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Paragraph 6, line 4, 18° F, should read 480 F.
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Lest line, already should read not yet.
tine 2 of text, suggest should ¥ead suggests.,
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Last line, P, 917 should read p. 973.
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PHYSICAL: OCEANOGRAPHY OF THE GULF: OF :MAINE bi3

M: Dot T IN)TRODUCTION Cl et fenln e

1 e ;h

Thls memo;lr is the thlrd and ﬁnal part oi the general report on the oceenogr,a,phlc
S‘mvey of the Gulf of Maine! . . o
Key charts to., the sta,tlons w111 be found m the precedmg pa)\ of thls vplume
(Blgelow, 1926 ﬁgs 1- 9) the dates and posxtlons are tabulated below’(p 976) w1th the
Physical date. .
. The. chapter. on: hydrodyna.mlcs has been made poselble by Lxeut Commauder
E H Smlth’s collaboretlon R. Parmenter tabulated the physical, data for the Hish
O«wk cruises of 1925, collaboratmg -also in- ‘the charts a.ud dlsoussmn based thereorl
Records of temperature or salinity ha.ve been contnbuted by: ;R‘ A. Goﬁin,
m. C. Schroeder, Capt. G. W. Caxlson, Capt. G. W Greenleaf,C G, Cor],lss, und Dr.
C.J. Fish of the Bureay of Fisheries. Capt.. JohnW MacFarland from his sghooner
wetor, -and Henry Stetson and T, C. G‘rraves, from thelr yachts, aleo have teken
welCOme observetmns . \
i owe.a. debt of gretltude a,lso to Dr A G Huntsman, who has gene;ously
a“110Wed quotation. from his, report on Canadxa.n dmft-bottle expenments in edvanqe
of PUbhcatmn, and who. contnbuted other data aoknowledged, in :the, appropnate
Connections; to Dr. J. P. McMurrich, who has offered the .use of his unpubllslred

data on temperatures at:St. And1ews, New Brunswmk and to the late Dr.-A. G.

viayor, who contnbuted the. qolonmetnc tubes used in the, detelmlnatlon of alk&lmty
on the Albatross and Halgyon. cruises. of 1920——21 L il

OCEANOGRAPHIC HISTORY ‘jf’f" o j{ fi‘;i

< 1. GULF OF MAINE. PROPER SRR :*»Sa;:.-

H

The ﬁ1st Gulf of Mame tempe1 atules, so far es I can leam, wele teken in October,
789, by Ben]emm Frankhn s nephew, Jonethep Wllhams, who reed the “heet of
he air and water at sunrise, noon, and sunset’’ (1793, p,. 83). on, e voyege from
>0ston. to ergxma, and found the surface 8.9° C (18° F) off the mouth of Ma,ss
Achusetts Bay on October 11,  warming, to 11.1° (52° F,). off Chetham on: Cape Cog
to 15° (592 E.) over the outer part of the contmenta,l shelf south of Nantucket Pl}d
to 18, 3°~19 4° (65° to 67° F.) in the inner edge of the Gulf, Strea,m out51de the edge
of the contlnent on the 13th——reedmgs that agree very well wrth the. usuel dlstnbu-
tion of temperature for that season. On another voyage (from. Hahfa.x to. New quk)
Uring the last week of July, 1790, he again took temperatures on Roseway Bank,
~Br°WIIS Bank, and in, the gully between them ; also along the southern side of, Georges

Sank (530 t5 §4° F.),
EIlough readings of the surfe('e temperature of the Gu]f of Mame had aceumulated
Quring the first half of the nineteenth century to: permlt Meury (185o and 1858) to
show its coastal belt and the Bay of Fundy. as between 50° and-60°, its southern@d\e
Out to the continental edge as between 60° and 70° in July, and the entlre gulf ag
colder than 50° in March, ? - o

1 ihe first part was devoted to tho fishes (Bigelow and Welsh, 1925); the sebond tothe plankton (Bigelow 1020) i
hg unetermann (1870) mors cpxrecuy Interprets the jndividual readings: reproduced on Maury’s, (1862) therqml chart by showing
aboyt 301; Parts of the Gulf of Maine as 54.6° to 56° and the Georges Bank-Ni antucket Shoals region as about 59° to 85.5% in J uly;
2° ang 32° to 41°% 1 espectlvely, tn January. ,

B S ¥ T '

JAE
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The first attempt to measire the temperature of the gulf below the surface was
made in the summer of 1870, when Verrill (1871, p. 3) found the water virtually homo-
geneous, surface to bottom, in Passamequoddy Bey, though readings with thermometers
of the maximum-minimum type established a considerable range of temperatm es on
the ‘offshore slope of Georges Bank (Verrill, 1873; Sanderson Smith, 1889, p. 887).

Two summers later surface ahd bottom temperatures were taken at a large num-

ber of stations in the neighborhood of Casco Bay from the Fish Commission steamer
Blue Light (Vernll 1874, 1874a), and also at various localities in deep water in the
western side ‘'of ‘the 'gulf by the’ Coast Survey steamer Bache (Sanderson Smith,
1889, p. 885; Packard, 1876). As a result of this summer’s work Verrill was able to
bring to sclentlﬁc attention the contrast’ between the low bottom temperature and
the warm surface of the western side of the gulf."
* The survey was continued by the Bache in the summer of 1874 at ebout 40 dredg-
ing stations in' the western side of the Gulf of Maine, in depths of’ 27 to 113 fathoms
, (Sanderson Smith, 1889, p. 886). No observations were taken in the gulfin 1875
or'1876; but in 1877 the Flsh Commission, from the Speedwell, in connection’ with a
stirvey of the bottom fauna, took surface and bottom temperatures in' the northern
pert of Massachusetts Bay, Wlth serml observatlons at severel stetwns on Ey lme
crossing the gulf to Cape Sable. ‘ o

