the shores of the gulf are low,seldom rising to more
than 100 to 200 feet in the immediate neighborhood of the sea; but the Camden hills



PHYSICAL OCEANOGRAPHY OF THE GULF OP MAINE 519

and the mountains of Mount Desert (with the maximum elevation of 1,500 odd feet)
are exceptions to this rule, while the cliffs of the north shore of Grand Manan rise to
a height of 200 to 300 feet, almost sheer from the water.

DEPTH OF THE GULF?®

If we take the 50-fathom (virtually the 100-meter) contour as marking the con-
fines between the peripheral and central parts of the gulf (a natural boundary, because
this level not only outlines the northern slope of Georges Bank but includes virtually
all the outlying islands), the coastal shallows to the east, north, and west and the
rim on the south inclose a bottle-necked basin that communicates with the open sea
by two narrow channels only—the eastern and northern.f The Eastern Channel, at
its narrowest point between Georges and Browns Banks, 13 about 140 fathoms (256
meters) deep along its trough; the Northern Channel is 65 to 80 fathoms (120 to 145
meters), with a maximum of 78 fathoms (143 meters) in the narrows between Browns
Bank and the Coast Bank. North of the rim the deepest water (100 fathoms, or 200
meters and over) takes roughly the form of a Y, with its two arms extending west-
ward and northeastward. As these two troughs apparently were unnamed, I have
christened them the ‘“western’ and ““eastern’’ basins. They join in the southeast
corner of the gulf, where they are continuous with the Eastern Channel. As Mitchell
(1881) has pointed out, more than 10,000 square miles of the gulf are deeper than 10C
fathoms. The gulf is deepest just inside the entrance to the Eastern Channel and
close to the northern slope of Georges Bank as a trough some 50 miles long (west
and east), with 150 fathoms (275 meters) or more, and a maximum of 184 fathoms
(336 meters). ¥ There is also a second, smaller bowl, deeper than 150 fathoms (180
fathoms, or 329 meters, maximum) in the inner part of the western branch of the v,
off Cape Ann.

Over the south-central region of the gulf (that is, the region of union of the two
arms of the basin) the depth is generally from 100 to 120 fathoms (180 to 220 meters),
varied, however, by many shoaler spots of 90 to 100 fathoms and by occasional
deeper soundings of 120 to 135 fathoms (220 to 250 meters). The configuration of
the bottom makes the fathom a more instructive basis for contour lines than the
meter in just this region; for whereas the 100-fathom curve includes the whole basin,
the 200-meter contour, though differing so little in actual depth, is much interrupted
here by ridges of 180 to 190 meters, obscuring the essential troughlike conformation
of the basin. In the western arm of the basin the water is deepest 45 miles east of
Cape Ann; in the eastern arm it is deepest in the extreme northeast corner (145
fathoms, or 265 meters). In both branches the general level of the basin floor is
from 115 to 130 fathoms (210 to 238 meters).

BANKS AND SINKS

Isolated sinks or pot holes are numerous; indeed, the deeps of the two basins
just mentioned are such. Most of these do not fall deep enough below the sur-
rounding bottom to call for any special comment, but three such bowls are so deep

8 On the ordinary navigational chartsof the region, published by the United States Coast and Geodetic S8urvey and the United
8tates Hydrographic Office, the depths are given in fathoms, Consequently, the following discussion is also in fathoms, but
w th the equivalents in meters also stated.
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and are inclosed by rims so much shallower that they have been made the field of con-
siderable hydrographic investigation. These, for want of better names, I may
christen (1) the Cape Ann sink, lying near Stellwagen Bank, centering sbout 12 miles
southeast of Cape Ann, having a general depth of 50 to 70 fathoms (91 to 128 meters)
and a greatest depth of 99 fathoms (181 meters), and inclosed.by a continuous rim
of 40 fathoms (70 to 75 meters) or shallower; (2) the Isles of Shoals sink, centering
28 miles northeast of Cape Ann, having a general depth of 80 -to 100 fathoms (146
to 183 meters), and inclosed on the south and east by the shallows of Jefifreys Ledge
and on the north by depths of 60 to 70 fathoms (110 to 128 meters). The Fundy
deep, south of Grand Manan Island at the mouth of the Bay of Fundy, is a basin
some 27 miles long, with 100 to 112 fathoms (183 to 205 meters) and its deepest
spot 165 fathoms (302 meters). ’

The two arms of the deep trough or basin of the gulf are separated by a roughly
triangular area, with depths ranging generally from 70 to 90 fathoms (128 to 165
meters) but rising at its apex (roughly, in the center of the gulf) to within 434 fathoms
(8 meters) of the surface, as the dangerous, rocky shoal known as Cashes Ledge, the
patch less than 30 fathoms (55 meters) deep being about 6 miles long in a southwest -
northeast direction. Other offshore shoals in the gulf ‘proper, which deserve mention
here because I shall have occasion to refer to them later as landmarks, are as follows:

1. Stellwagen Bank, lying between Cape Cod and Cape Ann at the entrance to
Massachusetts Bay, 9 to 20 fathoms (16 to 87 meters), with deeper channels north
and south of it.

2. Jeffreys Ledge, a narrow ridge extending northeasterly from Cape Ann for
about 45 miles, with depths less than 50 fathoms (91 meters), shoalest place 18
fathoms (33 meters).

3. Platts Bank, situated about 34 miles east-southeast from Cape Elizabeth,
which rises to within 29 fathoms (53 meters) of the surface.

4. Jeffrey Bank, ofi Penobscot Bay, some 26 miles south of the outermost islet
(Matinicus Rock), where there is a small area within the 50-fathom curve with a
shallowest depth of 46 fathoms (84 meters).

5. Grand Manan Bank, a small shoal about 7 miles long lying about 18 miles
south of Grand Manan Island; general depth 30.to 40 fathoms (55 to 73 meters).

6. Lurcher Shoal, & patch of broken, rocky bottom 1.5 to 20 fathoms (3 to 37
meters) deep, 15 miles off Yarmouth, Nova Scotia.

7. German Bank, & considerable but vaguely defined area west of Cape Sable,
with depths of 30 to 35 fathoms (55 to 64 meters) bounding the debouchment of the
Northern Channel into the basin of the gulf.

Mitchell (1881) has calculated that the mean depth of the gulf north of the sill,
including its navigable bays and tributaries, is about 75 fathoms (137 meters).

The banks that form the southern sill of the gulf have been described frequently,
and because of their importance in navigation their main features are summarized in
the coast pilots issued by the British and United States Governments. The di-
mensions and area of Georges Bank, one of the most famous and productive fishing
grounds in the North Atlantic, are mentioned above (p. 518). On the southern and
eastern parts the depths range, in round numbers, from 30 to 40 fathoms (55 to
73 meters). Over its northwestern one-third the water is shallower, with a consider-
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able but much broken area shallower than 20 fathoms (37 meters), culminating in the
dangerous “Georges’” and Cultivator Shoals, the former with only 244 to 10 fathoms
(424 to 18 meters), the latter with 3 to 10 fathoms (6 to 18 meters). Both of these
shoals break heavily in stormy weather, and both have proved graveyards for many
fishing vessels.. According to early rumor (Mitchell, 1881), Georges Shoal has been
awash or even dry within historic times; but even as early as 1776 Hollmgsworth
decided that this tradition had no basis. It is worth noting that there is one well:
marked sink situated on' the northeast part of Georges Bank, centering at latitude
41° 59" N., longitude 67° W. Prior to the spring of 1920 this was known (at least
officially) from one sounding of 83 fathoms (152 meters) orly, with neighboring
depths of 30 to 40 fathoms (55 to 73 meters). -On March 11 of that year the U. S;
S. Albatross developed the region by a series of soundings, finding & maximum depth
of 120 fathoms (220 meters) and an area of about 27 square miles deeper than 75
fathoms (about- 140 meters).

Inside the 50-fathom (90-meter) contour Browns Bank is about 55 miles long
from east to west, with an area about 700 square miles and a general depth of 30 to
50 fathoms.

Around most of the periphery of the basin of the gulf the slope is gradual, the
100-fathom (183-meter) curve lying about 12 miles from shore at its closest (off Cape
Cod and about as near the outer islands in the northeast corner). The northern
slope of Georges Bank is much more abrupt, falling from about 40 fathoms (73 meters)
to 100 fathoms (183 meters) in a distance of only 3 to 5 miles. -

The Gulf of Maine, with its southern sill, occupies the whole breadth of the
Continental Shelf off northern New England- and western Nova Scotia, with the
south slopes of Georges and Browns Banks falling so steeply to the abyss of the
North Atlantic that the zone between the 100 and 1,000 fathom contours (the ““Con-
tinental Slope’’) is at one point (longitude about 66° W.) only 4 or 5 miles broad
and not more than 20 miles anywhere abreast the mouth "of the gulf between the
longltudes of 65° and 71°.

WATERSHED

In more or less inclosed coastal seas, where the salinity of the water is influenced
greatly by the amount of inflow from rivers and smaller streams, the extent of the water-
shed and amount of run-off of fresh water demand consideration. Theland area tribus
tary in this way to the Gulf of Maine includes something over one-third of the State of
Massachusetts, two-thirds of New Hampshire, the entire’ State of Maine, half of the
Province of New Brunswick, a small part of the Province of Quebec, and the north-
western and western coastal strips of Nova Scotia—altogether, in round numbers, some
61,300 square miles. No large rivers empty into the gulf south of Cape Ann; north
of that point the chief tributaries, with their approximate drainage areas in square
miles, are (1) the Merrimac, 4,553; (2) the Saco, 1,753; (3) the Presumpscot, 470;
(4) -the -Androscoggin, 3,700; (5) the Kennebec, 6,330; (6) the Penobscot, 8,550;
(7) the Machias, 800; (8) the St. Croix, 1,630; and (9), chief of all, the St. John,
draining no less than 26,000 square miles. That is to say, the nine principal tribu-
taries drain together over 53,000 square miles, or five-sixths of the total watershed.
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TEMPERATURE .
FEBRUARY AND MARCH

It is most convenient to begin the account of the temperature of the Gulf of
Maine with the late winter and early spring, when the water has cooled to its
minimum for the year and before vernal warming has proceeded to an appreciable
degree.

No definite date can be set for this state because of regional and annual varia-
tions, but experience in 1913, 1920, and 1921 suggests that the lowest temperatures
are to be expected over the gulf as a whole during the last week of February and
first few days of March, except from Cape Sable out to the neighboring part of the
basin, where the surface is coldest some weeks later, when the Nova Scotian current
is flowing from the east past Cape Sable in greatest volume (p. 832). The tempera-
tures recorded during the February-March cruise of 1920 may not have been the
absolute minimum for that year, but the preceding winter had been so cold, with
snowfall so heavy, that probably the open gulf is never more than fractionally colder
than we then found it. The coastal belt may then be expected to chill below 2° at
the surface all around the gulf by the end of winter (fig. 1), its central and offshore
parts continuing slightly warmer (about 2.5° to 3.5°). In 1920 a surface tongue
equally cold had also developed off southern Nova Scotia by the middle of March,
spreading westward across Browns Bank but separated from the coast by slightly
warmer (2.2° surface) water close to Shelburne. Present knowledge of the seasonal
fluctuations of the Nova Scotian current (p. 832) also make it likely that some such
development is to be expected yearly.

SURFACE

The surface temperature falls fractionally below 0° in Cape Cod Bay during
winters when ice forms there in any amount. Thus in 1925, for example, the whole
column of water in its central and eastern sides,in 12 to 34 meters depth, chilled
to —0.4° to —0.7° by February 6 to 7, warming again to 1° to 2° by February 24.
Passamaquoddy Bay chills to nearly as low a figure (0.77° at 20 meters, February
23, 1917; Willey, 1921).

If the winter of 192425 can be taken as typical (as seems fair, because rather a
greater amount of ice formed in Cape Cod Bay than usual, although the air tem-
peratures averaged warmer than normal and the snowfall less), a line from the tip
of Cape Cod to Boston Harbor will bound this 0° water in the Massachusetts Bay
region. Equally low temperatures no doubt prevail on the surface in the inner parts
of the bays and among the islands along the coast of Maine in winters when much
ice forms there.

By contrast it i is not likely that the surface of the basin of the gulf including
the western part of the Bay of Fundy, ever cools below 2° at any season except for
a brief period later in the spring (p. 681), when the surface in the eastern side may be
chilled to 0° by the icy Nova Scotian current flowing past Cape Sable from the east.
Minimum readings of 3° to 4° are to be expected over the southern side of the basin
and on the eastern part of Georges Bank; 4° to 5° over its western half and off its
southwestern slope.
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An extreme range of about 5° surface temperature thus may be expected over
the whole area of the- -gulf at the end of the winter, and ‘a range of about 4° in its
inner parts.

T
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Pig. 1.~Temperature at the surface, February-March, 1920
VERTICAL DISTRIBUTION

At the end of the winter the temperature is very nearly uniform, vertically, down
to a depth of 100 meters, rising slowly with increasing depth below that level.: This
state continues into March, until the climbing sun has warmed the surface appreci~
ably. Whether the water is coldest immediately at the surface or 10 to 20 meters
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down at the end of February. depends.on the precise locality, on.the state of the
weather during the few days preceding, and, locally, on the stage of the tide, & ques-
tion taken up in connection with the autumnal and winter cooling of Massachusetts
Bay (p. 649). Our March cruise of 1920 began a few days after the temperature had
passed its minimum for the year, the surface being fractionally warmer than the
deeper water; but the temperature was still so nearly uniform vertically that the
range was less than 1° in the upper 100 meters-at most of the March stations within
the outer banks (figs. 2 to 11). Most of the individual stations also showed a
slight warming from the 20 to 40 meter level down to 100 meters, except in the sink
off Gloucester (station 20050), where the bottom water was fractionally the coldest.
Wherever the water was deeper than 100 meters a decided rise in temperature was
recorded from that level downward. Thus the temperature off Cape Ann (station
20049) was 2.6° higher at 200 meters than at 100, and from 1° to 3° warmer at. 175
meters than at 100 elsewhere. in the basin of the gulf. The highest temperatures
recorded inside Georges Bank during March, 1920, were at 150 to 250 meters, as fol-
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Fig. 2.—Vertical distribution of temperature in the inner part of Massachusetts Bay, March to August. A, March 8, 1920
(station 20062); B, April 6, 1020 (station 20089); C, May 16, 1920 (station 20128); D, August 23, 1922 (station 10632); E,
© August 23, 1922 (station 10640); F, August 20, 1915 (station 10106)

lows: Station 20049, 5.66° to 5.63° at 180 to 200 meters; station 20053, 5.39° at 225
meters; station 20054, 5.4° to 5.48° at 175 to 250 meters; station 20055, 5.59° at 220
meters; station 20081, 5.39° at 200 meters. Thus, generally speaking, the deepest
water of the gulf is the warmest and the superficial stratum the coldest at the begin-
ning of the spring. A glance at the temperature sections (figs. 2 to 11) will show how
widely this differs from the summer state.

TEMPERATURE AT 40 METERS .

It is probable that the narrow band of 0° to 1° water that skirts the whole coast
line from Massachusetts Bay to the Grand Manan Channel on the 40-meter chart
for February and March (fig. 12) reflects conditions as they existed at the sur-
face a week or 10 days earlier in the season. Readings higher than 1° everywhere
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else, even after the unusually.severe winter of 1920, make it seem unlikely that the
offshore parts of the gulf ever chill below 1° at the 40-meter level. Temperatures
of 1° to 2°at 40 to 50 meters in Massachusetts Bay ea:rly in February, 1925 (p: 658) ,
contrasting with 0.4° on March 5, 1920 (station 20062), suggest that this strabum is
about 1° warmer after a warm winter than after a cold one.

Rising temperature, passing offshore to 2° to 4° over the banks, with an abrupt
transition to much higher values (9°) a few miles to seaward of the edge of the con=
tinent, is the most}nstrucmve general feat;ure of this 40-meter chart. Th1s, however
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F1a. 3.—Vertical distribution of temperature off northern Cape Cod, March to July. ‘A, Mazrch 24, 1920 )
(station 20088); B, April 18, 1920 (station 20116); C, May 16, 1820 (station 20125); D, July 19, 1914
(station 10214) .
was comphcated at the time by an expansmn of water colder than that across the
eastern end of Georges Bank from the neighboring part of the basin, alternating with
a warm tongue that intruded inward along the Eastern Channel and a second area
of cold (2°) water that reached Browns Bank from the eastward.’

A proﬂle run from Shelburne, Nova Scotis, ‘to the édge of the continent in Mareh (stations 20073 to 20077) affords a ‘cro#s
section of this. . 7
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TEMPERATURE AT 100 METERS AND DEEPER

In February and March, 1920, the entire basin of the gulf was warmer than 1.5°
at 100 meters (fig. 13); all but its northwestern margin was warmer than 2°. The
most noteworthy features of the chart for this level are the very striking contrast
between the cold inner waters of the gulf (1° to 3°) and the high temperature (7° to
13°) outside the edge of the continent, with the clearly outlined tongue of compara-
tively warm (4° to 6°) water entering via the Eastern Channel (better defined at
this level than at 40 meters) to extend northward and northwestward along the east-
ern branch of the trough, which deserves special attention. The influence of this
warm indraft also is'made evident around the northern slope of Georges Bank, west-
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F1q. 4.—Vertical distribution of temperature at the mouth of Massachusetts Bay, March to August. A, March
1, 1620 (station 20050); B, April 9, 1920 (station 20090); C, May 4, 1920 (station 20120); D, May 16, 1920
(station 20124); E, July 20, 1012 (station 10002); F, August 22, 1914; G, August 31, 1915 (station 10306)
ward to the Cape Cod slope, in readings of 3° to 3.6°. With this warm tongue as
clearly defined by high salinity as it is by temperature, its nature as an actual cur-
rent flowing into the gulf via the Eastern Channel from outside the continental edge
is sufficiently established. Seldom, in fact, do the curves for salinity and for tem-
perature correspond as closely as they do in this case, even to the pooling of the
warm, saline water off the mouth of the Bay of Fundy. This phenomenon, of which
we have had frequent evidence in other years and at other seasons, is discussed more
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fully in the chapter on the circulation of the gulf (p. 921). Its existence and its effect
on the bottom temperatures of the gulf are among the most interesting facts brought
out by the survey. - - S R

A counter expansion of water colder than 6° and fresher than 33 per mille, out
of the gulf and around the southeast face of Georges Bank, also adds interest to the
100-meter chart. - v

In February and March, 1920, the gulf proved warmer at 200 meters than at
100. Probably the 200-meter level is never as cold as4°; in fact, most-of the readings
were fractionally higher than 5°, being from 4.29° in the Fundy Deep to 6.85° in the
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F16. 6.—Vertioal distribution of temperature in the deep trough between Jeffreys Ledge and the coast, March
to August. A, March 5, 1920 (station 20061); B, March 5, 1921 (station 10500); C, May 14, 1914 (station
. - 10278); D, August 22, 1014 (station 10252). - The broken curve is -for August 9 of the cold summer of 1623

Eastern Channel, with 5.2° to 5.6° at most of the stations. ‘The 200-meter temper-
ature at the three February-March stations outside the edge.of the continent were
as follows: 12.39° off the southwest face of Georges Bank on February 22 (station
20044), 5.9° off its southeast slope on March 12 (station 20069), and 7.89° off Shel-
burne, Nova Scotia, on March 19 (station 20077). :
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' PROFILES *

Several proﬁles of the gulf are added, further to illustrate the distribution of
temperature in March as exemplified by the year 1920. The first of these, running
eastward from Massachusetts Bay to the neighborhood of Cape Sable (fig. 14), shows
the spacial relationship between the comparatively high temperature (upward of 4°)
in the bottom of the two arms of the basin, below about 120 to 160 meters, the
banking up of 4° to' 5° water in the eastern side just mentioned, and the colder
(0° to 2°) water in the inner part of Massachusetts Bay in the one side of the
gulf and along western Nova Scotia in the other. It also affords evidence more
graphlcgthan the charts that this warm bottom water, as it drifts in through
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F1a. 7.—~Vertical distribution of temperature near Mount Desert Island in various months. A, March 3, 1920
(station 20056); B, April 12, 1920 (station 20099); C, May 10, 1915 (station 10274); D, June 11, 1915
(station 10284); E, June 14, 1915 (station 10286); F, July 19, 1915 (station 10302); G, August 18, 1915 (station
10305); H, October 9, 1915 (station 10328); I, January 1, 1921 (station 10497)

the Eastern Channel, makes ‘itself felt right up to the surface in the coldest season
by temperatures about 1° higher than those either to the west or to the east of it.
A much lower temperature in the bottom of the bowl off Gloucester (1.5° to 1.6°)
than. at equal depths in the neighboring basin (5°) deserves attention as evidence of
the efficacy of its barrier rim. Because so protected by the contour of the bottom,
the low temperatures of the preceding winter persist until much later in the season
in the deeper levels of sinks of this type than in other parts of the open gulf.

The considerable stratum of water colder than 3° (1.89° to 2.76°) in the mid
levels of the west-central part of the basin is made conspicuous on this profile by
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contrast with the warm core that splits it in the eastern side. Had the profile been
run a few miles farther north, the contrast in temperature would have appeared still
sharper in this relative region (at station 20054); less so a few miles farther south
(at station 20053), as the charts for the surface and for the 40-meter level (figs. 1
and 12) make clear.

- The most notable features of a profile running south from the offing of Cape
Elizabeth, across Georges Bank and the continental slope (fig. 15), is its demonstra-
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F16. 8.—~Vertical distribution of temperature in the northeastern corner of the Gulf of Maine. A, March
22, 1920 (station 20081); B, June 10, 1915 (station 10283); C, August 12, 1913 (station 10097); D, August
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tion (a) that the transition in temperature from the boreal waters of the gulf, on
the one hand, to the oceanic water outside the continental edge, on the other, is
hardly less abrupt along this line in the last week of February and first week of
March than it is in midsummer (p. 615); and (b) that the bottom at 75 to 300 meters
was bathed by water as warm as 8° to 11° as far east as longitude 68° along the
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continental slope. Equally high bottom temperatures on the upper part of the
slope in the latitude of Chesapeake Bay (station 20041), off Delaware Bay (station
20042), and off New York (station 20043), that same February, also off Chesapeake
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F1g. 9.—Vertical distribution of temperature in the eastern side of the basin of the Gulf of Maine. A,

March 3, 1920 (station 20054); B, April 17, 1920 (station 20113); C, March 28, 1919 (Ice Patrol 8tation No,

3); D, May 6, 1915 (station 10270); E, June 19, 1915 (station 10286); F, August 7, 1915 (station 10304); G
September 1, 1915 (station 10308). The broken curve is for January 5, 1921 (station 10502)

Ba.y in J‘anuyary, 1914 (Bigelow, 1917a, p. 60), make it likely that a warm band of
this sort (often spoken of as the “inner edge of the Gulf Stream’’) touches the bot-
tom along this depth zone throughout most winters. The March profile of the
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éastern end of the bank (fig. 16), however, shows much less contrast in temperature
between the two sides- of the latter, with the oceanic water (warmer than 8° and
salter than 34 per mille) so much farther out from the edge of the continent that
even the outermost station (20069) did not touch it, leaving the bottom down the con-
tinental slope bathed with water colder than 5° at all depths. The profiles thus
corroborate the temperature charts (figs. 12 and 13), to the effect that the warm
bottom zone was obliterated somewhere between longitudes 67° and 68° W. (about
midway the length of Georges Bank) in February and March by the “cold wall”
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F1a. 10.—Vertical distribution of temperature near Lurcher Shoal in various months. A, March 23, 1920
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that wedges in between the slope and the oceanic water. As it is the existence of

this warm zone that permits the year-round existence of warm-water subtropical
invertebrates and of the tilefish along this stretch, the definite location of its eastern
limit is & matter of some biological importance. The contrast between the graph
for our outermost station off the western end of Georges Bank and two other deep
stations off its eastern end and off Shelburne, Nova Scotia (fig. 18), is an addi-
tional illustration of the sudden dislocations about midway of the bank, with a
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difference of about 5° to 6° between the two ends of: the latter at all levels from.f 20
meters down to 300.

The fact that the two eastern stations (20069 and 20077) d1d not dlﬁer from
each other by more than 2° in temperature at any depth is evidence that the -cold,
wedge that they illustrate was itself nearly uniform in temperature for a consider-
able distance from west to east. The difference between station 20044, on the one
hand, and stations 20069 and 20077, on the other, was greatest at the stratum where
all three were warmest—100 to 200 meters. Below this, at depths greater than 300
meters, the curves for all three of these deep stations converge, the readings for all
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F1a. 11.—Vertical distribution of temperature on German Bank, March to September. A, March 23, 1920
(station 20085); B, April 15, 1920 (station 20103); C, May 7, 1915 (station 10271); D, June 19, 1915 (sta-
tion 10260); E, August 12, 1913 (station 10095); F, August 12, 1914 (station 10244); @, September 2, 1915
(station 10311)
falling within a range of 0.5° at 1,000 meters (station 20044, 4.2°; station 20069,
3.77°; station 20077, 3.9°), approximately at the temperature that is typical of the
abyssal waters of the North Atlantic as a whole and differing little from the read-
ings obtained at corresponding depths and locations along the slope in summer
between Nova Scotia and the latitude of Chesapeake. Bay (p. 605; Bigelow, 1915,
1917, 1922).
Unfortunately the data are not complete for the February station on the north-
ern part of Georges Bank (20047), but it is probable (hence so designated on the
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profile) that 3° to 4° water was continuous right across the western end of the bank
at the 10 to 30 meter level.

Our experience has been that the water is so actively m1xed by tidal currents
on the shosler parts of Georges Bank that a complete equalization of temperature may
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F14. 12.—~Temperature at a depth of 40 meters, Febuary-March, 1920

be expected there locally at any season. Had the western profile (fig. 15) cut such
a location, the readings would have been about 4° to 4.5° from surface to bottom;
but with a difference of about 0.1 per mille of salinity between the surface and the
bottom in 50 meters at station 20047 (p. 998), evidently such was not the case.
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Only one other feature of this eid of the profile calls for attention—the encroach-
ment of water warmer than 7° on the southern side of Georges Bank and the abrupt
transition in bottom temperature across the latter from north to south (4° to 12°).
The inner parts of the gulf at the coldest season are warmest (5° to 6°) at the
bottom, coldest (2°) along shore and within 10 to 20 meters of the surface.
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Fi16. 13.—Temperature at a depth of 100 meters, Febuary-March, 1920

‘The wedge-shaped contour of this coldest water (3°), projecting shelflike over
the basin, with slightly higher temperatures above it as well as below (fig. 15), taken -
by itself might suggest some overflow by warmer surface water from the south.
The vertical uniformity of salinity in the upper stratum (p. 705), however, favors
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FiG. 14,—Temperature profile crossing the gulf from Massachusetts Bay to the vicinity of Cape Sable, March 5 to 23, 1920

the simplerexplanation that

‘temperatures slightly higher

at the surface than a few

" meters down merely reflect

the first stage in the vernal
warming by the sun, which
proceeds throughout . the
spring months. Probably
the upper 10 meters would
have been found homogen-
eous in temperature in the
coastal zone, or the surface
slightly the coldest level
then, had the profile been
run two weeks earlier in
the season. :

The increase of ‘tem-
perature from the shore
seaward is again illustrated
on the corresponding pro-
file of the eastern side of
the gulf (fig. 16). In this
case, however, the courses

"of the isotherms are com-

plicated by the fact that
this particular profile cuts
the westward extension of

_the warm core that enters

the gulf via the Eastern
Channel (pp. 526 and 529).
Consequently, the profile
shows .the curves for 2, 3,
4, and 5 degrees, rising con-
siderably nearer to the sur-
face over the mnorthern
slope of the basin (station
20055) than closer inshore,
on the one hand (station
20056), or in the deeper
water of the basin, on the
other (station 20054), in-
denting the cold (1° to 2°)
surface layer from belo .
Readings taken at a
depth of 40 to 50 meters
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along the axis of this cold stratum then rose fairly uniformly from about 0.5° close
to land to from 2.4° to 2.7° in the southern side of the basin, to 2.7° to 2.9° over
Georges Bank, and to 3.1° over the continental slope, as just described. On the
other hand, the water as warm as 5° that floods the greater part of the basin at
depths greater than 120 to 150 meters did not then touch the northern slope of
Georges Bank, off which the water was fractionally colder than 5° right down into
the deepest fold of the trough (station 20064).

The fact that the southern end of this profile crossed one of the chief breeding
grounds for haddock in North American waters, and at the height of the spawning
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F1a. 17.—Temperature profilé crossing the northeastern part of the gulf, off the mouth of the Bay of Fundy, for March
22 and 23, 1920 (stations 20080 to 20083)
season, lends biological interest to the temperatures at stations 20061 to 20068. Evi-
dently the eggs were being set free in water of about 2.5° to 2.7°.

The boundaries of the comparatively warm (5°) bottom water in the eastern arm
of the basin, for March, are outlined further by a profile from Maine to Nova Scotia,
opposite the mouth of the Bay of Fundy (fig. 17, stations 20080 to 20083). Tem-
peratures higher than 5° were confined to depths greater than 150 meters along this
line, but the isotherm for 3° shows the warmer bottom water banking up against the
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eastern slope of the gulf (against the right-hand side for an entrant current) to with-
in 90 meters of the surface in the manner with which cruises at other times of year
have made us familiar (p. 619). Temperatures are slightly lower in the shore ends of
this profile, as is usual for the cold season. Failure to obtain readings lower than 1°
may be explained on the assumption that solar warming is propagated downward to
a greater depth off Maine and off Nova Scotia by the strong tides of those localities
during the first three weeks of March, than in the western side of the gulf, where
tidal stirrmg is less active.

The relationship existing in March between the cold waters over Georges and
Browns Banks and in the Northern Channel, on the one hand, and the warm indraft
into the Eastern Channel, on the other, is illustrated by a profile following the arc
of the banks (fig 19) Bottom water of 6° to 7° in the Eastern Channel, banked
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Fm 19 ~Temperature profile running from the eastern part of Georges Bank, across the Eastern Channel, Brown’s Bank,
and the Northern Channel, March 11 to 23, 1920

up like a ridge along its trough (isotherms for 3° to 6°), contrasts with 3° to 4.5° at
equal depths in the Northern Channel, where temperatures higher than 4° were con-'
fined to a thin bottom layer deeper than 110 meters (station 20048). A bottom
temperature fractionally higher than 3° on Browns Bank points to some tendency
for the warm water that drifts in through the Eastern Channel to overflow the east-

- ern rim of the latter; but the March data show that this circulatory movement was

" limited to depths greater than 70 meters. Probably the fact that the readings on
Georges Bank showed no sign of any encroachment of the warm water in that direc-
tion, which is corroborated by salinity (p. 719), is due to the deflective effect of the
earth’s rotation, deflecting the current to the right (p. 849). Other features of the
profile that claim attention are the uniformity of temperature over the eastern part
of Georges Bank from east to west; the fact that the surface was fractionally warmer
than the 20-meter level there and over the Eastern Channel (a first sign of vernal
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warming); and that while the inshore (Cape Sable) end of the profile was coldest
as is usual at this season, the temperature was fractionally higher close in to the land
near the cape than a short distance out at sea. A differential of this same sort would
have been more apparent had the profile been located a few miles farther east,
because the whole column in 75 meters depth, close in to Shelburne (station 20073),
was fractionally warmer than 2° (p. 1000), while the water farther out on the shelf
(stations 20074 and 20075) was colder.

BOTTOM

The temperature of the bottom water, in depths greater than 200 meters, varied
in March from 4.02° off the northern slope of Georges Bank in 330 meters (sta-
tion 20064) to 6.84° in the Eastern Channel in 215 meters (station 20071), with
readings of 5.06° to 5.59° at depths of 225 to 250 meters elsewhere in the basin.
It is interesting to find the deepest water coldest just north of Georges Bank at the
location just mentioned, for this was also thLe case at 200 meters; whereas the north-
ern side of the basin, not the southern, was the coldest at 100 meters.

For the biologist, the bottom temperature of the gulf at the coldest season is
interesting as evidence of the greatest cold that bottom-dwelling animals of any sort
must endure in various regions. In general; a parallelism then obtains between
temperature and depth, the bottom being warmer the deeper the water. . This rela-
tionship is complicated, however, by the increase in temperature from the shore
seaward (p. 525), independent of depth, illustrated by the charts for the 40-meter and
100-meter levels (figs. 12 and 13.) »

With more or less ice forming every winter in shoal bays and among the islands,
the littoral zone is chilled from time to time to the freezing point of salt water in
such situations. In Cape Cod Bay the Fish Haowk had a reading as low as —1.5°
in 17 meters and —0.4° on the bottom in 34 meters on February 6, 1925 (cruise 6,
station 6a, p. 1005); and while these readings are the lowest so far recorded for the
open gulf, the data for that year and for station 20062 show that in Massachusetts
Bay generally the bottom may be expected to chill to about 0° out to.about the
30.to 40 meter level at some time during most winters, perhaps every year. No
doubt this applies equally to the bays along the coast of Maine and to the tributaries
of the Bay of Fundy; but along the open northern shores of the gulf, where strong
tides produce an interchange of water more active than in Massachusetts Bay, it is
not likely that the bottom temperature ever falls as low as 0° except within the
littoral zone. Qur.two March stations (20083 and 20084) similarly show the bottom
slightly warmer at 50 meters along western Nova Scotia at that season than in
Massachusetts Bay; but later in the spring, when the icy Nova Scotian water from
the east is flowing in greatest volume past Cape Sable, the bottom of the eastern
side of the gulf may also be chilled to 1° - 0° down to a depth of 50 meters—per-
haps still deeper, for a brief period, in some years. On the other hand, it seems
that the bottom temperature of the deep troughs of the gulf never falls below 4°,
except, perhaps, in very exceptlonal years.

Thus, any animal dwelling on bottom in the inner part of Cape Cod Bay, or
anywhere among the islands of the coastal zone shoaler than 40 to 50 meters, is apt
to be subjected to a temperature close to zero or lower at the end of winter. - There
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8 no danger of temperatures lower than about 1.5° to 2°, however, either on the
slopes of the basin or in any one of the deep isolated bowls at depths of 100 meters
or more, nor of temperatures lower than 4° on the bottom of the basin. A corre-
sponding difference in the upper strata also may explain the disappearance of sundry
planktonic animals from the coastal zone in winter, though they occur the year
around in the gulf out at sea (Bigelow, 1926).

© The contour of this mass of comparatively warm bottom water in the deeps of
the gulf is graphically illustrated by a chart showing the isothermobath for 4° in
February and March (fig. 20), for wherever temperatures as high as this were
recorded within the gulf the underlying strata were still warmer. In 1920 (probably
this applies yearly) there was no water as warm as 4° at this season at any level in
the coastal zone, out to the 100-meter contour, on either side of the gulf. However
(without attempting to draw too close a parallel between the intricate contour of the
bottom and the temperature), the floor of the whole gulf at depths greater than 150
meters was bathed with water warmer than 4°, filling the whole basin below a
uniform level of 120 to 130 meters in the western side and rising to within 60 to 80
meters of the surface in the eastern, as a well-defined ridge extending northward
from the Eastern Channel, with a tendency to pool off the mouth of the Bay of Fundy.

It is not likely that this warm water ever overflows Browns Bank or the eastern
half of Georges at that season, although not barred from them by the contour of the
bottom. Certainly it did not in March, 1920; but the whole column of water over
the western half of Georges Bank was then warmer than 4°, so that the chart (fig.
20) shows the isothermobath in question as rising to the surface there and dipping
steeply toward the basin to the northwest. A contrast of 5° to 6° in bottom tem-
peratures between the southwestern and southeastern parts of the bank (station
20046, 8°; station 20067, 2.8°) illustrates the wide differences in the physical condi-
tions to which animals living on bottom are subject in winter and early spring on
various parts of the bank.

It seems that at this season the fauna of the so-called “warm zone,” Whlch
characterizes the upper part of the continental slope off southern New England and
farther west (p. 531), must meet its eastern boundary at about longitude 67°, because
the bottom temperature was only 4.9° at 190 meters off the southeastern face of
Georges Bank on March 12 (station 20068), contrasting with 11.55° at a depth of
120 meters off its southwestern slope on February 22 (station 20045).

ANNUAL VARIATIONS IN TEMPERATURE IN EARLY SPRING

Slight variations are to be expected, of course, in the temperature of the gulf
from one winter and spring to the next, even in what we may roughly term ‘nor-
mel”’ years; still more so between the exceptionally cold and warm winters that no
doubt fall at intervals. The station data for 1920 and 1921 allow a thermal com-
parison for the northwestern parts of the gulf for early March of those years, ampli-
fied by the Fish Hawk survey of Massachusetts and Ipswich Bays in 1925 and by
readings taken at a few localities in 1913.

At the head of Massachusetts Bay, off Boston Harbor, the readings for early
March, 1921, and for February 24, 1925, are from 1° to 2° higher at all levels
‘than those for 1290, although the da,tes were within a few days of one another. As
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the observations were made so soon after the coldest time of year that the temper-
ature had not risen more than fractionally, it seems safe to say that the water did
not cool below 1.5° to 2° in the northern half of the bay during the winters of 1921
or 1925, except right along the land, where it js most subject to winter chilling
instead of close to 0°, as in 1920.
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F16. 20.—Depth below the surface of the isothermobath for 4°, February-Mareh, 1920

A similar relationship obtained between the years 1920 and 1921 at the mouth

of the Bay off Gloucester (fig. 21), the following readings taken there in the first
week of March pointing to a minimum of 1.5° to 2° for the winter of 1920 and
about 3° for 1921.
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v+ The winter of 1913 (Bigelow, 1914a, p. 391) was
intermediate between 1920 and 1921 in temperature
at this locality, with readings of 2.83° on the surface
and 3:11° on bottom in 82 meters at a near-by loca-
tion on February 13 (station 10053), when the mini-
mum tempersature for the winter was recorded.

An equally interesting annual difference is that
the temperatures of late February and early March
were lowest at the surface in 1913 and 1921, whereas
in 1920 vernal warming already had raised the tem-
perature of the surface fractionally above that of the
underlying water by March 4. On February 24 to
28, 1925, the bottom was fractionally the warmest
level at one deep station (Fish Hawk station 18a),
while the surface was warmest at another (station 2),
with - the mid-stratum fractionally the coldest at
both. Thus, the date at which the vernal warming
of the surface begins to be appreciable does not
necessarily mirror the state of the preceding winter,
whether a cold one or a warm one in this part of the
gulf (1920 was a very cold winter), but depends
more on the degree of cloudiness, the precise condi-
tion of air, the direction of the wind, the tempera-
ture of the air, and on the snowfall from the middle
of February on.

. Turning now to the coastal belt just north of
Cape Ann we find very little difference in actual tem-
perature between readings of 2.4° to 3.7° at the Fish
Hawk stations (Nos. 20 to 28) for March 10, 1925,
and Welsh’s records of 3.8° to 3.9° on March 19,
1913; but with the surface about 1° warmer than
the 30-meter level at all these Fish Hawk stations,
but the whole column virtually uniform in tempera-
ture down to 120 meters in 1913, it is evident that
the vernal warming of the surface commenced at
least two weeks earlier there in 1925 than in 1913.
The year 1920 was certainly colder at this general

there by the 6th of April (station 20092).
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F16. 21.—Vertical distribution of temperature
_off Gloucester during the first week of
March of the years 1913, 1920, and 1921, to
show the annual variation. A, March 1,
1920 (station 20050); B, March 5, 1921 (sta~
tion 10511); C, March 4, 1013 (station 10064)

locality than either 1913 or 1925, because the surface had warmed only to 3.05°
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The temperature of the upper 100 meters was 2° to 3° lower in the sink off the
Isles of Shoals on March 5, 1920, than on that same date in 1921, and while the
bottom readings for the two years differ by only about 0.1° in 175 meters, the bottom
water was certainly slightly colder there in 1915 than in either 1920 or in 1921, a

temperature of only 3.7° at 175 meters as late in the season as May 14 of that year
contrasting with about 4° early in March of 1920 and 1921.

Essentially this same relationship between the early March temperatures for
1920 and for 1921 was recorded off Cape Elizabeth and off Seguin Island, 1920 being
from 0.2° t0 2.4° the colder yearwt all levels down to the bottom in 45 to 100 meters.

The temperatures of the western basin some 35 miles off Cape Ann for February
22 and March 24, 1920 (stations 20049 and 20087), and for March 5, 1921, did not
differ by more than 1.2° at any level; in all cases the highest reading was at about
170 meters, with the upper 40 meters coldest, and 2.74° (on March 24, 1920) as
the absolute minimum. On the whole, however, the readings for 1921 are slightly
higher and the maximum for the month was recorded on that date (6.45° at 175
meters).

Thus 1920 may be described definitely as a cold Wmter in the coastal zone out
to the 50-meter contour; 1921 and 1925 as warm ones. There was much less annual
difference in temperature in the neighboring basin and almost none below the 200-
meter level. A regional difference of this sort is just what might be expected if the
winter chilling of the gulf is due chiefly to the severe climate of the neighboring land
mass to the west (as there is every reason to believe it is), because the icy north-
west winds, as they blow out over the adjacent sea, necessarily have most effect on
the temperature of the water near the land.

VERNAL WARMING

After the middle or end of February the temperature of the western and northern
parts of the gulf slowly rises as the heat given to the surface layers by the increasing
strength of the sun is propagated downward by the vertical circulation of the water,
but at different rates in different parts of the gulf, depending on the local activity
of tidal stirring.

Were solar warming alone responsible for the warming of the gulf in spring, the
change would, for the first month or two, be confined to the superficial stratum where
this vertical mixing is most active, except where a deeper column is kept stirred by
strong tides—the Bay of Fundy, for example, and parts of Georges Bank. Actually,
however, the gulf also warms from below during the early spring as the slope water,
comparatively high in temperature and which enters through the trough of the
Eastern Channel (p. 526), is incorporated by mixture with the colder stratum above,
any increase in the amount of this from season to season being betrayed by an
increase in salinity as well as in temperature. Durmg the first weeks of March the
warming effected from below by this source raises the temperature of the deep
waters of the inner part of the gulf as rapldly as solar heat warms the surface
stratum. .

Itis mterestmg to trace the change that vernal Warmmg effects in the level at
which the gulf is coldest. Probably the inner parts are invariably coldest in the
upper 40 meters by the end of winter, a state that persisted into the first week of
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. March in the years 1913 and 1921, as just noted (p. 524). In 1925, too, the super-
~ ficial 10 meters of Massachusetts Bay did not become definitely and consistently
warmer than the underlying water until the end of March (locally even later); and
although the whole column had been warming slowly at all the stations there since
the middle of February (p. 660), this change was at first so slow that the mean sur-
face temperature of the southern side of the bay was only about 0.3° higher on
March 10 (2° at stations 2, 10, 13a, 15, and 18a) than it had been on February 24
to 28; the mean bottom temperature for these same stations remaining virtually
unchanged. . This probably applies also to the whole area of Massachusetts Bay,
for the-surface had warmed by only about 0.56° just outside Gloucester Harbor, and
not at all within the latter.
.- In Ipswich Bay, however, the surface had become definitely warmer than the
underlying water by the first week of March, and this was the case over the gulf
.a8-& whole in 1920, as just described.
-From early March onward the progressive warming from above lowers the cold-
est plane in the western side of the basin to a depth of about 100 meters by the
- tniddle or end of April. At the same time warming by slope water from below raises
the coldest plane in the northeastern part of the basin (the latter itself now slightly
wearmer than in March) to within 15 to 20 meters of the surface. In the southeast-
ern part of the basin, however, the temperature was lowest at the 100-meter level on
April 17 (station 20112), instead of at 20 to 40 meters, as it had been on March 11
(station 20064). The minimum temperatures were recorded at about the same depth
(20 to 40 meters) for the two months in the Northern Channel, the Eastern Chan-
nel, and on the southeastern continental slope of Georges Bank. On Browns Bank,
however, where the upper 20 meters had been considerably coldest on March 13
(station 20072), the bottom (80 meters) was slightly coldest on April 16 (station
20106), and the whole column, top to bottom, had become nearly homogeneous in
temperature during the interval.
. Vernal warming, the normal event in boreal seas, is retarded—may even be
reversed temporarily—in the eastern side of the Gulf of Maine when the intermittent
Nova Scotian current floods past Cape Sable, as described in a later chapter (p. 832).
The cold water from this source affects a greater displacement of the isotherms
within the gulf and produces lower temperatures there in some springs than in others,
depending on the volume and temperature of the flow past the cape, on the date at
which this reaches its maximum, and on the duration of the period during which
this Nova Scotian water enters the gulf in amount sufficient to appreciably affect
the temperature of the latter.

In describing the spring cycle vernal warming must be carried along hand in
hand with this chilling from the east. In 1913 the vernal warming of Massachusetts
Bay and of the Isles of Shoals—Boon Island region to the north was at first most rapid on
the bottom. Thus, the 82-meter temperature rose from 3.11° off Gloucester on Febru-
ary 13 (station 10053) to 3.61° on March 4 (station 10054), whereas the two surface
readings were less than 0.1° apart (both 2.83° to 2.89°). Mr. Welsh found the sur-
face still continuing fractionally colder (3.6°) than the deeper levels near Boon Island
on the 29th of the month also, although, judging by the date, the superficial stratum
almost certainly had experienced some increase in temperature by then.
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It is probable that vernal warming followed a similar course, at first, in the
coastal zone in 1921, with the indraft of warmer and salter water from offshore main-
taining the winter status of cold surface stratum and warmer bottom water into the
first week of March. In 1925, however (p. 1004), warming from above and from below
raised the temperature of the whole column in Massachusetts Bay at a more nearly
equal rate from the middle of February until late in March, whereas in Ipswich Bay the
surface warmed the more rapidly from the beginning. In 1920, however, the surface
was already fractionally warmer than the 20 to 40 meter stratum as early as March
4 (p. 524), and it may be that in any year when an extremely severe winter chills the
upper 100 meters or so of the gulf to an abnormal degree the surface at once com-
mences to warm after the grip of winter is released, whereas in more normal years
the surface temperature may be expected to remain almost stationary for a brief
period during late February and early March. In 1924, when a foot or so of snow
fell on March 11 and 12, followed by several days of freezing weather, the surface
had warmed to only 2.2° at a station 8 miles off Gloucester (Haleyon station 10652)
by March 19, with about 1.8° at depths of 40 and 70 meters.

The progressive warming of Massachusetts Bay is illustrated for a warm April
by the Fish Hawk stations for 1925, when the mean surface temperature rose from
2° on March 10 to about 4.6° on April 4 to 8. A definite regional differentiation
also had developed, with the surface warmest (5° to 5.4°) in Cape Cod Bay, where it
had been coldest during the preceding months. Thus, the relationship characteristic
of winter (coldest next the land) was now definitely reversed, so to continue through
the spring (fig. 22) and summer. At the 40-meter level, however, the bay still con-
tinued slightly warmer at its mouth (3.2° to 3.9°, Fish Hawk stations 30 to 33 and
34) than in Cape Cod Bay or near the Plymouth shore (2.9° and 2.6°, stations 6a
and 10), evidence that the indraft of offshore water continued to exert more influence
on the temperature of the deeper strata (up to the 7th or 8th of April in that year)
than did solar warming from above. This was not the case in Ipswich Bay, how-
ever, where the 40-meter temperature was almost precisely the same on April 7 (2.4°
to 2.8°) as it had been on March 10 (2.5° to 2.7°), though the surface had warmed
from 3.35°-3.6° to 4.2°-4.9° during the interval.

By April 21 to 23 the mean temperature of the surface of Massachusetts Bay
had risen to 5.2° (4° to 6.8° at the individual stations, fig. 22) and the 40-meter
temperature to a mean value of about 3.8°, but virtually no change had yet taken
place in the temperature of the bottom water at depths greater than 60 meters, a
constancy illustrated by the following table. In 1920, also, the inner part of the bay
was actually slightly colder at 40 meters on April 20 (1.58°) than it had been on
April 6 to 9 (2.2°-2.4° at stations 20089 and 20090), evidence of some upwelling of
the colder water from below.

Fish Hawk stations Apr.7 and 8, 1925 | Apr. 21 to 23, 1925

Meters | Degrees | Meters | Degrees
No.83..... . 80 2.91 60 3.08
NO. B30 e et et e 84 3.1 80 2.92

No. 31 e - 112 29 8| 27




PHYSICAL OCEANOGRAPHY OF THE GULF OF MAINE

549

30

n’ 45

GOVERNMANT PRINTING OFFICK

F1a. 22.—Surface temperature of Massachusetts Bay, April 21 to 23, 1925
8051—28——36



550 BULLETIN OF THE BUREAU OF FISHERIES

The temperature followed a similar cyele in 1913, when the surface warmed to
5.56° near Gloucester by April 14, though no appreciable change had taken place
at 25 meters during the preceding two weeks (about 4° to 4.1°; stations 10055 and
10056). ;

In 1923, following a very severe winter, the surface of the central part of the bay
had warmed to only 2.8° by April 18, with 1.6° at 40 meters and 0.4° at the bottom
in 80 meters. The bay continued nearly as cold as this until the end of April in 1920
(also following a cold winter) with readings of 3.6° at the surface, 2.87° at 20 meters,
1.58° at 40 meters, and 1.78° at 90 meters in its central part on the 20th (station
20119), but with the regional distribution (warmest, 4.4° in Cape Cod Bay, station
20118) essentially the same as in 1925. Probably the records for 1925, on the one
hand, and 1920 and 1923, on the other, cover the extremes to be expected in the
bay in April, except in very exceptional years.

Seasonal progression in the coastwise belt north of Cape Ann is illustrated for a
warm year by serial observations taken by W. W. Welsh near the Isles of shoals
and near Boon Island at intervals during the spring of 1913 (p.980). Here the winter
state prevailed until the end of March (fig. 23). On April 5 the temperature was
equalized, surface to bottom, and after the middle of the month the surface was
warmer than the underlying layers, warming progressively thereafter as illustrated by
the graph (see also Bigelow, 1914a, p. 394).

~ The rate at which the surface warms along this part of the shore during April is
irregular, often interrupted or even temporarily reversed by climatic conditions.
During the winter, when the column of water is of nearly uniform temperature from
the surface downward, the upwellings that follow offshore winds have little effect on
the surface temperature; but as soon as the surface becomes appreciably warmer
than the underlying water, any upwelling of the latter, or vertical mixing, is at once
made evident by a decided, if temporary, chilling of the surface. Northwest winds
are a frequent cause of such upwellings along the western shores of the gulf in early
spring, and a blow from any quarter causes a more or less active stirring of the upper-
most stratum by wave action. '

During the spring of 1913 a northwesterly gale cooled the surface from 5° near the
Isles of Shoals on April 13 to 4.6° on the 14th and 15th. The water then warmed
to 7.9° by April 26, under the influence of unseasonably warm weather, when a north-
easterly gale, with rain, followed by high northwest winds, once more chilled the
surface to 6.7°. This was followed by another rise in surface temperature to 9.78°
by May 6, when a third northwest gale, of several days duration, once more reduced
it to about 7.2°. The wind then changed to the south, and by the 14th of May,
when the latest observation was made, the surface temperature had risen to 8.11°.1°
Temporary upwellings of this sort are as clearly evidenced by a rise in salinity (p. 729)
as by a fall in temperature.

APRIL

It is necessary to turn to the station data for 1920, combined with odd records for
1913 (p. 980) and 1925 (p. 1012), for a general picture of the temperature of the off-
shore waters of the gulf in April, remembering that after a mild winter readings 1°
to 2° higher than those pictured (fig. 24) are to be expected in the coastal belt.

10 For further details see Bigelow, 1914a, p. 395, fig. 7.
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- In 1920 the entire surface of the open gulf ranged between 3° andj4° by April 9
to 20, including the eastern part of Georges Bank, the EasternjChannel, and Browns
Bank; except for onestation on Platts Bank (20094), where active vertical circulation
caused a fractionally lower surface reading (2.78°), and off the Kennebec River
(station 20096, 2.78°), where a very low surface salinity (29.94 per mille, p. 1001) was
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Fia. 23.—Vertical distribution of temperature near the Isles of Shoals and Boone Island at suec-
cessive dates of the year 1913, to show the progress of vernal warming. A, March 29, 1913;
B, April 5§ (both near Boone Island); C, April 18; D, April 16; E, April 29; F, May §; G,
May 14 (C and F are near the Isles of Shoals)

unmistakable evidence of freshet water. In 1925 the surface of the coastal belt
(Cape Ann to Mount Desert) was about 1 degree warmer at this season (Halcyon

records, p. 1012), grading (south to north) from 5.5° to 2.5°-3.8°, though with the
water to the eastward of Cape Elizabeth still continuing coldest next the land.*

11 Closein to Boothbay 3.3°, but 4.4° near Seguin Island; 1.9° in Southwest Harbor, but 8 to 3.8° near Duck Island, off Mount
Desert Islang.
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No temperatures were taken on the western part of Georges Bank or on Nantucket
Shoals during April, 1920. In 1913 Mr. Douthart had surface readings of 6.6° on
the northern part of Georges Bank on April 11 and 15, with 7.7° on its western side
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Fi16. 24.~Temperature at a depth of 40 meters, April 6 to 20, 1920

on the 27th (p. 980). Taking into account the annual differences between early and
tardy springs, temperatures about 2° lower might have been expected at these stations
and dates in 1920. A surface reading of 3.3° on Rose and Crown Shoal near Nan-
tucket Island on April 27, 1923 (p. 996) suggests that the surface has about the same
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“temperature over Nantucket Shoals as that of: the western and southwestern parts
of the gulf generally at this season.

In 1920 the surface warmed by about 2° all along the belt from Massachusetts
Bay to the Bay of Fundy from mid-March to mid-April; by less than 2° over the
basin generally and along western Nova Scotia; by less than 1° on the eastern part
of Georges Bank; and there had been no measurable change in surface temperature
in the Eastern Channel (stations 20071 and 20107, 3.33°). In other words, where
the surface is most chilled in winter it warms most rapidly in early spring.

The fact that the surface temperature increased over the German Bank-Cape
Sable area and out across Browns Bank from March to April, 1920, is proof that the
westward flow of Nova Scotian water, chilled by ice melting far to the eastward
(p. 832), did not impress the temperatures of the gulf until still later in that spring,
marking 1920 as a “ tardy’’ year in this respect as in others. The opposite extreme
is illustrated by a surface reading of 0° in the eastern side of the basin (the lowest
yet recorded for the open gulf)'? on March 28, 1919, explicable only by some
movement of cold water from the east, though as so thin a surface layer that neither
the temperature nor the salinity were appreciably affected by it more than 20 to 30
meters downward.

In 1920 the mean temperature of the 40-meter level proved about 0.8° warmer
in mid-April (fig. 24) than in mid-March, with this change greatest (1° to 1.67°) in
the eastern side of the basin and off western Nova Scotia, resulting in a general
equalization at 2.2° to 3° for the whole western and northwestern parts of the gulf,
with 3° to 3.7° over the southern and eastern parts. In the warmer spring of 1925
the Halcyon found the 40-meter level about half a degree warmer—namely, about
3.2°—four miles off Cape Ann whistle buoy on April 17; 2.8° close to little Duck
Island (off Mount Desert) on the 19th; and 2.9° eight miles out from Duck Island
on that same day.

The progressive change in temperature was not so regular from March to April
at depths greater than 40 to 50 meters in 1920, and wherever warming took place in
the deep strata during the interval, it was accompanied by a corresponding rise in
salinity, proving the source of heat to be warmer bottom water, solar warming not
having penetrated more than a few meters downward as yet.

Thus the inner parts of the gulf north of the Cape Cod-Cape Sable line
warmed by about as much (about 1.7°) from mid-March to mid-April at 100
meters (fig. 25) as at the surface. Virtually no change took place meantime
in the 100-meter readings in the southern part of the basin, while the 100-meter
level had cooled by nearly 1° in the southeastern part of the area, a change
accompanied by a corresponding decrease in salinity (p. 735). Thus, it seems that
the middle of April is the coldest season of the year in this region at this depth.
This regional difference in the rate and order of the seasonal change of temperature
tended to equalize the mid-stratum over the gulf as a whole, so instead of the re-
gional range of nearly 5° obtaining at 100 meters in March (fig. 13), the highest and
lowest readings at this depth were only 3.56° apart in April (fig. 25).. While the
general distribution of temperature remained the same—lowest (3° to 3.5°) along

12 This reading is corroborated by a correspondingly low salinity (p. 727). # Jce patrol stations 1 to 3, . 697.
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the western slope of the basin and in the sink off Cape Ann, highest (4° to 6°) in
the eastern side and in the Eastern Channel—the isotherms for April (fig. 25) do not
outline the warm indraft into the eastern side as clearly as do those for March
(fig. 13).
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F1a, 25.—Temperature at a depth of 100 meters, April 6 to 20,1920, The shaded ares was calder in April than in March

Unfortunately the data do not afford an annual comparison for depths as great
as this, no readings having been taken so deep in April, 1925; but temperatures of
2.7° to 2.9° at 80 to 84 meters in Massachusetts Bay.on April 21 to 23 of that year,
and of 2.9° at 91 meters at a station 8 miles off Little Duck Island {off Mount
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Desert) on the 19th, are interesting as evidence that this general stratum was ap-
parently no warmer in that spring than in the corresponding month of 1920, although
the upper 40 meters of water was considerably so. Thus, as the depth increases,
annual variations, like seasonal and regional variations, tend to diminish until a level
is reached below which the temperature is governed chiefly by pulses in the bottom
drift flowing in from the edge of the continent.

The bottom water at and below 200 meters was fractionally cooler in the eastern
arm of the basin in April, 1920, than it had been in March, and fractionally warmer
off the northern slope of Georges Bank and off Cape Ann (station 20115, 6.36° at
200 meters), with the deepest readings ranging only from 4.73° to 5.28° at 200 to
290 meters in the basin, rising to 6.07° in the Eastern Channel (station 20107). No
observations were taken as deep as this on the continental slope in April, but a read-
ing of 6.47° at 150 meters off the southeast face of Georges Bank on the 16th
(station 20109) shows a rise of about 1.6° since March 12 (station 20068).

In March, 1920, it will be recalled (p. 541), the trough of the Eastern Channel be-
low 100 meters was filled with water warmer than 6°, though no temperatures as high
as this were encountered anywhere within the gulf. By mid-April, however, still
warmer water (7.45° at 170 meters, fig. 26) had penetrated the channel, its effect
(6 to 6.39°) spreading inward to the western side of the basin off Cape Ann (station
20115) as a thin stratum at 180 to 260 meters, but with slightly cooler (4.92°) water
below it} .

Again, on March 5, 1921, there was a thin, warm stratum (6° to 6.4°) at 160 to
210 meters off Cape Ann. Evidently, therefore, temperatures as high as 6° may be
expected below about 175 to 200 meters in the western arm of the basin of the gulf
at any time from March to April (in summer, also), though not invariably. This
warm stratum, when it occurs, may either be sandwiched in between lower tempera-
tures in the bottom of the trough below, as well as above, or may extend right down
to the bottom, with the vertical distribution of temperature following the curves
shown in the accompanying graphs (figs. 3 and 5).

Temperature and salinity combined establish the Eastern Channel as the source
of this indraft into the bottom of the gulf. Its course across the latter (unfortu-
nately not chartable in detail from the data yet on hand) is discussed in a later
chapter (p. 921). There is strong evidence that it takes the form of intermittent
pulses, the 6°-water encountered off Cape Ann in April, 1920 (station 20115), being
the result of such a pulse; for it seems to have been entirely cut off from the still
warmer source in the Eastern Channel at the time by fractionally lower temperatures
in the southeastern bowl of the gulf (stations 20112 and 20113).

These pulses are so important in the general circulatory system of the Gulf of
Maine that an April profile along the arc of the banks (fig. 26) is introduced here
for comparison with that of the preceding month (fig. 19). The most important
seasonal alteration is the rise in temperature at 150 to 200 meters in the channel
just mentioned, which could only result from the actual introduction of water of
still higher temperature from offshore. On the other hand, vernal warming from
above and a delay in the westward flood of Nova Scotian water until later in the

4 No readings so high were obtained anywhere in the southern or eastern parts of the basin that April, the maxima being
respectively, 5.28°, 5.14° 5 28° ,and 5,16° in depths of 210,2 25, 175, and 165 to 230 meters at stations 20098, 20100, 20107, 20112, and
miiz .
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spring than this event is usually to be expected allowed a decided warming of the
upper stratum to 2.8° to 3.5° from the Cape Sable slope out to Browns Bank, though
with very little change from March to April on the Georges Bank side.

MAY
SURFACE

From late April, on, the temperature of the western side of the gulf constantly
rises, most rapldly at the surface, progressively slower with increasing depth. Near
Cape Sable, in the eastern side, however, the vernal cycle is dependent on the vol-
ume, temperature, and seasonal ““time table” of the Nova Scotia current. Where
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F16. 26.—~Temperature profile running from the eastern part of Georges Bank, across the Eastern Channel, Brown'’s Bank,
and the Northern Channel, for April 15 and 16, 1920 ’

this debouches into the gulf the surface stratum is at its coldest some time in April
or even as early as the last of March in “early” years (1919, for instance), but not
until May in “late’ years, as probably happened in 1920. Unfortunately, neither of
our May cruises (1915, 1920, or 1925), nor the ice patrols stations for 1919, has covered
the gulf as a whole; hence I can offer only a composite picture for the month, based on
years that certainly differed considerably in the rate of vernal warming and in the
date at which the chilling effect of the Nova Scotian current reached its maximum.

On this basis the highest surface temperatures of early May (fig. 27) are to be
expected in Massachusetts Bay, the lowest in the Cape Sable-German Bank region,
with the whole area west of the longitude of Penobscot Bay warmer than 6° by the
10th, if not earlier, contrasted with surface readmgs of about 3° or lower off western
Nova Scotia.'®

i Three degrees on German Bank, May 9, 1915 (station 10271); 2.7° there on Apr. 28, 1919 (ice patrol station No. 22)
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In 1915 a west-east gradation in surface temperature was recorded along
the coast of Maine from May 10 to 14, from 7.8° near the Isles of Shoals and off
Casco Bay to 5° off Penobscot Bay and 4.2° to 4.8° near Mount Desert Island. - No
doubt the precise readings vary with the state of the weather, however, as well as
with the date and exact locality and from year to year. I must also caution the
reader that at this season the surface temperature is changing so rapidly in the west-
ern side of the gulf that a difference of a few days, one way or another, will make a
considerable difference in the readings obtained; less so in the eastern side.

Although the precise surface temperatures at any given date vary from one May
to the next, depending largely on the forwardness of the season on the land, probably

n 70*

- Y ’ "
- jooNelers . ...
& \\ gopethem S ~ }
wfl  + G?‘t \ + e + N+ |
w 70 ] a9° 68’ 7* [}

F1a. 27 —8urface temperature, first half of May, 1915

the comparative rates of vernal warming do not vary widely from year to year in
different parts of the gulf. '

It appears from combining the records for the three years 1913, 1915, and 1920,
that this change is most rapid in the inner part of Massachusetts Bay, where the
surface warmed from 3.05° on April 6 (station 20089) to 8.89° on May 16 (station
20123) in 1920. Similarly, temperatures taken by the Fish Hawk in 1925 show the
surface of the southern side of the bay, generally, warming from 5.3° to 6.8° on
April 21 to 23, to 7° to 11° on May 20 to 22.

At the mouth of the bay, where the surface does not chill to so low a figure at
the end of the winter, a less rapid rate of vernal warming causes aboutthe same
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May temperatures. In 1925, for instance, the surface temperature at a line of sta-
tions from Cape Ann to Cape Cod rose from 4.3° to 4.4° on April 21 to 23 to 8.3°
to 9.4° on May 20 to 22 (Fish Hawk cruise 13); and vernal warming proceeded
at about this same rate there in 1920, when the surface reading rose from 2.5° off
Gloucester on March 1 (station 20050) and 3.3° on April 9 (station 20090) to 6.39°
on May 4 (station 20120) and 9.72° on May 16 (station 20124).

This thermal change is accompanied by an alteration in the regional distribution
of surface temperature over the bay. Cape Cod Bay continues to be its warmest
center, the immediate vicinity of its northern coast line its coldest, reflecting local
stirring by the tide or some upwelling, as is the case in April (fig. 22). In 1925,
however, the summer state was foreshadowed, as early as the last week in May, by
slightly higher surface readings (9°) at the outer stations than between Stellwagen
Bank and the shore (fig. 28).

The surface of Ipswich Bay, just north of Cape Ann, warms as rapidly from
April through May as does Massachusetts Bay, judging from readings of 3.05° on
April 9, 1920 (station 20092) and 7.22° on May 7 and 8 (station 20122).

Similarly, the surface temperature of the basin abreast of northern Cape Cod rose
from 3.61° on April 19 (station 20116) to 9.17° on May 16 (station 20125); the sur-
face of Gloucester and Boothbay Harbors rose from about 4° to about 9° between
April 15 and May 15, and Lubec Channel from about 2° to about 5° during this same
interval (figs. 29 to 31). As Doctor McMurrich ! records a rise from about—1.67°
at St. Andrews, on March 3, to about 5° to 6° in mid-May after the very cold and
snowy winter of 1916, when the water was about 1° colder there than it was in 1917
(Willey, 1921) or than it is likely to be again for some years to come, the surface
may be expected to warm by about 5° to 6° between the middle of April and
the middle of May all along the western and northern shores of the gulf and out over
the southwestern part of the basin generally. This warming, however, is made
irregular, no doubt, or even intermittent, by local fluctuations in the weather (e. g.,
belated snowstorms) and by the cold freshets from the rivers.

The rise in surface temperature proceeds somewhat less rapidly out across
Georges Bank, on the southwestern side of which we found the surface only about 3°
warmer on May 17, 1920 (stations 20128 and 20129), than it had been there on
February 22 (stations 20045 and 20046). . Vernal warming is also less and less rapid
from west to east across the gulf (fig. 32), with readings only fractionally higher along
the coast of Maine east of Mount Desert Island on May 10 and 11, 1915, than on
April 12, 1920, or between Grand Manan and Nova Scotia in 1917.%

Whether the surface stratum is warmer or colder in‘May than in April, from
southern Nova Scotia out across German Bank (where the Nova Scotian current
from the eastward exerts its chief effect), depends on the date when this current
reaches its maximum and slackens again, events that certainly fall several weeks
earlier in some years than in others. In 1919, as noted above (p. 553), icy water from
this source was pouring into the gulf as early as the last week of March in volume
sufficient to chill the surface to 0° as far west as the eastern side of the basin; but

1¢ Plankton lists (p. 513).
1 Mavor (1923, p. 375) records the surface at Prince station 3 as 2.27° on Apr. 9, 1917, and 2.96° on May 4.
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Fig. 28.—Surface temperature of Massachusetts Bay at the surface (solid curves) and at 20 meters (broken curves), May
20 to 22, 1925
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its flow must then have slackened (or its temperature have risen), beeause the surface
temperature of the critical locality rose to 4.6° by April 28 and to 7.8° on May 29,
though the whole column of water on German Bank was still only 2.7° and 4.2°,
respectively, on these dates (ice patrol stations 3, 21, 22, 37, and 38, p. 997). The
seasonal time-table seems to have been about the same in 1915, when the cold Nova
Scotian water was responsible for a temperature of about 3° from German Bank
out across the eastern side of the basin on May 6 to 7 (fig. 27), suggesting that the
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F1a. 20.—Mean air temperature (solid curve) and water temperature (broken curve) for 10-day mtervals at Ten Pound
Island, Gloucester Harbor, Mass., irom July 1, 1919, to June 30, 1920

inrush into the gulf had reached its head some time in late March or April of that
year. In 1920, however, it is certain that the cold current did not begin to flood
past Cape Sable into the gulf in any considerable volume until after the middle
of April.

Water as cold as 0.27° to 0.56° had, 1t is true, spread westward past La Have
Bank to within a few miles of the longltude of Cape Sable as early as the 19th of March,
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1920 (station 20075); but this seems to have constituted its western boundary dur-
ing the next four weeks, because the whole column warmed by about 1° on Ger-
man Bank and near the Cape between March 23 and April 15 (stations 20085 and
20103, 20084 and 20104), instead of chilling, or at least remaining stationary in tem-
perature, as would have happened with any considerable flow of 0° to 1° water from
the east. Nor did any extension of icy water develop to the southwestward along
the offshore banks or continental slope during the interval. '
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The greatest inflow of this cold water into the gulf may therefore be expected
between the last week of March and the middle of April in ““early” years, but not
until the last of April or first part of May in “late” years. In spite of this annual
variation in date, the close agreement between the late April-early May tempera-
tures of 1915 and 1919 in the region most affected by it, and the uniformity in tem-
perature in the eastern side of the gulf summer after summer, enlarged on below
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(p. 626), suggests that it is not only a regular annual event but that the inflow from
this source is comparatively uniform, both in volume and in temperature, from year
to year. Its chilling effect on the surface temperature certainly extends northward
along the Nova Scotian slope of the gulf as far as the neighborhood of Lurcher Shoal,
where the whole column of water in 90 to 140 meters was about 0.4° colder on May
10, 1915 (station 10272), than on April 12, 1920 (station 20101)—just the reverse of
the seasonal change to be expected. ' :
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F1a. 31.—Mean air temperature (solid curve) and water temperature (broken curve) in Lubec Narrows, for 10-day inter-
vals from July 1, 1919, to June 30, 1920 .

It is much to be regretted that no data are available for May for the region from
Cape Sable out across Browns Bank, the Eastern Channel, or the eastern end of
Georges Bank. Lacking such, I can not outline the effect of the Nova Scotian cur-
rent in this direction. Probably, however, icy water from this eastern source over-
flows Browns Bank at some time during April or May, perhaps the eastern end of
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Georges Bank, also; and the presence of a band of water cooler than its immediate
surroundings along the outer side of the latter bank and off Marthas Vineyard in sum-
mer (p. 608) suggests its influence.

It is still an open question how far westward into the gulf the vernal warming
of the surface is retarded by this same agency. Even without its chilling effect, the
surface probably would not warm as rapidly in the eastern side of the gulf as in the
western, because the heat received there from the sun is more rapidly dispersed down-
~ward by more active vertical tidal stirring. Consequently, a slight west—east differ-
ential in surface temperatures, late in spring or early in summer, does not necessarily
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F1a. 32—~Normal rise in surface temperature from mid-April to mid-May. The hatched area experiences cooling

imply cold water from the eastward as its cause unless it reflects a corresponding
difference in the mean temperature of the upper 40 to 60 meters.

Up to the present time we have found no positive thermal evidence of the Nova
Scotian water beyond the eastern arm of the basin (the situation of ice patrol station
No. 3, p. 997); and the temperature (salinity, too) of the gulf is so uniform from sum-
mer to summer that vernal chilling from this source is not to be expected farther west
than this, unless an exceptional spring may see a much greater inflow of cold water
from the east than usual past Cape Sable.
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BELOW THE SURFACE

In the northern and western parts of the Gulf of Maine, to which the chilling
effect of the cold Nova Scotian water does not reach and which are only indirectly
affected by the shoreward and seaward oscillations of the warm oceanic water out-
- side the edge of the continent, the superficial stratum, down to say 20 meters, is
sensibly warmer by mid-May than in April. The surface, also, warms so much
faster than the water only a few meters down that a temperature gradient of several
degrees develops over all this part of the gulf by the end of May as the first step
in the transformation from the homogeneous state that characterizes the upper 100
meters at the end of the winter (p. 523) to the very steep gradient of summer (p. 596).

Thus, the mean temperature of the 20-meter level of Massachusetts Bay was only
about 1° higher on May 20 to 22, 1925 (about 5.5°), than it had been on April
21 to 23, the difference between this depth and the surface having now increased to
about 3° to 5°, except around the shores of Cape Cod Bay, where tidal stirring was
active enough to maintain a more homogeneous state (Fish Hawk cruise 13, stations
6 and 7). Local differences of this sort, in the rate at which heat is transferred
downward into the bay during the spring, were responsible for a regional variation
of about 6° (from 4° to 9.9°) in the temperature of its 20-meter level at this date,
and for a regional distribution (warmest in Cape Cod Bay) paralleling the sur-
face (fig. 28); but evidently they had not yet been effective much deeper than 20
meters, because the temperature of the bay still continued virtually uniform from
station to station at the 40-meter level and at nearly the same values (3.3° to 3.8°)
as it had a month earlier.

While the deepest water of the bay (at 70 to 80 meters level) had warmed by
about 0.2° meantime, the source of heat in this case was probably the bottom water
offshore. Similarly, 'the 40 to 60 meter level of the bay warmed by only 0.6° in
1920 between April 9 (station 20090, 2.3°) and May 16 (station 20124, 2.9°); the
bottom water in 100 to 120 meters by only about 0.4° (from 2.3° to 2.7°), although
the surface temperature rose by about 6.4° meantime. In short, seasonal warming
is negligible at depths greater than 25 to 30 meters until after the third week of May
in the Massachusetts Bay region.

This statement applies equally to Ipswich Bay north of Cape Ann, where the 20-
meter level warmed from 1.94° to 4.18° between April 9 and May 7 to 8, 1920, and
the 40-meter level only from 2.45° to about 3.1° (stations 20092 and 20122), with no
appreciable change at depths greater than 60 meters, so that the vertical range of
temperature between~the surface and 40 meters increased from only about 1° to
nearly 5° during the 4 weeks’ interval (fig. 33).

In the basin off the northern part of Cape Cod, just outside the 100-meter con-
tour, the 40-meter temperature rose from 2.2° on March 24 (station 20088) to 3.78° on
May 16 (station 20125), while the temperature at 100 meters hardly changed appre-
ciably during this interval of nearly 8 weeks. Below that depth the water, which
had cooled slightly from March to April, then warmed fractionally, so that the
curves for March and May fall close together (fig. 3) at 140 meters (about 3°-4°).
In the southwestern part of the basin, where no observations were taken in April,
a similar difference obtains between records for May 17 and February 23, 1920,
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showing ‘a warning of about 4° at the surface (7.22° to 8.33° in May, according to
the locality), but with very little change at 100 meters.

- Turning now to the opposite side of the gulf, Mavor's (1923) tables show the cen-
tral part of the Bay of Fundy warming only fractionally at any level from April 9
to May 4, 1917 (whole column then between 1.9° and 2.8°), but then more rapidly
to 8.18° at the surface, 4.68° at 30 meters, and 3.92° at 100 meters on June 15.

Assuming, from the character of the winters preceding, that the mean temperature
at 40 meters ranged about 1° lower at the beginning of spring in 1920 than in 1915,
the difference between the April and May readings, just summarized, suggests that
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Fi1a. 33.—Vertical distribution of temperature in Ipswich Bay on April 9, 1920 (A, station
20092), and on May 7 and 8, 1920 (B, station 20122)

this level normally warms by about 1° during the interval from mid-April to:mid-May
in the parts of the gulf where the change is most rapid.

Taking the open gulf as a whole, the 100-meter readings for April, 1920 (a%cold
year), so closely reproduced the May readings for 1915 (a warm year)'® that the tem-
perature of the mid-depths may be described as virtually stationary during this part
of the spring.

As the result of the two contrasting processes—vernal warming in the western side
of the gulf and the inflow of cold water into the eastern—the regional distribution

WMarximum divergence at this level, for pairs of stations, was only from 3° in the western basin on Apr. 18, 1920, station
20115, to 4.8° on May 4, 1915 ,station 10267.
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of temperature at the 40-meter level alters from April (fig. 24) to mid-May (fig. 34)
by a shift of the coldest area (1.58° to 2.1° in April, 1920; 3° to 3.25° in May,1915)
from the western and northwestern sides of the gulf to the eastern side. Similarly,
the warmest center shifts from the eastern arm of the basin, where the April read-
ings were highest in 1920, to the western, with the coastal sector from Massachusetts
Bay to Cape Elizabeth (4.5° to 5.1°, May 4 to 14, 1915), with about equal tempera-
tures along the southwestern edge of Georges Bank.(5.4° to 5.6° on May 17, 1920,
stations 20128 and 20129). ' -

The mid-stratum of the gulf, as illustrated by the 100-meter level, continues
through May as regionally uniform in temperature as it is in April (fig. 25), with an
extreme recorded range of only 2.45° within the gulf for the two years 1915 and 1920
(2.65°, Massachusetts Bay, station 20124, to 5.1° northeastern part of the basin, sta-
tion 10273) and slightly warmer (7.5°) along the southwestern slope of Georges Bank
(station 20129). Within the basin of the gulf the 100-meter readings for May have
been highest (4.4° to 5.1°) in the central and northeastern parts, lowest in the western
(2.6° to 3.5°) and eastern sides (about 4°). This last reading perhaps reflects the
chilling effect of the Nova Scotian current from above; but there is no reason to
suppose that the latter influences the spring temperature much deeper than this,
because the 150-meter readings for March 2 and 23, for April 17, 1920, and for May
6, 1915, all fall within 0.2° of one another (about 5° in temperature) in the eastern
side, and are nearly as uniform over the gulf, generally, for all the May cruises, as
appears from the following table:

1015 1919 ) 1920
Appr{)xi- - .
mate emper- emper-
Station temper- s‘tation’ ature Station ature

ature

°C °cC
5.2 | Ieepatrol 201 ... ... _._.___. 4.35 | 201253 s
5 Ice patrol 21 oo oo 4.4 | 20126. ...
5.1 J— P 201271
5 . e mmm e[t cmcel e n e ——————
4,98 - O . [
35 | ——— a——
1 At 146 meters. 2 At 140 meters.

Thus the open basin of the gulf may be described as virtually uniform in tem-
perature from side to side at the 150-meter level in May, though the precise read-
ings may be a degree or so warmer or colder from one year to the next. The read-
ings at the four deepest stations for May, 1915, also fall within 0.2° of one another
at 185 to 190 meters (5.6° to 5.9° at stations 10267, 10268, 10269, and 10270),

The graphs for individual stations (figs. 3 to 11) show that in May (as is the
case throughout the spring) the horizontal uniformity in temperature in the deep
strata of the gulf usually is associated with a considerable rise in temperature with
increasing depth, from the 50 to 100 meter level downward. As an example, I may
cite a station off Cape Ann, occupied on May 4, 1915 (station 10267), when the 130-
meter reading was 4.69°, with 6.59° at 260 meters depth. During the month the
200-meter level has averaged slightly warmer than the 100-meter level in the open
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basin of the gulf. In the Bay of Fundy, however, access to which for the inflowing
bottom drift is hindered by the contour of the sea floor (p. 691), the temperature was
virtually uniform from the 75-meter level downward on May 10, 1918 (about 2°),
while in 1917 it was slightly lower (2.11°) at 175 meters than at 75 to 100 meters
{2.2° to 2.8°) on the 4th of the month (Mavor, 1923). The deep sink inclosed by
Jeffreys Ledge (recalling the Bay of Fundy in the contour of its floor, though smaller
in"area) was likewise nearly uniform in temperature from 100 meters (3.45°) down
to 175 meters (3.7°) on May 14, 1915 (station 10278). Co

Whether the bottom water of the gulf basin cools or warms slightly from April
through May, or whether the temperature remains virtually constant there, depends
on the pulses just discussed (p. 555) and on the quantity and temperature of water
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Fia. 34—Temperature at a depth of 40 meters, May 4 t0 14, 1915

brought in by them. If the inward drift over the bottom continues comparatively
constant, little or no change is to be expected in the bottom temperature. If, how-
ever, the flow slackens or ceases, vertical circulation, from which no part of the gulf
is free, will tend to equalize the temperature vertically; that is, to cool the deepest
water while warming the overlying stata as they mix together. A pair of stations in
the southwestern part of the basin for February and May, 1920, illustrate just this
change, the slight rise in temperature with increasing depth from 100 meters down-
ward to bottom in 150 meters, which was recorded for February 23 (station 20048),
giving place to perfect vertical homogeneity by May (station 20127), while the 140
to 150 meter level cooled from 4.87° to 3'8° and the 100-meter level warmed from
3.54° to 3.8° during the interval.
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The spacial distribution of temperature in May may be illustrated in a more
connected way by three west—east profiles of the gulf—the first for April 28, 1919
(fig. 35), the second for May 4 to 7, 1915 (fig. 36), and the third for May 29 to 30,
1919 (fig. 37). '

The first of these is interesting chiefly as it outlines the extension of the cold
Nova Scotian current into the eastern side of the gulf, indenting like a shelf into the
warmer water of the basin (isotherm for 4°, fig. 35). Water almost equally cold,
washing the slope of Cape Cod at 60 to 120 meters in the opposite side of the profile,
is reminiscent of the previous winter’s cooling in situ; and the definite separation of
these two cold masses by slightly higher temperatures in the central part of the basin
deserves emphasis. Unfortunately no readings were taken deep enough in the basin
to show what relationship the temperature of the bottom stratum bore to that of
the mid depths at the time. So far as they go, however, they point to a homogeneous
state at depths greater than 100 meters.

Although the May profile for 1915 (fig. 36) was run only & week later in date,
the presence of a lenticular mass of 5° to 6° water over the western part of the basin,
with maximum thickness of about 50 meters, illustrates a considerable advance in the
seasonal cycle, reflecting the penetration of solar heat downward from the surface
into the underlying water. Below it the cold coastal band that skirts the western
side of the gulf earlier in the spring (the product of local chilling) is still represented
at the mouth of Massachusetts Bay by temperatures of 3.5° to 4° at depths greater
than 20 meters.

Whether the cold water of Nova Scotian origin in the eastern side of the gulf
assumed a shelflike outline earlier in that particular spring, as it certainly did in
1919, is not known. If so, its tip had been eaten away by mixture with the sur-
rounding water until its limiting isotherm (4°) had come to assume the more nearly
vertical course shown on the profile (fig. 36). In actual temperature, however, this
cold water mass was very nearly the same in 1915 as the ice patrol found it in 1919,
one of the many illustrations that might be cited of the surprising constancy of the
gulf in temperature from year to year. The presence of appreciably warmer
(4° to 5°) water below it in both these years illustrates how strictly the inflow past
Cape Sable into the gulf is confined to the upper stratum above the 100 to 120 meter
level, a phenomenon resulting from the distribution of density in this side of the gulf
(p. 946). As a consequence, the surface is the coldest level there in May, or at least
the lowest readings will be had only a few meters down.

Figure 37 illustrates still a later stage in the thermal cycle, the Nova Scotian
current having slackened and the two cold water masses that hug the two sides of
the gulf earlier in the season having merged into the general stratum of minimum
temperature (4° to 5°) at the 50 to 120 meter level. Vernal warming is illustrated
further on this profile by arise in the temperature of the upper 10 meters from about
5° at the end of April (5° to 6° on May 4 to 6, 1915) to 8° to 9°. In the deeps of
the gulf a rise in temperature from about 4.5° to 5.6° to 6° during the preceding four
weeks (cf. fig. 37 with fig. 35) is evidence of a considerable movement of slope water
through the Eastern Channel into the gulf during the interval. However, the nearly
horizontal course of the isotherm for 5 degrees across the basin on May 28 (fig. 37),
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evidence of a static
condition in the bot-
tom water rather than
one of active circula-
tion, marks the precise
date when this profile
was run as falling be-
tween two of the
pulses by which this
indraft is believed to
progress (p. 558), not
as coinciding with one
of them. Whether
such a pulse annually
succeeds the slacken-
ing of the Nova Sco-
tian current remains
to be learned, but this
is not unlikely.

In 1920 the
general increase in
temperature that in-
volves the gulf proper
and the western part
of its offshorerim from
April to May, did not
extend to the seaward
slope of the latter.
Thers, on the contrary,
a change of the reverse
order took place from
about the 40-meter
level right down to
the bottom in 150 to
200 meters (fig. 38),
illustrated by a de-
crease in the bottom
temperature from
11.5° on February 22
(station 20045, 150
meters) to 8.28° on
May 17 (station
20129, 160 meters).

~Accompanied, as it

was, by & correspond-
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ing freshening at the bottom, this cooling is clear evidence that the warm, highly
saline ‘oceanic ‘water that bathed this part of the slope in February, as it usually
does in summer (p. 617), had receded offshore by May. Lacking data farther east-
ward along the slope for this season, it is impossible to state the precise cause of this
- event further than that it probably represented a dynamic alteration (p. 936) rather
than a direct extension of Nova Scotian water in this direction (p. 825).

" Whatever its cause, however, the fact that so great a chilling of the bottom
water undoubtedly did occur in just this location in 1920 (and may, perhaps, every
spring) is of great interest biologically, as events of this sort necessarily limit the per-
manent bottom dwellers of the eastern part of the so-called “warm zone” to such
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Fig. 37.—Temperature profile from a point a few miles oft Cépe Cod to German Bank, for May 29 and 30, 1919 (ice patrol
stations 35 to 38)

animals as can survive temperatures as low as 7° to 8°. Unfortunately no readings
were taken there during the only spring (that of 1884) when a serious mortality is
known to have taken place among its inhabitants—invertebrates as well as fishes
(notably the tilefish)—but in very cold years the temperature there may fall several
degrees lower, perhaps, than happened in 1920. Tentatively, mid May may be set
as-the coldest season on bottom along this part of the continental slope—three months
~ater than in the inner waters of the Gulf of Maine.

JUNE

I am not able to present as satisfactory a thermal picture of the gulf for June as
for the spring, no measurements of temperature having been made in the western
side of the basin, along shore between Cape Ann and Cape Elizabeth, nor on Georges
Bank during that month. On the other hand, our June cruise of 1915 led far enough
east past Cape Sable to cross-cut the Nova Scotian current before it passes that
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promontory, The Fish Hawk, slso, made a general survey

of Massachusetts and

Cape Cod Bays on June 16 and 17 in 1925. . A few temperatures were taken by the
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Fia. 38.—Vertical distribution of temperature on the southwestern slope of Georges Bank to
show cooling of the bottom water, but warming at the surface, from February to May,
1920. A and B, February 22 (stations 20046 and 20045); AA and BB, May 17 (stations
20128 and 20120)

Halecyon near Glouces-
ter on the 6th in 1924,
in the Nantucket
Shoals region during
the first half of the
month ‘in 1925, and
Dawson (1922) also
took a considerable
number of June read-
ings along Nova Scotia
in 1904 and 1907.

RATE OF WARMING

Progressive warm-
ing is to be expected,
of course, over the
whole area throughout
the month of June.
Thus, the surface had
warmed to 10.56° at
a station 8 miles off
Gloucester on the 6th
in 1924, and to 12.1°-
15.2° over Massachu-
setts Bay generally
by the 16th or 17th in
1925, an average
change of about 5
degrees since May 20
to 22. At the 20-
meter level these mid-
June temperatures
averaged about 7.8°
(18 stations), contrast-
ing with about 5.5°
in May (p. 564), with
the readings for June
6, 1924 (6.2°) inter-
mediate, as the date
would suggest. These
Massachusetts Bay
stations for 1925 also

illustrate interesting regional differences in the rate at which heat penetrates down-
ward into the water during the late spring and early days of summer, depending
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chiefly, it would seem, on differences in the extent to which the water is stirred by
the tides and on the freedom of interchange of water between the coastal zone and
o&shore—perhaps to some degree on upwellings.

In midwinter the Plymouth shore and Cape Cod Bay to the southward see winter
chllhng more rapid than in any other part of the Massachusetts Bay region (fig. 81).
With the advance of spring, however, the regional relationship is reversed, so that by
May we find the surface water warmest in Cape Cod Bay (p. 557, fig. 28). During
the last week of that month, however, and the first half of June, the western side of
Massachusetts Bay had caught up with Cape Cod Bay in the progression of temper-
ature, so that all this area (inclosed by the isotherm for 15° on fig. 39) was now
nearly uniform (15 to 15.2°) in surface temperature, except for one station off Plym-
outh Harbor, where vertical circulation of some sorv was responsible for a slightly
lower reading (14.43°).

