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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 m 1916 and 1917.
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F1g. 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
6,1917; 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 mldwmter 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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1 From 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 prev1ous, with no wider difference at
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 level 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° durmg
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 oﬁing 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.
4 Gloucester Harbor, 42° 35’ N; Lubec Narrows, 44° 40’ N.
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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 a8 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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Fiq. 83.~Temperature profile running from the Marshfield shore out into Massachusetts Bay, January 6 and 7, 2025 ( 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, te 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.

In 1925 the southern side.of Ma,ssachusetts Bay had experlenced 1ts 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 Marshfield shore out into Massachusetts Bay, February 6, 7, and 27, 1925.
The broken curve is the isothérm 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 levéls 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 thls sort seems
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Fm 85. —-Temperature at three representatlve 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 heve eeted 88 8 temporary center for coohng there, as
might be expected. c
. The winter of 191213 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.



662 %7 BULLETIN-OF THE BUREAU OF FISHERIES |

""" 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 J anuary 5 to March
5; Lubec Narrows (fig.31), where tidal mixture with the water outs1de is more actlve,
chilled to about the same temperature as Gloucester and was colder than zero
for a slightly longer penod——January 5to 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 Wmter more tha,n the
» latltude does.

' 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 20| Apr, 8, Apr. 9, May 4,
Depth 190 ' | 1013 | Mar. 19, 11925 Fish) “yoi3” | “1e3” | “1s20
20060 | 10054 statlong1| 10055 20090 20120
Surface . 2.5 2.9 2.2 4.1 41 3.3 . 8.4
20 meters 19 2.9 19 3.4 41 2.5 4.7
40 meters 19 3.0 1.8 8.0 40| 24 4.3
70- meters ‘ 17 3.4 18 2.8 4.0 2.4 2.7
100 meters - : - e L5 2.3 .
Msy 4, | May 16, | May 26 Jﬁnﬁs}z’%— July 10, | July'19, | Aug. 9,
. ay 8, ay y: ug.
Depth o | e | 1es | Bish 1z " | 10t " | 1013
10266 | 20124 | 10279 | Hawk | 10341 | 10341 [ 10087
station 31 .
Surface ... 6.1 9.7 10.0 12.9 18.3 16.4 16,7
20 meters 4.0 51 7.2 5.5 9.0 6.0 10.4
40 meters : 3.6 2.9 5.2 4.0 6.6 4.1 67
70 meters 3.6 2.8 3.8 3.6. 46 3.7 6.3
100 ‘meters : " 3.6 2.7 . S TR XY 1 R, 5.2
L Aug. Aug. 22, | Aug. 22, | Aug. 31, ['Sept. 29,| Oct.1, | Oct. 27,
Depth” - ° s B | e s | “T8is " | heis | Ciois’ | ieis "
o - 10263 . | 10633 | 10633 | 10306 | 10820 | 10324 | 10339
Surface 18.9 18.00 18.7 18,1  10.5 10.3 10.8
20 eters --.uo--e-- 12.0 9.10 123 - 120|. 106 100 |enoeeeaann
40 meters 6.6 7.4 7.0 83 10.1 0.0 |emecacean-
70 metérs 53 470 [emmemcen 6.7 7.0 7.5 7.3
100 meters . 4,6 - 6.0 |--- 7.1
Oet. 31, { Nov. 20, | Dec. 4, | Deo. 23, | Dec. 29, | Jan. 16, | Feb. 9, | Feb. 13,
Depth 1918 1912 1912 1912 1920 1913 1921 1018
10399 | 10047 | 10048 | 10049 | 10489 | 10050 | ‘10504 | 10053
Surface 10.0 9.2 8.1 6.9 5.6 5.4 23 2.8
20 meters 9.6 9.0 7.8 6.9 6.0 5.4 2.5 2.8
40 meters 8.2 9.0 7.8 6.9 6.9 5.3 3.6 2.8
70 meters ...... 6.1 7.8 6.9 69 5.6 | e 3.0
100 MeLers aee . oiccmeecccmmcacncacaas 5.4 7.0
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In this region (fig. 86) the most obvious seasonal changeis the- very rapid
warming of the surface, which takes place from the end of the winter vntil 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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F16. 86.—Composite diagram of the normal seasonal variation of temperature at the mouth of Massachusetts Bay, of -