Unfortunately, none of the subsurface temperatures taken in the gulf up to that
date were even epprommetely dependable, a,ccordmg to" present-day standards,
because the Miller-Casella thermometers employed were not ‘only unrelisble (Verrill,
1875, p. 413), but, being of the maximum-minimum- type, they would register merely
the lowest temperature at each station, which was not necessarily at the level at
which the reading was ostensibly takén..- Modern oceanographic research in the gulf
may therefore be dated from the summer of 1878, when the Speedwell took temper-
atures in Magsachusetts Bay and off Cape Ann, including serials ‘at 31 stations (San-
derson Smith, 1889, p. 905; Rathbun, 1889, p. 1005), with reversing thermometers.
This type, improved from timeé to time, has’ been employed regularly ever since.
The’ Speedwell worked again 1n the gulf in the summer of 1879 (Sendelson SmitHh,
1889, p. 909; ‘Rathbun, 1880, p. 1006): In June, 1880, the Bla]ce ‘took surface
‘and bottom’ reedmgs at three stations inside the 200-fathom’ contour on the eastern
part of Georges ‘Bank ' (Rathbun, “1889, p. 972, and - A. Agassiz, 1881), while 'in
August the Fish Hawk obtained similar data off Chetham, Cape Cod, in 10 to 43 -
fathoms (Rethbun, 1889 pp 922—923) but d1d not v131t the more northern perts Of
the gulf, =
¢ Theyear 1882 is ‘an important one in the annals of North’ Amencen oceenogrephy ’
because that spring saw the oft-quoted destruction of the tilefish? _and of the inver-
tebrate fauna that inhabited the warm band along the edge of the continent, pre-
‘Sumably by flooding with very cold water. * During the following August the F’bSh
"“Hawk took observations south of Marthas Vineyard and ‘made one tnp t0, the 100‘
fathom line east of Cape Cod (Rathbun, 1889, p. 925)." o

Surface and air temperatures were recorded from early sprmg to late autumn &b
severel lighthouses and lightships along the coast of the gulf-from Nantucket Shoals
‘to’ Petitt Manan during the years 1881 to 1885, the 10-day averages of Wl’llcll &1'9

3 For an account of this event and of the gradual reestablishment of the specles see Bigelow and Welsh 1025.
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tabulated by Rathbun (1887). The very large number of temperatures taken on the
l}ghtships in the ordinary routine sin¢e that time have not been examined critically,
owever. - il it R S R A ; O S B
© 'The Albaiross-occupied a large number of dredging stations along the offshore
slope: of Georges Bank during 1883, 1884,1885, 1886, and 1887, but only five of her
Serial readings and a few of the bottom records fall within the limits of the' Gulf of
Maine.* ' An extensive series of temperatures taken by Dr. W. C. Kendall at the
Surface and'at-stuall depths in the western part of the gulf, in connection with mack-
®rel investigations carried out by the Grampus in 1897, also deserves mention (p.594)
A gap follows in the thermal history of the gulf until the summer and autumn

of 1904, when the Tidal Survey of Cariada took a large number of surface and subsur-
face temperatures in the Bay of Fundy region and off the west coast of Nova Scotia
(Dawson; 1905, 1922). Many of these were repeated in 1907. ' In July, 1908, a few
Teadings were' taken from the Grampus in the region of Nantucket Shoals. i -
 The reestablishment of the biological station of the Biological Board of Canada
8 St.Andrews, at the mouth-of the'St. Croix River, in 1908 marks an'epoch in the
O¢eanographic study of the Bay of Fundy region. The first published survey of the
tomperature and density (the latter detérmined by hydrometer)in-the neighbor-
0od of St. Andrews was carried’out in' July; 1910 (Copeland, 1912). - Since then

bhé taking of temperatures and' of salinity has been a regular part of the station’s
Work; ‘and such of the data as'have been published are mentioned below. "1
_ Although ‘the preceding summary may seem somewhat formidable; very little
Was'yet known ‘of the subsurface temperatures of the offshore parts-of the gulf, even
‘0 summer, for only ‘one small area in its  western side had been examined with
Satisfactory instriments. ‘Nor had’ anything been learned of itswinter state or of
the salinity of ‘its ‘deep waters at 'any time of year until 1912. In that year the
United States Bureau 'of Fisheries and’ the' Museum of ‘Comparative Zoology jointly
Undertook- the general ‘oceanograpliié exploration of ‘the gulf, which; continued to
ate under ‘my direction, has been the foundation of this report and of those thab
~ave preceded it (Bigelow, 1914 to 1926; Bigelow and Welsh, 1925). Gt e
' "Thé first fruits were the serial records at 46 stations (10001'to 10046) 'in the
Dorthern half of the gulf during that July and ‘August (p. 978; Bigelow, 1913, 1914),
1P(',ludin'g; the first determinations of the salinity of the water of the gulf by the
Sittation method (p. 976) that for some years had been in‘general use on the other
Slde of the Atlantic. This, subsequently, has been & routine part of our station work.
})Servatioh‘s‘were taken” bimonthly off! Gloucester by the: Blué Wing during the
Winter of 1912-1913; north of Oape ‘Cod during the following spring by W."W-
Welsh'(stations 10047 to 10056; W. W. Welsh stations 1 to 32; and Bigelow, 19144);
al8o g fow temperatures and water samples between Massachusetts Bay and Georges
;B?{lk by Thomas Douthart and W- F. Clapp (table, p. 980). "= ' roi o
o The Grampus carried out a general survey of the westérn and northern parts of
the gulf in th summer of 1913'(stations 10057 to 10061,10085 to 10112, p. 982; Bigelow,
&915’)9 a8 well as of the coastal watets between the longitudes of Marthas Vineyard-and
sapeake Bay: i This was followed by'amore comprehensive oceanographic sxami!
Dation of the offshore banks, as well as of the inner parts of the gulf and of the coastal

1
For these Albatross data see Townsend (1901, drodglug statlons 2053, 2054, 2060-2064, 2068, and 2522).
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shelf .eastward along Nova Scotia to.Halifax in, the’summer.of 1914 (stations 10213
to 10264, p. 985; Bigelow, 1914b, 1917). . Temperatures and. water samples (density.
of the latter determined by hydrometer) were taken .at many localities in the Bay of
Fundy region that summer and the following: winter from the biological station ‘at
St. Andrews (Mavor, Craigie, and Detweiler,1916; Craigie, 1916, 1916a; McMurrich,
1917;: and Dector McMurrich’s unpublished plankton lists).. In 1915 the Grampus
cruised in’the' gulf from spring to midsutumn, (stations 10266, te .10339, p. 987;
Bigelow, 1917).: Craigie (Craigie and:- Chase,. 1918) likewise. took serial .temperatures.
in the Bay of Fundy, in Annapohs Basm, and in St Marys Bay, as well ag sahnmes
in the latter (Vachon, 1918) P

of eastern Canadmn waters carried out, by the, Canadlan Flshenes Expedmon (H]ort )
1919; Ss,ndstrom, 1919;  Bjerkan, 1919)... This, however did not touch the Gulf-of
Maine reglon except for one proﬁle crossmg the shelf oft Shelburne, N ova. Scotm, in
July.. Lo el e