. Considerably lower surface temperatures (1 2.1° to 13.3°),right across at themouth

of the bay, show that the offshore waters had lagged behind thc coastal belt in
warming; and still lower readings (12° to 13°), along the north shore of the bay
deserve emphasis because the 20-meter level was warmest here, coldest at the mouth
of the bay, and with a rather surprisingly wide range in temperature (12.03° to 4.56°)
from station to station. Active vertical stirring is clearly responsible by bringing
the upper 20 meters within the immediate effect of the sun’s rays, to warm nearly
uniformly along the northern shore. At the same time it is probable that the
warming of the upper stratum in this particular region is forwarded during June by
a more or less constant drift of the surface water—already warmed to 12° to 14°
temperature—around Cape Ann and westward into the bay. Consequently, a some-
what higher mean temperature for the upper 20 meters may be expected to prevail
along its northern shore than in its central parts in June, just as was actually
recorded in that month in 1925 (Fish Hawk cruise 14, stations 35 to 37), instead of a
lower mean temperature, as is the case later in the summer.

More rapid warming of the surface along the Plymouth shore and in Cape Cod
Bay, but a slower rise in temperature at 20 meters, points to a less active overturning
by the tides; and the fact that the surface and 20-meter readings both averaged 2°
to 3° higher there than over the deep sink off Gloucester (Fish Hawk station 31) is
evidence that the interchange of water between the open basin of the gulf, on the
one hand, and the western and southern parts of Massachusetts and Cape Cod Bays,
on the other, had been so slow for some weeks previous that the latter had acted as a
more or less isolated center of local warming. On the other hand, the low temperatures
(56 to 6° at the 20-meter level along the eastern side of Stellwagen Bank, at the
mouth of the bay, point to a certain amount of upwelling over the slope of the latter,
bringing up cold water from greater depths offshore.

These regional differences in the June temperatures for 1925 are smoothed out
over the Massachusetts Bay region with increasing depths. At 40 meters, for example,
the extreme range of temperature was then only from about 3.5° to about 6.1°, with
the mouth of the bay uniformly 4° to 4.5°, and the 40-meter temperature (about 3.6°)
off Gloucester for the 6th of the month, for 1924 (station 10653), falls within this
range. ' At 75 to 94 meters the. temperatures of Massachusetts Bay were also about

8951—28——37
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the same in 1924 (3.13° station 10653) as in 1925 (3.97° and 4.04° at Fish Hawk
stations 30 and 32). ‘ :

Out in the open basin, off Cape Ann, the surface warmed from 6,1° on May 4,

1915 (station 10267), to 13.6° on June 26 (station 10299), or at about the same rate

n

. Fi6. 39.—Surface temperature in mid-June from all avallable sources. The dotted Eux:ves are based on Dixon's (1901)
tabulation ’

as in MassachusettsBay in 1925. The 40-meter temperature, however, rose,‘by only
1.5° during the interval (from about:5.2° to about 6.8°), while virtually no change
took place at 90 meters or deeper (fig. 5). It is probable, also, that the seasonal
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suocession illustrated by these two stations is characteristic of that side of the basin
in’'general. o ‘ : :

" "No observations have been taken in the western side of the gulf in June, Or on
Nantucket Shoals, on the cruises of the Bureau of Fisheries’ vessels, except those
just mentioned; but the daily data tabulated by Rathbun (1887) for several lighthouses
and lightships partially fill the gap for the coast sector between Cape Ann and the
Mount Desert region, and are consistent with the serials taken of late years in the
northeastern part of the gulf, in the Bay of Fundy, and in Massachusetts Bay.

Approzimate temperatures (°C.) at the surface on June 15, from Rathbun’s (1887) tables?

Locality 1881 | 1882 | 1883 | 1884 | 1885 | Average
Pollock Rip lightship. ———— —_—— 142 9.7({12.2]11.7 | 10.6 1.7
Thatchers Island (Cape Ann) light. ... __ . ___ 7T 13.2 122 | feaas 12.7
Boon Island light..__ . .. . ____. 10 83 (10,6 11.4[10.8 10.1
Beguin Island light. - - 9.8110.9111.9) 1L4 | 0.4 10.7
Matinicus Rock light_ . ____ ... - 83|83 7.2} 83| 7.5 7.9
Petit Manan light D D TS SN 7.6 896110.3]10.6 | 10.1 9.5
£ 3

-1 @iven only to nearest 0.1 °.

The 10-day averages for Gloucester and Boothbay for 1920 (figs. 29 and 30)
show that the water warms only slightly faster ininclosed locations of this sort than
off the open coast (compare 13° at Gloucester and about 12° at Boothbay on June
15 with Rathbun’s record of 12° to 13° at Thatchers Island, off Cape Ann, and of 9°
to 11° at Seguin Island. A temperature about 3 degrees lower at Matinicus Rock,
at the mouth of Penobscot Bay, than at Seguin Island, some 34 miles along the
coast to the westward, probably reflects some local retardation of vernal warming
by the spring freshets from the Penobscot River. Conversely, the comparatively
high temperature at Petit Manan suggests that readings as ‘warm as 10° are to be
expected by June 15 after a few days of warm weather, in sheltered locations along
shore in shallow water, to the east as well as west of Mount Desert. In fact, Doctor
McMurrich records almost as high surface temperatures (9° to 9.5°) at St. Andrews
by June 15 in 1916. Lubec Narrows, however, open to the Grand Manan Channel
and with a great volume of water rushing through on every tide, had warmed to
only about 6° by this date in 1920 (fig. 31). ‘ ‘

., Earlier in the season, and up to mid May, the vertical distribution of tempera-
ture in the upper 150 meters or so is of one type throughout the inner waters of the
gulf, though the actual values differ slightly from station to station. During late
May and June, however, very important differences develop between the state just
described for the western side of the gulf (where the rapid warming of the upper
stratum by the sun, coupled with the sudden establishment of a high degree of
vertical stability, causes the development of a steep temperature gradient in' the
upper 40 to 50 meters, overlying water more nearly homogeneous) and the north-
eagtern part of the gulf, where more active stirring by the tides spreads the warmth
received from the sun through a thicker stratum of water. Furthermore, we find
the rate of warming decreasing from west to east as we follow around the coast line
of the gulf, even after this regional difference in the downward dispersal of the heat
received has been allowed for. Thus, the surface had warmed only from 5° on May
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12 (station 10276) to 7.8° on June 14 (station 10287) off Penobscot Bay; the 40-
meter level from 4.2° to about 5.8°, while the courses of the curves suggest that no.
appreciable change in the temperature of the water is to be expected at or below 80
meters off this part of the coast during the month of June.

. In the immediate vicinity of Mount Desert Island the surface tempera.ture rose
by ahout 1° from May 10 to 11 (stations 10274 and 10275, 4.2° and 4.4°) to
June 10 to 11 (stations 10283 and 10284, both 5.4°); but four days later surface
readings of 7.5° to 8° were had at three stations (10285 to 10287) a few miles to the
westward. The graphs (fig. 7) for these stations, as compared with May 10 (station
10274), show that the whole column, down to thie bottom in 80 meters, warmed at
a nearly equal rate there up to June 10, instead of most rapidly at the surface, as
happens off Penobscot Bay and in the Massachusetts Bay region, no doubt
because of the stronger tidal currents to the east than to the west of Penobscot Bay

678).
(P Near Mount Desert Island this vertical stirring is suﬁiclently active to bring
the whole column of water uniformly under the effect of the sun’s rays during the
early spring, resulting in the uniform rate of warming from surface to bottom just
noted. During June, however, the surface receives heat so rapidly there, coupled
with a corresponding freshening (p. 747), that the column is stabilized vertically,
though the deeper layers are never so insulated here as in the less actively stirred
waters to the west of Penobscot Bay and to the south of Cape Elizabeth.

‘In 1915 this establishment of stability in the Mount Desert region evidently
fell between June 10 and June 15, because the surface warmed more rapidly there
between these two dates (a change of about 2°) than it had during the preceding
month, though the 30-meter and deeper temperatures rose by only about 0. 2°
meantime.

Data are not available for a general survey of the temperature of the Bay of
Fundy for the month of June, but very considerable local differences in the rate of
vernal warning are to be expected there during the early summer to correspond with
regional differences in the activity with which the water is stirred by the violent
tidal currents. The Grand Manan Channel stands at the one extreme, with the whole
column of water warming uniformly, or nearly so, through June down to 100 meters,
and correspondingly slowly at all depths. Thus, on June 4, 1915, the whole column
of water in the western end of the channel abreast the north- end of Grand -‘Manan
(station 10281; 80 meters) was about 4.5° in temperature, pointing to a rise of about
2° gt all levels from the minimum of the preceding winter, and the channel continues
homogeneous in temperature from surface to bottom into August (p. 599).

In the central parts of the Bay of Fundy, however, vernal warming essentially
parallels the account just given for the Mount Desert region, with a similar seasonal
relationship between successive monthly curves (fig. 40) constructed from Mavor’s
(1923 ; Prince station 3) records for the spring of 1917, though the actual temperatures
differ somewhat at the two localities. ‘Thus, this Fundy station warmed from 2.96° to
8.18° at the surface between May 4 and June 15; from 2.01° to'4.13° at 50 meters;
from 1.87° to 3.92° at the 100-meter level and from 1.75° to 2.08° at 150 meters;
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so that the temperature curves for the two dates recall ‘those off Moeunt Desert for
May 10 and June 14, 1915, in their mutual relationship. A similar seasonal rela-
tionship also obtains between serials taken in the Fundy Deep near by on March 22,
1920 (station 20079), and June 10, 1915 (station 10282).

Temperature, Centigrade
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F1a. 40—Vertical distribution of temperature in the Bay of Fundy in 1917, from Mavor (1923,
Prince station 3, 1016-17). A, February 28; B, May4 C, June 15; D, July 4; E, July 31; F,
September 4.

In 1917 the surface temperature had risen only to 8.68° at the Prince station by
July 4 (Mavor, 1923, p. 375); the 50-meter level to 5.06°, the 100-meter level to
.4.5°% and the 150-meter level to 4.21°; but warming either took place more rapidly
in the Bay of Fundy in 1904, or the temperature did not fall so low there during the
preceding winter, because Dawson (1922, p. 82, station F) found the deeper strata of
the Fundy Deep about 2° warmer than this a week earlier in the season, as follows:
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© o Serial temperatures (°.C.) in Fundy Deep for June, 1904, after- Dawson (1928)

CDepth .. -??9%2& Julng& 2, | -~ Depth : : .Juﬂ:u 23, Julngtz)‘r 2,
Surface 8 11.1 |{ 27 meters 6.7 8.6
O mMeterS. . e e a— e 7.5 9.7 || 66 t: 6.4 7.5
18 OIS e c e e 7 9.4 || 91 meters 6.4 6.4

1 Dawson’s records are given to the nearest 0.5° F.

Surface water only about 4° warmer than the 50 to 60 meter level at these Bay
of Fundy stations, as late as the last half of June, is an interesting contrast to the
coastal sector between Cape Cod and Cape Elizabeth, where the surface temperature
rises to 7° to 8° higher than 50 to 60 meter temperature by that season; nor does
this regional divergence reach its maximum until late in summer (p 596).

The most interesting phase of the June temperatures for 1915 is the light which
they throw on the hydrographic cycle in the southeastern parts: of the gulf. As
stated above (p. 561), actual chilling takes place over the banks west of Nova Scotia,
and out into the neighboring basin, from April to May, while the icy water of the
Nova Scotian current is flowing into the gulf from the east past Cape Sable, although
vernal warming is well under way elsewhere.

In 1915 this flow had become so weak during the last half of May (f it had not
ceased altogether) that it no longer offset the normal tendency of the water to warm
at this season. Consequently the temperature of the whole column of water on
German Bank rose from about 3° on May 7 to about 6° on June 19 (station 10290).
Unfortunately, the neighboring station in the basin (10270) was not revisited in June;
but the surface a few miles northward also warmed from a temperature of 4° to 5°
in mid May to 9.7° on June 19 (station 10288), though with s rate so rapidly decreas-
ing with depth that the deep water, at 100 to 180 meters, was only 0.4° to 1° warmer
on the later date than on the earlier one. As this rise of temperature in the deeps
was accompanied by a corresponding rise in salinity (p. 755), it is to be credited to a
renewed pulse in the inflow through the Eastern Channel, and 1919 seems to have
been a still ““earlier’” season in this respect, as described above (p. 558).

off Shelburne, only 25 to 30 miles to the eastward of Cape Sable, by contrast,
the 50 to 75 meter stratum continued very cold next the coast (0.7° to 0.9°) until
the last week of Junein 1915 (Bigelow, 1917a, stations 10291 and \10292), and was
only slightly warmer at the end of July of that year (B] erkan, 1919) or in July, 1914
(station 10231). Consequently, it would not be surprising to find the water along
western Nova Scotia temporarily chilled by a renewed pulse from this icy reservoir
at any time during June, either at the surface or a few meters down. . Serial readings
taken off Yarmouth, also off Cape Sable, by Dawson in 1907 (1922, p. 82, stations
M and S), show that some such event did take place that year, ‘made evident by
& drop in the bottom temperature (55 meters) in the offing of Yarmouth, Nova
Scotia, from 4.7° on June 17 to 1.1° on June 25, although the surface water con-
tmued to rise in the normal seasonal advance

-
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o Temperatures (°C.) 17 miles southwesterly from Cape Fourchu in:1907, from Dawson (1928, p. 8%)

&
prerioe . - Depth : . June 17 | June 21 | June 2§
A ) )
Buriace 5.6 6.4 8.9
¥meters : - 8 6.1 6.9
18 meters... : U, .5 4.7 3.9
27 meters : S Y S . P 4.7 4.7 2.8
85 meters... 4.7 4.7 1.1

g
" The source of this cold mdrafb is found near Cape Sa.ble—-by Dawson’s records
10 miles south from Brazil Rock on the 26th and 27th, quoted below—which also

shows an interesting variation in temperature at different stages of the tide.

Temperatures (°C.) 10 miles south of Brazil Rock (from deson)

' June 26,' June 27,
Depth .| high low
water water

8.6 7.8

D INBLOLS. e e e e cmen e e 4.7 7.8
e T T U S 2.8 4.7
T mObOrS e e e e e e e ——————e—m————— 2.5 3.9
ars. 1.4 1.9

It is probable that when belated overflows of the cold Nova Scotisn water into
the gulf do occur after early June they are of brief duration, for we have found no
evidence of such an event later in the season on our recent cruises.

Dawson’s June temperatures likewise afford an interesting illustration of the rate
at which the surface water may be expected to warm along the Nova Scotian coast
gector between Yarmouth and Cape Sable during the month of June. Thus, the
surface there was 4.4° to 5° on the 7th of the month in 1904, though it had already
risen to 6° at the mouth of Yarmouth Harbor by that date. In 1907 the surface
‘was 5° to 6° in the offing of Yarmouth on the 11th to 15th; 6° to 7.8° on the 22d
(warmest close in to the land); 6.5° to 8° to the eastward of Cape Sable by the end
of that month; but the tide-swept region close to the cape was still only 4. 2° to 5°
and this cold pool reappears on our charts for August (p 592).

In 1915 the temperature of the surface water had risen to 10° over Browns Bank
and the Eastern Channel (stations 10296 and 10297) by June 24 to 25, which is 3.5°
cooler than the expectation for Massachusetts Bay at that date, and the water that
filled the trough of the channel at depths greater than 100 meters was about 1 to 2
degrees warmer (7° to 8°) than on April 16, 1920 (station 20107). On Browns Bank,
too, the temperature of the bottom water was about 4° higher at the June station
than at the April station (stations 10206 and 20106), but the 40-meter reading
was actually lower in June (2.8°)—colder, in fact, than any June reading in the inner
parts of the Gulf of Maine. The presence of a cold mid stratum at this particular
locality sandwiched between water of 7.36° on bottom at 80 meters, 10° at the
surface, is unmistakable evidence of an extension of the cold Nova Scotian water
from the eastward out over the bank, indenting into the higher temperatures that
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may be expected-to prevail there earlier in the season. The profile run across the
shelf abreast of Shelburne, Nova Scotia, the day before (stations 10291 to 10295,
June 23 and 24, 1915) corroborates this apparent tendency for the cold Nova Scotian
current to swing offshore abreast Cape Sable at the time, instead of flowing past the
cape into the eastern side of the Gulf of Maine, as it does earlier in the season. This
profile (fig. 41) lies outside the geographic limits of the present discussion; it will be
enough, then, to point out that it cuts across a lenticular mass of water colder than
2°, occupylng the whole breadth of the continental shelf at the 40 to 100 meter level,
with a minimum reading of only 0.7° (station 10292, 50 and 75 meters) in the trough
between the land and La Have Bank.

The high temperatures recorded for the Eastern Channel in June, 1915, prove
Browns Bank the westerly boundary for the icy water at the time; but it may
extend across the Eastern Channel to Georges Bank earlier in the month in some
years, a question discussed below in connectmn with the July temperatures of the
bank (p.919).

Unfortunately, no temperatures have been taken below the surface on any part
of Georges Bank in June. It is probable that the vernal expansion of the cold Nova
Scotian current maintains temperatures lower than 10° on the eastern part of the
bank until the first of the month, and Dickson (1901) so represents it on his chart
of surface temperatures for June, 1897, contrasting with temperatures higher than
12° in the western side of the gulf, on the one hand, and outside the continental
edge, on the other. July temperatures (p. 594), however, suggest that the surface on
the western end of the bank may be expected to warm to 10° to 11° by mid June,
except locally, where strong tidal currents and rips sweep around its shoalest portions.
Considerable variations develop in the temperature gradient on Nantucket Shoals
by that month, however, according to the local activity of the tidal stirring, for the
Halcyon found the temperatures almost exactly the same on bottom in about 30
meters depth (8.3°) as at the surface near Round Shoal on June 7, 1925, but the
bottom more than 5° colder than the surface™ in water of about 40 meters depth
only 6 miles to the eastward.

Judging from daily readings made at Nantucket lightship in the years 1881 to
1885 (Rathbun, 1887), and from the Halcyon temperatures just cited, surface tem-
peratures of 10° to 12° (varying somewhat from year to year) are to be expected in
the Nantucket Shoals region generally by the middle of June.

GENERAL DISTRIBUTION OF TEMPERATURE

A graphic picture of the June state for the gulf as a whole results from combin-
ing the June stations for the various years (fig. 39). Unfortunately, the obser-
vations not only include possible annual differences, but cover too long a space in
time for this surface chart to be as satisfactory as might be wished at a season when
the water is absorbing heat from the sun as rapidly as happens through June. It will
serve, however, as an indication of the regional distribution and approximate values
that may be expected in various parts of the gulf at the middle of the month. Its
feature of chief interest is that the temperature is higher in the western side than

19 Surface 11.7°; bottom 6.4°.
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in the eastern side in June, just as it is in May (p. 556, fig. 27), and warmest in the
inner part of Massachusetts Bay.

In June the surface of the gulf is coldest over the shallows west of Nova Scotia,
with rather a sudden transition from surface temperatures of 8° to 9° and higher in
the eastern side of the basin to readings lower than 7° to 8° next the land. The
comparatively warm core (8° to 9°) extending up the deep trough of the Bay of
Fundy, outlined by the curve for 8° on this surface chart, also deserves mention, as
does the slightly cooler zone (7° to 8°) extending westward along the coast of Maine
across the mouth of Penobscot Bay.

In the offshore side of the picture, Dickson’s (1901) data for the years 1896 and
1897 locate the isotherm for 15° as following along the continental edge of Georges
Bank, with surface water of 20° separated from the edge of the continent by a wedge
of cooler water increasing in breadth from west to east.

n 70"
¥

A\

&2

Flg. 42—Temperature of the eastern side of the gulfat a depth of 40 meters, last half of June, 1915. The Bay of
Fundy temperature is according to -Mavor (1923); the temperatures along western Nova Scotia are from
Dawson (1922)

The June chart for 40 meters (fig. 42) shows a gradation in temperature across
the gulf from west to east of the same sort as appears at the surface (fig. 39).
The influence of the Nova Scotian current on temperature at the 40-meter level is
graphically illustrated by an expansion of water colder than 3° from the coast off
Shelburne, Nova Scotia, out across the western part of Browns Bank, contrasting
with higher temperatures (5° to 6°) on German Bank and along western Nova Scotia.

The most interesting feature of this 40-meter chart is the sudden transition
between the cold water on Browns Bank to the much higher temperature (8.2°) in
the Eastern Channel (a horizontal dislocation of 5° in a distance of only about 15
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miles) and its demonstration that the latter is clearly a tonguelike intrusion from-
offshore. The records are not sufficient to outline exactly how far 7°-water then
penetrated the southeastern part of the gulf; but the temperatures at such of the
stations as lie in the course usually follawed by the inflowing current (6.3° and 6.1° at
40 meters at stations 10288 and 10299) suggest that readings as high as 7° would'
not have been found farther west in the basin than is outlined on the chart at any
time durmg June, 1915. Undoubtedly, however, Wlde ﬂuctuatmns occur from year
to year in this respect.

If the data for the two years 1915 and 1925 can justly be combined, as seems
allowable because the preceding winters were not unusually severe, slightly higher
temperatures are to be expected over the eastern and central parts of the basin
generally than either in the northeastern corner of the gulf (including the Bay of
Fundy), on the one hand (40-meter level about 4° to 5°), or off Massachusetts Bay,
on the other, where the Fish Hawk recorded 40-meter temperatures of 3.5° to 4.5° at
most of her mid June stations in 1925. A 50-meter reading of 5.18° in the southern
side of the basin as late as June 25, 1915 (station 10298), suggests that the 6° to 7°
water then takes the form of a pool, as it is shown in the chart, entirely surrounded
by slightly lower temperatures except for its connection with still warmer water out-
side the edge of the continent, via the Eastern Channel. - A regional distribution of
temperature of this sort is interesting as evidence that the influence of the indraft
through the Eastern Channel may raise the 40-meter temperature of the central
parts of the gulf slightly higher in late June than the figure (4° to 5°) to which solar
warming, unassisted, would bring it by that date. ,

"At a depth of 100 meters (fig. 43) the isotherm for 5° shows a tendency on the
part of this indraft to follow the eastern slope of the basin and to eddy to the west-
ward around its northern side, but this drift seems not to have been active between
the dates covered by this cruise (June 10 to 26) because not as clearly outlined as in
March, 1920 (fig 13), but showing a gradation in temperature from 8° in the Eastern
Channel to 5° at the mouth of the Bay of Fundy. Had water been flowing actively
inward through the channel at the time, a uniformly high temperature (7° to 8°)
naturally would have resulted over a considerable area in the eastern side of the gulf.
A transition of the opposite sort along the Northern Channel, from 6° to 7° at its
western end to 2° to 3° at its eastern end, is evidence equally clear that no general
movement of the water was taking place through this trough either westward into
the gulf or vice versa.

Unfortunately, no data are available on the subsurface temperatures along the
seaward slope of Georges Bank for June, but our Shelburne profile for June 23, 1915
(fig. 41), showed the warmest (8°) bottom water separated from the edge of the bank
by a much cooler (about 4°) wedge at 100~120 meters, as seems always to be the case
to the eastward of the Eastern Channel. .

The temperature of the bottom water in the deeps of the gulfis always interest-
ing because of the light it throws on'the inward pulses (p. 922). During the last half
of June, 1915, this was fractionally warmer than 6° in the eastern and south central
parts of the basin at depths greater than 175 to 185 meters (stations 10288 and
10298 ), underlying a cooler stratum (4° to 5°) at 50 to 150 meters; and although’
no record was obtained of the bottom temperature in the western arm of the basin
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on. this cruise, the presence of 6°-water there on May 4 (p. 566) at depths greater
than 225 to 230 meters, and again on August .31 of the same year (station 10307),
makes it almost certain that this was also the case in June.

The relationship which this warm bottom stratum bears to the cooler wa.ter above
it and to. the indraft from outside the edge of the continent, is made more graphic by
the accompanying profile, running from the Eastern Channel westward and inward
along the basin (fig. 44).% Obstructed on the north by the topography of the sea
floor, this warm bottom water reaches the western part of the basin off Cape Ann
via the southern branch of the trough, a route that entails its rising over the inter-
vening ridge to within 190 to 200 meters of the surface.

n 70° (X L o7 - 66"
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: F16. 43 ~Temperature at a depth of 100 meters, last half of ¥ une, 1915. (The Bay of Fundy isaccording to Mavor, 1923.)

It is probable that overflows of this sort are intermittent—frequent enough, how-
ever, to maintain the bottom temperature of the western bowl fractionally above 6°
for most of the year. The greater thickness of the warm. bottom stratum in the
southeastern side of the basin (into which the Eastern Channel opens) than elsewhere
in the gulf corresponds to the proximity of the source of supply; and it is not
unlikely that bottom temperatures of 7° or higher would have been found there at
the end of June had readings been taken in depths greater than 275 to 300 meters.

In horizontal plan the bottom water of 6° takes the form of a Y, following the
outlines of the trough of the gulf its approximate outlines for May and June, 1915,
are shown in the accompanying chart (fig. 45).

- 9The despest madings‘in the western side of the basin are borrowed from the May station (10267).
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JULX -AND AUGUST

The vessels of the Bureau of Flshenes have taken a la.rge number of observatmns
within the gulf during the months of July and August since 1912. July and August
mpera.tures have been recorded in various parts.of the Bay of Fundy region under
ﬁe auspices,of the Biological Board of Canada over a series of years.® The tidal sur-
¥ey.of Canada (Dawson, 1905 and 1922) likewise has gathered a considerable body of
thermal information for the Fundian region and along the Nova Scotian side of the
ppen Gulf of Maine. With such a wealth of material available, the chief dlﬁiculty in
jggt;a!bhsh.mg the normal midsummer state of the gulf has been to appraise the
importance of the annual and sporadlc ﬂuctuatlons that confuse the record
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F16, 44.—Temperature. profils running easterly from the basin off Cape Ann along the trough of the gulf ‘to the Eutérn
Channel tor -June 28 and-26, 1915~

SURFACE

.- As the result of continued warming by the sun, the surface of all parts of the
gulf is:considerably warmer in July and August then it is in June, in most years
rising nearly to its maximum by the last week of July over most of the gulf. The
graphs. for Gloucester and Boothbay Harbors (figs. 29 and 30) show that in incloged
sityations of this sort the surface water is warmest. then, mirroring the air- tempera-
ture; but in the open ‘waters outside warming continues slowly until well into
August depending on the weather, with the readings highest. some time during the

ﬂSee Copeland (1912); Mavor, Oraigie, and Detweﬂer (1916), Craigie (lololand 19163), Cralgie’ and Chase (1018), Vneﬁon
(ms), and Mavor (1923); : . ; CE e : B A
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last half of the month. On the whole, the surface temperature of the gulf may be
described as more nearly stationary from July'25 to the end of August than over
any equal interval during the spring, on the one hand, or during the autumn, on the
other. ‘ : ' '
‘The surface chart for late summer (fig. 46) represents the average state during
‘the last week of August. Deviationsin one direction or the other from the precise
values there given are to be expected, however, according as the year is warm or
cold, the season forward or tardy (p. 626). o
- 'The surface temperature within the gulf rises highest over the western and
southwestern parts of the deep basin, at the mouth of Massachusetts Bay, and in
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F1a. 45.—Extent of bottom water warmer than 6°, last half of June, 1915

‘Cape Cod Bay, as outlined by the isotherm for 18°. Within this area readings of
20° have been reported on three occasions, namely, twice' by Doctor Kendall in the
last week of August, 1897, and more recently on August 22, 1914 (station 10254).
On the other hand, the lowest surface reading so far recorded for the last week of
August in this warm subdivision, more than a few miles out from land, was 17.6°
in the western basin on August 31, 1915 (station 10307). The data from the cruises
of 1912, 1913, and 1914, compared with readings taken in August, 1922, and by
Doctor Kendall in 1897, show that the temperature first reaches 18° at the mouth
of Massachusetts Bay and out over the neighboring part of the basin in its offing,
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whence the limiting isotherm (18°) spreads south as well as north, to the confines
laid down on the chart, as the summer draws to its close. '

We have invariably had surface readings higher than 18° in the outer half of
Massachusetts Bay after the first week of August, and in Cape Cod Bay; but off
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F1a. 46.—Normal surface temperature for mid-August, based on a combination of the recent station records with Rathbun’s
(1887) tabulation at lighthouses, the Canadian records, Dickson’s (1901) data, and the daily surface readings, at
Gloucester, Boothbay, and Lubec (figs. 28 to 31). (Close to Cape Sable, read < 10° for > 10°.)

the tip of Cape Cod, where tidal currents run strong, the surface is usually cooler
locally, as is the general rule in such locations, with readings of 17° to 18° for the
last half of August. For this same reason the coastal belt around the western and
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northern shores of Massachusetts Bay usually remains cooler than 18° on the sur-
face throughout the summer, though warmer than 15°; but as every bather knows,
continued onshore winds sometimes drive the warm offshore water right in to the
beach there, though in a surface film so thin that one’s legs may be in decidedly
lower temperatures while swimming. On the other hand, when westerly winds
drive the surface water out to sea, cooler water wells up from below, locally lowering
the surface temperature. Upwellings of this sort, combined with local stirrings by
the tides, are so common an event along the northern shore of the bay that usually
this is fringed by a zone, a few miles wide, where streaks of surface water warmer
than 16° alternate irregularly with patches cooler than 14° to 15°, and where we
have occasionally had surface readings as low as 12° in July, with 10° reported to
us in August. Cold streaks of this sort are most often to be expected about the
bold promontory of Nahant and along the rocky shore between Gloucester and
Cape Ann,

At Thatchers Island (the tip of Cape Ann) tidal disturbances may cause consid-
erable and irregular fluctuations in the temperature of the surface from day to day,
witness readings varying from 15.6° to 17.5° during the warmest periods of the
summer of 1881 (Rathbun, 1887); but a temperature of 19.4° at the cape late in
July, 1882, shows that the warm surface water from offshore may touch the coast
line there during calm periods or after onshore winds, as it does elsewhere. '

It appears from what little precise evidence is available, and from general
reports by seaside dwellers, that similar fluctuations prevail all along the coast line
in August, from Cape Ann northward about to Cape Porpoise; but the surface of
the coastal belt averages 1° to 2° colder in this sector than in Massachusetts Bay—
usually below 16°.

It is. unfortunate that daily records are not available for any station along this
stretch of coast line or for the Isles of Shoals, which occupy a commanding position
off the mouth of the Merrimac River. Most of our August passages, also, to and
fro, have followed courses outside the 100-meter contour. Rathbun’s (1887) record
of maxima of 15.6° to 16.7° at Boon Island for the summers of 1881 to 1885, with
our own stations between Cape Elizabeth and Cape Ann, suggest 15° to 16° as the
usual maximum for the coastal sector between the Isles of Shoals and Cape Eliza-
beth, out to the 100-meter contour, with temperatures 1° to 3° higher a few miles
farther out at sea.

The rise in surface temperature experienced as one runs offshore from Cape
Elizabeth is illustrated by the following readings taken by W. C. Schroeder on the
Haleyon on a trip to Platts Bank, July 20, 1915: 8 miles out from Cape Eliza-
beth, 16.1°; 1714 miles out, 19.44°; 20 miles out, 19.44°; on Platts Bank, 30 miles
out, 18.9°, This agrees closely with the gradation indicated for this region on
the charts (figs. 46 and 47); also with the state of the surface on August 7, 1912,
when the temperature rose, progressively, from 15.6°, at a point 8 miles off the
cape, to 17.8° on Platts Bank (Bigelow, 1914, p. 46). ,

It has long been common knowledge that the coastal waters along eastern Maine
and in the Bay of Fundy are cold in summer, with a maximum difference of almost 10°
C. (18° F.) between the surface there and in the offing of Cape Ann. This cold area,
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autlined by the isotherm for 12° on the chart (fig. 46), also includes the whole east-
ein side of the gulf, off western Nova Scotia, out to the 100-meter contour, in an
‘Rmdu*lating outline more easily represented graphically than verbally, .

‘The transition from warm to cool is often very noticeable as one runs from the
oﬁng of Cape Elizabeth, across the mouth of Casco Bay, to the nelghborhood of

4 Fig. 47,~8urface temperature, J uly to August, 1912 (above), and July to August, 1923 (below)

Boothbay Harbor. On August 13, 1925, for example, the Halcyon had: surface read-.
ings of 16° at the mouth-of the bay but only 12.8° elose to Seguin Island. ' Next
the shore surface temperatures ranging from 13° to 15.3° have been recorded between
Casco Bay and Penobscot Bay in August; usually cooler than 14°, but with- much
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local variation as the tide swirls around the islands and ledges. The maximum tem-
peratures at Seguin Island Lighthouse for the years 1881 to 1885 (Rathbun, 1887),
were, respectively, 13.3° to 13.9°., 13.3° to 13.9°, 13.9° {0 14.4°, 13.9° to 14.4°, and
14.4°, This agrees with readings of 13.9° at two localities within a few miles of the
island on August 22, 1912, and with 12.8° to 14° in that general neighborhood on July
18, 1925; but one need run only a few miles offshore from this part of the coast to find
the surface warmer than 16°, and Doctor Kendall records a reading of 16.7° within
about 8 miles of the land off Seguin on August 16, 1897.

The surface temperature rises to 16° to 18° in Boothbay Harbor during the last
week of July and the month of August (fig. 30); equally high, no doubt, in other
sheltered bays in this neighborhood. ‘

Surface readings taken on a line across the mouth of Penobscot Bay ranged from
12.8° to 13.9° on August 21, 1912, while Rathbun (1887) gives maximum tempera-
tures of 11.7° to 12.2° at the lighthouse on Matinicus Rock at the western gateway
to the bay, where the water may be somewhat chilled by the swirling tidal currents.
The surface in sheltered situations within Penobscot Bay may warm to a tempera-
ture several degrees higher than this before autumnal cooling sets in, but infor-
mation is scant for this particular region.

Our surface readings among the outer islands along the coast of Maine, east of
Penobscot Bay, and out to the 100-meter contour usually have ranged between 10°
and 12° for the last half of July and for the month of August (fig. 47). After a
few calm, warm days the temperature of this zone may rise locally to 13° (12.78°
off Mount Desert Island, August 13, 1913, station 10099, has been our highest record
there). The surface water is considerably warmer up the bays, locally, depending
on the topography of the bottom as determining how actively the water is stirred by
the tide, and especially on the extent of the flats laid bare to the sun on the ebb.
Surface readings of 10.6° to 11.7°, recorded by the Halcyon within a mile or two of
Great Duck and Little Duck Islands, Bakers Island, and Long Island on August 8 to
11, 1925, cover the usual midsummer range close in to the islands and among them
for the Mount Desert region. '

Rathbun (1887) gives maximum summer temperatures of 11.6° to 13.3° at Petit
Manan light, and although the surface water off Machias was only 8.9° on July 15,
1915 (station 10301), probably it is always as warm as 10°,’or warmer, there during
the last half of August, and usually 11° to 12°, except where some local upwelling is
taking place. )

The hourly temperatures taken off the eastern coast of Maine during the last half
of August, 1912, are especially interesting because they suggest a movement of the
coldest surface water (colder than 13.5°) offshore (i. e., to the southwest), out past
Mount Desert Rock (fig. 47). Unfortunately I can not state whether this phenom-
enon is regularly recurrent in summer; but the fact that the surface was slightly
cooler (9.3°) near Mount Desert Rock on September 15, 1915, than close in to Mount
Desert Island (9.8° to 10.8°), near Petit Manan Island a few miles eastward along
the coast (10.5°), or near Swans Island to the westward (10.8°), suggests that some
such distribution of surface temperature is at least not unusual for that general
region. : ' :

-
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On August 17, 1912, and again on the 19th, we had readings of 10 to 11.7° as
the Grampus sailed lengthwise through the Grand Manan Channel; and it is proba-
ble that this is about the highest temperature attained in the tide-swept Lubec
Channel, because the highest 10-day average was about 10° there during the last of
August and first of September of 1920 (fig. 31). The highest mean temperature
recorded at Eastport for a 10-day period for the years 1878 to 1887 was 10.7° (Moore,
1898) in the second week of September.

The surface temperature of the greater part of the open Bay of Fundy likewise
~ ranges from 10° to 12°in August, rising above 12° only exceptionally and locally
(Huntsman, 1918; Vachon, 1918). Thus, Mavor (1923) records a range from 9.44°
to 12° at 19 stations on three traverses of the bay inward from Grand Manan on
August 22 to 27, 1919, warmest along the New Brunswick shore, coldest (9° to 10°)
near Digby Neck on the Nova Scotian side. A similar gradation is described by
Dawson (1922) for the first half of August, 1907. The records given by Craigie
(1916), Craigie and Chase (1918), and Vachon (1918) for the open bay, with a maxi-
mum of 12.68°, & minimum of 8.93°, in July and August, are consistent with this
on the whole. ‘

Dawson (1922, p. 92) records surface temperatures somewhat higher (14.17° to
13.33°) than this on a run from Digby to the middle of the bay on the meridian of
St. John, New Brunswick (his station A), for July 22, 1907, but this may have been
.an unusually warm summer in the bay. At any rate, temperatures so high were
briefly transitory, for the surface at his outer station had cooled to 13.6° by the next
day and to 12.8° three days later (Dawson, 1922, pp. 88-92), when the surface tem-
perature along the land from Digby Gut to Brier Island was only 8° to 9°. With a
variation from 10° to 11.7° over the Fundy Deep for the three-day period, August
23 to 25, 1904, independent of the stage of the tide (Dawson, 1922, p. 95), slight
changes evidently are to be expected in the bay from day to day, perhaps governed
by the roughness of the sea.

Many records of temperature, surface and subsurface, have been published for
the Passamaquoddy Bay region by Copeland (1912), by Craigie and Chase (1918),
and by Vachon (1918), showing a considerable regional variation in the temperature
to which the surface attains by the end of the summer. Copeland found the surface
warmest (13.9° to 15.6°) in the northern part of the bay, coldest (10.4° to 11°) near
Deer Island and in Letite Passage, with the central and western parts of the bay
ranging from 11.1° to 15°. Vachon (1918, station 4), likewise records the surface of
the center of the bay.as warming from 11.4° on July 20 to 15.9° on July 27 in 1916,
cooling to 11° on August 3 and 17, but warming again to 12.48° on the 25th and
to 14.91° on the last day of the month. In the mouth of the St. Croix River, how-
ever, the water is kept so thoroughly stirred by the strong tides that Vachon’s
highest reading was 13.4°, the lowest 10.95°, for the period July 17 to August 31,
coolest after northwest winds. Low surface temperatures also rule in Friar Roads
between Campobello Island and Eastport, where Vachon reports 8.7° to 10.3°
between August 2 and September 17, with 9.5° to 12.62° in the western passage
between Deer Island and the coast of Maine, and with about this same range of
temperature at a station near St. Andrews.
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- Vachon’s and Copeland’s records, combined, show that the.temperature of the
surface of the northwestern part of Passamaquoddy Bay may be expected to reach

15° for a brief period in August in warm summers, though perhaps not every year.
At the other extreme, the surface water in the channels between the islands of west-
ern New Brunswick, where tidal stirring is more thorough, is seldom warmer than
11° to 11.5°. Considérable fluctuations are also recorded within brief periods in the
central part of the bay, where the surface temperature is intermediate between these
two extremes, and in the mouth of the St. Croix River, connected with the direction
of the wind and with the stage of the tide.

It is interesting to find that no part of the surface of the Bay of Fundy,* Wlth its
much stronger tides, is as warm as the greater part of Massachusetts Bay, though
the maximum readings for these two areas differ by only about 3° (15° for Passama-
quoddy and about 18° to 19° for Massachusetts Bay).

Craigie and Chase (1918) found the surface about as cold (9° to 11°) in the outer
part of the Annapolis basin on July 23 to 24, 1915, as it is along the Nova Scotian
side of the Bay of Fundy outside, but progressively warmer, passing inward, to 15.33°
near the head. According to Huntsman (1924), Minas Basin, at the head of the Bay
of Fundy, also warms faster than the latter in summer, but the definite values have
not yet been published for it.

Dawson’s (1922) very considerable hst of surface temperatures for 1904 and 1907
with our yearly stations off Lurcher Shoal, on German Bank, and near Cape Sable,
unite to show that a cool surface is characteristic of the whole coastal zone along
western Nova Scotia out about to the 100-meter contour, usually with the readings
falling between 9° and 12°, as outlined by the isotherm for 12° on the chart (fig.
46). - More specifically, our own surface records for the Lurcher Shoal and German
Bank stations- have been as follows : :

’ Surfaee
Locality and date o .| 8tation | temper-
’ ’ ature
Near 100-meter contour, off Lurcher Shoal: °C.
Aug. 185, 1012 e 10031 13.33
Aug. 12, 1913 T 10096 12,22
Aug. 12 1914 . m ememcmcmmmercccccemmmmmmemmemesem————eeeeera——— 10245 14,44
Bept. 7, 1915 : . . 10315 12.20
German Bank, outer part;
Aug. 14, 1912. ; - - e cmmiima, . 10029 10, 44
" Do R . . 10030 1111
Ang. 12, 1913 e .. . : . 10095 8.89
Aug. 12, 1914 . 10244 10.00
Sept. 2, 1915 s . e . . 10311 9.40

The constant d1ﬁ'erence between these two loca.htles shows that surface temper-
atures lower than 12° do not reach offshore beyond the 100-meter contour in the off-
ing of Lurcher Shoal, but on August 12, 1913 (station 10094), we found the surface
as cold (8.89°) 12 miles out from the edge of German Bank as it was over the latter
(station .10095).

» As Dawson (1922, p. 99) has rema,rked ‘““as a rule, the temperature nearer
shore becomes higher when the weather remains quiet,” his data showing that the

3 For further details regarding the Bay of Fundy the reader is re!erred to the extensive tables given by Copeland (1912),
Craigle and Chase (1918), and Vachon (1918).
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water close in to the western coast of Nova Scotia warms to 10° to-12°.by. August

from St. Marys Bay to Yarmouth. Yarmouth Harbor he found only slightly warmer

(12° to 12.5°) than the open waters at its mouth, and it had about this same tem-

perature on September 8, 1916,2 but the surface of St. Marys Bay rises to a consid-

erably higher temperature. The maximum for this bay can not be stated, data for

the inner part of the bay for August being lacking.  Craigie and Chase (1918), how-

ever, found its surface progressively warmer, passing inward, from 9° to 10° at the,
mouth to sbout 11° abreast of Petite Passage, 13° to 13.5° off Weymouth, and to

14.8° at the head during the second week of July in 1915; and as Vachon (1918)

again had readings of 11.08° abreast of Petite Passage and 12.92° off Weymouth on

September 4 to 5, 1916, it-is not likely that August sees the surface temperature rlse

much above 15° anywhere in St. Marys Bay.

.. A coastal belt skirting Cape Sable, 12 to 15 miles wide, like the vicinity of
Lurcher Shoal, is characterized by surface temperatures lower than 10° throughout
July. This, no doubt, results from thorough stirring by the tides, which proverbi-
ally run strong around the cape, causing a mixture in varying amount with the icy

water that persists until midsummer in the deeper strata next the coast, a few miles
to the eastward (p. 681).

Near the cape Dawson (1922, p. 85, station Q) had surface readings of 5.3° to 7.5°
(usually from 0.5° to 1° higher at high water than at low water) during the first half of
. July,1907. By the last week of that month he found that the mean surface temper-
ature 12 miles out from the cape had risen to about 9° at high tide and to about 8.4°
atlow, with a slightly greater difference between high and low tide temperatures (aver-
age about 9° and 7.2°) closer in to the land, and with a maximum of 11.95° at the high-
water slack and a minimum of only 5° at low-water slack on the 20th. Our own
more recent record of 10.28° near by on July 25 1914 (station 10230), falls well within
these extremes.

These temperatures suggest that the ﬁood current, lowing Westward past the cape,
draws warmer surface water toward the land from offshore, but that the ebb, flowing
to the eastward, carries out water that has been thoroughly mixzed by the currents
swirling around the cape. )

Surface readings of 10° to 12° on several lines along the coast sector between
Yarmouth, Nova Scotia, and the cape, for the middle of July (Dawson, 1922), show
that this narrow cold pool off Cape Sable becomes entirely isolated from the low
temperatures about Lurcher Shoal before the last of that month by the development
of a warmer surface over the intervening area, but is continuous with still lower tem-
peratures to the eastward along the outer coast of Nova Scotia until August, witness
a surface reading of 6.62° at low water a few miles off Shelburne on July 27 in 1914
(station 10231), no doubt reflecting some updraft of the icy water from below with
the outflowing tide. In 1915, however, the Canadian Fisheries Expedition found no
surface water colder than 9.7° off this part of the coast on July 21 (Bjerkan, 1919).
On September 6 of that year (station 10313) the surface was 15° 10 miles off Cape
Roseway, 13.3° 10 miles south of Cape Sable on September 2 (station 10312), and
13.6° near by on August 11, 1914 (station 10243). Apparently, then, if the cold sur-
face persists as late as August off the Cape, it becomes reduced to an isolated pool

#.Varying from 11.3° to 12.7° during that day (Vachon, 1918).
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not more than half a dozen miles wide by the end of the summer, persisting only as a
reflection of purely local activity of tidal stirring. ‘

Our Gulf of Maine cruises have not crossed the southeastern part 6f the area in
August; hence the isotherms for this region (fig. 46) are only tentative for that
month, combined from the July cruise of the @rampus in 1914, the Canadian Fish-
eries Expedition stations off southern Nova Scotia for July, 1915, temperatures taken
.by the Albatross in August, 1883, and July, 1885 (Townsend, 1901), and from scat-
tering records from other sources. These combine to show a rather abrupt transi-
tion in surface temperature in the region of the Northern Channel between the cool
area along western Nova Scotia (12% and somewhat higher readings (14° to 16°) on’
Browns Bank, but make it unlikely that the surface normally warms above 16° over
the latter at any season. It is probable, too, that much local variation in tempera-
ture exists on Browns Bank, with cool and warm streaks caused by tidal mixings,
especially along its southwestern edge fronting the Eastern Channel, where the
Albatross had surface readings of 12.78 to 13.3° at four stations on August'31, 1883.

The surface temperature in the center of the Eastern Channel was 15.1° on July
24, 1914 (station 10227), but readings of 12.8°, 16.1°, 14.2°, and 13.3° at four succes-
sive stations on a line crossing the deep water from Georges Bank to Browns Bank
on August 31, 1883, suggest that while the central core of the channel is usually
fractionally warmer than 16° by the end of the summer, vertical stirrings or upwell-
ings are sufficiently active along the edges of the two banks to maintain narrow lanes
there colder than 16° on the surface. o

It is probable that the surface is from 1 to 3 degrees cooler over the eastern,
northern, and central parts of Georges Bank, as a whole, than in the basin of the gulf
to the north throughout the summer, and certainly it is considerably cooler than the
oceanic waters outside the edge of the continent to the south, just as it is in June
(fig. 39). Thus, Dr. W. C. Kendall had surface readings of 12.8° to 15.3° {averag-
ing about 14.5°) at 55 stations along the northwestern edge of the bank on August 21
to 25, 1897, and the isotherm for 16° for this region is located on the chart (fig. 46)
from these observations.

This part of the bank offers an excellent illustration of the chilling of the surface
that follows when cooler water from below is brought up over and around shoals by
the tides, with the surface averaging 1° to 3° cooler over the shoal ground than
elsewhere on the bank and (generally) coldest (13° to 14°) over the shoalest part,
where the water is less than 50 meters deep. Even small isolated shoal spots may cause
cool pools at the surface in this region, and the effect of projecting submarine prom-
ontories or ridges may be made evident for some miles by lowered surface temper-
ature. Where the water is not only shoal, but the topography of the bottom is
broken and tidal currents run strong, considerable variations in surface temperature
also are to be expected from ebb to flood, as Dawson found to be the case near Cape
Sable (p. 593). Doctor Kendall records several such alterations on Georges Bank,
notably & drop of about 1.5° at a station on its northern edge during a period of a
few hours on August 21. A few yards’ sailing may also be enough to bring the
vessel from a cool streak into a warm one, or vice versa, the explanation for which
is apparent enough on calm days when the lines of contact between different runs
of tide are often made visible by miniature rips, oily slicks, or by the accumulation
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of floating débris of one sort or another. In all this, Georges Bank, in the south of
the gulf, agrees with the coastal belt generally in the northeast, as it does in being
colder at the surface than is the intervening basin where ‘‘ the water moves to and fro
in an unbroken shest, clear of obstruction,” as Dawson (1905, p. 15) expresses it.

Doctor Kendall’s temperatures, added to readings taken by the Grampus in
July, 1908 (Bigelow, 1909), and from the Halcyon in the summer of 1923, show
that the surface is correspondingly cool (12° to 16°) in August over the shallow
broken bottom south of Nantucket, with similar fluctuations within short dis-
tances and at different stages of the tide, due to the same disturbing influence of
tidal mixings. Thus, the Halcyon had surface readings varying from 11.6° to 15°
in August, 1923, as she fished “at various locations within a mile or two of Round
Shoal bouy; 13.3° to 16.4° over Rose and Crown Shoal; 15.5° over the slightly deeper
channel between Round Shoal and Rose and Crown Shoal; and 13.8° to 15.5° on
the Great Rip fishing ground 12 miles southeast of the island of Nantucket. Unfor-
tunately, it is not yet known whether this cold area is separated from the equally low
surface temperatures of Georges Bank by a band of warm surface water along the
so-called ‘“‘south channel,” as seems probable, or whether the cool surface forms an
unbroken band, west to east, from the one shoal ground to the other.

In 1913 the surface to the seaward of the 50-meter contour off Nantucket had
warmed to upward of 19° by the last week in August (Bigelow, 1915, p. 350, fig. 2,
gtations 10107 to 10112). This was true also of the whole breadth of the shelf
abreast of Marthas Vineyard on the 26th of the month in 1914, except close in to
the. land (station 10263), where a surface reading of only 17.9° probably reflected
some tidal disturbance or other. With this same exception, Doctor Kendall likewise
had 18° to 19° at every station off Marthas Vineyard early in September, 1897,
paralleling Libbey’s (1891) record of surface warmer tha,n 19° over this part of the
continental shelf during August, 1889.

These data locate the isotherm for 18° as following the southern and western
edges of Nantucket Shoals around into the submarine bight west of the latter, but
with cool pools next the southern shores of Marthas Vineyard, as just noted.

It is probable that the surface temperature rises higher than 20° over the outer
part of the continental shelf off southern New England every August, and Libbey’s
(1891) extensive data show that in some years temperatures slightly higher than 20°
are to be expected within a few miles of Marthas Vineyard. But his records also
show that a considerable variation in surface temperature is to be expected within
ghort periods of time over the inner half of the shelf, where a sudden cooling of the
surface would be the natural accompaniment of any unusual stirring of the water or
of the upwellings that so often follow offshore winds.

There is also considerable variation in the surface temperature off Marthas Vine-
yard from year to year. In 1914, for example, the isotherm for 20° included only
the outer half of the continental shelf on August 21 at longitude 71° (fig. 46).

In spite of these fluctuations, it is safe to say that the surface is invariably
warmer than 20° along the edge of the continent in the offing of Marthas Vineyard
and Nantucket Island by the end of August. To find the surface warmmg to-
upward of 22° to 23° it is only necessary to sail seaward a few miles farther.
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‘+ Passing eastward from the longitude of Nantucket, we find a more sudden tran-
gition from the comparatively cool water (18°) over the southwestern part of Georges
Bank to-the high temperatiire of the oceanic water outside the 200 meter contour,
accompanied, however, by such irregularities as might be expected along the zone of
contact of waters differing in salinity as well as in temperature. At times the
north-south gradation in surface temperature along this sector of the edge of the
continent is also interrupted by a cooler band. On July 20 to 21, 1914 (stations
10216 to 10218),* this was indicated by surface readings of 18.6°, 17.3°, and 20.48°
at three successive stations from north to south on a line crossing the southern slope
of the bank. '

Such data as are available point to an abrupt increase in the breadth of the
cool wedge eastward from Georges Bank between the edge of the continent and the
warm oceanic temperatures of >20°, to the seaward of the latter. Thus the surface
was only about 17° at our outermost station off Shelburne on July 28, 1914 (station
10233), while the Canadian Fisheries Expedition crossed a band of 17° to 19.7°
water some 70 miles wide outside the 200-meter contour in the offing of Cape Sable
on July 22, 1915 (Bjerkan, 1919; Acadia stations 41 to 44). Unfortunately no tem-
peratures have been taken off the slopes of Georges or Browns Banks during the
last half of August of late years, but even if the isotherm for 18° should encroach a
few miles farther inward by the end of the month than is represented on the chart
(fig. 46), there is no reason to suppose that the surface temperature rises higher than
20° inside the 100-meter contour on the banks anywhere east of Nantucket Shoals
at any season, except possibly for brief periods following persistent southerly winds.

TEMPERATURE GRADIENT IN THE UPPER 100 METERS

A differentiation in the vertical distribution of temperature between the western
and eastern sides of the gulf begins to develop in June, widening with the advance
of summer, until the extremes, as represented by the western basin on the one hand
and by the Bay of Fundy and coastal banks off western Nova Scotia on the other,
yield graphs differing widely in the upper 100 meters by August.
~ The most striking feature of the western type, as exemplified by the basin off
Cape Ann (fig. 48) and by the bowl at the mouth of Massachusetts Bay off Gloucester
(fig. 4), is that the water cools very rapidly from the surface down to a depth of
40 to 50 meters, succeeded by only a slight fall in temperature down to the 100-
meter level. Whether increasing depth is accompanied by a further slight cooling
or by a slight warming depends on the locality, the topography of the bottom, and
to some extent on yearly fluctuations, as discussed later (p.602). In August we have
found the 40-meter level averaging from 10° to 14.5° cooler than the surface in the
western side of the basin and 9° to 13° cooler at the mouth of Massachusetts Bay
(figs. 4 and 5), illustrating the remarkably sudden change that any animal would
experience there, from warm water to cold, by sinking down for a few meters only.
Observations taken farther up the bay on August 22 to 24, 1922 (stations 10630 to
10645), showed a similar vertical chilling down to 50 meters or s0, except that the

u Th:’s cool band Is more clearty marked, by temperature, at deeper levels, as described on page 608.
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F16. 48.~Vertical distribution of temperature at representative localities! in the basin of the gulf. A, western“arm of
basin, off Cape Ann, August 22, 1914 (station 10254); B, southeastern part of the gulf, July23, 1014 (station 10225);
O, northeastern arm of the basin, August 12, 1914 (station 10246). The broken curve (D) is for:Mavor’s (1923) sta-
tion 24, off the western end of Grand Manan Island, August 27, 1919 ’
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uppermost stratum, 5 to 10 meters thick, was then nearly homogeneous in tempera-
ture at several of the stations closest to the land. Although the precise rate of ver-
tical cooling varies from station to station even over the small area of Massachusetts
Bay, the surface temperature of its whole area usually warms upward of 10° above
that of the 20 to 50 meter level by the end of the summer, :

Serials have also yielded curves of this same general type in the west-central
parts of the basin, generally, and in the northwestern part of the gulf between the
latitudes of Cape Ann and of Cape Elizabeth during July and August.

Temperature, Centigrade '
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F16. 49.—Vertical distribution of temaperature at suceessive stations, from Cape Ann to Grand
Manan, in July and August, 1912. A, near the Isles of Shoals, July 17 (station 10011); B,
off Cape Elizabeth, July 29 (station 10019); C, off Penobscot Bay, August 22 {station 10039);
D, off the western entrance to the Grand Manan Channel, August 18 (station 10035)

Our first summer’s cruise (Bigelow, 1914, p. 51), however, proved that the dif-
© ference of temperature between the surface and the underlying water (which is nearly
uniform, depth for depth, from Cape Ann to Platts Bank) decreases along the coast
to the eastward (fig. 49). Observations taken in the summers of 1914, 1915, and
" subsequently havenot afforded a single exception to the rule (stated in Bigelow, 1917,
p. 168) that the surface temperature is progressively lower and lower in summer, the
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bottom temperature (depth for depth) progressively higher and higher, around the
margin of the gulf from Cape Cod to the Bay of Fundy, with the average vertical
range of temperature decreasing from about 12° off Cape Ann to virtually nil in the
Grand Manan Channel.

Thus, the difference of temperature between the surface and the 50-meter level
(never less than about 10° at the mouth of Massachusetts Bay in summer) was only
about 5° to 8° off Casco Bay (stations 10019 and 10108), 4° to 5° near Monhegan
Island on August 4,1915 (station 10303), and abouf 4° at the west entrance to Penob-
‘scot Bay on August 22,1912 (station 10039). Near Mount Desert Island the vertical
range for the correspondmg column of water was only 2° on August 18, 1915 (station
10305), about 4° on August 13, 1912 (station 10099),® about 4.5° on the 5th
of the month in the very cold year 1923, or an average of 3° to 4°. The water is
kept even more nearly homogeneous in temperature among the islands of the Mount
Desert region by strong tides, so that the surface was only 1.5° to 0.1° warmer than
the bottom a couple of miles off Little Duck Island " Temperature, Centigrade
on August 8 to 11, 1925, in depths of 25 to 30 7° 8 9 10° 11° 12°
meters. Meter O y,
" This also applies off the open coast farther east. 10 /
Off Machias, for example, the surface reading was / // V

-only about 1° higher than the bottom reading on 2 / P
August 16, 1912 (station 10033), 1.2° higher on . 30
August 13, 1913 (station 10098), 1.5° higher on o

August 12, 1914 (station 10247), 1.7° higher on 4

50
60

T -0l
—
N

—~—

July 15,1915 (station 10301), and 0.33° higher on
September 11 (station 10316) in 60 to 70 meters
(fig. 50). . ,
We found the surface at the two ends of the 70 . ?
Grand Manan Channel, through which the tidal
currents run with great velocity, only fractionally
warmer (10° to 10.6°) than the bottom (9.6 to & o p e e o totation
9.7°) in 80 to 100 meters on August 17 and 19, . 10088); B, August 12, 1914 (station 10247);
1912 (stations 10034 and 10035). Vertical stirring g f;‘l‘;’(;j;t},‘j;“lé;;;;“’“ 108013; D, August
is thus complete at this locality.

The temperature gradient that develops within the Bay of Fundy by the. end
of the summer differs regionally, depending on local variations in the tidal circula-
‘tion. At the mouth, between Grand Manan and Brier Island, where tidal disturb-
ances are proverbla.lly strong, Mavor (1923, p. 6, Sec. IV) records a maximum
difference of only 0.7° to 1.3° between the surface and 50 meters for August 27, 1919;
but his Section I shows a slightly greater average range (2.2°) for the correspondmg
stratum at three stations halfway up the bay. This thermal difference, which de-
velops between the Bay of Fundy and the western side of the gulf during the summer,
is summarized in the following tabulation:

% Forty meters was the deepest reading taken at this station.
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. , Approximatetempemture
Localjty ;
‘ SBurface ;[ 50 meterslloometers
: ‘ . "‘\’0, : °C. '|' °C.
Bay of Fundy g : : 10-12 7.5-9 7-8
-Off. Massachusetts Bay, . ) . . 16-20 8.86-8| - 456

The fact that the deep water is warmer in the Bay of Fundy, and for that
matter in the northeastern part of the gulf generally, than in the southwestern, while
the surface is so much colder, deserves special emphasis because of its bearing on
the circulation of the two regions (p. 924). :

In St. Marys Bay the relative difference between surface and bottom temper-
ature increases from the mouth, inward, in July, as follows, if the total depth of
water be taken into consideration. '

Surface and bottom temperatures at successive localities from the mouth of St. Marys Bay toward iia
e head, July, 1918." (From Craigie and Chase, 1918.) :

Surface Bottom
Depth
Station ’ | tempera- | tempera-
meters ture ture
°C. °C.
L 43 9.28 8.08
S 34 10. 12 8.4
S 32 11. 96 9.29
B e e T T T 33 12.08 $.03
e T T T ST 21 13. 52 10.86
4., o e — e d————————————— e oo 28 13. 95 137
b ) 18 13.78 11.82
1 e mmcemdmcemann . — 7 14.8 13. 40

The water is likewise kept comparatively homogeneous in temperature out to the
100-meter contour over the coastal banks off western Nova Scotia by active tidal
stirring throughout the summer. Dawson (1905, p. 15) has already called attention
to the thermal effect of vertical circulation in this region, where the topography of
the bottom causes “a long trail or wake of colder water to extend from islands or
shoals along the line of the current; as, for example, north and south from Lurcher
Shoal.” He also points out that “when the islands and shoals are numerous, the
general effect of these strong currents is to chill the water in the vicinity of the coast
by mixing the surface water with the colder water from below.” As'the result of
local disturbances of this sort, the vertical range of temperature is much narrower
along the 100-meter contour off Lurcher Shoal in August than at corresponding loca-
tions over the western slope of the gulf. The temperature on German Bank has
proved almost perfectly homogeneous from surface to bottom in August and Septem-

ber, as follows:
German Bank approzimate temperatures.

Aot | Alln | Amein | Septa,
| Az :
Depth, meters station . | station | station | station
10020 10005 10244 10311
s, o, .c °c.
0 10.83 5,80 10.00 9.4
SN 0.8 8. 67 9.85 10.30
SR 9.67 861 9. 64 10.20
S 9.61 8.56 9.65 10.10




PHYSICAL OCEANOGRAPHY OF THE GULF OF MAINE 601

Dawson’s (1822) tecords for 1004 and 1907 show only a slightly-préater vertical
range of temperature close in to the west Nova Scotlan coast, with little change dur-
mg the month of August. '

Temperatures for 1907, - (After Dawson,, 1988)

Bix miles

Seventeen miles south- ea&ter]y

‘ : westerly from Yarmouth: 1 OIﬂ-
Depth urcher
: o : : Shoal

" lruly 20 to31/Aug.28t031] Sept. 2

oa o

2]
°
2]

Bufa08 - oo : I

) 9.7-10.8 | 9.410.8 "10.8
27 meters...... . : . 7.6-8 8 <886 0.2
wmeters . 7.2-7.5| 788 |

Tidal currents keep the water as thoroughly stirred near Cape Sable as they do
on German Bank, so that Dawson (1922, station Q) found the temperature virtually
uniform (about 4°) from surface to bottom 12 ‘miles south of the cape on July 2, 1907,
Observations taken by Dawson in this nelghborhood later in the summer, however
in' three different years, and from the Grampus in 1914 and 1915, show that the
surface then warms rapidly enough to produce a considerable range of temperature
by the end of August, except when temporanly disturbed by the tide, as just de-
scnbed (p. 593) ‘

Temperaturos 12 miles south of Cape Sable, °C (From Dawson, 1 922, station Q)

July 2, | July 10, | July 13, | July 19, | July 20, | July 20,

Depth 1907 | 1907 1907 ' | “19041 | “19041 | 10043
Surface : 4.2 6.7 7.0 9.4 12.0 5.0
97 MOLETB oo oo cammoccmemmm s e = memmee = e 3.9 6.4 6.4 3.0 3.3 4,3
55 meters - 3.9 2.8 2.8 3.9

1 High tide. 1 Low tide.
Grampus temperatures near Cape Sable, °C.
July 25, Aug. 11,

Depth 1914,sta- | 1914, sta-

tion 10230 | tion 10243
Surface .. . 10.28 13.61
30 meters ‘ ; : 3.08 7.47
80 meters - L 15 L X FO——"
55 meters ‘ iwmems e W1

A wide vertical range of temperature also has been recorded across the whole
breadth of the continental shelf, in the offing of Shelburne, for the last week of July,
both in 1914 and in 1915, with the surface- averaging about 7.3° warmer than the
50-meter level for all these stations® (maximum difference about 11°, minimum

4.6°). This thermal contrast continues to develop during the summer near the land
off, Shelburne, where the surface (15°) was nearly 13° warmer than the bottom (2.2°)
at a depth of 70 to 80 meters on September 6, 1915 (station 10313).

s @rampus stations 10230 to 10232; Acadia stations 37 to 40 (Bjerkan 1919).
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TEMPERATURE GRADIENT lN DEPTHS ‘GREATER THAN- 100 METERS

The deeps of the gulf at depths greater than 100 meters have shown mterestmg
variations, regional and annual, in the vertical distribution of temperature in sum-
mer. In the bowl off Gloucester, isolated from’the bottom water of the open gulf
by its barrier rim (p. 520), the temperature has either proved virtually homogeneous
vertically, from the 100-meter level downward, or has been fractionally coldest on
the bottom at that season. The water has also been slightly colder at the bottom
than at 100 meters at all our summer stations in the deep trough north of Cape Ann,
which is inclosed by the shoal ridge known as Jeffreys Ledge (fig. 6).%

In the open basin of the gulf, however, the bottom water may either be about the
same temperature as the mid-stratum or may be decidedly warmer and much salter,
depending, probably, on the amount of slope water flowing into the gulf at the time
(Bigelow, 1922, p. 165), and the records suggest a tendency for the one or the other
of these alternate states to persist over a period of years.

In July and August, 1912, the western, northwestern, and northeastern parts of
the basin were virtually homogeneous in temperature (4.6° to 5.2°) from the 100 to

150 meter level down to the bottom in depths of 190 to 230 meters (stations 10007,
10023, 10024, 10036, and 10043); equally uniform vertically at depths greater than
75 to 100 meters in the eastern side (station 10028, 7.4°), or slightly colder on bottom
there (station 10027, 6°).

During the summer of 1913, however, we found this type of vertical distribution
replaced by the alternate state just described, with the water of the basin coldest
at about 100 to 110 meters, warmer at greater depths, both in July and in August,
as follows: ‘

Station | Station | Station | Station | Station
Depth, meters 10068 | 10088 | 10000 | 10092 | 10093
°q. °¢, °C °C. °¢,

- S - 856 |oomeee

O JO 517 838 5.83 556
210 e e e aem e ammmm;—— e e emm—am—mm—m e cam oo [ N T T PRI N RN
185 T T 2 2 N :
183 T T Ty 8,28 661 61|
290 T - 589
38 T 805 |coee oo
7 S 6.33

~ Only at the head of the eastern trough (stations 10096 and 10097) and on the
northern slope of the basin off Monhegan Island (statlon 10102) was the bottom
slightly colder than the 100-meter level in that summer (fig. 8). -

The water was again coldest at about the 100-meter level at every deep station’
in the inner parts of the gulf in July and August of 1914, and with the vertical
warming of the deep water not only much more pronounced than in 1913 but ex-
tending right down to the bottom in most cases. Only at one station (10249) for
that summer was the. temperature shghtly lower on bottom than at 150 meters, as
follows : ~ : , : .

'The loo-meter temperature at this locality has tanzed from 4.4° t0 5.4° in August of 1913 and 1914 (statlons 10104, 10105, nnd
10252), with 3.6° to 4.7° at 130 meters, 4.3" at 155 meters.” On Aug. 7, 1923, the 30 to 80 meter stramm (about 4°) was 2° to 3’
colder .
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Deep temperatures (°C.) in the western, central, axgdl Zortkeastem’ parts of the basin, July and -August,

‘ Station ; Station | Station | Station | Station (Ststion Station | Station
Depth, meters 10214 | 10246 | 10248 | 10249 | 10251 | 10254 | 10955 | 10268

%%' R ——— 4,22 6.28 7.18 5.31 : ;é 4.36 3.95 424
180, e et 5.12 7.68 6.04 6.04 | b. 51 5.13 5.38
180 R ——— PRSP . P, 6.24 5,68
190, et memmmewmeedem—————eem— 16,53 817 8.34 |..-. .
200 e e VR, PSR S Fpcp— {72 - 200 DOUEO E
320 R 5.83

260. ——— 00 [P PRSP PRSI PR, 709 [ feeeeeee

However, this type of gradient did not extend to the southeastern part of the
basin (station 10225), where the temperature decreased, though at a decreasmg rate,
from the surface right down to the bottom. This was also the case in the Eastern
Channel (station 10227).

In 1915 the deep stations again exhibited vertical warming with increasing depth
in both sides of the basin in August and the first part of September, from the 100 to
150 meter level down to the bottom; but the depth at which the water was coldest
(100 to 150 meters) was not so uniform as it had been the year before, nor was the
vertical range of temperature below this stratum as wide. One station in the center
of the basin (10308) showed a progressive cooling toward bottom instead of ‘the more
general rise in temperature, perhaps reflecting some disturbance of the normal circu-
lation by the tides flowing around the slopes of Cashes Ledge.

Deep temperatures, °C., August to September, 1915

Station | Btation | Btation | Station | Station
Depth, meters 10304 | 1007 | 10308 | 10309 | 10310 °

S eeoeemeotascananngeenne : 6.36
100 LTI T I 6.22 5.01 572 55
150 478 5.1 [ i 8
165 oo 5.63
180 71
200 oI 880 57
210 L ——
.S B 8.38

Only one deep serial was taken in the basin of the. gulf north of Georges Bank
durmg the summer of 1916 (10345, July 22; southwest part of basin off Cape Cod),
again proving the water coldest at the 100—meter level (3.85°) and fractionally
warmer (4.06°) on-the bottom in 150 meters. Thus the fact that this was an unusu-
ally cold year, from the gulf southward to Chesapeake Bay (p. 628; Bigelow, 1922),
both in land climate and in the upper 100 meters of water, was not reflected in the
vertical distribution of temperature in the deeps of the gulf. Again, this also applies
to August, 1923, another cold summer (p. 632), when. the temperature off Mount Des-
eert Rock?® was lowest (4.5°) at about 90 meters, warming to 4. 9° at about 130 meters
and to 5.4° at 165 meters.

A considerable body of evidence has thus accumulated to prove this the usua.l
state in the inner parts of the open basin of the gulf during the late summer, just'as

#Lat. 43° 52’ N., long. 67° 54’ W., Aug. 6.
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/

it is earlier in the season, with the temperature lowest between the 100 and 150 meter
level, though with its precise gradient varying from summer to summer.

Temperatures fractionally higher close to bottom than in the mid depths have
also been recorded at several stations in the deeper parts of the Bay of Fundy in the
summers of 1915, 1916, and 1919. Craigie and Chase (1918), for example, found
the water midway between Letite Passage and Grand Manan coldest (5.59°) at 55 to
110 meters and fractionally warmer (5.7°) at 137 meters and 208 meters (5.66°).
Vachon (1918) again found the bottom water slightly warmer than the mid-stratum
at Prince station 3, off the eastern end of Grand Manan, on July 24, 1916, and
Mavor (1923) records a similar gradient at this same locality on September 4,
1917—from 5.94° at 125 meters to 6.15° at 150 meters and 6.06° at 175 meters.
However, the water was coldest there on bottom on August 25, 1916, and again
on August 26, 1919 (Vachon, 1918; Mavor, 1923), just as Craigie (1916a) recorded
it for August, 1914.

TEMPERATURE GRADIENT ON THE OFFSHORE BANKS t

No serial observations have been taken in the Northern Channel between the
coastal bank off Cape Sable and Browns Bank in August; but a range of nearly 5.5°
there on July 25, 1914 (station 10229) between the temperature at the surface (11,44°)
and near bottom in 100 meters (5.96°) makes it likely that the contrast is still wider
at the onset of autumn. '

Our only late summer serial on Browns Bank (statlon 10228, July 24, 1914)
showed a vertical range of about 6.2° between the surface (14.72°) and the 40-meter
level (8.35°), with the temperature then rising fractionally, with increasing depth, to
8.5° near bottom in 85 meters. The surface was also about 6° warmer than the bot-
tom at two Albatross stations® on the western and southern slopes of this bank on
August 31 to September 1, 1883, in depths of 146 and 119 meters, as tabulated below:

Temperatures on the slopes of Browns Bank, °C.

Date and station Surface |40 meters Bottom
Aug. 31 to Sept. 1, 1883:1
20065 12,8 7° at 146 meters.
12,2 6.4° at 119 meters.

20066
July 24, 1914: - .
10228 1472 8.85 | 8 5° at 85 meters.

1 From Townsend (1901).

Values slightly lower here in 1883 than in 1914 probably reflect the difference to
be expected between warm and cool summers, and not a seasonal succession, because
there is every reason to expect higher temperatures here late in August than in July.

The Eastern Channel was also about 6° warmer ‘at the surface than at 40 meters
on July 24, 1914 (station 10227). : ’

The shoaler parts of Georges Bank correspond more nearly to the waters along
western Nova Scotia in the temperature gradient, with strong tidal currents, with
which every fisherman is familiar, responsible for a nearly homogeneous state of the
water over the parts of the bank where they are most active. :

% Dredging stations 20065 and 20066 (T ownsend, 1901, pp. 393 and 394)
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Such, for example, was the case near the northern edge of the bank on July 23,
1914 (station 10224), when surface and bottom temperatures (11.11° and 10.78%)
differed by less than 0.5° in 55 meters depth. This same state prevailed at a station
-on-the western end of the bank (10059) on July 9,,1913 (surface 13.3°; bottom 12.6°),
and again on July 23, 1916.%° In August, 1896, Doctor Kendall found a maximum
difference of only about 1° between surface and 18-meter readings at many locahtles
along its northern and northwestern sides.

On the parts of the bank where the water is more than 50 to 60 meters deep,
and where tidal currents do not run so strong, the surface warms more rapidly during
the progress of summer, the bottom less so; witnessreadings of 14.8° to 17.8° at the
surface and 6° to 9° on bottom in 60 to 70 meters on the northern and eastern partsin
August, 1926 (stations 20203 to 20208). The temperature gradient likewise differs
widely from place to place in the Nantucket Shoals region in the late summer,
depending on the topography of the bottom, with the water most nearly homogeneous
over the shoal banks and ridges. Thus, the temperature of the entire column of
water was 10° to 10.5° in 30 meters at a station 12 miles ESE. from Round Shoal
buoy on July 15, 1924 (station 10655); and in August, 1925, when a greater number
of serials was taken, the surface was invariably less than 1° warmer than the bottom
on Rose and Crown Shoal, Round Shoal, and Great Rip in depths ranging from 20
to 30 meters, the actual temperatures ranging from 11.5° to 15° from station to
station (p. 595).

The surface temperature rises high above that of the bottom water by the end
of the summer over the smoother bottom to the south of the shoals, a regional
contrast illustrated by two Grampus stations for July 25 and 26, 1916. One of these,
located on the southern edge of the shoals (station 10355), was only about 1° warmer
(11.95°) at the surface than at the bottom (10.97° in 30 meters). The other, in
deeper water 23 miles to the southeast (station 10354), was 5° warmer at the surface
(13.6°) than at the 30-meter level, and 7.6° warmer than on bottom at a depth of
70 meters. Readings of 16.1° at the surface, 14.1° at 18 meters, and 10.2° at 46
meters, near by, show about this same vertical range on July 9, 1913 (station 10060).
A steep temperature gradient also develops to the west of the shoals by the end of
August, illustrated by Grampus stations 10258, 10259, and 10263 (p. 987), and by the
many serials taken off southern New England by Libbey (1891) in 1889.

TEMPERATURE GRADIENT ALONG THE CONTINENTAL EDGE

Sudden fluctuations in temperature are to be expected along the edge of the
continent where the conflict between warm oceanic and cool coastal waters is con-
stant. The station data do, in fact, show wide variations in the upper 100 meters
along this zone (fig. 51). The one extreme, which may fairly be described as
subtropical, is exemplified by stations 10218, southwest of Georges Bank, July 21,
1919, and station 10261, in the offing of Marthas Vineyard, August 26, 1914. These
chill, with increasing depth, from & very warm (20° to 24°) surface stratum to 7°
to 9° at 400 meters and to about 5.25° to 6° at 500 meters. These contrast with
stations showing a well-marked cold stratum at 40 to 80 meters, as south of Cape

. wStation 10347, surface 11.30°, bottom 9.61° in 60 meters; station 10348, surface 11.67°, bottom 11.26° in 51 meters,
8951—28——-39
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Sable on June 24, 1915 (station 10295), south of Georges Bank on July 24, 1916 (sta-
tion 10253), and at several of Libbey’s (1891) August stations in the offing of Mar-
thas Vineyard. Various intermediate gradients are to be expected, also. Serials
taken southeast of Georges Bank on July 24, 1914 (station 10220), and off Shelburne

] Temperature, Centigrade
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F1q. 51.—Vertical distribution of temperature on the continental slope in summer. A, abreast of Shelburne, Nova
Scotia, June 24, 1915 (station 10295); B, on the southwestern slope of Georges Bank, July 24, 1016, (station 10352); C,

on the southwest slope of Georges Bank, July 21, 1914 (station 10218); D, south of Marthas Vineyard, August 26, 1914

(station 10261). 'The dotted curve (E) is for Libbey’s (1891) station 9, line G, south of Marthas Vineyard, August
17,1889 : R ) . : :

§g§'§ggggg‘égggs@g@@s@és.sgss

a few days later (station 10233), are cases in point. So,'tod, are maﬁy of Libb_ey’s
stations and the Acadia stations in the offing of Cape Sable for July, 1915 (Bjerkan,
1919). |
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TEMPERATURE AT 40 METERS .

The regional differences that developed in the vertical distribution of tempera-
ture between various parts of the Gulf of Maine, as the summer advances, tend to
make the temperature (as plotted in the horizontal projection) more nearly uniform
in the mid depths than it is at the surface. Thus, all the 40-meter readings for the
month of August of the years 1912 to 1915 (figs. 52 to 54), and 1922 (omitting for
‘the moment the cold summers of 1916 and 1923), have fallen within a range of 6°,
from a maximum of 11.5° off Lurcher Shoal (station 10031, 1912) to a minimum of
5.5° off Cape Sable (station 10243, 1914). Only 6 August readings at. 40 meters,
out of a total of 64, have been as warm as 10° to 11°; only 3 cooler than 6°, and

n ) 70" 690° [ e7°
== = . S -¥

NOVA |
SCOTIA
+ b4

F1a. 52. —-Temperature at a depth of 40 meters, August 5 to 20, 1913

the great ma]onty have fallen between 7° and 9.5°, irrespective of precise geo-
graphic location. - Consequently, this may be taken as the normal temperature to
which the 40-meter stratum of the gulf as a whole warms by the end of the summer.

‘With so narrow a range, and with the water contmumg to warm until well into
the autumn, a difference in date of a few days one way' or the other will be accom-
panied by e greater difference in temperature, at ‘this level, than any regional differ-
ence that might be disclosed by a mmultaneous survey of the whole’ western and
northern part of the gulf. :

Differences between eold and-warm ‘years, ﬂlustrated by 8 temperature of about
8° on August 9, 1913 (station:10088), but only 5.75° at- the same locality in 1914 on
the 22d of that month (station 10254), likewise outweigh the regional differences for
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this station. - Consequently; I have not: found: it possible to chart the normal
isotherms for values between 6° and 10° for the 40-meter level for August, except
for the very obvious fact that the whole Gulf of Maine is then 4° to 5° warmer at this
level than is the water along the outer coast of Nova Scotia, where the 40-meter
temperature was about 1.9° to 3% in July, 1914, Wermmg to about 3. 4° bﬂ Shelburne
by the first week of September in 1915 (stations 10313 and 10314).

I the gulf north of Georges Bank be arbitrarily divided into two subd1v1s1ons
by the merldlan of Penobscot Bay (69° W. long.), the average of all the 40-meter
reedmgs to' the west of it is 7.4° for August 8.8° in the’ eastern subd1v1s1on (omlttmg
’.the Bey of Fundy)

* ‘When the August ‘temperatures for the several years are studied individually,
instead of in combination, this separation into a cooler western and a warmer eastern
subdivision of the gulf proper, but with much colder water east of Cape Sable, becomes
still more apparent (figs.- 52 to 54). Although the precise readings vary a degree
or two at-any given station from year to year, the 40-meter charts agree in locating
the coldest area (6° to8° in 1914; 9°in-1913 and 1915) in the western side of the
gulf, extendmg eastward into the south—central part of the basin in wedgelike outline.
Thus a line running from north to south across the gulf in the offing of Penobscot
Bay would altemately cross warm water next the coast, fractlonally cooler farther out,
and warmer again in the southern side.

-In August, 1913:and 1915, the 40-meter level was warmest along .the eastern
Slde of’ the basm closer in to Western ]}{_ove Scotia i in 1914.
last; Week of August 1922 (statlone 10631 to 10645), .gave-40-meter values of 7° to
8. 5°—lowest close in to the land off Gloucester (where upwelling is so often made
evident by low surface temperature) and” along the inner edge of Stellwagen Bank
(5° ‘at station 10632), where tidal overturnings are to be expected because of the con-
tour of the bottom. In other years August readings in the bay at the 40-meter level
have ranged from about 6.5° (off Gloucester, August 9, 1913, and August 22, 1914,
stations 10087 and 10253) to 8° at that same locality on August 31, 1915 (station
10306).

The 40-meter chart for 1914 (fig. 53) shows a band 1° to 3° cooler than the
water on either side of it extendmg lengthwise of Georges Bank. Our July proﬁle of
the western end of the bank, in 1916, also cut across a similar but still cooler band
(p. 629; about 4° to 5°) just outside the 100-meter contour (station 10352). Although
nothing in our previous experience foreshadowed summer temperatures there as low
as those of that year, the presence near by of a similar cold stratum (10.8°) at about .
75 meters in July, 1913 (station 10061), and temperature gradients of the same sort
recorded in the offing of Marthas Vineyard by Libbey (1891), show:that & cool band
of thissort may be expected along the offshore,edge of Georges Bank in most summers.
In some years this extends as far west as the longitude of Marthas Vineyard as late
as August, but in other years it is obliterated there at an earlier date by encroach-
ments of the warm oceanic water from outside the edge of the continent, as happened
in. 1914 when the 40-meter level had warmed to 12.5° to 13.7° right across the shelf
abreast of Marthas Vineyard by the last week of August. :
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Temperatures higher than 15° are always to be expected only a few miles outside
the edge of the continent during July and August at 40 meters, as jllustrated by our
station data for 1914 (fig. 53), but there is'no ev1dence that the 40-meter stra.tum
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F1G. 53 ;—Temperature at a depth of 40 meters for July-August, 19i4 North of the heavy broken line (Cape Cod to Cape
Sable) the chart represents the state of the gulf from August 11 to 24; south of it, for July, combined with Augu.st.
The Bay of Fundy temperatures are from Cralgie (1916b)
ever warms to so high a temperature as_ this anywhere Wlthm the 200-meter
contour abreast the Gulf of Maine.
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- TEMPERATURE AT 100 METERS

The 100-meter level has an especial interest as representatlve of the stra.tum usua]ly
coldest in the gulf in summer. Here the extremes of temperature so far recorded to
the north of the Cape Cod-Cape Sable line late in summer have been 3.95° south of
Cashes Ledge on August 23,1914 (station 10255), and 10° near Lurcher Shoal in the
first week of September; 1915 (station 10315).

The western side of the gulf has proven cooler than the eastern at the 100-meter
level. Thus, 100-meter readings as low as 4.4° to 5° have been recorded only to
the west of the longitude of Mount Desert Island (long. 68° 30’ W.), with the single
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ﬁ'lo 54.—Temperature of the northern part ef the gulf at a depth of 40 meters, August 31 to September 11, 1015 The Bay.
of Fundy temperature is for 1919, according to Mavor (1923)

exceptlon of the one station off Mount Desert Rock on August 9. The fact that all
but one of the 100-meter temperatures for August west of that longitude have been
below 5.5°2'is evidence that this side of the gulf is uniformly the cooler at this level,
not merely so locally.

The absolute values vary from year to year Wlthm narrow limits, so that the
isotherm most graphically dividing the cold western ‘area from the warm eastern
area in any given summer may be 5°, 6°, or.even 8°.. In each August of record this
critical curve, parting the gulf, has followed a characteristic S-like course (figs. 55
and 56), with the warmest water following the eastern side of the basin around to

4 The exception is station 10043 off Cape Cod, with 8 100-meter temperstute of about 6° on August 29, 1912.
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the north and west, so that a line run south from Mount Desert Island would alter-
nately cross a warm tongue and then cooler water at 100 meters,. just as at 40 meters
(p. 608).

This regional dlstmbutlon of temperature is precisely the opposn;e of the surfa,ce
state (fig. 46), where the gulf is warmest in the west and. coolest in the northeast, a
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F1a. 55.—Tetnperature at a depth of 100 meters, August, 1912 (above), and August, 1913 (below)
difference discussed ‘in a later chapter (p. 924). In August, 1912 and 1913, this
warmest zone at 100 meters extended westward along the-coast of Maine as far as
longitude 69° 30’. In 1914 it hardly passed the mouth of Penobscot Bay. In all
three years—1913 to 1915—the 100-meter temperature was 3° to 4° higher along the
eastern slope of the basin (8° to 8.6°) than in the opposite side of the gulf.
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Craigie (1916a) had temperatures of 8.15° to 9.25° at 100 meters in the Bay of.
Fundy on August 27 to 29, 1914, corresponding closely to about 9.6° in the Grand
Manan Channel at this depth on August 17, 1912 (station 10034). In 1919, Mavor
(1923) found the 100-meter level about 2° colder than this (6 9° to 8. 5°)° at 8

n

n 70 89" 68" | €7 -0 3

Fig. 56.—Temperature at a depth of 100 meters, July to August, 1914. ‘North of Georges Bank the chart represents the
state of the gulf during the last half of August; south of the bank the data are for July and August combined
number of stations in the lower half of the bay at the end of August; but it is prob-
able that the regional distribution of temperature was about the same in the two
summers, with the water slightly coldest in the center of the bay abreast of the

western end of Grand Manan Island.
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Notwithstanding the paucity of August data for the open gulf proper south of
the Cape Cod—Cape Sable line (p. 594), it is possible to estimate the 100-meter tem-
perature of the southeastern part of the basin, of the Northern and Eastern chan-
nels, and along the oceanic slope of Georges Bank from the July stations for 1914,
because the gemeral cycle of temperature makes it practically certain that these
localities would have been found slightly warmer in August. On this assumption,
the 100-meter level is about 3° colder in the Northern Channel # than in the neigh-
boring part of the basin of the gulf to the west, with still lower temperatures (2°
to 5°) over the inner half of the continental shelf along the outer coast of Nova
Scotia (Bigelow, 1917, p. 182, fig. 16). The rather abrupt east-west transition
in temperature at the western end of this channel (fig. 56) also is evidence that no
general movement was taking place in either direction along its trough at the time.

In the Eastern Channel, however, the 100-meter water (8° to 9°) is about as
warm as it is in the eastern side of the gulf, with a gradual transition to still higher
readings (11°) along the continental edge and to 14° and higher a few miles farther
offshore. However, the precise distance it is necessary to run out from the edge of
the continent to find water as warm as this at the 100-meter level, on any given
date, depends on the circulatory interaction between the cool banks water and the
much warmer and salter oceanic water of the Atlantic Basin. Probably, how-
ever, the isotherm for 14° is always closer to the edge of the banks to the west of
longitude 68° than to the east of that meridian.

The low temperature (8.98°) on the southeastern face of Georges Bank at 90
meters (station 10222) deserves attention because it suggests a drift of cool water
out of the gulf around the peak of the bank, salinity being too low there (34.18 per
mille) to allow of upwelling up the continental slope from the mid depths offshore as a
possible cause. Thisis corroborated by the density there, as explained below (p. 958).

