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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 effectually. 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 considerably. This interception is favored, furthermore, by the increasing
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 1924~25 affords a good
example of this. '

-‘Storm winds also hasten the winter chllhng of the Water by the stu'rmg action
exerclsed by the waves, which may reach down to very considerable depths at this
geason, 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

78 S8ee Nansen (1912) for an illuminating discussion of the 1oss of heat from the surface of the Northern Atlantioc {n 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
wmter months for the change in temperature to bé measurable on our ordinary deep-
sea thermometers.

Actually, however, vertical c1rcula,t10n is most active durmg 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 80, cools off so uniformly during the winter, instead of
only a thin surface film, is therefore‘wholly the result of convectional movements
of the water particles, mduced either mechanically (by winds or tides) or dynamx-
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 bordermg the
gulf may be of interest.”* ~ - G e

Normal air temperatures (Fahrenheit)

Manth
Looality Janu- | Febru-| e No /| De”
anu- | Febru- Sep- 0- -
ary |- ary M§rch April | May | June | July |August tember October| vember| cember
Boston 27.0 28.0 34.5 45.3 56.6 85.8 71.3 68.9 62.7 5 1.2 31.6
Portland 22.0 23.84 - 32.0 43.0 53.5| . 62.6 68.0 86.2 54.2 49.1 3 7.8 27.1
EastPorte e cnccnnecanan 20.1 20. 4 28.9 38.3 48.9 5.4 59.8 59.7 55.2 46.6 36. 8 25.3

"Mean wmter temperatures °F, with departures from normal (J W szth 1918-1.921)

1911-12
: December Japuary . | /. Febrmary -« | March
Locality ] R B ENEE . . E )
Temper-| Depar- | Temper- | Depar- | Temper-| Depar- | Temper-| Depar-
atire ture ature [ "ture ' 1* sture ture | ature ture
BOSIOD. - oeeemeee e e I WS ey 71| ~o038 36.0 +1.0.
Portland... PO, PRSI 5 e eiiae =188 ~8,7 28.2 - .8 30.2 =18
BastPOrt. oo e ccmccc e ccc e cac e mnn e amenmim | eam e m——— 14.3 —5.8 20. 4 -1L.0 28.8 -l
1012-13
Boston 3851 469 30.3) +123] 7 -0.3 42.4 +7.4
Portland 32.3 +4.2 3.6 + 9.6 21.0 ~2.8 35.2 +3.2
Eastport. 28.7 +3.4 2.8 + 7.7 7.2 -4, 32.0 3.1
1914-15
Bost 30.4] -~L2 3.0 +8 33,2 35.8| ddos
Portland. 24.4 =27 26. 4 +4.4 28,4 +4,8 32,2 +..02
Eastport 23.6 -L7 2.6 - +5 27,6 20.9 —1.00

M.From the U. 8. ‘Weather Bure;ﬁ.; -
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11915-16 P

Boston .| se2| 426! 8ol 466! 255] —25 30.6 4,4

Portland 2.4  +2.3 26.8 +4.6| 206 -3.2 26.8. -38.2

Eastport. 20.6 +4.3 22.6 +2.5| 103 ~2.1 246 -43
1919-20 -

Boston........_... 88| -28 %0 ~0.6 27.6 | ~0.4 30.2 +4.3

Portland___.__. 22.8 —4.3 14.6 -7.4 22.2 ~16 34.6 +2.6

Eastport. oo iieeean. 20.0 -5.3 1.5 ~8.6 211 ~0.3 30,4 +1.5
1920-21

Boston 35.8 1 +4.0 : J—

Portland. ] 27.8 40.7 e .o -

Eastport ) 27.5 ER %) IR DK FERA SN 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).