, It is.8 fortun&te cha,nce t,ha,t the western and southwestern parts of the gulf on
the one hand :(stations 10340 to 10357, 10898 to. 10404; Bigelow, 19227, and, the

Bay. of Fundy, on the other: (Vachon,.1918), both were studied in 1916, for. that
summer and autumn followed; an almost Arctic winter and a backward spring. : -

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

JJn 1919 ‘work was resumed, when - the. United' States .Coast- Guard cutter
Androscoggm on ice patrol ran profiles. across. the gulf in March, April, and. May
(United States Coast Guard stations 1 to' 3, 19 to.22,35 to 38, p. 997; E. H. Smlth:
1924, p. 103), while Mavor (1923) made an oceanographic survey. of the:Ba,y of Fundy
in August. © Study of the surface currents.of: the Bay of Fundy by. drift-bottles also
was inaugurated by. the; St. Andrews, station, during. that summer (Mavor, 192040
1923), and later was, expa,nded into a ]omt prOJect to.cover northeastern American
waters generally. S AT T

- Prior to 1920: attentlon had been dn ected chleﬁy to the sbate of the gulf durmg t,he
warm half of the year. - To remedy this. seasonal deficiency the Albatross.carried oub
a general survey of the eptire region from February to May, 1920 (stations 20044 .10
20129, p. 998; United States Bureau of Fisheries, 1921), while the Haleyon cruised in the
northern half of the gulf during the following December, January, and March. The
Halcyon also occupied a net of oceanographic stations in: Massachusetts Bay during
August, 1922, and -has made seattered. observations at various seasons: since-the?
(stations 10631 to 10645, p. 995, and. unnumbered, stations, p.-1012). Finally, the
Fish Hawk took temperatures and . selinities ot many stations in Massachusetts 80
Cape Cod Bays at intervals during the winter and spring of 1924-25 (p. 1004). "

.. The following lines of drift bottles\have ‘been. set; out. in the Gulf of Maine smce
1919 July, 1922, oneline. running southessterly from Cape'Elizabeth to the-center
of the gulf; another from..the -southern angle.of: Cape Cod.southeasterly-out 8Cross
the edge of the continent; and likewise # line off New York » Ailine: aISO was.seb ouf*

-" §7Dhe operations of the G'rampua in 1016 were in thd immcdiate charge of W, W. Welst.
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off Cape ‘Sable that summer- by the Biological Board: of-Canada, besides several other
lines farther east (p.'908). During August, 1923, lines of bottlés were set out normal
to the coast line off Mount Desert, Cape Elizabeth, Oape Ann,and Cape Cod (p. 874);
and a much larger number of botjles was put out in more eastern Nova Scotian
Waters by the Biological Board of -Canada, some, of which have drifted to the Gulf of
M&me as described below (p. 908). No Bottles were put out in the Gulf of Maine
Proper in, 1924, although lines werd run across Vineyand and:Nantucket Sounds.: Some
of the many Canadian bottles put out that summer off the outer coast.of Nova Scotia
hﬁve been. picked up;in the Gulf of Maine,. :Finally, bottles were put: out.in.: Massa-
chugetts, and Ipswich, Bays. in-February, April, and May, 1925; .in Massachusetts
>3y ‘again. by -Henry Stetson .in-April; 1926, and off Cape N edlck by T E. Graves
th&t July, from their yachts (pp. 878, 879). RNt
The measurements. of currents, which heve been taken in. the gulf by the f’lhdal
S’urvey of Canada and by:the Umted States Coasﬁ and Geodebic Survey, are. mentmned
111 & later chapter (p. 857) s e it o Spd st e

3 | CONTINENTAL SHE;L.F SOUTH"OF | NANTUCKET AND MARTHAS
_VINEYARD | .

”ﬂif%" SO VIR R ] hu IEREE I X

The earlier: exploremons in' this ‘Aren ‘are summamzed in'a prevmus report (Bxge-
IOW , 1915), henice they Thay be passed over briefly ‘hare. ‘
‘The general range ‘of ‘surface’ temperzituré south of Woods Hols i how ‘well
knOWn for the summer ‘séason;, thanks'to" the: early’ exploratmns by the vessels of ‘the
Treau of Fisheries, notably in’ 1880 o' 1882 (‘Tanner 1884 't - 1884b) and ‘in 1889
to. 1801 (Libbey; 1891) 1895): Dally reéords of tempereture of air: and watér also
‘1ave ‘been récorded’ {for 'many: years ‘at ' Woods “Hole;* and " observations ‘have- been
alceny on' the'various- collecting rips’ carried 'ous! summer’ after lsummer from that
Station. Dickson (1901) likewiss-has-collected a’ large number of surface’ tempera-
burey fr6m.ithe logs of vessels; aiid ‘ﬁhé Grampus has croésied ‘th1s part of the cont1-
nental shelf on'several recent orwiges: ivcw di o i it Go il
A:large’ number of subsurfate: 'ﬂemperatures -and ‘determinations of sahmty by
hy’dTOmebe:t\ also 'have been:talken 'from Marthas Vmeyerd and' Nantucket out”to
he edge of'‘the continent ‘and beyond, beginning with the: early dredging trlps ‘of
he Vessels-of: the Fish Commission (1880 t6.1881%) and-: contmﬂed by Libbeyin 1889,
90, and: 1891. : Libbey continued: his' study in’subsequétit years, bu‘b the 'results
Ilﬁ"’eil‘ have been published; nor, except in a few mstances, have the bottom: tem-
Peratures -taker subséquently on:'the various idredngg trips‘sént: out to:the waters
Souﬁ;h of Marthas Vmeyard from the Woods Hole statlon of the Bureau of
Sheriey, . . SESANE AU P C N LR S o
N In 1908 the Gmmpus ‘took temperatures n31ito’ 400 fathome eouthward {rom
antucket Shoals (p 595; Bigelow,1909):. < Tn July; 1913, she occupxed several ocean=
Ographm stations in that general region; working southward 'thenes to Ohesapeake
ay (Bigelow, | '1915; :statiohs: 10062 to’ 10084). During - thatAugust: she toek
“'rf&ee temperetures from Cape: :Cod' to Cape: May: (Blgeiew, 1915 p 350), in: 1914
h'l‘hese are summarized by Sumner, Osbum, and Cole (1013) and by Flsh (1925) I