The 100-meter level remains much more nearly constant in temperature through-
out the summer than do the overlying waters, with readings only about 1° higher
in the western side of the gulf at the first of September, 1915, than they had been
during the last week of the preceding June. '

In the eastern side of the gulf, where solar heat is more rapidly dispersed down-
ward by more active vertical circulation, the 100-meter level may be expected to warm
by 2° to 3° from June to the end of August; most rapidly along the eastern slope
of the basin and in the Bay of Fundy, where Mavor (1923) records an increase in
the 100-meter temperature from 3.92° on June 15 to 6.13° on September 7, 1919.%

TEMPERATURE AT 150 METERS AND DEEPER

- Annual variations in temperature have proved wider than the regional differences
at depths greater than 100 to 150 meters; nor has the regional distribution at differ-
ent levels been parallel from summer to summer. The following table shows the
western, central, and northeastern deeps of the basin fractionally warmer than its
eastern side in August, 1913. :

31 The 100-meter temperature was 5.96° on July 25, 1915, at station 10229.
13 At Prince station 3, about 10 miles southeastward from the western end of Grand Manan.

8951~28——40
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Depth, Tempera-

Station - meters - Localitz ture, ° C
10088 et 183 | Offing of Cape Ann 6.28
O 183 | Center of guif__..______ 8.61
10002 oo eae 183 | Eastern arm of basin. 6.11
10100 e 183 |._ ... s G, 6.22
10098 o e e o 219 | Near German Bank 5.89

In August, 1914, however, the bottom water was appreciably warmer (7° to
7.9°) in the eastern and northeastern parts of the basin than in the western and
central parts (6° to 6.24°), apparently banking up against the Nova Scotian slope,
as indicated on the chart (fig. 57). Successive stations, from the offing of Cape
Ann to the Nova Scotian slope, again showed a slight rise in the temperature of the
of the bottom water (at 175 meters) from west to east across the basin on August
31 to September 2, 1915, as follows: Station 10307, 5.4°; station 10309, 5.8°; and
station 10310, 6.8°. The amount by which the temperature of the one side of the
gulf differs from that of the other, in this stratum, varies so widely from year to

“year that it would not be surprising to find it virtually uniform over the whole area
of the basin in some future summer.

Other features of the temperature at 175 meters Worth mention are its con-
stancy in the southwestern part of the basin from July 19 (station 10214, about 5.4°)
to August 23 (station 10256, 5.6°) in 1914, and the fact that the southeastern part
was warmer than the Eastern Channel in that summer, although the latter offers
the only route by which water of high temperature can flow into the gulf from off-
shore. Barring the possibility of higher temperature in one or the other sides of the
channel than in its center, where the observations were taken, the most reasonable
explanation for this apparent anomaly is that a considerable indraft had taken place
late in June, but that this had then slackened, allowing the temperature of the
channel to be reduced slightly by mixture with the cooler water to the east and
west of it. ’

Our data for 1914, combined with temperatures taken south of Marthas
Vineyard by Libbey (1891) in 1889, show the water along the continental edge
abreast of the gulf as 10° to 11° at the 175-meter level in late summer, warming to 12°
a few miles farther offshore (fig. 57). In 1914 the mouth of the Eastern Channel
marked a division at this and greater depths between these comparatively high
temperatures to the west and lower temperatures to the east, with the isotherms
swinging offshore, abreast of Browns Bank, and a 175-meter value of only about
7.7° in the offing of Shelburne on July 28 (station 10233). But with the tempera-
ture between 11.3° and 11.85° there at this same level and at about the same date
a year later (Bjerkan, 1919, p. 393; Acadia station 41), the ocean water was
evidently closer in to the slope—annual variation sufficient to exercise considerable
biologic effect on the bottom fauna along the southeastern slopes of Browns Bank
and Georges Bank.

Only a small portion of the basin of the gulf is deeper than 175 meters. The
bottom of the western bowl, at 260 meters (entirely inclosed at this level), was 7°
in August, 1914, that of the eastern branch ranging from about 6° in its western

3¢ Station 10225 about 8.8° and station 10227 about 7.1° at 175 meters on July 23 and 24, 1914.
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side (station 10249) to about 8° in its northeastern side off Machias, Me. (station
.10246), with 7.9° recorded for the southeastern part of the basin (station 10225) and
.about 7° on the floor of the Eastern Channel (station 10227) that July.

. b? . > T . B 7 . “l -
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Fi1a. 57.—~Temperature at a depth of 175 meters within the gulf {or August, 1914, ‘The temperatures along the continental
slope are for July and August of that year, combined

PROFILES , .
The most striking thermal feature of the western side of the gulf in summer—

certainly the one most often commented on—is its low temperature below the 40 to 50
meter. level, contrasted with the warm surface water and with the still- warmer
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‘oceanic water outside the edge of the ¢ontinent to the south fllustrated more graph-
‘jeally in profile (fig. 58) than in horizontal projection. To find water on the conti-
nental slope along this profile as cold ‘a3 the 100-meter reading in the gulf it is
necessary to descend below 500 meters, while 10° water was within 40 meters’ depth
of the surfacein the gulf but deeper than 180 meters on the slope. Farther east, where
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Fm 58 -—Temperature profile running from a point off northern Cape Cod, southeastward across Georges Bank to the
continental slope, for July 19 to 21, 1914 (stations 10213 to 10218) -

the basin to the morth' of the banks is warmer and whete a ¢ool wedge intervenes

between ocean water and continental edge a July profile (fig. 59) shows a contrast

of only about 1° between the gulf, on the one hand and the contmental slope, on
- the other, at' depths greater than 120 meters. :

- These two profiles of Georges Bank are further mterestmg for outlining the band
"of cool water that then extended along the bank from northeast to southwest, as just

—
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described. On the western member.of the pair (fig. 58) this appears as a core (10°)
over the offshore edge at a depth of 30 to 80 meters, but as a body of cold bottom
water (8°) well in on the bank on the eastern profile (fig. 59), with the column: of
water nearly homogeneous in temperature from surface to bottom (inclosed by
lsotherm% for 10° and 12°, evidence of active tidal mixing) on the northeastern part.
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Fia. 59 —Temperature proﬂla running from the eastern side of the basin, southeastward across the eastern end of Georges

: Bank to the continental slope, July 22 to 23, 1914 (stations 10220 to 10225)
Wlth the August profile crossmg the shelf off Marthas Vineyard (ﬁg 60), they
also afford an instructive demonstration of the continuity of the zone of warm
bottom water (10°) all along the offshore slope of Georges Bank at the 100 to 150
meter level in summer (though not farther east), with lower temperatures on the
shoaler bottom of the bank,.on the one hand as well as deeper down the slope, on

the other.
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25 to 26, 1914 (stations 10258 to 10262)
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.. The spacial relationship which the comparatively warm bottom water of the
gulf bears to the colder mid stratum, to the still colder Nova Scotian water, and to
the warm surface water, in summer, may best be illustrated by profiles crossing the
Eastern Channel (fig. 61), crossing the gulf from west to east (figs. 62 and 63), and
running out normal to the general trend of the eastern coast line of Maine (fig. 64).

The first of these, in conjunction with the corresponding profile for March (fig,
19), is especially interesting for its demonstration that it coincided with a slack period
when a counter drift out of the gulf had filled the western side of the channel with
colder and less saline water, but followed an inward pulse that had overflowed
Browns Bank, raising the temperature of the whole column there to the high figure
(8.5° to 14.7°) stated on the profile (station 10228). This, however, had spread no
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“ Fra. 81.~-Temperature profile running from the eastern end of Georges Bank, across the Eastern Channel, Browns Bank,
and the Northern Channel, to the offing of Cape Sable, July 23 to 25, 1914

farther north—witness the lower values in the Northern Channel (station 10229) and
the still colder water (3° to 10°) at the Cape Sable end of the profile (station 10230).

Our summer cruise of 1914 does not afford a satisfactory profile across the gulf
for July or August, lacking serial observations along the eastern slope of the basin,
where the axis of warm bottom water, drifting into the gulf, isto be expected. One
running eastward from the mouth of Massachusetts Bay toward Cape Sable for August
31 to September 2, 1915 (fig. 62), however, will represent the late summer state
equally well for the gulf as a whole in a moderately warm year. The spacial rela-
tionship there shown between the warm surface water in the western side of the gulf
(>16°), the cold mid stratum centering at about 100 meters (close to 5.5°), the warmer
slope water (>6°) banked up against the eastern slope of the basin at depths greater
than 140 meters, and the homogeneous column (9° to 10°) on German Bank in the
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F1g. 62.~Temperature profile from the mouth of Mﬂssachusetts Bay to the offing of Cape Sable, August 31 to September 2,1915 (stations 10306 to 10312)

eastern side of the picture
(station 10311), resulting
from the active tidal stir~
ring, is characteristic of late
summer.

- The low surface read-
ing of 9.4° on German Bank
wasunexpected, because the
whole underlying column
and the surface water to the
east as well as to the west
of the station were slightly
warmer. Probably this
local chilling had its source
in some upwelling from the
still _colder bottom water
close in to Cape Sable.

. In summers following
periods when the inflowing
bottom current has been
weaker, or at least less regu-
lar (1913, for instance), cross
profiles of the gulf bring out
the cold mid layer even
more clearly (fig. 63), with

minimum readings of about

5.2° in both sides of the
gulf at depths of 75 to 90
meters in this particular
year. But, contrasting
with this. same. month of
1914 and of 1915, the profile
for 1913 shows only a frac-
tional warming with in-
creasing depth, from this
level downward toward the

‘bottom, with no apparent

banking up of the warmer
bottom water against the
eastern slope.®® :

15T he isotherm for 10° for this region,
on my earlier representation of this pro-
file, is incorrect (Bigelow, 1917, fig. 71).

' Highest value at 175 meters 6.6° off

-Cashes Ledge (station 10090); lowest 5.9°

in the eastern side of the basin (station

10008 - -
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The upper layers of the gulf thus present much the same picture from summer
to summer when studied in west—east cross section, with isotherms closely crowded
in the western side but spreading over the eastern coastal bank, and the uppermost
stratum cooling from west to east as already described (p. 588). Invariably, too, the
gulf has proved at least as cool at 100 meters as at any level in July and August, and
usually coolest there in the form of a definite layer of minimum temperature spread-
ing seaward, centripetally, from the western and northern shores. However, the
spacial distribution of temperature at depths greater than 150 to 175 meters varies
from summer to summer, depending on the volume and velocity of the bottom cur-
rent drifting in through the Eastern Channel at the time or shortly previous (p. 613),
as well as on the precise route followed by this water within the gulf. When this
current has been in large volume shortly previous, it tends northward and westward
around the eastern and northern slopes of the basin, so that the conditions described
for 1914 and 1915 prevail (fig. 62). Following a long slack period, a reproduc-
tion of the temperatures of 1912 or of 1913 may be expected.

A composite profile (fig. 64), based on observations taken in the summers of
1913, 1914, and 1915, illustrates the relationship which the western extension of the
warm bottom current bears to the shoaler water along the coast of Maine, on the one
hand, and to the central part of the basin, on the other., When this drift is active, it
hugs the northern slope of the basin as it eddies around to the westward, a state-
ment supported by the evidence of salinity as well as of temperature.

The much lower surface temperature (12°) at the inshore end of this profile than
over the basin offshore (16°) is simply the result of active vertical circulation
along the coast; so, too, is the reverse relationship prevailing at the 60 to 100 meter
level. I may also point out that this profile, like those already discussed, shows
the cold mid-layer (of 5.3° to 6.04° at 100 to 150 meters) characteristic of the inner
parts of the gulf in most summers, and which is reminiscent of the low temperature
to which the whole mass of water shoaler than this had been chilled during the pre-
ceding winter (p. 689). ,

The maintenance of comparatively high temperatures down the slope, at depths
greater than 30 meters, which is probably characteristic of the summer season in
this part of the gulf, may have some biologic importance by making an especially
favorable environment for such bottom animals as prefer a moderate temperature
within narrow limits where they would find no sudden thermal bar to vertical
migration,

Profiles crossing the mouth of Massachusetts Bay fron Cape Ann to Cape Cod,
for the cold July of 1916 (fig. 65) and for August 22 of the warm summer of 1922
(fig. 66), are introduced for graphic demonstration of the thermal stratification that
develops there by the end of the summer. Itissurely worth emphasis that the bottom
temperature should be only between 4° and 5° in water as shoal as 75 meters in as
low a latitude as 42° N. at the end of August, with a surface temperature as high
as 18°, as was the case in 1922—and this in a warm year.

The presence of a surface stratum of homogeneous water (18.6° to 18.7°) nearly
10 meters thick, blanketing the northern part of the August profile (station 10633),

'is rather contrary to our previous experience in this part of Massachusetts Bay,
where low surface tempeérature usually has been recorded, reflecting upwellings or
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tidal mixings; but a temperature gradient of this type would result from active
stirring of the upper stratum, if there be littleJinterchange of water between the
latter and the.deep strata. . In Cape Cod Bay, where partial inclosure and shoal
water make local warming more effective than in any other part of the gulf, this
state is probably typical of midsummer, judging from the state of the upper 14
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Fio., 64.—Temperature profile running southward from Mount Desert to the basin for August, from the
data for the years 1913, 1914, and 1915, combined (stations 10099, 10248, 10249, and 10305)

meters of water there (18.3° to 17.9°) on August 24, 1922 (station 10644 and 10645,
p. 995). The fact that the superficial stratum of water warmer than 12° was con-
siderably thicker near Cape Cod than in the center of the bay that August corrobo-
rates the station data for May and June, 1925, to the effect that Cape Cod Bay is an
important center of production of warm water during the summer months. Had
the profile been run a few miles farther west, water warmer than 18° probably
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would have occupied the upper 10 meters from end to end, instead of showing the
chilling effect of the strong tides, which actually characterize its Cape Cod end.

In the July profile (fig. 65) the cold bottom water is banked up against the
southern side of the bay, but against the northern side on the profile for August
(fig. 66). A difference of this sort probably reflects a corresponding difference in
the movements of the deep water around Stellwagen Bank. J udging from experi-
ence in other yesars, the state illustrated by these August stations is the more usual
in summer. "

BULLETIN OF THE BUREAU. OF FISHERIES

BOTTOM kTEMPERATURE

The bottom temperature of the gulf in summer is governed chiefly by the
depths, but also to some extent by locality. At this season the bottom is coldest
C - (8% to 5°) in the
troughs off the west-
ern shore of the gulf,
irrespective of depth,
- and in the offing of
Cape Sable in the

- opposite side, with
the whole deep basin
1° to 3° warmer out-
side - the 150-meter
contour (5° to 8°).
For example, an ani-
mal living in the
trough off the Isles
of Shoeals might actu-
ally suffer lower tem-
-peratures during
some summers than
in some winters or
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F16. 65.—Femperature profile crossing the mouth of Massachusetts Bay just west of Stellwagen
Bank, July 19, 1916 (stations 10340 to 10342). The contour of the bank is represented by the
broken curve

springs, according as
the years be cold or
warm in the gulf.

The annual differ-
ences in the basins at depths greater than 175 to 200 meters consequent on irreg-
ular pulses in the bottom current may so overshadow the regular seasonal cycle as
to make the latter negligible, biologically, up to the end of the summer. Bottom
dwellers in the coastal zone, however, must be inured to a wide range of temperature
if they are to survive; as, indeed, they must in shallow boreal waters in general.
Cape Cod Bay experiences a wider fluctuation in bottom temperature, with the
succession of the seasons, than any other part of the open gulf outside the estuaries
and islands. In order to exist there, without bathic migration, in water shoaler
than 5 to 10 meters, any animal must be indifferent to temperatures as high as 18°
to 19° in midsummer (p.623). A bottom temperature of 17.9° was even recorded
as deep as 13 meters off Barnstable on August 24, 1922 (station 10644)—an extreme
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for which the exposure of the neighboring flats to the sun at low tide is no doubt
responsible—with 13.2° at 18 meters off Plymouth (station 10642). In winter these
same regions cool to 0° or even fractionally colder. . Around the more exposed shores
of Massachusetts Bay, however, we have found the bottom temperature 12° to 9.8°
in 15 to 18 meters depth; 7° to 9.8° at 25 to 30 meters; 7.2° to 5.6° at 40 to 50
‘meters; and 4.5° to 6.2° at 65 to 75 meters in August. .
Compare this with the Bay of Fundy, where even the httoral ZONe WAarms
only slightly above 10° to 12° off open shores, but where the bottom in 40 to 50
meters is almost equally warm by the end of the summer (p. 599). Under these con-
ditions cool-water animals, at home in temperatures up to.10°, find no limit to their
bathic dispersal short of the surface, instead of being confined to depths greater
than 12 to 15 meters, as they are in Massachusetts Bay in summer.  On the other

Stations

ok sy

F1a. 66.-~Temperature profile crossing the mouth of Massachusetts Bay from Gloucester to
Cape Cod, August 22, 1922 (stations 10631 to 10633). The broken curve represents the
shoalest contour of the bottom along the rim formed by Stellwagen Bank

hand, any animal restricted physiologically to truly Arctic temperatures would find
‘s more favorable habitat in the deeper parts of Massachusetts Bay and in the still
colder trough off the Tsles of Shoals than in the Bay of Fundy at any depth.

The studies on the life history of the cod, on which the Bureau of Fisheries is
‘now engaged, lend special interest to the bottom temperatures on the grounds where
most of the fish have been tagged—Nantucket Shoals, Platts Bank, and the vicinity
of Mount Desert Island.

In August, 1925, the Halcyon had bottom readings of 11.2° to 15.56° on the
“shoals in depths of 20 to 30 meters (p. 1012), and probably this is about the maxi-
mum to be expected there in an average summer. On the other hand, the bottom
water cools to aboiit 3° to 4° there at the end of winter, so that any fish (or other
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animals) remaining the year round on the shoals may experience a dlﬁerence of 11°
to 12° with the change of the seasons.

The bottom temperature usually has ranged from 9° to 10° in about the same
depth of water off Mount Desert Island in August, but in the cold summer of 1923
it was probably about 2° colder there, judging from a temperature of 7.5° at the
30-meter level a few miles farther out from shore on August 5 (p. 599). On Platts
Bank the bottom water had warmed only to about 6° at a depth of 71 meters by
September 3, in 1925, with 4.5° at 80 meters on the 20th of July (p. 1012); butI
may anticipate by pointing out that the temperature there does not reach its maxi-
mum for the year until October or even later at depths so great.

ANNUAL VARIATIONS IN SUMMER TEMPERATURE

Although the temperature of the gulf shows wide fluctuations with the change
of the seasons, our data for seven summers, together with earlier records (p. 514),
prove that as arule there is little difference at a given locality, from year to year, for
a given month. However, the period of observation has included the notably cold
summers of 1916 and 1923; such also was that of 1882.- Conversely, it is to be
expected that unusually warm summers do also occur from time to time, though no
definite record of such has yet been obtained in the temperature of the gulf.

On the whole, the bottom of the western side of the gulf had virtually the same
tempera.ture in July and August of 1872 (Verrill, 1874 and 1875) as when deep read-
ings were first taken there? in these same months of 1912. Verrill’s readings for the
northeast corner of the gulf were consistently 0.5° to 1.5° colder in 1873 and
1874 than in 1912, but correspond very closely with the state of that region in 1913.
The surface values for 1873 likewise correspond .as closely with those for 1912 as
could be expected, except that autumnal cooling seems to have commenced earlier in
the season in the latter year (Bigelow, 1914, p. 92).

The summer of 1882 (the year that saw the oft-quoted destruction of the tilefish)
was colder than normal in the southern parts of the Gulf of Maine, where the Fish
Hawk (Verrill, 1882 and 1884, p. 654; Tanner, 1884b) obtained the following readings,
with reliable reversing thermometers, on bottom to the eastward of Cape Cod:

Depth, meters Tempor- Depth, meters T e
°q, °C.
Bl e e mm e mnns Gaim._ - e e 2.8
e0. I a0 | 152 3.3
80.-..oo LIl 3.9 || 166 : T 23
100, 2.8 || 201 36

Turning now to the more recent records, we find the August temperatures for
1912, 1913, 1914, and 1923 differing so little, one from another, at any level that
they may be taken as typical for that month.

The slight differences between the first three of these years have been discussed
in earlier reports (Bigelow, 1915, p. 246; 1917, p. 231). Briefly, the eastern part

#These early readings and the allowance that must be made for the inaccuracies inherent in the type of thermometer used
are discussed in detafl in an earlier report (Bigelow, 1914, p. 92).
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of the gulf was slightly colder, the western half slightly warmer, in the summer of
1913 than in 1912, though the greatest annual difference was nowhere greater than
2.5° for sets of observations taken at nearly the same date. Thus we found the
August stations in Massachusetts Bay agreeing very closely for these two years
(stations 10044, 10045, and 10106). The water a few miles north of Cape Ann was
gbout 1° to 2.5° warmer in August, 1913 (stations 10104 and 10105) than in
July, 1912 (stations 10011 and 10012b), a difference that may have been due chiefly
to a difference in the dates at which the readings were taken.

The surface of the western side of the basin was about 1° warmer, the 100-meter
level about 0.5° warmer, and the 200-meter level about 1.5° warmer on August 9,
1913 (station 10088), than on July 15, 1912 (station 10007); and while this differ-
ence was seasonal in the shoal strata, it probably reflected an annual fluctuation at
depths greater than 100 meters. Off Platts Bank, a few miles to the northward,
observations taken within three days of the same date (7th of August in 1912,
station 10023; August 10 in 1913, station 10091) showed the immediate surface
about 1° colder in 1913 than in 1912. However, this may have been due to a differ-
ence in the stage of the tide, which runs strong over the bank. The bottom tem-
peratures there were almost precisely alike for the two years. In the eastern side
of the basin 1913 was slightly the warmer year down to 70-odd meters, but about
1.5° the colder from that level down to bottom at stations only a few days apart in
date.

The fact that the water was more than 2.5° warmer on the surface near Monhe-
gan Island on August 14, 1913 (station 10102), than on August 2, 1912 (station
10021), though with virtually no difference below the 30-meter level, can hardly be
accounted for on a seasonal basis. The mean temperature for the whole column of
water was also about 0.7° higher on Jeffreys Bank, off Penobscot Bay, on August 2,
1913 (station 10091, about 10°), than on the 8th in 1912 (station 10025, about 9.3°),
with less active vertical circulation, as evidenced by a wider vertical range of temper-
ature. The 1913 temperatures, however, were about 0.75° to 1.5° the lower a few
miles farther east on August 14 (station 10038, 1912; station 10101, 1913). The
August temperatures for 1913 were likewise 1° to 1.5° the colder along the eastern
coast of Maine and over the coastal bank west of Nova Scotia, where the obser-
vations for the two years were taken within a few days of the same dates. For
example, the station off Lurcher Shoal was about 1° colder at the surface and in
the mid levels, about 2° to 3° colder near bottom at 120 to 140 meters depth, in
1913 (station 10096) than in 1912 (station 10031); German Bank was also about 2°
colder at all levels.

Except for the immediate surface, so subject to seasonal change, the upper 100
meters of the western basin was warmer in 1915 than in any previous summer of
record; below that depth the readings for that year were fractionally cooler than
those for 1913 or 1914, but warmer than for 1912, with an extreme annual variation
of about 2.4°.

The surface stratum of the center of the gulf near Cashes Ledge was 2° to 3°
warmer in 1914 than in 1913, but the water deeper than 40 meters was as much
colder, with temperatures for 1915 intermediate between these two years at depths
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greater than 80 meters. - These differences may have been due to differences in verti-
cal circulation around Cashes Ledge, however, as may the fact that the water was
coldest here on bottom in 1915.

In the western side of the eastern arm of the basin t.he differences in tempera-
ture between the four summers were less than 1°.  On German Bank the temperature
was about 1° higher in 1914 than in 1913, but about the same as in 1915 (allowing
for seasonal differences, due to the difference in date of the observations).

The temperature along the northeastern coast of Maine, in the one side of the gulf,
and in the deep bowl off Gloucester, in the other, have varied but little from summer
to summer; but the deep water was 1° to 2° colder next the land west of Penobscot
Bay and off Cape Elizabeth in 1914 than either in 1912 orin 1913. This also applies
at depths greater than about 75 meters to the trough between Jeﬁ’reys Ledge and
the coast.

In the deep strata of the Bay of Fundy the bottom water ranged about 2° warmer
in August, 1914 (Craigie, 1916a), than in the summers of 1915 (Craigie and Chase,
1918) or 1916 (Vachon, 1918), and slightly warmer than Mavor (1923) records it for
1917 or 1919.

These annual differences may be summarlzed as follows: Except for the imme-
diate surface, the upper 150 meters was slightly colder in the western, central, and
northern parts of the gulf in 1914 than in either of the two preceding years, but the
bottom water of the western, northern, and eastern parts of the basin were warmer,
with still higher temperatures in the western side in 1915.

More or less fluctuation in summer temperature is to be expected in any partially
inclosed basin as subject to violent climatic changes as is the Gulf of Maine, and
where waters of different temperatures meet. What really deserves emphasis is that
the yearly changes have been very small during the period of record; certainly not
enough seriously to affect the waters of the gulf as a biologic environment, except
perhaps in 1916.

During that year vernal warming proceeded so slowly in the sea, after an a,lmost
Arctic winter and a tardy spring, that the temperature of the central part of Massa-
chusetts Bay was only 3.67° to 3.9° at 50 to 80 meters depth on July 19 (station
10341), though the immediate surface was about as warm as the expectation for
that date (16° to 17°). In fact, the deep readings were hardly warmer than read-
ings taken in May of the preceding year, only about 1.5° warmer than the winter
minimum for that level during 1913, and 2° warmer than the early March tempera-
ture of 1920 (p. 522). The water off Northern Cape Cod (stations 10344 and
10345) * was likewise decidedly colder in 1916 than in the summers of 1913 to 1915,
with the 20 to-40 meter lever 2° to 3° colder than in 1913 and 6° to 9° colder than in the
same month of 1914. The suprisingly low surface temperatures of 10° off Chatham and
7.2° in the southwestern part of the basin on July 22, 1916, contrast with 16° to 17°
for this part of the gulf as a whole at about that same date in 1913 and 1914. It
is clear that such cold surface water reflected some temporarily and locally active
vertical circulation, because the vertical range of temperature was less than 1°between
the surface.and 30 meters at the coldest of these two stations (10346), instead of a
range of about 9°, which previous experience suggests as normal for the western side

# About 4.1° at 50 meters, 3.85° at 100 meters, and warming fractionally below that level to 4.06 at 150 meters.
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of the gulf in July. But even allowing for this factor, a considerable annual differ-
ence in surface temperature remains to be accounted for between the cold July of
1916 and the warmer years, 1913 to 1915.

Furthermore, the vertical warming below 100 meters, so characteristic of this
side of the gulf in 1914 and 1915 (Bigelow, 1917), was hardly appreciable in 1916.
During the interval, July 22 to August 29, the mid layers off northern Cape Cod
warmed by about 1° or 2° (stations 10344 and 10398). Even then, however, the
temperature did not equal that of 1912 on the same date (station 10043, August 29),
or of 1913 three weeks earlier (station 10086, August 5; Bigelow, 1922, p. 91).

The surface water on the northwestern part of Georges Bank was also about 2°
colder in July, 1916, than in that month of 1913 or of 1914, as appears from the
following table:

T Ve | T o e | e

Depth station | statlon | station Depth station station | station
10059 10215 10347 10059 10215 10347
°C. °C. °C. °C. | °C °C.

Surface 13.33 16.68 11.39 | 40 metersS oo icrmeccene|ramace vana 10.43 |emcccmaean

20 meters...... .- 12.24 55 MELOrS. oo ccmcaceevmcnnn 12. 60

27 meters. oo eeecceecnan 12.60 60 MeterS. o eeeeecmccccereaee|ecccscsnaa|ccanas ama— 9.61

30 meters 10.91 [} 70 MOLOrS. oo oiie mmremnn]cemmeaans 9,62 |-ermmacnan

The difference in temperature between July of 1916, on the one hand, and of
1913 and 1914, on the other, was even wider along the southern edge of the bank.
Violent annual, even day by day, fluctuations are to be expected there (Bigelow,
1922, p. 10), but nothing in our previous experience foreshadowed summer tempera~
tures as low as those of 1916, when the bottom water was 4° colder there than in
1914, though the stations for the two years were close together in location and the
surface temperatures (17° to 18°) were almost alike. The surface near the continen-
tal edge south of Nantucket lightship and the depths greater than 50 meters were
likewise 3° to 4° colder in July, 1916 (station 10351), than in that month in 1913
(station 10061) ; and the cold band just outside the edge was 4° to 5° (fig. 67) instead
of 9° to 10°, as we had found it in 1914 (fig. 58). ' '

There is nothing unprecedented in a vertical distribution of temperature of the
type shown on this 1916 profile (fig. 67) over this part of the slope; indeed, its repeated
occurrence suggests that something of the sort is to be expected except when obscured
by encroachments from the warm water of the so-called “Gulf Stream’ (p. 608).
The surprising feature of the summer of 1916 is that the temperature of the coldest
layer should have been so low and that water so cold lay so close to the surface of the
open sea in July at this latitude. In fact, as I have elsewhere noted (Bigelow,
1922, p. 103), this July temperature very closely paralleled the temperature taken
at the same relative position on the slope off Cape Sable, about 200 miles to the north-
eastward, on June 24 of ‘the year previous (station 10295).

The Grampus did not visit the eastern side of the gulf in the summer of 1916,
where the water was also unusually cold during that summer, as Dr. A. G. Huntsman
writes:® ‘

¥ Quoted from a letter from Doctor Huntsman.
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The temperature of the water in the Fundy region was unusually.low during the summer of .
1916. The data given me by Craigie (1916a, 1916b), Craigie and Chase (1918), and by Vachon
(1918) show that in the St. Croix River, near St. Andrews, and in Passamaquoddy Bay the
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F16. 67.—~Temperature proﬁle running southeastward from the offing of Nantucket to the continental slope of Georges

Bank, July 24 to 26, 1916 (stations 10351 to 10356)

temperature of the greater part of the water during the first half of August was approximately one
degree (C.) lower in 1916 than in 1914. In the Bay of Fundy, off Campobello Island, the water
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was slightly colder on July 25, 1916, than it had been on July 14, 1915; and nearly two degrees (C.)
colder on August 16, 1916, than it had been on August 27, 1914, Also, in the Bay of Fundy, east
of Grand Manan, the temperature of the body of the water was nearly one degree (C.) lower on
July 24, 1916, than on July 15, 1915, and more than two degrees (C.) lower on August 16, 1916,
than on August 27, 1914. This shows that in the Bay of Fundy the water was colder in the
summer of 1915 than in that of 1914, and still colder in that of 1916.

Enough data have thus been gathered to class 1916 definitely as an abnormally
cold year in the gulf.

- It is interesting to consider whether climatic conditions during the preceding
months will account for this abnormality. Unfortunately, no observations were taken
in the gulf during the preceding winter, but the deep temperature of the western side"
changes so little from February to June that its'July state gives an indication of the
temperatures that have prevailed there in spring, Judged from this viewpoint, the
July temperatures of Massachusetts Bay and of theineighboring parts of the gulf
for 1916 do not suggest that the sea temperatures of the precedmg wmter were
abnormally low.

This conclusion is corroborated by meteorologlcal condmons, for the early part
of the winter of 1915-16 was warmer than usual (mean temperature for January
about 6.7° F. higher than normal at Boston, 2.7° F. higher than normal at Province-
town) ; but the temperature was about 2.5° F. below normal at Boston in February,
4.4° F. below normal in March, with unusually heavy snowfall in both these months
(30.3 and 33.3 inches, respectively). Conséquently, there is every reason to suppose
that the temperature of the water of Massachusetts Bay did not commence to rise
until a month or even two months-later than usual that spring, and that vernal
warming proceeded more slowly at first than in more normal years, because the
weather continued abnormally cool and cloudy throughout May and June. Fur-
thermore, it is in just such a spring as this, when the surface stratum warms very
slowly at first, but then rapidly, that the deeper water is most effectively blanketed
from the penetration of heat from above by the sudden development of a state of
high stability. Indeed, a better illustration of how slowly the deeper water warms
under such circumstances could hardly be found than by the very small rise in tem-
perature that took place off Cape Cod from July 22 (station 10344) to August 29 of
that year (10398) at 40 to 50 meters.

Thus the difference in temperature between the cold summer : of 1916 and the
warm summers of 1913, 1914, and 1915, in the western side of the gulf, was no wider
than can be accounted for on the basis of the local weather.

I may point out that a cold winter and spring in 1916 were similarly followed
by low summer temperatures in the coastal water all along the continental shelf,
westward and southward to Chesapeake Bay during that same year (Bigelow, 1922),
not alone in the Gulf of Maine.

" It is possible that the low gulf temperatures of 1916 also reflected some unusual
expansion of the Nova Scotian current, because even a temporary offshoot of that
icy-cold stream crossing the gulf at any time during the spring would chill the sur-
face of its western side 2° to 3° or more below normal (p. 680). Had the Grampus
made a general survey of the gulf in 1916, as she did in 1914 and 1915, this question
would have been cleared up; but the few stations for that cold year were all located
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close to the western shores. The salinity of the Nova Scotia current being consid-:
erably lower than that of the water it meets in the Gulf of Maine (p. 727), its presence
causes low salinity as well as low temperature such, indeed, as prevailed at our few
gulf stations for 1916. Salinity, however, is not a safe criterion for northern water
in the western side of the gulf, because it is also dependent on the amount of run-off
from the rivers, which was greater during the spring of 1916 (p. 837) than usual.

No serial observations were taken in the open gulf during the summers of 1917
to 1919, but Mavor’s (1923) data for the Bay of Fundy classify 1917 and 1919 as
normal seasons. Brooks (1920), however, points out that 1920 continued a “cold”
year in the gulf through the summer, by the testimony of bathers along New Eng-
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F16. 68.—Vertical distribution of temperature off Cape Elliabeth on Augﬁst 15, 1913 (A, station 16104),
and on August 7, 1923 ( B, latitude 43° 18’, longitude 69° 44)

land beaches. This was followed by a summer of at least average warmth in
Massachusetts Bay, and probably over the gulf as a whole, in 1922 (p. 995). By
contrast the summer of 1923, like that of 1916, was unusually cold in the deeper
waters following a severe winter, with unusually heavy snowfall, and a tardy spring.
Surface readings would not have suggested this more than a mile or two out from
the land anywhere in the western side of the gulf. In fact, the coast sector between
Cape Ann and Penobscot Bay was actually a degree or two warmer on the surface
in 1923 than in 1912 at the end of the first week of August, as illustrated by the
curves for 16° and 18° temperature on the charts for the two years (fig. 47), with
readings of 16° and upwards right into the land off Cape Elizabeth in 1923, where
we have usually found the coast skirted by a belt 1° to 3° cooler (p. 588).
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However, surface readings taken by the Halcyon to-the eastward of Penobscot
‘Bay early that August proved sbout 2° lower than the expectation. Bathers, too,
-reported the water unusually cold along the beaches throughout that summer, after
offshore winds, ~This was corroborated by serial observations off Gloucester, which
p'roved the whole column of water below the 30-meter level 1° to 3° colder in Au-

t, 1923, than it was three weeks earlier in the season even in the cold summer of
1916 although the difference in date would suggest just the reverse. Depths greater
iha.n 40 meters were also 1° to 3° colder off Cape Elizabeth in 1923 than in any pre-
vious August of record (fig. 68), notwithstanding the warm surface just mentioned.
This statement would probably hold good for the inner part of the basin in general,
also, as well as along the eastern coast of Maine, the relationship being similar near
Mount Desert Island and off Mount Desert Rock (table, p. 635).

It is probable that a summer colder than those of 1916 or 1923 comes very
seldom in the Gulf of Maine, because winters so severe, and with so heavy a snow-
fall, are exceptional (p. 697).

. The possibility that cyclic changes of temperature may take place in the gulf,
with warmer or colder periods enduring over many years, must not be ignored; but
‘pothing of this sort has been recorded there within historic times.

The following comparatlve tables for representa’olve localities will show in detail

‘the annual differences in temperature summarized in the preceding pages.®

Annual differences in temperature

MOUTH OF MASSACHUSETTS BAY

1912 - 1013 1914 1915 1016 1922 1923
Depth, meters 10002 10087 10253 10306 10343 10632
July 10 | Aug.9 | Aug. 22| Aug. 31 | July 19 | Aug. 22 | Aug. 9
o 18.3 16.7 18.9 16.1 16.4 18,1 17.2
20 9.4 10.6 1.2 10.5 6.0 9.1 9.0
40 6.6 8.7 6.5 80 4.1 7.4 5.5
.60 5.0 54 5.4 6.7 3.8 5.6 4.4
‘80 4.6 5.3 4.8 6.3 8.7 3.3
100 4,68 5.2 4.6 8.2 3.2
120 : 5.2 4.5 6.0 3.1
140 . ) 4.5 5.9 3.1
WESTERN BASIN
) . 1912 1913 1914 1915
Depth, meters ' 10007 10088 10259 10307
. July 15. | Aug.9 | Aug. 22 | Aug. 21
0 17.8 19.2 20.0 17.2
20... 11,7 12.6 1.5 12,5
40 8.0 87 5.8 9.0
B0 e e emmmcammma—mmmm = m—mmmmasem et em s ememseseeeen———————— 6.0 6.4 4.9 7.0
80 v ————— 5.0 5.4 4.5 5.7
200 e e e mommoam———————————— - e m——— ——— 4.7 8.2 4.4 5.2
.120 4.6 5.6 4,7 5.2
TA0 e e e e cem e a e —— e m———————— ——— e m e o m e e 4.8 59 5.3 5.3
180 e e e e et e S mm————————————— A = A S e m—————————————. oo 4.6 . 6.2 5.9 8.7
180 e 4.6 6.3 6.5 5.8
200, 4.6 6.3 6.8 5.9
<220, 4.6 6.3 7.0 6.2
40 e emmmme e —emmasm—e—memenemem eemmme cmomen 6.3 7.0 6.4
. ST S 6.3 [/ N P,

4 Ag the readings were not taken at the same levels at all the stations, or at as many levels as it is desirable to show here, it
has been necessary in many cases to derive most of the values by interpolation. The temperatures are approximate, therefore,
and are given only to the nearest tenth of a degree, Centigrade.
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i Annual; differences in temperature+-Continued -
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Annugl differences in temperature—~Continued
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Annual differences in temperature—Continued
‘WEST SIDE OF EASTERN BASIN
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AUTUMNAL COOLING
' SURFACE

The surface is at its warmest at some time during August in all those parts of the
Gulf of Maine where the surface temperature rises much above that of the deep
water in summer.*’ This includes the whole open area, except for the northeastern
part, and the sites of active tidal mixing on the banks, the precise date of maximum
surface temperature for any given summer depending on the prevailing weather. Qur
recent studies have not been sufficiently intensive precisely to locate this critical
date for any one year or for any given locality in the gulf, but the records collected
by Rathbun (1887) for the years 1881 to 1885 show that it may fall at any time
between the first and last of August for the western and northern shores of the
gulf between Nantucket Shoals and Penobscot Bay. After the first of September
the surface of this subdivision cools as the autumn advances. o

Experience in the summers of 1912, 1913, and 1914 suggests that the temper-
ature of the upper layers of the western and deeper parts of the gulf generally (. e.,
where vertical circulation is only moderately active) probably had passed its mid-
summer maximum, and that autumnal cooling had commenced there by the date of
our late August and early September cruise of 1915. Thus, the highest reading
recorded on August 31 and September 2 of that year, on the run eastward from
Gloucester toward Cape Sable, was only-17.6°, contrasting with a probable maxi-
mum of about 19° to 20° over the western side of the basin during mid August.
The seasonal schedule seems to have been about the same in 1925, also, when the
Haleyon had surface readings of 16.6° a few miles north of Cape Ann, 15.2° on Platts
Bank, and 14.7 between the latter and Portland on September 3.

#The temperature of inclosed harbors is highest in J uly, mirroring the summer maximum for the air (p. 585).
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The more tide-swept waters along and among the islands east of Casco Bay
where the whole column of water continues nearly homogeneous in temperature
through the summer and the surface warms only to about 11° to 13° instead of 16°
to 18°, do not commence to chill until a month or more later in the season. In 1925,
for example, the surface temperature near the Duck Islands, off Mount Desert, was
almost exactly the same on September 9 and 10 (11.1° and 10.8°) as it had been
there on August 11 (10.9°), 10° on September 15, and still 10.3° to 10.8°,0n October
15 to 16. Readings of 10.28° off Machias and of 11. 6° near Mount Desert on
September 15 and 16, 1915, are in line with this.

This same rule holds good for the Bay of Fundy, where no apprecmble cooling
takes place until after the first of October—a month later than in Massachusetts
Bay or off Cape Ann. Thus, Vachon (1918) had surface readings of 9.21° to 11.07°
in the central parts of the bay on September 27 and October 4, 1916, with 9° to
10.6° at various localities in Passamaquoddy Bay between October 3 and 17;
showing a cooling of only about 1° to 2° from the summer maximum. Mavor
(1923) likewise records surface temperatures of 11.07° between Grand Manan and
the Nova Scotian shore on October 4, 1916, and 9.77° on October 2,1918. How-
ever, the 10-day averages for Lubec Narrows (fig. 31) show that considerable
variation is to be expected from year to year in the date after which the surface of
this part of the coast water commences to chill, for a steady though slight cooling
was recorded through September, 1920, whereas the mean surface temperature at
Eastport averaged highest at the last week of September for the 10-year period,
1878 to 1887.

Surface readings of 9.4° on German Bank (station 10311) and 13.3° near Cape
Sable (station 10312) on September 2, 1915, suggest that the temperature was then
about stationary at its summer maximum in this side of the gulf.

With the surface along the western shores of the gulf, from Massachusetts Bay
northward, chilling rapidly during the early autumn, but with the northeastern and
eastern margin of the gulf cooling only very slowly at first, there comes a time when
the whole peripheral belt of the gulf outside of the outer headlands is nearly uniform
in surface temperature (close to 9.5° to 10.5° in most years), varying only a couple
of degrees, at most, from place to place. In 1915 thisstate was apparently attained
sometime between the first and middle of October, the surface of Massachusetts Bay
having chilled to 10.5°-13.4° by the last week of September (stations 10320 to
10324), with 11.6° off the Isles of Shoals and 11.9° off Cape Elizabeth on October 4
(stations 10325 and 10326), 10° at the mouth of Penobscot Bay (station 10329), and
9.4° near Mount Desert and off Machias on the 9th (stations 10327 and 10328). The
surface of Massachusetts Bay continued virtually constant at about 11° throughout
October.

The following tabulation (p 638) of Rathbun’s (1887) graphs for the years 1881
to 1885 likewise shows extremely uniform averages of 11.67° to 9.44° on October 1
for Boon Island, Seguin Island, Matinicus Rock, Mount Desert Rock, and Petit
Manan Island, localities where the midsummer temperatures for the same years
would show a range of at least 6°.2 :

1 The average surface temperature st-Thatchers Island, at the tip of Cape Ann, was somewhat higher (14.17°) for the two
years, 1681 and 1882, at the beginning of October.

8951—28——41
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Unfortunately, it is not known whether autumnal cooling proceeds at as rapid a
rate during October out over the basin of the gulf in general as it does along the
western shore, nor are data available for Georges or Browns banks during that
month; but Rathbun’s (1887) tabulations show the surface almost as cool at Pollock
Rip, off the southern angle of Cape Cod, on October 1 (11° to 13.5°) as it is in
Massachusetts Bay at that same date. This applies also to the whole region of
Nantucket Shoals, where the Halcyon had surface temperatures of 11.6° to 12.2° on
October 1, 1925, showing that a decided regional equalization had taken place
since midsummer, when surface readings in the same region have ranged from
11.6° to 16.4° (p. 1012). A

'The autumnal cycle of temperature to the southward of Marthas Vineyard lags
several weeks behind that of the waters to the north and east of Cape Cod. Thus,
the surface was 13.3° to 14.4° across the whole breadth of the continental shelf off
Marthas Vineyard on October 22, 1915 (stations 10331 to 10333), with 15.5° a few
miles outside the continental edge, while the Halcyon had 13.3° near No Mans Land
on the 28th of the month in 1925. This corresponds closely with Rathbun’s aver-
ages of 15° for October 1 and 11.7° for November 1, 1881 to 1885, 22 miles off Nan-
tucket (the old situation of Nantucket South Shoals lightship, which has since been
relocated). .

Average and extreme svrface lemperature, °C., 1881 to 1885, from Rathbun’s (1887) graphs, to the
nearest half degree only

22 miles SSE.

of Nantucket, | Pollock Rip | Boon Island Matinicus | Mount Desétt Petit Manan
Date Iat. 40° 40" | Lightship Light Seguin Light Rock Rock Island1
ong.

Av. Ex. Av. Ex, Av. Ex. Av. Ex. Av, Ex. | Av. Ex, Av. | Ex.

Oct. 1..._.

15.0| 14.5-15. 5/ 13.0| 11.0-13. 5/ 110/ 9.5-12.0f 1L0} 9.5-12.0( 10.5 10.0-11.5 9.5/ 9.0-10.5{ 11.5 11.0-12.0
Nov. 1. 11.5/ 1L0-12.0| 10.0| 9.5-10.5] 9.0| 7.0-10.5] 9.0/ 8.0- 9.5 9.5 8.5-10.0| - 8.5 8&0- 9.5 9.5 9.5
Dec.l_...| 7.5 6.5~85 6.5 4.5-885 360 5560 55 50625 7.0 6.0-85 55 2.0 7.0 6.5 &5 80
Dec.16...| 6.0f 5.0-6.5 55 3.5-685 50 40-60 40 3.0-50 55 4.5-6.5 60 3.0-685 45 35060

tFor years 1884 and 1885 only, the readings for 1881 and 1882 being omitted because so irregular that their reliability is
doubtful.
? Omitting one reading of 0.56°, which was obviously an error.

SUBSURFACE

At first the autumnal cooling of the surface, which accompanies the cooling of
the air, is due not only to an actual loss of heat by radiation (p. 692) but reflects mix-
ture with the cooler underlying water, a process that correspondingly warms the
latter.” The result is that the annual maximum is attained later and later in the year
as the depth of observation increases down to about 100 to 150 meters, or to the lower
boundary of the stratum, the temperature of which is controlled by solar warming
alternating with winter chilling. Consequently the wide vertical range of temperature
that characterizes most parts of the gulf in summer gradually gives place to a state
of vertical homogeneity as thé autumn progresses. In 1915 (a typical year) autum-
nal cooling had affected only the uppermost stratum of Massachusetts Bay up to the
end of September, the 20 to 25 meter temperature having continued virtually sta-
tionary at the midsummer value (11° to 12°) up to that date, with & rise of 2° to 3° at
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greater depths, resultmg, no doubt, from the constant tendency toward vertical equal-
mtmn by tidal mixing.

"The profile for this date (fig. 69) shows that coolmg had proceeded less rapldly in
the southern side of the bay next to Cape Cod, which receives warm water from Cape
Cod Bay, than in the central and northern parts, making the regional variation wider
than it is in summer (fig. 66). . Temperature of the upper 40 meters of Massachu-
setts Bay, however, was virtually equalized at 9.5° to 11.5° by the last week of that
October (stations 10237 to 10239). On the other hand, vertical stirring had been
active enough to raise the temperature of the 80 to 150 meter stratum of the bowl off
Cape Ann from 5.8° on August 31,1915, to 6.8° to 7° on October 1 (stations 10306
and 10324).
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Fia. 69.—Temperature profile at the mouth of Massachusetts Bay, inside Stellwagen Bank,
September 29 to October 1, 1915 (stations 10320 to 10322). The broken curve shows the
contour of the bank

The thermal cycle was essentially similar in the cold year of 1916, when the 80
to 90 meter level was nearly 2° warmer at the mouth of the bay on October 31 (sta-
tion 10399, 5.43° at 90 meters) than it had been on July 19. (station 10341, 3.67° at
80 meters), although the surface had cooled from 16.4° to 10° during the same inter-
val, or to about the temperature normal for the outer part of the bay at that season.

* Graphs for temperature off the Isles of Shoals and off: Cape Elizabeth on Octo-
ber 4, 1915 (stations 10225 and 10226), and at various dates in! ‘August (fig. 70.) show
muoh the same seasonal change as Massachusetts Bay, characterized by consider-
able cooling at the surface, but at a decreasing rate, down to about 30 to 40. meters;
contrasted with a slight warming at greater depths down to bottom in:145 to ‘175
meters. However, it is impossible to state the precise rate of change for any given
level for any one year from the data at hand.



640 BULLETIN OF THE BUREAU OF FISHERIES

"~ The entire column of water down to 30 meters had cooled to about 10° at the
mouth of Penobscot Bay by October 9, 1915, with about 9° at 60 meters, correspond-
ing to a decrease of 3° at the surfece, but a rise of about 1° at depths greater than
20 to 25 -meters (fig. 71).

The surface (9.4°) was about 0.7° colder than the bottom near Mount Desert
Island in 60 meters depth (10.1°) on October 9,1915 (station 10328), the bottom
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Fi6.. 10, —Vertlcal distrlbution of temperature in the trough between the Isles of Shoe]s and Jeﬂreys Ledge,
- to” shiow the progress of autummnal cooling. A, August’ 15,- 1914 (station’ 10262); B, October 4, 1915
- {station: 10325); O, December. 30, 1920 (station 10493}, . The broken cutve is for. November 1 of the cold
year 1916 (station 10400) ]
hawng warmed since August about as repldly as the surfece had cooled Probably
the temperature would have been found homogeneous there from surface to. bottom
atabout 9.5° a week or so earlier in the season, as it was off Machias, Me., on ‘that
same date (station 10327), with a readmg of 9.4° at the surface and 9. 83° close in
to. the bottom.
.'The whole column of we.ter wa.rms slowly in, the deeper perts of the Bay of
Fundy throughout the summer, and at.a morenearly uniform rate vertically than is
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. the case in the deeps of the open gulf: - Probably this process continues into'Septem-
. ber.every year, sometimes into October, as happened in 1916 (Vachon, 1918, tables, p.
309), with theé bottom water continiing to warm for some time after: the surface-has
commenced to cool. “Judging from Mavor's (1023) tables, the depths- greater than
sbout: 60 meters in the trough between Grand Manan and the Nova Scotian shore
of the bay may be expected to warm by about 1° after the date when the surface read-
ing is highest and before the deep layers also commence to show the chilling effect
of autumn. In 1917 the temperature 6f the mid-stratum rose from about 6° to 7°
there on September 4 to-7°-8° on ' October 2, but the maximum (6° to 7°) was not
attained at depths greater than 60 meters until some weeks later in 1916
: 'Nmperature, Centigrade :
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F1e 71.—Vertical distribution of temperature off Penobscot Bay at successive dates, to show the progress of
autumnal cooling. A, August 14, 1914 (station 10250); B, October 9, 1915 (station 10328); C, November 2,
1916 (station 10402); D, January 1, 1921 (statlon 10496)

In the lower part of Passamaquoddy Bay, Vachon (1918 Prince station 4) found
the whole. column in 30 meters depth cooling after October 3 as follows:

| oct.3, | oct. 16, | Oct. 21, | Oct. 27,
Depth C | iy | Tyier” | Tiger” | Choet”
. : . . ; B °C, °C, 2Q-
SUHACO _-monemee ' 06| 93| osz| a8t
20 meters : : oas| 9| ol &A
3 meters : .82 89| 1888) &80

1 From Vachon’s (1918) tables. 1 26 metars.
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../ In"1916 the tempersature of the upper 30 meters was about the same a few
miles off Cape Ann on October 31 (station 10399, surface 10°, ‘30 meters 9.18°) as it
was-on the 3d to the 16th-in Passamaquoddy Bay, showing a regional difference of
about two weeks in the.autumnal schedule between the southwestern and the north-
eastern parts of the gulf. This corresponds both to the land climate and to the
difference in latitude. ’ : » '

~+.7.Our. only records of autumnal temperatures for the offshore parts of the gulf
later than the first week of September are for its western and southwestern: parts,
where serial readings were taken on November 1, 1916 (station 10401), and again
on the 8th of the month (station 10404). In this very cold year the sutumnal
warming of the deeper layers may have lagged some weeks behind the normal; the
inflow of water of high salinity into the bottom of the trough seems also to have been
in smaller volume than usual. Consequently, the temperatures of 1916 can hardly
be taken as typical for depths greater than 100 meters.

Surface readings about 0.5° higher in the offing of Cape Ann (station 10401,
10.6°) than near Gloucester, 0.9° warmer than off the Isles of Shoals, and 1.3°
warmer than off Penobscot Bay on November 1 and 2 of that year show cooling
most rapid next to the land, as might be expected. This regional difference is
slight, however, and the deeper strata show much the same autumnal change off-

shore as they do closer to land, with the 40 to 70 meter level warming slightly (fig.

72) while the surface cools. At depths greater than this annual differences entirely
overshadowed any seasonal alteration that may take place in the western side of
the basin between August and October.

As a result of the progressive equalization of temperature, horizontal as well as
vertical, that takes place during the autumn, the regional variation in the temper-
ature of the western side of the gulf was only about 1.5° to 2° at any given level
deeper than 15 meters in the first week of November, 1916. This close approach
to uniformity is probably typical of the season, though the precise temperature at
any level varies slightly from year to year.

The average temperature of the region west of the longitude of Penobscot Bay
and north of Cape Cod is approximately as follows by the first of November in
normal years:

zt&evera.ge %evemge s |
mper- mper- | Seasonal
Depth ature ature change
Aug. 15 | Nov.1

°C. °C. °C.
BT 00 o e e e e e e e et e ce o e e e e e e e e m e et e m o mmm 2mm e 15.0-18.0 10.0 | —5.0-8.0
20 meters. .. b mrm e awam e o oe e an 1.5 9.5 —-2.0
PR TN o SR N 7.2 8.9 +1.6
70 meters .. - . : . . ’ 5.6 7.0 +1.4
100 meters 4.7 5.0 +.3

No records of the subsurface temperatures have been taken on Georges Bank
in autumn. In the shallow water of Nantucket Shoals autumnal cooling may at first
reduce the temperature of the surface slightly below that of the bottom, the Halcyon
having recorded surface readings of 11.6° to 12.2° on October 1, 1925, on the shoal,
when the bottom water was 12° to 13.5° in a depth of about 25 meters (p. 1013).
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?he whole column, however, cools’ nearly uniformly on ﬁhe shoals during October,
whether the surface be slightly cooler than the bottom or slightly warmer at th_is
season depending on the wind as the latter moves the surface water in or offshore.
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The upper 40 meters of water over the continental shelf, south of Marthas
Vineyard and out to the edge of the continent, was vertically homogeneous in tem-
perature at 13° to 14.5° by October 22, 1915 (stations 10331 to 10333, fig. 73).
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We agam found the superﬁclal stratum over this part of the shelf equally homoge-
neous in temperature in November, 1916. . .While the bottom water then showed
shght vertical cooling at depths greater than 30 to 40 meters, it was considerably
warmer then than it had been there in August—a state obtaining as far southward
as Chesapeake Bay (Bigelow, 1922, p. 123).

Thus, the coast water off southern New England corresponds to the Gulf of
Maine in the fact that the temperature tends to become uniformly homogeneous
during September and October, though the change takes place at a temperature 3°
to 4° higher than is the case to the northward of Cape Cod. A seasonal change
of this sort was, of course, to be expected in the absence of disturbances by extra-
limital currents, as the first step in the vertical equalization of temperature so
characteristic of northern coastal waters in late autumn and winter.” (Bigelow,
1922, p. 123.)

In 1916 the surface temperature near land a few miles west of Marthas Vineyard
had fallen fractionally below that of the 30-meter level by November 10 to 11 (sta-
tions 10405 to 10408);
and although this pro-
; file lies a few miles
A west of the geographic
o v limits covered by this
report, it is repro-
duced  here (fig. 74)
because the readings

b - . — would have been

A / : : 1 nearly the same had
e ' / ' - 1 it been run out from
' Marthas Vineyard on
/ the same date. Its
‘ . | most instructive
80 : ‘ feature is its demon-
stration of the fact,
| now sufficiently es-

100 e - tablished, that

F16. 73.—Vertical distribution of temperature oft Marthas Vineyard to show autumnal cooling. a,utumnal COOImg mn
A, August 25, 1014 (station 10259); B, October 22, 1915 (station 10333); C, November1, 1018 the coastal waters off

(station 10406)

the northeastern
United States proceeds from the land seaward. In 1916, as I have earlier remarked
(Bigelow, 1922, p. 123), this process had progressed so far by that date as to nearly
obliterate the preexisting stability of the water on the inner half of the shelf.
Farther offshore, however, where the immediate surface alone had yet been chilled
by the cool land winds, the underlying water at 20 to 50 meters still continued 1°
to 2° warmer than the superficial stratum above or the bottom water below. As a
result the curves for 12° and 13° might suggest a landward intrusion of water from
offshore if taken by themselves. However, the salinities forbid this interpretation,
proving this apparent tongue merely reminiscent of the maximum temperature to
which this level had warmed during the preceding summer (Bigelow, 1922, p. 123).

Temperature, Centigrade
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" A thermal distribution of the opposite sort, with a shelf of cold water projecting
seaward, has been recorded repeatedly oﬁ this part of the slope at the end of tha
gummer.
* - NOVEMBER AND DECEMBER .

In 1912 the Whole column of water off Gloucester had become vertlcally homo
geneous in temperature (about 9°) by November 20 (fig. 75), suggestmg that autum-
nel cooling had proceeded at about the same rate there as it did in 1915 and 1916
(p. 638), while the whole column, 70 meters deep, had cooled to about 7.8° to 8.1° by
December 4 (station 10048). It is interesting that the irunediate surface was 0.1°

'£0 0.3° warmer there than the deeper levels on both these dates, which may have
reflected irregularities and setbacks in the progress of cooling from day to day,
because both these stations were occupied after one or two warm days, though on
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Fm 74,—Temperature profile crossing the continental shelf oft Narmgansett Bay, November 10 and 11, 1916 (stati ons 10405
to 10508)

both -occasions the air temperature was a degree or so ) colder than the water at the
times the readings were taken.

~The Fish Hawk again found the temperature virtually umform vertlcally from
surface to bottom, all along the southern side of Massachusetts Bay on Decmber
3,1925, in depths of 25 to 40 meters; in fact, the surface reading did not differ by more
than 0.2° from the intermediate or bottom reading at any of the 10 stations. The
progress of autumnal cooling also was made evident by & mean temperature of about
6.2° for this side of the bay. Although the preceding autumn had been unusually
mild (suggesting that in most years the sea temperature is a degree or two lower
by that ‘date), one station off Plymouth Harbor (No. 10) and two at the head of the



646 BULLETIN OF THE BUREAU OF FISHERIES

bay (Nos, 16 and 17) were then fractionally cooler at the surface than deeper—evi-
dence that the water had been rapidly losing heat from the surface for some days
previous, which can be associated with a cold northwest gale on November 23. No
great horizontal variation in temperature was to be expected over so small an
area; in fact, all the readings for this cruise fell within the limits of 4.80° and 6.93°.

The slight differences recorded from station to station on this cruise prove unex-
pectedly instructive, because the coldest water (4.8° to 5.8°) then formed a more or

T . less definite pool close
emperature, Centigrade inshore, a few miles
Meter O PP T 50‘ 6 r & 9 1‘9??_”' north of Plymouth,
T A | with appreciably-
f higher temperatures
E\ (6.8° to 6.9°) to the
v northward as well as
\ / off the mouth of Ply-
mouth Harbor and in
Cape Cod Bay to the
ﬁL { X south. Although the
) ¢ data do not suffice to
\ / bound this cold area
offshore, the general
L_ L distribution of tem-
A perature to be ex-
pected at that season,
and actually recorded
there later in the
month (fig. 76) ,makes
100 e it virtually certain
E that it was also en-
110 fx tirely surrounded by
: higher temperatures
120 to the east.
*130 On this same day
A (December 3), C. G.
> Corliss, superintend-
ent of the Gloucester
150 «wd  hatchery, found the

£1q. 75.—Vertical distribution of temperature in the offing of Gloucester on successive dates of surface water 4.4° In
the autumn and winter. A, October 1, 1915 (station 10824); B, November 20, 1012 (station
10047); C, December 4, 1912 (station 10048); D, December 23, 1912 (statlon 10049); E, GlO uchter Harl?or
December 29, 1021 (station 10489); F, January 18, 1913 (station 10050); G, February 9, and 5.6° at a locahty
1921; H, February 13, 1913 (station 10053) 1 to 2 miles Oﬁ its
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mouth, a gradation that illustrates the progression of winter cooling from the land
out to sea, but does not suggest any considerable thermal difference between the
two sides of the bay at the time. Unfortunately, no corresponding readings were
taken in the central part; but the water was about 2° warmer 7 miles off Glouces-
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ter on December 4, 19134 (also a mild year), than in the coastal belt on that same
dey in '1923.  Temperatures of about 5° to 7° may therefore be expected around
the shores of Massachusetts Bay, with about 8° in its center, by the first week in
December in average years, with the water virtually homogeneous from surface to
bottom. o RS :
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F1q. 78.—~Surface temperature of Magsachusetts Bay, December 9 to 11, 1924

The data for the Fish Hawk stations show that almost no change took place
either in the actual temperature of Massachusetts Bay or in its vertical distribution
during the first two weeks of December, 1925, the readings being fractionally higher
for the second cruise than for the first at some stations, lower at others.. The
regional distribution remained unaltered, with the coldest water (5° to 6°) taking

« Btation 10048; 8.1° at the surface, 7.8° at 46 meters and 70 meters.



648 . BULLETIN OF THE.BUREAU OF FISHERIES-

the form 'of an isolated. pool near the western shore, surrounded by slightly higher
temperatures (fig. 76).. Equally cold water (about 5.3°, surface to bottom) off
the. mouth . of ‘Provincetown Harbor. (station 5) now marked: the shallews: of tha
latter as a second center for local cooling.

After cold west winds on December 13, 14, and 15 the Whole oolumn of Water
averaged about 1 degree colder in the southern half of the bay on the 16th and
17th than it had been a week earlier, with a maximum cooling of about 2° and a
minimum of about 1° at the surface.
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F16. 77.—Vertical dlstribution of temperature at three representatlve stationsin the southern
side of Massachusetts Bay on December 9 to 11, 1024 (so]ld curves), and January 6 and 7, 1925
" (broken curves).
 Meantime the eastern and southern parts of»Cape Cod Bay (5° at the surface)
had definitely become a site of production for cold water, separated from the still
colder pool next the land north of Plymouth (3.8° to 4.5°). by a slightly warmer
wedge (5° to 6°) in the center of the bay. At this season the water of the bay is so
nearly homogeneous, surface to bottom (fig 77), that a chart of the minimum tem-
perature, irréspective of depth (ﬁg 78), 111ustrates thls reglonal dlstnbutlon better
tha,n a surface chart can.
'When the temperature variés more widely between statlons a few miles apart
than between surface and bottom at any one statmn, as is the case in the southern
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side of the Gulf of Maine after November, the thermal relation between surface and
bottom temperatures may be reversed -at -different stages of the tide, as. warmer
water from offshore comes in with the flood and water chilled near shore moves out
on the ebb. But whether the flood water will drift in at the surface, or whether it
will sink to some deeper level as it approaches the coast, depends on the regional
distribution of density. Accordingly, the flood tide may either raise the surface
temperature slightly above that of the deeper water near land in winter or it may
warm the mid stratum temporarily, a state which may persist until the last of the
ebb. . Both these alternatives are illustrated among the Massachusetts Bay stations
for December 16-and 17, 1925 (stations 5, 6, 7, 9, 13, 14, and 17). The fact that the
station off Cohasset (16) was not only coldest at the surface but gave the minimum
temperature for the cruise (3.8°), although taken about the m1ddle of the flood,
probably results from the general drift discussed below (p. 972).

. The fourth week of December, 1925, saw very Wmtry weather, with several days
of northwest gales, the minimum temperature of the air falling to —1°F. (—18.3° C.)
at Boston on the 21st and -to about 5° F. (about —15° C.) on the 22d. This was
reflected by an average cooling of about 1° for the waters of the bay between the
16th and 17th and the 22d and 23d, which gives a rough measure of the radiation to
be expected from the surface during two or three days. of low air temperatures and
high offshore winds at this time of year."

Although the entire area was much more uniform in temperature on December
22 and 23 than it had been a week earlier (all the readings for that date fell between
4.95° and 2.5°), temperatures of 2.5° to 3° near Plymouth, in the one side, and a
mile oﬁ Gloucester, in the other,* on the same day, contrasting with 4. :5° to 5° in
the central part of the bay (station 18; about 7° at station 10049 on December 23
1913), show the thermal gradation- usual for the winter season. " Thus, 4° to 7° may
be taken as normal for the deep parts of the bay during the last week in December,
and 2° to 4° for its coastal belt.

The Bay of Fundy, in the opposite s1de of the gulf, experiences essentmlly the
same cycle of temperature as Massachusetts Bay during December. Thus, Mavor’s
(1923) tables show the whole column of its deep trough as virtually homogeneous,

vertically, by November (fig. 79), and about reproducmg Massachusetts Bay in
temperature in December, notwithstanding the difference in latitude. Compare, for
instance, 6.4° to 6.9° in the central parts of Massachusetts Bay on December 11, 1925,
with 6.18° to 6.6° for the corresponding depth column’in the Bay of Fundy on
December 2, 1915, and 5.62° to 6.12° on December 5, 1917 (Mavor, 1923, p. 375):45

' Some variation is to be expected in the vertical distribution of temperature in
these bays in December from year to year. In 1913, as noted (p. 645), the water off
Gloucester was homogeneous, surface to bottom|, throughout that month; but in
1920 more rapid chilling had lowered the temperature of the surface (5. 56°) about

1.5° below that of the 40-meter level (6. 94°) at this locality by the end of the month

« Observation taken by . G. Corliss (p. 513) ' ‘
4 Mavor (1923) records 6.11° for the surfage, 6.42° at 50 meters, and 8.6° at 175 meters on Deo. 2, 1016; 5.62° at the surface, 5.72°
at 50 meters, 6.16° at 100 meters, and 6.18° at 175 ‘meters on Deg, 5, 1917,
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(station 10489), and the Bay of Fundy was also fractionally colder at the surface
than a few meters down at this season in 1916 and 1917.

. Temperature, ‘Centigride
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F1a. 79.—Vertical distributions of temperature at Prince station 3, in the Bay of Fundy, in autumn

and winter, from Mavor’s (1923) data. A, September 4, 1917; B, October 2, 1917; C, December
5,19017; D, January 19, 1918; E, February 28, 1917.

MIDWINTER

The records obtained by the Halcyon during the last days of December, 1920,
and first half of January, 1921 (stations 10488 to 10503), represent the distribution
of temperature in the inner part of the open gulf for a midwinter neither unusually
cold nor unusually mild." ' ‘
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These several midwinter stations (fig. 80), combined, show that at this season

sny line run normal to the coast of the gulf would lead from lower surface temper-
atures out into slightly warmer water, with the surface then coldest (below 1°),
locally, close in to the land between Boston and Cape Elizabeth on the one side of
the gulf, and along Nova Scotia on the other; slightly warmer than 4° along the
intervening coast sector, outside the outer islands, and about 6° on the central and
southern parts of the basin (fig. 80); but the temperature may fall as low as 1°
among the islands by the end of December, as happened at Boothbay and in Lubee
Channel in 1919 (figs. 30 and 31).
; These local differences result from the topography of the coast line, from the
local winter climate, and from differences in the activity of vertical stirring by the
tides. Thus, the surface chills more rapidly at the head of Massachusetts Bay than
along the open coast of Maine because less actively mixed by the tides with warmer
water from offshore and from deeper levels. Chilling takes place most rapidly of all
in the sounds and harbors, because their enclosure prevents free interchange with
the water outside.

In midwinter the surface is, as & Whole, the coldest level, though differing by
less than 1° from the warmest stratum at most of the stations. Thus, the inner
part of Massachusetts Bay (station 10488) had cooled to 3.89° at the surface on
December 29, with 5.86° on the bottom in 60 meters. In the bowl off Gloucester
the readings were 5.56° at the surface and 6.9° to 7° from 40 meters down to the
bottom in 150 meters, the latter almost precisely reproducing the temperature recorded
there on December 23, 1912 (fig. 75). The surface was about 0.5° warmer 15
miles off the northern end of Cape Cod (station 10491), but the 100-meter level was
about 0.1° cooler. The vertical distribution of temperature was the same near the
land, off the mouth of the Merrimac River (station 10492), as near the head of Mas-
sachusetts Bay, and with the actual values nearly alike, while the trough off the Isles
of Shoals (station 10493, fig. 70) agreed equally with the sink station off Gloucester
just mentioned.

The vertical range of temperature was only about 0.2° off Seguin in about 80

meters depth on December 31, 1920 (station 10495, 5.83° on the surface, 6.1° at
40 meters, and 6.1° at 75 meters); but a few miles farther out from the influence
of the land off the mouth of Penobscot Bay, the next day (station 10496), where
the water is less subject to tidal stirring, the temperature curve closely paralled that
for the Isle of Shoals station 2 days previous in the upper 100 meters (5.6° at the
surface, 6.05° at 40 meters, and 6.79° at 100 meters), but showed a slight vertical
warming at greater depths to 7.5° on the bottom in 150 meters. Surface (4.7°) and
90-meter readings (5.7°) differed by about this same amount close in to Mount
Desert Island (station 10497). However, the temperature was uniform, surface to
bottom, & few miles off Machias (station 10498 5.56° to 5.61°), a state approxi-
mated here throughout the year.
" In the Fundy deep the Halcyon found the whole column about 1° to 2° wa.rmer
on Ja,nuary 4, 1921 (statlon 10499), than Mavor (1923) records it for January 3,
1916; 1in fact, agreemg more closely ‘with his temperatures for December 5, 1918, m
spite of the difference in date, as follows:
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Station [station3
ation on
Depth 10499 | Jan. 3,
) ; : S 19171
. °¢ °g,

e —— 48 i
100 meters ' T ees 53
175 meters o . 16.80 4,59

1From Mavor, 1923, S "' "' Approximate.

Apparently the waters along the western shores of Nova Scotia are about as cold
as the inner part of Massachusetts Bay in the first week in January, judging from
1921, when the temperature was uniformly 3.8° to 3.9°, surface to bottom, a few miles
off Yarmouth (station 10501) on the 4th; or about the same at the surface as the
reading off the mouth of Boston Harbor 5 days previous, with no wider difference af
20.to 40 meters than can be accounted for by more active vertical circulation and
by this difference in date. ‘ ‘

In the northeastern part of the trough, on January 5 (station 10502), the surface
was coldest (5.56°) overlying a uniform stratum (6.6° to 6.7°) at 40 to 100 meters,
with slightly warmer water (6.9° to 7.2°) at still greater depths; but readings taken
in the western side of the basin for January 9 showed the water about 2° warmer
at 100 to 150 meters than either the surface or the bottom (station 10503).

Thus, the level that is coldest in the western side of the basin in summer is
warmest in midwinter—about 2.5° warmer, in fact (7.5° to 7.8°), than we have ever
found it in August. A serial for late November is required for a correct picture of
the autumnal change there; but the fact that the salinity of the 100-meter lovel was
higher at this locality in December, 1920, than we have ever found it in August,
September, or October (fig. 138), suggests that the temperature of its warm stratum
had been maintained at about the November value (about 8°) throughout December
by additions of warmer and more saline water from the southeastern part of the gulf,
while the surface stratum had cooled. This reconstruction is corroborated, also, by
the fact that while the surface continued to chill (about 0.5°) during the interval
between December 29 (station 10490) and January 9 (station 10503), the 100-meter
level warmed by about 0.5°, the 150-meter temperature rose by about 1.5° during
the interval, with no corresponding increase in salinity (p. 994). ‘

- In horizontal projection the midwinter serials just discussed show the 40-meter
level coldest (3.86°) in the eastern side of the gulf, off Yarmouth, Nova Scotia ; 4°
to 6° in Massachusetts Bay, along the coast of Maine east of Penobscot Bay, and at
the mouth of the Bay of Fundy; 6° to 7° elsewhere (fig. 80). The temperature
was regionally as uniform at 100 meters, also, varying only from 6.03° to 7.81° over
the whole area—coldest in the mouth of the Bay of Fundy. At 200 meters, how-
ever, the regional distribution of temperature (also of salinity—p. 804), was just the
reverse, being warmest (6.9° to 7°) in the northeastern branch of the basin and the
Bay of Fundy and coldest in the western side of the basin off Cape Ann (5.3° to 5.6°).

No serial temperatures have been taken in the open basin of the gulf during the
last half of January or the first three weeks of February, but records for the vicinity
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of Gloucester in 1913, for.the southern side of the Massachusetts Bay region in 1925,
and for the Bay of Fundy region show that the water continues-to cool during these
months. In 1924-25 cold weather at about Christmas was reflected in the southern
half of Massachusetts Bay by temperatures about 2.5° lower on January 6 and 7
than they had been on December 22 and 23, the mean temperature having fallen to
about 2.5° to 2.6°, surface to bottom.* ‘

Large amounts of ice formed in the southeastern side of Cape Cod Bay during
the low temperatures and northwest gales of the last week of that December, until
it was packed several feet high on the flats and along the beaches south of Wellfleet,
reaching for'a mile or more offshore as I'saw it on the 29th. "Its chilling effect is
reflected in the fact that the temperature of the water was much lower (0.3° on the
surface, 0.25° on bottom in 13 meters) off Billingsgate Shoal on January 7 (Fish
Hawk cruise 5, station 7) than at the other stations for that cruise.

The surface temperatures for this January cruise (fig. 81) are also instructive as
an illustration of the gradation from lowest readings of 0.5° to 2.5°, close in to the
shore, to warmer water (4° to 5°) in the center of the bay, characteristic of the
season. A reading of 2.78° a mile off the mouth of Gloucester Harbor on this same
date shows that the coldest band was continuous right around the coast line of the
bay, as it had been the month before (p. 650). ‘ ,

Probably the mouth of -the bay, generally, and the open basin in its offing are
usually about 5° to 5.5° in temperature at the second week of January at all depths,
judging from readings of 5.3° to 5.6°, surface to bottom, in 70 meters off Gloucester
on the 16th of the month in 1913 (station 10050). (

On January 6 and 7, 1925, the surface (fig. 81) was slightly cooler than the bot-
tom at the four stations in the central part of Massachusetts Bay (Fish Hawk cruise
5, stations 19, 18, 2, and 4) and in the eastern side of Cape Cod Bay (station 6),
fractionally warmer than the bottom in the southern part of the latter and along the
Plymouth shore. Nor is the cause for this slight regional difference clear, for most of
the stations of the second group, as well as of the first, were occupied on the ebb tide.

On January 9, 1920, Gloucester Harbor was between 0° and 1° (fig. 29), Booth-
bay Harbor fractionally colder than 0° (fig. 30), and Lubec Narrows about 0° (fig.
31), showing that the temperature falls about equally fast in such situations all
around the western and northern shores of the gulf in spite of the difference in lati-
tude.” The water is also about as cold at Woods Hole at this season (Sumner,
Osburn, and Cole, 1913; Fish, 1925).

Massachusetts Bay is coldest during the first half of February; and this prob-
ably applies to the gulf as a whole. The precise date when the temperature fell to
its minimum can not be stated for any of the years of record (no doubt this varies
from year to year, as well as regionally), but the readings taken in the bay on
February 6 and 7, 1925 (Fish Hawk cruise 6), were close to the coldest for that
particular winter. ‘

On this date the surface of the southern side of the bay (mean temperature
about 0.75°) averaged about 2° colder than it had on January 6 and 7, though the
regional distribution of temperature (fig. 82) continued reminiscent of thelate December

#The mean temperature of the air had been below normal at Boston on every day save three since Dec. 19.
« Gloucester Harbor, 42° 36’ N; Lubec Narrows, 44° 49’ N.



656 BULLETIN  OF . THE BUREAU OF FISHERIES

= oy . T a0’ : B ] 70°

ax’

30"

1 15 .70

T 81.;Surface temperaturs of the southern sfdg of Massachusetts Bay, January 6 and 7, 1925




PHYSIUAL OCEANOGRAPHY ‘OF THE GULF OF MAINE 657

w w1 g

15"

M KL S AP e — 4 lag]
| R Y I 30 Nl

F1a, 82.—Surtace temperatare (solid curves) and minimum temperathrb (broken curves) of the sotiihgm side of Massa- :
chusstts Bay, February 6 and 7, 1925 RS A
o \ . .



658 BULLETIN OF THE BUREAU OF FISHERIES

state, with two distinet cold centers—the one along shore between Boston Harbor
and Plymouth (—0.5° to 0°), the other in the southeastern part of Cape Cod Bay.
These very low temperatures in the southeastern part of Cape Cod Bay and along
the Marshfield-Plymouth shore (<0°) are colder than any previously recorded for
the open waters of the Gulf of Maine. However, judging from the fact that the mean
temperature of the air had been close to normal during the preceding month, and
the snowfall unusually light, these parts of the bay may be expected to chill to as low
a figure as this during most winters.

Probably the northern side of the bay is never as cold as its southern part is in
February, for on February 7, 1925, the temperature was 1.67° only a mile out from
the mouth of Gloucester Harbor, though lower (—0.56°) within the latter; and
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F1a. 83.~Temperature profile running from the Marshfield shore out into Massachusetts Bay, January 6 and 7, 2925 (Fish
Hawk stations 2 and 15)
-readings of 2.83° on the surface and 3.11° at 82 meters 7 miles off Gloucester on
February 13, 1913 (statlon 10053), are probably normal for the mouth of the bay at
this date.

The mid-level proved colder than either the surface or the bottom in Massachu-
setts Bay on February 6 and 7, 1925, at 12 out of the 15 stations (fig. 82). At the
same time the coldest stratum lay at a depth of 30 to 35 meters at the offshore
line (Fish Hawk cruise 6, stations 19, 18, 2, and 4) but within 10 to 15 meters of the
surface near the Plymouth-Marshﬁeld shore.

Profiles running out from the land off Marshfield for January 6 and 7 (fig. 83)
and for February 6 and 7 (fig. 84) show a very interesting succession, with the
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water that had been cooled near shore moving out from the land and-at the same
time sinking, to develop a shelflike intrusion into the warmer water of the center of
the bay. The profiles also suggest that the coldest water was produced even closer
in to the coast line than the innermost of the two stations, and that the whole column
was colder than 0° next this sector of the coast at about the end of January, down
to a depth of 10 to 15 meters. . R

In 1925 the southern side of Massachusetts Bay had experienced its mini-
mum temperature for the winter and had commenced to warm again by the last
week in February, when the mean temperature of the surface (1.65°) was nearly 1°
higher than it had been two weeks earlier, with a corresponding rise in mean bottom
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F1g. 84.—Temperature profile running from the Marshfleld shore out into Massachusetts Bay, February 6, 7, and 27, 1925.
The broken curve is the isothéTm for 2° on February 24

temperature from 0.95° to 1.68°. On the 24th the whole surface of the bay was
close to 2° in temperature, a regional uniformity illustrated by readings of 2.2° a mile
or two off Gloucester, in the one side of the bay, with 2° to 2.1° in the central parts
and 2.3° near Provincetown (station 5) in the other side. The offshore drift of water,
chilled next the Plymouth shore, had also slackened, if not entirely ceased (fig. 84).
The vertical distribution of temperature off Provincetown (Fish Hawk station 5)
on February 24 is interesting because the bottom reading was the highest (2.34°)
recorded for any level at any of these late February stations. A 40-meter salinity
of about 33 per mille at 40 meters there, contrasted with 32.7 to 32.8 per mille in the
central part of the bay, shows that some inflow through the bottom of the channel
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that separates Cape Cod from Stellwagen Bank was- respons:ble for thls unexpected
warmth of the bottom water at the tip of the cape. .

The facts that the inshore stations for the last week of February were. slightly
warmer at -all levels than they had been three weeks previous, and: that the water
was slightly warmer inside Gloucester Harbor (2.78°) than a mile or two off the
mouth (2.2°), instead of the reverse, are sufficient evidence that the coastal belt had
begun to gain heat from the sun faster than it was losing heat by: radiation from its
surface; - This gain'was not yet rapid enough, however, to have produced any general
differentiation in temperature between surface andunderlying water in the moderate
depths'of Massachusetts Bay; and periods of severely cold weather may be expected to
cause temporary reversals during the first weeks. In fact, a setback of this sort seems
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Fm 85. —-Temperature at three reprasentatlve statxons &, 10, and 18'to 18A) in the southiern side
of Massachusetts Bay on January 6 and 7, 1925 (solid carves), and on February 8 and 7
(broken cuxves), to show change in one month
to have occurred between the 25th a.nd 27th of that February, because the Fish Hawk
once more found the water off the mouth of Plymouth Harbor coldest at the surface
on the latter date, after three days of severe cold accompanied by a northwest gale
Thus, the shoals seem :to have aeted 88 8 temporary center for coohng there, as
might be expected. o
The winter of 1912-13 seems to have been about as.cool as 1924—25 in T\Iassachu—
setts Bay, minimum temperatures slightly higher (2.8° at surface and at 46 meters,
3.11° at 82 meters, February 13,.1913) -being associated with.the. situation of the
standard station well out in the mouth. of the bay: - February, 1921, was measur-
ably warmer, with 3.3° at the surface, 3.52° at 20 meters, and 3.63° at 40 meters 114
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miles off Gloucester Harbor on the 9th (p. 994), where the surface reading was 1.67°
on the 6th in 1925, After the almost Arctic February of 1920, the Albatross found
the surface about 1.1° on March 1 on the run from Boston out to station 20050 at
the mouth of the bay, and the open gulf correspondingly low in temperature, as
descrlbed above (p. 522).4

It is alsp probable that the temperature of the water did not begin. to rise in
1920 until after the first of March, instead of gmmng heat from the middle of Feb-
ruary, as happened in 1913 and in 1925; but rising temperatures may be expected
in Massachusetts Bay by the last of February in all but the tardiest seasons. e

It would be interesting to compare the midwinter temperature of Massachusetts
Bay with that of the Bay of Fundy in the opposite side of the gulf. Unfortunately,
the winter data 8o far available do not sufficiently establish the rela.tionship between
the two regions because they are for different. years, except that there is no great
difference between them at the coldest season.

Massachusetts Bay
Feb. 6 and 7, 1926 Feb. 13, Feb. 7,
1913, off | 917
Depth 4 Pish Glouces- Fugd
Hawk g 1shk tger, 153353 (Mavo¥
: aw. ion !
Station | gtation2 1923)

: : °C. °C. °C. °C.
BUIfBCO — e oo e et tmm e cisas tmcmem e ceeas s eeeeeemaemcmmeeecmm e 2.00 2.00 2.83 1.46
B0 MELOTS - oo ccemecmnmame mmammcemame—aeemsmcemeee——ameeam———-——— 1,99
B0-84 MIBEOTS o e eae e smreeeemoecomemaemmm e cmn —emmm emmaan 1.85 181 |accmeooo]oae, oinn
48 meters . _oeiiennn - 2.78 |cmmrmaene
B0 Mt OrS o oo —- . 2.44
468 meters [, 2.00 310 |eoeacnlcifemoncmaann
£ 117 O Oh UL SOOI BRSO SO . 8.12
82 meters ... . PR : [ X § I

Passamaquoddy Bay, tributary to the Bay of Fundy, seems also to correspond
closely to Cape Cod Bay in minimum temperature, its inclosed situation so exposing
it to climatic chilling that its surface falls close to the freezing point. Thus, Doctor
McMurrich’s notes (p. 513) record a temperature of about —1.7° at St. Andrews
from February 16 to. March 3 in the very cold winter of 1916, compared with a
minimum of —1.55° in Cape Cod Bay on February 6 and 7 of the more moderate
season of 1925 (Fish Hawk cruise 6, station 6A). Willey (1921) also records —0.77°
at 20 meters depth in Passamaquoddy Bay on February 23 1917, which is about the
expectation for Boston Harbor and probably for the inner parts of Casco Bay and
of Penobscot Bay.

Neither is the difference of latitude between the Bay of Fundy and Massachu-
setts Bay accompamed by more than a week’s dtﬂ'erence, or so0, between the dates
when vernal warming becomes effective in the two regions. Thus, the trough of the
Bay of Fundy commenced to warm about the first of March in 1917 (Mavor, 1923),
and while Doctor McMurrich’s plankton notes for St. Andrews do not show a rise
in temperature until the end of that month in 1916 this was even a more tardy
spring than 1920.

4 The surface of Massachusetts Bay Is recorded as 3.3° on Feb. 24 1020 (Bureau of Fisheries Document No. 897, p. 183), but
this is simply the quartermaster s record.
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""" During the winter of 1919-20 the water of Gloucester Harbor (fig. 29) chilled
to about —1.5° and was colder than 0° from about January 12 to March 20; Booth-
bay Harbor (fig. 30) chilled nearly to —2° and was below 0° from January 5 to March
5; Lubec Narrows (fig.31), where tidal mixture with the water outside is more active,
chilled to about the same temperature as Gloucester and was colder than zero
for a slightly longer period—January 5 to March 20. In such situations, then, the
strength of the tides and the frequency with which the water is renewed from out-
side govern the minimum to which the temperature 'drops in winter more than the
latitude does. ' S : :
K " THERMAL SUMMARIES

Summaries of the thermal cyles for the following representative localities are
given: (1) Mouth of Massachusetts Bay, off Gloucester; (2)' the Fundy Deep,
between Grand Manan and Nova Scotia; (3) near Mount Desert Island ; and (4)
the western side of the basin of the gulf in the offing of Cape Ann.