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

for August 9, 1928, 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-meter
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’rlng 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 Meanan and Petite Passage, from November, 1916, to November, 1917, from Mavor’s (1923) data
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 to 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—
mid-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, a difference corresponding to’the difference in location (p! 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 upwellmg of the much colder bot-
tom Water at any tlme from June to October would mterrupt the orderly progressmn
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of the 40-meter temperature, and 1t. i8 probable that the very low 40-meter readmg»
recorded off Cape Cod for August 22, 1914 (station 10254, 5.75°) is to be accounted
for on this-basis: 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 annual
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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F16. 88.—Normal seasonal variations in temperature at the surface, 20 meters, and 100 meters ln the west-

ern side of the basin of the gulf, in the offing of Cape Ann, wmbined from the aata for the several
_ years and months. The curves are smoothed : N

western side of the basin at 150 meters was for mldsummer (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).




PHYSICAL OCEANOGRAPHY OF THE GULF OF MAINE 669

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 bemg 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 no}
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 tems
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 coolmg
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
from 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 blong 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 isillustrated 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,
although 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° duf--

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 shutin by numercus
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

44 the head of Boothbay Har-

bor:for March, 1881 to. 1885,

contrasting with 1,1°t0 1.7° at

Seguin Island (Rathbun, 1887).
Finally, 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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Fia. 90;;:Surface and bottom temperatures off Plymouth, Mass. (Fish Hawk station 10, p. 1006); daily témperature of the air 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 a
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 suminer, 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 n 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 spec1ﬁc 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 sea
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 miost of its energy

8 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,

#13ee page 822 for actual measurements of the visual transparency of the QGulf 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.
. Further 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 clanty or
turbldlty of the water.

The altitude of the sun—i. e., the angle at Whlch 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 nebulse—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 wit.h the altitude of the sun.

" Thisis a much greater loss by reflection than Sehmidt (1915) found for fresh-water lakes, where he records only a 6 per cent
Igss with tlie sun 30° above the horizon. Probably the state of tbe surfaee accounts lor the différence
. 4 8e¢e Helland-Hansen (1012); Grein (1913). .
4 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 penetratmn of d1rect solar radiation
deeper than about 20 meters. .. ., ... g

In more turbid northern seas we may expect the solar radmtlon to be absorbed
in a still shoaler surface stratuni, 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 August in bright 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
g0 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.)
" 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,
gomething 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, duyring the active ﬂowerings.of diatoms—the solar
radiation would be absarbed still more rapidly.

-We mustalso 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
u;arms, the 'surface by-20° at any given locality in the gulf, the 10-meter 1evel‘wquld;
certainly. warm by only about.2° very prohably the 50-meter. leyel would, warm;
by nomore than 0.2°, and the:100-meter level would not suffer change sufficient fgr.
our most delicate deep-sea thermometers to record during the part of the year when
thé 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.)
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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. goldest part of the gulf; the dominant eir¢
culation tends. to.carry low temperatures from.the western shores out over. the.central
part of the basin, an'effect illustrated 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 possmle, 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 around the coast of the gulf, afford.a rough plcture of the-order of mags
n1tudes~ 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-

yvailing 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 enough heat 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 a 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 timeé when-the- Sun shines ori '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 tempeneture around and in: 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 established 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: -+ (Quoted from Smithsonisn tables, Fowle, 1920;) . i :
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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
as cold in Massachusetts Bay (farthest removed from the effect of the Nova Sco-
tian current of spring) as it was off Penobscot Bay..

In August, 1914, we ag&m 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 temperature (° C.) upper 100 meters, August, 1914

Mean || : - Mean
Locality Statlon | tempera- ) Locality Station |tempera-

ture ture
Off GlOUCOSLOr v re e ieveeice v 10253 . 7.7 11 Off Penobscot Bay. . .occeeivuacommaccans 10250 8.8
Off Cape Cod...o. e i aiies 10256 8.0 South of Mount Desert .................. 10248 8.7
Westorn basin., mece ccicomuercaecaionmnsan 10254 7.8 16249 | - 7.7
South of Cashes Ledge ..... 10255 86 Oﬂ the Bay of Fundy . v e i 10246 8.8
Near Isles of Shoals ... o 10252 8.0 |} Off Lurcher 8hoal cuaueoivommananoasa - 10245 99

Oft 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
approximately 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
m 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 (1916) 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 9°1(9.2° and 9:8° in 40 and 45
meters) as off Cape Cod on August 29 (9% at station 10398).  Much lower 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 abbut 5% at the 56-meter contour oﬂ" Cape
Sable (station 10230) during the Tast week of July? !+ &

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
calculation is the uniformity of the gulf made evident.