188 i For records gr: tempel-ature during this period, sée Sandersdn Smith (1889), for ‘the Azbatron stations, s60 ’I‘anner (18843,
)andTwwumend(an [EVRIVIRTUR & R T S D alnr et et ol

37755 —27——2
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-and. 1915 she ran.oc¢eanographic’ profilés across ‘the; slope -abreast of Marthas-Vine-
yard in August and October, meintioned above (p. 517). .In 1916 she again madé
-summer and November crulses from Gloucester to Chesapea.ke Bay (Blgelow,
1922) : e e

TOPOGRAPHY

The mdentatlon of the coast betWeen Cape Sable, at the southeast angle of N ova
Scotla on the east, and Cape Cod and Nantucket Island, on the west, seems to have
gone unnamed until late in the last century, when it was christéned “‘Gulf of Maine.”
As outlined by the coast, the gulf is roughly rectangular, much: wider (about 200 miles)
than deep (about 120 mxles) It is a far better marked natural province’ below the
surface of the sea than the shallow recession of its shore line would suggest, for its
southern boundary is marked by a shallow rim, or “sill,” pierced by three narrow
passages only. - Passing eastward from Nantucket, with its off-lying shoals, these,
successively, and the banks that separate them, are: The South Channel (not very
well defined and only 40 to 50 fathoms deep), Georges Bank, the Eastern Channel,
Browns Bank, the Northern Channel, and finally the Seal Island or coastal bank off
Cape Sable. This rim, as Mitchell (1881) long ago pointed out, 259 miles in length
from Nantucket to Cape Sable, follows, in its main' outlines, the arc of a circle whose
radius is about 167 miles. Along this arc the length of Georges Bank, from the
deepest trough of the South Channel to the 50-fathom contour on the slope of the
Eastern Channel, is about 140 miles, with & greatest: breadth of about 80 miles from
north to south between the 50-fathom contours. Between these same contours of
the Eastern Channel and of the Northern Channel each occupies about 25 miles of-
the arc. In round figures, the area of Georges Bank is 10,000 square miles; that
portlon of Browns Bank west of long1tude 65° 30" W. (taken a8 the arbltrary bound-
ary of the region under discussion) is about 550 square miles. - .

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

. The coast of the Gulf of Mame falls into two main types Cape Ehzabeth mark—
ing - the .transition from one to the other. -South of this headland the shore line is
characterized by a succession of sand beaches alternating with bold headlands, nota-
bly Cape Ann, and with rocky stretches, which in Cape Cod Bay give place to the
continuous sand strand of the cape.” Along this part of the coast there are but, few
islands, except in Boston Bay, and the fjord type of indentation is notably absent.
East of Cape Elizabeth, on the contrary, the shores of the State of Maine are almost
continuously rocky, as are the islands of the outlying archipelago already mentioned;
and deep bays succeed each other in close succession as far as the mouth of the
Bay of Fundy. Asa whole, the shores of the gulf are low, seldom rising to more
than 100 to 200 feet in the immediate neighborhood of the sea; but the Camden hills
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and theé mountaing of Mount Desert: (with the maximum elevation of 1,500 odd feet)
are exceptions to this rule, while the cliffs of the north:shore of Gr and Ma.na,n rlse to
a helght of 200 to 300 feet alost shéeer from the water. = “

, DEPTH OF THE GULF‘8 \

If we: take the 50-fathom (vn tually the’ lOO-metel) contour as' markmg the ¢on-
fines between the peripheral and central parts of the gulf (a natural boundary, because
this level not only outlines the northern slope of Georges Bank but includes virtually
all the outlying islands), the coastal shallows to the east, north; and west and the
rim on the south inclose a bottle-necked basin that communicates with the open sea
by two narrow channels only—the eastern and northern. The Eastern Channel, at
its narrowest point between Georges and Browns Banks, is about 140 fathoms (256
meters) deep along its trough; the Northern Channel is 65 to 80 fathoms (120 to 145
meters), with a maximum of 78 fathoms (143 meters) in the narrows between Browns
Bank and the Coast Bank. ' North of the rim the deepest water (100 fathoms; or 200
meters and over) takes roughly the form of a Y, with its two arms'extending west-
‘ward and northeastward. As these two troughs apparently were uhnamed, I have
christened them the ““western’ and “eastern” basins.” They join in the southeast
corner of the gulf, where they are’ ‘continuous with the Eastern Channel. As Mitchell
(1881) has pointed out, more than 10,000 square miles of the gulf are deeper than 100
fathoms. The gulf is deepest just’ mmde the entrance to the Eastern Channel and
close to the northern slope of Georges Bank as a trough some 50 mlles long (west
and east), with 150 fathoms (275 meters) or more; and a maximum of 184 fathoms
(336 meters). There is also a second, smaller bowl, deeper ‘than 150 fathoms (180
fathoms, or 329 meters, max1mum) in the inner part of the western bra’nch of t;he Y;
‘off Cape Ann. :

Over the south-central ; reglon of the gulf (that is, the region of union ‘of the two
arms of the basin) the depth is generally from 100 to 120 fathoms (180 to 290 meters) ,
varied, however, by many shoaler spots of 90 to 100 fathoms and by becasional
deeper soundings of 120 to 135 fathoms (220 to 250 meters). The conﬁguratlon of
‘the- bottom makes ‘the fathom a more mstructlve basis for contour lines’ than the
meter in ]ust thls region; for whéreas the’ 100-fathom curve includes the whole basm,
the 200-meter contour; though differing so little in actual depth, is much’ interrupted
here by ridges of 180 to 190 meters, obscuring - the essential troughlike conformation
of the basin.” In the western arm of the basin the water is deepest 45 miles east of
Cape Ann; in the eastern arm it is deepest in the extreme northeast corner (145
fathoms, or 265 meters). In both branches the general level of the basin floor is
from 115 to 130 fathoms (210 to 238 meters). , ‘

BANKS AND SINKS.