1. MOUTH OF MASSACHUSETTS BAY, OFF GLOUCESTER

Temperatures at various dates, to 0.1°, some by direct observation and others by interpolation

Apr. 7,
Mar. 1, | Mar. 4, ianh| APr.8, | Apr.9, | May4,
Depth 1620 ' | 1973 " | Mar. 19, [1925 Fish) “yoi™ | “rosy” | "3
20050 10054 station 31 10055 20090 20120
oy U 2.5 2.9 2.2 4.1 41 3.3 6.4
20 meters imeeramammemas e nmimea——— 19 2.9 L9 3.4 4.1 2.5 4.7
40 ‘meters - .~ L9 3.0 1.8 "3.0 4.0 T 2.4 4.3
70 meters _ .- leame L7 3.4 18 2.8 4.0 2.4 2.7
100 meters ... : Femesumaneeamcmeommn L5 2.3 .
. June 18-
. . | May 4, Magy 16, | May 26, | 17, 1925 Julg 10, | July'19, | Aug. 9,
Depth - 1915 1520 1915 Fish | 1911 1913
. 10266 | 20124 10279 | Hawk 10341 10341 | 10087 |
station 31 .
Surface ... 6.1 9.7 10.0 12.9 18.3 16.4 18.7
20 meters 4.0 8.1 7.2 5.6 9.0 6.0 10. 4
40 meters : 3.8 2.9 5.2 4.0 6.6 4.1 6.7
70 meters 3.6 2.8 3.8 3.6. 4.6 3.7 6.3
100 meters 3.6 2.7 . - WREETIRE: A ; I PR 5.2
22, | Aug. 22, | Aug. 22, | Aug.31, [Sept. 29, Oct.1, | Oct. 27,
Depth 1914 uﬁﬂ 111322 ’ %15 ?1915 19156 1015
PR 10283 10832 10633 10306 10820 10324 10339
Surface 18.9 18. 00 18.7 16.1 10.5
20 imeters -..... e 12.0 9. 10 12.3 12.0 | 10.6
40 meters 6.5 7.4 7.0 83 10.1
70 metérs 5.3 4.70 [eacmcacaed] 6.7 7.0
100 ‘meters . 4.6 —— 6.0 [cece cmae]
Oct. 31, | Nov. 20, 60, 4, | Deo, 23, | Dec. 29, | Jan. 16, | Feb. 9, | Feb. 13,
Depth 1916 2 1912 1912 1 1913 1921 3
10399 10047 10048 10049 10489 10050 10504 10053
Surface 10.0 9.2 81 6.9 5.6 5.4 3.3 2.8
20 meters 9.6 9.0 7.8 6.9 6.0 5.4 3.8 2.8
40 meters 8.2 9.0 7.8 6.9 6.9 5.3 3.6 2.8
70 meters ...... [+ 55 N S 7.8 6.9 6.9 [ 10 FS— 3.0
100 Meters oo e e om oo | 5.4 7.0
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In this region (fig. 86) the most obvious seasonal -change 'is the- very rapid
warming of the surface, which takes place from the end of the winter until about
the end of July, resulting (on the average) in a rise of nearly 17°. ‘Affer the first
month or so of vernal warming (March 'to April), during’ which the whole column
warms nearly uniformly, the rate at which the temperature rises becomes inversely

" proportional to the depth; and it so continues throughout the spring and summer,
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F1q. 86.—Composite diagram of the normal seasonal variation of temperature at the mouth of Massachusetts Bay,off . °

Gloucester, at the surface, 20 meters, 40 meters, 70 meters, and 100 meters. 'The curves are smoothed. The station

for August 9, 1923, is omitted because the water between the 20 and 150 meter levels was much colder that summer

than usual, after an unusnally cold winter .

primarily because the source of heat is from above and secondarily because the ver-
tical circulation is not sufficiently active to prevent a constant increase in vertical
stability as the upper strata becomes warmer and warmer. The steadily widening
spread between the curves for the surface and for the 20-meter level thus mirrors
increasing stability. The result of this partial insulation of the deeper strata from
the penetration of lieat from above is that the maximum temperatire for the year is
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reached later and later in the season, at greater and greater depths, with the water
continuing to warm at any given level until the autumnal cooling of the surface
brings the temperature of the overlying mass down nearly as low. Thus, the. sur-
face is warmest in August, the 20-meter level about the first week of September, the
40-meter level not until October, and the 70-meter level in November, while the 100-
meter temperature probably does not reach the maximum for the year until the first
part of December. This has the interesting biologic complement that while any
animal living in the littoral zone, or pelagic close to the surface, encounters the
highest temperature while the solar illumination has fallen but little from its maxi-
mum intensity, for inhabitants of the deep water in 70 to 100 meters the summer,
as measured by temperature, falls When the 111um1nat1on by the sunis nearmg its mini-
mum for the year. '

Sometime in July the warming of the surface suddenly slows down as the sun’s
declination falls lower and lower; but the cooling that takes place during September
no doubt is due more to vertical mixing than to the loss of heat by radiation from
the water, because the mean temperature of the air does not fall below that of the
surface until about the middle or end of October (p.671). The two chilling agencies
that affect the surface of the Massachusetts Bay region—i. e., the constantly lower-
ing temperature of the air and the incessant tidal stirring that becomes more and
more active as the stablhty of the water decreases—make the whole column vir-
tually homogeneous in temperature (about 9°) down to 100 meters depth Dby the
beginning of winter. From that date on we have never found the surface differing
by more than 2.5° in temperature from the bottom in any part of Massachusetts
Bay until March; and in depths of 70 meters, or deeper, the bottom water is usually
slightly warmer than the superficial stratum from the last half of December until
the middle of February, with the winter minimum for the whole column usually fall-
ing between 2° and 3°. At the mouth of the bay, 7 to 12 miles off Gloucester, the
temperature is at its minimum about the middle of February in most years.

2. BAY OF FUNDY

The graph for Massachusetts Bay illustratés the thermal cycle for the coastal
zone of the gulf where least stirred, vertically, by the tides; that for the Bay of
Fundy shows the opposite extreme. Corresponding to this difference in circulation
under the influence of a much more severe winter climatfe and a somewhat cooler sum-
mer in the atmosphere, the graph of annual temperature in the Bay of Fundy (fig. 87)
shows a vertical range of only about 5° in the upper 100 meters in summer, contrast-
ing with 14° in Massachusetts Bay. Similarly, the annual range of surface temper-
ture is only about 10°; 17° or 18° at the mouth of Massachusetts Bay. At:100
meters, however, the annual range (approximately 5°) is about the same for the two
localities. Although the Bay of Fundy is much less stratified, with regard to tem-
perature, than is Massachusetts Bay during the warm months, it is more so during
the winter, with the surface 1° to 1.5° colder than the 100-meter level between the
dates when the whole column becomes homogeneous in temperature in autumn and
again in early spring.

In normal years the surface of the Bay of Fundy reaches its highest tempera-
ture in August or early September (slightly later than the date when the surface of
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Massachusetts Bay is warmest), the 20-meter level early in September; 40-metor
level: about .the 1st of October, and the 70-meter and 100-meter levels dunng athat
month or the next.

3 NEAR MOUNT DESERT ISLAND

-Off Mount Desert, where tldal stu'rmg keeps the water thoroughly mixed, surface
to ‘bottom, throughout the year, the column cools nearly uniformly at all levels
during the autumn and warms only slightly more rapidly at the surface than in the
deeper strata during the spring (fig. 88), so that the period when the surface is more
than 1.5° to 2° warmer than the 20 to 40 meter level averages 2 to 3 months instead
of 5 to 6 months, as in Massachusetts Bay; and the 40-meter level warms to its
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F1a. 87.—Composite diagram of the seasonal variations of temperature at Prince station 3, in the Bay of Fundy, between
Grand Manan and Petite Passage, from November, 1916, to November, 1017, from Mavor’s (1923) dats
maximum for the year only a menth or so later than the surface, instead of about 2
months later. The autumnal equalization of temperature also takes place by the
first week of October near Mount Desert, a. month earlier than in the deep part of
the Bay of Fundy (ﬁg 87) but only a week or two- earher than in Ma,ssa,chusetts

Bay (fig. 86)
_ 4. WESTERN SIDE OF THE BASIN

Probably the western arm of the basm (fig. 89) is less sub]ect t0 tidal stm‘mg in
its upper strata than any -other part of the gulf. Therefore, it is not surprising to
find the seasonal rise and fall of temperature of its superficial stratum (surface to 40
meters) closely reproducing that of Massachusetts Bay, except that the temperature
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does not fall quite as low in winter, being farther offshore. - The date when the tem:
perature rises to its maximum for the year is also about the same’herelas in the bay—
m1d-August for the surface, late August or early September for the 20-meter level—
but in 1920 this part of the basin was not coldest until about the last week in March,

whereas the surface in the neighborhood of Gloucester had begun to warm by the
end of February, & difference corresponding to the'difference in location (pt 694).

Vernal warming is also‘ generally parallel at these two locations down to the 40-meter
level; but'it can readily be appreciated that any upwelling of the much colder bot-
tom water at any time from June to October would interrupt the orderly progression
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of the 40-meter temperature, and 1t is probable that the very low 40-meter rea.dmgr
recorded off Cape Cod for August 22, 1914 (station 10254, 5.75°) is to be ag¢counted
for on this bagis.  Lacking data forlate September or-early Qctober, I can not defi-
nitely state whether the 40-meter level of this side of the basin warms to its annmal
maximum at about the same date as in Massachusetts Bay (September)

The amplitude of the seasonal variation in temperature is nearly the same in the
superficial stratum of the basin off the mouth of Massachusetts Bay ae within the
latter—i. e., a range of about 17° to 19° from summer to winter at the surface, about
10° to 11° at 20 meters, and about 7" to 8° at 40 metex‘s Unfortunately the on1y3
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sutumnal data for the deeper levels (100 and 150 meters) were for October and
November of the very cold year 1916, when these underlying strata certainly had not
warmed to the temperature usual for the date, although the superficial strata had
(p. 642 ); but warming is probably to be expected here at 100 meters until some
time in December. However, no rule can be laid down for depths greater than 100
to 150 meters in the basin. Thus, the lowest temperature so far recorded in the
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F1q. 89.—Normal seasonal variations in temperature at the surface, 20 meters, and 100 meters in the west-
ern side of the basin of the gulf, in the offing of Cape Ann, combined from the data-for the several
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western side of the basin at 150 meters was for midsummer (1912) instead of at the
end of the winter, as is the case off Gloucester only 30 miles to the westward. This'
lack of conformity between the season of the year and the temperature is still more
notable at 200 meters, for which level the lowest as well as the highest temperatures

for this locality have been recorded in summer, the latter (6.3° and 6.8°) in August,
1914 and 1915, and the former (4.61°) on July 15, 1912,
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RELATIONSHIP BETWEEN THE TEMPERATURE OF THE SURFACE
AND OF THE AIR

The daily air and surface temperatures for Gloucester, Boothbay, and Lubec for
the year 1919-20 (figs. 29 to 31) show the air constantly warmer than the water
along the western and northern shores of the gulf from the middle of that March
until late in October, a difference averaging greatest from some time in June until
the last half of August. During the summer the 10-day averages for air and water
frequently differ by 4° C.—occasionally by as much as 7°—and very hot days would
show a still wider divergence.

The 10-day averages for air and water recorded by Rathbun (1887) for the
years 1881 to 1885 are of the same tenure at the following lighthouses: Thatchers
Island, Boon Island, Seguin Island, Matinicus Rock, Mount Desert Rock, and
Petit Manan, with air averaging warmer than water after the first half of March.
At Eastport, too, the Signal Service of the United States Army found the mean tem-
perature -of the air higher than that of the water after March 21 for the 10-year
period, 1878 to 1887 (Moore, 1898, p. 409).

In 1920 the Albatross *® found the air averagi.ng about 1.7° colder than the water
across Georges Bank during the night of February 22-23 and up to 1 p. m. of Febru-
ary 23, but the average difference between air and water was only 0.7° (day and
night) on the run in from the bank to Massachusetts Bay on that date, with air and
water temperatures precisely alike in Massachusetts Bay.

On March 2 to 4 (stations 10252 to 10260) in that year the surface of the cen-
tral parts of the gulf (stations 20052, 20053, and 20054) still continued warmer than
the air up to March 2 to 4 (average difference about 1.5° C.); but the air had warmed
so fast over the land that the air readings for the coastal sector between Penobscot
Bay and the inner part of Massachusetts Bay (stations 20055 to 20062) were con-
sistently 1.1° to 5.6° higher than the surface readings by that date, night as well as
day, averaging about 3.5° warmer.

This regional difference between the coastwise belt and the water farther out at
gea had disappeared by the 10th to 11th of March, when the Albatross ran out from
Boston to the southeastern part of the basin (station 20064), the air now being con-
stantly warmer than the surface over the 24-hour period, 1 p. m. to 1 p. m. From
that date on the hourly readings showed the air invariably warmer than the water,
except on March 20, when we ran along the west coast of Nova Scotia to St. Marys
Bay in a southeast storm with snow squalls.

Apart, then, from extremes of weather, the air averages warmer than the surface
of the gulf from about March 10 on, though the precise date when this state is estab-
lished varies from year to year and falls a week or more sooner near land than out
in the central parts of the gulf.

©® Hourly temperatures, United States .Bureau of Flsheriea'(1921, D. 183).
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S Amoynt by which the air was warmer than surface water, April 6 to 20, 1920

1-Amount

) by which
L [ j : : . .alrwas. -

General locality . Station Date Time : waxl-mer

wawr.

v °C.
b

gﬂ Bost Harbm' 55
-G 4 . 1.0
0ff Cape Ann.--_ " . 5.7
Off Ipswich Bay.__... famnt . : S P M. .8
Oft Isles of Shmln ] .30 p. .8
Platts Bank CIPEPREEE, ! ‘8. m, L1
Near Cape Euzabeth 3 . m. 1.9
Off Seguin Island : ——— : 20008 {...do .| 12.20 D. 0.4
Off Pencbscot Bay. - 20097 |...do__..| 11 p. m. 1.0
mr Mount Desert Rock : . {omaiaman 20088 | Apr. 11.[4p.m. 3.6
ghMount Desert Island oo o [ 20099 | Apr. 12 | 1p.m. 8.3
aa9t part of basin ...... mmmeem———— : - 20100 j-L.do _...| 4.30 p. 3.9
______ 20101 |-..do.__.| 9.30 p. 3.5

oft Yarmouth Nova Scotia 2 : 20102 | Apr. 137| 2.15 8, 3.9
German Bank 20103 | Apr. 15 | 1 p. m.. 8.7
oft Sea] Island, Nova Scotia RERIN 20104 |..~do ...l 8 p. . 4.7
North Channel ... 0 0. 220 I 20105 1--_do ___| 9.15 p. 41
Browns Bank.......- ————— . GRS Y B © 20108 | Apr. 1611220 8. m.___. -, 3.5
Eastern Channel oo oo acmccciceeen 20107 }...do_.._| 4.35 8. 5.5
Fast edge of Georges Bank. e ey . . -20108 .. do .| B.50a. 6.4
;!outheast slope of Georges Bank ........ . 20109 |...d .| 5p.m. 5.8
Bast part of Georges Bank oo cu i cacmcmmemmmiaeiianlon 20110 |..-do..__| 830 p. 8.1
20111 | Apr. 17 { 1.15a. 3.6

Southeast part of basin . : . 20112 |-..do ._..{ 5.35.8. 7
Center of basin - 20113 |...dQ ....| 1 p. m.. 3.8
Near Cashes Ledge . . : L 20114 [...do._..{ 8 p.m, 3.8
Bagin off Cape Ann e 20115 | Apr. 18 | 3.40 p. 2.0
Off Cape Cod : ; cameis L . : 20116 {._.do ....| 955 4. 3.0
Do. . 20117 |..-do.__..| 1p. m 4.6
Cipe Cod Bay. il : X il smmniat : . 20118 1 Apr. 20 | 10:50 a. 8.8
Mauth of Massachusetts Bay.-.. J— . 20119. |...do ....]| 8.20 p 6.9

. The air a.vera,ged about 5° warmer than the water in Ma.ssachusetts Bay, along
Cape Cod, and out across ‘Georges Bank to the. contlnental edge by May 16 to 17,
1920 (run from station 20123 to station 20129), w1th the dlfference gre&test. (10°)
in Massachusetts Bay from 10 8. m. to 1 p..m., least (1.4° at 9 p. m., but increas-
ing again to 4° to 5.5° over Georges Bank durmg the daylight hours of the next day.
. In any partially mclosed body of water, such as the Gulf of Maine, where the
wmd may blow either out from the land over the water or in from the open sea, the
relation of water to air temperature depends largely on the strength and dlroctlon
of the wind at any particular moment. For instance, the Halcyon. recorded an air
temperature of 23.3° C. and surface reading of 14.44° while fishing on Platts Bank
‘on July 27, 1924, at 5 a. m. in a flat calm; but shortly afterward a breeze coming in
from the south—from the open sea—lowered the temperature of the air to 15.6°, with
no change in the water. On the whole, however, the difference between air and water
during the part of the year when the air is the warmer. certaanly rules greatest by
day, when the sun’s heat pours down, and least by night. . For instance, the air was
3° to 4° warmer than the water from 7 a..m. to 5 p. m. on the run out to the basin
off Cape Ann on July 15 to 16, 1912, and only about 1.5° to 2° warmer than the
water from 9 p. m. to 1 8. m.
89512843
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The hourly temperatures taken on:our summer cruises have not yet been stud-
ied in detail, but preliminary examination shows that the spread between air and
water continues of about this same order of magnitude over the open gulf from May
until July, averaging about 0.3° to 5°..

Usually we have found the air at least 2° but seldom as much as 4° warmer
than the water of the open gulf in August and September by day. This accords
with Craigie and Chase’s (1918, p. 130) and with Craigie’s (1916a) records of air 2.2°
to 6.24° warmer than surface over the Bay of Fundy generally during July, 1915, and
air 2° to 3.8° warmer than water along a section of the bay from Grand Manan to
Nova Scotia on August 27 to 29, 1914. Mavor’s (1923) experience was also similar.
(No night time records have been published for the Bay of Fundy.)

The only regional distinctions that I dare draw in this respect for the open gulf
until the very considerable mass of material is more carefully analyzed, is that the
difference between daytime temperatures of the air and of the water averages great-
est near the shore, as was to be expected

It is common knowledge that the air along our sea.board is often much warmer
than the water that actually washes the coast during the warmest part of the sum-
mer. Thus, we find the air averaging 6° to 7° warmer than the water at Boothbay
and Gloucester and in Lubec Channel about July 25, 1920 (ﬁgs 29 to 31), with
differences as wide as 10° C. (18° F.) on individual hot days.

Vachon (1918), toe, found differences as great as 10° to 12° between the
temperatures of air and water in Passamaquoddy Bay on individual days in July,
August, and September, whereas the maximum difference between air and surface
so far recorded for the open Bay of Fundy is only 7.34°; 8.3° for the Gulf of
Maine otitside the outer headlands (on August 16, 1912). The mean difference
between air and surface temperatures for the Gulf of Maine as a whole will
probably be found to fall between 2° and 5° for the summier.

We have occasionally found the surface slightly warmer than the air as early
as the first week in August. In 1912, for example, the Grampus, running offshore
from Cape Elizabeth in a flat calm and bright sun on August 7 and 8, found the
water fractionally colder than the air early in the day, 1° to 1.5° warmer than the
air from noon to 2 p. m., once more slightly colder than the air from 3 to 9 p. m..
and then again fractionally warmer than the latter from 10 p. m. until 1 a. m.

A period is next to be expected when the air will be cooler than the water
during some of the nights, though still warming by day to a temperature higher
than that of the water, presaging the date (sometime in October) when the mean
temperature of the air falls permanently below that of the surface of the gulf, so
to continue throughout the winter. The following table of hourly differences will
illustrate this for one ‘24-hour period (August 15, 1 a. m., to August 16,1 a. m.),
during which the Grampus ran eastward from the v1cm1ty of Mount Desert Rock
toward the Grand Manan Channel.
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<+ Difference between surface and air temperatures (° C.) .

[— signifies that the air was cpiiiér, + that it was the warmer)

, . Differ- Differ-
Hour ence Hour o | emce .,
August 15~Contmued

+2.8 2p.m; +6.6

+1,7 3p. +3.9

A41.1 4 p.m. +4.4

+1.7 5 p.m. +2.2

. =—0.8 6 pim, +2.2

~0.6 7.p.m, +2.2

. 4+0.8 8p.m. +2.2

+1.1 9 p.m. -L1

+2,8 10 p.am -1, 7

+2.8 11 p. -1.7

+2.8 12 midnight i . 0.0

+3.3 | August 16: 1 8.0, .ol eicee e . 0.0
+ 5.0 . S L ’ U : .

* It is to be noted that while the air temperature did not fall below that of the
" Water until between 3 and 4 a. m. on the first mght this happened at ‘9 p m. on
; the second.
In 1920 the air averaged colder than the water in the harbors of Gloucester
; ﬂoothbay, and Lubec after about the middle of October. According to the temper-
stiires collected by Rathbun (1887), the surface was colder than the air at the
- geveral lighthouses after the following approximate dates of 1881 to 1883:

D Locality ’ i | Year o " Date
e . .

1882 | After Nov. 16, -
Poliock Rip ’ 1883 | After Nov. 1.

“Thatchers Island : , 1882 | Between Nov 1 and 16,
wogi : : . . " o ORI . 1881 1 After Qct. 3
~ BoonlIsland .ooomoo.ae. 1882 | After Nov. 1
R ) s : ; T 1883 | After Nov: 0.
. 1881 | After Nov, 1.
- @eguin Island. .. NS e oo edimmmm————— ~-|{ 1882  After Oct. 25,
i ) . 1883 | Nov.1t06.
1881 |- After Oct. 17.

 MAU0ICUS ROCK oo oven . oomemnceemmm smmne -l 1882 | After Oct. 25,
. 1883 | Nov, 1to 6.
1881 | After Nov. 16. but with reversals

Mount Desert Rock.. i |{ 1882 | After Nov. 1
. 1883 | After Nov. 6 .
eI ‘ i . ' 1881 | After.Nov. 8,
Petit Manan 1882 | After Oct. 22,
Con o R , 1883 | After Nov. 26.

i Thus the water in the coastal belt is constantly warmer than the air after the
. dast-week of October or the first week in November.. From that time on thé differ=
~ence between air and water increases until the middle of January, when the air
-averages about as much colder than  the water as it is warmer in summer (illustrated
by the 10-day averages for Gloucester, Boothbay, and Lubec, figs. 29 to 31). - During
- periods of extreme cold, such as come to New England and to the Maritime Prov-
inces almost every winter, the spread between air and surface temperatures is even
rider than thé spread of the reverse order in summer. At Lubec, for example, the
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air averaged 10° the colder for 10 days in January, 9° the colder at Boothbay, and
it may be more than 20° colder than the water in the western side of the gulf on the
coldest days. Thus, on December 21, 1924, when the mean surface temperature of
the southern side of Massachussetts Bay was about 4.3° (p. 650), the air temperature
was —18° C. at Boston (p. 650). As another example I may cite December 17, 1919,
when the air temperature was about —21.5° C. at Lubec (7° below zero F.), the‘
temperature of the surface water being 0°. ,

In the winter of 1919-20 (a cold year) the air temperature averaged about 3.1°
colder than the surface at Gloucester from December 2 to March 1 and about 5°
colder than the water at Lubec. At Eastport the United States Army Signal Service
found the mean water temperature to average about 6.6° warmer than that of the
air for the period December to February during the 10 years 1878 to 1887.

The temperatures collected by Rathbun at lighthouses and lightships do not
cover the months of January or February, and his statement (Rathbun, 1887, p.
166) that the reason for this omission is ‘‘the manifest errors of observation some-
times made during extremely cold weather’’ makes it doubtful how close an approx-
imation to the truth is given by his averages for the last half of December. Conse-
quently, it, is necessary to turn to the observations taken on the Halcyon .during
December to January, 1920-21, for the relationship between the air and surface tem-
peratures for the. open gulf in midwinter; nor do these fairly represent its outer
waters, all having been taken within 30 to 40 miles of land. .

These Halcyon stations show the air 4.4° colder than the water oﬁ Boston Har-
bor (station 10488), but averaging about 2.5° colder than the water in the northeast-
ern corner of the gulf and precisely the same as the water in the Fundy Deep
(station 10499).

The records for this cruise would have been more falrly representatlve had it
included any severely cold ‘days, which it did not, for the obvious reason that when
icy northwest gales sweep the gulf oceanographic research from a small ship becomes
impossible. Nevertheless, the regional difference just sketched does illustrate the
very 1mportant fact that the cold Wmds of winter are most effective as coohng
agents close in to the land.

While no exact data are at hand for Georges Bank in early winter, general
report has it that the temperature of the air is close to that of the water there in
December and January, except when cold northwest gales blow out from the land
or warm “southerlies” blow from the tropic water outside the edge of the continent.

‘From;the oceanographic standpoint, the most instructive conelugion to be drawn

Jfrom the relationship between the temperature of the air and that of the water is
that the surface-of the gulf follows the air in its seasonal changes (p. 699; Bigelow,
1915 and 1917). This, of course; is a corollary of its situation to leeward of the
continent, with winds blowing from the land out over the sea for a much greater
percentage:of the time than vice versa, especially in winter. It follows from this, as
I have. emphaslzed in. earlier publications, that the relation of sea climate to. air
chma.te is,;on.the whole, the reverse here of what applies to northwestern Europe,
the surface of the sea responding rapidly in winter to the rigorous air climate.

How closely the winter temperature of the water of the harbors and bays tributary
to the gulf depends on the influence of the land is illustrated by the fact that Gloucester
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Harbor, which épens - freely

to the deeps off Massachu- |

setts Bay,is 0.05° to 1° warmer
. than the more inclosed waters
of Woods Hole in winter,
slthough a degree of latitude
farther north and ‘bordering a
colder ocean area (Bigelow,
1915, p. 257). Gloucester
Harbor, in turn, is colder than
the neighboring parts of Mas-
sachusetts Bay. Forexample,
the surface temperature of
the outer part of the harbor

fell to about 0.5° to 1.1° dur-

ing the winter of 1912-13,
but the lowest reading a few
miles outside was 2.78° (Bige-
low, 1914a). Boothbay Har-
bor, 75° miles north of Glou-
cester and shut in by numerous
islands, is likewise colder in
winter than are the neighbor-
ing waters of the open gulf.
OnMarch-4, 1920, for instance,
the temperature of the harbor

was fractionally below 0° (fig.

30), at which date the Albatross
had surface readings of 2.2° to

1.1° on the run in to the-land:
there from a station some 35

miles offshore (20057), In-
formation to the same effect.re-

- sults from an..average March..
temperature of about 0.11° at -

the Bureau of Fisheries station

#t:the head of Boothbay Har-

bor - for March, 1881 to 1885,

contrasting with 1,1°t0 1.7° at -

Seguin Island (Rathbun, 1887).
F:inally, a graph (fig. 90) is
offered to show the thermal
progression of air and water in
Massachusetts Bay during the
" winter of 1924 and 1925.
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Fie. 90‘.;:Surtace and bottom temperatures off Plymouth, Mass. (Fish Hawk station 10, p. 1006); daily temperature of the sair at Boston and diroétion of the prevailing wind from

December 3, 1924, to June 17, 1925. Compiled by R. Parmenter ",
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FACTORS GOVERNING THE TEMPERATURE OF THE
GULF OF MAINE

The temperature of the gulf, like that of other boreal seas, is governed by &
complex of factors into which the temperature of the water that enters the gulf from
the several sources enumerated below (p. 854), warming by the sun’s rays, and cooling
by the radiation of heat from the water to the air in autumn and winter, as well as
by evaporation from its surface and by the melting of snow (and locally of ice), all
enter. Added to all of which the temperature at any given depth, date, and local-
ity depends to a large degree on the local activity of vertical circulation, especlally
of tidal stirring.

Continued studies confirm the earlier generalization that the temperature of the
superficial stratum of the gulf down to a depth of about 100 meters is governed
chiefly by the chilling caused by rlgorous winter climate and by the influx of cold
water from the Nova Scotian current in spring, on the one hand, balanced agalnst
local solar heating in spring and summer, on the other, and against the warming
influence of the influx of offshore water which enters its eastern .side. As the
gulf lies to leeward of the continent, its western and northern sides are the most
responsive to climatic changes (Bigelow, 1922, p. 164).

In evaluating - the relative importance of these several processes 1t is to be
observed that all of them are distinctly seasonal in their effects.

SOLAR WARMING

In the Gulf of Maine, which very seldom is invaded by warm water from the
south or from outside the continental edge—situated, too, at a temperate latitude,
with the sun’s noon altitude rising to more than 63° above the horizon during the
months of May, June, July, and the first half of August—-solar heatmg m sztu is the
chief and, indeed, almost the sole source of heat. '

The absorption of heat by the water from warm air blowing over its surface
exerts much less effect on the sea temperature. This last statement rests on the
fact that the capacity of sea water for heat (technically its speclﬁc heat *) is about
3,000 times greater than that of air.

Such great volumes of warm air must, then, blow ‘over the surface of the ses
before the latter is warmed appreciably that heat from this source can be responsi-
ble for only a very small part of the vernal rise in temperature that charactenzes
the Gulf of Maine.

Water, fresh or salt, is apparently a transparent fluid when v1ewed in small
volumes. Actually this is far from the truth. Consider, for example, how rapidly
any obJect lowered into even the clearest sea vanishes from sight.®® In fact, sea
water is so nearly opaque to such of the sun’s rays as convey most of its energy

0 The specific heat of distilled water is usually stated as 3,257 times that of air. Sea water has slightly less capacity for heat,
Kriimmel (1907, p. 279) quoting from experiments by Thoulet and Chevalier (1808), giving the specific heat of water of 30 per
mille salinity as 0.939 and that of water of 35 per mille salinity as 0.932, both at 17.6° temperature, taking distilled water as
unity,

#18ee page 822 for actual measurements of the visual transparency of the Gulf of Maine at varlous times and places,
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- that only a very thin surface stratum of the sea is warmed by direct solar radiation.
. Rurther transference of the heat so gained, downward to. the deeper strata,, depends
- on other: processes, discussed below (p. 678).

it Oceanographers, therefore, long have realized that the thickness of the stratum
that receives the heat of the sun directly depends on the distribution of this energy
along the solar spectrum and on the transparency or opacity of the water toward
rays of different wave lengths, which, in turn, depends largely on the clant.y or
turbldlty of the water.

The altitude of the sun—i. e., the angle at which its rays strike the surface of
the water—and the roughness of t.he water determine what percentage of the total
radiation is reflected and what percentage penetrates. No attempt has yet been
made to measure this for the Gulf of Maine; but there is no reason to suppose that
the latter differs'much in this respect from Puget Sound, where Shelford and Gail
(1922) found about 25 per cent of the light reflected or shut out by the surface mirror
between 10 a. m. and 2 p. m. in calm weather, with the loss increasing to 60 to 70
per cent, or even more, when the sea was rough.  On the-average, then, about 50
per cent of the solar radiation falling upon the gulf may be expected to warm the
latter; the remainder: is lost, so far as any direct effect on the temperature of -the
water is concerned.?

When we attempt to estimate the wa.rmmg effect Whlch the 50 per cent or SO
that does penetrate actually exerts at any given level, we must keep clearly in mind
the distinction between the intensity of radiation and the extreme penetration of
light.. The latter has been the subject of repeated experiments, and, as might be
expected, successive tests with more and more delicate photographic apparatus have
revealed faint light at greater and greater depths. The mere fact, however; that
light penetrates to depths as great as 1,000 to 1,700 meters * in amount sufficient to
affect photographic plates does not imply an equal penetration of radiant heat in
measurable amount, witness the fact that stars—even nebul®—can be photographed
though their heat is not appreciable on the earth. On the contrary, theoretic cal-
culation and practical experiments unite to prove that the intensity of solar radiation
falls off very rapidly as the depth increases, especially for the longer wave lengths.

Hulburt (1926) has found that sea water is slightly more opaque than fresh
water for the shorter wave lengths but shows about the same coefficient of absorption
as fresh water for the longer.

The long waves below the visible end of the spectrum (the so-called ““infra red”
or “heat’’ rays) convey more energy than all the rest of the spectrum combined,
bringing from 51 to 67 per cent of that part of the total energy of the sun that pene-
trates to the earth’s surface near sea level through air of the same general order of
humidity as prevails over the Gulf of Maine (Abbott, 1911, p. 289). The precise
percentage convey'ed by these infra red ray's varies with the altitude of the sun.

#Thisis a much greater loss by reflection than Schmidt (1915) found for fresh-water lakes, where he records only a 6 per cent
Igss with thie sun 30° above thé horizon. Probably the ﬁtate of tbe surfaee accounts lor the différence
-, ¥ 8ee Helland-Hansen (1912); Grein (1913). .

¥ For.the coemcient of absorption of the visible part of the spectrum in pure water, see Krilmmel (1907), Fowle (1920}, and
Kayser (1905).
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~I'know of no direct measurements of the depth: to which the infra red rays do
actually carry heat into the sea water in measurable amount under the conditions
of turbidity actually existing at sea, but even. distilled water is so nearly opaque to
them that they are almost entirely absorbed:(for practical purposes, entirely so) in
" one meter, and their penetration into the ses is certainly less. 'That is to say; nearly
half of the sun’s direct radiant heat is- expended theoretically, upon this thin surface
film.

According to a calculation carried out in the physmal laboratory of Harvard
University through the kindness of Prof. Theodore Lyman, 58 per cent of the energy
conveyed by the visible part of the solar spectrum -would be absorbed by passage
through 9 meters more (i. e., a total-of 10 meters) of perfectly clear distilled water,
so that only about 20 per cent of the total solar energy entering the water would
penetrate as deep as 10 meters, this small residual lying chiefly in the blue-green
part-of the spectrum. Certainly less than 1 per cent could penetrate as deep as 200
meters—chiefly in the ultra violet. Probably this calculation would apply equally
to pure salt water. The sea, however, is never clear; and in boreal coastwise waters
such as the Gulf of Maine, which are always comparatively turbid, the fine particles
in suspension--silt or plankton—absorb so much of the sun’s rays that the penetra-
tion of heat is much reduced.

It is, of course, with the depth to which the water of the gulf is measurably
warmed by the direct penetration of solar radistion under conditions actually pre:
vailing there that we are now concerned. This may be approximated by experi-
ments that have been made in other seas. In the comparatively clear water of the
Mediterranean, off Monaco, Grein’s (1913) measurements® of the penetration of
different parts of the solar spectrum showed that the wave lengths as long as the
blue-gi‘een, and longer, were virtually all absorbed in the upper 50 meters; red-yellow
in the upper 10 meters, as appears in the following table condensed from - his
account.

Intensity of liahi pénetrating to different depths, taking the amount at 1 meter ds 100

Color and wave length

Depth, meters . .
' Red, | Or0ge- | Green, |Bluegreen,| Bilue, |Blue-violet,

680-610 | o0 570-486 515-486 | 475-420. - |. 435-400 .

20-585 .
1 : : we-n] 100,00000 | 100.0000 | 100.0000 | 100.0000 |  100.000 100.0
10T ' . 27000 2000 | 18.6000 |  16.6000 43.700 £0.0
T ) b Looe21 .0032 ..2200 | - .2500 20.100 20.0
100.2 IR 20001 | 10030 .0033 . 850 1.0
200 27TT70 , . 0004 .0010 . 004 .1

Translated into. terms of solar energy, this means that at least 70 per cent of all
the radiant solar heat that penetrated as deep as 1 meter was absorbed at a depth of
10 meters; and as nearly all of the energy of the infra red certainly was absorbed in
that upper meter of water, it is not likely that more than 13 per cent of the solar
heat that entered the water at all reached as deep as 10 meters by direct radiation,

8 These experiments were made with a ‘‘revolving photometer,”’ for description of which, and of the method by which the
degree of blackening of the photographic plates was measured, see Grein (1913).
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and virtually. all of this residue, was absorbed.shoaler than 50:meters. . - Grein's exact--
ing measurements, the;cefore, confirm Knott’s (1904) conclusion that a. m. and p.m.:
temperatures taken by the “Pola” at 16 pairs of stations, with thermometers grad-
usted  to 0.1° C., showed no- ev1dence of -the penetratlon of d1rect solar radiation
deeper than about 20 meters, .. ; ... SR

In more turbid northern seas we may expect the sola,r radmtlon to be absorbed
in a still shoaler surface stratumi, depending largely on the character and abundance
of the plankton at the time. In Puget Sound, for example, Shelford and Gail (1922)
found the first meter of water absorbing about 20 per cent .of the visible light that.
sctually penetrates below the surface, with only 8 to 10 per cent of even the shorter:
wave lengths reaching a depth of 10 meters under average illumination. * . = -

In the English Channel, Poole and Atkins (1926) found, the illumination at 20
meters to be about 5.5 per cent as strong as just below the surface; while in the
Bay of Fundy, according to Klugh (1925), only about 1.5 per cent of the illumination
recorded just below the surface penetrates to 10 meters in Augustin brlght sunlight. ;

In Lake Seneca, New York (probably still more turbid), Birge and Juday (1921)

found that only 15 per cent of the solar energy that entered the water penetrated to
a depth of 2 meters, 5.4 per cent to 5 meters, and only, 1 per cent to 10 meters. Per-.
haps as striking an example as any in nature of the absorption of the sun’s heat by
the uppermost stratum of water is afforded by certain oft-quoted salt-water basins
along the west coast of Norway, in which the salinity is very low at the surface but.
s0 high from the depth of 1 meter downward that the water is in extremely. stable
equilibrium. Here solar radiation in' summer induces temperatures as high as 20°
to 30° in the upper.2 meters of water but hardly affects the temperature deeper
than about 5 meters.. (See Helland-Hansen, 1912a, p. 65, for a discussion of these
“Polls,” as they are named locally.)
i Judgmg from -the similarity in latitude and in general hydrogra,phlc condltlons,
the penetration. of solar radiation is probably of about the same order of magni-
tude in the open Gulf of Maine as in Puget Sound. If, then, the water of the gulf
were entirely without motion, and if heat were conveyed downward by no other means
than direct solar radiation, more than 90 per cent of such of the sun’s radiant energy
as penetrated the water ;at all would be expended within 10 meters of the surface,
something like 98 per cent within 25 meters of the surface, and. all but a fraction of
1. per.cent at a depth of 100 meters. At times of year when the water was particu-
larly turbid—spring, for example, during the active ﬂowerings.of diatoms—the solar
radiation would be absarbed still more rapidly,

‘We must also bear in mind that that part of thesun’s msulatlon which is mter-
oppted by the superficial stratum of water does not act: solely to warm the latter, but.,
that & part of its energy is expended directly in evaporatmg water vapor from the
surface (p. 680). ‘ .

. Under the conditions exxstmg in the gulf it seems. thet if dlrect solar radlamon
ws.rms the 'surface by -20° at any given locality in the gulf, the 10-meter level would:
certamly warm by only about.2° very prohably the 50-meter. leyel would warm;:
by no-more than 0.2°, and the:100-meter level would not suffer change sufficient far,
our most delicate deep-qea, thermometers to record during the part of the year when
th8 water is gaining heat, unless this heat were carried downward into the deeps by
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some other process. The warming by direct solar radiation would therefore be vir-
tually negligible during a single summer at depths greater than about 50 meters if
there were no vertical ‘circulation, this limit varying with varying states of turbidity
and with the roughness or smoothness of the surface of the water as well as with the
cloudiness of the sky, the haziness of the atmosphere, the percentage of foggy days; ete.

DISPERSAL OF HEAT DOWNWARD INTO THE WATER

- With at least nine-tenths of the solar energy that enters the water of the gulf at
all absorbed within 10 meters of the surface, and vu'tually all of it shoaler than 30
to 50 meters, the importance of vertical circulation in carrying down into the deeps
water that has been warmed at the surface, and by bringing cold water up Wlthm the
influence of the sun from below, becomes at once apparent.®

The vertical circulation of the gulf is discussed in another chapter (p. 924). It
concerns us here, however, as the factor that chiefly governs the temperature of the
mid-stratum between the depths of, say, 25 and 100 meters. In different parts of the
gulf and at différent seasons we find all gradations from water so stable, vertically,
and with currents so weak that virtually no interchange takes place between the
different strata, to the opposite extreme where the whole column is kept so thoroughly
churned by tidal currents that the heat absorbed by the surface is uniformly dis-
persed downward. This last state characterizes nearly the entire area of the gulf
during the first days of spring and is responsible for the fact that the whole
upper stratum, down to 100 meters, at first warms at so nearly uniform a rate.

‘The vertical uniformity of temperature that characterizes Nantucket Shoals,
locally, too, Georges Bank, parts of the Bay of Fundy, and the coastal belt along
the west coast of Nova Scotia, results similarly from tidal stirring so active that it
overcomes the tendency of the water to become stable as the spring progresses. Off
the western shores of the gulf, however, where tidal stirring is not active enough to
counteract the increasing stability of the column induced by the warming of the
surface, the development of a light stratum at the surface tends more and more to
insulate the deeper strata of water from the effects of solar warming as the season
advances.  The more stable the water becomes, the more effectively are the deeper
strata protected in this way from thermal influences from above. '

It is this obstacle, which the stable state of the water opposes to vertical circu-
lation during the warm half of the year, which is responsible for the fact that the
temperature rises so much more rapidly and to so much higher a value at the sur-
face than only a few meters down, and which allows the persistence of much lower tem-
peratures at depths of only 50 to 100 meters all summer. However, there is always
enough vertical movement of the water everywhere in the Gulf of Maine to prevent
this insulation of the deeper strata from becoming as effective as it is along the coast
from New York, southward, during some sprmgs (Blgelow, 1922).

Observatxons taken during our first cruises in 1912 (Bigelow, 1914) pointed to
local differences in the strength of the tidal currents as chiefly responsible for the
fact that the surface is so much colder, but the bottom, depth for depth,so much
warmer- along the coast of Maine east of Penobscot Bay and in the Bay of Fundy

# Conduction and' the radiation of heat from one particle of heat to the next are negligible in this respect, (Wegemann, 1905;
Kriimmel, 1907.)



PHYSICAL OCEANOGRAPHY OF THE GULF OF MAINE 679

than it is off the western shores of the gulf in summer. The following exposition
may more graphically explain this general phase of the gulf temperatures:

Let us assume two localities, both with an initial temperature of 2°, surface to
bottom, but with vernal heating in the first () uniformally propagated downward
through the whole column to a depth of 50 meters by active tidal stirring, but absorbed
in regularly increasing ratio, with increasing depth, at the second (b), to nil at the
bottom. If enough heat were received at the surface to warm the whole column at
a to a temperature of 10°, the same amount of heat entering the water at b would
warm the surface to 20° there, but not affect the temperature at all 50 meters down.
The ideal condition represented by a is most closely paralled in ‘the Gulf of Maine
area by the most tide-swept parts of the Bay of Fundy region. An approximation
to the vertical distribution of temperature at b is to be found in the western side of
the basin off Cape Ann, where the surface warms from a winter minimum of about
3° in February t0 a summer maximum of about 19° to 20° in August, but where the
temperature of the 50-meter level rises by only about 1° durmg the same interval.
The relative rates at which heat is dispersed downward in these two parts of the
Gulf of Maine correspond directly to the relative activity of the tidal currents, which
are weaker in the deep water in the offing of Cape Ann than anywhere else in the
Gulf of Maine.

THERMAL EFFECTS OF UPWELLINGS

Upwellings of water from below have little effect on the temperature of the sur-
face stratum of the gulf in winter, because the whole column. of water is then so
nearly homogeneous that the rising currents have about the same temperature as the
water which they replace. From April on, however, the upwellings that follow off-
shore winds in the western side of the gulf are reflected in a chilling of the surface,
as described above (p- 550). This is not the case in the eastern side, however, or-on
the banks, where tidal stirring keeps the water more nearly homogeneous, vertically,
throughout the warm season as well as the cold. The relationship between these
upwellings from small depths and the temperature of the surface water is sufficiently
described in connection with the midsummer state of the gulf (p. 588). I need only
add that the thermal effect of vertical circulation of this sort along our New England
coast has long been appreciated and has recently been discussed by Brooks (1920).

THERMAL EFFECTS OF HORIZONTAL CIRCULATION WITHIN THE
GULF

The effects of the transference of cold water by the Nova Scotian current is dis-
cussed below (p- 680). A word is also in order as to the opposite process. The trans-
ference of heat, from the tropics to high latitudes, by the great ocean currents, is
reflected on a very small scale in the Gulf of Maine in summer by the drift of surface
water, warmed in the western side, across to Nova Scotia by the dominant anti-
clockwise drift. The outflow from the eastern end of Nantucket Sound, now reason-
ably established (p. 886), must similarly tend to raise the temperature of the water
over Nantucket Shoals. On the other hand, the westerly drift from the Bay of Fundy
combines with the active tidal stirring to maintain the low surface temperatures char-
acteristic along the eastern sector of the coast of Maine.
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In winter, when the coastal belt is the. coldest part of the gulf; the dominsnt cirs
culation tends. to.carry low temperatures from the western shores.out over the central
part of the basin, an effect illustrateéd by the dlstrlbutlon of tempemture in ‘Massa-
chusetts Bay in Febmary, 1925 (p. 658).

THERMAL EF FECTS OF EVAPORATION

The wqrmmg of the surface stratum of the gulf by solal; radlatmn is constantly
opposed by the draft of heat from the water as the latter evaporates. Quantitative
statement of the cooling of the water which this process actually effects.over the gulf
is not yet posmble, but such observations as have been made on the comparltlve rapid-
1ty of evaporation of salt and fresh waters, and the actual measurements of the latter af
land stations ground the coast of the gulf, afford a rough plcture of the: order of mag-
nitudes involved.

The latent heat of vaponza,tlon of fresh water depends to some small extent on
the temperature at which evaporation takes . .place; the average. for ‘the range pre-
Vallmg in, the surface waters of 'the gulf of Maine (0° $0:20°). is about 5;85 to 595
cn.lorxes & :

I know of no determmatlons of the letent heat of evapora.tlon for, sa,lt water, but
probably it does not differ greatly from the above. The annual evaporation of a
blanket of water about 0.7 meters thick from the surface of the Gulf of Maine, which
is probably close to the truth (p. 842), would thus take enotigh heéat from the upper 50
meters to cool the latter by about "8° if all the necessary energy were drawn from
the water.  Actually, however, a large part. is supplied by direct solar radiation as it
strikes the surface (p. 677); proportionately reducing the draft of heat: made from the
underlying water by the process of evaporation. No measurements of what percentage
of the heat. requisite for evaporation is thus supplied direct. by the sun seem to have
been made at sea, but it is certain that this can happen only while the sun is shining;
and evaporation is much more rapid in.sunlight than:at night or under & cloudy
sky—on the average about two and one-half times more rapid, according to Kritmmel’s
(1907, p. 248) summation of the available evidence. . The actual hours of sunshine
average only about 50 per cent of the possible number at land stations around the
gulf, with the sun above the horizon only about half of the time for the year as a
whole at our latitude. - Thus, a rough approximation of the yearly evaporation from
the gulf would be about 0.3 meter (out of the total of 0.7 meter, as stated on p. 842)
for the one-fourth of the time when-the- Sun shines or 'the water; 0.4 meter during the
remainder of the year. Without goingdeeper into this question this implies that
the chilling effect of evaporation is certainly sufficient to reduce the mean tempera-
ture of the upper 50 meters in the gulf by at least 5° durmg the course of the year,
and proba.bly by at least 6°. . .

THERMAL EFFECT OF THE NOVA SCOTIAN CURRENT

The dlstrlbutlon of tempenature around and n: the offing of Cape. Sable makes
it certain that the cold Nova Scotian drift: exerts its chief thermal effect to the east-
ward of the cape. Nevertheless, it is now fully est'agblished that-this cold current

‘W Determinations of the latent heat of evaporation of water vary sdmewhat 'I‘he value stated above is calculated from
Herring's formula, L=94.21 (365-T") 0.31249::(Quéted from Smithsonisn tables, Fowle, 1920;) . : .
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floodsiwestward into'the Gulf of: Maine every spring, in'some years into the summer,
It:is:obvious: that.if this reached the:gulf close to zero in temperature; as:itisfarther
biist, -as well 2s:in large volume; it: would effectively cool the: sastern:side’ of the gulf
just'as it cools the coastal zone-along.outer Nova Scotia, for it is:considerably colder
than the central part.of the gulf éven at the season when the latter is at its coldest.
This difference in temperature widens during the spring as the vernal warming of the
gulf ‘proceeds. - Only once:(March: 29, .1919): have we found-this icy Scotian water,
9%7in temperature (p.553) and low in salinity (p. 727), flooding the surface as far west
in the gulf as the eastern side of the basin; and, as pointed out (p. 558), thé duratien
of this-intrusion of zero water seems ta:have been brief, because the temperature of
this side‘of: the gulf had risen to 2° to 4° by the 28th of Apr]l and to 4° t0-6° by the
end iof May:(p. 560).

- I van not: state Whether the cold stream from B&nquereau bnngs water as cold
as this to the Gulf of Maine every spring. In 1920 it certainly did not do so until
after mid: April #:(if at all), when the temperature was still no lower from German
Bank and Capé.Sable. out :across the Northern Channel to Browns Bank in the
eastern side of the gulf than in the northern and western parts; in fact, slightly
higher -than in Massachusetts Bay, though ‘the latter. is so much farther removed
from any possible: effect of cold water from the east and north.. In 1915:the band
of zero water had extended westward past Halifax by the end of May, probably as
far west as Shelburne. However, it is unlikely that the Gulf of Maine received any
water o cold during that spring; surface readings as high as 3°.to 8.5° in.the.region
of German Bank on May 6 to 7 (stations 10270 and 10271) certainly do not suggest
this. So sudden a dislocation in temperature had developed by June of that year
between the eastern side of the gulf (5° to 8°, surface to bottom) and the coldest
band on the Shelburne profile (0.7 to 0.9°, p. 582) that the latter no longev exerted any
cooling effect on the temperature to the westward of Cape Sable. ‘

This evidence suggests that while icy water from the Banquereau region (p. 832)
reaches the Gulf of Maine as cold as zero for a brief period during some springs, in
most years it is so warmed en route by mixture with water of higher temperatures
in the neighborhood of Cape Sable that it enters the eastern side of the gulf only a
degree or two colder than the water it meets there,

The thermal effect which the Nova Scotian current exerts on the Gulf of Maine
is also limited by the fact that it passes Cape Sable as a surface and not a bottom
drift (p. 712), its deeper strata being deflected past the Northern Channel and into
the so-called “Scotian Eddy’’ by the obstruction offered to its westward movement
by the rising slope of Roseway Bank (p.836). With the advance of spring the surface
of the Nova Scotian current warms, by the sun’s rays, as the source of low temper-
ature (ice melting to the eastward) is gradually exhausted, until by July the surface
attains a higher temperature all along Nova Scotia (12° to 13°)® than around Cape
Sable or in the eastern side of the Gulf of Maine, although the bottom water only
20 to 30 meters down continues icy cold. In consequence of this solar warming of
the superficial stratum the surface drift that persists from the eastward past Cape

“8,0m the-17th 10 19th ‘of that Mateh the coldest water (+0.3° to. 0. 5") was then spparencly fowing westward between m
Have and Roseway Banks at the 20 to 40 meter level. . o
" 8 For sumier temperatures over the Scotian shelf see Bjerkan (1918)° and Bxge]ow (1917)
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Sable in some summers- enters the gulf about as warm as is the contribution from

the: Cape Sable dead water (p. 835); actually warmer than the water with which it

‘mixes in the offing of Cape-Sable or eclose by to the . westward. = Although icy. cold

water persists on bottom right through the summer only a few miles east of the

cape, we have no evidence that anything from thls source actually penetrates the
gulf after May. o a

In short, the Nova Scotian current acts as a chilling agent in the Gulf of Ma.me

for only a few weeks during the spring, and then more to retard vernal warming
(p. 558) than actually to lower the temperature of the part of the gulf into which it
debouches ‘below the readings prevailing there: before the current commences to
flood past- Cape Sable. During the short period of its westward flood, however,
and for some weeks thereafter, its chilling influence on the eastern side of the gulf is
obvious enough, as is described in the account of the dxstrxbutlon of temperature in
the spring (p. 553). )
: - We have next to consider how far the difference: in' temperature between the
side of the gulf most directly exposed to the effects of the Nova Scotian current and
the opposite side most remote from it is recognizable at other seasons of the year.
This problem is complicated by regional differences in the activity of vertical
stirring by the tides, reflected in lower and lower surface temperatures at successive
stations around the shore line of the gulf from Massachusetts. Bay to Nova Scotis,
but higher and higher temperatures at the 50 to 100 meter stratum. In order to
be instructive for the water mass as a whole, regional comparison must therefore be
based on a calculation of the mean temperature of the entire column. To name
one part of the gulf as potentially colder than another, or vice versa, on the
evidence of temperature of any one given level can only prove misleading.

In calculating the mean temperature the gulf is best divided into two sub-
-divisions—(1) the basin outSIde the 100—meter contour and (2) the shoaler water of
the coastwise zone.

An earlier report (Bigelow, 1915) gives calculatlons of the mean tempereture of
the . stratum ‘inclosed between the surface and the. 50-fathom level for the basin,
which would apply closely enough to the upper 100 meters. '

Approzimate mean temperature (°C.) for the upper 50 fathoms, or 100 meters, of the basin, August

1913
- :Mean Mean
Locality Station | tempera- ||. . Locality Station |tempera

ture : ture
Of Gloucester .- oo v maravnemeemoemmianns 10087 7.9 |I' Off Penobscot Bay..... y . 10091 10.0
Wastern bnsin ............................ 10088 9.7 || Near Cashes Lndtm 10090 8.6
North of C: 1 ¥ 1 R S, . 10105 8.3 || Near central part of basio. v coocuonouo. 10092 80
Near Isles of "‘w-“ NN 10104 8.4 || Off Mount Desert .. .c_.ucoeeencancaan 10100 8.1
Off Cape Elizabeth.. ... . 10103 | | 9.1 || Off Bay of Fundy-.. 10097 10,2
Near Platts Bank.___... 10089 | 8.3 || Near Lurcher Shoal_ 10098 10.1
Off Monhegan Islapd. .. . 10102 9.2 || East side of basin..._ e . 10093 10,0
Oft Penobscot Bay ........ 10101 9.4 [ 1 ‘8.4

According to this table the eastern side of the basin, with the waters ‘along
the Nova Scotian slope and off -the mouth of the Bay of Fundy, was potentially
the warmest part of the gulf (10°), not the coldest, as the popular belief that an
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“Arctic current” chills the surface there would demand. This upper stratum was
8s cold in Massachusetts Bay (farthest removed from the effect of the Nova Sco-
fian current of spring) as it was off Penobscot Bay. :

In August, 1914, we agam found the mean temperature of the inner part of
the basin of the gulf highest in the eastern side near Lurcher Shoal, lowest in
the western side off Cape Elizabeth, and slightly higher (7.7° to 9.9°) in the north-
eastern part in general than in the western (6.8° to 8°), as follows:

Approzimate mean lemperature (° C.) upper 100 meters, August, 1914

Mean || . - Mean
Locality Station | tempera- ) Locality Station |tempera-

ture ture
Off GlouCester. e e oo eanen 10253 . 7.7 11 Off Penobscot Bay. .. ..coooiiuecemmcrnan- ! 8.8
Off Cape Cod...L__.___.. ot ecmanlas 10256 8.0 South of Mount Desert 10248 8.7
WeStern basin. . ceca coicroneecio i an e 10254 7.6 1249 7.7
South of Cashes Ledge ... ... ... __._. 10255 86 Oﬂ the Bay of Fundy 10246 8.8
Near Isles of Shoals ... ... __ 10252 8.0 (i Off Lurcher 8hoal ... ... . o 10245 9.9

Off Cape Elizabeth ....__.____._________ 10251 | 6.8

- Similarly, the mean temperature of the upper 80 meters (the whole column) was
as high on German Bank (9.9°), off Machias, Me. (9. 7°), and at the western end of
the Grand Manan Channel (9.8°) in August, 1912, as it had been off Penobscot
Bay or on Platts Bank a week previous (9° to 9.7°), or as it was in Massachusetts
Bay two weeks later (about 9.6°). The 80-meter mean was slightly higher off Cape
Cod, however (about 11°), on August 29 of that year.

Our data do not afford so satisfactory a regional survey of the mean temperature
of the coastwise zone shoaler than 50 to 60 meters because we have taken few obser-
vations so close to the land, and it is obvious that regional comparisons for any given
stratum within this belt will be misleading unless the observations are made at
approx1mately the same date and at localities where the depth of water is about

equal. The few readmgs that have been. taken on Nantucket Shoals show the
whole column of water 1° to 2° warmer (mean about 10° to 12°) than in equal depths
n the Bay of Fundy (mean 9° to 10°), an instructive comparison because the temper-
ature is kept nearly uniform, vertically, in both these areas by the swirling tides.
The mean was also slightly higher over the 50-meter contour in Massachusetts Bay
in August, 1922 (11.7° and 13°, stations 10633 and 10640), than we have found it
at about this depth off Mount Desert and farther east along the coast of Maine at the
same season (usually 9° to 10°) ; higher, too, than the mean at 35 meters depth in Passa-
maquoddy Bay in August (10° to 11°), % though the difference in depth would sug-
gest a relationship of the opposite sort.

Our summer cruise of 1913 afforded evidence to the same effect, the mean- tem-
perature being considerably lower on German Bank (8.7°, station 10095) at the end of
the second week of that August than off Cape Elizabeth (about 11° at station 10103).
In August, 1914, also, the mean for the upper 50 meters was about 9.7° on German
Bank and between 10° and 11° near the Isles of Shoals across the gulf. However,
in the cold summer of 1916 (p. 628) the mean for 40 to 45 meters was almost exactly
the same at two stations in Passamaquoddy Bay in nud-August (8.5° and 9. 4°),

% Calculated from Craigie’s (1016) temperatures.
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St. Marys Bay on September 2 (9 8°in 48 meters), and in 40'and 45 meters off
Yarmouth Harbor, Nova 'Scotia; on September 7 and 921(9.2° and 9:8° in 40 and 45
meters) as off Cape Cod on August 29 (9% at station’10398). - Much lowsr summer
temperatures prevail to the eastward of C&pe Sable, a dislocation illustrated for 1914
by mean values of '10:9° on ‘the northeastern part of Georges Bank and of about 9°
on Browns Bank, contrasting’ with- only about 5° at ‘the’ 56-meter contour oﬂ" Cape
Sable (station 10230) during the Tast week of July’ ' ' R

These data. may be summarized as follows: No deﬁmte tendency is. shown toward
lower mean values for the upper stratum in the one side of the basin of the gulf than
in the other, outside the 100-meter contour, in years neither unusually warm nor un-
usually cold. When we take into account the sharp ‘temperature gradient that char-
acterizes most parts of the Gulf of Maine in summer, as a result of which even slight
upwellings from the mid-depths (at, say, 75 to 100-meters) would considerably lower
‘the mean temperature of the shoaler stratum, the most ‘striking result  of the
oalculation is the uniformity of the gulf made evident.

In the coastal belt the mean temperature is usually, though not mvamebly,
degree or so lower in the northeastern corner of the gulf in summer than in the
southwestern side; ‘and it is poss1b1e that in years Wwhen the movement ofewater
westward along Nova Scotia persists late 1nto ‘the season (1924, for example p. 834)
this regional, difference ‘in’ temperature is WldeI‘ than has actually been recorded in
the summers when our general surveys of the gulf have been carried out. In evalu- '
ating it, not only must the’ possible effect of this cold current, be taken into account,
but also the difference in latitude between the dlﬂ'erent statlons of observatlon,
which, per se, corresponds to some'difference in ternperature The most 1nterestmg
regional comparison which the available records afford from this point of view is
between the waters on Nantucket Shoals, on the one hand, and Passamaquoddy Bay,
on the other, both being sub]ect to tidal stirring so active that the water remains
comparatrvely homogeneous from surface to bottom throughout the year, and both
experiencing about the same amount of fog dunng the spring and summer.*? The
difference in latitude between these. two localities is about 3%°. The mean temper-
ature of the upper 30 to 40 meters of Passamaquoddy Bay is usue]ly between 8,5°
and 10.5° in August, when it is at or close to its maximum for the year, dlﬁ'erlng 1°
or 2° in either direction at different stages of the tide and from year to year. .On
Nantucket Shoals mean temperetures of 10° to 13° have been recorded in summer,
so that a difference of about 2° is to be expected between these two regions. Accord-
ing to Krimmel’s (1907, pp. 400 and 401) tabulation and diagram this about equals
the average difference in surface temperature between the latitudes of the shoals
(41°) and of Pessa.maquoddy Bay (44° 30’), whetheér for the oceans as a whole or for
the North ‘Atlantic alone .

" The differences_in latitude between Massachusetts Bay (lat. about 42°) and the
northeestern shores of ‘the" gulf generally (lat. 44° to 44° 30")° corresponds to a
difference of between 1° and 2° in mean annual surfa,ce temperature for the North
Atlantlc as a Whole o

" #1.Calculated from Vachon’s (1918) tables, :
o2 4 ccording to the pilot chart (United States Hydrographic Ofﬂce). Nantucket Shoals is somewhat the roggler tegion of the
two in June (40 to 45 per cent of foggy days; 30 to 40 per cent in the Bay of Fundy); but in July about half the days see some
fog in the eastern side of the gulf, only 30 to 40 per cent on the shoals.
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As every coastwise navigator knows; there is ‘muchi.less fog along the western
shore of the gulf from Cape Cod to:Cape Elizabeth than there is at: themouth-of ithe
Bay of Fundy. Consequently; the former is: exposed to:more houts of‘direct
sunlight, tending to accentuate the difference in tempersture resulting:from differ-
ences in latidude, per se.  On the other hand, winds from the quad#ant between west
and south, such as prevail over the Gulf of Maine during July and August (p. 965),
tend ito drive the warmed surface water eastward toward: Nova Scotia, thus trans-
ferring heat from: southwest to northeast (with more or less colder water welling up
along the western shore), and so in part to counteract the differencein the rate of
solar warming which would otherwise.accompany the difference of latitude. - With
a “run” of easterly winds the direction of surface drift will be reversed. Thus, it is
by no means a-simple task to account for variations.in the mean.temperature. as
narrow as those prevailing between different parts:ef ‘the Gulf of:Maine in the
summer months. . The much wider regional variationsin surface :temperature or in
the temperature of the water. at any given level below the surface follow much
more obvious causes.. . - - n . P O L

. T think it sufficiently established, however, that: the difference between the mean
temperature of the column of water (in other words, its potential' temperature) in
the northeastern part of the gulf and in the southwestern part is.net greater:in most
summers: than: can ‘be accounted for by the:difference of. latitude and by such other
local causes as fog, the diréction of the wind, and the regional difference in the ac-
tivity of the vetical tidal mixing, on which too much. stress can hardly be laid.

This is still more certainly the case in .winter, when the temperature of the gulf
is so nearly uniform, vertically, that station for station. comparison of the actual
readings at once reveals any regional differences in the mean temperature.

In winter it is only close along shore that any unmistakable. difference between
the northeastern and southwestern parts.of the gulf can'be demanstrated, and: this
is not wider than can. be accounted for by the difference in latitude. :

. Winter temperatures dt répresentative stations during the cold months, ° ¢,

Locality, date, and station - . . Burface |40 metersi160 meters
Western side: . . .

"~ Off Boston Harbor, Dee. 29, 1920, station 10488..... i 3.90 N S,
Off Gloucester, Dee. 20, 1920, station 10480 o eeeeenommmcemeecemmmmemancaoene 5. 56 6.94 8.97
* Off Gloucester, Mar. 1, 1920, station 20050 : 2.50° 1.89 1. 52

Eastern side: .
" Yarmouth (Nova Scotia) sea buoy, Tan. 4, 1821, station 10501 3.80 |- 386 |accaccaas .
Off Lurcher Shoal, Jan. 4, 1921, station 10500. . 5.8 . 617 | 8.70
 Off Mount Desert 1sland, Mar. 3, 1929, station 20056. ©L15 .49 | 1.95

" _The foregoing discussion leads to the conclusion that the cold water from the
Nova Scotian current is soon so thoroughly incorporated with the water of the gulf,
after the flow past Cape Sable slackens, that in most years the regional disturbance
of temperature which it causes at first is entirely dissipated by June.. Even in years
when  the longshore drift continues to pass Cape Sable until late in the summer
(p. 834); it may; at the most, hold the mean temperature a degree or two lower: along
western Nova Scotia until July than it is-out in the néighboring basin of the gulf.
After that (earlier still in “early’’ seasons).'the surface water contributed by this
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source and by the Cape Sable ‘dead water” (p. 834) reaches the eastern side of the
gulf as & warming, not as & chilling; agenocy, actually 1° to 3° higher in temperature
than the water with which it mixes to the westward of Cape Sable. . i

One more thermal aspect of the Nova Scotian current (this the most importan
of all) demands brief examination—namely, its more general influence on the tems-
perature of the gulf as distinct from any regional differences which it may cause
within the latter. In other words, to what extent is the Nova Scotian current
responsible for the boreal character of the gulf? Would the latter be considerably
warmer without it? -~ - Co . o L -

Until systematic exploration of the gulf was undertaken in 1912 it was gener-

ally assumed that the considerable contrast in temperature between the Gulf of
Maine, on the one-hand, and the tropic water outside the edge of the continent abreast
of its mouth, on theé other, resulted directly from the chilling effect of some such cold
stream from the north and east, though the Labrador and not the Nove Scotian cur-
rent was usually given this credit. There is no escape from the conclusion that
with water at least 3° lower in temperature than that of the gulf flooding into the
latter for several weeks every spring, the gulf must be somewhat cooler than it
would be if this source of cold should be.dammed off.
+ The older view, that some Arctic current or other controlled the temperature all
along the seaboard of the gulf, was largely based on the supposition that the latter
is & very cold body of water. It is a truism that the gulf, with & mean annual sur-
face temperature of about 8° to 9°, is considerably colder than the average for its
latitude over the oceans as a whole, which is given by Kriimmel (1907) as about
14°; so, in fact, is the whole coastal belt along the North American seaboard from
Nova Scotia to Florida. However, “cold . for its latitude” is by no means synony-
mous with ‘“cold for its geographic position”, and it is more because of its contrast
with the tropic waters of the so-called “Gulf Stream’” than because of its absolute
temperature that the coolness of the Gulf of Maine has impressed students and
laity alike. In attempting to estimate whether the gulf is actually colder, and if so,
how much colder, than it would be if its offshore banks were to rise above water
and so dam it off from currents, warm or cold, the situation of the gulf to leeward
of the continent, and the air climate over the land mass from which the chilling
winds of winter blow out over the sea, are factors of primary importance. The
actual effect which winter chilling by cold air exerts on the temperature of the gulf
is discussed in some detail in a later section (p- 692). For clarity, however, I must
repeat here that owing to the great difference in capacity for heat between air and
water the gulf is but little warmed by warm air blowing over it in summer (drawing
its vernal warming almost wholly from direct solar radiation), but is very effectively
chilled by the cold air of winter. -

If the Nova Scotian current did cool the surface of the gulf generally to a tem-
perature more than a degree or two lower than would result from this winter chilling
alone we might expect the mean temperature of the upper 40 meters to prove consid-
erably lower in the eastern side of the gulf than in the western the year round; but
by actual observation the difference is' no wider in this respect between the parts of
the gulf most and least open to the cold current than might be expected to accom-
pany the difference in latitude between the stations in question.
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. The mean annual temperature of the surface of the gulf affords evidence to the
same. effect; this being about the same at the mouth of -Massachusetts Bay (9 to
10°) as the annual mean for the air at neighboring localities around its shore,
or slightly warmer. A similar relationship has been recorded between the mean
annual temperature of the surface water of the Bay of Fundy® and of the air over
the neighboring parts of New Brunswick and of Nova Scotia. ,

~ Most instructive clues to the temperatures that might be expected to prevail in
the deep strata of the Gulf of Maine if its basin were so nearly inclosed that it could
not be affected appreciably by currents from outside are to.be found in the relation-
ships between its deep temperatures and those of the Norwegran fjords (Nordgaard
1903) and of the Black Sea.

In the southwestern Norwegian fjords, Where a very heavy rainfall maintains so
high a stability that convectional overturnings are confined to- the superficial stratum,
so that this alone is. directly exposed to. winter chilling, the bottom temperature is
not only uniform throughout the year but is almost preclsely the same as the mean
annual temperature of the air.* So close, in fact, is the correspondence that,
Nordgaard tells us, one need only take a reading of the bottom temperature in one
of the deep southern fjords to know the mean annual temperature of the air. In
the northern fjords, however, which receive so much less rain that the water is less
stable, salinity and temperature become nearly equalized from surface to bottom by
convectional circulation in winter, just as they ‘do around the coastal belt of the
Gulf of Maine, and as a result of this winter chilling causes wide seasonal variations
and winter temperatures lower than the mean annual temperature of the air at 200
meters and deeper. In both these classes of fjords, as Nordgaard (1903, p. 46)
points out, the bottom temperature is purely the result of local factors, the topog-
raphy of the bottom being such that “no supply of heat by a submarine current is
possible,” nor &ny supply of cold of similiar origin.

More pertinent to the Gulf of Maine is the relatlonshlp between the air and
water temperatures of the Black Sea, situated at about the same latitude (most of
its area is included between the pa,rallels of 41° and 45°), but in.a somewhat warmer
climatic zone.”

At depths greater than 150 to 200 meters the entire area of the Black Sea is 8. 8°
to 9° the year round (Spindler and Wrangell, 1899; Skvortzov and Nikitin, 1924), con-
trasting with mean air temperatures for the year of about 9.6° at Odessa, on the
north shore, about 11° over the western (Bulgarian) watershed, and about 14.3° at
Batum on the eastern coast. That the deeps of the Black Sea should be so much
colder than the mean annual temperature of the overlying air, in spite of the warming
effect of the bottom current flowing in from the Mediterranean, reflects the age-long
effects of winter chrllmg from above: Obvmusly the dlfferentml can not be credited
to any Arctic current in ‘this case..

While no part of the Gulf of Maine is as thoroughly protected from thermal in-
fluences from the sea outside as are the Norwegian fjords and the Black Sea such

. % Between 6° and 7° for theé year 1916—17, according to Mavor’s (1923) tables ’
% Nordgaard (1903) quoteés 7° as the mean annual temperature of the air at Bergen, 6.8° to 7° at 400 meters and deeper ‘inthe
neighboring fjords.
# The Black Sea is usually represented on climatic charts as occupying the belt inclosed between the mean annual isntherms
for 10° and 15.56°,
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conditions are approtiméted in the deép bowl off Gloucester.: By anslogy, therefore,
we might expect:the mean annual temperature of the bottom water of the latter:to
be lower than:the mean: annual temperature: of the air over:the neighboring land,
quite independentiof any possible chilling ‘by northern:sourdes. 1And such; by.our
observations, is the case, the mean bottom temperature of 4° £0:5° at-70 to 150 meters
depth in this sink being 3° to 4° below: the mean arinual temperature of the air at
Plymouth and Gloucester, on ‘the two sides of thebay; or:at Concord, Mass.j sorhe 20
niiles inland.* - We have not taken readings: enoughin the deep trough between
deffreys Ledge and the Isle of Shoals to:establish the mean annual temperature as
closely there, but such'data as are available point to & mean annual value of 4° to:§°
at'100 to 150 meters for this locality, about 3° lower than the méan annual air tem-
perature at Portland, Me. (7.8%). ="+ . 7 gl oo e
+ Near Mount. Desert Island, ‘which may. be ‘taken as representative of ‘the
coastal waters of eastern Maine, the mean annual temperaturé of the bottom water
(close to 5°to 6° at a depth of 40 to 50:meters) is.about 1° cooler than the mean
temperature of -the air at' Bar Harbor near by; but nearly ‘the same as the air at St.
Johns, New: Brunswick, and-at Eastport, Me. . Mean temperatures of 4° to 5° at
depths of 100 to 175 meters in the Bay of Fundy for the year ‘November, 1916, to
November, 1917,% again prove 1%.or 2° lower than the mean annual temperature of
the air at St. Johns, New Brunswick, on the one'side of the Bay, or at'Y armouth,
Nova Scotia, on the other (5° to:6°). - v R T
- The foregoing comparison warrants the tentative generalization that in -those
parts where regionel interchange of water is most hindered by submarine ‘barriers
the mean temperature of the bottom water averages about 1° to 3° lower than the
mean snnueal temperature of the air over the neighboring lands, a rule applying
whether vertical circulation be active, asin the Bay of Fundy, or weak, as off Glouces-
ter. The mean annual bottom temperature at equal depths also proves decidedly
uniform in such: situations in the. two sides of the gulf. In the open-basin of the
gulf the deepest water averages warmer, a fact discussed in. a. subsequent section
(p.691). In short, it is not, necessary to invoke more than a slight influence on the
part of the Nova Scotian current, if any, to account for thermal differences between
bottom water and air no wider than those just quoted: : B
Brief analysis will, I think, convince the.reader that this -conclusion: applies
equally to the cold mid layer that usually persists through the summer in the basin
of the gulf. The presence of a cold layer of water of this sort in the mid - depths,
with higher temperatures below as well as above it, has sometimes been classed -as a
sure criterion for Arctic water. - This, however, is not necessarily the case. True,
such a state characterizes the polar seas in summer (Nansen, 1902; Helland-Hansen
and Nansen, 1909; Knudsen, 1899; Matthews, 1914); and wherever such a layer is
colder than —1° in summer, as it is in the Labrador current: and .in the extensions
of the latter around the slopes of the Grand Banks (Matthews, 1914; Fries, 1922 and
1923; E. H. Smith 1922 to 1924a; Le Danois, 1924 and 1924a) we have positive evi-
dence of Arctic water, for nowhere else does winter cooling alone cause temperatures
as low as this in the open sea on either side.of the North Atlantic south of latitude 60°.

‘% The mean annual-temperature is higher (sbout 10°) st Boston than st most other stations arpund-the bay.
 Caleulated from data tabulated by Mavor (1923). '

Ty ATy
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However, a cold layer of thissame sort, though: not s6 low in' terhpératuré; ¢an aqually
be.produced in any partially inclosed boreal sea. All that is requisite is: that:the
surface layers be exposed to a rigorous winter climate, dlternating with rapid:solar
warming in summer, over depths great-enough to allow: a more or less: constant:in-
flow -of warmer ocean - water below: the 1eve1 to Wh1ch Wmter coolmg penetrates
(Blgelow, 1917, p. 237). : ' :

~In the Baltie, for example, a cold la.yer remlmscent of the prevmus Wmter’e
chllhng persists at a depth of 50 to 100 meters until well into the summer (Knudsen,
1909; Krimmel, 1907, p.-471; Witting, 1006); but increasingly active vertical circu-
lation, which accompanies the cooling of the.surface after August, entirely dissipates
this stratum of low temperature there by late autumn, just as happens in the Gulf
of Maine. The following serial temperatures for the Alland Deep (in the Baltic) in
winter, spring,’ summer, and autumn, are introduced for comparison with the
Gulf of Maine.® : , . :

Depth - '~ -, o<t ow o, | February |- May | August |Nevember
' S | oee °g, °c, ¢,
B ot 7T O L SR VS OSSO DA R 0.1 4.2 12.3 Y |
100 meters ——— 2.4 1.8 2.5 5.3
250 meters iz 3.0 20 3.5 A0

‘A cold mid layer of the same sort persists into the summer in the Black Sea,
where it is self-evident that cold Arctic currents play no partin the temperature cycle
and where, consequently, the low temperatures recorded at 60 to 100 meters in
August must be purely the product of local influences, as Andrusoff (1893) has
pomted out.

-+ With melting ice no more 1mp0rtant in the Black Sea than it is in the Gulf of
Maine,® the cooling agent chiefly responsible must be the loss of heat from the sur—
face by radiation during the cold months. -~ "\

+The general‘account of temperature,. ‘and: especls,lly the temperature sections for
the western basin in successive months'(fig. 5), makes it clear: ‘that the cold layer
recorded:in summer in the Gulf of Maine reflects the ‘persisterice of the low tempera-
ture to-which the whole upper 100 to 150 mieters is chilled in" winter, but which is
oblitetated by autumn, just ‘as’ happens in the Baltic.: No' connection appears
on the profiles between the development of this-cold layer in the: western side of the
gulf as the sprmg advances, a,nd the mrush of Nova Scotlan weter into’ the eastern
Slde70 : . : . ) L H . S

:

‘o8 From Kr\immel (1907, p. 471). after Wittmg (1906)

. #The northwestern bays and harbors of the Black 'Sea (e. g., Odessa Gulf and Kherson Bay) usually treeze over part of the tinte
esoh winter; ‘butice very seldom extends morethan 2or3 mjles seaward, and even these shallow areas of low:salinity are sometimes
open all wmter, while the open sea south of the. Crimean penlnsula never freezes (British Admiralty, 1897). Consequently the
amotint of Ice that actually melts in the Black Sea pmper each spring is 8o small that we cah hardly suppose it‘has any appreciable
effect on sea temperature there. - .. - I e TS

0 In an earlier report (Blgelow. 1917) I referred to the Guli of St Lawrence asa thermal example ef thls same sort but Hunts-
mati’s (1924 and 1925) imore recent hydrographic studies indicate a greatér inflow of icy ‘water from'the’ Labrador currefit throngh
thie Btraits of Belle Isle than Dawson’s (1907.and 1913) eaxlier obseryations.of the strait had duggested. - Consequently, the per-
sistence into the summer of the minimum layer there, close to 0° in temperature at about 100 meters’ depth, results at least in
part from the cold water flowing in and from the melting of the Arctic ice which this brings with it in winter and early spring, a8
well as from winter chilling and theé meltlng of ice frozen Ioeally within the Qulf of St. Lawrence.
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.. The evidence just outlined leads to the conclusion that the Nova Scotian watet’
flowing into the Gulf of Maine from thé eastward in spring does not lower the gen:
eral temperature of even the coldest localities and levels in the gulf more thanis
degree or two below the values that would prevail were the gulf as nearly inclosed
as are the Black Sea or the Norwegian fjords. Nevertheless, the Nova Scotial
current does act as a decidedly effective cooling agent, for without the cold
water from this source the comparatively high temperature of the slope water, of
the surface inflows from the region off Browns Bank, and of occasional overflowsof
tropic water (p. 836), would hold the gulf several degrees warmer than it actually is.
These warm sources the Nova Scotian current counteracts, and in counter&ctmg
them it has its chief thermal meortance in the Gulf of Maine. ~

THERMAL EFFECT OF THE SLOPE WATER_

Were the gulf an inclosed basin, with little or no inflow over its floor, we should
expect to find its bottom temperature certainly no higher then 5° to 6° and probs-
bly as cold as the mean annual temperature actually is in the deep sinks in the
western side of the gulf, namely 4° to 5° (p. 688). In reality, however, we have only
once found the bottom water in the basin of the gulf colder than 4° in depths of
175 meters, or deeper, at any locality, season, or year.” Only 4 out of 64 deep
stations in the basin have given bottom readings lower than 4.5°. On the other
hand, 26 have been warmer than 6° on bottom; and the bottom temperature for all
as deep as 175 meters has averaged about 6°, or 114° warmer than the mean annual
temperature at the 100-meter level around the shores of -the gulf and 2° warmer
than the mean bottom temperature in the trough of the Bay of Fundy. The high
salinity, coupled with the precise temperature of this bottom water, identifies it
beyond dispute as slope water flowing in along the trough of the Eastern Channel
(see discussion p. 842). The slope water, then, brings warmth to the deeps of the
gulf sufficient to raise the bottom temperature of the basin a degree or two higher
‘than would be the case if no such current flowed in; consequently it must be named
a warm current as it affects the gulf, not a cold one.

- The physical characteristics of the slope water, as it drifts inward along the
:bottom of the Eastern Channel, have proved so uniform from season to season and
from year to year (temperature about 6° to 7° and salinity about.34.6° to 35° per mille
in spring and summer) that the causes for the variations recorded in the temperature
and salinity of the deepest water within the gulf are to be sought in fluctuations in
the volume and velocity of the inflowing bottom drift rather than in variations in
the temperature or salinity of the latter. Such fluctuations, in turn, almost certainly
bave a two-fold cause. In part they result from corresponding variations in the
amount of slope water being manufactured along the continental slope to the east-
ward shortly prior to the date of observation, and in the proportional amounts of
the various waters, cold and warm, that enter into its composition. The seasonal or
or other secular differences in the density gradient over the continental slope from
Browns Bank to La Have Bank, however, probably play a more important réle in

1 Bottom temperature 3.54° at 180 meters at station 10283 off the Bay of Fundy, June 10, 1815,
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this connection by governing the Archimedian force that tends to pump the slope
water westward to the Eastern Channel and so into the Gulf of Maine. This works
most effectively in spring and early summer, but fluctuates so narrowly from season
to season that only very narrow variations are to be expected in the temperature or
salinity of any part of the gulf deeper than about 150 meters, from season to season
or from year to year, or have actually been recorded there. C '

\_This uniformity in the physical state of the bottom water on the floor of the
deep trough of the gulf proves that the effects of the alternate seasonal warming
and chilling of the surface do not penetrate deep enough to obscure the dominance
of the slope water there ;}but the slight seasonal rise and fall of temperature that
hes been recorded at the bottom of the deep sink off Gloucester and between
Jeffreys Ledge and the mainland (from which the slope water is barred by inclosing
rims too shoal for it to overflow) is evidence that slight (but measureable) winter
cooling and summer warming from above may be detected down to 200 meters, so
far as the depth alone is concerned. = - * : :

It is because the slope water is warm, by comparison with the water with which
it mixes within the gulf, that the bottom of the latter is usually warmest in the
eastern side of the basin, at depths greater than 150 meters, where the inflowing cur-
rent is chiefly localized (p. 921), coldest in the ““sinks” in the inner parts of the gqu,,
from which the slope water is more or less effectually barred by submarine rims.

The following differential table shows that the slope water has little effect on
the deep temperature in such situations, as exemplified by the sink off Gloucester
and by the trough between Jeffreys Ledge and the Isles of Shoals. This generaliza-
tion applies also to the Bay of Fundy, from which most of the slope water is deflected
by the topography of the bottom. In summer &nd autumn, it is true, the 175 to
200 meter level may be as warm within the bay (6° to 7°) as without; but low salin-
ity proves that this high bottom temperature chiefly reflects the active convectional
currents of the bay by which solar heat received at the surface is dispersed more
evenly downward there than it is anywhere else in the gulf in water equally deep.

Capé Ann bowl, deepest lével | Basin outside, corresponding

- taken : level! B
Depth, meters
Temper- i Temper-
Date Station ature Date. Station ature

°C : °q.
180 cm el . Mar. 1,1820 20050 1.68 | Feb, 23,1920 20049 5, 68
180 cacen ceeememsmmeeneeoe o nman Apr. 09,1920 20090 ® Apr. 18,1020 20115 |« 5,38
U SR SN S (- 20090 2,25 ... do..__... 20115 43,80
130 e e e e A e ctat e mm .- —————— - —————————— May 4,1015 10268 3.55 | May 5, 1915 10267 4,69
130l . - July 10,1912 : 10002 - 4,61 | July 15,1912 10007 +4,61
128 Aug. 9,1913 10087 5,17 | Aug. 9,1913 10088 15 50
B A O O A SN S: [ES SE M a0 .._.... 10088 628
LT - Aug. 22,1914 10253 4,49 | Aug. 22,1913 10264 +5.30
140...__. Aug. 31,1915 10306 5.78 | Aug, 31,1915 10307 +& 10
120 oo e ——- Oct. 31,1918 10309 8.23 | Nov. 1,1918 10400 | - +4.40
150.. S S IO Dec. 29, 1920 10489 | 7.00 | Dec. 29,1920 10490 +6.00

1 The table shows only the differential existing on the given dates between the deepest lovel, where a reading. was taken
within the bowl, and the corresponding level in'the basin outside. It doesnot represent the seasonal cyele for the latter because
of the difference in levels from station to station, . )

_ 1150-meter reading not taken, T ! :
1130 meters.
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.- Further evidence that slope water is of littleé importance in the thermal eyecleiof
the Bay of Fundy results from the fact that we fotind the 200-meter level 1° colder
(4.3°) within the latter than just-outside (5.4°) in Masrch, 1920 (stations 20079 and
20081), with a corresponding difference:in salinity. A reading of.1.71° reported by
Mavor (1923) at 175 meters in the bay on April 9, 1917, is colder than the coldest
reading so far obtained anywhere in the open basin of the gulf at-this depth.

- The deep readings for different times of year warrant the following generaliza-
tions: At depths greater than 150 meters the temperature is most nearly uniform
through the year in those parts of the gulf which the slope water reaches in greatest
volume, and shows its widest seasonal fluctuation m the partially inclosed bowls that
receive least water from this source.-- Were it not for this deep current flowing in, the
floor of the gulf would be several degrees- (perhaps 3% to 4°) cooler in winter than is
actually the case, and its mean for the year slightly lower. The bowl off Gloucester
and the trough west of Joffreys Ledge show: the nearest approach: to the thermal
state that would prevail in the gulf were it neither open to the infidwing bottom .
current nor stirred by such strong tides . as those.that disturb its eastern side.

. The thickness of the bottom stratum where temperature is governed by the volume
and precise physical characters of the slope water is of interest. -Its upper boundary
in the inner part of the basin of the gulf may be set tentatively at-about the 150+
meter lavel, rising to within 80 to-100 meters of the surface in the southeastern part
at the entrance to-the Eastern Channel:: On the other hand, the deep temperature
is most influenced from above where tidal or other convectional stirring is most active,

| ©© WINTER CHLLING
+ . ‘Abyssal upwelling, as. I have shown (p. 853), is barred out as a. possible source of
autumnal cooling;in' the Gulf of Maine.. : It is equally certain that.the Nova Scotian
current usually serves as a cooling agent in the gulf only in the spring, because none of
our observations for autumn or winter suggest that progression of ¢ooling. from east
to west across the gulf, which would reflect any inflow of cold water past. Cape Sable
at that season. We must therefore credit the very rapid loss of heat which the Gulf
of Maine suffers in autumn and winter entirely to local causes, chiefly to the radia-
tion of heat out from the surface to and through the colder air above it; to evapo-
ration; in less degree to the melting of the snow that falls on the sea; and, locally,
to the melting of ice. .

~ The warming effect of the sun’s rays is combatted the year round by local
influences tending to reduce the temperature of the water or as least to retard ver-
nal warming. Evaporation from the surface, for one thing, uses iip heat, thus cool-
ing the water (p. 680). Furthermore; the heated surface radiates heat out into the
air whenever the temperature of the latter drops below that of the water, even in
spring and summer. ‘ L . T

The solar energy absorbed by the water is more than enough to offset these
forces up to mid or late August; consequently the temperature of the surface of all
parts of .the gulf continues to rise.. However, the amount of solar heat daily absorbed
by the water, at its maximum when the sun is at its highest declination, is constantly
decreasing after June 22 to 23; and after a certain date toward the end of summer
or early in autumn, a date that varies regionally, as described in an earlier chapter
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(p. 636), the surface chills. ‘At first this chilling chiefly reflects the convectional mix-
ing of the upper stratum, by which the substratum is warmed, in proportion as the
surface is cooled, combined with the effects of evaporation from the surface.. Mean-
time the mean temperature of the whole column of water continues to rise slowly at
first, then remains stationary for a time as the sun continues to lose strength. At
the mouth of Massachusetts Bay, for example, the mean temperature of the upper
40 meters was slightly higher on August 31, 1912 (station 10045, about 12°), than it
had been on July 10 (station 10002, about 11°), although the surface had cooled from
18.3° to 16.1° in the interval. - In 1915, too, the mean temperature of the upper 100
meters remained . virtuslly unaltered at the mouth of the bay from August 31 to
October 1' (about 8° at stations 10306 and 10324), although the surface temperature
fell from 16.1° on the first date to 10.3° on the second, and the mean temperature of
the upper 40 meters from 11° to 9°. In fact, it is doubtful whether the column of
water, as a whole, actually commenced to lose heat at the mouth of the bay before
the end of that October (p.638). In 1916, again, the mean for 80 meters was about
1° higher near Cape Cod onyOctober 31 (station 10399, about 7°) than it had been
at the mouth of the bay near by on July 19 (station 10341, about 6°), the 80-meter
temperature having risen in the meantime from about 3.7° to about 5.8°, though the
surface reading had fallen from 16.4° to 10°.

Thus, the heat received from the sun is sufficient to balance the loss of heat by
evaporation and by radiation at night, when the temperature of the air is cooler than
the water, until the date when the mean temperature of the air falls permanently
below that of the water, so to continue through the autumn and winter. Thereafter
the upper 100-meter stratum of water constantly loses heat, no longer merely simulat-
ing this loss by convectional equalization. As this loss of heat is chiefly the result
of radiation, out from the water into the air, the efficacy of this process deserves
a word.

Although warm winds, as we have seen, heat the water below them to only a
small degree, and slowly, because. of the very much higher capacity of the latter for
heat, cold winds, on the contrary, chill the surface of any body of water, fresh or
salt, very rapidly because dry air is extremely transparent to radiation, especially
to thelong wave lengths (Abbott, 1911; Hann, 1915). Because of this ‘‘diathermacy,”
and because water is a good radiator,’ the surface radiates out’ very large amounts
of heat from September on, whenever the air is cooler than the water, dry, and the
sky clear of clouds, fog, or mist, very httle of it bemg absorbed by the lower stratum
of the air.

The greater the difference in temperature between the air and the water, and
the drier the air, the more rapidly does the ‘water lose heat in this way. When the
air is damp, or the. sky clouded, the radiation from the surface of the sea is inter-
cepted by this water vapor, so that the water loses heat slowly under such circum-~
stances even if the temperature of the air be considerably the lower. It happens,
however, that the humidity rules low and the sky usually is clear during the coldest
winter weather of New England and of the Maritime Provinces, especially ‘at night.
Consequently, -other conditions ‘most favor radiation.just when the: differential

728chinidt (1915) found about 83 per cent as much radiation from a water surface as from a black surface. * -
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between sea and air temperature is widest, as it is from November on through
the winter over.the Gulf of Maine (p. 671).