In the coastal belt the mean temperature is usually, though not mvamably,
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 when the movement ofewater
westward along Nova Scotia persists lete 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’ poss1b1e effect of this cold current, be taken into account,
but also the difference in latitude between the dlﬂ'erent stations of observation,
which, per se, corresponds to some difference’ in temperature The most mterestmg
regional comparison which ‘the available records afford from this point of view is
between the waters on Nantucket Shoals, on the one hand, and Passamequoddy Bey,
on the other, both being subject to tidal stirring. so active that the water remains
comparatlvely homogeneous from surface to bottom throughout the year, and both
experiencing about the same amount of fog durmg the spring and summer.”® The
difference in latitude between these two localities is about 3%4°. The mean temper-
ature of the upper 30 to 40 meters of Passamaquoddy Bay ig 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
Narntucket 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 Kriimmel’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 Passamaquoddy Bay (44° 30’), whether for the oceans s & whole or for
the North ‘Atlantic alone .

" The differences_in latltude between Massachusetts Bay (lat. about 42°) and the
northeastern shores of the- gulf generally (lat. 44° to 44° 30" corresponds to a
difference of between 1° and 2° in mean annual surface temperature for the North
Atlantlc as a Whole .

 $1.Calculated from Vachon’s (1918) tables, :
o2 4 ccording to the pilot chart (United States Hydrographic Ofﬂce). Nantucket Shoals is somewhat the roggler tezion 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:the:mouth-of ithe
Bay of Fundy.. Consequently; the former is: exposed to'-more hours" of ' ‘direct
sunlight, tending to accentuate the difference in temperature 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 to 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 difference in the rate of
solar warming which ‘would otherwise.accompany the difference of ‘latitude.: With
8- ‘“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:eof 'the Gulf of Maine in the
summer. months. © The.much wider regional variations-in surface:temperature or in
the temperature -of the Water at any glven level: below the surface follow much
more obvious.cduses. . - oo oL L e RN

. I think it sufficiently estabhshed however, tha.t the drrfference 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 direction 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 tempemtures at representat'we statwns during the cold months, ° (.

Locality, ‘date, -and station . A Burface |40 metersi160 meters
Wostern slde . . .

" Off Boston Harbor, Dec. 29, 1920, station 10488...._ . 3.90 © 5084 |
Off Glaucester, Dec. 20, 1920, station 10489 . e caecccman cvccmcacnacconns 5. 56 6. 94 8,97

* Oft Gloucester, Mar, 1, 1820, station 20050 : 2.50° 1.89 1. 52
Eastern side: .
-+ Yarmouth (Nova 8cotia) sea buoy, Jan. 4, 1821, station 10501 3.80 ) .1 ) .
Off Lurcher Shoal, Jan. 4, 1921, station 10500 5.8 . 6.17 | 6.70

'+ Off Mount Desert Island, Mar, 3, 1920, station 20056 © L5 .49 | 1.95

The foregoing dlscussmn leads to the conclusmn tha.t 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 a warming, not as a chilling; agency, actually 1° to 3° higher in temperature
than the water with which it mixes to the westward of Cape Sable.

One more thermal aspect of the Nova Scotian current (this the mos$ 1mportant
of all) demands brief examination—namely, its more general influence on the tems
perature of the gulf as distinet 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 consxderably
warmer without it? - ;

Until systematic exploratmn 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 Nova 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-a very cold body of water. It is a truism that the gulf, with a 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 annusl 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 prevml 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 NorWeglan fjords (Nordgaard,
1903) and of the Black Ses.