Isolated s1nks or pot holes are numerous, indeed,. the deeps of the two basms
just mentioned are such. Most of these do not fall deep. enough below the sur-
rounding bottom to cell for any specla,l comment, but three such bowls are so deep

" 80n theordinarynavigational chartsof theregion, published by the United States Constand Geodetic Survey and the United
Btates Hydrographic Office, the depths are given in Iathoms Consequently, the following discussion is also in !athoms. but
Wwith the equivalents in meters slso stated.
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and ‘are inclosed by rims so much shallower that they have been made the field:of con-
siderable “hydrographic ‘investigation. These, for want of better names, I may
christen (1) the Cape Ann sink, lying near Stellwagen Bank, centering about 12 miles
southeast of Cape Ann, having a general depth of 50 to 70 fathoms (91 to 128 meters)
and s greatest depth of 99 fathoms (181 meters), and inclosed by a continuous rim
of 40 fathoms (70.to 75 meters) or shallower; (2) the Isles of Shoals sink, centering
28 mdes northeast of Cape Ann, having & general depth of 80 to 100 fethoms (146
to 183 meters), and mclosed on the south and east by the shellows of J effreys Ledge
aud on. the. n,orth by depths of. 60 to 70, fathoms (110 to 128 meters).... The Fundy
deep, south of: Grand Manan. Islend at ‘the mouth of the Bay of Fundy, is a basin
some 27 mlles long, with 100.. to 112 fathoms (183 to 205 meters) and its deepest
spot 165 fathoms (302 meters). .

-+ JLhetwo arms of the deep. trough or basm of the gulf are separated by a roughly
tr.mngula.r ares, with depths ranging generally from 70 to 90, fethoms (128 to 165
meters) but nising at its apex (roughly; in the center of the gulf) to w1thm 4 / fathoms
(8. meters) of the. surface, as the. dangerous, rocky shoal Lnown as. Cashes Ledge, the
pateh less, than 30 fathoms (55 meters) deep being, about 6 rmles long in & southwest-
northeast dlrectlon . Other offshore shoa.ls in the gulf proper,. whlch deserve mention
here hecause I shall heve occasjon to refer to. them later as- landmarks are as follows

1 .Stellwagen Bank, lymg between Cape Cod and Cepe Ann at, the, entra,nee to
Massachusetts Bay, 9 t0.20. fathoms (16 to 37 meters), w1th deeper channels uorth
and south of it,,

. ‘,2 Jeffreys Ledge, a, narrow ndge extendmg northeasterly from Cape Ann for
p,bout 45 miles, with depths less than 50 fathoms (91 meters), shoalest place 18
fethoms (33, meters) ‘ ¥ :

3. Platts Bank, situated about 34 mrles cast-southoast from Cepe Ehzabeth
pyh;ch xises to within 29 fathoms (53 meters) of the surface,, . .

o, Jeffrey Bank off Penobscot Bay, some 26, m1les south of the outermost islet
gMa/tlmcus Rock), where. there ds, a small erea w1thm the 50-fathom curve W1th 2
shallowest depth of 46 fathoms 84 meters)
oy 5. Grand; Manan Bank, a small shoal about 7 mlles long lymg ebout 18 mlles
south, of Grand Manan Island; general depth. 30 to 40 fathoms (55 t0.73, meters)

.6, Liurcher Shoal, a patch of broken, rocky bottom 1.5, to 20, fathoms (3 to 37
meters) deep, 15; mlles oﬂ Yarmouth, Nova Scotia. . .

.7.. German Bank, a considerable but vaguely deﬁned area West of Cape Seble,
w1th depths of 30 to 35, fathoms (55,4064 meters). bounding the debouchment of the
Northern Chennel into the. basrn of. the gulf.

Mitchell (1881) has calculated that. the meen depth of the gulf north of the sdl,

including its navigable bays and tributaries, is about 75 fathoms (137 meters)

The banks that form the southern sill of the gulf have been described frequently,
and because of their importance in navigation their main features are summarized in
the coast p110ts issued “by the ’Bntmh and United States Goverrniments.  The di-
meénsions itnd area of’ Georges | Bank one of the most famous and productnre fishing
grounds in‘the North Atlantic, are méntioned above (p. 518) 'On the southern and
eastern:parts the depths range, in.round numbers, from-30 to 40 fathoms (55 to
73 meters).” Over its northwestern one-third the water is shallower, with a consider-
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able but much broken area shallower than 20 fathoms (37 meters), culminating in the
dangerous ‘““Georges’” and Cultivator Sho&ls the former with only 234 to 10 fathoms
(414 to 18 meters), the latter with 3 £6 10 fathoms (6 to 18 meters). Both of these
shoals break heavily in'stormy weather, and both. have proved graveyards for many
fishing vessels. Accdrding to-early rumor (Mitchell, 1881), Georges Shoal has been
awagh or even dry withinhistoric times; but-even' as early as.1776 Holhngsworth
decided that this tradition had no basis. It is worth noting that there is one well-
marked sink: situated on the northeast part of ‘Georges Bank, centering at latitude
41° 59’ N, longﬂmde 67° W. Prior to the spring'of 1920 this was known: (at.least
officially) . from - one-sounding of 83 fathoms: (152 meters) .only, with nelghbermg
depths of 30 to 40fathoms (55 to 73 meters) -On March 11 of: that- year the!U. S,
S. Albatross developed -the region by a series of soundings, finding & maximum depth
of 120 fathoms (220 meters): and an- area of about, 27 square mﬂes deeper than’ 75

fathoms (about: 140 meters)’’ : IERPRETICEE SEHE PR S IR
.Inside :the:50-fathom (90~meter) contour Browns Ba.nk is'about 55 mlles long
from east 10 west, wwh an area about 700 square mxles a,nd al general depth 0fi30:40
50 fﬂ;thoms lJ s Tpaieo '1'\1 TR B f‘!?i",‘. I U ‘:;3{!'
.‘Around: most- of the pemphery of the basm of the gulf the slope i§8- gradual thie
100 fathom (183—metér) .eurve lying about 12 miles from shore at its closest :(off Cape
Cod:and about :as near the outer islands in'the northeast cornér). ‘The northern
slope of Georges Bank is miuch more abrupt, falling from about40 fathoms (73 mebers)
tm 100 fathoms (183 imeteis): in'a distance of only 3 to 5 miles. < fix P
.'The Gulf iof Maine, with its southern:sill, .occupies the whole breadth sz ‘thid
Contmental Shelf off northern New England and:western Nova: Scotia, :with the
south slopes of Georges and Browns Banks falling so steeply to the abyss of the
North Atlantic that the zone between the 100 and 1 ,000 fathom contours (the “Con-
tinental Slope?”) is'at one pomb (longitude ‘about 66° W) only 4 or & miles broad
and not mors ‘than 20 mlles anywhere abreasb the mouth of the gulf"between ‘the
10ng1tudes‘0f 65°"and 71000 - o o awriton
AR TR WATERSHED E » 2t \.-e?. o by ood