Water itself is so opaque to radiation that only the thin surfa,ce film that is actu-
ally in contact with the air loses heat rapidly when the air is the colder of the two,
for it eﬂ’ectually insulates the deeper strata. Consequently, the rate of radiation
from water to air depends on the activity of vertical circulation; the more actively
the water is stirred by tides or waves, and' the more constantly. the surface layer is
replaced by water from below, the more rapidly will the column give off its heat to
the colder air and .so cool off with the advance of autumn and winter.® For this
reason it would be reasonable to expect the gulf to reflect the autumnal cooling of
the air most closely where tidal stlrrlng is most active, and temperatures taken by
Vachon (1918) in the St. Andrews region in 1916 prove this to be the case.

The coldest winter winds of the region blow from the land out over the gulf, and
these cold westerly winds predominate in the western side of the gulf during the three
winter months (p. 965). Consequently, the water loses heat most rapidly in the coast-
wise belt around the western and northern shore of the gulf, over which a fresh sup-
ply of icy air from the land is constantly passing, as long as the cold winds blow from
the quadrant between north and west. The wind, in turn,is warmed by theabsorption
of radiant heat from the surface of the water in its passage over the latter; for although
the lower stratum of air absorbs but a trifling percentage of this total radiation, its
capacity for heat is so low that but little heat need be intercepted by it to raise its tem-
perature: cons1derably This interception is favored, furthermore, by the incressing
humidity given the air by the evaporation that is constantly taking place from the
surface of the water. = The result is that by the time the air has traveled a certain
distance out from the land, its temperature rises so close to that of the water, and the
air.is made so humid, that the sea loses heat by radiation but little faster than it
gains heat from the sun, even in midwinter.

‘In any sea exposed to a rigorous air climate, winter chllh.ng may be expected to
proceed much more rapidly in inclosed harbors, among the islands, and close in to
the land generally, than it does only a few miles out at sea. This general rule is
exemplified in a typical way by the Gulf of Maine, where the stations closest to the
land have proved considerably the coldest in late autumn, winter, and early spring.
The thermal history of Massachusetts Bay durmg the winter of 192425 affords a good
example of this,

~‘Storm winds also hasten .the winter chllhng of the Water by the stu'rmg action
exermsed by the waves, which may reach down to very considerable depths at this
season, when the water has little vertical stability. - In severe winter storms the
whole upper stratum, 100 meters thick, may be mixed in this way and a constant
supply of new water thus brought up to the surface, there to gwe off its heat to the
icy air.

Were vertlcal stirring not so active in autumn, the 1mmed1ate surface would
cool off even more rapidly than it actually does, and the whole coastwise belt of the
gulf, if not the entire area, would freeze overin winter. At the same time, however,
the surface film would interpose so effective a barrier to the radiation of heat upward

7 See Nansen (1912) for an illuminating discussion of the loss of heat from the surface of the Northern Atlantic in winter, and
on the extent to which this is governed by the freedom of vertical circulation.
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from the deeper strats, by its opacity to this process (p. 694), that the water only &
meter or two down would lose heat much less rapidly than happens in reality, so
that the 20 to 30 meter level probably would not show enough cooling during the
winter months for the change in temperature to be measurable on our ordinary desp-
sea thermometers, : - : I
Actually, however, vertical circulation is most active during the cold half of the
year; consequently, the mixing of the various strata of water is constantly bringing
up fresh water from below, to radiate its heat out into the atmosphere. The. fact
- that the upper 100 meters, or so, cools off so uniformly during the winter, instead of
only a thin surface film, is thereforg wholly the result of convectional movements
of the water particles, induced either mechanically (by winds or tides) or dynami~
cally, if the surface water so chills that it becomes heavier than the underlying layer,
which, however, seems never to take place in the open gulf (p. 929). ’
The rigorous climate of northern New England and of the Canadian Province
of New Brunswick so ‘profoundly influences the ‘sea ‘temperature of the Gulf of
Maine - that ‘the -following " tables of'the air temperatures at -stations bordering the
gulf may be of interest.™ '~ ©u.. T oL g o

Normal air temperatures (Fahrenheit)

Math
A P P s Ne | on
anu- ebru- sep- 0 o

ary |- ary M§rch April | May | June | July |August tember October vember| cember

Boston 27.01 28.0| 345| 453 56.6| 658( 7.3| 689 627] 523 42 31.6
Portland 22.0f 2381 320) 43.0( 53.5| .626| €80 66.2] 5.2 49.1| 376 27,1
Eastport- oo oeooaes 20,1 204 2891 83| 46.9| 544 59.8] 59.7 5.2 | 46,6 368 25.3

- .. .Mean winter temperatures °F, with departures from normal (J. W. Smith, 1813-1921)
’ : : ’ 1911-12 ’ ' ’ k
December January. - Vi February « | March
Locality - T L T ; '
Temper- | Depar- | Tempeér- | Depar- | Temper-| Depar- | Temper-| Depar-
atare ture ature | ture | ature ture | ature ture
BOSEOD. e oo o4l -se 27| -o038 36.0 +L0.
Portland__. i BN S P © U183 ~6.7. 28,2 - .8 30.2 =18
Eastport SRS DS PO 14.3 —5.8 20. 4 -1.0 28.8 -.1
1012-13
Boston 8.5 46.9 30.3| 4123 g -0.3 42.4 +7.4
Portland 32.3 +5.2 3.6 + 9.6 _2L.0 —2.8 35.2 +3.2
Eastport. 28.7 +3.4 28] + 7.7 17.2 -4.2 32,0 +3.1
191415

Bost s0.4] —~Lz2! “ao| 480 33,2] 452 358  40.08
Portland. 2.4 -2.7 26.4 +4.4 28,4 +4.6 32,2 +.02
Eastport 23.6 -L7] 246 +5.5 27,6, +6.2 20.9 =100

M.From the U. 8. ‘Weather Bure;ﬁ.; -
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Mean winter temperatures °F, with departures from normal (J. W. Smith, 1918-1921)—Continued

‘1815-16 . Lo
Boston se2| +26] m0! +ed 255 —~25 30.6 =44
Portland 204!  +2.3 26.6 +4.6] . 20.6 —3.2 26.8 -3.2
Eastport. 20.6 +4,3 22.6 +2.5| - 19.3 ~2 2.6 —4.3
1919-20 - .
Boston.......___... 28.8 -2.8 4.0 -0.6 27.6 —0.4 39.2 43
Portland.__.__. 22.8 —4.3 14.6 ~7.4 22,2 ~1.6 348 +2.6
______ 20,0 —5.3 L5 ~8.6 21.1 (" 0.3 30. 4 L5
1920-21
Boston 35.61 +4.0 Cealii .-
Portland. ; 27.8 407 |aame.. ... TN P -
Eastport . 27.5 +2.2 O S SR,

The diagrams of air and surface temperature at Gloucester and at- Boothbay for
the winter of 1919-20 (figs. 29 and 30) show the temperature of the water closely
following that of the air in its 10-day fluctuations, and reflecting a loss of heat by
radiation more or less rapid as the difference between the temperature of air and
water is greater or less.” » »

The loss of heat from the surface of the gulf increases proportionately from
November on, as the average difference between air and water increases, a general
rule illustrated by the temperature cycle of Massachusetts Bay for the winter of
1924-25 (p. 651). The water continues to suffer a net loss of heat in this way until the
average temperature of the air once more risés above that of the water, an event to
be expected about the tenth of March (p. 668). o :

CHILLING EFFECT OF MELTING SNOW |,

Another cooling agent becomes effective from December until spring—namely,
the melting of the snow that falls on-the surface of the gulf.  The - amount of heat
taken from the water by melting snow is, of course, that required to melt an equiv-
alent amount of ice; a fall of 1 foot of snow (a moderate snowstorm for northern
New England and the Maritime Provinces) would represent approximately 1-114
inches of ice, more or less according to the quality of the snow.

~.The normal snowfall, by months, for the lands bounding the gulf is tabulated
below from data supplied by the United States Weather Bureau; also the actual
snowfall for representative winters since the oceanographic investigation of the gulf
was undertaken. o ' o
Normal snowfall and its equivalent in water, both given in inches

November December January . February . Mareh April |

Locality " |Equiv- 1 Bquiv- Equiy- Equiv- Equiv-|  |Equiv-

: Snow | alent | Snow ent | Bnow | alent | 8now | alent | Snow | alent | Snow | alent

water water B _ | water water water water

Boston.. . e e 0.6 0.08 5.8 0.55 9,7 0.87 13.7 123|090 0.87 3.7 0.46
Portland 3.6 .84 10.8 170 16.0 2.32 200 8.02} L7 1.82 42| ° .78
Eastport........ ___..._.| 3.4 407 1L7 )0 L26{ 17.6| Lv2{ 19.7) 19| 13.8| 1L928| -101(" 1,04
Yarmouth, Nova Scotia___. 4.0 . 40 14.4 147 20.3 2.03 21.8{ 218 13.3 1 - 130 5.6 | .50

™8 The air temperature of the coldest days was many degrees below the 10-day averages showm on“the diagrams, ofteri 10°
colder than the surface of the water.
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‘Snowfall; in tnches
WINTER, 1912-13

TR ’ Localtty - = . - .. | November . December.|’ Jenuary. | February | March. :{ Aprfl'..
Bostot 4 6.3 9.2 03] 7.7 0.5 14
Portland : : . ; : M T U] &7 5.0 141 5.1 LB
Esstport. , 20 . 6.9 7.9 14.6 9.3 3.7
Yarmiouth, Nova Scotia DI RETE 355 B 7.7 12 °18.3 [ 91 L1
WINTER, 191415
Bost : il : S a1 7.0 51 o
Portland.---.....- : : B T4 8.1 19 10.5 . 0.8
Eastport .45 0.0 i2.2 10.3 4.8
Yarmouth, Nova Scotia .., 4.1 15.3 10.2 - 1.2 2.5
' WINTER, 191516
Bost, RS S I SR T Y 48y 30.3 33. 65
Portland.____. : N ) 12.1 S 12,2 20,2 36.3 7.9
Pastport... . . NN U S Yooyl 4.4 1400 218 14.7 42
anmouth , Nova Scotia - — 6.1 . 213 29.4 53. L7
WINTER, 191920 L
Boston _ 02 2.9 2.8 32.5. ok, .20
Portlsnd __________ i I 2.7 4.3 C 2.2 44,6 13.6 0.3
Eastpo: N N 1.9 16.9 20,2 312 14.2 | 13,7
Yennouth NOV8 BOOHS ~onmoeenocioooeeee oo 2.4 13.6 28.0 | 15.2 3.7 8.0

T

i lTrace .

* On the average, the coastwise belt of ‘the gulf annually receives a blanket of
snow aggregating about 42 inches in thickness off Boston, 66 inches at ‘Portland,
76 inches off Eastport and 79 inches at Yarmouth, Nova Scotia. Translated
roughly into terms of ice, this means 4.5, 11, 8.5, and 9 inches, respectlvely, of ‘an
equivalent of about ‘8 inches of ice as the mean for the coastwise belt from'the
land out about to thé 25-meter contour - Farther ot from the shore a larger pro:
portlon of the winter’s precipitation ¢omes'down as rain, léss as Snow, but no meas-
urements of the snowfall have been made at any offshore station in the gulf. ~ -

As to melt 1 kilogram of ordinary fresh-water ice requires heat enough to raise
the temperature of 75 to 80 kilograms of water by 1°,® meélting 8 inches of ice will
take heat enough from the water to cool a stratum 12 to 14 meters thick by about 1°;
and probably this is a fair measure of the average cooling effect of snow falling on
the coastwise belt of the Gulf of Mame within'5 to 10 mlles of the land

CHILLING EFFECT OF MF.LTING lCE

The melting of floating ice in high northern and high southern latitudes exerts a

i)otent effect upon the distribution of temperature ™in the North Atlantic; and the
meltmg of i 1ce, whether frozen locally or of Arotlc or1g1n (p 689), is the most potent

' ™ Recent medstitements place the latent heat of fresh-water ice between 75 and 80.3 calorfes. (Krﬂmmel 1907, p BTy i

7 Balt-water ice is less effective as a cooling agent than fresh-water ice (floe ice, that is, than berg ice), because jts: latent hﬁatol
melting is somewhat lower, Petterson (1888) gives this' as approxlmate’ly 52 to 53 calories for ice frozen from water of ‘abotit the
salinity of the Gulf Maine,
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factor in producing the low temperature of the mid-layer of the Gulf of St.
Lawrence.

The chilling effect of ice melting in the Gulf of St. Lawrence, and to agreater extent
of the drift -ice melting over the Bgnquereau-Sable Island Bank region is, in turn,
brought indirectly to the Gulf of Maine by the cold water flowing westward past
Cape Sable in spring and early summer (p. 832); but no ice, either of Arctic or of
St. Lawrence origin, has ever been known actually to enter the Gulf of Maine
though pans (almost certainly from the latter source) do rarely drift down past
Cape Sable along the edge of the continent or outside it. Consequently, as the
surface of the open Gulf of Maine never freezes, ice melting in situ plays only a
very subordinate role in its temperature complex, except in its shallow and more or
less inclosed bays and among the islands that skirt its northern shores.

Cape Cod Bay offers an instructive example, on a small scale, of the effect that
melting ice exerts upon the sea temperature, for more or less ice freezes over the flats
alopg its western side nearly every winter. . The greatest. amount forms during heavy
blows from the northwest, when it may stretch out 2 or 8 miles from the shore and
pack several feet high along the beach. When ice has so formed, easterly winds and
high tides soon disperse it; and, according to the United States Coast Pilot (1912,
Part II1, p. 59), “instances are on record of this ice, and that forming in the shallower
parts of Cape Cod Bay in severe winters, being driven by the winds out into the bay,
where it masses into heavy fields or windrows, sometimes as much as 10 feet or more
thick, making the navigation of parts of the bay unsafe or impracticable at times.’?

Unfortunately, no observations were taken in Cape Cod Bay during the ice
season of the almost Arctic winter of 1919-20, or until April of the succeeding
spring; but in 1924 a considerable amount of ice formed along the west shore of the
bay between the 20th and 26th of December, during a spell of very severe weather
(p. 655), and the temperatures taken by the Fish Hawk on January 6 and 7, 1925,
showed the effect by a drop in temperature at the near-by station (No.7) from
about 4.3°, two weeks previous, to about 0.3°. Ice chilling was also reflected still
more clearly in the fact that the water was colder just off Wellfleet Bay (station 7)
than anywhere else in the southern part of the Massachusetts Bay region on that
date, as is described above (p. 655).

The sea ice that freezes in greater or less amount among the islands along the
coast of Maine in all but the warmest winters must also.exert a local chilling effect
on the water as it melts, but no measurements of this have yet been made.

In severe winters, when much ice forms in Vineyard Sound, most of it reported
to drift out to the eastward past Nantucket, melting ice must lower the tempera-
ture of the Nantucket Shoals region indirectly or directly. Here, again, however,
definite data are lacking.

Ice is also an effective chilling agent in shallow bays such as Barnstable and
Plymouth, for. the flats, laid bare at low tide, skim over with ice on cold winter days
or nights, which melts when the tide floods again. This is one reason (actlve tidal
circulation is another) why such situations serve as centers for chilling in winter,
just as they do as centers for warming in summer.
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THERMAL EFFECT OF THE RIVER WATER

The great volume of river water that pours into the gulf every sprmg, ata
temperature only a few degrees above the freezing point, when the ice goes out of
the lakes and the snow melts, must tend at first to delay the vernal warming of the
gulf However, no attempt has yet been made to estlmate its actual effect.

SUMMARY OF THERMAL DETERMINANTS ‘

_The interaction of the several major factors that govern the temperature of the
gulf is so complex that a summary of them may be useful.

- It is definitely established that the gulf owes the particular temperatures
proper to it, and especially the wide seasonal range. of temperature, chiefly to its
geographlc location to leeward of the continent and to.the rigorous land climate.
Only in 8 much smaller degree is it influenced by warm or cold. currents flowing
into it.

Our successive cruises and the observathns taken in the Bay of Fundy by the
Biological Board of Canada, therefore, corroborate the view long ago advanced by
Verrill (1874) that the waters of the Gulf of Maine are not abnormally cold, con-
sidering their geographic location and the rigorous climate of the neighboring land
mass; that, in short, to describe its temperature as ‘‘Arctic,” as has so often been
done, is entirely a misnomer.

The chief source of warmth for the superficial stratum of the gulf is the solar
heat absorbed by the water in situ. Vernal Warmmg is therefore chleﬂy of local
origin. The rapidity with which solar heat is dispersed downward in the water
and the depth to which it penetrates depend on the activity of vertical circulation,
whether by tides, winds, storm waves, or dynamic overturnmgs, and the regional
differences in the temperature gradient, which develop in the gulf in summer (Mas-
sachusetts Bay at the one extreme, the Bay of Fundy and Nantucket Shoals at the
other), result chiefly from differences in the thoroughness with which the tides
churn the water.

The low surface temperature that prevails along the eastern coast of Maine and
in the Bay of Fundy in summer, as contrasted with the Massachusetts Bay region,
is chiefly due, therefore, to local causes and not to the “Arctlc current” that has so
commonly been invoked to account for it.

The surface stratum of the gulf likewise receives heat from warm winds blowmg
over its surface, from surface water drifting into its eastern side from the region of
Browns Bank and the Cape Sable dead water, and also, at long intervals, from over-
flows from the troplc water outside the edge of the continent.

Vernal warming is opposed by the Nova Scotian current flowing from the east-
ward, past Cape Sable, into the gulf. During the brief period when at its maxi-
mum, this current may lower the surface temperature by a couple of degrees right
across to the western side of the basin, thus temporarlly producing a regional differ-
entiation; and it considerably delays vernal warming in the eastern side probably
every year. However, this cold drift is so thoroughly lncorporated into the water of
the gulf soon after the actual flow past the cape slackens that no regional differenti-
ation from this source can be traced deﬁmtely in the gulf after midsummer. N elthe_r
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is its general temperatire made imore than 2° to:3° lower than would be the case if
the gulf were entirely barred to.currents, cold or warm; ‘but the chilling effect of the
Nova Scotian current is more important than this bald sta.tement suggests, for it
counteracts, by several degrees, the effect of the warm sources just mentioned.

Autumnal and winter chilling, so consplcuous a feature of the gulf, resulta
primarily from the loss of heat from the surface by radiation, after the date when
the mean temperature of the air falls below that of the water; neither cold currents
from the north nor upwelling from the oceanic abyss have any major part in it.

" Snow falling and meltmg on the surface is" also a cooling agency of some effi-
cacy; so, locally, is melting ice in Cape Cod Bay and among the islands along the
coast'of Maine. River drainage, by its low temperature in early spring, also tends
to retard vernal ° Warmmg Evaporation from the surface also tends to ¢hill the water
throughout the year, accounting for a probable coohng of the mean temperature of
the upper 50 meters by 5° to 6°.

The temperature of the superficial 100 meters of water is governed chleﬁy by
these climatic (including solar) influences from above, by the thermal effect of the
mﬂows into the eastern side of the gulf, and by the chﬂlmg effect of evaporatlon
from the surface.

The cold 1ayer that persists in the basin throughout the summer at a depth of
100 to 150 metérs in most years is simply reminiscent of the lowest temperature to
which this level chilled during the preceedmg winter—not of an Arctic current.
This layet ‘is colder than the deeper water in most summers because the temperature
of the latter is détermined chiefly, not by seasonal climatic influenices, but by the
volume of the warmer slope water flowing in through the eastern channel, and by
the course that this current follows inward along the two branches of the trough of
the gulf. If the inflow of slope water is smaller than usual, or cooler, the summer
temperature of ‘the inner part of the- basin is virtually umform, vertlcally, from
about 100 to 150 meters down to the bottom, as was the case in-1912.

It is not yet possible to estimate, qnantltatlvely, what thermal effect the slope
water has on the upper layers of water as it is gradually incorporated'into the Gulf
of Maine complex. "Any increment from this source will tend to cool the surface
stratum in the summeér but to warm it in winter and éarly spring.

The chilling effects of the rigorous winter climate of the land mass to the west
and of the Nova Scotian current, balanced against solar warming plus the warming
effect of the slope water and of the surface indrafts from the Browns Bank—-Cape
Sable deadwater reglon, maintain a comparatively constant state in the gulf from
year to year; but it is ‘easy to see how any one of them, if more or less effective
than usual, might profoundly influence its waters. In attempting to determine the
¢auses of such fluctuations as have been recorded, the ev1dence of sallnlty, as well
4s of temperature, mist be weighed.

" 'Unusually high summer temperatures, with normal salinity, might result either
from a mild winter preceding, from unusually rapid solar warming ‘during the
gpring, or from a smaller increment from the Nova Scotian current than normal.
High témperature, with very high salinity, would point either to an unusual inflow
of slope water durmg the preceding winter or to one of the rare overflows of tropic
water (p. 836).  Abnormally fow summet temperatures, with normal salinity, would
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naturally follow any cold winter or spring: (cases in -point are 1916 and 1923). - If
coupled with unusually low salinity, an unusual exténsion of the Nova Scotian current
would be indicated, though this same state might result from a cold winter followed
by greater river freshets than usual, a combination not unknown. - Abnormally-low
summer temperature, coupled with high salinity, would result if more slope water
than usual was then flowing into the gulf and if it was being incorporated with the
overlying water more rapidly than usual. b ‘

Temperatures and salinities lower than usual along the outer part of the continen-
tal slope abreast the .gulf in summer would be conclusive evidence of somebunusual
expansion of water from the northeast, such as seems actually to have occurred in
1916 (p. 848). If combined with very high salinity, very low temperatures along
the edge of the continent would be good evidence of some upwelling from the abyss;
#nd although no upwelling of this sort has come under direct observation off the
Gulf of Maine region, or seems likely to occur there, events of this sort would have
such a wide-reaching effect on local hydrography that strict watch should be kept

for them. v
. SALINITY™"
GENERAL SUMMARY

_ The account of the salinity of the gulf may commence, appropriately, with a
brief summary, both because the general reader may find in it information sufficient
for his wants and to serve as introductory to the more detailed description. &

~ The Gulf of Maine falls among the less saline of inclosed seas; the salt content

of its waters averages very much lower, for instance, than that of the Mediterranean,
somewhat lower than that of the North Sea, but higher than that of the Baltic. A
close parallel to the Gulf of Maine, in salinity, is to be found in the Skagerak, con-
necting the Baltic with the North Sea. This relationship was to have been expected
because the continental waters along the northwestern margin of the Atlantic are
‘decidedly less saline, as a whole, than on the European side. :

Compared with the Gulf of St. Lawrence, the Gulf of Maine shows slightly the
higher mean salinity at the surface; but the deep waters of these two gulfs agree very
closely in this respect, as they ‘do also in temperature. R
' Perhaps the most notable feature of the gulf, from the present standpoint, is the
‘abrupt contrast between the decidedly low salinity (averaging only about 32 to 32.5
per mille at the surface and 32.8 to 33 per mille at 100 meters’ depth) over and
within its offshore rim, and the very much salter (>35.5 per mille) water of the so-
called ““ Gulf Stream,” always to be found only a few miles to the seaward of the
edge of the continent. This contrast finds its counterpart in the temperature and
also in the color of the water. e

The Gulf of Maine is also interesting for the wide regional variations in salinity
in its inner waters, where, in spite of its small extent, the extremes recorded (about
27 to 35 per mille) cover a range wider than that of the entire Atlantic basin outside

In modern oceanographic parlance the degree of saltness, or “salinity,’” of the sea water is expressed gs the' total weight, in
grams, of the solids in a state of solution in 1,000 grams of water. This relationship *‘ per thousand,” or *per mille,” is'chosen
rather than the more familar term * per cent,” merely for convenience to aveid the constant use of small fractionsl partd, o
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the 1,000-meter contour. However, even such a range as this is narrow, as com-
pared to temperature, for with the mean salinity of the gulf falling close to 32.5 per
mille the extreme variation is not more than 20 per cent. Consequently, I must
caution the reader that while emphasis is laid on these variations in the following
pages, they are actually so small, from season to season and from place to place,
that their measurement requires careful chemical or physical tests. They could not
be detected by any human sense. To use a homely example, no one, I fancy, could
distinguish the saltest water of the gulf from the freshest by its taste, but no one
could fail to tell the temperature of winter from that of summer if e dipped his
hand in the water or by feeling the spray on his face.

The .gulf is invariably saltest in the eastern side of its trough and in the
‘Eastern Channel, which connects the latter with the open ocean. It is freshest
in the coastwise belt along its northern and western shores and along the western
shoreline of Nova Scotia, as appears repea.tedly on the charts of salinity for various
levels and seasons.

The fact that the water over Georges Bank (the shoal southern rim of the gulf)
is not salter than the basin to the north of it deserves emphasis because its proximity
to the oceanic waters of the ‘‘ Gulf Stream ”” might lead us to expect high salinities
there.

A wide seasonal variation in the salinity of the surface is characteristic of coast-
wise waters in boreal latitudes, the water freshening at the season of the spring fresh-
ets and then gradually salting again as this inrush of river water is incorporated by
the mixings and churnings caused by the tides, winds, and waves.

The Gulf of Maijne is no exception to this rule. The widest seasonal vamatlons
so far actually recorded there at any given station are from about 28 per mille in
April to about 32.7 per mille in winter in the Bay of Fundy (fiz. 165), and from about
28.3 per mille in May to about 32.3 per mille in early March in the opposite side of
the gulf, a few miles off the mouth of the Merrimac River (p. 813). Such changes,
however, are confined to the superficial stratum of water not over 40 meters thick.
The bottom waters of the gulf deeper than 100 meters see very little alteration in
salinity from season to season. The salinity has also proved unexpectedly constant
from year to year in all parts of the gulf at any given season.

The Gulf of Maine is characterized by a considerable vertical range in sahmty
over all but its most tide-stirred portions, contrasting strongly in this respect with
the North Sea, across the Atlantic, where the salinity as a whole is more nearly
uniform from the surface downward. The vertical range is widest in spring and
summer, when the surface as a Whole is freshest, narrowest toward the end of the
winter; greatest, too, where the stlrrmg effects of the tides are least, as in the west-
ern side of the gulf off Massachussetts Bay, and least where tidal currents keep the
‘water more thoroughly churned, as in the Bay of Fundy in one side of the gulf or
on Nantucket Shoals in the other.

\ In summer, and in the coastwise zone, the increase in salinity with depth
averages most rapid from the surface down to a depth of about 50 to 75 meters; but

»‘ there are many exceptions, and in the deep basin of the gulf the salinity gradient
mey be nearly. uniform, surface to bottom, or the rise in sahmty may be found most
rapid as the bottom is approached. ,
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DETAILED ACCOUNT OF SALINITY

The detailed account of the salinity of the gulf may well commence with its
state at the end of the winter and during the first days of spring, both because this is
the season when variations in salinity, both regional and vertical, are least, and
because this choice of a point of beginnipg will parallel the description of the
temperature of the gulf (p. 522). , v

FEBRUARY AND MARCH

At the end of February and during the first week of March the salinity of most
parts of the gulf is at or near its maximum for the year, except close to the mouths
of the larger rivers. It is also most nearly uniform then regionally, having had a
range of only 1.3 per mille from station to station at the surface in March, 1920.
In the offshore parts of the gulf the salinity is then also close to uniform vertically,
from the surface down to & depth of 40 to 50 meters, but increases at greater depths
down to the bottom of the trough, as is the general rule in all parts of the Gulf of
Maine at all seasons. :

’ ‘ SURFACE

During the last week of February and the month of March of 1920 (which we
must, perforce, take as representative, being the only year when we have made a
general survey of the gulf at this season) the surface water was freshest (31.3 to 32
per mille) along a narrow band fringing the coast between Portland and the eastern
boundary of Maine (fig. 91); and it is probable that equally low salinities prevailed
in the more inclosed bays and in the mouths of harbors all around the coast line of
the gulf at that time. The curves for successive values show that this band of
water, less saline than 32 per mille, was probably not wider than 20 miles (measured
from the outermost islands or headlands) on any line normal to the coast, with
rather an abrupt transition to salinities higher than 32 per mille a few miles to the
seaward of the 100-meter contour. - In outlining the distribution of salinity farther
out from the land, the curve for 32.5 per mille is the most instructive, its undulating
course marking an artificial boundary between the fresher and salter waters. Water
fresher than this overspreads the entire northwestern and western portions of the
gulf at this season and its eastern side as well, spreading offshore to include the
whole western half of Georges Bank, a considerable area off Penobscot Bay, and the
whole breadth of the continental shelf (including Browns Bank) to the southward
of Cape Sable.” ’

The salinity of the surface water in the offing of the cape is especially interest-
- ing at this season as evidence of the extent to which the icy waters of the Nova
Scotian current (characterized equally by low salinity) have begun to flood west-
ward past the cape into the Gulf of Maine. In 1920 the situation of the isohaline
for 32.2 per mille on this March chart clearly shows that the freshest (also the coldest)
core of this drift lay well out from the shore off southern Nova Scotia, directed
toward Browns Bank, and that it had not yet passed the longitude of Cape Sable in
appreciable volume. The low salinity of the waters that then skirted the western

‘. WThe surface salinity was only 32.16 per mille at our outermost station on the Shelburne profile (20077) on March 19.
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, . ;
shores of Nova Scotia (< 32.2 per mille) is thus shown to be of local origin—i. e., merely
a part of the generally low salinity of the coastwise belt, resulting from the drainage of
fresh water from the sundry streams that empty along that sector of the coast line.

At the time of our spring cruise in 1920 the surface water over the eastern half
of Georges Bank and in the southeastern part of the basin of the gulf was more saline
than 32.5 per mille, this area of high salinity indenting Y-like into the inner parts of
the gulf, with its one arm extending northward along the eastern side of the basin to
the mouth of the Bay of Fundy and the other westward toward Cape Cod in a man-
ner better shown on the chart (fig. 91) than verbally. It is probable that this contrast
in salinity between the western and eastern ends of Georges Bank is characteristic of
this season of .the year. :

The distribution of salinity on Georges and Browns Banks also makes it probaq
ble that the saltest surface water in the Eastern Channel and in the neighboring part .
of the basin of the gulf then took the form of an isolated pool entirely cut off from
the still more saline surface water (>33 per mille) of the Atlantic basin outside the
edge of the continent, reflecting some local stirring or upwelling of the water. i

Apparently it would not have been necessary to run out more than about 25 to
30 miles from the continental edge of Georges Bank in February and March to have
encountered surface salinities of 33 per mille and upward; but the low value (32.16
per mille) at our outermost station on the Shelburne profile (station 20077) suggests:
that the isohaline for 33 per mille then departed farther and farther from the conti-:
nental slope, passing eastward from Georges Bank, to leave a widening wedge of less
saline water next the edge of the continent.

- The most spectacular évent in the yearly cycle of salmlty of the Gulf of Mame
is the sudden freshening: of the surface near its shores, which follows the spring
freshets of its rivers, an event happening earlier or later, according to the date when
the snow that blankets New England, New Brunswick, and Nova Scotia melts and
the ice in the lakes and streams goes out. In this respect the spring of 1920 was
late, following a severe winter. The effect of this outpouring of land water makes
itself evident, by lowered salinity at the surface, earlier off some parts of the coast
than off others. However, this regional variation does not correspond directly to
the latitude of the rivers concerned, because the éffect of the Kennebec was made
evident in 1920 by surface salinity nearly 1 per mille lower close in to its mouth
(station 20058) than either to the westward or to the eastward of it as early as
March 4 (fig. 91); but any effect that the discharge from the Merrimac may have
had on the preexisting salinity up to that date must have been confined to the
immediate vicinity of its mouth, because the surface was then about the same for
the general sector between Cape Ehzabeth and Cape Ann as for the offing of the
river (32.2 to 32.3 per mille).

" In 1925 (an earlier spring on land as well as in the sea) fresh water from the
Merrimac had developed a streak of low surface salinity (30.7 per mille) for about 6
miles out from the mouth of the river by March 12, with slightly higher surface
values (31 to 32 per mille) to the north and south (Fzsh Hawk stations 20 and 28,
cruise 9, pp. 1009, 1010) ‘While higher values in Massachusetts Bay (32.4 to 32.9 per
mille; Fish Haowk cruise 8, March 10, stations 2 to 18A; p. 1004) prove that low salin:
ities from this source had not yet spread southward past Cape Ann, the freshets from
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the several rivers produce a cumulative freshening in the coastwise belt from mid-

March on, which finally involves the entire periphery of the gulf to greater or less
extent (p. 723). o R ‘

w 70"

69"

g FI;}. 91.—-Salig;ity at the 'surfaee, ’Februvary 22 to Marycﬁ 24, 1920. ‘ TI-JQ' 1s‘:oha‘line for 33 per mille is assu::;led

S el ' VERTICAL DISTRIBUTION BRI

- Our data on salinity for the years 1913, 1920, and 1925 show that a very close
approach. to vertical uniformity obtains over the gulf down to a depth of 40 to 50
meters and outside the 100-meter contour during the last week of February -and the
first part of March. Thus, in 1920 the widest range between the surface.and. the
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40-meter level for this whole ares was only 0.1 per mille, including the deep water
off the southeastern slope of Georges Bank (station 20069) and the continental shelf
abreast southern Nova Scotia (stations 20073 to 20077). :

Our several stations in Massachusetts Bay, for various dates in March during
the three years of record, have shown the upper 40 meters of water equally homoge-
neous there; and it is probable that this generalization would apply to the entire
coastal zone of the gulf outside the outer islands during the last half of February,
except close to the mouths of the larger rivers.

- In March, 1920, homogeneity characterized the whole column of water in the
western part of the basin of the gulf, as limited by a line running southeastward from
Penobscot Bay, down to a depth of 100 to 150 meters, with the difference in salinity
between 40 and 100 meters averaging almost exactly the same as between the sur-
face and 40 meters (about 0.05° per mille). In other words, stirring by tides and
waves is active enough to keep the water virtually equalized in salinity down to this
depth during the late winter and early spring. However, our March stations have
all yielded considerably higher salinities at 100 meters’ depth than at 40 meters in
the Eastern Channel and inward all along the eastern side of the basin of the gulf
(not however, in the Bay of Fundy), with an average difference of about 0.6 per
mille (stations 20055, 20056, 20071, 20072, 20081, 20082, and 20086) and a maxi-
mum range of 1.43 per mille in the channel between Georges and Browns Banks
(station 20071). , : o

The presence of this tongue of more saline water at 100 meters combines with a
more or less constant tendency toward upwelling from the deeper strata to raise the
lower boundary of the stratum, equalized by vertical stirrings, some meters higher
there than in any other part of the gulf. An even wider vertical range of salinity
between the 40-meter and 100-meter levels, recorded over the shelf south of Nova
Scotia that same March (stations 20074 to 20077; range of 0.8 to 2.7 per mille),
suggests a drift of the fresher coastal water out over the salter slope water;* and
this, or a reciprocal movement of the slope water in toward the slope on bottom, is
also the probable explanation for almost as steep a gradient in the upper 40 meters
off the southwest slope of Georges Bank on February 22 (station 20044 and 20045),
and off its southeast face on March 12 (station 20069; fig. 92).

All the March stations in the open basin of the gulf also show a considerable
vertical increase in salinity at depths greater than 100 meters, with a maximum
difference of 1.26 per mille between 100 meters and 150 (station 20053), a minimum
of 0.14 per mille. ,

The homogeneity of the superficial stratum of the gulf, characteristic of the last
weeks of winter, gives place to the devolopment of a more stratified state in the
coastal belt in March as the increasing volume of fresh water discharged from the
rivers lowers the salinity of the surface along the tracks affected by their discharges.
In the year 1920 the discharge from the Kennebec, perhaps combined with water from
the Penobscot, had reduced the'salinity of the surface water off Boothbay fully 1 per
mille below. that of the 40-meter level by March 4 (station 20058).8' In 1925 the

“# The surface stratum of low salinity cut by the Shelburne profile for March is the southernmost extension of the Nova
Scotian current (p. 832). : : ' .

- 8 No observations were taken at the mouth of Penobscot- Bay during this month, consequently I can not state how far sea-
ward the outflow from the Penobscot River may then have influenced the vertical distributfon of salinity.
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outflow from the Merrimac produced a slightly greater vertical range of salinity
(average difference of 1.5 per mille between surface and 40 meters) in the region
between Cape Ann and the Isles of Shoals by March 12 (Fish Hawk cruise 9, stations
20 to 28), though its full effect was not felt until & month later (p. 725).

Unfortunately, the water samples for these Fish Hawk stations and for the Alba-
tross station off Boothbay for March 4, 1920 (station 20058), were not taken at vert-
ical intervals close enough to show whether the river water was then pouring into
the gulf in volume great enough to maintain a sharply defined stratum of low salin-
ity at the surface. It is more likely that vertical stirring by tides and waves still
continued active enough to produce a .more even gradation from the surface down-
ward. -However, its effect was certainly greatest close to the surface and perhaps
not appreciably deeper than 20 to 40 meters until later on in the season.

40 METERS

. Thanks to the homogeneous state that characterizes the superficial stratum of
the whole gulf (with the exceptions just noted) during the late winter and early
spring, the regional distribution of salinity for February and Madrch is much the same
down to a depth of 40 to 50 meters as it is at the surface (fig. 91). The agree-
ment is especially close for the isohaline for 32.5 per mille, which shows the same con-
trast at 40 meters (fig. 93) between fresher water near land and salter offshore all
around the gulf as at the surface, and with the same expansions of low salinity out
over the western half of Georges Bank, southward into the central part of the basin
off the Penobscot Bay region, and out. from Nova Scotia across the Northern
Channel to Browns Bank. ; , .

The isohalines for the 40-meter level (fig. 93) likewise parallel those for the sur-
face in locating the axis of the freshest band on the Shelburne profile (< 32 per -
mille) as lying over the outer part of the shelf, not close in to that coast-as we have
found it later in the season (fig. 132). However the rather abrupt east-west transition
in salinity from this tongue to higher values over Browns Bank and in the Eastern
Channel (32.86 per mille, station 20071) ig sufficient evidence that the Nova Scotian
current had not appreciably affected the salinity so deep as this farther west than
longitude 65° up to this date, though some slight movement of water may already
have taken place in this direction at the surface (p. 703).

The distribution of water salter than 32.5 per mille is also very nearly the same
at 40 meters as at the surface in March, with the same gradation lengthwise of
Georges Bank from lower values (about 32.4 per mille) at the western end to higher
values (about 32.6 to 32.7 per mille) at the eastern, and to slightly more saline water
(32.8 to 33 per mille) in the Eastern Channel and in the southeastern part of the
basin. '

It is interesting to find a circumscribed pool of very high salinity (>33 per mille)
in the eastern side of the basin at this level, which could have resulted only from
some local upwelling. , s ‘

In winter and early spring, when the water has little vertical stability to resist
vertical currents, events of this sort are to be expected locally over small areas as
the result of tidal churnings, or caused by the wind. The distribution of salinity at
different seasons shows that the basin is most subject to them in its eastern side, and
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offshore gales often bring up waterfrom below in volume great enough appreeiably to
affect the temperature and salinity of the surface: along the Western shores of the
gulf during the Iater spring (p. 729).

It is not clear whether the water salter: than 32.8 per xmlle, Whlch occupxed the
southeastern part of the gulf in March, 1920; was then continuous:with still higher
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. F1a. 93, —Salinity a.t a depth of 40 metets, February 22 to March 24, 1920

sahmtms offshore at the 40-meter level, as is suggested on the chart (ﬁg 93), or
whether it ‘was inclosed by slightly lower ‘salinities at”the mouth of the Eastern
Channel, a8 seems to'have been the case at the surface at the tune. -A: station’in
the offing of the chanxnel would have sebtled ‘this question. S AL
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The only important: difference between the distribution of salinity at the surface
of the gulf and at 40 meters for March is in the coast sector between Portland, Mae.,
and Penobscot Bay, where the freshening of the surface by river water (p. 704) does
not at first affect the salinity to as great a depth. -

The fact that moderately high salinities (34 per mille) lay closer in to the sea-
ward slope of Georges Bank at 40 meters depth than at the surface in February and
March (cf. fig. 91 with fig. 93) is also worth mention as evidence of some recent
expansion of the surface water offshore.

100 METERS

The regional differences in the rate at which the salinity of the gulf increases
with increasing depth (p. 706) result in a much wider contrast in salinity between the
eastern and western sides of the gulf in the mid depths (as represented by the 100-
meter level by March) than in the upper stratum (fig. 94).

In the western and northwestern parts of the gulf, it is true, the mutual rels-
tionship of water fresher and salter than 32 per mille is then made essentially the
same at 100 meters as at shoaler levels by the homogeneity of the superficial stratum
(p. 705) and by the fact that the slight increase with depth was nearly uniform from
station to station in that subdivision of the gulf. A somewhat higher salinity (32.92
per mille) near Cape Cod (station 20088) than that of the surrounding waters (32.5
to 32.6 per mille) is only an apparent exception to this generalization, reflecting some
local upwelling from the salter, warmer waters below, an explanation corroborated by
the fact that the 100-meter temiperature was also slightly higher there than at the
neighboring stations (fig. 13).

In the eastern aide of the gulf, however, the curves for the several values (33
to 34 per mille) clearly outline a very definite and highly saline but narrow core
entering the gulf via the Eastern Channel, at the 100-meter level (hardly suggested
at the 40-meter level), spreading northward along the eastern slope of the basin, to
turn westward across the mouth of the Bay of Fundy as far as the longitude of
Mount Desert. It is probable, also, that a smaller increment was entering the Bay
of Fundy, or had recently entered, because the vertical increase in salinity from the
40-meter level downward was somewhat more rapid at the mouth of the latter (32.7
per mille at 100 meters at station 20079) than we have found it anywhere in the
western side of the gulf during March. It also seems certain that at the date of
observation (March 13 to 23) this saline tongue was continuous with the still salter
oceanic water via the eastern side of the Eastern Channel, witness a salinity of 33.78
per mille at 100 meters at the outermost station off Cape Sable (station 20077),
where the surface and 40-meter levels were by contrast notably low in salinity
(p. 1000). On the other hand, values lower than 33 per mille at 100 meters on the
eastern peak of Georges Bank (station 20070) and along its southeast face (station
20068) suggest that water less saline than 33 per mille was then drifting out of the
gulf along the western slope of the channel, to pool off the southeast face of Georges
Bank and so to hold the oceanic water (>35 per mille) at least 60 miles out from the
latter. However, this pool of water of low salinity (and of low temperature) extended
only a few miles around the tip of the bank to the westward, with salinities higher than
34 per mille washing its southern face. If 35-per mille water did not actually touch
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the slope of the bank to the westward of longitude 68° on February 22 (stations
20044 and 20045), as it apparently had off New Jersey on' February 21 (station 20043),
it was not separated from the edge of the continent there by more than 10 miles of
lower salinities at the 100-meter level at that time. :
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F16. 94.—Salinity at a depth of 100 meters, February 22 to March 24, 1920

The agreement between the March charts for temperature (p. 526, fiz.'13) and
for salinity at 100 meters (fig. 94) is remarkably close in the eastern side of the gulf,
the two combined affording evidence as good as could be asked that warm saline
water was then actually flowing into the gulf along the eastern side of the Eastern



712 BULLETIN OF THE BUREAU OF FISHERIES

Channel, or had been so flowing shortly previous. The failure of the Nova Scotian
current of low salinity to show at all in the 100-meter salinities for March, 1920,
either on the deeper parts off the shelf abreast of Shelburne, Nova Scotia, or in the
southeastern part of the Gulf of Maine, also deserves emphasis as evidence that
this current is confined strictly to the upper 50 or 75 meters of water at that season,
neither creeping westward through the Northern Channel at deeper levels nor cir-
cling Browns Bank. - -~

The regional variation in salinity at 100 meters within the gulf was about 1.86
per mille for February and March, 1920.

SALINITY AT 150 METERS AND DEEPER

The March chart of salinity at 150 meters (fig. 95) is interesting chiefly as an
illustation of the west—east gradation .from lower values to higher, which has
proved generally characteristic of the deep strata of the gulf, complicated, however,
by an extensive pool of very low salinity in the northwestern part of the basin, in
the offing of Penobscot Bay (<33 per mille), and extending southward past Cashes
Bank (station 20052). This phenomenon probably reflected an offshore drift,
associated with the low temperature to which the northern coastal zone of the
gulf chills during the winter (p. 651). Whether it develops annually, as its low
temperature (station 20052) would suggest, is an interesting question for the future.

A salinity slightly below 33 per mille in the extreme southwestern corner of
the basin at 150 meters on February 23 (station 20048, 32.97 per mille), apparently
entirely inclosed by salter water, contrasting with the increase that took place in .
the 150-meter salinity off Cape Ann from 33.4 per mille on that date (station 20049)
to 33.53 per mille on March 24 (station 20087), illustrates the extent to which the
state of the water at this depth is governed by mutual undulations of the shallow
(less saline) and deep (more saline) strata. No doubt movements of this sort are
constantly in progress, raising or lowering the upper boundary of the bottom stra-
tum salter than 33.5 per mille; but as yet we have not been able to follow these
submarine waves in detail.

The localization of salinities higher than 33.8 per mille along the eastern slope
of the basin at 150 meters in March, with a maximum of 34.4 per mille in the
Eastern Channel, points to some inflow right down to the bottom of the latter at
that date (February 22 to March 24) ‘or shortly previous; but with so gentle a
gradation in salinity from the one side of the basin to the other, this indraft evidently
was (or had been) less rapid at the 150-meter level than at 100 meters, or in smaller
volume. Nor is its course within the gulf so definitely outlined by the curves for
successive values of salinity at the deeper level. Very little water of this origin, if
any, was then flowing over the: rim into the Fundy Deep because the 150-meter
salinity was considerably lower within the latter (33.01 per mille, station 20079) than
in the neighboring part of the open basin (33.7 to 33.9 per mille). Nor had it
recently overflowed the shoal rim into the bowl at the mouth of Massachusetts Bay,
where the bottom water (150 meters) was about 1 per mille less saline on March 1%
than equal depths in the neighboring parts of the basin, and. the entire column very
close to homogeneous, vertically, from surface to hottom. :

" s giation 20050, 32.39 per mille at 150 meters
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«.In the same way, a March reading of only 32.91 pér mille at 175 heterd’in: _the'_'
% ﬁrough west of Jeffreys Ledge (station 20061) irrors the hmdrance of frée emcﬁls“
b tmn at the bottom (p 691) by the barner rim to the north ;
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Fro. 95.—8alinity at a depth of 150 meters, February 22 to March 24, 1920

Salinities at depths greater than 150 meters did not demonstrate any inflow as
actually taking place into the bottom of the gulf in February and March, 1920.
Thus we find a general and comparatively uniform gradation at 175 meters -from
33.5 to 33.8 per mille around the inner slope of the basin generally (but only 33.03
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per mille in the topographic bight just east of Cashes Ledge) to 34 to 34.2 per mille
in the southeast corner (station 20064) and.to 34.5 per mille in the eastern side of
the Eastern Channel (station 20071). It is probable, however, that a band of slightly
fresher water skirted the western slope of the latter down to this depth, as it
certainly did the southeastern face of Georges Bank, a phenomenon discussed
below (p. 848, 938).

- At depths greater than 200 meters the contour of the bottom divides the trough
of the gulf into three separate basins: The 200-meter salinity fell between 33.7 per
mille and 34.7 per mille in February and March, 1920—lowest (33.8 to 34.1 per
mille) and extremely uniform in the western and northeastern channels, highest (33.2
to 34.7 per mille) in the southeastem and in the eastern channels, as was naturally
to ‘be expected.

Water salter than 35 per mille (i. e., of nearly full oceanic salinity) washed the
slope at this level off the southwest face of Georges Bank, but was separated from the
southeastern slope by a wedge of considerably lower salinity (34.6 to 34.7 per mille,
station 20069), much as is described above for the shoaler levels (p. 704; figs. 93 to
95). And with the whole column less saline than 35 per mille right down to a depth
of 1,000 meters at this location, and also a few miles to the eastward of the mouth
of the Eastern Channel (station 20077), it is evident that a very considerable mass
of water of about the salinity that usually characterizes the bottom of the Gulf of
Maine then filled the entire submarine triangle at the mouth of the only possible
inlet into the deeps of the latter. This is a significant phenomenon because it is
from this source of moderate salinity (34.5 to 35 per mille), not from pure oceanic
water, that the bottom drift into the gulf draws, as is described more in extenso below
(p. 842). With this moderate salinity extending downward so deep (fig. 92), it is
evident that. considerable upwelling might take place off the mouth of the channel

. without bringing into the latter (and thus into the gulf) water of appreciably higher
salinity than a more nearly horizontal inflow would bring.

Only a very small part of the gulf is much deeper than 200 meters. The bottom
water, at 250 meters, was 34 to 34.2 per mille in both the western and the eastern
bowls in March, 1920 (stations 20054 and 20087), with higher values in the south-
eastern part of the gulf,® corresponding very closely to the salinity of the bottom of
the Eastern Channel (34.7 per mille) and outside the latter.

PROFILES

The charts for the several levels give a picture of the salinity in horizontal
projection, but the spacial distribution is made more graphic by representation
in profiles.

The essential contrast between the low salinity that characterizes the Gulf of
Maine at all seasons and the much more saline oceanic water to the seaward of the
continental edge is illustrated for February and March by two profiles running from
north to south across the gulf and its southern rim, the one from the offing of
Cape Elizabeth (fig. 96), the other from the oﬂing of Mount Desert Island.
(Fig. 97) Taken in conjunction with the corresponding proﬁles for temperature

4 Station 20064, salinity approximately 31.8 per mille rron:; 250 meters rlght down to the bottom in 330 meters.
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(figs. 15 and 16), they show the water freshest where coldest (i. e., inshore), saltest
where warmest—a relationship that prevails all along the North American seaboard
between the latitudes of Chesapeake Bay and of Cape Breton, at the time of year
when the temperature is at.its lowest. The profiles for salinity differ, however
from those for temperature, in cutting across alternate bands of fresher water next
the coast, salter in the basin, fresher again over Georges Bank, and saltést of all at
their seaward ends outside the edge of the continent. This succession on the west-
ern profile- (ﬁg 96) mirrors the expansmn of water of low sahmty (32 5 per. mﬂle)
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Fi16. 96.;-Salinity profile running southward from the offing of Casco Bay, across Georges Bank, to the continental slope, Feb-
; ruary 22 to March 5, 1920

~out from Cape Cod across the western part of Georges Bank. On the eastern
profile, however (fig. 97), the contrast between slightly lower values over Georges
Bank (32.6 to 32.7 per mille) than over the basin immediately to the north of it
(32.8 per mille) is associated with the indraft via the Eastern Channel, which
interrupts the picture by raising the salinity of the upper stratum of that side of the
basin slightly above the values that might otherwise be expected there. In brief,
then, the contrast between basin and bank is caused on the one profile by outflow
over the latter from inshore, but on the other profile by an inflow around the bank
into the gulf.

~ The two profiles agree in showmg comparatwely low and’ unlform salinities
(temperatures, as well) at the offshore ends in the upper stratum, with the curves
for the successive values so nearly horlz_qntal ‘there that it would evidently have
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beern necessary to run some distance farther offshore to have. reached the mner-edge
of the so-called *“Gulf Stream’’ on either of these lines.

The deeper strata of the western profile (fig. 96), however, 111ustrate the prox-
imity of oceanic water to this end of the bank; evident, too, on ‘the charts (figs. 94
and 95) by a very rapid rise in salinity, with increasing depth at the outer stations
(20044 and. 20045) to oceanic values of 35 per 'mille and higher within .60 to 70
meters of the surface and down the slope from the 100-imeter level. On the:eastern
profile, however (fig. 97), the vertical change in salinity was not only less abrupt.at
the offshore end, but water as saline as 35 per mille lay so far out from this part of
the slope that the profile did not reach it at any depth, although readings were taken

down to 1,000 meters (station 20069). Nor have we found water as saline as 35 per
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IG 97. ——Saunlty profile running from the vicinity of Mount Desert Island southward across the gulf and across Georges Bank
to the continental slope, March 3 to 12, 1920

mille touching the southeastern face of the bank later in the spring (fig. 117) or in the
summer. The presence of a wedge of water considerably less saline (and colder) than
the so-called “Gulf Stream,” sandwiched in between the latter and the slope in this
general location, is thus revealed as clearly in cross profile as it is in honzontal
projection. ‘

Apart from these general features, the most instructive aspect of the western
member of this pair of profiles is its graphic presentation of a very notable difference
in the vertical distribution of salinity between the basin of the gulf to the north-
ward of the crest of Georges Bank (where the water was very close to homogeneous
from the surface downward‘to a depth of 100 meters) and the southern half of the
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bank, where salinity increased so rapidly with depth that a greater range was com-
pressed into the upper 40 meters than characterized the whole column of water
(280-meters) in the-basin. L - O I SR

Both the profiles (figs. 96 and 97) also show a contrast of the reverse order in
the deeps between the oceanic slope to the south (nearly homogeneous in salinity
below the zone of most rapid vertical transition at 50 to 140 meters) .and the gulf
basin to the north, where salinity increased from the‘100-meter level down to the
bottom. Undulations in the thickness of the salt bottom waters or submarine waves
also appear on both profiles, eévidence of rather an active state of vertical circulation
at the time, with the isohalines for 32.5 per mille and 33 per mille suggesting a tend-
ency toward upwelling in the northeastern part.of the basin. - . L

The rather marked contrast in the salinity of the bottom water of the eastern
profile (fig. 97), between 34 per mille to the northward of the ridge that divides this
gside of the basin into a northern and southern bowl, and upwards of 34.5 per mille
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F1a. 98.—Salinity profile running eastward from Massachusetts Bay,fécross the gulf toward Cape Sable, March 1 to 23,1920

at an equal depth to the south of it, illustrates the very important réle that such an
irregularity of the bottom may play in directing the circulation of the water. In
the present instance the bottom is to some extent divided by the ridge, as the charts
for the 100 and 150 meter levels (figs. 94 and 95) also show, water from its left-hand
side being responsible for the high bottom salinities in the southern side of the basin
on this profile (stations 20053 and 20064), whereas its eastern branch drifts north-
ward chiefly to the eastward of station 20054. '

This control which the conformation of the bottom exercises over the salinities
of the deeper strata of the gulf is made still more evident on a west-east profile (fig.
98) by the contrast between the bottom water of the open basin, on the one hand,
and of the deep bowl off Gloucester, on the other, just commented on (p. 712), where
the barrier rim of the bowl (station 20050) is so effective an inclosure at this season
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that its deeper strata show almost no effect of overflows from the deeps of the neigh-
boring basin. A profile running out from the Isles of Shoals would show a contrast
of this same sort, and due to the same cause, between the trough to the west of
Jeffreys Ledge (station 20061) and the basin to the east of it, though with the actual
difference in salinity not so great between the two sides of this rather steep ridge
because this particular trough is open to the north. . ;

The two phases of the salinity of the gulf that claim most attention in the first
days of spring, before the Nova Scotian current has spread westward past Cape
Sable, are the vernal freshening from the land, already mentioned (p-704), and the
state of the water in the eastern side, where the inflowing bottom current is chiefly
concentrated. The latter is illustrated graphically in east-west profile (fig. 98) by
a very evident banking up of the saltest bottom water (salter than 33.5 per mille)
to within about 80 meters of the surface on the eastern slope of the gulf (station
20086), when it lay nearly 100 meters deeper in the western side of the profile
(station 20087, March 23), and by the contrast between its high salinity and the
considerably less saline masses of water on either hand. ‘

Unfortunately the three eastern stations (20084 to 20086) on this profile were
occupied about 3 weeks later, in date, than those immediately to the westward of
them, allowing the possibility that a cumulative development of the saline core
during the interval may have been partly responsible for the contrasting salinity.
But even if the most saline band was not as definitely limited on its western side,
at any given date, as it is represented, the profile certainly does not exaggerate the
gradation in salinity between the eastern and western sides of the basin, because
water samples were taken in both at the same date (March 23 and 24, stations
20086 and 20087). A variation of at least 1 per mille in salinity is therefore to be
expected from west to east across the gulf at the 40 to 100 meter level during the
last week of March, but one decreasing with increasing depth from that stratum
downward to virtually nil in the bottom of the trough. It is also probable that
the whole western side of the basin remained decidedly uniform in salinity through-
out the month at any given level (p.722).

Had vernal freshening affected either end of this profile up to the date of obser--

vation (to March 24), the surface would have been much less saline than the deeper
water at the inshore stations off Massachusetts, on the one side, or off Nova Scotia
on the other, just as was actually the case off the Kennebec River on March 4
(p. 706, fig. 91). Instead of a distribution of this sort, however, the water at these
stations was nearly homogeneous in salinity from surface to bottom, evidence that
values somewhat lower there than in the basin merely represented the gradation of
this sort that always exists between the coastal and the offshore waters of the gulf.
Consequently the precise values recorded on Figure 98 represent the prevailing state
just prior to the date when surface salinity begins to decrease.

~ This profile also corroborates the horizontal projections of salinity (fig. 91 and
93) to the effect that in 1920 the cold Nova Scotian current did not begin to flood
westward past Cape Sable into the gulf before the end of March in volume sufficient
to affect the salinity of the latter appreciably, because the band less saline than 32.5
per mille (correspondingly low in temperature) was then narrower in the eastern side
of the gulf than in the western, or elsewhere around its periphery for that matter.

CYSERPERS WS
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The salinity of the water in the Eastern Channel and its relationship to the
water over Georges and Browns Banks, which bound it to the west and east, is always
of interest, because this is the only possible route by which a deep bottom current
can enter the gulf.  During the second week of March, 1920, the saltest water in the
channel took the form of a definite ridge, with the isohaline for 33 per mille, as rep-
resented in cross section (fig. 99), paralleling the isotherm for 3° on the correspond-
ing profile of temperature (fig. 19). The rather abrupt transition from 34 per mille
to 33 per mille, made evident at the 50 to 80 meter level by closely crowded isoha-
lines, contrasting with the vertical homogeneity of the shoaler water, marks this as
the upper boundary of the saline bottom drift.

The relationship between the vertical distribution of salinity in the trough
(station 20071) and on the neighboring shallows of Georges Bank (station 20070; the
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Fia. 99.—Salinity profile running from the eastern part of Georges Bank across the Eastern Channel, Browns Bank, and the
Northern Channel, to the offing of Cape Sable, March 11 to 23, 1920
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former much more saline than the latter at depths greater than 40 meters) is evi-
dence of a banking up of the saltest water against the eastern side of the channel
and of an overflow across Browns Bank consistent with the effect of the rotation of
the earth on any movement of water inward through the channel toward the gulf.
On the Georges Bank side, however, this indraft was separated from the slope by a
Wedge of water lower in salinity as well as in temperature (p. 541); therefore suggest-
ing a counter drift in the opposite direction —i. e., out of the gulf (p. 938)— by its
physical character. . Unfortunately its lower boundary can not be definitely estab-
lished from the station data, but the courses of the isohalines in the upper strata on
the profile (fig. 99), combined with the contour of the bottom, suggest that it bathed
the western slope of the channel down to a depth of at least 170 meters.

~ This profile (fig. 99) also corroborates the evidence of the charts (p. 703) that
water from the eastward had not yet freshened the upper 50 meters of water as far
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wést as Browns Bank to a value (32.5 per mille) appreciably lower than had probably
prevailed there a week or two earlier in the month. This locates-the first extension
of this comparatively fresh current as directed toward the southeast and not around
Capé Sable into the inner part of the gulf, though there is-evidence that some of
this Nova Scotian water drifts right across the Eastern Channel later in ‘the season
and far Westward ‘along the outer side of G-eorges Bank (p. 848).

LIMITS OF WATER MORE SALINE THAN 34 PER MILLE '

Sahmtxes hlgher than 34 per mllle, whenever: encountered in the deep trough of
the gulf, are unmistakable ‘evidence that indraft is either taking place from.: the
region off the mouth of the Eastern Channel at ‘the time, or has taken place so
récently that the saline water from this source has not yet been appreciably diluted
during the sojourn in the basin of the gulf by mixture with the less saline water
beneath which it spreads. A chart of the depth to which it would have been neces-
sary to descend to find water as salt at 34 per mille in the gulf in March, 1920, as
well as its horizontal limits, irrespective of depth (fig. 100), is therefore instructive
as graphic evidence of the recent activity of this movement. The gradient there
shown, with upper boundary of 34 per mille water lying 100 meters deeper at the
two heads of the two branches of the Y-shaped trough than in the Eastern Channel, is
proved the normal state by close ¢orrespondence with April (fig. 118) and midsummer

(fig. 152). It represents the consumption of this water in the inner parts of the gulf
as vertical mixing destroys its 1dent1ty, and has an important bearing on the circu-
lation of the gulf from this-standpoint (p. 849).

Comparison with the corresponding isothermobath (fig. 20) shows that sahmty
corresponds more closely to the contour of the bottom than to temperature at this
season, there being no reason to suppose that water as saline as 34 per mille
encroaches at all on Georges Bank in spring. The north-south ridge, which culmi-
nates in Cashes Ledge, also influences the salinity of the bottom water more than

its temperature.
BOTTOM

The salinity on bottom is interesting chiefly for the biologist who is concerned
with the physical conditions to which the bottom fauna is subject. In any small
subdivision of the Gulf of Maine this is governed directly by the depth, with the
water saltest where deepest; but when the survey is expanded to cover the area as a
whole, account must also be taken of the regional differences just described, especially
of higher salinities in the eastern side than in the western, and of freshenings of the
coastal zone, whether by river freshets or by the Nova Scotian current. Early in
the spring, before these last influences have altered the water appreclably from its
winter state, the differences in salinity between the two sides of the gulf are widest
in the mid depths. Consequently we find the regional variation in bottom salinity
is then widest somewhat more than midway down the slopes of the basm near the
100-meter contour.

In March, 1920, the bottom water of this belt varied in sahmty from about
32.3 per mille to 32.5 per mille, along’ the western and northern margins of the gulf,
to about 33.5 per mille on its eastern slope, with a correspondmg west—east grada-
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tion-at greater depths from -about 34 per mille -at the- bottom -of the western and
northeastern parts of the trough to about 34.8 per mille in. the south&astern part,
irrespective of slight differences in depth.:. - . - , B T
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¥F1a. 100.~-Depth below the surface of the isohalobath of 34 per mille, February. to March, 1920

Thanks to the vertical homogeneity of the water at this season at depths less
than 100 meters, the bottom salinity of the coastal zone was then very uniform from
‘station to station (about 32.3 to 32!6 per mille at most'of the stations) in depths of
400 100 meters. The bottom water proved equally uniform on Georges Bank,
where:the extremes recorded (32.6 and.32.8 per mille) were only 0.2 per mille spart
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in spite of the very considerable area covered by the stations and the vn.natxon in
depth from 50 to 90 meters.

The contrast between this low bottom sahmty on Georges Bank and the more
saline water that then bathed Browns Bank (33. 02 per. mllle) has already been
commented on (p. 719).

It is probable that wide regional variations in bottom salinity would have been
recorded all along the shorés of the gulf in March at depths less than 20 to 30
meters, corresponding both to the precise depth and to the location relative to the
sources of land drainage, had more readings been taken so shoal, because the values
ranged from 32.3 to 33.1 per mille at the bottom of Massachusetts Bay at depths
of 12 to 70 meters on February 24 to 28, 1925, and from 32.4 to 33 per mille at.25 to 76
meters on March 10 of that year, the higher values at the deeper stations, the lower
values at the shoaler stations. In the Ipswich Bay region, however, between Cape
Ann and the Isles of Shoals, the bottom water varied only from 32.9 to 33.2 per
mille in depths of 30 to 64 meters on March 12, 1925 (Fish Hawk cruise 9).

ANNUAL VARIATIONS IN SALINITY IN MARCH

An approximate idea of the variation in salinity that may be expected from
year to year in the gulf at the beginning of March results from the followmg com-
parison between the observations taken in its western side by the Albatross in 1920
and at nearby locations by the Halcyon in 1921: ‘

MﬂutgegfsM:;mh“ Near Isles of Shoals | Off Cape Elizabeth

Depth, meters -
Mar. 1, 1020/ Mar. 5, 1621(Mar, 5, 1920{Mar. 5, 1921| Mar. 4, 1920{Mar. 4, 1921

20050 10611 20081 10509 20059 10507
32,2 32.85 32,09 32.35
32,34 32.79 132,20 3247
3232 |ceeme e
3241 82086 e 22,47
32,917 32,99
Oft Seguin Island ‘Western Basin ‘
Depth, meters Mar. 4, 1920{Mar, 4, 1521 Feb, 23, 1920| Mar. 24,1620{ Mar, 5, 192t
20058 10508 20049 20087 10610
31.31 32.32 32.62 32,49 32.49
32.00 ET3% 1 1 PO I I
- 32.30 ——
_______ 32,54 32,47
32,34
32,52
60 33741 SO A
100 ——- 32,54 32,63 32.65
150 - 33.40 33,53 33.12
200 FE 33.78 LY
295 LTI T o e 23.08
250 T | e 34,22 33.99
1 Approximately.

These tables show salinities averaging about 0 4 per mille higher in 1921 than in
1920, at depths less than 150 meters along the coastal zone from the mouth of Massa-
chusetts Bay to.the neighborhood of Cape Elizabeth; but the readings for the two
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years were substantially alike off Seguin Island. This also applies to the western
basin above the 100-meter level; but 1920 was the salter year there at greater depths,
with an annual spread of 0.5 to 1 per mille at 150 to 200 meters. :

With so little difference in salinity between the two years it is safe to assume
neither was unusually fresh or unusually salt, but that the two together may be
sssumed to represent a typical Gulf of Maine March.®

- Judging from one station at the mouth of Massachusetts Bay, with readings of
32.85 per mille at the surface, 32.96 per mille at 25 fathoms, and 33.04 per mille at
45 fathoms (station 10054), the March salinity was about the same in 1913 as in
1921. Again, the salinity of the upper 100 meters of the Fundy Deep was almost
precisely the same on March 22, 1920 (station 20079), as on April 9, 1917 (Mavor,
1923) ; the 150-meter level the same as on February 28 of that year, though 1920
seems to have been slightly the salter at depths greater than 150 meters.

Thus, the March salinity of the gulf showed but little annual variation in the
years 1913, 1917, 1920, and 1921, and it is probable that annual differences are
smallest at this season. Even in March, however, much wider differences than those
just stated are to be expected between springs of heavy or light rainfall and snow-
fall, or between years when the freshets occur unusually early or unusually late.
Fluctuations in the bottom current flowing into the gulf will also be mirrored by
salinity. T B

Hydrometer observations taken in Massachusetts Bay and to the northward of
Cape Ann from the Fish Hawk on March 10 to 12, 1925, give a hint of this in bottom
readings considérably higher than we had previously obtained there at that season—
an average of about 33 per mille at 40 to 60 meters depth contrasting with 32.2 to
32.5 per mille for 1920 and 1921. The superficial stratum was likewise slightly more
saline in Massachusetts Bay in March, 1925 (32.4 to 32.9 per mille), than in either
of the earlier years of record.

VERNAL FRESHENING

The great rush of fresh water that annually pours into the gulf from the land,
when the snow melts and brings the rivers into freshet, causes a very decided lowering
of salinity contemporaneous with the first signs of vernal warming. The effect of
this, first apparent slong the western and northern shores of the gulf, had consider-
ably lowered the surface salinity of the superficial stratum off the Kennebec River
by March 4 in 1920, a late year (p. 704). The upper 30 to 40 meters of the coast
sector between northern Cape Cod and the neighborhood of Mount Desert Island
proved decidedly less saline by the 9th to 18th of that April (fig. 101), also, than it
had been a month earlier (fig. 91). A

Localization of the lowest salinities (in this case <30 per mille) between Cape
Elizabeth to the west and Penobscot Bay to the east, up to this date, is evidence
that the Kennebec and the Penobscot combined had continued to affect the salinity
more than the Saco and the Merrimac did until mid-April in ‘that particular year;
but whether a seasonal relationship of this sort is normal, or whether the freshening
effect of these two groups of rivers is more nearly simultaneous in most years than

It will require records for many years to establish the normal state of the waters of the gulf for that month or 16r anyother.
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it was'in 1920, is yet to be learned. However, observations taken by W. W. Welsh
between Cape -Ann and Cape Elizabeth; in 1913. (Bigelow, 1914a), favor the first
alternative by showing:about this same vernal schedule, with the surface off the
mouth of the Merrimae saltest at about the end of March. and freshening slowly
thereafter. Unfortunately there wasa gapin his observations for the interval April
5 to 13; but his numerous records on the fishing grounds near. the Isles of Sheals
revealed a decrease in the surface salinity there from 31.56 per mille on the 13th to
30.03 per mﬂle on the 26th and. to 29.54 per mille on May 5.

n 70' 89°

Fig. 101. -—Surtace salinity, April 6 to 20, 1920 (and for the Bay of Fundy, April 9, 1917; from Mavor, 1923) -

~ ' The general distribution of salinity is proof enough that the dlscharges ‘from
the great rivers that empty into the Bay of Fundy and along the coast of Maine
(St. John, Penobscot, Kennebec, Saco, and Merrimac) turn westward, paralleling
the shore and bulldmg up the so-called “ spring current” reported by local fishermen
—not spreadmg southward toward Nova Scotia. As no large rivérs empty into the
gulf from that Province, no such extreme vernal freéshening of the surface is 6 be
expected along its western shore as characterizes the northern and western margins
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of the gulf. 'The minimum for the coastal sector between Cape Sable and St. Marys
Bay can not be stated for want of observations close in to the land at the critical
season, but may be set (tentatively) at about 31 per mille, contrasting with 28 to
29 per mille in the opposite side of the gulf (p. 702). '

In 1925 the surface salinity of the Isles of Shoals—Cape Ann sector had de-
creased to 28.7 to 29.1 per mille by April 7 to 8, a change of more than 1 per mille
since March 12 (Fish Hawk cruises 9 and 11). Up to that date, however, freshen-
ing from the land had hardly affected the surface at the mouth of Massachusetts
Bay, which was still 31.9 to 32 per mille, with 31.2 per mille in its inner waters
near Plymouth (Fish Hawk stations 10 and 31 to 34, cruise 11). So little change
took place in the surface state of the bay during the next two weeks that the Fish
Hawk again had 31.1 per mille to 32 per mille there on April 21 to 23.

The reason the surface of Massachusetts Bay does not experience a drop in
salinity as early or as sudden as the coast sector north of Cape Ann, only a few
miles away, is simple: No large streams empty into the bay, so that the only source
from which it can receive large volumes of land water are the rivers tributary to
more northerly parts of the gulf. Naturally the freshening effect of these is not as
pronounced at a distance from their mouths as it is near by, nor is it felt as soon.
This explanation is corroborated also by the fact that the lowest salinities recorded
for the Massachusetts Bay region for April 21 to 23, 1925, took the form of a tongue
extending southward past Cape Ann, obviously with its source to the north—i. e.,
from the Merrimac (fig. 102).

The general surface chart for April, 1920 (fig. 101), is made one of the most
interesting for the year by its demonstration that the freshening effect of the river
freshets continues strictly confined to the coastal zone until late in the month and
does not spread out over the surface of the gulf generally, as might, perhaps, have
been expected. By contrast, the basin of the gulf outside the 100-meter contour alters
go little in salinity from March to April that the greatest change there from the one
month to the next in 1920 was only about 0.5 per mille for any pair of stations.
The surface also remained unaltered over the eastern end of Georges Bank (we have
no April data for the western end), where the extreme variation in salinity from
March to April of that year was only about 0.1 per mille. Mr. Douthart found a
similar gradation (though with actual values 0.5 to 1 per mille higher) on April 27,
1913, from 31.5 in Massachusetts Bay to 33.1 to 33.3 per mille on the southwestern
part of the basin and along the northern half of Georges Bank. The contrast in the
salinity of the surface water between inshore and offshore stations is greater in April,
in fact, than in any other month. On the other hand, the pool of high surface salin-
ity (32.8 per mille) that occupied the southeastern part of the basin of the gulf and
the inner end of the Eastern Channel in March, 1920 (p. 704, fig. 91), had been
entirely dissipated by the middle of the following month, leaving this whole area
uniformly about 32.5 to 32.6 per mille at the surface; but in its stead the surface
salinity at one station in the eastern side of the basin, off Lurcher Shoal, had been
increased to an equally high value (32.89 per mille) by some local disturbance of
water. T ' ‘ A
_ The discovery of these pools of high salinity in different localities in different
months—one of them, at least, short lived—is more interesting than the slight actual
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alteration in value might suggest, as evidence that phenomena of this sort may be
expected to develop temporarily anywhere in the eastern side of the gulf during the
season of ;the'year when the vertical stability of the water is slight.
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. Changes in the salinity of the surface water off the western coast of Nova Scotia
from March to April, or to the southward of Cape Sable, demand attention, because
any considerable movement of the cold, comparatively fresh water of the Nova
Scotian current past Cape Sable from the eastward would necessarily decrease the
salinity of the neighboring parts of the Gulf of Maine, just as it retards the warming
of the surface there (p. 558). In 1920 no evidence of this appears in the distribution
of salinity up to the end of April. In fact, the surface was actually slightly salter on
Browns Bank, near Seal Island, and off Yarmouth, Nova Scotia, on April 13 to 16
(statlons 20102, 20104, and 20106) than it had been on March 13 to 23 (stations 20072,
20084, and 20085), and with no appreciable change in the Northern Channel.® <

Stations

280

300 -
F1a. 103.—8alinity profile running eastward from Cape Cod, March 28 to 29, 1919 (ice patrol stations 1 to 3)

In 1919, however, the very low temperature recorded in the eastern side of the
basin by the Ice Patrol cutter on March 29 (p. 553) had its counterpart in surface
salinity considerably lower (31.87 per mille) than that of the western side of the gulf
at the time (32.4 to 32.7 per mille; fig. 103). Judging from the geographic location,
this can hardly have drawn from any source other than the Nova Scotian current.

. Unfortunately no observations were made on the salinity of the northern parts of
the gulf during the spring of 1919, so that it is impossible to state how much this
Nova Scotian water had affected the surface salinity in that direction, nor (for the
gsame reason) how far it spread over the offshore banks to the southwest during
that spring. Probably, however, it reached its farthest westward expansion by the
last of that March or soon after, because a second profile of the gulf crossed the
isohaline. for 32 per mille at about the same longitude a month later (Ice Patrol sta-
tions 19 to 22, p. 997). A considerable amount, of water of low salinity must therefore

% No observations were taken in the gulf during the summer of 1020.
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have continued to drift westward past Cape Sable during this 4-week interval to
maintain so almost uniformly low & salinity (31.7 per mille) so far westward.

The data for 1919 and 1920 thus show a considerable yearly variation in the date
when the Nova Scotian current most influences the salinity of the Gulf of Maine—a
variation associated with the factors that govern the general scheme of circulation
along the Nova Scotian shelf to the eastward, and with the outflow from the Gulf
of St. Lawrence (p. 830). Therefore, it does not necessarily follow that if the gulf is
ea,rly or late in showing the freshening effects of the freshets from its tributary rivers
in any given year the cycle of sahmty will be correspondingly early or late in its
eastern side.

The lowest value to which Nova Scotian water may reduce the salinity of the
surface of the eastern side of the gulf can not yet be stated; but on theoretic grounds
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F1a. 104.~—~Vertical distribution of sallnlty off Gloucester on March 1, 1920 (A station 20050), and March 5,
1921 (B, station 10511); for April 9, 1920 (C, station 20090); also for May 4and August 31, 1915 (D, sta-
tion 10266, and E, station 10308)

1t 18 probable that the value recorded for April 28, 1919 (about 31.7 per mllle) Jis
near the minimum, because any flow into the gulf from the eastward necessarily
crosses the coastwise bank off Oape Sable, where tidal churning is so active that the
fresher current must constantly mix with salter water and so, to a.considerable extent,
lose its dlstlngulshmg character. A :

VERTICAL DISTRIBUTION OF SALINITY IN APRIL

Graphs for successive dates in'the spring of 1920 (ﬁgs 104 to 109 '112-114) illus-
trate the effect that the vernal outpouring from the rivers exerts on the deeper strata
next the land during the last weeks of March and first half of April.
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In the western side of the gulf the seasonal alteration decreases progressively as
the depth increases, to nil at a depth of 80 metérs off Cape Cod (fig. 106). If
Massachusetts Bay can be taken as representative of this side of the gulf, the freshen-
ing effect penetrated somewhat deeper or somewhat more rapidly in 1925, when the
bottom water in 70 meters’ depth was about 0.5 per mille less saline at one station on
April 23 (Fish Hawk station 18A) than it had been on March 10. :
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F1g. 105.—Vertical distribution of salinity off Boston Harbor at various seasons., A, March 6, 1920 (station 20062); B
April 6, 1920 (station 20080); C, May 16, 1920 (statlon 20123); D, August 20, 1913 (station 10106); E, December 29 ,
1920 (station 10488) . .

Wide local variation is to be expected in this respect, depending on how actively
thej water is stirred by waves and tides, in even as small an area as Massachusetts
Bay, where a vertical range of about 0.6 per mille developed in the central part by
Aprili22 to 23 in 1925, though the waters of Cape Cod Bay still continued nearly homo-
geneous, vertically, but about 1 per mille less saline than they had been on March 10.
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F16. 106.—Vertical distribution of salinity pﬂ northern Cai)a Coc{ in varioixsir.xxonthé. A, April 18,1920
(station 20116); B, May 16, 1920 (station 20125); D, July 14 1913 (station 10213)

The freshening effect of the discharge from the Merrimac and Saco Rivers seems
alsojto have penetrated down to a considerable depth into the gulf during April of
1913 (stations 8 and 18, William Welsh; p. 981). ' In 1920, however, this freshening
was confined to the upper 60 meters near Seguin Island and to the upper 35 to 40
meters near Mount Desert Island (fig. 107), up to the middle of April.

The upwellings caused by offshore winds, which temporarily raise the salinity
of the surface along the western shores of the gulf (p. 709), exert a corresponding effect
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on the deeper strata as water moves over the bottom from greater depths farther out -
at sea. Observations taken off the Isles of Shoals on April 16 and. 22, 1913, illustrate .
this by an increase in the salmlty of the whole column,

Any April profile running out from the northern or western shore of the gulf
will show the effect: of the vernal runoff of land water by a band of low surface
salinity at the inshore end, broader or narrower and with actual values higher or lower,
according to the exact locality. Profiles from Massachusetts Bay (fig. 110) show it
as a wedge less saline than 32 per mille based against the western slope of the gulf.
Profiles normal to the coast anywhere between Portland and Penobscot Bay, for
this same month, would have cut across still lower salinities next the land. Its
direct result is the development of a stratum less saline than 32.5 per mille, 50 to
60 meters thick, by April, blanketing the surface from the western shores right

.4 5 .6 .7 8 9 32 1 2 .3 4.5 6 .7 .8

M““IZ' VPC\\]B\ N QE:—QQ A g
20 ' \\ \%§ ‘ \\
30 S _—,
40 \& o \_
50 o
o TNAEER
70 \ x:
\
80 \ -
100 ; : >

F1a. 107.—Vertical distribution of salinity a few miles off Mount Desert Island in various months, A,
March 3, 1920 (station 20036); B, April 12,1920 (station 20099); C,July 19,1915 (station 10302); D,
August 18, 1915 (station 10305); E, October 9, 1915 (station 10328)
out to the central part of the basin, where only a superficial layer, 10 meters or so
thick, has so low a salinity in March.

Observations taken in the eastern side of the gulf at any time during the few
weeks when the Nova Scotian current is bringing a large volume of comparatively
fresh water past Cape Sable would show a similiar wedge of low salinity, basing on
German Bank and extending out over the eastern side of the basin. This state is
illustrated on- the profile for 1919 (fiz. 103). In 1920, however, neither of our
spring cruises coincided with this event, so that the isohalines projected in east-west
profile inclose homogeneous water over German Bank (fig. 110), just as they do at
other times of year.

© "Along the western coast of Nova Scotia (figs. 109 and 110) the tides stir the
‘water so thoroughly that vernal alteration at first proceeds ata nearly uniform rate,
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gurface to bottom, out to the 100-meter contour. Mavor’s (1923) tables show that
this is also the case in the Bay of Fundy up to about the middle of April, when so
great a volume of fresh water empties into the bay from the St. John River and from
its other tributaries that in 1917 the salinity of the surface water of the center of
the bay fell to 29.2 per mille at the first of May.

The effects of the vernal freshening just described do not penetrate deeper than
80 to 100 meters anywhere in the open gulf before the end of April, unless in excep-
tional years; consequently, the:deeper waters either continue virtually unchanged
through that month or become slightly more saline by incorporation of the water
that moves in through the Eastern Channel. ,

During the spring of 1918 the deepest strata of Massachusetts Bay continued
to show this comparative constancy up to April 3 (fig. 111; Bigelow, 1914a, p. 392),
although the surface had already freshened by about 0.5 per mille; and while the whole
column of water in Massachusetts Bay freshened appreciably from March 10 to April
23 in 1925, as just noted (p. 729), the vernal cycle of 1920 paralleled that of 1913 by

g BERBERNBE S
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FI1G. 110.—Salinity profile running eastward from Massachusetts Bay to the offing of Cape Sable, April 6 to 18, 1920

an increase in the salinity of the bottom water over the gulf as a whole from mid-
March to mid-April at depths greater than 100 meters, except in its southeastern
parts, where little alteration took place.

Thus the salinity of the bottom water of the bowl off Gloucester increased by
about 0.1 to 0.2 per mille from March 1 to April 9 of that year. While little altera-
tion took place in the salinity of the western side of the basin at depths greater than
100 meters during the first half of that April (fig. 112), that of the central part rose
by 1.1 per mille at 180 meters (fig. 113), with a corresponding increase of 0.2 to 1
per mille for the whole column of water in the northeastern part of the trough off
the mouth of the Bay of Fundy (fig. 114, stations 20081 and 20100).

As a result of this salting of the deep water, combined with the freshening of
the surface, the vertical range of salinity becomes much wider in the western part of
the gulf by mid-April than it is during the first half of March. - Off northern Cape
Cod, for example, the spread between surface and bottom values increased from
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about 0.4 per mille on March 24, 1920, to about 0.9 per mille on April 19 (fig. 106), and
to 0.6 per mille on April 6 off Boston Harbor, where the whole column of water had
been virtually uniform, surface to bottom, on March 5. However, the curves for the
several pairs of stations remained more nearly parallel from March to April in the
eastern side of the gulf, although the salinity had increased considerably in the mean-
time (figs. 108, 114).
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Fia. 111.—Vertical distribution of salinity at the mouth of Massachusetts Bay, off Gloucester, during the

winter and spring of 1912-1913. A, November 20 (station 10047); B, December 23 (station 10049); C,

February 13 (station 10053); D, March 4 (station 10054); E, March 19 (W. W. Welsh station1) F

April 3 (station 10055) .

SALINITY IN HORIZONTAL PROJECTION BELOW THE SURFACE I
APRIL

The deeper down in the gulf the salinity is charted in horizontal projection for
April, the more nearly does it parallel the winter state. Thus the band of low salin-
ity (31 per mille) so conspicuous along the northwestern margin of the gulf on the
surface chart for mid-April (fig. 101) is but faintly suggested at 40 meters (fig. 115),
where the recorded values were only slightly lower (32 to 32.3 per mille) than in the
center of the basin (32.4 to 32.5 per mille) and closely reproduced the March state
(fig. 93). How little effect the vernal inrush of river water exerts on the deep strata

_of the Massachusetts Bay region before the end of April appears from the deep
readings taken there in the third week of the month in 1925 (fig. 102).
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An interesting change did take place, however, at the 40-meter level in the east-
ern side of the gulf from March to April in 1920, the pool of saltest (33 per mille)
water (p. 708) having drifted northward, so to speak, from the offing of German Bank
to the offing of Lurcher Shoal, but having been cut off, at the same time, from the
still more saline water outside the edge of the continent by a considerable decrease
in the salinity of the southeastern part of the basin and of the Eastern Channel (cf.
fig. 115 with fig. 93). 'This change, however, did not result from an expansion of the
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F16. 112—Vertical distribution of salinity in the western arm of the basin of the guif off Cape Ann. A, March 24, 1920
(station 20087); B, April 18,1920 (station 20115); C, May 5, 1915 (station 10287); D, June 28, 1915 (station 10209); E,

August 22, 1914 (station 10254)
cold Nova Scotian water in this direction because' accompanied by an increase in
temperature.’ : :

The most obvious effect of the increase that takes place in the salinity of the deeper
levels of the gulf during the spring is to carry the isohalines for successive values west-
ward, until the entire basin at the 100-meter level was made more saline than 32.6
per mille by mid-April in 1920, and most of its area more saline than 33 per mille
(cf. fig. 116 with fig. 94). " As a result, the west-east gradation in salinity decreased,
and at the same time water more saline than 33 per mille flooded in toward the
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southeastern slope of Georges Bank, obliterating the fresher pool that: had occupied

that situation in March.: e :
On the other hand the water more saline than 34 per mille that had occupied the

eastern side of the Eastern Channel in March had sunk deeper than 100 meters by
mid-April, with a corresponding decrease in temperature (p- 553). ‘

This general and rather complex seasonal alteration is illustrated more graphi-
cally in profile by the flooding of the entire basin with water more saline than 34
per mille, at depths greater than 140 to 160 meters, from March to April, on a line
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F1g. 113.~Vertical distribution of salinity in the center of the gulf near Cashes Ledge. A, March 2,
1920 (station 20052); B, April 16, 1920 (station 20114); C, May b, 1615 (station 10268); D, Septem-
ber 1, 1915 (station 10308)

running southward from Mount Desert (fig. 117). This was accompanied by a flat-
tening out of the undulations that had marked the upper boundary of the bottom layer
of high salinity in March (p. 717), the isohalines for 33 to 33.5 per mille sinking in the
eastern side of the basin and rising in the western. ;

However, the level where the salinity altered most rapidly with increasing depth
remained approximately constant in the basin from March to April in 1920, center-
ing at about 150 meters; the limits of salinity within which the gradient was most
rapid (33 to 33.5 per mille) also remained constant, and the banking up of the saltest
water of the basin (34.5 per mille) against the slope of German Bank persisted. .
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It is unfortunate that no observations were taken in the Bay of Fundy in Aprik
1920; lacking such, it is impossible to state whether or not this expansion of waterof
high salinity involved the bay. In 1917 an alteration of the opposite sort took place
there from February to April, evidence that the incorporation of fresher water from
above was more than sufficient to counteract the effect of any indraft at the bottom.

A cross-section of the Eastern Channel for April (stations 20106 to 20108)
would reproduce the March picture (fig. 99) so closely that it need not be reproduced
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F1a. 114.—Vertical distribution of salinity in the northeastern corner of the gulf. A, March 22, 1920 (station 20081); B,
April 12, 1920 (station 20100); C, May 10, 1915 (station 10273); D, June 10, 1915 (station 10283); E, August 12, 1914 (sta-
tion 10246)

here. The only difference worth comment is that the whole column of water on
Browns Bank had become vertically equalized during the interval at a salinity (32.7
per mille) about equaling the mean of the corresponding stratum over the channel,
evidence that no important overflow had taken place over the bottom of the bank
. meantime, either from the west or from the east. The distribution of salinity in the
trough of the channel also points to a slackening of the inflow along the bottom
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from March, when the saltest water was definitely banked up against its right-hand
wall (fig. 99), to April, when the data for stations 20107 and 20108 gave little evidence
of this, though the salinity of the water over the slope of Georges Bank, had contin-
ued almost unaltered.