In the southwestern Norwegian fjords, Where a very heavy rainfall maintains so
high a stability that convectional overturnings are confinéd to the superficial stratum,
50 that.this alone is. directly exposed to. winter chilling, the bottom temperature is
not only uniform throughout the year but is almost precisely 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 teraperatures lower than the mean annual temperature of the air at 200
meoters 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 any 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
porth 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 chilling from above. Obviously the differentia,l 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 the year 1916—17, according to Mavor’s (1923) tables ’
4 Nordgaard (1003) quotés 7° as the mean annualtemperature of the air at Bergen, 6.8° to 7° at 400 meters and deeper ‘in the
neighboring fjords.
# The Black Sea is usually represented on climatic charts as occupying the bolt inclosed between the mean annual isntherms
for 10° and 15.56°,
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conditions are approxim#ted in the deép bowl! off Gloucester.: By analogy, therefors,
we might expect the méan: annual temperature of the hettom water of the latter to
be lower than:the mean: annual temperature of the air ower:the:neighboring land,
quite independent’of any possible chilling by northern sourdes. . And such, by.our
observations, is ithe chse, the mean ‘bottom temperature of 4° t0:5° at:70 to 150 meters
depth in this sink being 3°.to 4° below the mean arinual -tetnperature of ‘the air at
Plymouth and Gloucester, on ithe two sides of the:bay; or:at Coneord, Mass.; sore 20
miles inland.® - We have not taken readings: enough'in the deep:trough between
Jeffreys Ledge and the Isle of Shoals to:establish the mesan: annual temperature:as
closely there, but suchdata as are available' point to 8 mean annual-value of4° toi8?
at 100 to 150 meters for this locality, about 3° Iower than- the méan: annusl alr tem-
pera.ture at Portland, Me. (7.8%). - v = SRRy

- Near Mount: Desert Island, Whmh may be taken a8 representab:ve of ‘the
coastal waters of eastern Maine, the mean annual temperature of the bottom water
(close 10 '5°-t0 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, andat 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
N ove'mber, 1917, again prove:1%.or 2° lower than the mean annual temperature of
thie-air at St. Johns, New Brunswick, on the one side of ‘the Bay, or a)ﬁ Yarmouth
Nova Scotia, on the other (5° to:6°). - v

. The foregoing comparison warrants the tentative -generalization- that in those
parts where regional interchange of water is most hindered by submarine barriers
the mean tempersture of the bottom water averages about 1° to 3° lower than the
mean annusl temperature of the sir 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 opén: basin of the
gulf the deepest water averages warmer; a fact discussed in- a subsequent section
(p. 691). In shert, 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 d}ﬁerences between
bottom water and air no wider than those just: quoted.

Brief analysis will, I think, convince the reader 'that this conclusmn -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 - '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. Siith 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 s this in the open sea on either side.of the N orth Atlantic south of. latltude 60°

‘8¢ The inean annual temperature is higher (about 10°) gt Boston than st most other stations arpund -the bay
¢ Caleulated from data tabulated by Mavor (1923),
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However, a cold layer of this same sort, though not s6 low ‘in: terapératuré, ¢an aqually
be produced in ‘any partially inclosed boreal sea. Al that is requisite is:that:the
surface layers be exposed to a rigorous winter climate; alternating with rapid:solar
warming in-summer, over depths great enough to allow a more or less: constant :ins
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’s
chlllmg persists at a depth of 50 to 100 meters until well into the summer (Knudsen,
1909; Krimmel, 1907, p.-471; Witting, 1906); 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 companson with the
Gulf of Maine.® : .

Depth - '~ - o<t ouo-.. | February [ May | August |November
' S / | oee °C. sc. oG,
Burfa8 v e - . b shmeiimman 011 : 4.2 12.3 6
100 meters . 2.4 L8 2.5 5.3
250 meters pads : Llias s mmon 3.9 2.0 3.5 - 4.0

‘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. - i IR

+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: perszstetiee of the low tempera-
ture to-which the whole upper 100 t6 150 meters is chilled ‘in’ winter, but which is
obliterated by autumn, just ‘as happéns in the Baltic: ' No conuection appears
on the profiles between the development of this-cold layer in the: western side of the

gulf as the sprulg advances, a,nd the mrush of Nove Scotlan weter into’ the eastern
slde7° : : Sa Lo I , 4

:

‘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 2or§ mjles seaward, and even these shallow arbas of low:salinity are sometimes
open all wmter, while the open sea south of the. Crimean penlnsula never freezes (British Admiralty, 1897). Consegquently the

amotint of fce that actually melts in the' ‘Black Sea pmper each spring is 8o small that we cah hardly suppose it‘has any apprectable
effect on sea temperature there. - .. Corerer oot

7 In an earlier report (Blgelow. 1917) I referred to the Guli of St Lawrence asa thermal example of thls same sort but Hunts-
mati’s (1924 and 1925) inore recent hydrographie stadies indieate a greatér inflow of icy water from'the’ Labrador curretit through
thie Btraits of Belle Isle than Dawson’s (1907.and 1913) earlier 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 the meltlng of ice frozen Iocally 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 the eastward in spring does not lower the gen*
eral temperature of even the coldest localities and levels in the gulf more thani
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 Scotiali
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 counteractmg
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 proba-
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 fluctustions 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
have 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

"t Bottom temperature 3.54° at 180 meters at station 10283 off the Bay of Fundy, June 10, 1915,
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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.

lThls 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
has 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, 80
far as the depth alone is concerned. ‘

It is because the slope water is warm, by comparison mth 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 gulf,
from which the slope water is more or less effectually barred by submarineé 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 and 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.

Cape Ann bowl, deepest lével |  Basin outside, corresponding

. taken level ! -
Depth, meters ]

Temper- Temper-

Date Station |~ 0 e Date. Station | © o e

°C : °q.
180mmccae et caaaee . Mar, 1,1920 20050 1.68 | Feb. 23,1920 20048 5, 68
180 cmcmcaucen . Apr. 9,1920 20000 ® Apr. 18,1020 20115 |« 5,38
) U S S S G SO RS Y {: Py 20090 2,25 f._... do.._.... 20115 43,80
130 e ememmeammeeemesmmemmm.—— ———————————— May 4,1915 10266 | 3.55 | May 5, 1915 10267 4,69
) § {1 U . mbmm—e . July 10,1012 : 10002 4.61 [ July 16 1912 10007 +4,861
128 Aug. 9,1913 10087 5.17 | Aug. 9 1913 10088 445, 50
B S R O LR SRS SL IR PRI VPP RPIUURIIN SO 4o .. .o 10088 628
LT - Aug. 22,1914 10253 4,49 | Aug. 22,1913 10264 +530
140 ———— Aug. 31,1915 10306 5.78 | Aug, 31, 19156 10307 +8& 10
120 e e L r———— Oct. 31,1918 10309 8.23 | Nov. 11,1916 10400 | - £4.40
150.. e mdidas e bennes sameomne sarane Dec. 29, 1920 10489 | 7.00 | Dec. 20,1020 10490 +6.00

1The table shows only the differentjal existing on the given dates between the deepest level, where a reading was taken
within the bowl, and the corresponding level in'the basin outside It does not represent the seasonal cyele for the latter because
of the difference in levels from station to station, )
1 150-meter reading not taken. : :
" 3130 meters.



692 ~ . BULLETIN OF THE .BUREAU OF FISHERIES . & .

.- Further evidence. that slope water is of little importance in the thermal ¢ycleiof
the Bay of Fundy results from the fact that, we found the 200-meter level 1° colder
(4.3°) within the latter than just outside (5.4°) in March, 1920 (stations 20079 end
20081), with a corresponding difference:in salinity. -A reading of:1.71° :reported . by
Mavor (1923) at 175 meters in the: bay on:Aprit-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-
tlons, 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 in the partially inclosed bowls. that
receive least water from this source.... Were it not for this deep current flowing iri, 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 Jeffreys Ledge show: the nearest approach to the thermal
state that would prevail in the gulf were it neither-open to the infldwing bottom .
current nor stirred by such streng tides.. as those.that disturb its eastern side.

. The thickness of the hottom 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 level, 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. conveetmnal stlrrmg is most act1ve;

S WINTER CHILLING

v Abyssal upwellmg, as I have shown (p 853), is barred out as a. poss1ble 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 meltmo 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 Leat, 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.

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 . virtually unsltered 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°. 1In 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 ongOctober 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 Joss 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

728chmidt (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 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