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
mches 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 wmters gince the oceanographlc mvestlgatlon of the gulf
was undertaken. '

N ormal snowfall and its equwalent in waler, both gwen in inches

November December January . February Mareh April

Locality " | Equiv- 1 Bquiv- Equiv- Equiv- Equiv-{ Equiv-

: Snow | alent | Snow ent | 8Snow | alent | 8S8now | alent | Snow ent | Snow | alent

water water | _ | water water water water

Boston... oenooeeeeo) 06| 0.08| 58 0.85| 97| 087| 137| 12| 90| osr| a7] 046
Porﬂfmd 3.8 .64 '10.8 1.70 16.0 2.32 20.0 8,02 7 1.82 42| .78 .
Eastport..._..... __. 3.4 .40 | 1L7 | L26] 17.6| LY¥2{ 19.7) 1.90{ 13.8{ 128 -10.1]° 1,04
‘Yarmouth, Nova Scotia_ . 4.0 .40 14. 4 1.47 20.3 2.03 218 2.18 13.3 - 1380 5.6 T80

8 The air temperature of the coldest days was many degrees below the 10-day averages"shd’vv’n‘dn“tho diagrams, often 10°
colder than the surface of the water.
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‘Snowfall; in inches
WINTER, 1012-13

Lk ' Locality - . - .. | November, December.|' January | February | March ;| April:..
Bostoh_ N Y Y 9.2 0.3 77 0.5 14
Portland o : : : LA R () e " 50 141 5.1 “oLR
Eastport, : i 20| . 69 7.9 4.6 9.3 3.7
Yaritiouth, Nova Scotia I ez 7.7 12 ‘163 8.5 11
WINTER, 1914-15
Tost i ~ W1 e 7.0 51 ®
Pomand..--.....- : A 1.4 8.1 el . 10.5]. . 0.8
Rastport S4B 0.0 i2.2 10.8 4.8
Yarmouth, Nova Scotia .-, 41 15.3 10.2 - 7.2 2.5
" 'WINTER, 1916-16
Bost et idans Cleahoto 8T 481 303 33.0 6.5
Portland___. , N ) 12.1 122 202 36.3 7.9
Eastport. ' ORI SRSE T EENPPRI ¢\ § L4 146( - 28 4.7, 62
anmouth , Nova Scotia - R o R X 8.1 . 2.3 29.4 53.4 L7
WINTER, 1918:20 -
Bost _ 0 2.9 24.8 39.5. ol .20
Portlsnd __________ SR Lol 2.7 4.3 © .2 44,8 13.6 ' 0.8
Eastpo; , N 1.9 16.9 20,2 ,31.2 4.2} 18.7
Yermouth N0V8 BO0H8 wemmeemeimmmcac oo ece et 2.4 13.8 28.0 | 15.2 3.7 8.0

} 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 Scotis. 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 aboit to the 25-meter contour - Farther out from the shore a larger pro:
portlon of the winter’s precipitation ¢comes'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°,"® mélting 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 m11es of the land

CHILLING EFFECT OF MELTING 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 orlgm (p 689), is the most potent

- ®Recent meastitements place the latent heat of fresh-water 'ice between 75 and 80.3 calorfes. (Krﬂmmel, 1007, p BTy 13

71 Balt-water ice is less effective as a cooling agent than fresh-water ice (floe ice, that is, than berg ice), because jts: latent hntol
melting is somewhat lower. Petterson (1888) gived this'as approxlmate’ly 52 to 53 calories for ice frozen froin 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
along its western side nearly every winter. - The greatest amount forms during heavy
blows from the northwest, when it may stretch out 2 or 3 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 III, 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 arelacking.

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 chﬂlmg 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 spring, 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 estimate 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 entlrely & misnomer,

The chief source of warmth for the superficial stratum of the gulf is the solar
heat absorbed by the water in situ. Vernal warming is therefore chiefly 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 overturnings, 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 “Arctrc current”’ that has so
commonly been invoked to account for it.

The surface stratum of the gulf likewise receives heat from warm winds blowing
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 tropic 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 1ncorpora.ted into the water of
the gulf soon after the actual flow past the cape slackens that no regional differenti-
stion from this source can be traced deﬁmtely in the gulf after midsummer. elthe_r
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is its general temperature made more 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, results
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 melting 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 chill 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 preceeding winter—not of an Arctic current.
This layer 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 sagainst solar warming plus the warming
effect of the slope water and of the surface indrafts from the Browns Bank-Cape
Sable deadwater region, maintain a comparatively constant state in the gulf from
year to year; but it is ‘easy t0 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
as of temperature, must be weighed.

‘Unusually high summer téemperatures, with normal salinity, m1ght 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 temperature, 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 Iow summer temperatures, with normal salinity, would