K 35 IR LS ‘ : Gttt e L g it f
In more or less mclosed co astal seas, Where the sahmty of: the water g influenced
greatly by the amount of inflow fromrivers and smallerstreams,thé extent of the water-
shed and amount of run-off of fresh water demand:consideration. :'The land ares tribu~
tary.in thisway to the Gulfiof Maine includessomethingover.one-third of the Stateof .
Magsachusetts, two-thirds of:New Hampshire, the-entire State of Maine; half of the
Province: of ‘New: Brunswick, a small part of:the: Province of Quebec, and. the norths
western-and western coastal strips of Nova Scotia—altogether, in round:numbers; some
61,300 square miles. No large rivers empty into the gulf south of Cape Ann; mnorth
of that poin't: the chief tributaries, withtheir! approximate drainage areas in sé{uare
miles; are (1) .the Merrimac, 4,563; (2) the Saco, 1,758;:«(3) the! Presumpscot, 470
(4) /the ‘Androscoggin, }3,700;:(5) the: Kenuebec, 6,380; (6) :the:Perobscot, 8;560;
(7) the Machias, 800; (8) the:St. Croix; 1,6305.4nd(9), chief of 4ll; the St. | Johmn;
draining mo less- than'26,000!square: miles. - That is:to say; the!nine prmclpa.l tribix
taries drain: together over: 53,000 square miles, or five-sixths of the tota.l Watenshedl
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- TEMPERATURE-
FEBRUARY AND MARCH

Ib is most convement to begin: the account of the . temperabure of the Gulf of
Meme with:the late winter and ‘early. sprmg, when the water has cooled to its
minimum for the year and before. vernal Warmmg has proceeded to an apprecmble
degree. . !

‘No definite date can be set: for 1h1s state because of reglonel and annual varia-
tions, but experience in 1913, 1920, and 1921 suggests that the lowest temperatures
are to be expected over the;gulf as a whole during the last week of February and
first few days of March, except from Cape Sable out to the neighboring part of the
basin, where the surface is coldest some wéeks later, when the Nova Scotian current
is flowing from the east past Cape Sable in greatest volume (p. 832). The tempera-
tures recorded during the February-March cruise of 1920 may not have been the
absolute minimum for that year, but the preceding winter had been so cold, with
snowfall so heavy, that probably the open gulf is never more than fractionally colder
than we then found it. The coastal belt may then be expected to chill below 2° at
the surface all around the gulf by the end of winter (fig. 1), its central and offshore
parts continuing slightly warmer (about 2.5° to 3.5°). 1In 1920 a surface tongue
equally.cold had also developed off southern Nova Scotia by the middle of March,
spreading westward across Browns Bank:but separated from the coast.by slightly
warmer (2.2° surface) water close to' Shelburne. Present knowledge of the seasonal
fluctuations of the Nova Scotian current:(p. 832) also make it hkely that some such
development is to be expected yearlv :

A

SURFACE

The surface temperature falls fractionally below 0° in C&pe Cod Bey durmg
wmters when ice forms there in any amount. ,Thus in 1925, for example, the whole
column of water in its central and eastern s1des, in 12 to 34 meters depth,. chilled

to —0.4° to —0.7° by February 6 to 7, warming again to 1° to 2° by February 24.
Passamaquoddy Bay chills to nearly as low a figure (0.77° at 20 meters, February
23,.1917; Willey, 1921). '

. If the winter of 1924-25 can be taken as typical (as seems f&ll‘, beceuse rather a
greater amount of ice formed in Cape Cod Bay than usual, although the air tem-
peratures averaged warmer. than normal -and the snowfall less), 8 line from the tip
of Cape. Cod to Boston Harbor will bound this 0° water in the Massachusetts Bay
region. Equally low temperatures no doubt prevail on the surface in the inner parts
of the bays and among the 1slands along the coast: of ane in winters when-much
ice forms there.

‘By contrast it is not hkely that the surface of the basm of the gulf, mcludmg
the western partof the Bay of Fundy, ever cools below 2° at any season except for
a brief period later in the spring. (p. 681), when the surface in the eastern side may be
chilled .to 0° by the icy Nova Scotian current flowing past Cape Sable from the east.
Minimum readings of 3° to 4° are to be expected over the southern side of the basin
and on the eastern part of Georges Bank; 4% to 5° over its western half and off its
southwestern slope.
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©*An extrerne range of about 5° surface temperature thus ma,y be expected over:

the whole :area ‘of the gulf at the end: of the Wmter, and a range of about 4° in 1ts~‘
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Fig. 1-~Temperature at the surface, Feﬁmaf&-’-M‘a&éh, 1920
VERTICAL DISTRIBUTION

At tshe end of the winter the temperature is very nearly uniform, vertxca.]ly, down

to a depth.of 100 meters, rising slowly with increasing depth below that level. .

This

state continues into March, until the climbing sun-has warmed the surface appreci-
ably. Whether the water is coldest immediately at the surface or 10 to 20 meters
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down at the end of February. depends.on.the, precise, locality, on the state of the
weather during the few.days preceding, and, logally, on the stage of the tide, a ques-
tion taken up in connection with the autumnal and winter cooling of Massachusetts:
Bay-(p. 649). Our March cruise of 1920 -began a few days after the temperature had
passed its mmlmum for the year, the surface being fractionally warmer than the
deeper water;, but the. temperature was still so nearly uniform vertically that the
range was less than’ 1°in the upper 100 meters at most of the March stations within
the outer banks (ﬁgs 2 to 11). Most of - the' md1v1dua,l stations also showed a
slight warming from ‘the 20 to 40 meter lével down to 100 meters, except in the sink
off Gloucester (station' 20050), where the bottom - water was fract,lonally the coldest.
Wherever the’ ‘water was deepér than 100 meters a decided rise in temperature was
recorded from that leveI downward. - Thus the temperature. off. Cape Ann (station
20049) was 2.6° hlgher at 200 meters than a$ 100; and from 1° to 3° warmer at 175
meters then at 100 elsewhere in the basin of the. gulf. The hlghest temperatures
recorded ingide Georges Bank durmg March, 1920, were. at 150 to 250. meters, ag fol-
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Fm 2.—Vertical distnbutlon of temperatme in the inner part of Massachusetts Bny, March t,o August. A, Mareh 8, 1920
j (station 20062); (B, April 6, 1920 (station 20089); C, May 16, 1920 (station 20123), D, August 23, 1922 (station 10632), E,
. August 23, 1922 (Station 10640); F, August 20, 1915 (smtion 1010(5) A

lows Station 20049, 5.66° to 5.63° at 180 to 200 meters station 20053, 5.39° at 225
meters; station 20054, 5. 4° to 5.48° at 175 to 250 meters; station 20055, 5.59° at 220
meters; station 20081, 5.39° at 200 meters. Thus, generally speaking, the deepest
water of the gulf is the warmest and the superﬁcml stratum the coldest at the begin-
ning of the spring. A glance at the tempera‘bure sections (ﬁgs 2 to 11) will show how
w1de1y thls dlﬁ‘ers from- the summer stabe: - -