The course of events in the deeper strata of the gulf may then be reconstructed
as follows for the period March to April of 1920: The presence of a much greater
volume of water more saline than 34 per mille in April than in March proves an
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Fi1G. 116.~Balinity at a depth of 40 meters, April, 1920

active pulse inward along the floor of the Eastern Channel, during the first part of
the period. This indraft not only effected a considerable increase in the salinity
of the bottom water of the basin of the gulf, but resulted in a wide expansion of
the area occupled by water more saline than 34 per mille (cf. fig. 118 with fig.
100), as well as raising its upper boundary closer to the surface. :

The state of the gulf in April, 1920, added to the data for the summer months,f
makes it almost certain that this 34 per mille water never overflows the coastal
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slope above the 100-meter contour within the gulf; seldom, if ever, above the 200-
meter level in its western side. The extensive, plateaulike elevation of the bottom
in the offing of Penobscot Bay, intermediate in depth between these two levels, like-
wise rises above this highly saline bottom water, although the latter approaches
closer than this to the surface in the eastern side of the gulf.

In 1920 the inflowing bottom current slackened at least as early as the first part
of April, allowing the horizontal equalization of the water of the basin, just described,
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F1a. 116.—Salinity at a depth of 100 meters, April 6 to 20, 1920
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and its vertical equalization on Browns Bank; but the general anticlockwise circu-
lation of the gulf continued to carry the more saline water around the basin, thus
increasing the salinity of its western side and lessening the regional variations of
salinity. On the other hand, the southern side of the Gulf of Maine eddy brought
water of comparatively low salinity out of the basin, to the eastern part of Georges
Bank, and to that side of the Eastern Channel, in the mid-depths. This probably
represents the normal course of events, though no doubt the seasonal schedule falls
earlier in some years, later in others.
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ANNUAL VARIATION IN THE SilgglllTY OF THE BOTTOM WATER IN

The station data for 1920 picture salinity in the deep trough of the Gulf of
Maine during a spring when a very considerable volume of water enters via the
bottom of the Eastern Channel. Probably the deep water was equally saline in April,
1913, if not more so, when thesurface of the southwestern part of the gulf and the whole
column of water on Georges Bank were considerable salter than at the corresponding
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Fia. 118.—~Depth below the surface of the isobalobath of 34.per mille, April 6 to 18, 1920

datein 1920 (p. 725). In 1919, however, no salinities higher than 33 per mille were
recorded in the bottom of the basin either in March or in April (fig. 103; ice patrol
stations 1 to 3 and 19 to 22). This difference is partly to be explained on the assump-
tion that the indraft into the bottom of the gulf ceases during the period (later or
earlier in the spring in different years) when the Nova Scotian current is flooding
into the upper strata of the gulf from the east. In part, too, the difference between
lower salinities in the deeps of the gulf in 1919, than in 1920, can be explained by
the fact that the one was an early and the other a tardy season. However, so wide
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8 spread suggests that the bottom of the gulf had actually received much more
water via the channel in 1920 than in 1919 during the whole winter.

~ No cause can yet be assigned to annual differences of this sort, except that they
do not result from local influences operative within the gulf, but from the state of
.the reservoir outside the edge of the continent, which supplies the indraft (p. 848).

SALINITY IN MAY

SURFACE

- The salinity of the gulf is especially interesting during the first half of May,
‘because the two most important events in its vernal cycle—freshening of the surface
by land water in the western side, and by the Nova Scotian current in the eastern
sidle—culminate then. Unfortunately we have not been able to carry out a general
‘oceanographic survey of the whole area of the gulf in any one May, nor have obser-
vations been taken in its southeastern part during that month; but the data for
1913, 1915, 1919, 1920, and 1925 afford a composite picture, which may be taken as
representative for normal years because all are fairly consistent.

In 1913 the surface salinity fell to its minimum (29.5 per mille) near the Isles
of Shoals about May 5, followed by an increase to 30.9 per.mille in the middle of the
month; and while a northwest gale on the 10th, 11th, and 12th no doubt was
partly responsible for this increase by bringing up more saline water from below, the
spring influx of river water had evidently passed its peak by the first week of the
month, to be gradually absorbed into the general circulation of the gulf thereafter.

Unfortunately, close comparison is not possible between the years 1913 and 1920,
for this region, because the locations of the stations do not coincide, which may cause
a very considerable difference in salinity where the precise value depends so much on
the proximity to the mouths of rivers. However, the surface again proved much
fresher south of the Isles of Shoals on May 7 to 8, 1920 (station 20122, 28.26 per
mille), than it had on April 9 (station 20092, 31.01 per mille)—a value even lower
than any recorded for 1913.

In 1920, too, the salinity of the surface of the northern part of Massachusetts
Bay was almost as low as this on May 4 (stations 20120 and 20121, 29.1 to 29.16 per
mille), but apparently this was close to the minimum for the month because followed
by a considerable increase at this same general locality to about 29.9 per mille during
the next 10 days (stations 20123 and 20124).

In 1925 no observations were taken in Massachusetts Bay during the first 10 days
of May, when salinity was probably at its lowest there; and the values recorded there
on the 20th to the 22d (fig 119) were so high® that some increase may be assumed
to have taken place during the second and third weeks of the month in that year,
as it certainly did in 1920.

Whether or not the surface salinity of the northern part of Massachusetts Bay
fell below 30 per mille for a brief period in 1925, as April readings as low as 29 per
mille in Ipswich Bay (p. 725) suggest, water of relatively low salinity was certainly
drifting southward past Cape Ann as late as the third week of that May as a
tongue less saline than 31.5 per mille directed toward Cape Cod (fig. 119). The

#31.1 to 31.9 per mille at the surface, averaging 31.6 per mille (Fish Hawk cruise 13).



742

"~ BULLETIN OF THE BUREAU OF FISHERIES :

45 45 30° 15’ 70"
D CAPE |ANN
P,
.03/,4\ 3L i
315 \
\\\ 312
1 31.9 \ 3.9 / L
30 130
, \_/ /
316 317
oo
i L8 /15
15° :/}A’ik \ 37 15"
5V N\ - \
4
8
i ’
\ /
e
5o/ i L5 o
n 45 70

Fia. 119.—Salinity at the surface of Massachusetts Bay, May 20 to 22, 1925, from hydrometer readings
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regional uniformity of the inner parts of the bay, where the surface values varied
only from 31.3 to 31.8 per mille at 16 stations, also shows how little the discharge
from the small streams that empty along the coast line of the bay affects its salinity.

This drift past Cape Ann seems to have hugged the shore of the bay more closely.
in 1915, because the surface value was much higher at the standard station off Glouces-
ter on May 4 of that year (station 10266, 32.32 per mille), than any other surface
reading for the bay in May or in April. Considerable variations are therefore to be
expected in the salinity of Massachusetts Bay from one May to the next, both in the
precise value and in the date when the water is freshest, reflecting the considerable
distance from the freshening sources—the rivers to the northward of Cape Ann.
Even in years when the discharge of these rivers is up to normal, and when the
freshets fall at the usual season, the southerly drift need only be turned slightly more
offshore than usual, by the jutting promontory of Cape Ann, to pass by Massachu-
setts Bay altogether. In this case the bay would be a sort of backwater, with its
surface changing little in salinity from winter through spring. It is probable, there-
fore, that Massachusetts Bay experiences a wider annual variation in the salinity of

.its surface waters in spring than any other coast sector of the Gulf of Maine.

The Bay of Fundy illustrates the seasonal cycle where the salinity of the surface
reflects the discharge from a large river (here the St. John) close by. Thus, Mavor
(1923, p. 375, table 8) records a very sudden decrease in the salinity of the surface,
from 32.5 per mille in the middle of April, 1917, to 27.9 per mille on the 4th of
May, at a locality between Grand Manan and Nova Scotia, followed, however, by
an increase equally rapid to 31.5 per mille by the middle of June. While 1917 is
the only spring (and this the only locality) for which the vernal cycle of the open
Bay of Fundy has been followed, month by month, it is probable that the seasonal
fluctuation outlined by Mavor represents the normal course of events, the surface
freshening suddenly when the St. John and the Nova Scotian rivers come into flood,
and salting again after the freshets subside as the land water becomes mixed into
the bay by the strong tides.

The lowest value to which the surface salinity of the open Gulf of Maine ever
falls can not be stated, lacking data near the mouths of the other large rivers at
the critical dates in early May. In the Bay of Fundy, 27.9 per mille, just men-
tioned, is the lowest so far recorded; and salinities equally low are to be expected
close along the coast line, thence westward to the Merrimac, though only for a few
miles out from the strand, and perhaps hardly outside the outer islands.

The combined chart of surface salinity for the offshore waters of the Gulf for
May (fig. 120) shows the freshest water (< 32 per mille) continuing to hug the coast,
much as in April (fig. 101); but the great volume of river water that is poured into
the gulf at this season so freshens the surface next the shore that the transition to
the more saline water offshore is far more abrupt in May than in April; especially
off the coast sector between Portland and Cape Ann, where a change of as much as
2 to 3 per mille may be expected at the surface in a distance of 5 to 10 miles, as one
runs offshore from the 100-meter contour in May. The development of so fresh a
band next the coast admits of but one interpretation—namely, that the non-tidal
drift then parallels and closely hugs this part of the shoreline southward as far as
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Cape Ann (p. 948), and that land water does not fan out from the coast of Maine or
from the Bay of Fundy toward the center of the gulf.

The evidence of salinity is positive in this connection; there being no source for
surface water less saline than 30 per mille within the Gulf of Maine other than the
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Fia, 120.—8alinity at the surface, May 4 to 14, 1915, combined with May 4 to 17, 1920

rivers tributary to it.  Once past Massachusetts Bay, however, the May isohalines
for 1920 (stations 20125 to0-20129) very clearly show the freshest coast water (32 per
mille in this case). spreading out froin Cape Cod across the southwestern part of the
basin about as far as Georges Bank, which seems to have bounded it at the time in
this direction (fig. 120).
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The most instructive feature of the May chart in the eastern side of the gulf is
the similar expansion of surface water less saline than 32 per mille westward over
the basin from the offing of Cape Sable, which owes its low salinity to the Nova
Scotian drift from the eastward.

- The critical isohaline (32 per mille) bounding this tongue had been carned about
a8 far west into the gulf as this at least a week earlier in the spring of 1919, with
actual values almost precisely the same.®* Consequently, the picture presented on
the surface chart for May (fig. 120) may be taken as typical of the season when the
flow into the gulf past Cape Sable is at its max1mum, irrespective of the precise

date when this falls.
The lack of data on the salinity of the southeastern part of the Gulf of Maine

for May is a serious gap, for without such it is impossible to tell how far the fresh-
ening effect of the Nova Scotian water extends toward Georges Bank, or over the
latter, when it is at its maximum. However, it is certain that water of low salinity
from this eastern source.did not reach the southwestern part of the bank at any
time prior to the 17th of May in 1920, whatever may have happened later that spring,
because no appreciable alteration took place in the salinity of the surface, which
was about the same there on that date (station 20129) as it had been on February
22 (station 20045).

We also await observations on the salinity of the shoal water along the west
coast of Nova Scotia for May, to show how low it is reduced there by vernal fresh-
ening from local sources. . It is not likely, however, that the eastern margin of the
open Gulf of Maine ever falls below 30 per mille in salinity, unless right st the mouth
of some stream, because no large rivers open along this part of the coast, because the
outflow from the Bay of Fundy is directed westward (p. 916), and because there is
no reason to suppose that the Nova Scotian current ever brings water less saline
than about 30.8 to 31.5 per mille past Cape Sable.?

Itis a question of moment in the natural economy of the gulf whether and to what
extent the water of the Nova Scotian current turns northward after it has passed
Cape Sable. This the reader will find discussed in another chapter (p. 680). I need
remark here only that the surface salinities for May, 1915, and especially the course
of the isohaline for 32 per mille (fig. 120), mark a westward drift toward the center
of the gulf; but considerably lower salinities off the mouth of the Bay of Fundy in
May, 1915, than in April, 1920, suggests some movement of water in that direction
also, from the cape, as characteristic of this season.

The vernal freshening of the coastal belt of the gulf by land water, and of the
eastern side by the Nova Scotian current, are annual events, though differing from
year to year in their time schedule as well as in the magnitude of the alterations
they cause. A considerable divergence from year to year has been recorded in May
in the west—central part of the gulf, which neither of these sources of low salinity
appreciably affects up to that season. If the early May state of this part of the
gulf in 1915 (fig. 120) be the regular seasonal sequence to the April. state, as repre-
sented by 1920 (fig. 101), a considerable salting of the superficial water l'ay,ei' is"to bc

# Surface salinity 31.98 per mille at Ice Patrol station 21; 31.71 per mille at Ice Patrol station 22 on German Bank.
% Neither the Ice Patrol nor the Oanadian Fisheries Expedition have reported salinities lower than 30.8 per mﬂle along the:
outer coast of Nova Scotia in April or May. )
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expected there, raising the surface value from 32.5 to 33 per mille over the western
arm of the basin from the one month to the next. An increase of this sort in the
surface salinity, taking place at a season when the waters to the west and to the
east freshened, would of itself suggest local upwelling. This explanation is corrob-
orated, also, by the fact that the upper 120 to 130 meters proved nearly as homo-
geneous there vertically, in salinity, on that occasion as in either March or April, and
about 0.6 per mille more saline in absolute value (fig. 112), instead of showing the
considerable vertical range of salinity that might otherwise be expected to develop
in this region by May.

West—east profiles of the gulf also give unmlsta.kable evidence that some such
circulatory movement did take place in 1919 between the end of April and the end
of May (fig. 121), by which date a strong pulse in the inflowing bottom current had
raised the upper boundary of water, more saline than 32.5 per mille, to within 20
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. ¥16. 121.—8alinity profile running eastward from the offing of Cape Cod toward Cape Sable, May 29 to 30, 1919 (ice patrol
stations 85 to 38)

meters of the surface in this side of the basin. Some upwelling is therefore to be
expected in the western side of the basin from April through May, correlated with
the speeding up of the anticlockwise circulation that follows the freshets from the
rivers tributary to the gulf (p. 916). The actual alteration which this effects in the
salinity of the surface stratum, however, may not be as wide in any given year as
the difference between the April records for 1920 and those for May, 1915, might
suggest, because it is possible that these two years illustrate two extremes—the one
lower in salinity than is usual, the other higher. ’

BELOW THE SURFACE

The fact that May sees the culmination of vernal freshening from the land,
and also the maximum expansion of the Nova Scotian current past Cape Sable,
lends interest to the subsurface salinities for the month.

Perhaps our most instructive illustration of how strictly the decrease in the
salinity of the coastal belt is confined to the superficial stratum of water up to this
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season is afforded by the station data for 1920 at the mouth of Massachusetts Bay
(station 20120) for May 4, when the upper 15 meters was near its minimum salinity
for the year and homogeneous (29.1 to 29.2 per mille), but with the salinity
increasing by 2 per mille in the next 15 meters of depth to 31.13 per mille at 30 meters.
A vertical distribution of this type, coupled with the fact that the deeper water there
was less saline on that date than it had been two weeks previous (station 20092),
is evidence that when the tongue of water of low salinity described above (p. 741)
first spread southward past Cape Ann, vertical mixing was active enough for it to
dilute the whole column of water at the mouth of the bay. The latter, however,
was followed in turn by an increase in the salinity of the whole column during the
next 12 days, resulting primarily from a movement of more saline water inward
over the bottom (fig. 122; stations 20120 and 20124).

Events seem to have followed a similar course in the Isles of Shoals region in
1913, when Mr. Welsh recorded a progressive increase in the mean salinity of the
whole column of water, in depths ranging from 36 to 48 meters, from about 31.1
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Fi16. 122.—Vertical distribution of salinity at the mouth of Massachusetts Bay. A, April 20, 1920 (sta-
tion 20119); B, May 4, 1920 (statlon 20120); C, May 16, 1920 (station 20124)

per mille on May 10 to 13, 31.5 per mille on the 13th, and 32.7 per mille on the 16th,
resulting in the recovery of the. bottom salinity (32.2 to 32.6 per mille) almost to
the April value (32.5 to 32.8 per mille). Evidently the absorption of freshet water
from the rivers into the general circulation was accompanied by some indraft of
water of high salinity from offshore in this region; otherwise the mean salinity of
the column of water would not have increased as it did.

On the other hand, the salinity of the bottom water of Massachusetts Bay
changed very little from April to May in 1925 * at depths greater than 40 meters,
except for a slight decrease near Cape Ann, reflecting the surface drift from the north
(p. 741). It is certain, therefore, that bottom water does not enter the bay every
May in as great volume as it did in 1913 and 1920.

In the coastal sector between Cape Cod and Penobscot Bay the vertical range
of salinity is wider in May than at any other time of year—widest of all off the
river mouths and along the track followed by the discharges from the latter. Off
the mouth of the Kennebec, for example, the surface had freshened to 29.6 per mille
by May 13, 1915, a value about 3 per mille below that of the 50-meter level (about

% Fish Haewk cruises 12 and 13.
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32.4 per mille, station 10277). It is probable, also, that this generalization applies
equally to the eastern coast of Maine, though our data are less satisfactory for this
sector. Mavor’s (1923) records for the springs of 1917 and 1918 also prove it equally
applicable to the central part of the Bay of Fundy, where for a brief period in May
and early June river water (chiefly from the St. John) causes a vertical range of
salinity as wide as ever obtains anywhere in the open waters of the gulf.

-In the eastern side of the gulf, however, which receives land water in only rela-
tively small amount, the whole column continues so thoroughly mixed by the tidal
currents throughout the spring that our standard station on German Bank (fig. 109)
has shown no more difference between the surface and the bottom in May (station
10271 and Iece Patrol stations 22 and 38) than in April, on the one hand, or in June

8 9 32 1 2 3 .4 .
Moter 0 — & 234567"8_9331.235

5 - H
A E
10 C N

i
20
. \\\\ TN
SN
40 - D] >
' \E(T, \ \\

8 8
-
/
4

140

Fm.‘fgi.—Vertical distribution of salinity off Penobscot Bay, A, March4, 1920 (station 20057);
B, April 10, 1920 (station 20097); C, May 12, 1915 (station 10276): D, June 14, 1915 (station
10287); E, October 9, 1915 (station 10329)
or August, on the other, though the actual values were considerably lower for May
of the years 1915 and 1919 (31.7 to 32 per mille) than for any other month of record.
This also applies to the vicinity of Lurcher Shoal, a few miles farther north (fig.
108), where the graph for May nearly parallels those for March, April and
September, though lower in salinity ®
The directions in which the discharges from the large rivers spread out over the
surface are betrayed by the vertical distribution of salinity as well as by the actual
values as represented in horizontal projection... Thus, the fact that salinity altered
very little in the trough off the Isles of Shoals from March to April, 1920 (stations
20061 and 20093), with the values for May 14, 1915 (station 10278), differing by
18ss than 0.5 per mille from April, 1920, locates the line of transition (from the region of

0 Thirty-two per mille at the surface to 32.3 per mille on bottom in 90 meters, May 10, 1915, station 10272,
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highly variable to that of more nearly constant salinity) close to the Isles of Shoals.
The zone within: which river discharge rapidly increases the vertical range of salinity
in spring is no wider than this off Penobscot Bay, for the Grampus found the bottom
(32.43 per mille) only about 0.6 per mille more saline than the surface (31.8 per
mille) in 80 meters.3 miles off Matinicus Rock on May 12, 1915 (station 10276),
though the whole column was 0.2 to 0.6 per mille less saline then than it was on
the 9th of the following October (station 10329) or on January 1, 1921 (station
10496). S f L ‘
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Fia. 124—Vertical distribution of salinity in the eastern side of the basin of the Gulf of Maine on March 23, 1920 (A,
station 20086); May 6, 1015 (B, station 10270); May 29, 1919 (broken curve, ice patrol station 37); June 19, 1915
(C, station 10280); and August 12, 1913 (D, station 10093) -

The freshening effect of the Nova Scotian current affects the vertical distribu-
tion of salinity of the region influenced by it in precisely the same way as drainage
from the land, by producing a wide range between the surface and the deep strata.
The notable difference between graphs in the eastern side of the basin for March,
1920, and for May, 1915 and 1919, illustrate this (fig. 124) by a considerable fresh-
ening of the whole stratum of water shoaler than 100 meters.® S

u The actual data suggest a decrease-of about 1 per mille at the surface and 0.7 per mille at 75 meters asnormal for the perlod
during which the drift from the east is gaining head; but annual fluctuations of unknown amplitude complicate the pictura
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If the contrast between the salinities for the early spring of 1920 and for May,
1915, represents the succession normal for this time of year, a very considerable
freshening also takes place at greater depthsin the eastern side of the basin from
March and April to May, the graphs (figs. 114 and 124) suggesting an average
decrease of about 0.6 to 0.8 per mille at 100 meters and deeper. Such a reduction
of the salinity back to about the March values naturally would follow any slackening
of the inflowing bottom current, but would be less and less apparent the farther from
its source of supply. A regional relationship of this sort does, in fact, result from our
station data, which show the salinity of the bottom water of the western side of the
basin only slightly lower in May and June, 1915, than in March or April, 1920
(fig. 112).

The upwelling of water more saline than 33 per mille in the western side of the
basin, which follows or accompanies the incorporation of river water into the one side
of the gulf and of the Nova Scotian current into the other, causes a much more
abrupt transition in salinity between coastal belt and basin at 40 meters in May
(fig. 125) than in April (fig. 115); still wider than in March, and a regional distribu-
tion more nearly paralleling the surface (fig. 120). The gradation from 31.7 to 31.9
per mille next the land to 32.8 to 33 per mille in the west-central parts of the basin,
shown on this May chart, is probably typical for the month, though no doubt the
precise spread between inshore and offshore values varies somewhat from year to
year and would probably have proved somewhat narrower in 1925, when the 40-meter
values for Massachusetts Bay in May averaged slightly higher (32 to 32.6 per mille)
than was the case in 1915 or in 1920. '

Up to May the decrease in salinity attributable to vernal freshening is
confined to even a narrower coastal belt at 40 meters than at the surface,
hardly any change being indicated more than 10 miles out from that contour
line in the western side of the gulf® or farther south than the offing of Cape Cod,
where the 40-meter values were somewhat higher on May 16 to 17, 1920 (32.3 to
32.5 per mille at stations 20125 and 20126), than they had been a month earlier
(32.1 to 32.2 per mille at stations 20116 and 20117 on April 18). The salin-
ity at this depth was also about the same in the southwest part of the basin and on
Georges Bank in that May (32.5. per mille) as it had been at the end of February.
In spite of this apparent agreement, however, the water less saline than 33 per
mille must actually have increased considerably in volume in the offing of Cape Cod
during the interval to account for its expansion out from the bank to the seaward
slope of the latter, where salinity decreased by about 1 per mille at 40 meters between
February 22 (station 20045, about 33.8 per mille) and May 17 (station 20129,
about 32.9 per mille).

It is probable that the salinity of the 40-meter level falls below 32 per mille every
May over a considerable area out from the Nova Scotian shore of the gulf, where
the Nova Scotian current then holds sway; and if 1915 was a typical spring in these
waters (which I see no reason to doubt) the drift of this water of low salinity from
its more eastern source is directed more definitely westward toward the center of the
gulf at this depth than it is at the surface, with less evidence of any dispersion north-
ward toward the Bay of Fundy (p. 745). Reduced to terms of distance, the seasonal

9 This follows an extremely irregular course.
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relationship just outlined points to a translation of the isohaline for 32 per mille
about 100 miles westward from the location occupied by it before the current begins
to flood past Cape Sable in appreciable volume. '
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F1G6. 126.—Salinity at a depth of 40 meters, May 4 to 14, 1915 (plain figures), combined with May 4 to 17, 1920 (under-
lined figures). The encircled figure in the Bay of Fundy is for May 4, 1817, from Mavor (1923), Dotted curves :
are assumed )

Apparently this drift was still in operation at the date of our May cruise in 1915
(the 4th to the 10th). Had it not been, and had absorption of the water of low salinity
from the east into the general circulation been well advanced, the transition from
salinities lower than 32 per mille in the east to 32.6 to 32.8 per mille in the center of the
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gulf would hardly have been as abrupt as we actually found it. (figs. 125 and 126).
Therefore, the salinities' prevailing at the time were not reminiscent of some preceding
event (as is too often the case), but evidence of a present state of circulation.

The isohaline for 32 per mille reached the eastern side of the basin at the time
(fig. 126); and as the Grampus sailed eastward from this station (10270) on May 6
she did actually stem a current flowing westward with considerable velocity, as de-
scribed in a later chapter (p.917). In fact,it is unusual for the distribution of salinity
to accord as closely with direct navigational observation of a surface current as hap-

pened on this occasion. The profiles for 1919 also show this Nova Scotian drift
(outlined in this case by the isohaline for 32 per mille) reaching the eastern side of
the basin, but no farther, at the beginning of May and again at the end of the month
(fig. 121), in each case wedge-shaped in longitudinal section and involving the whole
upper 100 meters on the slope of German Bank, but thinning out to nothing at its
western edge.

AR G S S Y/
- S o __> N7/
1 _‘ ________ ____J:ug_____..ms__.____
N/ N e ——=
W = T T 7
N4/ R/
;.//////// ////// ____ //////,////////// ________ ' //// i
=== g {:
N/ . ////////////H////////// ﬂ/ ;
N/ / ///// &
- =i PR S
20 il N\ \\Q;’"\--"““\ 1
Wi » /

F16. 126.—Salinity profile running eastward from the mouth of Massachusetts Bay to German Bank, May 4 to 7, 1915

L]

If the May charts for 1915 (figs. 125 and 127) represent the normal seasonal
succession to the April charts for 1920, as close correspondence in 1919 makes likely,
an increase of 0.5 per mille (more or less) may be expected in the western side of the
basin from the one month to the next at the 40-meter level, contrasting with the
decrease in salinity that involves the whole coastwise zone, and an increase of about
0.2 per mille at the 100-meter level though the precise magnitude of this change no
doubt varies from year to year. This is reflected at the 40-meter level, just as at
the surface, by a shift of the most saline center across the basin of the gulf from east
to west (cf. fig. 115 with 125), as well as by the development of a mass of water of
hlgh salinity in the upper 100 meters in the oﬂing of Massachusetts Bay, illustrated
in profile (figs. 121 and’ 126)

'This slight increase in salinity in the western side of the basin, coupled with the
freshening of the eastern side for which the Nova Scotian current is responsible,
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teds to equalize the regional inequalities in the mid levels of the gulf (fig. 127) as

the spring draws to a close.

Thus, the extreme range of salinity in' the gulf -was

little more than half as wide at 100 meters in May, whether of 1915 or of 1920
{about 0.7 per mille, fig. 127), than in April or in March of 1920 (respectively, 1.1
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File. 127.—Salinity at a depth of 100 meters, May 4 to 14, 1915 (plain figures), combined with May 4 to 17, 1920 (underhned
.figures). . Thé ereircled figure in the Bay of Fundy is for May 4, 1017, from Mavor (1923}

and 1.3 per mille, figs. 94 and 116)."

At 175 meters (chosen ‘as representative of the

deep water of the gulf because this particular contour best outlines the trough of its
basin) the extreme range of salinity was only 0.5 per mille (32.94 to 33.46 per mille)
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for the northern side during the first half of May, 1915—i. e., less than half the
regional variation recorded there for March and April of 1920 (32.91 to 34.1 per
mille). . :

The locations of the isohalines for 33 per mille from month to month on the 100-
meter charts for March (fig. 94), April (fig. 116), and May (fig. 127) illustrate the
expansion of water of comparatively high salinity westward across the basin
during a strong pulse in the inflowing bottom current, and the recession to be
expected when the indraft is weak. Some change of this sort is consistent with the
general progress of the vernal cycle. Salinity averaging about 0.6 per mille lower
over the basin of the gulf at 175 to.200 meters in May, 1915, than in April, 1920, is
probably to be explained on this same basis; but the observations taken by the Ice
Patrol cutter in 1919, when the salinity of the east—central part of the basin
increased through May, proves that the indraft continues active right through
the month in some years. :

The differences that may be expected in this respect from one May to the next
are more graphically illustrated by the west—east profiles of the gulf for that month
of 1915 (fig. 126) and 1919 (fig. 121). Note especially the thick band of 34 per
mille water on bottom in the latter year in the eastern side of the gulf, where the
value was only slightly more saline than 33.5 per mille in 1915. The fact that this
is the only month when we have found the salinity of the basin lowest, as a whole,
in the eastern side, not in the western, deserves emphasis.

The decrease in salinity that took place from February, 1920, to May over the
continental slope to the southwest of Georges Bank has already been mentioned
(p- 750). At 100 meters the May value (station 20129, + 34 per mille) was the lower
by 1.3 per mille. :

Unfortunately no water samples have been collected in May along the 400-mile
sector of the continental edge from the offing of Nantucket eastward to the offing of
Sable Island, where 100-meter values varying from 33.4 to 34.8 per mille have been
reported by the Canadian Fisheries Expedition (Bjerkan, 1919; Acadia stations 9
and 10) and by the Ice Patrol® in the years 1914, 1915, and 1922, evidence of con-
siderable fluctuations in the physical state of the slope water.

With the low values just stated, and values even lower at the same relative
location off the eastern slope of Georges Bank in March and April, 1920 (32.8 to 33.46
per mille at 100 meters, stations 20068 and 20109), off Shelburne, Nova Scotia, on
March 19 of that year (33.78 per mille at 100 meters, station 20077), it is evident
that water of 35 per mille is usually separated from the slope by lowersalinities east-
ward from Georges Bank to the tail of the Grand Banks during the third month of
the spring. -

Additional information as to the salinity along the seaward slope of the Scotian
Banks in May is much to be desired.

SALINITY IN JUNE

A tendency toward progressive equalization is recorded from May to June as
the overflow of the Nova Scotian current past Cape Sable and the outpourings of river
waters are gradually incorporated into the gulf.

% Ice patrol station 20, May 17, 1914, 34.05 per mille at 200 meters; station M, May 19, 1915,'33.66 per mille at about 100
meters; station 213, May 28, 1922, 34.79 per mille at 100 meters; see U. S. Coast Guard (1916) and Fries (1923),
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In the year 1915 salinity was determined at 19 stations in June, sufficing to out-
line the regional and vertical distribution for the eastern side of the area and out
across the shelf south of Cape Sable; while the Fish Hawk stations for 1925 extend
the picture to Massachusetts Bay.

- The most instructive feature of the surface chart for June, 1915 (fig. 128), is its
demonstration that the drift of water of low salinity into the gulf from the east had
slackened, if not entirely ceased, since mid May, the isohaline for 32 per mille having
shifted 50 miles or so eastward from the location it occupied six weeks earlier (fig.
120), the salinity of this side of the basin having increased from 31.78 per mille to
32.25 per mille during the interval. While the Nova Scotian drift may have extended
to the eastern parts of Georges Bank in May (p. 745), an abrupt transition along
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Fig. 128.—8urface salinity of the eastern and central parts of the Gulf of Maine, June, 1915

the eastern side of the Eastern Channel in June, from low values over Browns Bank
(31.5 per mille) to higher ones farther west, shows that it had ceased to expand in
this direction by that time.

The incorporation of river water, which is responsible for vernal freshening
of the coastal belt, was reflected, in 1915 by an average increase of 0.2 to 0.5 per
mille in surface salinity along the northern margin of the gulf from May (fig. 120) to
June (fig. 128, values ranging from 31.8 to 32.2 per mille).

Within the Bay of Fundy, where the effects of the freshets from the St. John
River are responsible for a very sudden freshening of the surface from April to May;
as described above (p. 743), the recovery is correspondingly more rapid than in the
open gulf, where the influence of any one river is spread over a wider area. In 1917,
for example, the salinity of the surface water between Grand Manan and Nova
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Scotia rose from 27.9 per mille on May 4, to 31.49 per mille on June 15 (Mavor, 1923,
P- 375); and some such succession may be expected close in to the mouth of any one
of the large rivers that drain into the gulf.

No observations were taken in the western side of the gulf in June, 1915; but

the Fish Hawk stations for 1925 (figs. 129 and 130) show a similar increase of about
0.7 per mille in the surface salinity of Massachusetts Bay, from a mean of 31.57 per
mille on May 20 to 22 to a mean of 32.28 per mille on June 16 to 17, with no evi-
dence of the drift of water of low salinity into the bay from the morth past Cape
Ann, which the isohaline for 31.5 per mille made apparant three weeks earher
(fig. 119).
- Contrasting with the general rise in surface salinity that takes place alongshore
and over the eastern side of the basin from May to June, as just described, the charts
for 1915 (figs. 120 and 128) show a corresponding freshening of the surface over the
western side of the basin, resulting from the general dispersal of land water out to
sea combined with a cessation of the upwelling that was taking place there in May
(p. 746). In that particular year the actual decrease off Cape Ann was from 33 per
mille on May 5 (station 10267) to 32.5 per mille on June 26 (station 10299)—evi-
dence of the gradual tendency toward the equalization that follows the temporary
freshening or salting of any part of the gulf.

I can say nothing of salinity over Georges Bank or for Nantucket Shoals in
June; data there for that month are desiderata.

Although no notable alteration takes place in the vertical distribution of salinity
from May to June, the following minor changes are worth attention:

The western branch of the basin, off Cape Ann (fig. 112), freshens notably from
the one month to the next in the upper 40 to 50 meters, but salts at depths greater
than 120 meters, resulting in a considerably wider range of salinity between surface
and bottom, a change important because of the greater vertical stability it gives to
the column of water as a whole.

It is doubtful, however, whether any seasonal alteration of this order extends to
the southeastern part of the basin, because the salinity of the upper 50 to 60 meters
was almost precisely the same there on June 25, 1915 (station 10298), as it was
two months earlier in the season in 1920 (station 20112, April 12); and while the June
station was slightly the salter of the pair at 100 meters, it was slightly the fresher
from 150 meters downward to the bottom. In the eastern side of the basin, too,
the vertical range of salinity decreases from May to June, instead of increasing, as
the Nova Scotian current slackens. The whole column of water over German Bank
was likewise (and for the same reason) about 0.2 per mille more saline on June 19
(station 10290, about 32.1 per mille) than it had been on May 7 (station 10271),
though as nearly homogeneous vertically, a condition maintained "here the year
round by active tidal stirrings.

In the Bay of Fundy, between- Grand Manan and Nova Scotia, Mavor (1923,
p. 375) found much less spread between surface and bottom on June 15, 1917, than
on May 4, consequent on the considerable salting of the upper stratum . just de-
scribed (p. 755); and the contrast between the moderately wide vertical range of salin-
ity there, as well as at our own station. at the mouth of the bay on June 10, 1915
(station 10282), and the vertical homogeneity of the water of the Grand Manan
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F16. 129.—Salinity of Massachusetts Bay at the surface, June 18 to 17, 1925
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Channel on the 4th (station 10281, 31.8 per mille from surface to bottom), is an
mterest.mg illustration of the local differences to be expected at nelghbormg stations
in these tide-swept waters.

Near Mount Desert, too, observations taken at three stations on June 11 to
14, 1915 (stations 10284, 10285, and 10286), show much less difference between sur-
face and bottom than on May 10 and 11 (stations 10274 and 10275), the surface
baving salted by about 0.5 per mille in the interval, but the bottom by mnot more
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than 0.2 per mille. Off the mouth of Penobscot Bay, however, near the. 100-meter
contour, no appreciable change took place in the salinity at any depth from May
12,1915 (station 10276), to June 14 (statlon 10287).

In Massachusetts Bay, which receives very little river water from its own coast
line, the Fish Hawk cruises of 1925 showed an increase in salinity, surface to bottom,
between the 20th of May (cruise 13) and the middle of June, averagmg about 0.7 per
mille for all the stations and levels combined, with a maximum change of 1.3 per
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mille, &' minimum of 0.1 per mille. This salting was greatest (0.7 to 0.8 per mille for
the whole column) across the mouth of the bay (stations 30 to 34) and inward over
its deep central part (stations 18A and 3), consistent with the fact that the source for
any change of this order must lie in the still higher salinities of the deep water of the
basin in the offing. In spite of small local variations, however, which are always to
be expected from station to station near shore, depending partly on the stage of the
tide when the observations are taken, the average difference in salinity between the
surface of the bay and the 40-meter level was almost precisely the same on the June
cruise (0.7 per mille) as it had been three weeks earlier in the season.

The June stations (fig. 132) on the continental shelf off Shelburne, Nova Scotia
(10291 to 10295), though outside the geographic limits of the gulf, strictly construed,
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F1a. 133.~—Balinity at a depth of 40 meters, last half of June, 1915

are interesting in this connection as affording a cross section of the westward extrem-
ity of the Nova Scotian current at the time. Here the vertical range of salinity
was wider than anywhere in the Gulf of Maine in that month, with values compar-
atively uniform, depth for depth, over the shelf but considerably higher outside the
100-meter contour (station 10295).

Horizontal projections give a more graphic spacial picture of the seasonal alter-
ations just stated. At the 40-meter level the relationship between May (fig. 125)
and June (fig. 133) is much the same as at the surface (p. 756)—the eastern side of
the gulf salter than in May, the western and northern sides of the basin less so, as
reflected by a translation of the isohaline for 32.5 per mille well out into the basin
from the position close to the coast of Maine, which it had previously occupied.
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Although no considerable shift of this particular isohaline is indicated off Massachu~
setts Bay by the data for 1925 (Fish Hawk cruise 14), the 40-meter level was more
nearly uniform in salinity there that June (32.6 to 33.4 per mille) than it had been
the month before. ‘

At greater depths in the gulf (as illustrated by the 100-meter level), which are
but slightly affected by the spring freshets from the rivers or by the Nova Scotian cur-
rent, the mean salinity increased by about 0.2 per mille in the eastern side of the
basin from May (fig. 127) to June (fig. 134) in 1915, but continued almost constant
in the western side. Mavor (1923) has also recorded an increase in the salinity of
the deep water of the Bay of Fundy during this same period, from 32.5 per mille
8t 100 meters on May 4, 1917, to 32.7 per mille on June 15. A change of the
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Fia. 134.—Salinity at a depth of 100 meters, last half of June, 1916
same sort was registered in the bottom of the open basin, as illustrated by the
following tables: ' '

Salinities (per mille) at 176 metera'

’ Northeast- So,utheast- . Eastern Western
Date ern corner |Losternside) "l hart | Channel basin Center
March, 1920 : 33.78 34,04 34.20 34.53 33.82 33.08
April, 1020 34.02 84,30 3456 34.60 33.84 34.18
8y, 1915 33. 40 33,46 33.37 33,45
June, 1915 33.60 33. %0

33.64 34,00 34.80 33,85
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Salinity on.the bottom of the trough, June, 1915, v

Locality Depth | Salinity Locality . . | Depth | Balinity
Meters | Per mille Meters | Per mille
Fandy Deep, station 10282 .. vooeoe. oo ) 180 33.06 || Eastern Channel, station 10207.__..coeoo . . 216 34.92
Northeastern corner, station 10283..._..._| 180 33,66 || Southeastern corner, station 10298 ._______ 225 34.60
Eastern basin, station 10288 ___........... 220 33.95 || Western basin, station 10299 ..o oneeeeooo. . 210 33.82

.. The fact that the whole trough of the gulf was nearly as saline in the last half
of June, 1915, as we found it in April, 1920 (p. 737), suggests a recovery of the indraft
of slope water during the last half of May and first days of summer; but if such
arecovery actually took place in 1915 it seems soon to have slackened again, judging
from the rather abrupt transition from higher salinities in the Eastern Channe
to lower ones just within the basin of the gulf recorded during the third week of
that June (see the preceding tables). ,
~ The expansions and contractions of 34 per mille water over the floor of the gulf,
and the depth at which its upper limit lies below the surface of the water at any
given time, more clearly reflect the recent activity of the indraft through the East-
ern Channel than does the distribution of salinity at any given level in the water.
In April, 1920, water as salt as this flooded the bottom of both arms of the
basin, rising up to within about 140 to 175 meters of the surface along the eastern
slope of the gulf (fig. 118). In June, 1915, however, 34 per mille water was confined
to the southeastern corner of the basin (station 10298) close to the entrance of the
Eastern Channel. ' )
’ SALINITY IN JULY AND AUGUST

SURFACE

If the readings taken in the western side of the gulf in July of 1912, 1913, and
1916 represent the normal succession to the June state of 1915 and 1925 (just
described), the surface of this part of the area suffers a second freshening from 32 to
32.5 per mille in June to 31.4 to 31.9 per mille in July, but with little or no change from
the one month to the next along the coast of Maine (31.5 to 31.8 per mille in July as
well asin June). If this represents the regular seasonal progression it probably reflects
the anticlockwise surface drift, carrying the discharges of the eastern rivers around the
gulf to the Massachusetts Bay region a month or more after their freshening effect has
been entirely obscured off the coast of Maine by tidal stirrings. This explanation is
supported by the fact that the July values for the surface of the bay were lowest in
1916 (30.5 to 31.2 per mille), when a very tardy spring, with unusually heavy snow-
fall, would make a seasonal sucession of this sort the most likely. The surface water
of the western part of the basin of the gulf, in the offing of Cape Ann, has proved
less saline in every August of record (1913, 1914, and 1915) than it is in May (p. 741)
or June (p. 756), in the following seasonal sequence and for the same reason:

Surface salinity, western basin

Date Station | Salinity Date Station | Salinity

Per mille ‘ ' Per mille
May 4, 1015 10267 33.03 || Aug. 9, 1913 10088 32.21
June 26, 1915 10299 32.50 || Aug. 22, 1914 10254 31. 58
July 15, 1912 10007 31.62 {; Aug. 31, 1915 . 10307 32.47




764 BULLETIN OF THE BUREAU OF FISHERIES:

The exact date when this side of the basin is least saline varies from year to
year, likewise the minimum value to which the salinity of the surface falls there, our
experience up to date suggesting 31.5 to 32.2 per mille as usual at its lowest. In the
same way the freshening recorded by Mavor (1923) in the Bay of Fundy early in-
the summer of 1917 may reflect the transference of the water of low salinity from the
Nova Scotian current northward along the eastern side of the gulf, following the
route of many of our drift bottles (p. 895).

Apart from this question, the most interesting aspect of the late summer data
for the inner parts of the gulf is the comparative uniformity prevailing at the surfacé
all along the coastal belt from Massachusetts Bay to Grand Manan in 1912 and 1915
(31 to 31.9 per mille). It is probable that the isohaline for 32 per mille usually
crosses outside the mouth of the Bay of Fundy in July, because Vachon (1918) and
Mavor (1923) record surface salinities ranging from 30.36 to 31.48 per mille at
various localities in Passamaquoddy Bay and off Grand Manan for that month in
1916; 30.61 per mille at Prince station 3, east of Grand Manan, on July 4, 1917
rising to 31.22 per mille there on July 31.%

A considerable body of data has been gathered in the open gulf for the last half
of July and for the month of August in the years 1912, 1913, 1914, 1915, and 1922,
which, with the determinations for the Bay of Fundy for the summers of 1914, 1917,
and 1919 (Craigie, 1916b; Vachon, 1918; and Mavor, 1923) afford a picture of
the normal midsummer state of the surface of the gulf, with some mdmatlon of the
annual fluctuations to which it is subject.

For salinity, as for temperature, the period, July to August, is the most nearly
static part of the year in the open gulf, a statement supported by the following
surface readings at pairs of stations at proxxma,te localities but taken several weeks

apart.

Locality © Date Station | Balinity
Per mille

Near QloucesSter —cnvococcemaccamccmmamr cccccccccccrmecarcereoames  mmmemeeeeecemme—seooen July 12,1912 10006 31,
) 0 1 Aug. 31,1912 10046 31.67
Off northern extremity of Cape Cod. e mmmeemmm—amm——————————————————— July 8 1913 10057 31,90
5 ¢ U L SO R cmmev miemeescccmetocamesscmcenemm— Aug 9, 1913 10087 32,09
Bouthwest part Of DBSIN e ccc e cmmem e mmmme e m s emmieccccemc o cm o e emm—— July 19,1014 10214 31,80
................................ Aug. 23,1014 10256 31,80
Near Cape BDIE e o oe oo July 25,1914 10230 3L47
............................. l.lgi 11,1914 10243 3L.67
oft Gtand Manan (Prince station 3) sJuly 4 1917 |acmeicac oo 30. 61
eecemeemrmmeiesnsemmeeoeama e amm——————— sJuly 31,1917 31.22
Near Mount Desert Island - July 19,1915 10302 31,83
) 1 B ORISR R Aug. 18,1915 10305 3194
Off Penobscot BaY eamcceenmoan Aug. 2,1912 10021 32.43
OO PR SRR e e mrmaameeaem e am—— Aug. 21,1912 10038 82,32
Neoar Isles of Shof)S cau ool e ---| July 22,1912 10012b| 31.92
Do ——-| Aug. 24,1012 10041 32,07
Eastern side of DasIn o oo cn o ooo e e e ool cmmme e mmmeeccdeece s June 19,1915 10288 32.41
DO et cmccan e mm e mmememmm s maecmmr ememmmee emeeteseme tmmmsom—eee - Sept. 1,1915 10309 32,47
Western 8140 Of DBSIN < e e e e e e et mmmcmammemeameo e aas June 26,1915 10299 32.50
...... ---| Aug. 31,1915 10307 32,47
Near Nantucket Shosls lightship ...-. e eemmem e mhe amcaeenme——.a————————— July 9,1913 10060 32.63
D0 ceceee e cesmmmct mmmmmemm—emeememte e mmmaseemeemmemctees e —eeeeseem————— bAug.§,1913 |ooo ... 32,77

s Mavor, 1923. % Captain McFarland.

% Surface densities, determined from hydrometer readings in the Bay of Fundy region, also indicate salinities ranging {rom
30.7 per mille to 32,7 per mille (Copeland, 1912; Craigie and Chase, 1918).
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The maximum alteration that took place in the surface salinity at any one of
these localities during the interval of from three to nine weeks was thus only 0.6
per mille; in most cases it was less than 0.2 per mille; several times it was too small
to be measured, a statement covering both sides of the basin of the gulf as well as
the coastal belt, and applying to one locality or another in three different
years. Among the islands or off headlands where the tide runs strong the surface
would not show this uniformity, because the salinity in such situations varies widely
with the stage of the tide. Even if the observations were taken at the same stage
of tide, variation would be expected with the varying interaction between current
and wind. Upwellings, for instance, such as follow offshore winds (p. 588), will bring
up water appreciably salter, as well as colder, from below, along the western shores
of the Gulf of Maine, even if the updraft comes from a depth of only a few meters.

It is probable that the high salinity of the surface stratum recorded near
Gloucester on July 9, 1912 (station 10001, 32 per mille) is to be explained on this
basis. The salinity of the whole upper 40 meters, or so, of water may, in fact, be
expected to vary considerably along the northern shore of the bay within brief periods,
depending on the direction of the wind as this drives the surface water onshore or
offshore. Unfortunately, however, our observations do not throw much light on the
fluctuations in salinity of this sort, except on one occasion at a locality 3 to 5 miles
off Gloucester, where the surface salinity, as calculated from hydrometer readings,®
increased by about 0.7 per mille between July 9 and 11 in 1912, with a correspond-
ing decrease of 4.5° in surface temperature, the latter usually a sure evidence of
upwelling thereabouts. In the eastern parts of the gulf, however, where the water
is more nearly homogeneous vertically, winds and tides affect the surface salinity
chiefly by the on and off shore interchange of salter and less saline waters. Cope-
land (1912), for example, found the salinity of Passamaquoddy Bay varying with
the tide (as well as locally in the bay) according to the relative outflow from the St.
Croix River. Swirling tidal currents are also partly responsible for the regional
variations recorded by Vachon (1918) and by Mavor (1923) in the surface salinity
of Passamaquoddy Bay and of the Bay of Fundy, where, however, they also record
a general increase in surface salinity during July and August, as follows:

Locality Date Salinity Locality Date Salinity
Per mille || Bay of Fundy, off Grand Manan, Per mille
July 25,1916 31.48 Princestation3___._. .. _._._....... Sept. 4, 1917 31,92
- Aug. 2,1916 31.27 || Passamaquoddy Bay, Prince sta-
-1 Aug. 19,1916 31.73 tion 4 July 20,1916 30.36
Aug. 31,1916 31,84 Do July 27,1016 28.97
DO e ir——- Aug. 3,1916 30.27
July 24,1918 30. 43 Do Aug. 10,1916 30.19
Aug. 25,1916 3L 77 Do Aug. 17,1916 30. 58
July 4,1917 30. 61 DO e e Aug. 31,1916 30.77
July 31,1017 31.22 i

In every August of record—1912 (Bigelow, 1914, pl. 2), 1913 (fig. 135), 1914
(fig. 136), or 1915 (fig. 137)—the surface salinity has been highest over the north-

% Both taken with the same instrument

8951—28——49
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eastern part of the basin of the gulf, with the maximum near Lurcher Shoal in 1912
and 1915, over the northeastern deep as a whole and over German Bank in 1913, off
Machias, Me., and on German Bank in 1914. Furthermore, the maximum reading
for the month has varied little from year to year—32.84 per mille in 1912 (station
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F16, 185~Salinity at the surface, August, 1913

10031), 32.75 to 32.79 per mille in 1913 (stations 10094 to 10097), and 33.06 per mille
in 1914,

A certain consistency also appears from year to year in the outlines of the area
occupied by water salter than 32.5 or 32.7 per mille. In 1913 and 1914 this took
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the form of a U orV, its concavity directed toward the southwest, its one arm
roughly paralleling and somewhat overlapping the 100-meter contour off the Nova
Scotia coast, its other arm similarly paralleling the coast of Maine westward as far
as the offing of Penobscot Bay (figs. 135 and 136). In my account of the salini-
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F1a. 138.—Salinity at the surface, July to August, 1914, For 32.61 in the northern channel read 32.01

ties of 1913 I assumed that this saltest tongue was continuous with the still hlgher
salinities outside the continental shelf via the southeastern part of the gulf (Bige-~
low, 1915, pl. 2). However, continued mvestxga.tmn of the gulf has made it more:
likely that this was actually an isolated pool surrounded by less saline water on the-
south, as was certainly the case in July and August, 1914 (fig. 136). This was.
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again the case during August and the first foew days of September in 1915 (fig. 137),
when the surface was less saline than 32.5 per mille at all the eastern stations on the
line Cashes Bank-Cape Sable, but more saline (32 6 to 32.8 per mille) farther north
in the eastern arm of the basin..:

Unfortunately, the stations for 1915 were not situated close enough together to

locate the course of the isohaline for 32.5 per mille in a satisfactory manner; in the
preliminary account of the operations for that season a reading of 32.52 per mille near
Cashes Ledge (station 10308), with slightly lower salinities to the west of it as well
as to the east (32.47 per mille at stations 20307 and 20309), was taken as evidence
of a body of still salter water in the southern half of the gulf (Bigelow, 1917,
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F16. 137.—Salinity at the snr(éw, August to September, 1915

p- 222, fig. 67). Further study of the salinities for the several years combined makes it
more probable that the station in question marked the southwestern extremity of a
band of 32.5 per mille that continued thence to the vicinity of Lurcher Shoal, as is
indicated on the chart (fig. 137).

A pool more saline than the surrounding water and usually very close to 32.75
to 33 per mille in actual salinity, may thus be expected to develop annually on the
surface over the northeastern corner of the basin in August, its boundaries conform-
ing more or less closely to the contour of the coastal slopes of Maine and of Nova
Scotia but not involving the Bay of Fundy at e,ll “Being entirely surrounded (in
most summers, at least) by less saline water on'the offshore as well as on the inshore
gide, it must obviously have its source in the still higher salinities below the surface

EEER
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s water is brought up by vertlcal currents of some sort, not in any direct; mdraft
from offshore.

This salt pool had no counterpart in June (fig. 128) or in May (fig. 120) of 1915,
but much smaller phenomena of the same sort were recorded off Lurcher Shoal in
April, 1920 (station 20101, 32.9 per mille), in the southeastern part of the gulf and
in the eastern part in that March (fig. 91). Thus, following the freshening charac-
teristic of May (p. 745), the eastern side of the surface of the gulf is once more as
salt by the end of August as at any time during the early spring.

Much lower values prevail along the west Nova Scotian shore all summer,
Vachon (1918) having recorded 31.34 to 32.09 per mille on a line from Brier Island
to Yarmouth on September 7, 1916, with readings of 31.17 per mille at high tide,
31.12 per mille at low tide, in Yarmouth Harbor on the 8th. It is on the strength
of his data that the isohaline for 32 per mille is represented on the August chart
(fig. 136).

To the eastward of Cape Sable the water next the coast is still less salme (31.7
to 31.6 per mille) in summer, with rather an abrupt west-east transition from higher
to lower values off the cape. Essentially this is the same regional distribution asin
June, except that the successive isohalines shift to the eastward during the early
summer as the Nova Scotian current loses head. The constancy of this Nova
Scotian water from month to month and from year to year also deserves mention,
the lowest values recorded in the offing of Shelburne (including Bjerkan’s (1919)
data) ranging only from 30.9 to 32.1 per mille for the months of March, June, July,
and September of the years 1914, 1915, and 1920. Sometimes these lowest values
have been close in to the land off Shelburne, as was the case in July, 1915 (Bjerkan,
1919), and in September of that year (fig. 137); sometimes farther out, with higher
values next the coast, as in July, 1914, and in March, 1920 (p. 703); but no definite
seasonal succession is yet established in this respect.

The narrow band of water less saline than 32 per mille, which probably skirts
the western coast of Nova Scotia every summer, is separated from the equally low
salinities (31.2 to 32 per mille) of the northern side of the Bay of Fundy by consid-
erably more saline surface water (32.3 to 32.4 per mille) along the southern (Nova
Scotian) shore of the latter; such, at least, was the case in the summers of 1916
(Vachon, 1918) and 1919 (Mavor, 1923).

In each midsummer of record (1912, 1913, 1914, 1915) we have found the least
saline surface water as a narrow but continuous band skirting the coast of Maine,
and so southward to the region of Massachusetts Bay, usually 31 to 32 per mille in
actual value. Inside the outer islands, and in the estuaries, still lower surface salin-
ities are to be expected locally (e. g., 30.61 per mille in the western entrance to
Penobscot Bay, August 3, 1912, station 10021a), grading, of course, to brackish water
in the mouths of rivers. The definite boundary of this coastal water of low salinity
(32 per mille) can not be laid down along the coasts of Maine and Nova Scotia on
the chart for August, 1914 (fig. 136), because most of our stations for that year were
located outside the 100-meter contour. In this respect the chart for 1913 (fig. 135)
is ' more instructive.
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In the northwestern part of the gulf variations in the distribution of salinity
from summer to summer show that the movements of the surface water are variable
in detail.

Thus, in July and August, 1912, the isohaline for 32.4 per mille (the critical one
in this particular summer) marked a definite expansion of coastal water off Penobscot
Bay (Bigelow, 1914, pl. 2). In August, 1913 (fig. 135), the undulations of the
isohaline for 32.5 per mille again suggested an anticlockwise swirl off the bay, drawing
salter water into its northern and eastern sides, fresher water into its western and
southern sides. In August, 1914 (fig. 136), the surface salinity of this part of the
gulf was more uniform, with no evidence of any such outflow off the Penobscot; nor
is anything of the sort indicated.in the surface chart for 1915 (fig. 137).

In the Massachusetts Bay region, by contrast, the regional distribution of salin-
ity at the surface has been more nearly constant from summer to summer. Thus,
in August, 1922 (apparently a representative year in this respect), when the surface
at 13 stations ranged from 30.95 to 31.29 per mille, the distribution was of the usual
coastwise type—i. e., slightly lowest (30.9 to 31 per mille) close to Gloucester (sta-
tion 10633), off the mouth of Boston Harbor (station 10638), and close to land in
Cape Cod Bay (stations 10643 and 10644) ; uniformly slightly higher across the mouth
of the bay (31.2 per mille at stations 10631 and 10632). Three stations on a line
erossing the mouth of the bay on August 31, 1912, showed no greater variation than
this on the surface, though all of them gave slightly higher readings (31.67 to 32.03
per mille). It is probable that the surface of the bay would have been found less
saline than this in August, 1916, judging from & surface reading of 31.27 per mille off
the tip of Cape Cod on the 29th (station 10398) and from the fact that the mouth
of the bay had been only 30.5 to 31.2 per mille a month earlier (stations 10340 to
10342). In 1913 the August value was somewhat higher at the mouth of the bay—
i. e., about 32.1 per mille. :

Observations taken in the offing of Nantucket and on the northwestern part
of Georges Bank in July of 1913, 1914, and 1916 show all this area included within
the influence of the low salinity of the coastal belt, with surface values close to
32 per mille over Nantucket Shoals, rising to 32.1 to 32.5 per mille over the
neighboring parts of Georges Bank (fig. 136; Bigelow, 1922, fig. 36). Surface
readings make it probable that in July, 1914 (fig. 136), the band of low temperature
described above (p.608) as crossing the bank from northeast to southwest was
reflected in an expansion of low salinity from the southwestern part of the bank
out across its seaward slope, as outlined by the isohaline for 33 per mille.

It is probable that the regions of low surface temperature over the shoaler
parts of Georges Bank, where the water is churned by strong tidal currents (p. 594),
are equally characterized by a surface salinity higher than that of the general
neighborhood. Our visits thither have afforded two instances that may be inter-
preted in this way—namely, a slightly higher value at one station on the eastern
part (32.59 per mille at station 10223) on July 23, 1914, than at neighboring stations
to the north, south, or east of it, and a value equally high on the western side on the
same date of 1916 (station 10348, 32.54 per mille), again with slightly less saline
surface water to the south, west, and apparently to the north. A similar pool of
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high surface salinity (presumably about 32.5 per mille) is also to be expected over
the shoal part of the bank and near its northern edge. o

Very considerable fluctuations are to be expected in the salinity of the surface
along the edge of the continent abreast of the Gulf of Maine, as well as in its tem-
perature (p. 596), as the oceanic water of high salinity approaches the banks or
recedes from them.

In the southwestern part of the area, in the offing of Marthas Vineyard, the
data for July, 1916, August, 1914, and for autumn (p. 801) make it reasonably certain
that surface water as saline as 33 per mille normally drifts in over the outer part of
the shelf during July and the first three weeks of August, but seldom (perhaps never)
approaches much nearer the shore than is represented on the chart for 1914
(fig. 136).

Farther to the east the isohaline for 33 per mille may be expected to skirt the
southern edge of Georges Bank in July, lying a few miles farther in in some summers,
farther out in others, and crossing the oceanic triangle between Georges and Browns
Bank, but not, in our experience, encroaching at all over the latter. Still farther
eastward surface water as saline as 33 per mille overflows the edge of the continent
in July or August of some years, as in 1915, when Bjerkan (1919) had still higher
readings (34.27 per mille) at the 400-meter contour in the offing of Cape Sable on
July 22. In 1914, however, the surface water near by was only 31.22 per mille a
week later in the season (station 10233), though the difference in date would suggest
a difference in salinity of just the reverse order, evidence of considerable fluctuation
in this respect from summer to summer.

It is doubtful whether surface water as salt as 34 per mille ever encroaches on
the edge of the continent abreast of the Gulf of Maine; certainly we have no record
of such an event at any season, but the surface charts for the winter, spring, and
summer (figs. 93, 127, and 136) show that it is to be expected only a few miles out from
the 200-meter contour south of Marthas Vineyard and off the western end of Geor-
ges Bank by the first half of July in early seasons, but perhaps not until August in
late seasons. In some summers, as in 1914, water of this high salinity lies farther
out from the edge of the continent to the eastward. In other summers, however,
it evidently spreads shoreward over the slope off Shelburne as early in the season
as it does farther west—witness the records obtained by the Canadian Fisheries
Expedition in 1915, mentioned above (Bjerkan, 1919; Acadia station 41).

None of our lines have run far enough out, abreast the gulf, to reach surface
water of full oceanic salinity (35 per mille and upwards); nor is it known how far
out from the edge of the continent water of 34 per mille withdraws in winter and
spring.

ANNUAL VARIATIONS IN SURFACE SALINITY IN SUMMER

Passing reference has been made in the preceding pages to the variations that
have been observed in the salinity of the surface from summer to summer. The
most interesting fluctuation of this sort that has come to our attention is that surface
values averaged much lower in the southwestern part of the region in July, 19186,
than in that same month in 1912, 1914, or 1915; the surface of Massachussetts Bay,
for instance, was about 1 per mille less saline on July 19 to 20, 1916, than at about
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the same dates in 1912 or in 1915. Probably the correct explanation is that 1916
was a tardy spring, when the effect of vernal freshening from the land continued
evident until later in the season than usual, and when the approach of water of
high salinity to the continental shelf was delayed until later in the season. As a
result of this retardation of the vernal cycle—associated, no doubt, with the severity
of the preceding winter and the lateness of the spring—the salinity of the surface
was very nearly uniform on July 24, 1916, right across the whole breadth of the
western end of Georges Bank, where a considerable north-south gradation is to be
expected at that season in more normal years (fig.: 136).

Contrasting with 1916 and with 1914, the summers of 1912 and 1913 may be
characterized as “salt” in the western side of the gulf, with surface values averaging
about 0.1 to 1 per mille higher at corresponding localities and dates than in 1914—
August as well as in July—but with very little difference from summer to summer
in the eastern side. The surface values for 1915 paralleled those for 1914 except for
the closer approach of oceanic water to the continental shelf of Nova Scotia, men-
tioned above (p. 771).

No wide annual fluctations in salinity have been recorded for any part of the
gulf at a given scason, or are such to be expected.

VERTICAL DISTRIBUTION

The salinity of the deep strata of the gulf, like that of the surface, remains
more nearly constant during July and August than over any period of equal duration
earlier in the summer or in the spring, Two stations in the basin off Cape Cod,
four weeks apart in 1914 (stations 10214 and 10254, July 19 and August 22), exem-
plify this for the western side of the gulf, the values, depth for depth, being nearly
alike in spite of the time interval separating them, with the one station slightly the
more saline at some levels, the other at other levels.

The graph (fig. 138) illustrates how little variation in salinity has been recorded
for the deeper levels in the western side of the basin at different dates in August of
different years, individual stations seldom differing by more than 0.2 to 0.4 per
mille in either direction from the mean values of 32.6 per mille at 50 meters, 33 per
mille at 100 meters, 33.4 per mille at 150 meters, 33.9 per mille at 200 meters, and
about 34.1 per mille at 250 meters.

Except in localities where the tide runs strong enough to keep the whole column
of water thoroughly mixed from top to bottom, the salinity of the gulf is invariably
lower at the surface in summer than on the bottom, as already stated for the spring
months. I should emphasize, also, that the increase in salinity with depth is con-
tinuous, or at most is interrupted by homogeneous strata; we have never found
fresher water underlying salter in the gulf. Thus, the intermediate layer of low
temperature, characteristic of certain summers (p. 602), is not reproduced by the
salinity; but the vertical distribution varies widely from place to place in the gulf,
a convenient division in this respect being (1) into the coastal zone, (2) into the
basin, and (3) into the offshore rim. _

In the western section of the coastal zone, out to the 100-meter contour, the
vertical increase of salinity, with increasing depth, averages much more rapid in
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~ the upper stratum than at greater depths, with most of our stations showing a

vertical range of 0.6 to 1 per mille between the surface and the 40 to 50 meter level
(fig. 139). - Eastward from Penobscot Bay we have found a more uniform gradient
of salinity from the surface downward, as ﬂlustrated by stations near Mount
Desert Island (fig. 107).. .
- Throughout the sector between Cape Cod and Mount Desert the dlﬂerence in
salmlty between the surface and the 40 to 50 meter level is everywhere considerable
in summer (though less than in spring, p. 728)—perhaps nowhere le%s than 0.3 per
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F1q. 138.~Vertical distribution of salinity in the western side of the basin, In the offing of Cape
Ann, in July and August of different years. @, August 9, 1913 (station 10088); ©®, August 22,
1914 (station 10254); A, August 23, 1914 (station 10256);: X, August 31, 1915 (station 10307). The
broken curve marks the approximate hmits to.annual variation
mille in July or August with a maximum vertical - range of about 1 per mllle in the
Massachusetts Bay region within these depth limits.

Passing eastward from Mount Desert toward the Bay of Fundy, the vertlcal
range of salinity is progressively narrower and narrower, corresponding to the more
and more active tidal stirring. In the Grand Manan Channel so close an approach
to verticle homogeneity is maintained throughout the summer that the maximum:
vertical range so far recorded for August has been only about .08 per mllle, as
follows: S :

809512850
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Station Date Depth | Salinity

Meters | Per mille

10085 e e oo m e ecce e cemc e e s e———————————— ——- Aug. 19,1912 0 82.87
10088 e smm e e acm oo e —mcemcman eee-.do 82 32.68
Mavor's No. 27 — Aug. 27,1019 0 32.04
0 oY do 85 32.00
Mavor’s No. 28 ——— RN SR do....... 10 214
5 L OO FIN do 80 32.20

Vachon’s (1918) and Mavor’s (1923) determinations show that the vertical dis-
tribution of salinity within the Bay of Fundy varies regionally in summer, probably
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F16. 139.—Vertical distribution of salinity in the deep bowl off Gloucester in July and August of
different, years. O, July 10, 1912 (station 10002); A, August 9, 1913 (station 10089); X, August
22, 1914 (station 10253); @, August 31, 1915 (startion 10306). The broken curves mark the
approximate limits of annual variation

depending on local and temporal variations in the strength of the tidal streams.
Where the water is least stirred vertically, and where the surface is least saline
because most subject to the freshening effect of the outflow from the St. John River,
the salinity of the upper 40 to 50 meters very closely parallels that of the mouth of
Massachusetts Bay (fig. 139) and of the western side of the gulf generally, grading
from this to the vertical uniformity characteristic of the Grand Manan Channel.

Strong tidal currents are similarly responsible for a close approach to vertical
homogeneity over German Bank in August as in spring (p. 748) and -early summer
(p. 756), the greatest difference between the surface and the bottom at any of our
summer stations there being only about 0.3 per mille, as follows:
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Salinity on German Bank, August to September

Station Date Depth | Balinity Vggg“‘:‘
Meters | Per mille| Per mille
0} 8270
10029 Aug. 14,1012 ol 21 022
10065 - Aug. 12,1013 o 2u 19
10944 Aug. 12,1014 0| 8284 06
- ------| Aug. 12, 55| 3290 .

T0BL e e e emm e mmammmmenaman mame e s e Sept. 2,1915 { o gg-ﬁ .58

In the deeper parts of the gulf the vertical distribution of salinity at depths
greater than 50 to 70 meters depends less on the tide (very active tidal stirring is

- N -
) m
© © <

Meter 0 31 — 312 . 3.29

100

Fi6. 140.—Salinity profile crossing the mouth of Massachusetts Bay, Gloucester to Cape Cod, just
west of Stellwagen Bank, August 22, 1922. The broken curve is the contour of the bank

for the most part confined to the shoaler parts of the gulf) than on the configuration
of the bottom, as affecting the free circulation of the water of high salinity that-
drifts into the basin via the trough of the Eastern Channel. One extreme is illus
trated by the deep bowl or sink off Gloucester, where a depth of 181 meters is
inclosed by a rim rising to within about 75 meters of the surface at its deepest
point. Here, on each of our summer visits (figs. 104 and 139), we have found a very
rapid increase in salinity with depth down to the 40 to 50-meter level, succeeded by
a much more gradual increase from that depth down to the bottom. More con-
cretely, the maximum vertical range between 40 meters and bottom has been only
about 0.2 per mille here at any summer station, contrasting with a range of 0.6 to 1
per mille of salinity between the surface and the 40-meter level. Evidently the
submarine rim of this bowl is so effective a barrier that the water inclosed by it is
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but little influenced by the slope water in the bottom of the basin near by, but con-
tinues through the summer at about the same salinity that characterizes the over- -
lying stratum in early spring.

Stellwagen Ledge, at the mouth of Massachusetts Bay, also isolates the deeper
water behind it to some extent, as shown by the correspondence between the contour
of the bank and the isohaline for 32 per mille on the profile for August, 1922, and by
the homogeneity of the deeper water contrasted with the wide vertical range in the
shoaler strata (fig. 140)

Although the deep sink to the west of Jeffreys Ledge is open to the north,
where its rim has a depth of about 134 meters, the narrowness of the opening on this
side combines with the north-south direction of the axis of the ledge and with the
shoalness (48 to 64 meters) and comparative steepness of the latter to hinder ‘the
drift of bottom water westward from the open basin of the gulf. Two stations in
the trough for August 15, 1913, are especially interesting in this connection because
the southern (inner) one of the pair was nearly homogeneous in salinity at depths
greater than 50 to 60 meters, though the outer one showed a rapid increase in
salinity from the surface downward to a depth of about 90 meters. Evidently com-
paratively little interchange was then taking place along the trough in the deep
strata.

Sometimes, however, bottom water of high salinity does drift inward, around
the northern end of Jeffreys Ledge, into this trough in much greater volume; as in
August, 1914, for instance, when a difference of 0.4 per mille in salinity was recorded
between the 40 to 50 meter level and the bottom (station 10252).

The relationship between the deep strata of the Bay of Fundy and the basin
out31de, from which it is sepa.rated by a low submarine ridge, is of this same order
in summer, with the vertical rise in salinity much more rapid above than below the
50 to 70-meter level in the bay (Mavor, 1923), whereas the increase in salinity with
depth in the basin off its mouth is most rapid near the bottom (fig. 114). A
difference in vertical distribution of this sort shows as clearly as does the much
higher salinity (34 per mille) of the bottom of the basin that only a small amount
of water from the deeps of the latter was then entering the bay.

The distribution of salinity has been more uniform, regionally, at most of our
summer stations in the inner parts of the basin of the gulf down to a depth of about
200 meters. In the western branch, where the superficial stratum is influenced by
the dispersal: of land water, slight geographic differences in the locations of the sta-
tions and secular changes in the surface currents produce corresponding differences
in the curves for salinity, depending on the precise state of the surface water. At
greater depths the vertical salting may either continue at an undiminished rate right
down to the bottom, as was the case on August 31, 1915 (station 10307, fig. 138), or
the deepest stratum (more saline than 34 per mille) may form a homogeneous blan-
ket on ‘the bottomi, .50 to 60 meters thlck 8s we found it on August 22, 1914 (sta-
tion 10254, fig. 112).

A much thicker and cons1derably more salme (35 per mllle) layer had blanketed
the bottom of the southeastern part of the basin a month earlier that summer (sta-
tion 10225, fig. 131), but. with the salinity. moreasmg rap1dly with depth in the

"'Statious 10097 (August 1913), 10246 (August, 1914), and 10304 (Augustﬂ and 7, 1915).
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shoaler strata of water, reproducing the vertical distribution:found there (though
somewhat more saline in actual values) in:March and April of 1920 (stations 20064
and 20112), hence this type is probably characteristic of that part of the gulf. .

~ i - ‘The state of the deep water in the two channels—eastern and. northern—that
interrupt the offshore rim of the gulf is worth stating, these being the possible sources
for deep undercurrents flowing inward. - In July, 1914 (our only late summer stations
for this locality), the vertical distribution of salinity was almost precisely the same
in'the Eastern Channel as in the southeastern part of the gulf, into which the latter
debouches, as were the actual values at different depths, with so little difference
between the values in the channel for the months of March, April, June, and July
in different years (fig. 141) as to prove the salinity of its deeper strata vxrt;ua.lly
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Fig. 141. —Vertical distribution of salinity in the Eastern Channel. A, April 16, 1920 (station 20107),
B, June 25, 1915 (station 10297); C, July 24, 1914 (station 10227)

unchanging there through spring and summer. The Northern Channel, on the other
side of Browns Bank, at the same date (station 10229, July 25, 1914), was about 1.5
per mille less saline than the Eastern Channel on bottom (100 meters), though only
about 0.5 per mille less so at the surface.® Consequently, any drift over the bottom
via this route would have brought water much less salme to the gulf, as is also the case
in spring (fig. 99).

Our late summer stations yielded almost preclsely the same sahmty on Browns
Bank (station 10228) as in the Eastern Channel to the west of it and in the neigh-
boring part of the basin of the gulf correspondingly salter than the Northern Channel
to the north (cf. fig. 141 with fig. 142), evidence of an overflow from the Eastern

% 32,47 per mille at the surface at station 10227, 32, 01 per mille at station 10229.
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Channel as the normal seasonal sequence to the late June state of 1915, a type of
circulation also suggested by a corresponding rise in bottom temperature on Browns
Bank.(p. 619). ; :

Much lower salinities, however, on the neighboring parts of Georges Bank at
this same date® are equally clear evidence that no drift had taken place westward
from the channel; nor have we ever found any indication of an overflow in that
direction. : v

It is probable that offshore water encroaches over the outer edge of Georges
Bank to some extent during most summers, at deeper levels as well as at the surface
(p. 771), an event made evident in 1914 by the very high salinity of the bottom water
(34.9 per mille) on its southwest part on July 20 (fig.142, station 10216). The
effect of this highly saline water, however, was so closely confined to the southern
side of the bank at the time, that a station on its northern part, only 42 miles away
(station 10215) showed no evidence of it, the salinity not only being much lower
(32.09 to 32.9 per mille) but the whole column much more nearly homogeneous

2 4 6 .8 33 ,2 .4 6 8 3 .2 4 6 .8 35

—?T\q'\\

20 <
X

Meter O

\\
40 S
SERNRN =

= T t—]
N \o N o 1
80— PB Ao
100
120

F10. 142.-~Vertical distribution of salinity on the offshore banks in July, 1914. A, Browns Baak,
July 24 (station 10228); B, northeast part of Georges Bank, July 24 (station 10228); C, eastern
part of Georges Bank, July 23 (station 10223); and D, southwestern part of Georges Bank, July
20 (station 10216)

surface to bottom. Nor did any overflow from offshore take place farther east on
Georges Bank in 1914 up to the last week of July (if it ever does), although water
of 34 to 35 per mille then washed the bottom below the 100-meter contour all along
the outer edge of the bank (stations 10217, 10219, 10221, and 10222).

In summers when the seasonal cycle is more backward (1914 seems to have
been rather a forward year in this respect) oceanic water may not encroach on the
bottom on any part of Georges Bank before August and perhaps not then. In 1916,
for example, two stations on the western and southwestern parts of the bank (10347
and 10348) gave no evidence of any such event on July 23, the salinity being nearly
uniform vertically at both, its value (32.4 to 32.6 per mille) no higher than the mean
for the whole column on the northern parts of the bank at about that same date
in 1914.

Wide regional variations in salinity are to be expected over the broken bottom
of Nantucket Shoals, depending on the strength and on the mixing effects of the tidal

» Station 10223 and 10224, 32. 6 to 33.03 per mille in 55 to 75 meters; fig. 142.
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currents. Unfortunately, no stations have been occupied there at the more tide-
swept localities, where salinity, like temperature (p. 605), is probably kept nearly
homogeneous vertically throughout the summer. A difference of 0.41 per mille of
salinity between the surface (31.73 per mille) and the bottom (32.14 per mille, depth
30 meters) was recorded on the southwestern edge of the shoals on July 25,1916
(station 10355), with about this same vertical range at a station close to Nantucket
Lightship on July 9, 1913 (station 10060; salinity 32.63 per mille at the surface,
32.04 per mille at 46 meters). A vertical distribution of this same sort has prevailed
in shallow water off Marthas Vineyard in July and August (stations 10356 and 10357,
July 26, 1916; 10258 and 10263, August 25 and 27, 1914), the water as usual saltest
on bottom.

Farther out on this sector of the shelf, where the vertical distribution varies at
any given locality and date according to what overflow of oceanic water has recently
taken place and at what level, the mid depths may be less saline than either the
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Fi16. 143.—Vertical distribution of salinity on the outer part of the continental shelf off Nantucket and
Marthas Vineyard. A, August, 1914 (station 10260); B, August 26, 1914 (station 10262); C, July
24, 1916 (station 10351); D, July 10, 1913 (station 10061)

surface or bottom, as was the case at station 10259 on August 25,1914, However,
there is every reason to suppose that-such a state is exceptional and probably transi-
tory, and that the vertical distribution is usually of the same type there (freshest
at the surface, saltest on the bottom; fig. 143) as it is nearer the land and within
the Gulf of Maine.

Our summer stations outside the edge of the continent, whether abreast of the Gulf
of Maine or a few miles to either side of the meridians bounding the latter, have all
shown a very rapid increase in salinity with increasing depth in the superficial stra-
tum (fig. 144), though with wide differences in the actual values from station to
station. In part these differences depend on whether the oceanic water lies far out
from or close in to the banks at the time, but also on the precise location of the sta-
tions in question, because the transition from banks to ocean is so abrupt along this
zone that a difference of half a dozen miles in geographic position may be accompa-
nied by a very wide difference in the salinity of the surface water as well as in its
temperature (p. 605).
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- As stated, 1916 was so-tardy a summer that the very close agreement between
the curves off Georges Bank for that July (station 10352) and off Cape Sable in July,
1914 (station 10233, fig. 144), is deceptive; equal salinities are usually attained about
a month later in the season off the eastern portal to the gulf than off the western.

When the highly saline water of the ocean basin moves closest in toward the
edge of the continent, whether to the east or to the west of the Eastern Channel

MMO.'Z}‘.:a 6 .8 32 .2 4 6 .8 33 .2 .4 .6 . 34 .2 4 65 .8 3B 2 4 .6 8 3 .2‘
2 ?‘\\ \\E \\\\ \\\\i\ )
o \'\N‘}‘ ’ ’ A . ‘ \A
© N N
I~
80 : \\\\ E : \s\
100 SAWASN 3
- N /

8 B 3 5B 58888888z 3
—~]

i

Flc. 144—Vertical distribution of salinity along the continenta Islope abreast of the Gulf of Maine in summer. A, south-
-west slope of Georges Bank, July .21, 1914 (station 10218); B, southeast slope of -Georges Bank, July 22, 1914 (station
10220); C, abreast of Shelburne, Novia Scotla, July 28, 1914 (station 10233); D, south of Marthas Vineyard, August
26, 1914 (station 10261); E, southwest slope of Georges Bank, July 24, 1016 (station 10352)

(p. 771), a very characteristic vertical distribution results, with the values highest at
a depth of 40 to 100 meters.. Station 10218, off :the southwest slope of Georges Bank
(our most oceanic station in temperature as well as in salinity), showed such a dis-
tribution on July 21, 1914 (fig. 144), with a maximum salinity approximating full
oceanic value (36.04 per mille) at 40 meters, though with the surface water much
less saline (34.42 per mille). Stations a few miles farther east along the slope; the -
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next day (10220), and at- the same relative position off Marthas Vineyard on the 26th
of that August (10261); yielded salinity sections similar in type (fig. 144), though
with actual values considerably lower in the upper 150 meters. The bottom water
at all these stations has been close to 35 per mille at depths greater than 300 meters.

None of our stations have been located far enough out from the edge of the con-
tinent to show the true tropical-oceanic distribution of salinity—namely, saltest at
or very close to the surface and decreasing with increasing depth down to 600 to 1,000
meters. Curves of this sort result, for example, from the observations taken by the
United States Coast Survey steamer Bache on her profile from Bermuda to the
Bahamas in January, 1914 (Bigelow, 1917a, figs. 8 and 9), and by the Dana near
Bermuda in May, 1922 (Nielsen, 1925, fig. 5); but when the so-called ¢ inner edge
of the Gulf stream”’ approaches the edge of Georges Bank, as in July, 1914, doubtless
one need run off only & few miles into the oceanic basin to find the salinity so distrib-
uted there. '

GENERAL DISTRIBUTION OF SALINITY BELOW THE SURFACE

The spacial relationships of the differences in salinity just outlined and the
general state of the gulf in summer are made more graphic by the usual projections—
horizontal and profile.

The salting of the eastern side of the gulf, which takes place from June to
August (p. 765), contrasted with the freshening of the western side of the basin as
land water is dispersed seaward (p. 763), produces a decided alteration in the
distribution of salinity from late spring through the summer at moderate depths as
well as at the surface (p. 763). In 1915 these changes resulted in an increase in the
salinity of the 40-meter level from about 32.5 per mille to about 32.8 to 33.5 per
mille in the northeastern part of the basin during the interval between the last week
of June (fig. 133) and the end of August, contrasting with a decrease in its
western side from about 32.9 per mille to about 32.6 per mille, though very little
seasona)] alteration took place meantime in the coastal zone near Mount Desert, on
the one hand (about 32.3 per mille), or near Cape Sable on the other (about 31.9
per mille). :

The most interesting feature of the 40-meter chart for July and August, 1914
(fig. 145), which may be taken as typical of the season (there being no reason to
suppose that this was either an abnormally fresh or an abnormally salt year), is
the regular gradation from low values in the western side of the gulf to a tongue
of high salinity (33+ per mille) in the eastern side of the basin, again giving place
to a narrow zone of much fresher water along western Nova Scotia, with still lower
values (31.8 per mille) near Cape Sable and eastward along the outer coast of Nova
‘Scotia (Bigelow, 1917, fig. 33).

A much wider extent of 33 per mille water in that August than is shown
on the May and June charts for 1915 (figs. 125 and 133) no doubt reflects some
geasonal drift inward from the Eastern Channel after the slackening of the Nova
Scotian current, with the isohaline for 32.9 per mille revealing a tendency for the
saltest band to circle westward along the coastal slope of Maine, bringing salinities
as high as 32.9 to 33 per mille as far as the offing of Penobscot Bay. A tongue of
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this same sort and of about the same salinity (33 to 33.2 per mille) also character-
ized the 40-meter level in August, 1913 (fig. 146); and while the most saline water
(33 per mille) did not form so definite a tongue in 1912 (Bigelow, 1914), a regional
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F1q. 145.—Salinity at a depth of 40 meters, July 19 to August 24, 1914

distribution of the type just described has reappeared frequently enough on the

charts for various levels, months, and years to establish it as normal for the gulf.
Densities determined by Craigie (1916a) for August 27 to 29, 1914, when

reduced to terms of salinity also show this saline water (33 per mille) curving into
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the southern side of the Bay of Fundy along its Nova Scotian side, with a regular
decrease in salinity from south to north across the bay to about 32.5 per mille near
Campobello Island. Recurrence of a regional distribution of this same sort in the
bay in August, 1916 (Vachon, 1918) and 1919 (Mavor, 1923), proves it character-
istic of the 40-meter level there at the end of the summer, though the actual values
were somewhat lower in those two years than in 1914.

Corresponding to the contraction of the area of the gulf with increasing depth,
this salt tongue gives place to a gradation from low salinity to high across the basin
from west to east at deeper levels, as illustrated by the 100-meter chart for July and
August, 1914 (fig. 147), on which the successive isohalines (33 and 33.5 per mille)
outline the same eddying movement of the saltest water westward, past the offing
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Fla. 146,—8alinity at a depth of 40 meters, August 5 to 20, 1913

of Penobscot Bay, as at 40 meters (p. 781). Some west-east gradation of this sort
has been recorded on each of our August cruises at the 100-meter level; but the
actual difference in salinity between the highest values in the eastern side of the gulf
and the lowest in the western side was much wider in 1914 than in 1913 when the
regional range was only from about 33.1 to about 33.5 per mille at 100 meters, with
the whole west-central part of the basin close to uniform, regionally, at 33.1 to 33.3
per mille (fig. 148).

The gradual absorption of the indraft from the Eastern Channel into the gen-
eral complex of the gulf is more clearly illustrated on the 100-meter chart for 1914
(fig. 147) than at shoaler lines by the successive decrease in salinity, passing inward
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from the channel (34.4 per mﬂle) to about 33 6 per mille in the northeastem corner

of the gulf.
At still deeper levels the dlstnbutlon of sa,hmty becomes mcreasmgly governed

by the contour of the bottom as this more and more confines’ the_mﬁo,wmg slope
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Fig. i47.4Salinity at a depth of 100 meters, July 19 to August 26 1914. Bay of Fundy from Cmigie
water. Thus the latter (34 per mille) was not only duected more mto the eastern

arm of the Y-shaped trough at 175 meters than into the western in 1914 (fig. 149),
but hugged the eastern slope of the former, making it the site of an anticlockwise
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oirculation. This seems also to have been the case in 1912, with absolute values
varying ‘from 34.3 per mille in the extreme northeast, off Machias, Mé. (16036), to
33.5 per mille in the depression between Platts Bank and Cashes Ledge (station
10024). In 1915 the summer was likewise of this same type in the deeps of the gulf,
with 34 to 34.1 per mille in the eastern side and 33.5 per mille in the western at the
175-meter level; but in other summers the salinity of the deep strata is more nearly
uniform over the basin, as in 1913, when the values at 175 meters were 33.8 to 33.9
per mille in the western and eastern sides alike.? o
At depths greater than.200 meters the indraft through the Eastern Channel
does not have as free access to the two branches of the basin as at higher levels
Consequently, their bottom waters have proved considerably less saline (34.5 per

n 70"

Fio. 148.—8alinity at a depth of 100 meters, August 5 to 20, 1913

mille) than their union to the southeast, or than the Eastern Channel (35 per mille).
The bottoms of the deep bowl-like depressions in the offing of Cape Ann, in the one
side of the gulf, and off the mouth of the Bay of Fundy in the other, thus bear
much the same relationship to the still deeper bowl into which the Eastern Channe]
opens as the sink off Gloucester and the other isolated sinks in the inner parts of
the gulf bear to its basin in general.

At the 200-meter level (fig. 150) all the July and August determinations for the
western bowl (stations 10007, 10088, 10254, and 10307) have ranged between 33.7
per mille and 34.11 per mille, showing that very little annual variation is to be
expected there or regionally within its narrow confines. In the eastern bowl the

_ 10nly 5 stations were located in water as desp as 175 meters in 1912, and at only 3 of these can the ,17§-me$er,gval.uq be stated.
within £0.1 per mille. ’ 4 e

2 No observations were taken in the southeastern part of the ares in August of 1912, 1913, or-1915.
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salinity has averaged higher, most of the determinations falling between 34 per mille
and about 34.5 per mille, with the highest readings localized along the eastern and
northern slope and the lowest (33.4 to 33.6 per mille) in its southwestern side
(stations 10249, Aug. 13, 1914, and 10309, Sept. 1, 1915).

70°

ki

n 70" 69" - 1.9 e7r° (.3

F1a. 149.—Salinity at a depth of 175 meters for August, 1913 (encircled figures), and for July 19 to August 26, 1914 (plain
figures). Data for the Bay of Fuudy from Craigie (1916a)
The midsummer charts, compared with the state of the gulf in June (p. 762),
suggest an interesting seasonal progression, with the slope water of high salinity
(34 per mille) spreading inward from the channel over the bottom, to occupy all the
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southeastern part of the gulf and northward to the northern slope. It is possible
that in some years the inflow may continue actively until late in August; but the
data for 1913, 1914, and 1915 make it more likely that the indraft usually slackens
by the first of July, if not earlier, when a progressive tendency toward the regional

n

........... 4 35.82,74
+

n 70 €9° 68" e7* 66"

F16. 150.—Salinity at a depth of 200 meters, July and August, 1912 to 1015

equalization of salinity naturally ensues by various local circulatory movements of
‘the water. It is also possible that slope water enters in much greater volume in
some years than in others.
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It seems, however, that these changes involve the Bay of Fundy to only a small
degree at 100 meters or deeper, for in 1917 the salinity at that level changed: from
32.4 per mille on July 4 to about 33 per mille on September 3 at & station off Grand
Manan (Mavor, 1923, p..375). Values:differing little from this are evidently to
be expected in the bay at this depth at the end of most summers, witness Craigie's
(1916a) records of 33.3 to 32.4 per mille in 1914% and Mavor’s (1923) of 32.6 to 33
per mille in 1919. However, sufficient water of high salinity flows into the bottom
of the bay in late summer to maintain a more or less constant (though slight) differ-
ential between lower values along its northern side and higher values in its trough,
with the water along its Nova Scotian slope intermediate in salinity at depths
greater than 100 meters instead of most saline, as it is at the 40-meter level (p. 783).
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Fi6. 151.—8alinify profile running from the eastern part of Georges Bank (stations 10223 and 10226) acrossthe Eastern
Channel (station 10227), Browns Bank (station 10228), and the Northern Channel (station 10229), to the offing of
Cape Sable (station 10230), for July 23 to 25, 1914

PROFILES

The relationship that the slope water of high salinity in the Eastern Channel
bears to the shallows on either hand, and especially to the overflow over Browns Bank,
is most graphically illustrated on the July profile (fig. 151), as is the fact that the
eastern edge of Browns was its extreme boundary in that direction (and always has
been in our experience), where it gives place by abrupt transition to much less saline
water in the Northern Channel, and so in toward the land near Cape Sable. The
profile also corroborates the evidence of the charts to the effect that this water of
high salinity was not overflowing at all on Georges Bank at the time. In fact, it is
doubtful if it does so at any season, for we have found no ev1dence of such an event‘
either in spring or in summer. @ - : = : , A '

Calculated from Craigie’s hydrometer readings.
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. The course of the isohaline of 32.5 per mille over Georges Bank in this profile
is also worth comment in connection with the northeastern to southwestern tongue
of low salinity and low temperature recorded there at the surface (p. 770) as evidence
of a counter movement out of the gulf, eddymg clockwise around the eastern end of
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F1a. 162.—Depth below the surface of the isohalobath for 34 per mille, July to August, 1914

the bank (fig. 207). - The confinement. of the slope water between the banks is also
illustrated by a summer chart of the 34 per mille water (fig. 152), as is its extent at
that season compared with the spring (fig. 118). o
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The constant tendency of the slope water to bank up against the eastern (Nova
Scotian) slope of the gulf as it drifts inward over the bottom has been mentioned
repeatedly in the precedmg pages. The consequent concentration of the highest
salinities (34 per mille) in the eastern side of the basin, reappearing from month to
month on the charts for the deeper levels, is illustrated perhaps more clearly on a
profile running from the center of the gulf toward Cape Sable for August, 1914 (fig.
153), than on any of the others, though corresponding profiles for August, 1913 (Bige-
low, 1915, fig. 48), and for August-September, 1915 (fig. 154), show something of the
sort. On August 12 and 13, 1913, for example, the isohaline for 33 per mille in profile
revealed a very decided banking up in the mid-strata on the Nova Scotian slope off

Stations
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Fi16. 153.—Salinity profile running eastward from the offing of Cape Sable (station 10243) toward the center of the Gulf of
Maine (station 10249), for August 11 to 13, 1914

the mouth of the Bay of Fundy (Bigelow, 1915, fig. 53), although not of the deepest
and most saline water. In 1914 this bankmg up involved the whole column of water
right up to the surface at the time of our cruise. Inthisregionofsuch active tidal circu-
lation, however, sporadic vertical movements of this sort are to be expected; a pro-
file run a few days earlier or a few days later might have agreed more closely in this
respect with the profiles for 1913 and 1915.

In 1913, 34 per mille water occupied the whole breadth of the eastern arm of
the basin. In 1913 and 1914, however, slightly lower salinities prevailed in its
western side, a difference reﬂectmg a corresponding dlﬂ"erence in the circulation of
water over the bottom for the preceding weeks.
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+ The eastern ends of the summer profiles along this general line confirm the evi-
dence of the charts to the effect that the flow of Nova Scotian water past Cape
Sable nearly or quite ceases before July, by the extremely abrupt transition in salin-
ity between the stations just to the west of the cape (32.4 to 32.8 per mille) and
those in its offing or just to the east of it (<32 per mille). S

The western end of any summer profile along this line, whether for 1913 or for
1915 (fig. 154), is interesting chiefly for its demonstration that off Massachusetts
Bay water less saline than about 32.5 per mille occupies & cross section hardly less
extensive than in May (fig. 126), though with the isohaline for that value pointing to
some tendency for the fresher water to expand, seaward, over the salter. A rela-
tionship of this same sort also appears, as might be expected, on other profiles
running out normal to the coast line, at several locations between Cape Ann and the
Bay of Fundy, for the summers of 1912 and 1913 (Bigelow, 1914, figs. 30 to 32,
and Bigelow, 1915, figs. 49 to 51).

F16. 154.—Sslinity profile running eastward across the gulf from the mouth of Massachusetts Bay (station 10306) to the offing
of Cape Bable (station 10312), August 81 to September 2, 1915

The summer profiles also supplement the charts for the 100-meter level in making
clear the isolation of the sink off Gloucester (typical of all such sinks) by its barrier
rim, resulting in the vertical homogeneity of salinity below the level of the latter,
with a considerably lower value at the bottom of the sink than at an equal depth in
the basin outside, which is characteristic of this situation.

The summer state of the water in the bowl inside Stellwagen Bank and in the
deep channels that give entrance to it on the north and south is developed by pro-
files crossing the mouth of Massachusetts Bay for August 31,1912 (Bigelow, 1914,
fig. 33), July 19, 1916 (fig. 155), and August 22, 1922 (fig. 140). In the summers of
1916 and 1922 the saline bottom water (>32 per mille) of this bowl was continuous
with the still higher salinities of the basin of the gulf outside via the floor of the
channel next Cape Ann, but was entirely cut off to the southward by Stellwagen
Bank. Consequently, any bottom drift that may have been taking place into the
bay at the time, or shortly previous, must have followed the northern route.
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- In 1922, also, the upper 50 meters was least saline in the northern side of the
bay, as might be expected if the general anticlockwise eddy enters it. This is
probably the usual state at the end of the summer, also, unless temporarily interrupted
by the offshore winds, when temporary upwellings may be responsible for surface
salinities higher in the northern side of the bay than in the southern side (so confus-
ing the picture), as appears on the July profile for 1916 (fig. 155).

Our own cruises do not afford summer profiles for the Bay of Fundy; but Mavor
(1923) gives several such for August, 1919, cross-cutting the bay at intervals, all of
which show the upper strata of water on the whole salter in the southern (Nova
Scotian) than in the northern (New Brunswick) side. This distribution, as Mavor
has brought out, corresponds to a tendency for the outpouring discharge of fresh
water from the St. John River to spread southwestward along New Brunswick, while
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F1a. 155.—3alinity proflle crossing Massachusetts Bay from the eastern point, Gloucester to Cape
Cod, just inside Stellwagen Bank for, July 19, 1916. The broken curve gives the oontour of the
bank (stations 10340 to 10342)

the salter water (32 to 32.5 per mille) tends to bank up against Nova Scotisa, giving
a marked obliquity to the isohalines. In the bottom of the trough of the bay
Mavor’s profiles show the saltest and coldest water (33 to 33.1 per mille) as a lon-
. gitudinal ridge, which he explains (Mavor, 1923, p. 364) as due to a rotation of the
deeper water around this locality as a center. Concentration of the lowest salinities
in the northern side also appears in the densities on profiles of the lower part of the
bay for August, 1914 (Craigie, 1916a), proving this the usual summer state.

The characteristic contrast, below the surface, between the high salinity of the
Atlantic basin and the much less saline water of the continental slope and shelf is
brought out graphically for the summer months by the profiles (figs. 156 to 158)
for 1914. Whether in July (figs. 156, 157) or in August (fig. 158), the successive
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isohalines show a sudden transition from the one to the other (mest abrupt at this
shoaler levels) and parallel to the edge of the continent. It is especially suggestive:
that while considerable overflows of water more saline than 33 per mille. appear on
the profiles in two regions—one from the Eastern Channel across Browns Bank, as.
just described (p. 788), and the other in the offing of Nantucket Shoals—neither
profile (nor the chart for 200 meters, fig. 150) suggests any tendency for this most
saline water to enter the Eastern Channel. On the contrary, the isohalines for
the highest values at each level cross the latter, leaving the oceanic triangle occupied
by the intermediate salinities of the slope water (33 to 35 per mille).

As to the date when bottom water of high salinity may be expected to drift in
over the edge of the continent toward Nantucket Shoals, I can only point out that
in 1913 water of 33 to 33.5 per mille and upwards in salinity was encountered at 40
meters over the outer edge of that sector of the shelf as early as July 10 (stations
10060 to 10062). In 1914 water of this high salinity had encroached on the south-
western part of Georges Bank by July 19 and had reached the 40-meter contour off
Nantucket Shoals some time prior to the last week in August (fig. 145); but in 19186,
a backward year (p. 772), the bottom water over this part of the shelf was only
32.5 to 33 per mille on July 19 to 25 (stations 10354 to 10355, fig. 159)—i. e.,
about 1 per mille less saline than at about-the same season of 1913 or of 1914, cor-
responding almost exactly to the readings obtained there in May, 1920.

Water more saline than 35 per mille may be expected to wash the slope
at the 100-meter level right across the mouth of the gulf at some time during the
summer, and perhaps continuously throughout the summer during some years, for
the Canadian Fisheries Expedition had 35.35 per mille at 100 meters on the slope
of the La Have Bank in July, 1915 (Bjerkan, 1919; Acadia station 41), where the
100-meter salinity on July 28, 1914, was only 34.16 per mille (station 10233; both
readings taken over the 450-meter contour line).

Only on one occasion have our lines reached water of full oceanic salinity (36
per mille)—namely, abreast the western end of Georges Bank on July 21, 1914
(p. 780, figs. 145 and 156). Failure to find water as saline as this at our outermost
stations anywhere else between the offings of Chesapeake Bay and Cape Sable on
any other cruise, or off Nova Scotia, suggests that this pure ‘“ Gulf Stream water”’
may be expected to approach the edge of the continent more closely thereabouts,
as it moves northward in summer, than either to the west or to the east.

We have yet to learn whether oceanic water approaches so close to the edge of
the continent every summer as it did in 1914. In 1913 and 1916 (the one an early
and the other a late season in the sea) it certainly did not do so until well into the
summer, if at all. We may assume, therefore, that the situation pictured on the July
profile for 1914 (fig. 156) is most likely to be reproduced in August, taking one sum-
mer with another.

Although this highly saline water probably approaches within a few miles -of
the 200-meter contour at about this longitude (68° to 70°) by the end of every
August, it has never been found actually encroaching on the continental shelf abreast
of the Gulf of Maine or anywhere else along the North American littoral north of
Chesapeake Bay at any season. Bjerkan’s (1919) record of 35.9 per mille at 50
meters at the Acadia station 44 miles off La Have Bank on July 22, 1915, combines



794 BULLETIN OF THE BUREAU OF FISHERIES

with our own data for 1914 (fig. 145) to show the isohalines for 85.5 and 36 per mille
departing farther and farther from the continental edge, passing eastward from
Georges Bank, and so leaving a less saline wedge (34.5 to 35.5 per mille) some 60
miles wide off the mouth of the Eastern Channel. This fact is worth emphasis as
one of the numerous bits of evidence that the indraft that takes place into the east-
ern side of the gulf, via this channel, is constantly of the so-called “slope’ origin
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(p. 842), thus accounting for the rarity of tropical planktonic animals and . plants
within the gulf (Bigelow, 1925) :

When the transgition in salinity is as abrupt &long the edge of Georges Bank as
it was in July, 1914 (fig. 156), to speak of a salinity “wall” is excusable exaggera-
tion. At such times the following waters may be na.med, successively, along any
profile crossing Georges Bank from north to south:



PHYSICAL OCEANOGRAPHY OF THE GULF OF MAINE 795

First, in the basin to the north of the bank is the Gulf of Maine complex, rang-
ing in salinity hereabouts from about 32 per mille at the surface to about 33.5 per
mille at a depth of 200 meters and close to 34 per mille in the still deeper trough of
the basin. The northern part of the bank is washed by the typical “banks” water,
with & mean salinity of 32.5 to 33 per mille, which in the shoaler parts is kept nearly
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F1G. 157.~8alinity profile running from the southeastern part of the gulf (station 10225), southward across the eastern
end of Georges Bank (stations 10221 to 10224) to the continental slope (station 10220), July, 1914

uniform, vertically, by tidal stirring. Over the seaward slope the zone of transi-
tion to the much more saline water is condensed into so narrow a zone that the
successive isohalines become nearly perpendicular on the distorted scale adopted for
the profiles, their precise degree of obliquity depending, of course, on the proxxmlty
of the oceanic water to the south. Finally, at the offshore end ‘true oceamc or
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“Gulf Stream’” water more saline than 36 per mille will be-met if the profile runs
out far enough. : D

Farther east (fig. 157) a rather different picture results from the homogeneou&
state of the water maintained on the bank by active tidal stirring, as described above:
(p. 770) ; but the contrast between the comparatively low salinity there and the mudl
higher values on the continental slope to the south, on the one hand, as well asin
the basin of the gulf to the north, on the other (34 per mille), affords a graphic
illustration of the extent to which the contour of the bottom controls the relationship
of water masses that differ in salinity because of different origins. Note also the
abrupt transition from the thick layer of 35 per mille water in the bottom of the basin
to the very much lower salinity (about 32.2 per mille) at the surface on this profile,
reflecting the considerable difference in density that exists in summer between the
slope water and the surface stratum beneath which this intrudes.

All three summer profiles of the continental shelf for 1914 (figs. 156, 157, and
158) show extremely uniform salinities of 35.2 to 35.4 per mille bathing the bottom
at about 100 to 200 meters depth all along the slope abreast the gulf; and as the
Canadian Fisheries Expedition also had 35.4 per mille at 200 meters just outside the
continental edge in the offing of Shelburne, Nova Scotia, on July 22, 1916 (Bjerkan,
1919; Acadia station 41), this may be taken as normal for the summer. ;

" In February and March, the reader will recall, only the western sector of this
zone was as salt as this; in July, 1916, the values were slightly below 35 per mille
(fig. 159)—differences that apparently reflect the normal seasonal succession in
the inshore and offshore movements of oceanic water. On this assumption the
maximum salinity of the eastern sector of the warm zone for the year is not far from
35.5 per mille, and the minimum certainly is as low as 34.5 to 34.7 per mille.

At depths greater than 400 meters the bottom water on this sector of the con-
tinental slope is always close to 34.9 to 35 per mille in salinity, perhaps never vary-
ing more than 0.2 per mille from this mean value at any time of year.

Lower salinities off Marthas Vineyard in July, 1916 (fig. 159), than in August,
1014 (fig. 158), no doubt reflect the normal seasonal succession in this part of the sea,
suggesting that values less than 32 per mille will seldom be recorded on this line
after July, and that water more saline than 33 per mille may be expected to move
inshore over the bottom during that month and August (p. 793). The fact that the
water over the median sector of the shelf was nearly homogeneous in salinity, sur-
face to bottom, at that time (fig. 158), contrasting with pronounced stratification
closer into the land, on the one hand, and farther out at sea, on the other, is unmis-
takable evidence of active circulation. The abrupt transition from low salinities to
high ones over the edge of the continent, made evident on the profile by the isoha-
lines for 34, 34.5, and 35 per mille, also marks this as the zone of contact between
two distinct masses of water at the time (p.795). The rather unusual vertical distri-
bution of salinity about one-third the way out from the land where the mid stratum
was less saline than either the surface above it or the bottom, has been commented
on (p. 779).

These two profiles (figs. 158 and . 159) are also of interest from a more general.
viewpoint as illustrations of the general increase in salinity from the land seaward,
which is characteristic of the whole continental shelf between Cape Cod and Chesa-
peake Bay.
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£ o SALINETY IN'AUTUMN AND EARLY WINT‘ER“

L Observatlons taken through September and October of 1915, in ea,rly November
of 1916, and at the end of that month in 1912 afford a general picture of the salmxty
of the northern and western parts of the gulf at that season. Vachon' (1918) and

 Mavor (1923) also give autumnal data for 1916, 1917, and 1919 for various, Iocahtles

_in the Bay of Fundy region.

. In 1915 pairs of successive stations were occupled at mtervals, expressly to show
the seasonal changes, if any; and when the salinitie« for these are plotted an ingrease
of 0.6 to 1.1 per mille is shown at the surface all along the coastwise belt east of Cape
Elizabeth from July and August to October—an increase of about 0.5 to 0. 9 per

mille at the 50 to 60 meter level. At the same time, however, the vertlc&l range of
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F1a. 160.—Vertical distribution of salinity off Gloucestor, August 31, 1915 (station 10306, dotted -
curve), October 1, 1915 (A, station 10324), and October 31, 1916 (B, station 10399)

salinity decreased somewhat off Mount Desert (fig. 107) and off Machms, a change
foreshadowing the vertical equalization of the water that takes place in winter (p.801).

A pair of stations for August 31 and October 1, 1915 (stations 10306 and 10324),
show a corresponding increase of nearly 1 per mille in the salinity of the upper 40
meters of water over the sink off Cape Ann at the mouth of Massachusetts Bay
(fig. 160), though very little change took place at depths greater than 50 méters
meantime, proving that the surrounding rim isolates its deeper strata of thls bowl
effectively in autumn as it does earlier in the season..

The superﬁcxal stratum-off the mouth of Massachusetts Bay also seems to have
experienced some increase of salinity during the early autumn of 1916, the surface
value being about 0.5 per mille higher at the station in question (10399) on October
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31 than at a locality a few miles to the south on August 29 (station 10398), with
almost precisely the same values at depths greater than 50 meters as in August and
October, 1915. Increasing salinity in the upper strata, contrasted with constancy
in the deep water, is thus a regular accompaniment of advancing autumn in this
locality. '

Tidal currents being comparatively weak here, autumnal salting at the mouth
of Massachusetts Bay reflects some widespread change of the same sort, not simply
vertical mixing in situ. The extent to which the inner waters of the bay share in
this alteration during the early autumn is therefore interesting. Unfortunately, this
can not be stated, for want of data at successive dates throughout any given season;
but the fact that the surface of the northern side of the bay had virtually the same
salinity on October 26 and 27, 1915 (stations 10338 and 10339), as a month earlier
(stations 10320 and 10321), but had become about 0.5 per mille more saline near
Cape Cod during this same interval (station 10322, 31.4 per mille; station 10337,
31.9 per mille), is evidence that salinity increases more rapidly at the mouth of the
bay in sutumn than near the head, as might be expected.

Passamaquoddy Bay, across the gulf, is also somewhat more saline in October
than in August, by Vachon’s (1918) observations, notwithstanding irregularities in
the mid depths, caused, no doubt, by the strong tides. As Passamaquoddy Bay
receives the discharge of a large river, while the land drainage into Massachusetts
Bay is trifling, it is probable that a corresponding increase in salinity takes place in
estuarine situations and along the shore generally all around the coast line of the
gulf as well as in the Bay of Fundy, where Mavor (1923) records a considerable
increase in the salinity of the upper 80 meters of water between Grand Manan and
Nova Scotia* from August 25, 1916, to November 6.

Such data as are available for October make it likely that this general salting
brings the surface salinity above 32 per mille all along the coastal belt to the north
and east of Cape Ann (outside the outer islands) by the first week of the month in
most years. As a result the area less saline than 32 per mille which skirts the whole
coast line of the gulf from Cape Cod to the Bay of Fundy in July and August (p. 769),
contracts to include Massachusetts Bay alone by mid autumn. A similar relation-
ship between the salinities of late summer and of mid autumn prevails down to a
depth of 40 to 50 meters.

Some increase in the salinity of the upper stratum of water was naturally to be
expected along this sector of the coast line in autumn as the effects of the vernal
discharges from the rivers are gradually dissipated. If this process of mixture is
accompanied by an active indraft of highly saline water into the bottom of the gulf
the increase will involve the whole column right down to the deepest stratum of the
basin; otherwise the intermingling of comparatively low salinities from above with
higher salinities from below must result in lowering the salinity of the deeper strata
while raising that of the shoaler. The vertical distribution of salinity is therefore
an index to the strength of the bottom drift in autumn.

Unfortunately, no deep stations were occupied during the autumn of 1915; but
on November 1, 1916, observations taken in the basin off Cape Ann (station 10401)
yielded decidedly lower salinities in the deepest stratum than we have ever found

« Prince station 3 (Mavor, 1923, p. 374)
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 there in the summer in any year. True, the seasonal succession is not altogether

clarified thereby, because of the certainty that annual differences are sometimes
wider than the seasonal differences; 1916 may have been a fresh autumn, while

* the summers of 1913 and 1915 were certainly more saline than those of 1912 or
1914. At least there is nothing in this record to suggest an active inward pulse of
slope water during the early autumn, but rather the reverse; and the relationship

" between the salinities for that date, on the one hand, and the curves for July 17,
1912, and August 22, 1914, on the other (stations 10007 and 10254), is what might
be expected in the normal seasonal succession, with vertical stirring by tidal cur-
rents, winds, and waves becoming increasingly more effective through the autumn,
when cooling at the surface decreases the vertical stability of the water.

We have no data for salinity on the offshore banks—Georges or Browns—for
October or later in the autumn; but profiles of the continental shelf in the offing of
Marthas Vineyard and a few miles farther west, run by the Grempus during the
third week of October, 1915 (stations 10331 to 10334), and on November 10 and 11,
1916 (fig. 162), show that if slope water had worked in over this sector of the shelf
along this line during the preceding summers it had moved out again from the edge
of the continent by mid autumn, leaving values lower than 34 per mille out to the
120-meter contour. It is likely, therefore, that such encroachments of high salin-
ity over the outer edge of the continental shelf off southern New England as are
described above (p. 796) are strictly summer events. For water as saline as 34 per
mille to continue on this part of the shelf after the end of September would, it seems,
be an unusual event.

If the inshore ends of these two profiles, in combination, represent the usual
October-November state, and if conditions prevailing there in August, 1914 (p. 796,
fig. 158), are equally representative of that season, the coastwise water less saline
than 32.5 per mille spreads out from the land, seaward, during the autumn, until the
isohaline for this value includes the bottom out to the 40 to 60 meter contour and
the surface halfway acoss the shelf.> The relationship between this November pro-
file and the profile off New York for that August affords further evidence of similar
import, as remarked elsewhere (Bigelow, 1922, p. 125, figs. 23 and 38).

The most interesting alteration that takes place later in the autumn is that the
vertical range of salinity in the upper 100 meters, like that of temperature, decreases
as the water loses stability and as tides and winds stir it more and more actively.

Observations on the salinity of the gulf for the last half of November and first
half of December have been confined to the bowl at the mouth of Massachusetts
Bay off Gloucester in 1912 (Bigelow, 19144, p. 416), and to the deep trough of the
Bay of Fundy, between Grand Manan and Nova Scotia, in 1916 and 1917 (Mavor,
1923, p. 375).

At the first of these localities and years salinity -had become virtually homoge-
neous at about 32.5 per mille from the surface down to a depth of about 50 meters
by November 20, increasing slightly with increasing depth to 32.66 per mille at bot-
tom in 62 meters (fig. 111). However, the fact that virtually no alteration of salin-
ity had taken place at the bottom there since the preceding August (stations 10045

$0n the August profile (fig. 158) water less saline than 32.5 per mille did not touch the bottom at all at depths greater than
20 meters.
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and 10046); though that of the surface had increased from 31.67 to'31.92 pei‘ mille
to 32.57 per mille during: the interval, is proof that ‘the autumnal progression also
reﬂeoted an indraft of more saline water over the rim. :

“Some salting of the whole column of water is to be expected, therefore, at the
mouth of Massachusetts Bay during the late autum, besides the increase at the sur-
face that stirring by tidal currents would, of itself, effect at this season. Although
this alteration was not continuous in 1912, when salinity was almost precisely the
same on December 4 as it had been on November 20 at the station in questlon, s 1t
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FIG 161.—Vertical distribution of salinity in the Bay of Fundy Between Grand Manan and Nova Sootia, in various
' :months, fron Mavor’s table (Mavor, 1923, p. 375, Prince station 3). . A, July 381, 1917; - B, October 2,1917; C, December
5, 1817; D, January 19, 1918; E, December 2, 1916; F, January 3, 1917

raised the salinity of the entire column (now homogeneous, surface to -bottom) to
about 32.75 per mille by the 23d of that month.

‘Mavor (1923) also records a considerable increase in the sehmty of the upper
strata of the Bay of Fundy from October 4, 1916, through November, although the
bottom water continued virtually unchanged throughout that autumn. The verti-
cal distribution for October 4 of that year ? is especially interesting, the salinity being
highest at 50 metei-s, with less saline water below it as well as above, and with a
very abrupt mcrease neéar the bottom A dlstnbutlon of this sort, decldedly unusual

$32.56 per mille at tha surfaoe and at 48 meters; 32.61 per mille near bottom ln 70 meters depth

.- 110 meters, 31.9 per.mille; 50 meters, 32.6 per mille; 75 meters, 32.4 mille; 150 meters, 32.5 per mille; and 175 meters, 33 per
mille.
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in the Gulf of Maine region; suggests ifidrafts from;the bagin offshore at two levels—
one centering at about 50 meters and the other over the bottom.

‘In 1917 the autumnal progression of salinity in the Bay of Fundy was' of the
reverse order (fig. 161);" ‘Mavor’s (1923) records showing a decrease of about 12 per
mllle at all depths from October to December as folloWs 8 o ’
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Fig. 162.—Salinity profile crossing the- oontinent 1 shelf of Marthas Vineyard, November 10 and 11, 1918. (From Bigelow,
1922, fig. 38)

' It is obvious that with salinity increasing in the one year of record, decreasing

in the next, neither an increase nor a decrease can be named as normal for the Bay
of Fundy in late autumn. Freshening is probably to be expected there in years
when the autumnal rains are heavy and the discharges from the St. John and from
the other rivers tributary to the bay are correspondingly great, especially if the
indraft over the bottom (which varies from year to year) is less active than usual.
On the other hand, salting will follow after summers and autumns with light rain-.
fall or with more than the usual contribution of saline bottom water. This expla-
nation is partly corrobated by the fact that the year’s precipation showed a defi-
ciency of 11.45 inches from the mean at Eastport in 1916 (when the salinity of the
bay rose in autumn), with every month from Auoust to November falhng low. ! -

8 Condensed from Mavor (1923 Pp- 375)
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SALINITY IN MIDWINTER

The general oceanographic survey of the inner part of the gulf carried out by the
Halcyon during the last days of December and first half of January, 1920-21, affords
our only picture of the salinity of the offshore waters for that season.

These midwinter observations prove interesting from several view points. In
the first place, when added to the winter records for Massachusetts Bay and for the
Bay of Fundy for other years they show that little alteration takes place in salinity
from autumn to midwinter, evidence that this season sees no extensive indraft of
the saline slope water over the bottom. The regional distribution of salinity in the
upper 100 meters gives evidence to this same effect, for this was highest near shore

70" * - ad 66°
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F1G. 163.—8alinity at the surface, December 29 1920, to January 9, 1921. Contours for every 0.2 per mille

in the western side of the gulf as in May instead of in the eastern, as is the rule
at other times of year. This distribution appears most clearly on the surface pro-
jection (fig. 163), with 32.7 per mille off Cape Ann but only 32.5 per mille in the
Nova Scotian side of the basin; likewise at 40 meters and at 100 meters, where these
same localities were the most saline. These, in fact, were the only stations where
the 100-meter salinity was then higher than 33 per mille, so that this isohaline
paralleled the northern and western slopes of the gulf at this level.

The bottom water of the two sides of the basin at 200 meters and deeper then
proved almost precisely alike in the two sides of the basin (about 33.9 per mille off
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" Cape Ann, stations 10490 and 10503, fig. 164, and 33.93 per mille in the northeastern
side). However, the submarine rim of the Bay of Fundy, in the one side of the
- gulf, and the partial inclosure of the trough west of Jeffreys Ledge, in the other, hinder
free exchange of bottom water in midwinter as effectively as they do in summer
(p. 776), for the salinity was only 32.87 per mille at 150 meters to the west of Jeffreys
Ledge, contrasting with 33.75 per mille in the open basin to the east of it. The
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¥ig. 164.—Vertical distribution of salinity in the western side of the basin iil the offing of Cabe Ann. A, Auvgust 31, 1915
(station 10307); B, December 29, 1920 (station 10490); C, January 9, 1921 (station 10503) D, February 23, 1920 (station
20049)

difference was nearly as great between the Bay of Fundy and the open gulf, off its
mouth, at this same level (32.75 per mille at station 10499; 33.37 per mille at station
10502).

We have found this same general rule applying equa.lly to the deep bowl off
Gloucester at all other seasons; but on December 29, 1920, the deep strata were
much more saline there (station 10489) than were corresponding levels in the open
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basins, whether off Cape Ann (station 10490) or off Cape Cod (station 10491); more
saline, too, than at a neighboring location at any time during the winter of 1912-13.
If these determinations were correct,? they mean that bottom water had been well-
ing up into the bowl from greater depths in the basin at some time shortly previous.
However, this movement had then ceased, and the inequalities in salinity were
decreasing; otherwise the temperature would have been about the same at the sur-
face asin the deeper layers (6.9° to 7°), instead of more than 1° lower (5.56° at
station 10489). It is certain, also, that the unexpectedly high salinity did not
persist long at this locality, for the whole column of water had freshened to 32.6 to
32.7 per mille there by the 5th of the following March (station 10511).1°

Nor did any upwelling that may have taken place off the mouth of Massachu-
setts Bay in December, 1920, involve the inner parts, for the whole column of water
proved decidedly less saline off Boston Harbor on the 29th (station 10488) than at
the mouth of the bay (station 10489); less saline, too, than near Gloucester on
January 30, 1913 (station 10051), when salinity ranged from 32.56 per mille at the
surface to 32.8 per mille on-bottom.

During this midwinter the salinity of the superficial stratum of water was lowest
(31 to 32 per mille) along the shore between Cape Ann and Cape Elizabeth, on one
side of the gulf, and next the west coast of Nova Scotia, on the other, with a mini-
mum of 30.02 per mille a few miles south of the mouth of the Merrimac River, no
doubt reflecting the freshening effect of the latter, but slightly higher along the
northern shore of the gulf (32.3 to 32.6 per mille) and in Massachusetts Bay (32.1
to 32.5 per mille). This regional distribution was paralleled at 40 meters (though
with actual values averaging about 0.3 per mille higher), except that the minimum
for this level was close to the Nova Scotian coast (31.3 per mille) instead of off the
Merrimac River, proving the freshening effect of the latter to have been confined to
the uppermost stratum of water at the time.

The narrow confines of water less saline than 32 per mille in midwinter, and
the rather abrupt transition in the western side of the gulf to considerably higher
values a few miles out at sea, contrasted with the much more extensive area inclosed
by that isohaline in April and in May (figs. 101 and 120), reflect the fact that the
rivers discharge much less water Into the guif in late autumn and early winter than
they do in spring.

During the winter of 1912-13 the vertical stratification of the water at the
mouth of Massachusetts Bay, characteristic of the summer season, gave place to a

" close approach to vertical homogeneity in salinity, as well as in temperature, by the
middle of December, and so continued through the winter. Closer in to the shore,
however, on-both sides of Cape Ann, a greater vertical range of salinity persists into
January and probably right through until spring.!! In 1920-21 all the stations
showed a vertical range of more than 0.3 per mille salinity in the upper 100 meters,
except off Yarmouth, Nova: Scotia, and off Cape Cod (stations 10501 and 10491),
where the water was virtually homogeneous, surface to bottom, and near Seguin

# There is no technical reason to doubt their accuracy.

10 In 1913 the salinity at a near-by locality continued to increase until Mar. 19, when it attained its maximum of 33 per
mille at the surface and 33.17 per mille on bottom at a depth of 88 meters. .

11 Vertical range of 0.3 to 0 7 per mille in depths of 30 to 35 meters at stations 10051 and 10052 on J an. 30, 1913
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Island (station 10495), Where the salinity increased only from 32.6 per mﬂle at the
surface to 32.77 per mille at 75 meters.

Local freshening of the surface, just described (p. 806), was t,hen respons1ble for
the very considerable vertical range of 2.6 per mille in water only 30 meters deep
between Cape Ann and the Merrimac River, with differences of 0.8 to 1.4 per mille
between the surface and the 75 to 100 meter level off Cape Ehzabeth and off Cape
Ann (stations 10488, 10489, 10492, and 10494).

It is certain, however, that as the surface continued to cool during that winter
the decrease in vertical stability was accompanied by a progressive equalization of
salinity in the upper 100 meters; for the surface and the 100-meter level differed by
less than 0.2 per mille in salinity at five out of seven of the stations for the follow-
ing March (stations 10505 to 10511). Thus, the seasonal cycle was fundamentally
the same in this respect in 1920-21 as in 1912-13, except that it was more tardy in
its early progression.

No general survey of the salinity of the gulf has yet been attempted during
the last half of January or the first half of February—on the whole the coldest
season (p. 655). However, periodic observations taken in Massachusetts Bay during
this period of 1913, hydrometer readings taken at 15 stations by the Fish Hawk in
its southern side on February 6 and 7, 1925, and Mavor’s (1923) winter records for
the Bay of Fundy in 1916 and 1917 show that no very wide change is to be expected
in the salinity of the gulf during the last half of the winter.

These Fish Hawk determinations ranged from about 32.3 per mille to about 33.3
per mille, according to the precise locality, averaging lowest in the hook of Cape Cod,
where the surface was about 32.3 to 32.4 per mille, and highest in the center of the
bay (whole column close to 33 per mille, surface to bottom). The maximum differ-
ence in salinity between surface and bottom was then only 0.4 per mille (average
difference about 0.2 per mille), with the water virtually homogeneous, surface to
bottom, at the two deepest stations (about 70 meters deep).

It is interesting to find the salinity of the deeper part of the bay for February
7, 1925, almost exactly reproducing the values recorded off Gloucester on the 13th
of the month in 1913 (station 10053, surface 32.83 per mille, bottom 32.84 per mille);
evidently neither of these winters, as contrasted with the other, can be described as
“fresh” or “salt” in the bay. In both 1913 and 1925 the water away from the
immediate influence of the shore line was equally homogeneous in salinity from
top to bottom by these dates; but the data for the two years combined bring
out & decided regional difference in this respect, with the surface continuing 0.3 to
0.4 per mille less saline than the deeper strata along the northern and southern mar-
gins of the bay, no doubt because of land dramage

Although we have made no offshore stations in the gulf between the middle of
January and the last week of February, some knowledge of the ebb and flow of the
slope water over that period is obtainable from the seasonal progression from Feb-
ruary to March in the deeper parts of Massachusetts Bay, and from the salinity of
the basin off Cape Ann for March 5, 1921 (station 10510), compared with the pre-
ceding December and January (stations 10490 and 10503).

"~ In 1913 the salinity rose to about 32.8 per mille at the surface, to 32.9 per mllle
on bottom in 70 meters, at the mouth of the bay by January 16—a mean increase of
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about 0.2 per mille for the preceding six weeks. Apparently.this indraft of saline
water from offshore then slackened, for on February 13 the water (then virtually
homogeneous, top to bottom) still had this same salinity. It then salted once more
to 33.04 per mille on the bottom by March 4 (no change at the surface), with a
slight further increase during the next two weeks to 33 per mille at the surface and
33.17 per mille on bottom, which proved the maximum for the year, succeeded by
the vernal freshening already described (p. 723).

In 1925 the salinity of the deep central part of the bay remained virtually
unchanged from February 7'% until March 10, at about 33 per wmille, surface to
bottom. -

In 1921 the bottom of the basin off Cape Ann showed no appreciable alteration
in salinity from December and January to March, with bottom readings of 33.87 to
33.99 per mille at all three of these stations (10493, 10503, and 10510) in depths of
200 to 250 meters; but the bottom water of the bowl at the mouth of Massachusetts
Bay off Gloucester freshened by about 1 per mille (stations 10489 and 10511, 33.84
and 32.7 per mille).

It is doubtful, therefore, whether any a.pprecla.ble drift inward over the bottom
of the gulf took place during the winters of 1921 or 1925; and while rising salinity
gave evidence of some such movement into Massachusetts Bay in the winter of 1913,
the alteration from month to month was so small as to prove it small in volume as
well as intermittent in character. In the Bay of Fundy, again, according to Mavor
(1923, p. 375), salinity decreased slightly between January 3 and February 28 in
19171 In short, such evidence as is available suggests that the winter sees a
decided slackening of the drift of slope water inward through the Eastern Channel.

SUMMARIES OF SALINITY FOR REPRESENTATIVE LOCALITIES

Summaries of the annual cycle follow for localities where the greatest number of
observations have been taken. Unfortunately, none of these stations in the open
gulf afford a complete year’s cycle at intervals close enough, either in tinie or in depth,
to be more than preliminary, but at the least they will serve to illustrate the major
changes to be expected from season to season and from the surface downward.

BAY OF FUNDY

Mavor’s (1923) records of salinity on 18 occasions, covering the mterval from
August 25, 1916, to May 10, 1918, at a station near the mouth of the Bay of
Fundy, between Grand Manan and Nova Scotia, are especially instructive in this
connection. The outstanding event in the annual cycle of salinity here is the sudden
freshening of the surface that takes place in spring (fig. 165), occasioned by the out-
pouring of fresh water from the rivers emptying into the bay—chiefly from the
St. John. This occurred between the 10th of April and the 10th of May in both of
these years (probably the usual date). As described above (p. 743), the surface then
salts again as the thin stratum so affected mixes with the salter water from below,

" 1No salinities were recorded prior to that date during that winter.
8 Prince station 3, Jan. 3, salinity 32.6 per mille at the surface, 33.24 per mille at 100 meters, and 33.33 per mille at 175 meters,
while on Feb. 28 the values at these same depths were 32.66, 32.97, and 33.01 per mille.
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to reach its maximum for the year in October (as in 1917) or November-December
© (a8 in 1916)—an annual difference no greater than might be expected in any coastal
region where the precise salinity is so largely governed by the volume of river water.
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F1G. 165.—Seasonal variations of salinity in the Bay of Pundy, August, 1916, to December, 1917, at the surface, 50
meters, 100 meters, and 175 meters, constructed from Mavor’'s (1923) tables
During the remainder of the year the surface salinity of this part of the bay is
comparatively uniform.
Vernal freshening is progressively less and less effective with increasing depth,
so that the salinity of the 50-meter level decreased only by about 1.2 per mille
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from its maximum to its minimum during the year illustrated, the 100-meter level
by about as much, though the surface freshened by upwards of 4 per mille. This
secular change also culminates later in the season with depth, just as vernal warming
does (p. 664), with the mid-stratum least saline about the first of September or four
months  after the salinity of the surface has passed its minimum for the year.
The progressive freshening of the 75 to 100 meter stratum was also interrupted in
the July in question by some temporary welling up of more saline water from below,

The graph (fig. 165) is also instructive for its demonstration that the incorpora-
tion of the vernal outpouring of river water into the superficial strata of the bay has
little, if any, effect on the salinity at depths greater than about 140 to 150 meters.
Consquently the periodic variations that take place in its deepest waters reflect cor-
responding variations in the volume and precise salinity of the inflow over its rim
from the open basin of the gulf outside. Slight undulations in the curve for the 175-
meter level (fig. 165) show a sort of irregular pulse in this respect, in which the
annual variations seem (from available data) wider than the seasonal variations.

This graph is a striking illustration of the general rule that the vertical range of
salinity is widest in coastwise boreal waters, generally, at the time of the vernal fresh-
ening of the surface; narrowest in autumn and winter, when little land water enters
and when winds, waves, and tidal currents stir the water most actively.

MASSACHUSETTS BAY REGION

The regional distribution of salinity in and abreast of Massachusetts Bay is such
that a difference of 3 to 5 miles in the location, nearer to or farther from shore, is
associated with wide differences in salinity, especially at the surface, so closely does
the freshest water hug the land during most of the year.

The accompanying composite graph (ﬁo 166), based on monthly averages for
various years 8 to 12 miles of Gloucester, is offered as an approximation of the sea-
sonal progression to be expected in years neither unusually salt nor unusually
fresh, unusually late in seasonal schedule nor unusually early; and it pre-
tends to nothing more. It does not represent any one year; in fact, some of the
individual readings have differed considerably from the smoothed curve laid down
here, differences reflecting the annual variations described in the preceding pages.

The curve for the surface corroborates an earlier graph, based on less extensive
data (Bigelow, 1917, p. 207, fig. 42), to the effect that the superficial stratum of
water may show vernal freshening as early as the end of February or a month earlier
than in the Bay of Fundy (p. 808); but additional records for the spring months have
proven that the minimum salinity for the year is to be expected considerably earlier
in the season in Massachusetts Bay than I formerly supposed, and that the salinity
falls to a much lower value there at its annual minimum. It is a fortunate chance
that our survey has included one spring (1920) that may be described as “fresh’” in
this region, and one (1925) as ““salt.” These two years differed little during the first
half of Aprﬂ (p. 728; 32 to 32.4 per mille), and the surface seems to have freshened to
its minimum about the last of April or first of May in both years.’® However, while

4 The station occupied at this general locality in July, 1916, is omitted, that being an unusually fresh year.
. ¥ Observations were ot taken at intervals close enough to establishi the date more closely than this:
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this reduced the surface salinity by at least 3.2 per mille between-April 9 and May 4
(29.1 per mille) in 1920, the lowest value recorded at the mouth of the bay in 1925
was 31.3 per mille oni April 23 and again on May 22, though it is possible, of course,
“that the “peak” fell between these two. dates, as already remarked (p. 741).
" A considerably higher surface value at this locality on May 4, 1915 (station
- 10266, 32.3 per mille), is reconcilable on the assumption (discussed above):that the
- effects of vernal freshemng were more closely confined to the immediate vicinity of
the land in that spring. However, this record is averaged on the graph (fig. 166).
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F1G. 166.—Seasonal progression of salinity at the surface at the mouth of Massachusetts Bay, 12 miles oft Gloucester,
based on monthly averages of the records in the various years. The data for July, 1016, ‘are omitted for the reason
given on p. 810 .

Taking one year with another, the lowest surface salinity of the year is to be
expected at this general locality between the last week of April and last week of May.
Surface values lower than 31 per mille (sometimes as low as 29 per mille) are to be
expected there at some time during this period—a decrease of more than 2 per mille
from the maximum salinity at the end of winter.

The vernal freshenmg at this particular region results chiefly from the dlscharges
from the large rivers to the north (nearest of these is the Merrimac), for no large
streams empty in the immediate vicinity. Consequently, any ﬂuctuatmns m the
volume and dlrecmon of the dnft past Cape Ann will be mlrrored by correspondmg
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fluctuations in the salinity of the surface water at the mouth of Massachusetts Bay,
and so may confuse the seasonal picture.

In 1925 the surface salinity remained close to the annual minimum at this local-
ity for several weeks (perhaps this is always the case). A considerable increase was
then recorded (to about 32.3 per mille; p. 756); but if this is an annual event (which
is by no means certain) it is followed by a second freshening, for the surface records
for this region for July and August, in the several years of record, have averaged
only about 31.5 per mille (or 31.3 per mille, if one station for July, 1916, be included),
with 32.09 per mille as the maximum. . The salinity then increases slowly through
the autumn and early winter, as just described (p. 799). Differences in circulation
may bring the surface to its saltest there as early as the last of December, as seems
to have happened in 1920 (p. 805), or not until well into March, as in 1913 (p. 808).
Comparison between the graphs for the Bay of Fundy (fig. 165) and for the mouth
of Massachusetts Bay (fig. 166) brings out the interesting difference that while the
surface salinity of the former continues comparatively constant throughout the year,
except for the period of 4 or 5 months that covers the vernal freshening and its
eclipse, the salinity rises and falls over a period of 8 or 9 months off Massachusetts
Bay, with only the winter describable as comparatively static.

The differences in salinity from season to season at the surface are so much wider
than the differences at any given season from year to year that inclusion of the lat-
ter does not rob the composite graph (fig. 166) of its illustrative value. Annual
fluctuations, however, introduce a more and more serious source of error at greater
and greater depths, as the effects of vernal freshening from above become less and
less apparent, until the former may nearly, if not quite, equal the seasonal fluctua-
tions at depths no greater than 40 meters. Consequently, a combination of the data
for different years gives a less trustworthy picture of the seasonal progression for the
deep water; and monthly data for any one year, which would yield such a picture,
are yet to be obtained.

Nevertheless, when such data as are available are combined, by seasons, for the
40-meter level ** a rather definite progression does appear, with values averaging 32.8
to 33.1 per mille for the cold half of the year (November through March), decreasing
to 32.6 per mille in April, 32.5 per mille in May, 32.3 per mille for July to October,
and increasing again through the early winter. While the 40-meter value was as
high there on June 16 and 17, 1925 (33.17 per mille), as any recorded for February
or March, this is the only record for the period July to October that has been higher
than the mean for the year (approximately 32.6 to 32.7 per mille). On the other
hand, only 1 of the 10 records for the period January to March has fallen appreci-
ably below the annual mean.

The salinity of the 40-meter level, therefore, may be expected to vary by about
0.7 per mille at the mouth of Massachusetts Bay during average years, being most
saline at about the same season that the surface is at its maximum (late winter), but
not at its freshest until two or three months after the salinity at the surface has
passed its minimum (in May) and begun to increase once more. However, the
unusually saline state of the water in this region in June, 1925, is sufficient evidence

1 November to Ianuary, 6 stations; February to March, 5 stations; April to May, 4 stations; June, Fish Hawk cruise 14 In
1925; July to August, 6 stations; September to October, 2 stations for the several years.
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that this progression may be interrupted by indrafts of water from offshore, or that
the seasonal schedule may vary from year to year.

The 100-meter salinities for this locality have averaged about 32.9 to 33 per mille
for the period February to July (extremes 33.8 and 32.5 per mille), with no definite
geasonal variation during that period. All but one of the determinations for the
period August to October have been appreciably lower (32.5 and 32.6 per mille) than
any for the rest of the year, however. An average seasonal varition of about 0.3
per mille is thus indicated at 100 meters, reflecting the extreme depth to which vernal
freshening from above is effective; but here, near its lower limit, this freshening does
not culminate until a month or two later than at 40 meters, or four months later than
at the surface. :

The data collected so far fail to show whether any definite seasonal variation of
this sort can be traced at depths greater than 100 meters at this locality.

Closer to land, in Massachusetts Bay off Boston Harbor, vernal freshening
effects about as great a decrease in the salinity of the surface as at the mouth—
from 32.1 to 32.2 per mille in March (of 1920 and 1921) to about 31 per mille in
April and to about 30 per mille in May, followed by rather rapid recovery to 31 to
32 per mille through July and August. The lowest values have beén recorded as
early in the year at 40 meters as at the surface (about 31.6 to 31.7 per mille, April

and May, 1920).
OFFING OF THE MERRIMAC RIVER

The truly remarkable extent to which the vernal discharges from the large rivers
govern the seasonal cycle of salinity in the coastwise belt of the gulf is illustrated by
the offing of the Merrimac. To the southward of the Isles of Shoals, in its train,
vernal freshening is as sudden an event and the decrease in the salinity of the sur-
face is as great (by about 4 per mille) as in the Bay of Fundy (p. 808); but in
the trough between the Isles of Shoals and Jeffreys Ledge, only some 20 miles out
from the mouth of the river, the extreme range of salinity so far recorded at the
surface for the months of December, March, April, May, July, August, October, and
November " has been only about 1.2 per mille (31.6 to 32.8 per mille) ; nor does ver-
nal freshening seem to culminate there until August—three months later than along
shore. Furthermore, its effect is so closely confined to the immediate surface here
that it has little effect at 40 meters and is not definitely reflected at all in the records
for 100 meters or deeper where the salinity has proved virtually constant from sea-
son to season and with but slight variations from year to year.

NEAR MOUNT DESERT ISLAND

The vernal freshening of the surface culminates at about the same season near
Mount Desert Island as in the Bay of Fundy—i. e. late in April or early in
May."® However, this sector of the coast is so much less affected by river water,
and so much more open to the offshore waters of the gulf, that the seasonal range

17 A total of 10 stations. i :
1 Although only 12 sets of salinities have been taken here, the fact that we have records for 6 consecutive months for 1915, and
that the other data are consistent with these, makes the graph a reliable picture of the cycle for the half year, May to October,
which covers the season when the greatest changes in salinity take place. - '
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of surface salinity is only about one-fourth as wide (about 1 per mille) as in the Bay
of Fundy—half as wide as at the mouth of Massachussetts Bay. The surface off
Mount Desert then salts again slowly right through the summer and early autumn,
its salinity increasing from about 31.5 per mille on May 11,1915 (station 10275),te
to 32.66 per mille on October 9 (station 10328); and while we lack data for No-
vember and December it is probable that the surface is near its saltest here during
the late autumn and early winter, for readings for January 1, 1921, and March 3,
1920, were somewhat lower and almost precisely alike (32.3 and 32.2 per mille).
The seasonal fluctuation associated with land drainage is strictly confined to
the superficial stratum off this open coast, probably because the more saline water
in the trough of the gulf tends to bank up along this part of the coastal slope here
at all times of year. Thus the highest and the lowest salinities yet recorded at the
40-meter level near Mount Desert are only about 0.4 per mille apart (32.16 per mille,
July 19, 1915, station 10302, and 32.6 per mille, August 13, 1913, station 10099).
About the same range and the same maximum and minimum values were recorded
near bottom at 80 meters, though the water at this depth proved most saline in
January (station 10497, January 1, 1921, 32.6 per mille); least so in May (station
-10274, May 10, 1915, 32.23 per mille). '

GERMAN BANK

-

The seasonal cycle on German Bank appears from the following summary:

Salinity | Salinity Salinity | Salinity
Date Station at the at 40 Date Station | at the at 40
surface meters surface meters
Pe{srznigée Per 31;:‘(13;& o Per mille| Per mille
. 3 10029
P00 120l 3283 Aug 14,1012 oo, { 102} s270| s2s0
222 3170 31,70 | Aug. 12, 1918 e 10095 32.75 32.97
10271 31.89 3194 | Aug. 12, 1914, ool 10244 32.84 32,904
338 31.67 31.70 | Sept. 2, 1015 cceaanceccecan 10311 32.23 32. 50
10290 32.07 32.10
! Probably. 1 Ice Patrol station.

A seasonal variation of at least 1 per mille is thus to be expected there, with
the whole column of water least saline sometime between the last of April and first
of June, the exact date depending on the flow and ebb of the Nova Scotian current.
Data for this part of the gulf during autumn and winter are desiderata.

WESTERN SIDE OF THE BASIN

The extent to which the salinity of the basin of the gulf is affected by the out-
rush of river water in spring depends more on the tracks of the latter than on the
distance offshore. Consequently, the considerable variations that have been re-
corded in the salinity of the surface of the basin in the offing of Cape Ann from summer
to summer no doubt reflect corresponding variations in the volume and direction
of the drift from the north past Cape Ann. : :

In the summers of 1912 and 1914 this drift appears to have been turned sharply
offshore by the jutting cape, so that the surface water of the neighboring parts of
the basin was about 1 per mille less saline in July and August than the mean value
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to be expected there in spring. In 1915, however, the surface freshened by only
about 0.5 per mille at that locality from May to June; and while salinity may have
fallen somewhat lower that July (when no observations were taken), it was about
the same there at the end of August (32.5 per mille at station 10307) as it had been
in June. o

The available data!® show the surface freshest here in July or August, or three
months later than at the mouth of Massachusetts Bay (p. 811), and not saltest until
May (p. 745), when the coastwise belt is least saline, a seasonal difference associated
with the geographic location. ‘ _

It is not possible to follow the seasonal progression of salinity in the deeper
strata of the basin from the data at hand because the annual variations outrange
the seasonal variations even at as small a depth as 40 meters. I can only point out
that the 40-meter salinity decreased from 33.15 per mille on May 5, in 1915, to 33
per mille on June 26 and to 32.75 per mille on August 31, suggesting that vernal
freshening culminates later at this depth than at the surface, as, indeed, is to be
expected. At 100 meters the values for May, June, and August, 1915, all fell
close together (33.08 to 33.17 per mille); and the extreme range of variation so far
recorded at this level, for all years and seasons, has only been from about 32.5 per
mille to about 33.2 per mille in this part of the basin.

Pulses in the indraft of banks water govern the salinity of the deeps of the gulf
(p. 848); and these are reflected in fluctuations from & minimum of about 33.5 per
mille to & maximum of about 34.1 per mille at the 200-meter level in the basin off
Cape Ann. However, as pointed out (p.852), it is not yet known how regularly
periodic these fluctuations are, and if periodic, their exact seasonal schedule.

ANNUAL SURVEY Ol;“ SALINITY ON THE BOTTOM

The salinity of the bottom water of the gulf (interesting chiefly for its biologic
bearing) is determined in part by the depth and in part by proximity, on the one
hand, to the Eastern Channel and on the other to the coastline, with the outflow
from its rivers. It is also influenced by the Nova Scotian current and by the general
anticlockwise eddy that occupies the basin of the gulf. In inclosed sinks and bowls
the degree of isolation is the determining factor.

In summer and autumn the whole bottom of the open basin deeper than 175
meters has invariably proved salter than 33.5 per mille—salter than 34 per mille at
most places and on most occasions. In 1914 a maximum of about 35 per mille was
recorded for the southeastern part, out through the Eastern Channel (p. 785), but this
may have been a somewhat higher value than is usual for that situation. The state
of the gulf in the midwinter of 1920-1921 and in the spring of 1920, with the fact
that all but two out of 31 records of the salinity of the two arms of the trough
deeper that 175 meters have fallen between 33.8 and 34.5 per mille, irrespective of
the time of year, make it unlikely that its bottom normally experiences a variation
wider than about 0:5 per mille in salinity during the year, or from year to year, in
depths greater than 150 meters. Animals living on bottom in deep water in the gulf

R Tl_xirtean stations for the months 6( February, March, April, May, June, July, August, November, and December in var-
jous years. : ' : B
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therefore enjoy an environment that is virtually uniform in this respect from years
end to years end. The only exception to this rule has been the eastward of Cashes
Ledge, where we have found the salinity of the bottom water only 33.2 per mille in
May at a depth of 185 meters (station 10269), contrasting with 33.6 to 34 per mille
earlier in spring and in summer. "

Certain other regional variations in the state of the bottom water of the trough
also can be traced within more narrow limits. Thus, its eastern arm is usually
slightly less saline along the western slope than the eastern, independent of depths.
In the western arm, however, off Cape Ann, the salinity of the bottom water is more
directly a factor of the depth. The salinity on the intervening broken bottom has
usually been slightly below 34 per mille; once (in March, 1920) as low as 33.4 per
mille. A month later, however, it had risen to 34.18 per mille at this same locality;
and water of 34 per mille must overflow the irregular ridge south of Cashes Ledge
with some regularity, this being its only route to the basin to the west. An overflow
of this sort was, in fact, reflected by an increase in the bottom salinity there from
33.4 per mille on March 20, 1920, to 34.18 per mille on April 17 at depths of 175 to
200 meters (stations 20052 and 20114).

An unmistakable, if slight, increase in the bottom salinity, depth for depth, is
characteristic of the floor of the gulf from the inner parts of its two troughs
out to the entrance to the Eastern Channel, probably at all seasons. -

We have found the bottom salinity of the depth zone between the 175 and 150
meter contours (narrow everywhere except north of Cashes Ledge) averaging about
33.6 per mille, winter and summer, ranging from occasional values close to 35 per
mille (or even slightly higher) at the deeper level to a mean of about 33.3 per mille
at the shoaler boundary. = No definite seasonal’ variation is demonstrated in water
as deep as this, but the recorded variations, station for station, are associated with
the pulses in the inflowing bottom current (p. 690). ,

This depth zone is interesting, however, because it includes the isolated bowl
at the mouth of the Massachusetts Bay, the trough west of Jeffreys Ledge, and the
deeper parts of the Bay of Fundy, in all of which the bottom water is considerably
less saline than at corresponding depths in the open basin outside. In the most
nearly inclosed of the three—off Gloucester—the bottom water at any given time of
year is virtually uniform from a depth of about 100 meters (slightly below the level of
the inclosing rim) down to 170 meters.

Regional differences in salinity increase greatly at depths less than 150 meters
as the water shoals, depending on the geographic location, with the changes of the
seasons also governing the bottom salinity more and more, so that the picture
becomes increasingly complex. o

In the coastal zone between Cape Cod and Cape Sable the bottom salinity, at
depths of 100 to 150 meters, has been found to vary from 32.38 per mille to 34.11
per mille, according to depth, locality, and date. On the whole it averages lowest
in the bowl off Gloucester, in the trough west of Jeffreys Ledge, and in the Bay of
Fundy (32.2 to. 33.2 per mille for this depth zone); highest on the northeastern
slope of the open basin near Lurcher Shoal, where we have had one bottom reading
as high as 34.11 per mille in water only 120 meters deep (station 10245, August 12,
1914), with others of 33.4 to 33.8 per mille. The upper part of this depth zone also



PHYSICAL OCEANOGRAPHY OF THE GULF OF MAINE 817

shows the seasonal effects of land drainage and of the Nova Scotian current. Thus, we
have found the bottom of the Northern Channel freshening from about 33.6 per mille
in March, 1920, to 32.8 per mille in April at 125 to 135 meters, with 32.9 per mille
in July, 1914, Off Lurcher Shoal, where the bottom salinity has averaged about
33.7 per mille at the 100-meter contour in August and September, 33.5 per mille,
March to April, and 33.08 per mille on January 4, 1921, it was only about 32.3 per
mille at 90 meters on May 10, 1915 (fig. 108).

The bottom salinity of the northern and western sides of the gulf ranges from
about 32.3 to 32.5 per mille along the 100-meter contour in August to 32.5 to 33 per
mille in winter, according to the precise locality; and the 100 to 150 meter zone
along the northern slopes of Georges Bank (here only a few miles wide) is close to
33 per mille in spring, summer, and at the end of the winter, with no definite sea-
sonal variation demonstrable from the observations taken there so far.

On the seaward slope of Georges Bank these depths include the so-called ‘ warm
zone’ (p. 530), the salinity of which has been sufficiently discussed in the preceding
pages. I need only add here that it varies from about 34 per mille to upwards of
35 per mille, hence is considerably more saline than the corresponding depths any-
where within the gulf.

The zone included between the 40 and 100 meter contours is especially interest~
ing because it comprises most of the important fishing grounds, both within the gulf,
on Browns Bank, on all but the shoalest parts of Georges Bank, the South Channel,
and the outer part of the continental shelf.

The bottom readings for July and August at stations so shoal have varied between
31.8 and 33.2 per mille around the western and northern slopes of the gulf, with 32
to 33.2 per mille on bottom in 40 to 140 meters at our June to August stations at
the mouth of Massachusetts Bay.

Close in to the western shore of Nova Scotia, Vachon’s (1918) record of 31.09 to
32.33 per mille at 40 to 45 meters off Yarmouth show the bottom averaging some-
what less saline, depth for depth, than in most other parts of the gulf. Bottom
salinities are also low off Cape Sable (32 to 32.3 per mille in 50 to 55 meters in July
and August, 1914). In the open Bay of Fundy, Mavor (1923) had 31.9 to 32.9 per
mille in depths of 50 to 100 meters in August, 1919, while Vachon (1918) records
bottom salinities of 31.13 to 32.4 per mille at 45 to 55 meters in St. Marys Bay and
31.2 to 32.2 per mille in 40 to 70 meters depth in Passamaquoddy Bay in the sum-
mer of 1916. It is an interesting question, for future solution, whether the bottom
salinity of Penobscot Bay and Frenchmans Bay is equally low or whether enough
water drifts inward along their troughs to maintain bottom salinities as high as off
the open coast.

Little change seems to take place in the bottom salinity of the 40 to 100 meter
depth zone along the northern slope of the gulf in autumn, winter, or March. Thus,
14 stations between Cape Cod and the Bay of Fundy averaged about the same at 25
to 80 meters in September and October (32.4 per mille) as in summer, with 4 stations
east of Cape Elizabeth averaging 32.7 per mille (extremes of 32.8 and 32.6 per mille)
in the midwinter of 1920-21 at 60 to 100 meters. The bottom values for this sector
in March, in equal depths, have been 32.4 to 32.5 per mille. Close agreement between
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the bottom salinity at 40 meters off Yarmouth on January 4, 1921 (31.3 per mille,
station 10501), and Vachon’s summer records for that locality (p. 769) suggest equal
constancy as characteristic of the Nova Scotian side from late summer to midwinter.

Vernal freshening by the rivers and by the Nova Scotian current affects but
slightly even the shoaler part of the 40 to 100 meter bottom zone, as described
above (p. 750)—the deeper parts hardly appreciably (p. 752). In Massachusetts Bay
this event is reflected in a decrease in salinity by about 0.3 to 0.4 per mille from
March to May (p. 813), the Bay of Fundy (p. 809) and the eastern side of the gulf, as
exemplified by German Bank (p. 814), freshening somewhat more; but it is doubtful
whether any vernal freshening of the bottom water from this source is appreciable
along the sector between Cape Elizabeth and Mount Desert at depths greater than
100 to 120 meters, except close in to the mouths of rivers (p. 814).

At the end of the winter and in spring we have found the bottom water at this
depth varying from 32.5 per mille to about 33 per mille in salinity on the offshore
banks, also; and in some years (1916, for example) bottom salinities no higher than
this prevail up to the third week in July—perhaps later still; but in other summers
(typified by 1914) when slope waters creep in over the shelf during the first two
months of summer it raises the bottom salinity to 34 to 34.9 per mille along the
southern (offshore) edge of Georges Bank and on Browns Bank.

The zone shoaler than 40 meters falls naturally into two divisions, the one
including the waters immediately fringing the coast line of the gulf, the other the
greater part of Nantucket Shoals and the shoals on Georges Bank. This zone
extends right up to tide line within the gulf, including the shoal bays and river
mouths; hence, its bottom water ranges in salinity from brackish, on the one hand,
to maximum values of about 32.9 per mille toward its lower boundary, on the other,
and experiences the full effects of seasonal freshening. Very little attention has
yet been paid to the salinity of this zone around the open gulf; but our stations
in Massachusetts Bay in August, 1922, with the Canadian data for the Bay of Fundy
region, added to such other evidence as is available, point to about 31 to 32.5 per
mille as the usual limits to the bottom salinity at 10 to 40 meters depth in summer
and autumn all along the open shores from Cape Cod to Cape Sable, including
Casco Bay and the Bay of Fundy. Considerably lower bottom salinities are to be
expected over this depth zone in estuaries into which large rivers empty; Vachon
(1918), in fact, has recorded values of 28.22 per mille to 31.49 per mille at the
mouth of the St. Croix River, varying accordmg to precise locality and stage of the
tide, with 31.14 per mille at 20 meters in Kennebecasis Bay and '30.2 to 32.6 per
mille at 20 meters at the mouth of the Annapolis River for September, 1916.

The zone from the surface down to a depth of 20 to 30 meters is the only part
of the bottom of the gulf that experiences a wide seasonal fluctuation in salinity
from the vernal freshening of the surface stratum from the land and from the vernal
expansion of the Nova Scotian current. In this shallow water, however, the change
in salinity from autumn and winter (when it is near its maximum) to May (when,
generally speaking it falls to its minimum) is so wide that the bottom fauna must
either be comparatively indifferent to the salinity of the water or able to carry out
bathic migrations sufficiently extensive to escape them. ‘
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No bottom samples have been colleoted on the shoal parts of Nantucket Shoals,
but neighboring stations suggest 32 to 32.5 per mille as the probable values there at
20 to 40 meters for the summer, autumn, and winter—perhaps slightly lower in
spring.

ALKALINITY

It has long been known that under normal circumstances sea water is invari-
ably a very slightly alkaline solution. Within the last few years attention has been
attracted to the seasonal and regional variations in the precise degree of alkalinity
in the sea by the probability that this feature of the aquatic environment may be
one of the controlling factors in the biology of marine organisms, especially of the
unicellular planktonic forms. Seasonal changes in this respect also afford a possible
measure of the activity of diatom and other plant flowerings, and thus of the inten-
sity of life processes in general in the sea, because marine plants increase the alka~
linity of the sea water as they draw carbon from the bicarbonates in solution.

This whole question is exceedingly technical; so much so that no convenient
measure for alkalinity has yet been devised, the meaning of which would be obvious
to any one who had not devoted some attention to the subject. Salinity, for exam-
ple, is expressed in percentage or per thousand (the more usual terminology), tem-
perature in degrees—expressions sufficiently familiar to be readily understood. The
degree of alkalinity, however, usually is stated in terms of the concentration of the
hydrogen-ion, which can hardly be expected to bring a concrete image to the mind
of anyone not a trained chemist. Perhaps to the marine biologist or to the ocean-
ographer who is not a trained chemist the following quotation in non-technical lan-
guage may help to clarify the matter:

The unit of hydrogen-ion concentration is 1 normal hydrogen-ion per liter of water, or about
1 gram of hydrogen-ion per liter. The finest distilled water contains only about 1 gram of hydro-
gen-ion in 10,000,000 liters of water at about 22° C., and thus its hydrogen-ion concentration is
about 10~7. Sea water, however, is alkaline and contains only about a tenth this concentration of
hydrogen-ions. (Mayor, 1919, p. 157.)

The symbol “pH " was invented by Sorensen (1909) and has since been widely
adopted to avoid the necessity of writing negative exponents, the notations added
thereto being—stated in the baldest possible terms—the logarithm of the reciprocal
of the true hydrogen—ion concentration.?? Therefore, the larger the number of pH
the less acid or more alkaline is the water, pH 7 being about neutrality, anything
below that acid, and anything above that alkaline. :

Determinations of the alkalinity of the sea water can be carried out with little
difficulty at sea by the colorimetric method.”

The colorimetric tubes used on the Albatross in 1920 and on the Halcyon were
prepared especially for us by Dr. A. G. Mayor and used as prescribed by him
(Mayor, 1922, p. 63). 'These give correct readings for pH if the salinity be 32 to 33
per mille, but for higher salinities every additional 1 per mille of salinity requires a

2 For a fuller explanation of the reason for expressing the hydrogen-ion concentration by the term pH, rather than dl;ectl'y
see Mayor (1919 and 1922), Clark (1920), and Atkins (1922). . e
1 McClendon, Gault, and Mulholland (1917) and Mayor (1019) give details as to the preparation and use of the comparator

' tubes for rough and ready use at sea.
L
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correction of —0.01.of pH, and a corréction of + 0.01 for every 1 per mille by whlch
the salinity falls below 32 per mille, thus:

Salinity, per mille Correction to pH
20 e e e ———— e -+0. 03
B0 e i e e —— - ——————— +0. 02
. 3 PRI +0. 01
3288 e e e e e e — - 0

B e e e ————————— -0.01
BB e e e c—— -=0. 02

For use on shipboard, where conditions of light and shade are not always of the
best, and where the lurching of the vessel may make it difficult to handle delicate
apparatus, a dark comparator box, in which three tubes can be inserted—the sea
water to be tested and a standard on either side of it—much facilitates the comparison
of slight differences of color. We have made the following series of determinations
from the Albatross and Halcyon. Accuracy can be expected to +0.05 of pH, my
experience corroborating Mayor’s (1922, p. 65) statement that differences as small
as 0.03 pH can be detected with the particular colorimetric tubes employed.

Albatross stations

pH Sahnit Temper.

Station . Date Depth corrected | pe Ye ature ‘0

42° 20’ N. by 70° 40’ W, Mar. 10 | Surface —ceeceoucrecamaccanan 7.9 32,00 |eamencnnen
42°'17’ N. by 70° 07 W do 4o ooooo 7.9 32.43 2.2
42° 12’ N. by 69° 06’ W PRV T SR I (o1 7.9 32.656 2.22
Mar, 11 7.9 32.61 3.6l

o~ g e mal s

. . 3.5

4 ; gs gg gg 4.02

. . 3.61
2 7o | Bel i
i . . 3.33

20066 go ﬁeters.. ; g 32. gg 3.58
UMBCO oo cmceaccaicceae . 32. 3.05
e | omp
, . , 33
20068 7.9 33.86 4.40
e ome| i
20060 7.88 34.92 3.7
s 2N I
, .30
20074 : ;. 9 3. gg 468
. .56
20075 8 23,21 378
o b | Ba L
; , 32, 50
20079 oo oo 7.9 33.31 4.29
20082 7.9 32.59 2.67
20083 7.9 | 82.17 1.95
L 32,40 5of
20085 . . 05
20087 7.80 | 3422 508
20089 X 7.96 31,25 3.05
20000 : {Apr. L) A 1 7.9 32,36 3.33
- =i\ 7.9 32.48 2.2
20001 8 31,97 3.33
20092 7.94 31.01 3.05
20098 8.02 30,07 3.08
20096 ‘ 8.02 29, 94 2,78
20008 7.95 32.39 3.05
20099 7.99 31.46 3.61
20103 _ 7.9 32.74 3.80
20104 7.9 32,32 3.05
PUO7 cmmroroma e 70| k| P

. i
o | oBR|ip

1 . .

20109 3 sldollll 7.88 |  34.54 6.47
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Albatross stations—Continued

821

H | Balinity, | Temper-

Station Date Depth corrected per m| 6| ature °C.

20113 Apr. 17 7.9 ] sam ‘3,60

oo 7Oy S 3 +H S 4

. pr.

L1 Tdo... 7.9 | 3301 435

0117 Zdo 277} Surf 8 3187 381

2118 Apr. 20 8.05| BL56 s44

0121 May 4 818 | 20,08 558

= Moy 8 Shl Ru| I
{fMay A

o Ty Ih Bl iR

8y : . '

o R g AAEN I
[ « {1 SRR . . =g

o g iy Bal ae

128 : {%Ido - el @il i

~ ay 1 . i

N o | el iR
P 5 [ o IO, . " .

T Lo | mml 5%
=00 . . = .

- T “G0 22| Surf g 9 g%:? ?‘%
Q0 cean . . .

20120 {dor 78| 3472 828

20130 ——- May 19 | Surf 8 33.17 12,22

Halcyon stations

pH. Salinity, | Temper-

Station Date Depth, meters |, octad | per mille |ature, °C.

Dec. 20, 1920 | Surface 7.9 3182 3.80

Aug. 22,1022 |-——..d 8 | 180

P |8 R

comeaQ0 ccamaa
Xag, 24, 1022 79! Low| 1580

On March 25 and 26, 1919, Mayor (1922) found the alkalinity to be as follows
at several stations between Cape Ann and Yarmouth, Nova Scotia:*

Salinity, | Tempera-
Locality pH per ture, .
corrected | i SQ.

10 miles Off CBPE AN et ccrcceecrmrrosnraase s smem e msmmenmemedaccesoenein saamae 8.04 3178 4.3
47 miles off Boston HArbOr .. .vvumumicremccnccammamcaecvacnas 8 32. 54 4.2

. Near Cashes Ledge ....-. 8 32. 56 3.5
32 miles off Yarmouth 7.96 31.46 2.2
Smiles Off YAIMOULN o oo e oo oo oo cenccecnnmemmm—— e commee 7.06 31.67 1.4

Henderson and Cohn (1916) found the alkalinity of several Gulf of Maine sam-
ples to vary from pH 8.031 to pH 8.102.
Off the Atlantic coast of the United States, between New York and the Tortu-
gas, Mayor (1922) has reported a range of pH from 7.95 to 8.23, noting a character-
istic difference between the gray-green coastal water, with a pH of about 8, and
the deep blue gulf stream outside the edge of the continent, with a pH upward of 8.2.
The pH as tabulated above shows the Gulf of Maine to fall among the less

11 For general summaries of the measurements of pH that have been made in various seas, ses Clark (1920), Atkins (1923),

and Palitzsch (1023).
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alkaline seas, as might have been expected from its comparatively low salinity and
temperature. Within the gulf, however, the pH from station to station does not
correspond to the differences in salinity or in temperature; neither have I been able
find any definite parallelism between the pH and the abundance of diatoms—cer-
tainly no decided rise even at the times and stations when these pelagic plants are
flowering most freely In short, the volume of water is too large and its circulation’
too free for any given flowering to reﬁect its active photosynthes1s by an a,ppreclable'
local rise in pH.

The fact that in March the deeper of two samples was in several cases the
more alkaline, but that in May the reverse was true, may be significant, the phyto-
plankton being most abundant in the well-illuminated strata near the surface. It is
not improbable, also, that a larger number of observations carried out through the
the year would reveal a seasonal fluctuation of pH, with the maximum in early
spring and summer following the vernal ﬂowermgs of diatoms and the summer mul-
tiplication of peridinians, such as occurs in the Irish Sea?® (Moore, Prideaux, and
Herdman, 1915; Bruce, 1924).

VISUAL TRANSPARENCY

Measurements of the transparency of the water were taken at 18 stations dur-
the summer of 1912 with the ordinary ‘‘Secchi” disk—a metal plate 14 inches in
diameter, painted white, and rigged with a bridle, so that it hangs horizontal. This
is viewed through a water glass® while bemg lowered, and the depth at which it
disappears from view is recorded. ~

In the clearest water the disk was v1sxble to 8.2 fathoms, but at most of the
stations it disappeared at 4 to 5 fathoms. Local variations in transparency did not
parallel the variations in color (p. 823), for while the water was most transparent
when bluest, it was not least so where greenest but where the percentage of yellow
was only 20 (station 10038).

The transparency does not measure the penetratmn of sunhght for water
cloudy with silt or with diatoms may still be translucent, like ground or opal glass,
though transparent to only a small degree.

Transparency, in meters

X Transpar- . Transpar.
Date, 1912 Station ency Date, 1912 Station ency
’

10004 6.4 | Ang. 15._...... 10031 7.3
10011 11 AU 20 oo ciede e ciemaelilanl 10038 - 7.3
10012b 1 Aug. 2o —_—— 10037 7.3
10014 11 Aug. 22 10038 5.8
10015 8.2 ) 5 7 J ST 10039 11
10018 6.4} Aug. 24, o iiileiommaian 10040 9.1
10022 13 AUR. 20, e i cmen e 10043 9.1
1 15 Aug. 3l iiiecemma e e icce 10044 9.1
10025 12

- 1 8ee Nelson (1924) (of an accoﬁnt of rﬁpid diurnal variations of pH in the estuarine waters of New Jersey.’
- " The use of the water glass is necessary to escape the effect of reflections from the surface.
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COLOR

“ The color of the gulf was measured by percentages of yellow? during the sum-
mers of 1912 and 1913.

As is well known, the water is, as a whole, bluest outside the edge of the conti-
nent, greenest alongshore. With only 2 per cent yellow, the water at our outermost
station off Nantucket on July 8, 1913 (station 10060), closely approached the pure
gapphire blue characteristic of the so-called ‘“Sargasso Sea,” of the Mediterranean,
and of certain regions in tropical Indian and Pacific Oceans. In our experience the
water has never shown as small a percentage of yellow as this anywhere inside the
edge of the continent, though with only 5 per cent of yellow off Nantucket Shoals on
July 9, 1913, evidently only a slight overflow of tropic water would have been required
to produce very blue water. This is the minimum percentage of yellow so far
recorded for the Gulf of Maine proper, and three stations for 1913 point to 9 per
cent yellow as about normal for the central basin of the gulf.

At the other extreme, we have invariably found the percentage of yellow great-
est (27 to 35 per cent) in the coastal belt along the shore of Maine, out, roughly, to
the 100-meter contour, with secondary smaller but very green areas (27 per cent of
yellow) along the outer side of Cape Cod and in the German Bank region. The
greenest water so far recorded has been in Casco Bay, though inclosed locations
probably would prove equally green all around the coast line of the gulf. In the
western, northern, and eastern parts of the gulf, including the Massachusetts Bay
region on one side and the waters off the Bay of Fundy and west of Nova Scotia
on the other, the percentage of yellow has usually ranged from 14 to 20.

The Gulf of Maine, like most coastal boreal waters, thus falls among the greener
seas, its color agreeing fairly well with that of the English Channel and with. the
coast water of the Bay of Biscay (Schott, 1902, pl. 36). However, as I have noted
in earlier publications (Bigelow, 1914, p. 81; 1915, p. 225), the distribution of color
does not exactly parallel either the temperature or the salinity, for while low salin-
ity is reflected in a high percentage of yellow, the most saline part of the basin has not
been the bluest. The true key to local variations in color within the gulf is to be
found more in variations in the density and character of the plankton and in the
amount and nature of the silt which the water holds suspended.

The records for the two years combined show that the color of the gulf changes
but little from July to August or from year to year at that season. No measure-
ments of the color have been made at other times of year, but a browner hue is to
be expected alongshore when diatoms are flowering actively in spring.

- s8The:color of the ses ususlly is measured by the * Forel* scale, based on a combination of blue and yellow, the former being
5-gram copper smmonia sulphate -+ 0. 5 cubic centimeter ammonia in 95 cubic centimeters water; the latter 15-gram potassium
chromate in 100 cubic centimeters of water. The combinations used are as follows:

E 1-2 3 4 5 6.7 8 91011 12 13
Por €Nt bIUO. - ucaeeomamecconmeeme e cnneia 100 98 95 91 86 80 73 65 56- 46 35 23 10
Por cont YelloW.oo: . ooreeccacacsconccccacmmcmamccmmemeneemae 0 2 5 9 14 20 27 35 44 54 65 77 80
Various comparators have been devised for use on shipboard. For descriptions of the method employed on the Grampua
see Bigelow, 1914,p. 38. . : : .
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Color i:
Date General locality ' | Btation p:‘tgegf
yellow
1812
July 10 | Off Gloy - 10002
11 Near Gloumeester. ..o o oououio i 10004

13 | Off Boston Harbor....________l._
15 | Basin off Cape ABn.,eceeo_. ...
16 | Ipswich Ba?'-

16 | Northeast of Cape Apn...__
16 | Off Hampton, New Hampshire
17 | Near Isles of ShoalSeoeocmeseeraaensn.
24 | Off dKennebunkport ......

O

——— 10006

25 | CascoBay._._.. -
26 | Near Seguin Island -
27 | Caseo Bay
27 | OrrsIsland. ... _____
29 | Off Casco Bay.
Aug. 2| Off Monhegan Island
3 | Penobscot Bay..._...
7 | Off Cape Elizabeth.__..
7 | Platts Bank
8 | Offing of Penobscot Bay
8 | Off Matinicus Island___
8 | Near 8eguin Island...
14 | Basin South of Mount Desert____
14 | Basin, east side..____....o.co...
14
15
16
16
19

German Bank.....
Off Lurcher S8hoal
Off Mount Desert Rock..__.___..

Off Machias, Me o mn e e o e mn Smamm e e m————— o —————————————— oo . 10033

West end, Grand Manan Channel ._______ ——— Limmen 10035

20 | Offing of Machias, Me..____ cmimns 10036

21 | Near Mount Desert Island..___..__________ mmmcmevmo——— . 10037

21 | OffIsle al HAUG . oo covue oo oo . 10038
1913 - .

8 | Off Northern Cape Cod...o oo oooiaoeoon. . e e asm——m———————————— e ———————— 10057

8 | Southwestern (fart of basin.__... . 10058

9 | West side of Georges Bank 10059

9 | Offing of Nantucket Shoals, 10080

10 | Continental edge, off Nantucket Shoals 10081

Aug. 4| Off Chatham, Cape Cod 10085

5 | Off northern Cape Cod 10086

9 1 Gl t —— 10087

10| Center of basin. ..o ooio e oo e mccccccmmcmiealene 10090

11 | Offing of Penobscot Bay . 10091

11 | East 81d6 0f Dasin_ o et e e el 10092

12 ... s (s S, ;. 10004

12 | German Bank......._ .. 10095

12 | Off Lurcher Shoal 10096

13 | Off Machias, Me__........_. . 10098

.13 | Near Mount Desert Island 10099
13 | Near Mount Desert Rock. ; . 10100
14 | Offing of Penobscot Bay ..o ooooooeao 10101
14 ... do . " g 10102
15 Near Islesof Shoals.. . ..._..._.._.. . - . . 10104
15 | Offing of Ipswitch Bay. e et ram e mceanee—————————————————n 10105

. SERENSEERNI BN NuaBoll SRR NERNERRN NN ENNRNERERENES

SOURCES FROM WHICH THE GULF OF MAINE RECEIVES ITS
WATERS

In few parts of the world is the coast water that bathes the continental shelf as
sharply demarked from the oceanic water outside the edge of the continent as it is
off the east coast of North America, from the Grand Banks on the north to Cape
Hatteras on the south. Not only is the former much colder and much less saline .
than the latter, but the transition from the one type to the other is often remarkably
abrupt. To see the warm sapphire blue of the so-called “Gulf Stream” give place
to the cold bottle-green water over the banks is a familiar spectacle to mariners
sailing in fromsea. While it is unusual to meet as abrupt a transition as Smith (1923,
pl. 5) describes for one occasion (March 27, 1922) south of the Grand Banks, where
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the water changed from a temperature of 1.1° to 13.3° C. (34° to 56° F.) within
the length of the ship, and where the line of demarkation between the two waters
was made plainly visible on the surface by ripplings, the transition zone from the
one to the other is usually compressed within a few miles abreast the Gulf of Maine.

The general characteristics of the coast water in boreal latitudes have been
well described by Schott (1912) and are matters of common knowledge. I need
merely state here that mean annual surface temperatures lower than 15° and mean
salinities lower than about 33.5 per mille may be so classed, as distinguished from
the much warmer and more saline (35.5 per mille) tropic water, which is commonly
(though rather loosely) termed ““Gulf Stream’ as it skirts the North American
plateau.

In discussing the sources of the sector of the coast water included within the
Gulf of Maine, it will be convenient to consider the upper and lower strata separately,
for it is now proven they they draw chiefly from different sources.

SUPERFICIAL STRATUM
NOVA SCOTIAN CURRENT

Until detailed study of the physical characters of the coast water off northeastern
North America was undertaken by the United States Bureau of Fisheries, the Museum
of Comparative Zoology, and the Biological Board of Canada, a northerly source was
usually ascribed to the coastal water all along the seaboard of Nova Scotia, New
England, and much farther to the south. This, in fact, has been described, time out
of mind, as the “ Arctic current.” As I have remarked in an earlier report (Bigelow,
1915, p. 251), “almost all the ocean atlases show something of this sort; and it has
been accepted in one form or another in almost all the textbooks on physical
geography and oceanography (for example, Maury, 1855; Reclus, 1873; Attlmayr,
1883; Thoulet, 1904; Kriimmel, 1911; Schott, 1912; the German Marine Observ-
atory (Deutche. Seewarte, 1882), the current charts of the United States Navy
(Soley, 1911), and the British Admirality (1897) current chart.)”

The low temperature of the surface water near shore, contrasted with the “ Gulf
Stream” offshore and with the oceans asa whole at the latitude in question, natu-
rally suggests a northern origin until analyzed in relation to other factors (p. 686).
Ostensible evidence to the same effect is afforded by the continuity of the cold zone
all along the northeastern coasts of North America, with its mean temperature grad-
ually decreasing from the south toward the Newfoundland-Baffins Bay region in
the north. The southwesterly drift that has been reported repeated]y slong the
coasts of the northeastern United States and Nova Scotia argues in the same direc-
tion; so, also, the extension of a generally boreal fauna southward and westward as
far as Cape Cod, with planktonic communities of this category spreading still farther
in this direction in winter.

The observations on the temperature, salinity, and circulation of the gulf, detailed
in other chapters, do, in fact, prove beyond reasonable doubt that water from
the northeast (low in temperature) does flow past Cape Sable into the Gulf of Maine
for a time in spring, sometimes into the summer. Before considering what part this
actually plays in the Gulf of Maine complex a few words may well be devoted to its
probable source. :
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Up to 1897 the supposed coldness of the coastal water along North America in
general, and any definite evidences or reports of a current from northeast to south-
west in particular, were usually classed as southward extensions from the Labrader
Current. Without much analysis this Arctic stream was generally thought ‘to flow
down from the Grand Banks region, past Nova Scotia, and so southward along the
whole eastern seaboard of the United States, carrying to New England the cold
resulting from the melting of ice (floe and berg) in Baffins Bay or about the Grand
Banks. Some such southerly branch of the Labrador Current is taken for granted
in most of the older textbooks, charts, and diseussions of North American hydrog-
raphy. Thus Libbey (1891, 1895), in his studies of temperature south of Marthas
Vineyard, definitely identified as such the cool band that he recorded along the con-
tinental edge in the offing of southern New England. This view was widely held
until recently. Sumner, Osburn, and Cole (1913, p. 35), for example, state, on the
authority of the United States Navy Department, that the Labrador Current flows
from the Grand Banks past Nova Scotia and so southward as far even as Florida,
narrowing from north to south. Kriimmel (1911) believes the polar water tends to
drift southwestward across the Grand Banks and so to Nova Scotia. Engelhardt
(1913, p. 9, chart B) did not doubt that the Labrador Current bathes our coasts at
least as far as the Gulf of Maine. Johnston (1923, p. 271) describes it as hugging
the coast of North America from Halifax to Cape Cod; and as recently as 1924 Le
Danois (1924, p. 14) wrote of the ‘‘dernierés eaux du courant du Labrador qui
longuent la cote des Etats Unis.” ‘

On the other hand, Verrill (1873, p. 106; 1874), in the early days of the United
States Fish Commission, had maintained that the actual temperatures of the deep
strata of the Gulf of Maine did not suggest the effects of any Arctic current, though
he qualified this generalization by adding that the gulf receives accessions of cold
water, ultimately coming from the north, by the tides.

It is obvious that for the Labrador Current to follow the track usually ascribed
to it implies a dominant cold drift setting southwestward from the Newfoundland-
Grand Banks region across the oceanic triangle that separates the Newfoundland
from the Scotian Banks, and so in over the latter toward the coast; but although a
current of this sort is represented on many charts, its supposed extension westward
from the Grand Banks to Nova Scotia seems to have been based more on theoretic
grounds (the assumed necessity for connecting the cool coastal water to the south-
ward with the Arctic flow from Baffins Bay) than on direct observation. Schott
(1897), who first attempted a detailed study of oceanography of the Grand Banks
region, also failed to find any dominant set from northeast to southwest across
the banks, in spite of the proximity of the Labrador Current, which has long been
known to skirt their eastern edge and sometimes to round the so-called *tail of the
bank’ for a short distance westward and northwestward. He did, it is true, record
sporadic movements of this Arctic water in over the banks, but he believed them
too small in volume and too irregular in occurrence to be anything but temporary
surface currents caused by the northeast winds, which often blow fresh there. His
conclusions were based on so many records of temperature and on measurements of
the current taken from fishing vessels lying at anchor on the banks that they form
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‘the foundation for more modern knowledge of the charactenstlcs of the Labrador
“Current in the Grand Banks region.?

~ Schott’s chief thesis—that the most southerly bounds of the Labrador Current
as a definite stream flow lie not far south or west of the “tail’’ of the Grand Banks—
‘has been corroborated by theé extensive oceanographic observations taken yearly by
the International Ice Patrol since 1914 (Johnston, 1915; Fries, 1922 and 1923;

E. H. Smith, 1922 to 1927; Zeusler, 1926), both in the region of the banks and in the
oceanic triangle between the latter and Nova Scotia; also by the drift-bottle expen—
ments carried out by the Biological Board of Canada (Huntsman, 1924).

The data gathered by the Ice Patrol are especially instructive in connection
with the Gulf of Maine, both because of their extent and because especial effort has
constantly been made to chart any extensions of the Labrador Current that might carry
bergs toward the west or southwest—extensions usually easily traceable by their icy
temperature, even if carrying no bergs with them at the time. Furthermore, the oper-
ations of the patrol cover the part of the year (March to July) when the Liabrador
Current is greatest in volume as it flows southward and lowest in temperature—
hence, when it would be muost likely to reach the coa,st liné of Nova Scotla or the
Gulf of Maine, if it ever does so. '

So many oceanographic sections have now been run in various directions from
the tail of the Grand Banks by ‘the patrol in various years, and between the
banks and Halifax, with so careful a record of all bergs since 1911, whether actually
sighted by the patrol cutter or reported by other ships (E. H. Smlth 1924a, chart M),
that it is hardly conceivable that any considerable or constant flow of icy cold water
from the Grand Banks region toward Nova Scotia could have escaped attention
during the seasons covered.