TEMPERATURE AT 40 METERSf

It is probable that the nattow baxid 6f°0° fo'1°*water that skirts the whole coast
line from:Massachusetts Bay to:the Grand Manan Channelvon'the 40-meter chart
for February ‘andMarch«(fig: :12)-reflects ~conditions as .theyexisted :at the sur-
face @ 'week or 10 days earlier:ih ‘the season. - Reéadings. highér than-1%:everywhere
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else, even after the unusually severe winter of 1920, make it seem unlikely that the
offshore parts of the gulf ever chill below 1° at the 40-meter level. Temperatures
of 1° to 2° at 40 to 50 meters in Massachusetts Bay early in February, 1925 (p. 658),
contrasting with 0. 4° on March 5, 1920 (statlon 20062), suggest that’ th1s stratum is
about 1° Warmer after a warm winter than after a cold one.” .

' RISIDO‘ t,empera,ture, passing offshore to 2° to 4° over the banks, w1th an sbrupt
trans1t1on to much higher values (9°) a few miles to seaward of the edge ‘of the con-
tlnent 1s the most mstructlve general feature of thls 40-meter cha.rt Thls, hOWever,
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. ‘T1G: 3.—Vertical distribution of temperature.off northern Cape Cod, March to July. A, March 24, 1020
-+(station 20088);i B, April 18, 1020  (station 20116);:C, May 16, 1020 (station 20125); D,. July. 19, 1914
(statlon 10214) . . ; X

Was comphca.ted ab tb.e tlmeu‘byﬂan expansmn of watel colder than thab across the
eastern end, of, Georges Bank from the neighboring part. of the basin, alternating with
& warm tongue that. intruded inward. along. the Eastern Channel and a second area
of cold (2°) mwater that reached, Browns Bank. from the .eastward.? .. e

B Y proﬂle ran from Shelbufne, Novn Scotia, 4’ the edizolof the dontinbnt in MAreh ‘($tations’ 20073'to 20077) affords’a cross
seqtion ofi this,. ; PR , Copeies b i S e g g e o R
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TEMPERATURE AT 100 -METERS AND; DEEPER S

In February and March 1920 the entire basin of the gulf Was warmer. than 1.5°
at 100 meters (fig. 13); all but 1ts northwestern margin was warmer than 2°. " The
most noteworthy features of the chart for this level are the very. stnkmg contrast
between the cold inner waters of ‘the gulf (1° to 3°) and the hlgh temperature (7 ° to
18°) outside the edge of the continent, with the clearly outlined tongue of compara-
tively warm (4° to 6°) water entering via the Eastern Channel (better defined at
this level than at 40 meters) to extend northward and northwestward along the east-
ern branch of the trough, which deserves special attention. The influence of this
warm indraft also is made evident around the northern slope of Georges Bank, west-
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F1q. 4.~Vertical distribution of temperature at the mouth of Massachusetts Bay, March to August. A, March
1, 1920 (station 20050); B, April 9,.1920 (station: 20080); O, May 4, 1020 (station 20120); D, May 186, 1920
(station 20124); E, July 20, 1012 (statfon 10002); -F, August 22, 1914; G, August 31, 1915 (station 10306)

ward to the Cape Cod slope, in readmgs of 3° to 3.6°. With this warm tongue as
clearly defined by high sahmty as it is by temperature, its nature as an sctual cur-
rent flowing into the gulf via the Eastern Channel from outside the continental edge
is'sufficiently established. ' Seldom, in fact,'do the curves for salinity and for tem-
perature correspond as closely as they do in this case, even-to the pooling of the
warm, saline water off the mouth of the Bay of Fundy. This phenomenon, of which
we have had frequent evidence in other years and at other seasons, is discussed more
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fully in the chapter on the circulation of the gulf (p. 921). Its existence and its effect
on the bottom temperatures of the gulf are among the most interesting facts brought

out by the survey. ‘
A counter expansion of water colder than 6° and fresher than 33 per mille, out

of the gulf and around the southeast face of Georges Bank, also adds interest to the
100-meter chart. ‘ 4

In February and March, 1920, the gulf proved warmer at 200 meters than at
100. Probably the 200-meter level is never as cold as 4°; in fact, most of the readings
were fractionally higher than 5°, being from 4.29° in the Fundy Deep to 6.85° in the
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¥1G, 6.—Vertical distribution of temperature in the deep trough between Jeffreys Ledge and tbe coast, March
. to August. A, March 5, 1920 (station 20061); B, March 5, 1021 (station 10599); O, May 14, 1914 (station
10278); D, August 22, 1914 (station 10252). “The broken curve is-for-August 9 of the cold summer of 1923

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

Several proﬁles of ‘the gulf are added, further to illustrate the dlstrlbutlon of
temperature in March as exemplified by the year 1920." The first of these, running
eastward from Massachusetts Bay to the neighborhood of Cape Sable (fig. 14), shows
the spacial relationship between the compamtwely high temperature (upward of 4°)
m“theﬁbottom of the two arms of the basin, below about 120 to 160 meters, the
banking up of 4° to 5° water in ‘the eastern side just mentioned, and the colder
(0° to 2°) water in the inner part of Massachusetts Bay in the one side of the
gulf and along western Nova Scotia in the other. It also affords evidence more
graphlc than the charts that this warm bottom water, as 11; dnfts ‘in~through
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the Eastern Channel, makes itself felt right up to the surface in the coldest season
by temperatures about 1° higher than those either to the west or to ‘the east of it.
A much lower temperature in the bottom of the bowl off Gloucester (1.5° to 1.6°)
than at equal depths in:the neighboring basin (5°) deserves attention as evidence of
the efficacy of its barrier rim. - Because 80 protected by -the contour of the bottom,
the low temperatures of the preceding winter permst until much later in the season
in the deeper levels of sinks of this type than in other parts of the open gulf. :

- The: considerable stratum of water colder than 3° (1.89° to0.2.76°) in the mid
levels of the west-central part of the basin is made conspicuous on this profile by
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contrast with the warm core that splits it in the eastern side. Had the profile been
run a few miles farther north, the contrast in temperature would have appeared still
sharper in this relative region (at station 20054); less so a few miles farther south
(at station 20053), as the charts for the surface and for the 40-meter level (figs. 1
and 12) make clear.