Actually, however, not a single phenomenon of this sort has been encountered
during all the years of the patrol. Thus, Johnston (1915, p. 41), in his report on the
operations of 1914, definitely states that ‘‘as a stream, Labrador water never gets
west of Grand Bank”; consequently, that the name * Labrador Current,”” as applied
to the cold water along the eastern coast of the United States, is a misnomer. Fries
(1922, p. 73), in discussing the oceanographic observations during the patrol of 1921,
also failed to find any evidence of the Labrador Current continuing westward from
the Grand Banks toward the Gulf of Maine. With the accumulated data of succes-
sive years, E. H. Smith (1923) describes the Labrador Current as usually reaching its
farthest boundary on the south and west, somewhere between latitude 42° and 43°,
longitude 51° and 52°, where it eddies sharply to the eastward. A similar account
has recently been given by the Hydrographic Office, United States Navy (1926). As
this was the case during the spring and early summer of 1923 (a year that may be
classed as normal, both in respect to the number of ice bergs that drifted down to
the tail of the Grand Banks and to temperature), and again in the ice-free season of
1924, E. H. Smith (1924a, p. 144) seems fully justified in his conclusion that when the
Labrador Current recurves westward around the tail of the banks thisis ‘‘ the extreme

2 8chott (1897) deseribed small amounts of polar water as turning westward past Cape Race along the south coast of New-
foundland, to enter the Gulf of St. Lawrence via the northern side of Cabot Strait, where an inflowing current (i. e., setting
west) has often been reported. More recent studies, however, have made it seem unlikely that it extends so far,
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southern extension of the cold polar water.” ¥ Observers who have actually studied
oceanographic conditions first hand in the Grand Banks region are unanimous to this
effect.

The evidence of temperature and salinity on which this general thesis rests is
set forth in detail in the successive reports of the patrol (see also Bjerkan, 1919;
Le Danois, 1924, p. 40, and 1924a, p. 46) and need not be repeated here. I need only
point out that any branch of the Labrador Current that might flow southward from
the banks would not only be betrayed by its temperature and salinity (p. 829) but
it would doubtless carry bergs with it in greater or less number from time to time.
Actually, however, not a single berg (except small ones drifting out from the Gulf
of St. Lawrence) was reported west of longitude 55° during the period from 1911 to
1924, very few west of longitude 52°, whereas some hundreds came drifting down
along the east slope of the Grand Banks during that period (see E. H. Smith, 1924,
chart P, showing distribution of ice bergs from 1911 to 1923).

The results of the drift-bottle experiments carried out in eastern Canadian waters
within the past few years by the Biological Board of Canada have not yet been
published in detail. However, Dr. A. G. Huntsman kindly supplies the informa-
tion that they give no more suggestion of a definite stream from the Grand Banks
toward Nova Scotia than do the temperatures or ice drifts just discussed.?

~ In short, no actual evidence of such a current is forthcoming from recent inves-
tigations, but the reverse. I have no hesitation, therefore, in definitely asserting
that the Labrador Current does not reach, much less skirt, the coast of North Amer-
ica, from Nova Scotia southward, as a regular event, corroborating Jenkins’s (1921,
p. 166) statement that it does not reach the coast of the United States. Conse-
quently this is not the direct source of the cold current that reaches the Gulf of
Maine from the east. If overflows of the Labrador Current do take place in this
direction they are of such rare occurrence that no event of this sort has yet
come under direct scientific observation.
_ As Huntsman (1924, p. 278) points out, a certain amount of the water flowing
down from the Arctic may move westward and southwestward along the slope of
the continent as a constituent of the slope water (p. 842), so much warmed, however,
en route, by mixture with tropic water that if it reaches the Gulf of Maine at all it
does so as a warming and not as a cooling agent, and on bottom, not at the sur-
face. Labrador Current water in small amount may also reach the gulf indirectly
via the Gulf of St. Lawrence route, shortly to be discussed; but if so, its distinguish-
ing characters as an Arctic current are lost, and it becomes one of the constituents
of a coastal current.

The physical characters of the cold band of water that hugs the outer coast of
Nova Scotia also forbid the idea that it draws direct from the Labrador Current.
According to the observations by the Scotia (Matthews, 1914), the records of the
Canadian Fisheries Expedition of 1915 (Bjerkan, 1919), and the much more exten-
sive data that have been accumulated during the years of the Ice Patrol, the

2 The reader is referred to Smith’s chart (1924a, sketch 10, p. 150) for the normal distribution of the Arctic water around the
banks in the spring and early summer; also to his general scheme of circulation in the vicinity of the tail (Smith, 1924a, p. 135) .

#“Huntsman'’s chart (1924, fig. 32) showing the complexity of the circulation between Nova Scotia and Newfoundland
includes the most outstanding results of these experiments.
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unmixed Labrador Current (temperature below :—1°) is colder than the coldest
outflow from Cabot Strait, or than the coldest water over the Scotian shelf, which
have never been found to fall below —0.5° in temperature. . The evidence of salin-
ity, of like import, is even more instructive in this respect, for the undiluted Labrador
Current off the Grand Banks is considerably more saline than the cold water. next
the Nova Scotian coast, being characterized by a salinity of at least 32.5 per mille,
while its surface salinity hardly falls below 32 per mille even along its inner edge,
where most influenced by drainage from the land (minimum so far recorded about.
31.9 per mille; Matthews, 1914).

“From this,” as I have stated elsewhers (Bigelow, 1917, p. 236), ‘it appears that
did any considerable amount of unadulterated Labrador water join the Nova Scotia
coast current, the temperature of the latter would be lower, its salinity higher, than
in Cabot Straits’’; whereas both the temperature and the salinity of the cold band
skirting the Nova Scotian coast have proved remarkably uniform, from the straits
westward to its farthest extension. It is true that an infusion of Labrador Current
‘water (spreading westward from the Grand Banks region) might join the Nova
Scotian coast water without lowering the temperature of the latter did it mix suffi-
~ ciently with the warmer water, which it must needs displace en route, to raise its
own temperature by 1° or more. Such a mixture, however, would necessarily raise
its sahmty as well as its temperature, because the water that normally fills the deep
oceanic triangle between the Scotian and Newfoundland Banks is considerably more
saline than the Labrador Current, a fact amply demonstrated by repeated profiles
run by the Ice Patrol and by the Canadian Fisheries Expedition (Bjerkan, 1919).
Hence, if any large amount of such mixed water joined the cold Nova Scotian coast
current, the salinity of the latter would be made considerably higher than it actually
is, so that salinity would betray the event even if temperature did not. Actually
nothing of the sort has been recorded, observations taken by the Grampus, the
Canadian Fisheries Expedition, and the Ice Patrol uniting to demonstrate that low
salinity is as characteristic of the cold band next Nova Scotia as low temperature is.
However, the temperatures and salinities taken by the Acadia in July, 1915 (Bjerkan,
1919), make it at least highly probable that isolated offshoots, pinched off as it were
from the Labrador Current, do occasionally drift westward as far as the continental
slope off Banquereau Bank and Cape Sable. Otherwise it would be difficult to
account for the pool of icy water (—1.7°) then reported off Sable Island—a pool
both colder and more saline (32.82 to 33.08 per mille) than the outflow from the
Gulf of St. Lawrence, but which reproduced the coldest water of the Newfoundland
Banks in its physical character. '

These several lines of evidence forbid the possibility that the Labrador Current
is directly responsible for the low temperature of the cold water that reaches the
Gulf of Maine from the east. Water from the Labrador Current may reach the Gulf
of Maine indirectly via the discharge from the Gulf of St. Lawrence, for a certain
amount of this Arctic water may enter the latter along the northern side of Cabot
Strait. Huntsman’s (1925) recent survey of the Straits of Belle Isle pomts to a
greater inflow of Arctic water by this route than Dawson’s (1907) earlier survey had
suggested; but even so, it is an open question whether this Arctic contribution is
sufficient to lower the temperature of the coldest stratum of the Gulf of St. Lawrence
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(or-of its discharge around Cape Breton) below the pomt to whlch wmter chllhng*, ,
per se, and ice melting in situ, would reduce it. '

Schott (1897) and Hautreaux. (1910 and 1911), abandoning the Labrador Current
saw in the Gulf of St. Lawrencé the source of the cold coast water as far west and
south as New York. :This view is supported by so much evidence that in earlier
publications (Bigelow, 1915, 1917, and 1922) Thave described the cold Nova Scotisn
water that flows past Cape Sable into the Gulf of Maine as 'probably a' direct con-
tinuation of the current that is known to flow out: through Cabot Stralt on the Cape
Breton side. A K

- Briefly stated, the evidence on'which this view was based stOOd as follows up to
1922, when Canadian experiments with drift bottles threw new light en the subject:

The enormous volume of fresh water poured yearly into the Gulf of St. Lawrence
by its tributary rivers, added to a deep current of slope water flowing in-through
Cabot Strait on the bottom (Huntsman, 1924), apparently, too, with a. balance of
inflow over outflow in-the Straits of Belle Isle, and with the currents on the north side
of Cabot Strait usually inward, while the rain that falls on the surface of the Gulf of
St. Lawrence-almost certainly exceeds the evaporation- therefrom, make it certain
‘that ‘the current flowing out via the south side of Cabot Strait discharges a large
volume of water. Expenment&l evidence substantiates this, for current measure-
ments by the tidal survey of Canada (Dawson, 1913) seemed to establish a constant
outflow there, at least 30 miles broad abreast of Cape North, with an average
velocity of about half a knot per hour at the surface, which Dawson (1913) termed
the “Cape Breton current,” but was earlier known as the “Cabot current.”

Temperatures and salinities taken by thé Grampus in the eastern side of ‘the Gulf
of Maine, near Cape Sable, and as far east along the outer coast of Nova Scotia as
Halifax, in 1914 and 1915, pointed to a direct continuation of this “Cape Breton” or
“Cabot” current southwestward alongshore, nearly to the Gulf of Maine, during

~ these summers (Bigelow, 1917, p. 234). Futhermore, a dominant surface drift of
14 knot per hour toward the southwest was recorded by the Ekman current meter off
Shelburne, on July 27 and 28, 19 14 (station 10231), only 30 miles east of ‘the entrance
to the Gulf of Maine. ‘

‘ Thus the physical character of the water, combined with readings of the current
’meter, seemed to show a direct surface drift from the northeast along the Nova Sco-
tian coast between Shelburne and Halifax, distinguishable by a considerable difference
in temperature and salinity from the salter, warmer water that bounded it on the sea-
ward side.” "These characteristics and the fact that we found such characteristically
Arctic components as Limacina helicina and Mertensia ovum among its plankton
seemed to class1fy it as actually the southernmost prolongation of the outflow from
Cabot Strait (Bigelow, 1917, p. 357).
' Observations taken by the Canadian Fisheries Expedition of 1915 (Bjerkan, 1919)
anid returns from several series of drift-bottle experiments subsequently carried out
by the Biological Board of Candda in the years 1922, 1923, and 1924* have proven
the circulation over the continental shelf along Nova Scotia to be of a nature much

»Huntsman, 1925, and notes kindly contributed by him
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_jmore’complex than the simple stream: flow from northeast to southwest:suggested by
. thie earlier evidence. .

The track followed by the ice drifting out.of the Gulf of St.Lawrence: mespecmlly
instructive here in this.connection, because this discharge takes place in spring (chiefly
“in Agril and May) just when.the Nova Scotian current.is'flooding past Cape Sable
“sinto the Gulf of Maine in greatest: volume; whereas most of the drift-bottle experi-
pents have been.carried out in' summer, when -this current is usually inactive or.at
least is carrying so small a volume of water past Cape Sable that it is no longer an
important cooling agent for the Gulf of Maine. . According to Johnston (1915), the
“ice that comes out along the Cape Breton side of Cabot Strait does not tend to
“follow the Nova Scotian coast around to the southwest, as it would if the outflowing
«urrent hugged the coastline, but divides. = Part drifts outto-the southeastward;
but the ice that emerges from the gulf nearest the Cape Breton coast moves south-
ward across Banquereau Bank, where it fans out, to the offing of Halifax.

«: . 'These lines of dispersal correspond very closely with theicy water which B}erkan’
(1919) data for May, 1915, show spreading out from the southern side of Cabot
Strait to the region of Misaine and Banquereau Banks (fig..167), but separated from
the still colder (—1°) water.en the Newfoundland Banks by & warmer (0°) core in
1he axis of the Liaurentian Channel, and with much higher temperatures off the mouth
iof the latter. Especially suggestive, from the standpoint of the Gulf of Maine, is the -
parrow icy tongue (0° to —0.2°) that then extended westward along Neva.Scotia
past Halifax; a band comparatively uniform, also, in salinity from east to west (31.5
to-32.5 per mille) ‘and considerably . less saline than the still colder water on the
Newfoundland side of the Laurentian Channel (temperature. lower than —19;
salinity 32.7 to 33.2 per mille). This the Ice Patrol cutter had also crossed on her run
in to that port about a week earher (Umted States Coast Guard stations 26 and 27,
May 20, 1915).

‘Lacking data in the offing of Cape Sable it is not possible to state Whether thls

cold tongue actually extended to the Gulf of Maine that May, though it may have
.done so earlier in the season and certainly does so during the spring in some yea.rs
(p. 681).
' A similar concentration of cold water close in to Nova Scotla appears from the
temperatures taken by the Ice Patrol along a line from Halifax toward Sable Island
in spring in other years. The records for 1919 are especially instructive, showing
this band widest at the end of March, when the whole column of water next the land
was fractionally colder than zero from the surface to bottom; smaller in volume in
April, when it was overlaid by slightly warmer (0° to 1°) water; and shrunken to a
narrow tongue on the bottom not more than about 20 miles broad in May.*®

Drift bottles set out by the United States Coast Guard cutter Tampa (Capt. W.
J. Wheeler) on April 18,1924, along aline running 119° (about SE x E14 E.) true from a
‘point about 18 miles southeast of Sable Island (43° 48’ N.; 59° 26’ W.) for 50 miles,
likewise . show a drift froin this region first northward toward:the land and then west-
ward toward.the Gulf of Maine, three out of the seven returns (all from. the inner
end of the line) being from Sable Island, one from the Nova Scotian coast not far

3 The March profile also cut across the southwestern edge of the icy Cape Breton-Banquereau pool:near.8able Istand.
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from Halifax, and one from Gloucester Harbor, where it was picked up on August -
14.3'  Although two of the bottles from this line drifted to Newfoundland, showing -
a division, this does not detract from the evidence of the Gloucester recovery. ;

Clearer evidence that the cold tongue that skirts Nova Scotia and flows past
Cape Sable into the Gulf in Maine in spring is actually an overflow from the i icy
pool that develops from Cabot Strait out over Banquereau Bank, when the ice is
coming out of the Gulf of St. Lawrence, could hardly be asked than results from the
temperatures, salinities, and bottle drifts just discussed.

I believe it now sufficiently demonstrated that while this cold pool (fig. 167)
owes its low temperature, to some extent, to the direct outflow of icy water from
the Gulf of St Lawrence via the Cape Breton side of Cabot Strait, it more directly
mirrors the chilling effect of the field ice from the Gulf of St. Lawrence as this
melts in the region between Banquereau Bank and Sable Island.. Consequently,
cold water that reaches the Gulf of Maine from the east is, in fact, ice-chilled,
‘though this takes place 300 miles or more to the eastward of the eastern portal to
the gulf.

It is to this cold band skirting Nova Scotia that the name ‘“Nova Scotian cur-
rent”’ is applied in the preceding pages. During the spring a large volume of water
enters the eastern side of the Gulf of Maine from this source, producing the effects on
salinity and temperature described in the chapters on those physical features; and
this is certainly the chief source that contributes cold water of northern origin to the
Gulf of Maine—almost certainly the only source making a contribution of this sort
sufficient in amount and cold enough to exert any appreciable effect on the tempera-
ture of the gulf (p. 682).

This current flows into the gulf in volume during only a few weeks in spring—
earlier in some years, later in others. As its fluctuations are referred to repeatedly
in the preceding pages a summary will suffice here.

In.1920 (a late season) icy water (<1°) from this source had spread west-
ward as far as the offing of Shelburne, Nova Scotia, by the last week in March; but
neither the temperature nor the salinity of the eastern side of the Gulf of Maine give
any evidence that it had commenced to flood past Cape Sable up to that date, nor
do the isohalines for that April suggest any drift of water of low salinity into the gulf
from the east. The coastal zone, also, warmed about as rapidly in the one side of
the gulf as in the other during that month (p. 553). Conditions seem, then, to have
remained comparatively static off Cape Sable through the first two months of the
spring of 1920, and if the Nova Scotian current discharged at all into the gulf in that
year this did not happen until May or later. In 1919, however, an early season, its
western expansion culminated before the last of March, and had slackened, if not
ceased, by the end of April (p. 558). In thisrespect 1915 seems to have been inter-
mediate (s0 may be taken as a representative spring), with the Nova Scotian current
exerting its chief chilling effect on the eastern side of the gulf before the first week
in May. (p- 560), and slackening from May to June, as indicated by the contraction
(to the eastward) of .the area inclosed by the surface 1sohalme for 32 per mille (cf.
fig. 120 with fig. 128).

3 Information kindly supplied by Dr. A. G. Huntsman.’
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The salinities and temperatures of the eastern side of the gulf make it probable
that the westerly flow past Cape Sable slackens or ceases by June, at the latest, every
year—often a month or more earlier than that. . In some years sporadic movements
of water undoubtedly take place from east to west past the cape later in the season;
but the drift of bottles put out on several lines off Nova Scotia by the Biological
Board of Canada during 1922; 1923, and 1924 shows tbat the circulation over the
continental shelf between Browns Bank and the Laurentian Channel becomes exceed-
ingly complex during the late summer, variable from summer to summer, and
largely controlled by the contour of the bottom.* ‘

During some summers & rather definite current from east to west persists along
the Nova Scotian coast right through July and August. This statement is based on
the drifts for 1924, when a number of bottles set out on three lines normal to the
general trend of the coast between Halifax and the Straits of Canso, during July and
August, were picked up in autumn in the Gulf of Maine. Many other bottles from
the most easterly lines also traveled westward during that summer but stranded
before they reached Cape Sable.? :

The probable tracks of the bottles that went westward, localized some 12 to 25
miles out from the land, correspond so closely with. the tongue of coldest water
charted for May, 1915 (fig. 167), that the dominant drift was evidently essentially
the same for both. In May, as temperatures show, this east-west movement involved
a stratum of considerable thickness; but in the summer of 1924 it was more strictly
a surface phenomenon, probably with the underlying water circling offshore along
Roseway and La Have Banks in the more usual anticlockwise eddy, because what
few temperatures were taken in the gulf that summer (p. 996) suggest no greater
transference of cold water (such as a bottom current past Cape Sable would entail)
than usual. ‘ v o

The westerly set may again have continued past Cape Sable until September in
1926, when many drifts were recorded from the offing of the cape into the gulf, as
summarized on page 909. “ ‘

The bottle drifts for the other summers of record show, however, that it is
unusual for the Nova Scotian current to persist as a definite stream-flow as far west as
Cape Sable after June, but that the deep basin between Sable Island Bank on the
east and La Have Bank on the west is usually dominated (in summer) by an anti- -
clockwise eddy named by Doctor Huntsman the “Scotian eddy,” similar to, though
not as extensive as, the eddy that dominates the basin of the Gulf of Maine:

In summers of this type whatever drift takes place intermittently around Cape
Sable into the eastern side of the Gulf of Maine draws from what Doctor Huntsman
describes as a sort of dead-water region off the cape. True, this, in its turn,
receives water of low temperature from the Scotian eddy, but also from the warmer
slope water that drifts westward along the .edge of the continent, as appears from
the recoveries of Canadian drift;_ bottles. Consequently, the surface water that

3 Only a preliminary statement: of the general results has yet appeared (Huntsman, 1924); but Doctor Huntsman has very
kindly allowed quotation from his. tinpublished notes. : . ’

32 The account of these experiments contributed in advance of publication by Doctor Huntsman-also shows complex drifts
inshore and to thg‘ eastward ‘for many bottles set out off County Harbor and off Beaver Harbor, whichneed not be discussed here.
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ehters the eastern side of the Gulf of Maime in summers of this type is not.cold, but
actually is warmer than the water it meets within the gulf. S PP
. ..'This we found to be the case in July and August of 1914, when salinities and
témperatures showed that the.cold tongue was eddying offshore toward the edge of
the continent, and to-the left, a short distance east of the longitude. of Cape Sable
@Bigelow, 1917), although a'dominant, southwesterly set of about 1 knot :per hour
was then recorded in the offing of Shelburne (station 10231).. The observations
taken during the last week of July, 1915, by the Canadian Fisheries Expedition
(Bjerkan, 1919), corroborated by our own September stations for that year (10312;
10313, and 10314), again showed the coldest and least saline water as veering south~
ward from the offing of Shelburne toward La Have Bank —not continuing west-
ward to Cape Sable. . S A : :
The summer of 1922 seems also to have belonged to this category, because, as
Doctor Huntsman informs me, not one of the bottles that were put out to the east-
ward of Shelburne, Nova Seotia, during that summer has been reported from the
Gulf of Maine; but a series set out on a line running southwesterly for 125 miles
from Brazil Rock, just east.of Cape Sable, on the 17th of that July, evidently eoin-
cided with the.zone of transition between the Scotian and Gulf of Maine eddies,
because about as, many bottles from the inner end.of the line were reported from:
the Gulf of Maine and Bay'of Fundy (p. 908) as from the eastward, while more either
drifted inshore or remained stationary . T T
Four others, set out near the outer edge of the continental shelf, were. picked
up on the west coast of Nova Scotia, in the Bay of Fundy, and on the coast of
Maine. The latter drifts, Doctor Huntsman points out, indicate a westward ten-
dency along the edge of the continent and entrance into the gulf around or across
Browns Bank with the slope water discussed-below (p. 842). Such of the bottles
from this line as finally drifted into the Gulf of Maine eddy traveled with consider-
able speed (p.847); but so many of them worked slowly shoreward, and the dis-
persal was so nearly equal in the two directions, east and west, that the water off
Cape Sable is described by Doctor Huntsman as “ a relatively dead zone” at the time,
so far as any nontidal drift is concerned. Tidal currents, however, run with great
velocity in this region, especially close in to land. - T
- A dead zone of this same sort seems again to have developed off Cape Sable
during the summer of 1923, when, as Doctor Huntsman writes, some bottles from a
line running eastward from Browns Bank toward La Have Bank (i. e., at right
angles to the Cape Sable line of the year previous) were finally recovered in the
Gulf of Maine after drifts no more rapid than those of the 1922 series, while others
were picked up on the other side of the Atlantic (England, Ireland, France, and the
Azores) a year later. The only bottle from lines edst of La Have Bank, which is
known to have reached the Gulf of Maine during that summer, was one set adrift
in Cabot Strait on July 18 and picked up near Cape Sablé on December 2. This
bottle, Doctor Huntsman suggests, may have gone out along the western side of’
the Laurentian Channel, then westward along the edge of the continent, ‘and'so’

, ¥ Doctor Huntsman kindly allows quotation of these results {n.advance. of publication. . They are discussed morqymlli in;
another chapter (p.908). ) R - ) ) ) ) S
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finally northward toward the Gulf of Mame, via Browns Bank ‘and the Cape Sable
dead water.

In years such as those just descnbed the region in the offing of C‘ape Sable,
out to Browns Bank, between the two major cireulatory eddies (Scotian:and Gulf
of Maine) but not directly within the sweep of either, is evidently the site of a very
active mixing of waters of diverse origins. - Under such conditions a very abrupt
east-west transition in temperature and salinity develops off the cape, proving that
the westerly (inshore) component of the Scotian ‘eéddy is not the motive power for
such water as does then flood into this side of the Gulf of Maine. This eddy, on
the contrary, is clearly outlined by the surface salinity for July and August, 1914
(Bigelow, 1917, fig. 18), and for June, 1915, as swinging offshore toward La Have
Bank, which prevents it from flooding westward through the Northern Channel,
toward which the rotstion of the earth would direct it, did the contour of the bottom
allow.

The: strong tidal currents off southern Nova Scotia must- tend, however, to
pump water from the Cape Sable deadwater into the gulf, because the flood, running
westward at a mean veloeity of 1.4 knots (Dawson, 1908, station R; a journey of
something like 814 miles for any given particle of water); must follow westward and
northward around Cape Sable as it is forced to the right against the shore by the
effect of the earth’s rotation. With the ebb similarly deflected to the right, a clock-
wise movement around the rounded outline of southwestern Nova Scotia naturally
results, such as eddies around any submerged shoal in high northern latitudes.

. TROPIC WATER

' We may next consider the possibility that overflows of the suiface stratum of
tropical or “Gulf Stream”’ water, the inner edge of which always' lies within a few
miles of the edge of the continent, may enter the Gulf of Maine from time to time;
also possible movements of the coast water from west to east past Cape Cod into
the gulf, either via Vineyard Sound or around Nantucket Island. Water from either
of these sources would reach the gulf as warm currents, contrastlng with the cold'
Nova Scotian current, the former high in salinity, the latter low.

. As pointed out above (p. 700), events of the first category undoubtedly do occur
on occasion. Small amounts of “Gulf Stream’ water have long been known to drift
inward, toward the sector of coast line bounded on the east by Marthas Vineyard
and on the west by Narragansett Bay, during most summers, bringing with them a
typically tropical fauna of fishes, planktonicinvertebrates, and Gulf weed (Sargassum).

Were it not for the peculiar distribution of densities off the slopes of Georges and
Browns Banks, shortly to be described (p. 843), which produce more or less constant
dynamic tendency for the surface stratum to move out, seaward, from the edge of
the continent (a tendency altered into a long shore current to the westward by the
deflective effect of the earth’s rotation; p. 846), tropic water might similarly be
expected to drive in over the surface right across the banks under the propulsion of
high and prolonged southerly winds. Under most conditions, however, the distri-
bution of density imposes an impassible barrier to surface drifts from the southward
into the gulf (p. 939). It is fortunate for the fisheries of New England that such is
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ithe case, for were Georges and Browns Banks subject to:frequent overflows: by the
‘high temperatures of the so-called “Gulf Stream” sufficient in amount. to dominate
ithe column from surface to bottom, existence on the Banks would become impos-
gible for cod, haddock, halibut, and, in fact, for the whole category of boreal fished:

Under exceptional conditions ‘departures from the normal temperatures -and
galinities along the zone of contact of the banks and tropic waters may allow. the
Iatter to reach the Gulf of Maine as a surface drift if driven by southerly winds.
‘An overflow of this sort was, in fact, reported by Capt. E. Kinney of the S. 8.
‘Prince Arthur; who observed unusually blue water with gulf weed and a tempera-
ture of 20°C. (68°F.) in the center of the gulf, latitude 42° 43’ N, longitude 69°
13’ W., on July 14, 1911, preceded for several days by a strong current toward the
northwest in its western side (U.'S. Hydrographic Office pilot chart for January,
1913). However, no events of this sort have come under our observation, so they
.must- be exceptional, for their effects on the salinity of the gulf and on its'plankton
would be unmistakable. ' » : S

It may be definitely asserted, therefore, that tropic water from outside the con-
‘tinental edge seldom affects the temperature or salinity of the gulf except as one of
-the constituents of the water that flows in through the Eastern Channel. '
. Tt is one of the most interesting oceanographic features of the Gulf of Maine
.that the latter is so little subject to tropic influences, either in the physical character
of its waters or in its fauna or flora, when tropic water lies so close at hand.

COASTAL WATER FROM THE WEST

The possibility that the coastal water overflows around Cape Cod from the
west in any considerable volume, and so into the Gulf of Maine, seems extremely
remote. -On the contrary, all the evidence of current-meter measurements, drift-
bottle experiments, distribution of temperatures and salinities (see especially p. 974),
and geographic distribution of the fauna (bottom as well as planktonic) points to
just the reverse movement—i. e.,out of the gulf in this side.. The evidence that the
dominant drift past Cape Cod, and so around or over Nantucket Shoals, is out of
the Gulfof Maine, not into the latter, is conclusive. ' e

RIVER WATER

In addition to the superficial ocean currents just discussed, which bring water
to the Gulf of Maine, its tributary rivers discharge a volume of fresh water so large
that it must be taken into consideration in any study of the salinity or circulation
of the gulf. '

Unfortunately, the annual combined discharge of the several river systems can
not yet be stated, much less the contribution made by the numerous minor streams

-that empty into the gulf, for most of the flow measurements made by ‘the. United
States Geological' Survey within recent years (see especially Porter, 1899; Pressey,
1902; and Barrows, 1907 and 1907a) have been for localities far. upstream. The
published data for the Kennebec at Waterville, Me., and for the Merrimac at
Lawrence, Mass., are perhaps the most instructive in the present connection. These
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records for the Kennebec cover a drainage area of 4,410 square miles® out of a total
6,330—i. e., about two-thirds of the river basin. The average flow is given by
-Porter (1899) as 6,400 cubic feet per second for the four years 1893 to 1896; and
though a great number of records have been obtained subsequently, this figure may
be taken as representative. ‘In other words, if this be two-thirds of the total flow
of the river (probably it is no more, because two important tributaries enter below
Waterville), the Kennebec River annually pours something like 300,000,000,000 cubic
feet of water into the Gulf of Maine, or enough to flood an area of. about 8,000
square miles® to the depth of 1 foot. The discharge from the Merrimac is about
the same in relation to the area of its watershed—i. e., an average of about 6,800
cubic feet per second (8 years, 1890 to 1897) from about 4,553 square miles. Flow
measurements of the Androscoggin, taken at Rumford Falls, Me., at which point the
river receives the run-off from one-half to two-thirds of its total watershed of 3,700
square miles; give a mean of 3,884 cubic feet per second for the years 1893 to 1901,
suggesting about 6,400 for the entire watershed of this river. The discharge from
the Penobscot, with its larger drainage area (8,500 square miles), averaged about
23,500 cubic feet per second for the years 1899 to 1901 (Pressey, 1902), at White
Horse rips, where it drains 7,240 square miles of its total watershed of 8,500, indicating
a total run-off of not less than 28,000 cubic feet per second. By a simple arith-
metical calcuation the combined discharge from these four rivers alone is sufficient to
raise the whole level of the Gulf of Maine, out to its southern rim, by about 114 feet
per year. ‘

This does not include the St. John, the largest tributary of all, with a watershed
more extensive than those of the Merrimac, Androscoggin, and Kennebec combined
(p. 521), but for which no definite record of its discharge is available; nor of the dis-
charges from the many lesser streams-——the Saco, for example, the Presumpscot, the
St. Croix, and many smaller. However, the general physical features and vegeta-
-tion of northern Maine and of such parts of New Brunswick and Nova Scotia as are
tributary to the gulf are comparatively uniform, as is the rainfall. Consequently,
it is fair to assume that at least as large a proportion of the rain that falls on the
watershed of the St. John and of the other unmeasured streams reaches the sea as
from the following watersheds where this run-off has actually been measured. The
run-off from the St. John watershed may, indeed, be expected to be greater, the rain-
{fall in the interior of New Brunswick being heavier than it is over most of Maine.

, . " Annual run-off, depth in inches,
P . . w:tger: l;)efd . : © for watershed s
River Locality square *|  Perlod . .

.m\iles Maximum | Minfmum | - Mean,

‘Merrimeo..-......| Lawrencs, Mass. . ..... e 4,452 | 1907-1917 14! 1.12| u®
Androscoggin..:....| Rumford Falls, Me.... SR 2,000 (19051902} 560 1428 2.3
Kennebee._._o.....| Waterville, Me.... , : . 4,270 | 1893-1916 82.46{ . 12.73 23.08
* Penobscot .. West Enfleld, Mo.-—-—-o--oo oo oo 6,600 | 1007-1017 32,06 14,01 25,94
St. Oroix ....-....:] Woodland-(Spragues Fals), Me_ ... _ieeoecio| 1.420'{1907_}%1’? } 30. 52" 14,98 24,14

.. #The statistics on which- this and. the following tables are based will be found in Porter.(1899), Pressey (1902), Barrows
(1907),;and in U 8. Qeoglogical Survey Water-Supply Papers Nos. 97, 201, 241, 261, 301, 321, 351, 381, 401, 431, 451, and 481. - -
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~The run-off from the area tributary to the St..John River may therefore be set
at about 24 inches annually. Probably'this applies equally to the Nova Scotian
streams, while the run-off for the minor rivers along the west and north coasts of the
gulf may be estimated at 18 to 22 inches—an average of not less than 18 to.24 mches
for the whole watershed of the guif.

It is not wise to estimate more precisely from. data of thls sort, because longer
terms of observation or a multiplication of recording stations might alter the results;
but the ratio that has now been established between.the rainfall and the annual
run-off at several observing stations confirms this calculation. Thus, Barrows (1907a,
p. 110) found the run-off from the Androscoggin basin to range from 22 to 67 per
cent of the rainfall over the period 1893 to 1905, averaging 59 per cent.. During the
same period, the run-off from the Cobbosseecontee, one of the chief tributaries of
the Androscoggin, averaged 44 per cent of the rainfall (Pressey, 1902, p. 70). - The
average for the Presumpscott basin for 1887 to 1901 was 46 per cent of the rainfall
(Pressey, 1902, p. 104), and data for the four-year period, 1914 to 1917, showed that
50 per cent of the rain that fell on the Merrimac watershed ran off via that river.

The average amount of fresh water reaching the gulf via the chief rivers tributary
to it may therefore be set at about 50 per cent of the annual precipitation over its
watershed, which ranges from about 38 to about 50 inches.

Assuming a yearly run-off of about 20 inches from the 61,000 square miles of
watershed, this is sufficient to form a layer some 31 inches thick over the entire gulf,
out to its southern rim, illustrating more concretely the relationship which this vast
run-off of river water bears to the area of sea into which it is discharged. If the
yearly amount by which rain and snow falling on the gulf exceeds the evaporation
from its surface be something over 1 foot (p. 841), the total yearly influx of fresh water
is sufficient to raise the level out to Georges Bank by at least 43 inches, or almost
24 of a fathom.

The seasonal distribution of this contribution of fresh water has an important
bearing on the seasonal fluctuations of the salinity of the gulf (p. 701), hence demands
notice here. As every New Englander knows, our rivers are in flood in spring, of
which the Kennebec may serve as an illustration, both because records of its daily
discharges have been kept for many years (Barrows, 1907) and because its situation
-and the general topography of its watershed make it typical of the rivers of Maine
and New Brunswick. The following table for the 10—year perlod 1893 to 1902, is
compiled from Barrow’s (1907) records.

Mean discharge of Kennebec R'iver at Waterville, M e.

Bt | Run-oft R | Runoft
cubic un-off, cubic un-o!

Month feet per | in inches Month feet per |in inches
second second

LS U T O I 2,919 0.76 || August___._._. . g 3,811 ' L0O3
FebIuary o oo i 3, 357 8 Beptember - - oo eee e ommeeemece e cncaanen T 2,803 ]
March oo e 454 2.28 || Oetober -l 3,011 .82
April 24,811 | .. 6.48 || November - 4,685 7 L.28
MAY cecomancamccmcccmmcrneamm—— aranmann 20, 032 5,40 {| December 3,044 1,17
JODO o e cmceennmeanaa. 10, 031 2.62 R &

July ccmeeaooe 6,116 1.65 Monthly mean. -...ccieeaamrcmaaaeas 7,838 2,10
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» Two-thirds of the total run-off for the year thus falls during the three spring*
‘months, and more than half of it during- April and. May. This does not exactly
represent the natural condition, because the Kennebec is more or less controlled hy
the several dams; but water-power developments have not been sufficient to mask
its spring freshets—still less have they on the Penobscot or the St. John Rivers.
Hence, the seasonal fluctuations in the flow of the Kennebec may be taken as gen-
-erally representative of all the considerable streams that empty into the gulf north
‘and ‘east of Cape Elizabeth and of the Saco as well..

Originally the Merrimae, also, came into flood in the spring, at the season When
the snow blanket melts and the ice goes out; but it is now so largely harnessed for
industrial purposes that its seasonal flow no longer shows as. pronounced a freshet
in April and May as New England waterways do in their natural state. Its largest
run-off still falls in April, however, and 1ts smallest in September, as appears from
the following table: .

Merrimac River at Lawrence, Mass., for the period 1907 to 1916

Month : Run-off, L Month . , Run-of,
in inches i {n inches
Janua 1.3 || August ) i : 0.8
February 1.2 || September . .8
March 2.7 {| October. .8
April 3.6 i November.... 1.0
May. e 2.3 [{ December 11
June.... 13
July .8 . Monthly average. - N X

~ Automatic tide gauges, which have been in operation at a number of points
around the coastline of the gulf between Cape Cod:and thé Bay of Fundy, have
shown the sea 0.1 to 0.2 feet lower than the mean in the latter part of winter, and
about this 'same smount higher than the mean toward the end of the summer.®
-This variation probably reflects the seasonal variation in the inflow of land water.

'RAINFALL AND EVAPORATION

Although land drainage is the chief source for fresh water for the gulf, rainfall
also adds a considerable increment. No record of the precipitation over the offshore
parts of the gulf itself is available, but the monthly and annual averages for four
representative coast stations—Boston, Portland, Eastport, and Yarmouth—tabu-
lated below suggest an annual fall of 40 to 45 inches for the gulf as a whole.

Average rainfall, in tnches

) Port- | East- | Yar- || | Port- | East- | Yar-
Month Boston| Jond | port | mouth Month Boston| Yand | port |mouth

3.82 3,81 3.84 5.16'|| August_.cemecnuccmaceracanne 4.03 3. 57 3.26 3.62
3.4 3.65 3.62 4,17 [I' Beptember . - -3.20 2.97 3.61
4.08 3.75 4.28 - 5.00 ctober ... 3. 66 3.85° 4,12
3.60 3111 - 294 )  3.82 (| November . 3.80 4,08 4,49
3. 58 3,67 | 3.80 3.57 || December._. ... 3.68 3.97 47
3,03 3.36 3.24 2.93

3,36 3.25 3. 42 3.47 Total 42,50 | 43.30 48.73

#Information contributed by U. 8. Coast and Geodetic Survey,
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-Evaporation, of course, partially offsets precipitation. - Unfortunately, no data
are available on this subject: from any localities that might be supposed.to approxi-
mate conditions as they prevail at sea in the Gulf of Maine; the outer islands, for
example, would be such. ' Nevertheless, there is no:reason to.suppose that evapora-
tion at sea is greater. than on land, especially when the sea:is blanketed with thick
fog, as the northern and northeastern parts of the.gulf and 1its offshore banks often
are during’ the summer season. The following records of evaporation for Maine,
Massachusetts, and Nova Seotia may therefore be taken as the maximum. The
average monthly evaporation from a free water surface at three stations in Maine.
in the basins of the Penobscot, Kennebec, and Androscoggin Rivers is given by
Barrows (1907a, p. 114) as follows, in inches:

Average : Average

. evapora- evaporas

Month tion, in SR Month e ] tlog,in

inches Ce ) Lo inches
Maroh oo e 2.28 {1 July oo 528
P-V1) ¢ 1 S, 8.48 || August 512
8Y -cenes 1.90 || September ... i e enannno. Seecanmemmnn e ceas 3.00
June 2.87 || October g . 2.33

No data are available for the winter months, when the observations were neces-
sarily made from a frozen surface, but it may be assumed that evaporation takes
place no more rapidly from open water from November through February than in.
October or March—say at the rate of about 2.2 inches monthly. This suggests a total
evaporation for the year of about 35 inches of fresh water.” According to Fitz-
Gerald (1886), the annual evaporation is somewhat larger near Boston (about 39
inches); as might be expected. ,

Data supplied by the United States Weather Bureau for Yarmouth, Nova
Scotia, more closely paralleling conditions over the gulf because of the greater fre- -
quence there of onshore winds, show the following monthly averages over a period
of 13 years: - ' : '

Evaporation at Yarmouth, Nova Scotia

- Average’ Average

evapora- evapora-

Month ‘ tion, in Month . tVi’oxl:),oln

inches ’ . inches
Aprilt i 1.08 || August o .. .. o_ioeeeeo 3.55
MAY coeencnmmcemcammmreme e camme e 3.04 || September .o eue.oeeem o1 . cme, 3.57
P L T O 3.49 | OCtobOr - oo i e RO 1. 50

B3] ) U 3.04

11920 only; ice in the tank on several days.

Assuming an average evaporation of 1.5 to 2 inches monthly, for the period
November to March, the annual evaporation of fresh water at Yarmouth would be
close to 29 inches from a surface of open (not frozen) water; the average for the Gulf
of Maine is probably not more than 30 inches. These measurements are for fresh

# These measurements were taken freely exposed to the sky '(Bartows, 1907a, p. 114, pL. 21).
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water, however, which ‘evaporates somewhat -more rapidly. than'salt water under
equal conditions of temperature, humidity, etc. According to Mazelle (1898), the
evaporation of salt water averages about 81 per cent that of fresh at Trieste, while
Okada (1903) found it averaging about 95 per ecent that of fresh over a 7-year period
inJapan. <As Okadd’s measurements were taken open to the sky, Mazelle's under 8
roof, the former simnulate more the conditions at sea.?:
'As arough approximation, the evaporation of salt water from the surface of the
Gulf of Maine ‘may, then, be set at about 27 to 28 mches, or about 71 centlmeters,'
annually C
T ‘ DEEP STRATUM

SLOPE WATER

The scources so far mentioned contribute chiefly to the superficial stratum of
the Gulf of Maine. We must next consider the comparatively warm and highly
saline water that drifts intermittently inward along the trough of the Eastern Channel
to form the bottom water of the gulf. The hlgh salinity of this makes its offshore
origin clear enough. - As certainly, however, it is not a direct and unmixed indraft from
the mid depths of the Atlantic Basin. Two reasons warrant this confident assertion.
In the first place, neither the temperature nor the salinity of the bottom water of
the Eastern Channel, or of the gulf basin within, is high enough to accord with such
an origin.. In the second place, profiles enough have now been:run by various.
expeditions to make it certain that a broad band, intermediate in temperature and in
salinity between the coastal water, on the one hand, and the tropic Atlantic water,
on the other, always separates the latter from the edge of the continent from Georges
Bank to the Grand Banks." '

The “cold wall”’ of the earlier oceanographers—the source of thls band——has been:
the subject of much discussion, with upwelling from the ocean abyss and currents
from the north most freqently invoked to explain its low temperature as contrasted
with the ““Gulf Stream.”’ on its seaward side.  Recent ‘explorations, however, have
made it clear that this ‘“cold wall’’ is simply the product of the mixture that is-
constantly taking place between the tropic water, on the one hand, and the coastal
water, on the other (or Arctic water in the Grand Banks region), at their zone of.
contact along the slope of the continent. ‘Slope water,”” as defined by Huntsman
(1924), is therefore a better name for it than ‘“cold wall,” and as such it is referred
to repeatedly in the preceding pages.

It is the presence of a continuous zone of this slope water right across the mouth
of the gulf at all times of year which effectively bars unadulterated oceanic or tropic
water from entering the Eastern Channel. It is because the most saline bottom
water of the gulf draws from this source that members of the bathypelagic plankton
of the Atlantic Basin oceur only as the rarest of stragglers within the gulf (Bige-
low, 1926, p.67). T

‘Explorations by the Canadlan F1sher1es Expedrtlon (Bjerkan, 1919 Sandstrom,
1919; and Huntsman, 1924) have similarly proven that the high salmlty (34.5 to

34.7 per mille) and comparatively high temperature (4° to 5°) of the deepest stratum

38 Por further discussion of evaporation see Kriimmel, 1807, p. 244.
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of -the. Gulf of St. Lawrence are: mmllarly mamtamed by an mﬂowmg bottom
current of the same slope origin. == :

The motive power that brings water of thls character to the. Gulf of ‘«Iame asg’
a bottom current through the:Eastern Channel (intermittently, it is true, buttegu-
larly enough to maintain the comparatlvely constant salinity  and- temperaturé:
actually recorded) is to be sought in the distribution . of density along the .edge of-
the continent.” A considerable body of evidence has now been accumulated to the'
effect that the zone of contact along which coast and ocean waters mix, and where
the slope water is manufactured, averages somewhat more dense (heavier) than the
water in on the edge of the continent, except right at the surface. All ‘the profiles
that have been run out across the continental edge off Nova Scotia in summer,
both those by the Canadian Fisheries Expedition (Sandstrom, 1919, pl. 9, sectlons 13,
14, 15, 16, and 17) and by the United States Bureau of Fisheries, have shown
somethmv of this sort. Thus, on July 25 to 28, 1914, on the first Grampus profile
out from Shelburne (stations 10231, 10232, and 10233), the stratum between the
20-meter and 150-meter levels was more dense just outside the edge of the shelf
than in over the latter, though the surface was less so.

The Gmmpus again found the water heavier over the contmental slope (station
10295) than in over the shelf (fig. 168) along this same profile on June 23 and 24,
1915, with a decidedly steep density gradient at the 50 to 100 meter level..: Con-
sequently, the whole mass of water on the shelf above 100 meters must have had
a hydrostatic tendency to drift seaward, except immediately at the surface.

A March profile along this same general line (stations 20073 to 20077). again
shows higher densities at the outermost station, at 100 to 220 meters, than along
the edge of the continent (fig. 169)—evidence of this same dynamic tendency for the
water of low salinity and temperature to move out across the slope, though at the
inshore end of the proﬁle the dynamic tendency in the superficial stratum was the
reverse.

The water at 20 to 120 meters’ depth was likewise somewhat more dense over
the southeastern slope of Georges Bank - (statlon 10220) than in on the neighboring
edge of the latter (stations 10221 and 10225) in July, 1914; again in Aprll 1920
(stations 20109 to 20111), though our corresponding proﬁle “for March, "1920,
crossed a more complex alternative of heavier and lighter bands there (stations
20065 to 20069).

The cross section of the western end of Georges Bank for July 20 and 21, 1914
(fig.- 170), is especially instructive in this connection, being the only one of our
profiles that has reached water of oceanic salinity (36 per mille). Here, again, the
upper 50 meters of water proved slightly more dense at the outer end (statlon
10218) than over the neighboring edge of the bank (station 10216), resulting in a
comparatively steep. south-north- gradient of density, though the relationship was-
just the" reverse: at a depth-of 70 to 140 meters. A shght differential of ‘this:
same order (density higher at the outermost stations then in on the bank) ‘also:
prevailed in this same general region in February and again inMay of 1920
(stations 20045 and 20046 for February; 20128 and 20129 for May); but
in- the cold July of 1916 thls seems to have apphed only at depths greater than
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40 ‘meters, with the surface water more dense over the bank (station 10348) than:
over its seaward slope (stations 10349 and 10352), though some doubt exists as to-
the salinity (hence as to the density) at. the critical station (10349, p. 992).

-+ ~'Thus, densities rule lower along the outer edge of the offshore banks, abreast of:
the Gulf .of Maine and off Nova Scotia to the eastward; than along the:continental;
slope that bounds the banks on the offshore side. .'The relationship. at. any given
date may be of the reverse order, either close to the surface as in July, 1916, or.
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FIG 168. —Density profile crossing the continental shelf in the omng of Shelburne, Nova Scotla, June Z'i to 24, 1915 .
. R Corrected for compression

along the 100-meter contour, as in Julyf,‘ 1914.’ However, ‘we have never failed to
find the surfaces of equal density. rising-comparatively steeply from the outer part of:
the shelf .through the greater part of the depth zone there included, out across. the.
edge: of the contment between the longltudes of Shelburne, Nova Scotm, and of
Cape Cod. ~ .

..'To the east; and north of our hmlts, and especmlly oﬁ the Newfoundland Banks,
thls zone of mixture is not only heavier than the coast water on its inner side (or
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Arctic water, according to locality), but often, if not always, heavier:than the tropic -
water on the outer side as well (Witte, 1910; E. H. Smith, 1924, p. 140, 1925, figs. 10,
12, and 19), causing the dynamic tendency for surface water to'move in from both
sides toward this heavy zone {(or ‘“‘cabelling’’), which seems first to have been empha-
sized by Witte (1910}, ‘Huntsman, too (1924, p.-278), definitely accepts “cabelling” as
a governing event in the formation of the slope water; and although more recent
hydrodynamic studies (see especially E. H. Smith, 1926) have made it clear that actual
sinking is usually prevented there by the effect of the earth’s rotation, a potential
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F1a. 169.—Density profile crossing the continental shelf in the offing of Shelburne, Nova. Scotla,
March 17 to 20, 1920. Corrected for compression

sinking zone of this:sort does nevertheless tend to draw in surface water from both
sides toward the zone where the surfaces of equal density depart most from the
horizontal, and so to set up a horizontal circulation. :
A potential sinking zone of this same sort was revealed by one profile run off La
Have Bank by the Canadian Fisheries Expedition in July, 1915, when the upper 100
meters proved more dense ]ust outside the edge of the continent (Bjerkan, 1919,
Acadm statlons 41 to. 43) than in on the edge of the. shelf on the one hand (Acadm
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stations 39 and 40), or at.the outermost station, on the other (Acadia station 44). %
It is doubtful how regularly, profiles: abreast of the gulf or off southern New England
would show this decrease.in density seaward from, the continental slope. . . . «

.In the preceding discussion I have taken ‘pains to speak always of a. “dynammx
tendency toward movements of the water, never of such movements as taking place; .
because in our: latitudes the currents:that actually follow - -inequalities of : density
of thls sort:are glven qulte dlﬁ“erent characters by the deﬂectlon resultmg from the

© e s e
N
Meter 0, N b

120 %N\
vuo!' v o % 205
160] . % '

180 B %———- 28—
200 2

220 y

240 gf
260 A
280 A 285 —
aouL Z

F16. 170.—Density ‘along a cross profile of the western part of Georges Bank, July 20 and 21,1914 (stationis
10215 to 10218). Corrected for compression -

rotation of the earth, by which the apparent track of any current ‘(or other body

nght ©

moving freely over the -earth) in the Northern Hemlsphere 1is: deﬂected to the

,‘(
S

The réle that; this quasi-force playsin dlrect.mg the ocean: currents, however set

in motion, is now so generally apprecmted that no discussion. of it is called for here.

“u N one of qur Grampm or Albatnm pxoﬁles have, run out fa: enough to show this relationshlp, lf it exlsted

4« Kriimmel (1911, p. 449) and’ Sandstrom’ (1919) have given erliaps the simplést statements of this sabjdot; Tn its ‘oceanps

graphic bearing, and discussions of the effects of the centrifugal force resulting from the earth’s rotation in relation to the ellipsoid
form of the earth. See also Ferrell (1911), Davis (1885 and 1904), and Bferknes (1910 and 1911).

s
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Baldly stated, its practical effect on the slope water which dynamic forces tend to
drive out to sea from the continental slope, as described above (p. 843), is to swing
this drift to the right (i. e., to the west), thus altering into a longshore current what
otherwise would be (and potentially is) an offshore set. '

In this way a dominant -drift from east to west tends to develop along the
upper part of the continental slope of La Have and Browns Banks so long as the
distribution of density is of the type actually recorded on the Acadia, Albatross, and
Grampus cross profiles of this' part of the continental shelf for March, 1920, June .
and July, 1915, and July, 1914. Onieach of these occasions the dynamic tendency, .
acting as the propulsion for such a drift, involved the whole mass of bottom water
from the crest of La Have Bank down the slope to a depth of at least 200, if not-
250, meters. An east—west drift of the bottom water seems, then, comparatively
constant on just this part of the slope. .. Lo s . ,

In July, 1915, this drift involved the whole column of water, surface to bottom;
again, in July, 1922, when bottles set out near the edge of the shelf in the offing of:
Cape Sable drifted into the Gulf of Maine (p. 908). Sandstréom’s (1919) calculation
of a surface current of about 5 miles per day # toward the southwest, along the outer
part of the shelf, on this line (between Acadia stations 39 and 41), shows that the
surface water may travel with considerable velocity at times when the whole column
is involved in this westerly set along the edge of the continent. This is confirmed
by the drifts of four bottles set out 48 to 60 ‘miles off Cape Sable in July, 1922, three
of which went to the Bay of Fundy at minimum rates of 3 to 4 miles per day, and
one to Winter Harbor, near Mount Desert; at a daily rate of at least 2 miles, and
probably considerably faster than that (p. 908). However, the obliquity of the sur-
faces of equal density, which originates this drift, decreased ‘with increasing’ depth
on the Acadia section, so that Sandstrém’s (1919, p. 332) table indicates a mean
velocity of only about 1 mile per day for the whole column of water, surface to bot-
tom, between the critical stations (from No. 40 out to the 200-meter contour), with
the bottom water creeping westward not faster than about one-half mile per day*
at a depth of 100 to 200 meters. - R : :

The outermost bottle (which is known to have gone to the Gulf of Maine: from
the line put out off Cape Sable by the Biological Board of Canada in 1922) was set
adrift over the 200-meter contour* 59 miles out from the land, the only returns.from
bottles set adrift farther out coming from Europe. This limitation of the westerly
drift to a narrow belt corroborates the Acadia profile of July, 1915, on which'it was
only about 20 miles wide (and similarly located), giving place farther out to a suc-
cession of lighter and heavier bands, indicating & stronger but even narrower counter-:
current to the eastward; then, outside of that, a second line of ‘drift to the westward.*

Evidently an active mixing of cold and warm waters was taking place at .the
outer end of this profile at the time, with bands of higher and lower temperature

11 See Smith’s (1926) exposition of this important concept. B . .

" 4 The velocity arrived at ‘by Sandstrém (1919) from hydrodynamic éalculation are only relative to thé most nearly station-
afy stratum of water; not absolute. - This does not iessen their significance in the present case, for with the whole column mov-
ing in the same direction the actual velocities would be somewhat greater than the calculated.

@ About 1.4 centimeters per second, or 0.025 knot per hour.
«Information contributed by Doetor Huntsman. B o
15800 Sandstrom (1919, pl. 15) for the caleulated velocities of these two lines of drift.
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eddying in the extremely complex fashion that may be expected to characterize the’
zone of contact between waters that differ Wldely in their physrcal character and in
their direction of flow. ;

Similar alternations between colder (and 1ess sa.lme) and warmer (and more
saline) bands have been reported on several occasions and at localities widely sepa-
rated off the eastern seaboard of Nerth America; but in most cases, at any rate,
these are transitory and rapidly changing phenomena. - ‘The westward drift of water
close in to the upper part of the slope, just described, has, on the contrary, proved
characteristic of the La Have Bank region; and so lorng as the dynamic motive for
this drift persists, the neighboring oceanie triangle off the mouth of the Eastern
Channel is supplied with slope water from the eastward. By this reasoning, the
currént that flows into the bottom of the gulf vid the Eastern Channel draws from
the slope water manufactured at about an equal depth on the Nova Scotian slope+—
chiefly between Browns and La Have Banks—not from shoaler or deeper strata

there. -
This conclusmn is confirmed by the fact that. temperature and. salinity proved

very nearly the same on bottom in the channel (34.7 to 35 per mille and 6° to 7° at
200 to 250 meters) as at equal depths on the slope between these two banks (34.6 to
34.9 per mille and about 7° to 8°) in July, 1914, in June, 1915, and again in the spring
of 1920.%

Further evidence that the indraft mto the channel is supphed from the east-
ward, not from the westward, is afforded by the fact that considerably lower tem-
peratures and salinities have been recorded around the eastern and southeastern
slopes of Georges Bank (p. 714).. In fact, there is reason to believe that the western.
side of the channel is the site of a dominant drift outward from the gulf (p. 974).

. The cold band encountered off the southwest slope of Georges Bank by the
Grampus in July, 1916, and reported there in other summers (pp. 608, 919) may also be
credited with an eastern source, because its temperature and its salinity both agree
closely with that of the slope water that is manufactured in the offing of Cape Sable
in early summer, as exemplified by the observations taken there in June, 1915, and
July, 1914 (p. 629; Bigelow, 1922, p. 166). Thus it owes its low temperature indi-
rectly to the Nova Scotian current (and so to ice melting far to the eastward).

Why this southwesterly cold current was so much more in evidence along the
bank in 1916 than in 1889, 1913, or 1914 remains an open question, but it seems
probable that some westerly movement of slope water takes place along Georges
Bank to a greater or less extent every spring as the Nova Scotian current floods. to
its maximum velocity and volume. In some years (1889, for instance, and 1916)
this drift persists into the summer, as seems to . have been the state in 1922, also,
when so many of the bottles set out at the edge of the continental shelf in July
made long drifts to the westward (p. 882). In other years (exemplified by 1914)
it seems to be obliterated west of longitude about 68° by July, as the tropic water
advances toward the edge of the continent. But although so variable, the existence
of this cool band in some summers is extremely mstruct1ve as one of the several

#The slope water was somewhat more saline at this locality at the end of July, 1915 (Bjerkan, 1019, Acadia station 41), but
no observations were taken in the channel at the time.
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evidences of the general tendéncy of the slope water to move westward from the
.Nova Scotian slope. - - SR R : TR TR

The slope water, moving westward, is forced against Browns Bank by the earth’s
rotation. Consequently, with the Eastern Channel offering an open route for it to
the right, it is reasonable to think of a screwing motion as taking place into the
latter around the southerly and southwesterly slopes of Browns Bank so long as the
propulsive dynamic force resulting from regional inequalities of density persists over
the Nova Scotian slope to the eastward.

Additional evidence that the bottom water does actually move inward through
the Eastern Channel is afforded by the inequalities of density within the basin of the
gulf, where the surfaces of equal density (approximately horizontal in the upper
50 to 60 meters) show a considerable slope from the channel inward at depths greater
than 80 to 100 meters.

This density gradient in the deep water may be illustrated most graphically by
charting the depth to which it is necessary to sink in order to reach water of a
given value, choosing 1.027 as the most illustrative (figs. 171 and 172). The pre-
cise upper contour of this mass of heavy bottom water has varied from month to
month, as might be expected. Thus, in June, 1915, the slope was steepest near the
entrance to the channel, with the surfaces of equal density lying nearly horizontal
thence inward along the western arm of the basin. In July and August of 1914 the
the most abrupt slope, involving the whole column of water deeper than 50 meters
(fig. 171), was situated farther within the basin. A density gradient of the same
sort was again recorded in the eastern part of the basin in March, 1920, and a
weaker contrast (but one of the same order) between the channel, on the one hand,
and the inner parts of the basin, on the other, in April of that year, sufficient to
show it a permanent characteristic of the gulf.

The implication of a density gradient of this sort is obvious. Only by the
introduction of heavy water into the gulf via the channel could it be maintained
against the action of the hydrostatic forces that are constantly tending to make hor-
izontal the surfaces of equal density.

The inflowing bottom current, which maintains the high salinity (34.5 to 35
per mille) of the deeps of the gulf, thus corresponds, both in cause and in effect, to
the indraft of offshore water that has been recorded in many an estuary. The
gulf, in fact, is nearly as estuarine in this respect as it would be if the offshore banks
(Georges and Browns) were above water, and so actually inclosed it except for the
deep channels between.

In the preceeding discussion I have spoken as though this inflowing current and
the gradients of density that give rise to it were comparatively constant. Actually,
however, our observations on temperatures and salinity have revealed considerable
fluctuationsin the volume of water that enters the gulf via this route at various
seasons and in various years. L

It goes almost without saying that no sharp distinction can be drawn in salinity
between waters of different origins, especially where the water is stirred as actively
as it is in the Gulf of Maine; but the isohaline for 34 per mille may be taken as
roughly outlining the “slope water” that has recently entered the gulf or that has
continued little altered during its sojourn there, if the product of an earlier invasion.
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May or the first half of June, for salinities as high as 34.5 to 35 per mille were con-
fined to the channel and to the neighboring part of the basin during the last half of
that month, with bottom values of 33.8 to 33.9 per mille in the inner branches of the
latter—western as well as eastern. A considerable indraft of slope water certainly
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where the salinity of the bottom water had again risen above 34 per mille by the
end of the summer in a layer of considerable thickness (p. 788). ~ - "
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With 10 of our 14 August stations as deep as 180 meters (100 fathoms), or deeper,
also showing bottom values higher than 34 per mille in 1912, 1913, and 1914, this
indraft is evidently characteristic of June or July. No doubt, however, it varies from
year to year, both in its seasonal schedule and in its volume and wvelocity, and the
distribution of density (pp. 958, 960) shows that in some summers, at least (as exempli-
fied by 1914), a counterdrift develops through the channel, out of the gulf, in
July, though perhaps only for a brief period. '

In a summer when this inflowing bottom current is active, slope water may be
expected to occupy approximately the area shown in the contour chart for July and
August, 1914 (fig. 152), its boundaries, as in March less extensive than in April, 1920
(figs. 100 and 118), including only the two arms of the trough and the region of
their junction instead of the whole central part of the gulf basin.

By good fortune our records afford charts of the slope water at its maximum for
the respective months “—the one representing a period of active inflow, the other the
tendency toward equalization that follows such a period.

Slope water is thus shown to enter the gulf from midsummer on through autumn
and winter—but certainly in varying pulses—and to slacken or cease during the late
spring and early summer. It is not possible to outline its fluctuations in the gulf
more definitely than this from the data gathered so far.

ABYSSAL UPWELLINGS.

Upwellings from the oceanic ‘abyss, if such occur, would be a second possible
source of water of high salinity and moderate temperature for the deeps of the Gulf
of Maine. Upwelling of this sort, in fact, has often been invoked to explain the low
temperature of the so-called “‘cold wall” (referred to here as ‘“slope water”), as con-
trasted with the tropic water on its offshore side (Buchan, 1896).

Thus, Pettersson (1907 and 1907a), for example, definitely classed the cold wall
along the North American littoral as an updrift over the continental slope from the
cold abyssal water of the Atlantic, having for its motive power the sinking of cold
water off Newfoundland. While this view has not found a very favorable reception,
both Schott (1912) and Kritmmel (1911) have believed that more or less upwelling
does occur along our coasts, at least in winter; while A. H. Clark (1914) has argued that
the cold water off Nova Scotia must receive something from the abyss to account
for the geographical distribution of crinoids.

The criteria by which upwelling from the oceanic abyss would be made recog-
nizable may be stated in a few words.

In temperate zones surface temperature is perhaps the best index of this process
in summer, for in regions where the water wells up actively seasonal warming is
retarded, causing abnormally low surface temperature. Unless the upwelling extended
along the whole east coast of North America (a most improbable supposition) any
cold water welling up would be surrounded by a warmer surface to the north and
south of it as well as on its offshore side, as is the case off California (McEwen, 1912)
and off the northwest coast of Africa (Schott, 1902, pl. 8). At the same time there
would be a continuity in salinity between this cold water near the surface and the

1020 was & salt March, compared with 1921; 1914 & salt summer, compared with 1913, . ... .. o
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deep stratum that served as the source for the updraft, as demonstrated by the dis-
tribution of salinity off the coast of Morocco (Schott, 1912, pl. 33)... Off the north-
eastern American seaboard abyssal water would also be betrayed by its precise com-
bination of salinity and temperature, for while only moderately cold (about 4°), the
salinity of the Atlantic abyss is much higher (34.9.to 35 per mille) than tha.t‘ of any
water on the continental shelf of like temperature.

The observations taken in 1912, on our first cruise, were enough to prove that
the inner part of the Gulf of Maine received little if anything from this abyssal
source, its salinity being too.low and its mean temperature too high.

The rapid warming of the superficial stratum, which. takes place all along our
seaboard in spring from Nova Scotia to Chesapeake Bay (except in limited areas of
active tidal stirring), is, of itself, incompatible with any widespread upwelling of
abyssal water, unless this be confined to the deeper strata. So, also, is the wide
variation in surface temperature from season to season; for any considerable updraft
from the abyss would necessarily check vernal warming and so: narrow the seasonal
range of temperature. The profiles which the Grampus, Acadia (Bjerkan, 1919), and
Albatross have run- across the continental shelf between Chesapeake Bay and the
Laurentian Channel have produced a.large body of evidence to the same general
effect; particularly welcome because upwelling had been postulated more on theo-
retic grounds than from first-hand observation, previous knowledge of subsur-
face salinity on the continental shelf between Cape Sable. and Chesapeake Bay
being virtually nil. None of these temperature profiles for the summers of 1913,
1914, 1915, and 1916 (Bigelow, 1915 to 1922) yield any evidence that abyssal water
ever tends up the slope, much less reaches the continental shelf at that season. To
the west of Cape Sable, in fact, the coldest water in on the shelf has been separated
from the low temperatures of the water of the deeps by a somewhat warmer zone
washing  the edge of the continent bottom at intermediate depths in most cases
(p- 617). The corresponding salinities have been no more compatible with upwelling
either at the time of observation or shortly previous, the coldest water on the shelf
being in every case much less saline (below 33.5 per mille) than the level of equally
low temperature outside the edge of the continent (34.9 per mille, or higher, at all
seasons).

As T have discussed this question in detail in earlier pubhcatlons (1915, p 258;
1922, p. 166), I need only add here that none of the observations taken by the Bache
off Chesapeake Bay in January, 1914 (Blgelow, 1917a), by the Grampus between
Marthas Vineyard and Chesapeake Bay in November, 1916 (Bigelow, 1922); or by
the Albatross off the Gulf of Maine in the spring of 1920, show any more evidence
of abyssal water reaching the continental shelf than did the earlier observations.

The only route we need consider, then, by which abyssal water might, perhaps,
enter the Gulf of Maine, is the Eastern Channel; but the precise combination of
temperatures and salinities recorded in its trough for the months of March, April, June,
and July (6.07° to 7.2° and 34.6 to 35.03 per mille), combined with the general
distribution of salinity and temperature within the gulf, points to quite a different
source (the slope water) for the intermittent current that drifts inward over the
bottom of the channel, as is discussed above (p. 842).



854 © BULLETIN OF THE BUREAU OF FISHERIES -

" The distribution of density must, in fact, strongly resist any force, suchab
oﬂ’shore winds dnvmg the surface water out to sea, which would tend to draw abyssal
water upward over the continental slope abreast.the Gulf of Maine; for in everp
case we have found a decidedly stable state of equilibrium prevailing,there» In fact;
most of our cross sections of the outer part of the continental shelf abreast the gulf
and to the eastward show a general dynamic tendency of quite a different sort—s
namely, one leading to the development of a drift of the inner slope water toward
the west (p. 847), while a counter drift of the outer slope water (or “inner edge of the
Gulf Stream”) toward the east has often been recorded. -

In:short, continued observation has not adduced any ev1dence that water from
the ocean deeps ever wells far enough up the continental slope to reach the Eastern
Channel, much less to overflow the offshore rim of the gulf.

‘This conclusion does not imply that upwelling may not take place over the
lower part of the continental slope from the Atlantic abyss. On the contrary, much -
evidence has accumulated to the effect that some such process is of wide occurrence
along the lower part of the slope, below, say, the 500 to 1,000 meter level, westward
and southward from Georges Bank. Perhaps the clearest evidence of this is afforded
by a profile run from Chesapeake Bay to. Bermuda by the Bache in January and
February, 1914, when the uniform abyssal water (about 4° in temperature and 34.9.
to 35 per mille in salinity) was banked up against the slope to within 1,100 to 1,200
meters (Bigelow, 19174, figs. 11 and 12).. This also appears on a profile run by the
Dana from Bermuda to Norfolk, Va.,inMay, 1922 (Nielsen, 1925, fig. 4). But no direct -
evidence has yet come to hand that water from this deep source ever reaches the cons °
tinental shelf of eastern North America in volume sufficient to aﬁect the temperature,
or salinity of the coast. waters.* ~

In denying the occurrence of abyssal upwellmg as a cause of low temperature
in the Gulf of Maine, I. do not refer to upwelling from shallow water along. shore—
& common event, which often exerts an immediate effect on the temperature and
salinity of the surface water in the vicinity in sprmg and summer, as descrlbed in an
earlier chapter (p.: 550)

RECAPITULATION

The Gulf of Maine incloses a sector of the typical soastwise water of the north-
western - Atlantic, receiving its most important accessions periodically from the
followmg sources: Slope water of high salinity (close to 35 per mille) and close to 6°-8°
in temperature flows intermittently into the gulf as a bottom current, as it does
also mto the Gulf of St. Lawrence and into other smaller depressions on the conti-
nental shelf . There is strong evidence that the slope water that reaches the Gulf
of Maine has its source along the Nova Scotian slope to the eastward, The cold Nova
Scotian current brings a large volume of water of low salinity into the gulf from
the eastward, past Cape Sable, in Spring, as a surface drift; but this current slackens,
or ceases altogether at other times of year. ‘The gulf also receives a surface drift
from the offing of Cape Sable, into the composmlon of which cold banks water from the
east, slope water from, the Scotlan eddy, and troplc water all enter in proportlons
that can not yet be stated. o

# For further discussion of this subject as it concerns the GGulf of Maine, see Bigelow, 1915, p, 255, and 1917, p. 239.
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+ At most. times there is no. dominant drift into- the :gulf across: Georges Bank,.
but on rare occasions overﬂows ‘of tropm water take place at the surface, probably
via that route.

The discharges of various rlvers, edded to ramfall co‘ntrlbute annually to the
gulf sufficient fresh water to form a I&yer half a fathom thick over its inner parts
out to Georges Bank. The gulf also receives annually a blanket of rain water about
a foot in thickness, in excess of the amount withdrawn by evaporation. ) A

The gulf discharges water as a surface current around Nantucket Shoals to the
westward; to some ‘extent around the eastern end of Georges Bank,*and so out
through the Eastern Channel.

It is not likely that the gulf ever receives water from the oceanic abyss, by
upwellmg, -or directly from the Labrador current.: >

CIRCULATION IN THE GULF OF MAINE

Study of the circulation that dominates any part of the sea can be attacked in
two different ways: (1) Directly, by observation with current meters or drift bottles,
by ships’ log books, and by interpreting the distribution of salinity and temperature,
or (2) indirectly, by calculation of the hydrostatic forces tending to set the water in
motion. The second method has greatly concerned oceanographers of late, and its
value can hardly be overestimated in the study of ocean currents in the open sea; but
its application to the Gulf of Maine is complicated by the disturbing factors intro-
duced by the irregular contour of the bottom, the limiting coast line, and the strong’
tides, which not only produce currents of considerable velocity, but are constantly
altering the slope of the surface. It is fortunate, therefore, that the following account
can be based on the more direct methods of observation, supported by cons1derat10n
of hydrodynamlc forces as causative agents (p. 930).

TIDAL: CURRENTS

No one can saﬂ the Gulf of Maine without soon learmng that its tidal currents
run so strong that they must always be taken into account in coastwise navigation.
Their velocities are so great, in fact, in most parts of the gulf, at the strength of ebb
and flood, that for the ordmary observer they entlrely obscure any dominant or
nontidal drift that may be in progress. .

No attempt has been made . to add to the knowledge of the tldes during our
survey; but the following brief statement, condensed from the Coast Pilot, the
tide tables and current tables of the Atlantic coast published by the United States
Coast and Geodetic Survey (1923 and 1926), from the investigations of the Tidal
Survey of Canada (Dawson, 1905 and 1908), and from other scattered sources, may
be of interest.®

The flood, at its strength, runs northerly, the ebb southerly, along the whole line
between Nantucket Shoals -and the Northern Channel and likewise in the basin to

# For discussion of the disoharge from the gulr see D. 974.

$1In 1912 the Grampusrecorded.the velocity of the current near the mid-period of flood or ebb, hoping to learn the approxi-
mation of the direction and velocity at its strength. The value of these measurements is discussed in an earlier report (Blgelow,
1914, p. 83). . .
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the north (Mitchell, 1881; Harris, 1907, pl. 7). This is also the case along the west
coast of Nova Scotia on the one side of the gulf and along Cape Cod on the other;
but the flood runs westward into Massachusetts Bay, as might be expected from the
trend of. the coast line, drawing southward around the tip of Cape Cod into Cape
Cod Bay. There is also a flood current from the westward into the latter, resulting
from a division of the tidal wave as it strikes the shore line at Manomet Head just.
east of Plymouth.

- The promontory of Cape Ann a.lso ma.rks a division in the tidal streams; for to
the northward of it the flood, setting westward in toward the land, veers to the north,
paralleling the coast as far as Cape Elizabeth; to the eastward of Casco Bay the
general direction of the flood at its strength.is NNE. toward and through the Grand
Manan Channel, complicated, however, by the flood currents setting into the bays
and rivers. At the mouth of Casco Bay, for example, the tides flood to the north.
In the Bay of Fundy the flood sets generally toward the northeast (i.e., inward).

In a general way the ebb, at its strength, is the reverse of the flood, setting out
of the Bay of Fundy in a generally SW. to SSW. direction and around the coast of
Nova Scotia to the south and southeast. Along the coast of Maine, from the
Grand Manan Channel to Penobscot Bay, the tide ebbs southwesterly; southerly
off Casco Bay. In Massachusetts Bay the ebb is generally eastward; southerly
along Cape Cod. ,

. Generally speaking, the velocity of the tidal currents is least along the sector
of coast bounded by Cape Cod on the south and Casco Bay on the north, where
velocities lower than 1 knot have been recorded at most of the observing stations
for the flood at its strength. But the tide flows much more strongly (up to 1.8
knot) around the tip of Cape Cod and at the entramce to Boston Harbor. The
Bay of Fundy stands at the other extreme, with velocities rising to 2.5 to 3 knots
in the Grand Manan Channel; considerably higher even than this near the head of
Minas Basin and elsewhere near the head of the bay. The velocity of the tides
at strength is about 1 to 1.6 knots along the southern rim of the gulf; 1.5 to 2 knots
along the west coast of Nova Scotia and out to the neighboring side of the basin.

The rise and fall of the tide is greater in the Bay of Fundy than anywhere else
in the world; on the other hand, the tidal amplitude is certainly small over the
offshore banks, though the rise and fall has not been measured there as yet.

The following summary of the rise and fall at representative stations, taken
from the tide tables of the Atlantic coast (United States Coast and Geodetic Survey,
1926), will illustrate the transition from the mouth of the gulf inward along its two
sides for ordmary tides:

Rise and ' Rise and
Locality fall of tide, Locality fall of tide,
. in feet ) in feet
WESTERN SIDE L : , EASTERN SIDE
Outer shores of Cape COd o crn ncccommcamccmmanens 4.3~ 7.1 || Shelburnie, Nova Scotia 6.5~ 7.9
grovinee OWD _. e e ; g—l(l).é Yarmouth, Nova 8c0tia. . ouucomeemmuesioanoamans 16.3-17.1
ar 7. 2-10. .

Portland -2 "7 77T 7.9-11.3 5t Joun BAY OF FUNDY 23.7:95.1
Bar Harbor, Mount Desert 9.2-12. 8 27.2-28.8
Cutler (at western end of Grand Manan Channel).; 12.9-16.3 I{ead o—l-i\-{-ih-a..s"ﬁ;sin """"" 48.7-50.1
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DOMINANT OR NONTIDAL DRIFT

In the preceding summary of the tidal currents, directions and velocities are
given for the flood and ebb at their strength. In some localities the. direction con-
tinues virtually constant throughout ebb or flood, as the case may be. In most
parts of the gulf, however, the current is to a greater or less extent a veering one,
and there is some difference in velocity between flood and ebb. The resultant of
movement by which any particle of water would fail to return at the end of any
given tidal period (averaging 12 hours and 25 minutes) to the position from which
it started its journey, is the dominant drift. The name ‘“nontidal’” is commonly
used for this; the other appellation just given is preferable, however, there being
some evidence that the dominant drift which we have been able to demonstrate for
the Gulf of Maine has its source in the tidal currents. ,

On the high seas, where tidal currents are weak and the dominant drifts are often
stronger, the ocean currents, as we now know them, have been charted chiefly by diges-
tion of the drifts reported in the log books of passing ships. This source of informa-
tion has failed to demonstrate any dominant set (as distinguished from tidal currents)
in the Gulf of Maine, as might be expected where the tides are so strong and the
resultant movement, if any, comparatively so weak.

MEASUREMENTS OF CURRENTS

A considerable number of measurements of the tidal currents have been made

in the Gulf of Maine by the United States Coast and Geodetic Survey at the follow-
ing localities: Portland lightship off Cape Elizabeth, near Cashes Ledge, three sta-
tions between Cape Ann and Cape Cod at the mouth of Massachusetts Bay, Boston
lightship off Cape Cod, many stations at the mouth of Nantucket Sound and in the
region of Nantucket Shoals, Nantucket lightship, and at a series of stations situated
along the southern rim of the gulf from the South Channel to the offing of Cape
Sable.
,  The Tidal Survey of Canada, under Doctor Dawson’s direction, carried out an
extended survey of the tidal currents at 19 stations distributed around the Nova
Scotian coast from the offing of Shelburne to the Bay of Fundy, and within the
latter, in the years 1904 and 1907 (Dawson, 1905 and 1908).

One current station also was occupied off Gloucester by the Albatross in March,
1920 (station 20051); and measurements of the velocity and direction of flood or ebb
were made by the Grampus in the summer of 1912 at several localities in the western
side of the gulf. ,
~ Thus, the western, southern, and eastern sides of the gulf are so well covered
that these measurements could hardly fail to reveal the dominant set (if there be
any) for that part of its periphery; but no systematic study has yet been made of
the tidal currents along the eastern coast of Maine between Portland and the
entrance to the Bay of Fundy.

Before proceeding to analyze these data we may first consider briefly what sort
of information they may be expected to yield.
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Readings of the ¢iirrent meter (or:the simpler inethod of employing a float)
give the rate of the current over a known interval of time and its direction.® These,
then, are'reduced to average velocities and: directions for each tidal hour after the
time of high water at some neighboring station of reference, and it is in this form
that they appear in the current tables published in the United States Coast Pilot
(United States Coast and Geodetic Survey, 1911, p. 151) and in the current tables
for the Bay of Fundy (Dawson, 1908). In all such tables the direction: stated is
that toward which the current flows, referred to ‘the true meridian. -In other words

a *‘northeast’ current is just the oppos1te of a “northeast’” wind. -

To plot the course which an imaginary body, ﬂoatmg in the water, would travel
during the period from ene high tide to the next, is perhaps the most graphic way
to bring out the existence or absence of a dominant drift at any given locality. . If
the flood and ebb currents are exactly .opposite in rate, duration, and direction,
such a float would return precisely to its:starting point, for there would ‘be no
resultant drift. In all probability, however, this would never happen in any part of
the Gulf of Maine. ' If, with ebb and flood opposite in direction throughout their
respective duration, one were stronger than the other, a dominant set would result
parallel to the direction of the stronger. This condition is to be expected in nar-
row channels, such as the Grand Manan Channel, and close in.along some: parts of
the coast line; but in most parts of the gulf the direction of the tidal current
changes from hour to hour, running i a comparatxvely constant direction for only a
few hours when ebb or flood is at its strength In some localities the tidal current
is perfectly rotary, with its direction veering umformly throughout the half-tidal day.
Such a state, for example, is to be expected about 16 miles to the eastward of Nan-
tucket Shoals light vessel (United States Coast and Geodetic Survey, 1912, p. 10).

In the Gulf of Maine and on its offshore banks tidal currents veer always to
the right—i. e., with the hands of the clock—most rapidly, in most cases, at the
times of high and low water. Thus, a particle of water or any floating object, such
as a buoyant fish egg, drifting during a tidal period, would follow a course varying
in different parts of the gulf from a closed circle (brinv'mg it back close to its
startmg point), through various types of Veermg spirals, to courses nearly opposite
in direction for the two tides but unequal in distance. In most parts of the gulf,
therefore, any such floating object would not follow the dominant or nontidal set
directly, but in a zigzag or spiral course, traveling a much greater distance in the
daily tidal components than the d1stance made good along the azimuth of the non-
tidal set. v

' The dominant set that results from a veering current may be deduced in various
ways. If calculation be preferred, an approximation is easy with the ordinary navi-
gational traverse tables in precisely the same way the navigator calculates, from
his dead reckoning, the distance and course made good for the day.

In most cases a graphic method of summation is to be preferred. The following
(now in common use and recently described in detail by Mavor (1922)) is, perhaps,

# 1t should be borne in mind that in tabular statements of -currents the words “ velocity ”” and *“distance”’ are not synony-
mous; for, obviously, if the current is flowing at a rate of 1 mile per hour at one hour, and at 2 miles per hour an hour later, the
distance made good during the interval is neither 1 mile.nor 2 miles, but the mean of the two. This caution is added becsuse
some of the published tables of currents have been ambiguous in this respect.
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the most convenient and yields approximations close enough for most purposes: Lay
down & meridian, marking it. N. and S. - Then simply plot; to scale, the average
distance and direction of the current for each successive hour, as successive lines,
giving to each the correct compass bearing, commencing with high water as the
starting point. Then the distance by which the location reached at one high water
fails to coincide with the preceding high water, measured by the same scale, gives
an approximation to the distance covered by the dominant set in one tidal day.
The angle between the line connecting the two and the meridian first laid down
gives the approximate.direction.® ' r

1t is obvious:that the smaller and more frequent the time intervals for which
the mean velocity and direction are determined by the current meter, the closer will be
the approximation yielded by this method of graphic summation, or by any other.

The work of the two governmental surveys just mentioned (of Canada and of
the United States) has been directed primarily to the study of the tides as these
affect navigation.  Mitchell (1881), however, showed that resolution of the periodic
observations at stations in the South Channel, on Georges Bank, and in the Eastern
and Northern Channels demonstrated a dominant or nontidal drift at every station,
in some cases of cousiderable velocity. A nontidal drift has also been published
for many stations off Cape Cod and in the region of Nantucket Shoals (United
States Coast and Geodetic Survey, 1912, chart to face p. 9), as well as for the vicin-
ity of Cashes Ledge (Harris, 1907), long before the general importance of these
drifts in the general circulation of the gulf was appreciated. L

Dawson (1905, p. 16), on the other hand, believed that the currents in the east-
ern side of the gulf were strictly tidal, showing no general movement of the water
in any one direction in this region which is at all well marked.” Mavor (1922),
however, on submitting Dawson’s current tables to the method of graphic summa-
tion described above, found that a dominant drift was demonstrable at every station,
varying in “distance made good” for a single tidal period from about 1 mile to
about 614 miles. Dominant drifts of greater or less magnitude also result from tidal
measurements taken at Portland and Boston lightships by the United States Coast
and Geodetic Survey and at our Albatross station off Gloucester. The number of
current stations is now so considerable that the presence of some such set is certainly
characteristic of the parts of the gulf which they cover.

- Some resultant drift in one direction or another is, in fact, to be expected any-
where in the open sea, set in motion by the temporary effects of the winds alone,
if from no other cause. Whether or not such drifts as are revealed by measurements
of the tidal currents can be interpreted as evidence of a dominant movement of the
water as a whole depends, therefore, on their relative constancy at given stations and
on whether they are consistent in direction, one with another, over considerable
areas. - - : = :

This last criterion can be tested most readily by plotting on a general chart of
the area the dominant drifts calculated for the various stations. ’ o

The current arrows on such a chart for the Gulf of Maine (fig. 173) show this
requirement met to & degree somewhat surprising when we remember that the'obser-
vations were scattered through a long series of years and that the “sets” at 'the

511t is convenient to use a position plotting sheet, such as can be had (ﬂ)m any‘dealer in navigaﬁibnal Qupﬁlies.
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individual stations varied widely in their duration, some being continued through sev-
eral successive months and others only for a few days. .Even if nothing else what-
ever were known of the-movements of the water in the Gulf of Maine, these arrows

iy 70" [ [ T er : 66’
 guie v s - s

n .70 69’ (.13 67 68"

Fig. 173.—Direction and velocity, in miles, of the non-tidal current, per tidal day of 24 hours and 50 minutes, at stations

of the United States Coast and Geodetic Survey and of the Tidal Survey of Canada. The feathered arrow is for the one
Albatroaa station (20051)

would. of themselves be, strong evxdence of a general tendency mward and northward
along the western.shores of Nova Scotia and out to the southeastward past Cape
Cod and the Nantucket Shoals region for the summer and autumn months when the
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current measurements were taken.*. Mavor (1922, p. 109) has already emphasized
the inward movement thus indicated around Nova Scotia and so into the eastern
side of the Gulf of Maine. The drift to the westward past Cape Sable is shown to
be irregular, however, and perhaps intermittent, for a very rapid dominant drift
toward the west of about 12 miles per day, at Dawson’s station R in the offing of
Cape Sable, contrasts with contrary and much weaker resultant currents at two local-
ities nearby (Dawson’s stations P and Q). In the same way the water in the offing
of Shelburne was setting strongly in toward the shore on June 25 to 29, 1907, showed
no dominant drift in any direction at a neighboring station two weeks later,® but
was drifting toward the southwest at a rate of about 8 miles per day on July 27 to
28,1914 (Bigelow, 1917, p. 203, station 10231; current measurements at 6 meters
depth with Ekman current meter)

The most that can be said is that the current arrows show some movement to
the westward past the cape at times during the summer.

The general tendency northward along the western shores of Nova Scotia, toward
the Bay of Fundy, is decidedly impressive, because not one of the arrows, as calcu-
lated from Dawson’s tables (1908), runs counter to this rule, the only exceptions
being two (his stations L. and M), which point almost directly in toward the land.
The arrows also show the water drifting into the Bay of Fundy along its southern
(Nova Scotian) side, then turning northward toward New Brunswick and out again

to the eastward and southward of Grand Manan. In the channel on the northern
sxde of the latter, however, the water has been found to set inward toward the Bay
of Fundy, suggesting a clockwise circulation around Grand Manan, which corrobo-
rates the local report that the flood current predominates over the ebb along the
eastern part of the coast of Maine (Coast Pilot).

It is unfortunate that no measurements of currents are a,vallable for any points
between the Bay of Fundy, on the east, and Portland hghtshlp, to the west, for the
tides run strong along this sector of the coast line. .

At Portland lightship the currents are weak but shghtly rotary (United States
Coast and Geodetic Survey, 1923, p. 69).

The Coast and Geodetic Survey has supplied the following statement of the
dominant (nontidal) set for several 29-day series at- this location (lat. 43° 31’ 30,”
long. 70° 05’ 38’').

’ Rate per . » . Rate per :
Duration of series dlfgurgi Direction . Duration of serles ; dlfgur(s? Direction
in miles ) ' in miles
oct b x ] VD302t 1.3 |8.67°W. | July 1-20, 1919 © 24| N.62°E,
Nov, 1-28, 1018w rso oo i oo 40 981 8.31°E, | Aug.1-29,1910... 228 W,
Nov. 30-Dec. 28, 1913eeeecsinameonn. o 1.3 (81w, Sept 1-25, 1919 ........ emeracmmmm——an .6 N.47°E.
Jane 1-29; 1919, : : 4.38.36°W. | 1-29, 1 - : 1.7 {'N.58°E.

480 far as I have been able to learn, the only winter measurements made in the Gulf of Maine have been at Nantuoket
8hoals Lightship and one Albatross station off Gloucester (statfon 20051, p. 857).

# The resultant drifts for these two stations (Dawson, 1905 and 1908, statations 8 and T) are taken from Mavor’s chart (1922,
PL1IV),

8951—28——B5
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- It is natural to think of the wind as partly responsible for these variationsin
the direction and velocity of the drift, and this. is borne out by the following table
giving -the wind movements and directions at Portland, Me.; for each month, and
the resulta,nts calculated therefrom by traverse tables B

Wind movernent, miles

Month- - - - e Resultant -

" ... |'.N..|-NE..| E. | :8E., 8. f BW. | W. | NW. BN

October. 191? . - 2,471 49 897 813 867. 574 264 | 1,247 { N.2° W, 2,030.
Navembdr, 1913 - S, ¢ G933 . 132 428 4424 N8| 1,736 664 ] 1,701 | 8.84°.W., 2,274
December, 1913 ¥ —-ual, 1,848 443 | 235 . 232 208 | 1,422 |