The most notable features of a proﬁle 1unn1ng south from the oﬂing of Cape
Ehzabeth across Georges Bank and the continental slope (fig. 15), is its demonstra-
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12, 1914 (station 10246), E (broken curve), January 5, 1621 (station 10502)

tion (a) that the transition in temperature from the boreal waters of the gulf, on
the one hand, to the oceanic water outside the continental edge, on the other, is
hardly less abrupt along this line'in the last week of February and first week of
March than it is in midsummer (p. 615); and (b) that the bottom at 75 to 300 meters
was bathed by water as warm as 8° to 11° as far east as longitude 68° along the
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continental slope.:: Equally high bottom  temperatures on the upper part of the
slope in the latitude of Chesapeake Bay (station 20041); off Délaware Bay (station
20042), and off New York (station 20043), that same February, also off Chesapeake
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Bay in J’z‘mu'ary,v 1914 (Bigelow, 19174, p. 60), make it likely that a Wafm band of
this sort (often spoken of ‘as the ““inner edge of the Gulf Stream”’) touches the bot-
tom along this depth zone throughout most winters. The March profile of the
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eastern end of the bank (fig. 16), however, shows much less contrastin temperature
between the two sides of the latter, with the oceanic water (warmer than 8° and
salter than 34 per mille) so much .farther out from: the edge of the continent that
even the outermost station (20069): did not touchit, leaving the bottom down the con-
tinental slope bathed with water: colder than 5° at all depths. The profiles thus
corroborate the temperature charts (figs. 12 and 13), to the effect. that the warm
bottom zone was obliterated somewhere between -longitudes 67° and 68° W. (about
midway the length of Georges Bank) in February and March by the “cold wall”’
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Fia. 10. -—Vertical distribution of temperature near Lurcher Bhoal in various months. A, March 23, 1020
(station 20082); ‘B, Apnl 12, 1620 (station-20101); -C, May 10, 1915 (station 10272); D, August 12, 1013
(station 10096); ¥, August 12, 1914 (station 10245); G, January 4, 1921 (station 10500)
that wedges in between the slope and the oceanic water. As it is the existence of
this warm zone that permits the year-round existence of warm-water ‘subtropical
invertebrates and of the tilefish along this stretch the definite location of its eastern
limit is 8 matter of ‘some biological importance. - The contrast between the graph
for our outermost station off the western end of Georges Bank and two other deep
stations off its eastern end and off Shelburne, Nova Scotia (fig: 18),"is*an addi-
tional ‘illustration of the sudden 'dislocations ab’butzmidway'“df*t‘he"b’ank,"with a
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difference of about 5°.t0 6° between:the two ends of the latter at all levels from 20
meters down to 300. B T ST

. The fact that the two.eastern stations (20069 and 20077) did not differ:from
each other by more than 2° in temperature at any depth is evidence. that. the cold.
wedge that they illustrate was itself nearly uniform in temperature for a consider-
able distance from west to east. The difference between station 20044, on the one
hand, and stations 20069 and 20077, on the other, was greatest at the stratum where
all three were warmest—100 to 200 meters. Below this, at depths greater than 300
meters, the curves for all three of these deep stations converge, the readings for all
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(station 20085); B,' April 15, 1920 (station 20103); C, May 7, 1915 (station 10271); D, June 19, 1915 (sta-

tion 10200); E, August'12, 1913 (station 10085); F, August 12, 1914 (station 10244); G, September 2, 1915

(statfon 10311) ° .

falling within a range of 0.5° at 1,000 meters (station 20044, 4.2°; station 20069,
3.77°; station 20077, 3.9°), approximately at the temperature that is typical of the
abyssal waters of the North Atlantic as-a whole and differing little from the read-
lngs obtained at corresponding depths and locations alpng the slope in summer
between Nova Scotia and the latitude of Chesapeake Bay (p. 605; Bigelow, 1915,
1917,1922). =~ ) L '
_ Unfortunately the data are not complete for the February station on the north-
érn part of Georges Bank (20047), but it is probable (hence so designated on the



534 BULLETIN OF THE BUREAU OF FISHERIES

profile) that 3° to 4° water was continuous right across the Western end of the bank
at the 10 to 30 meter level.

Our experience has been that the water is so actively Imxed by tldal currents
on the shoaler parts of Georges Bank that a complete equahzamon of temperature may

70"
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+ . i

mw 70 69° 68’ ) €7°
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" F16.12.—Toemperature at 2 depth of 40 meters, Febuary-March, 1920

be expected there locally at any season. Had the We%tem proﬁle (fig. 15) cut such
a location, the readings would have been about 4° to 4.5° from surface to. bottom;
but with a difference of about 0.1 .per .mille of salinity between the surface and the
bottom in 50 meters at’ station 20047 (p. 998), ev1dently such was ot the case.
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Only one other featuré of this end of the profile calls for attention—the encroach-
ment of watér warmer than 7° on the southern side of Georges Bank and the abrupt
transition in bottom temperature across the latter from north to south (4° to 12°).

The inner parts of the gulf at the coldest season are warmest (5° to 6°) at the
bottom, coldest (2°) along shore and within 10 to 20 meters of the surface.

n 70" £9° 68" e7° [
f e ¥
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n* ! : 70" : 69’ 88’ e7° 86’

, SDs ' P1g, 13.—~Temperature at & depth of 100 meters, Febuary-March, 1920
.+ The w,edge‘-sha,pedf contour of this coldest' water (3°), projecting shelflike over
the basin; with slightly higher temperatures above it as well as below (fig. 15), taken
by itself might suggest some overflow by warmer surface water from the south.
The vertical uniformity of salinity in the upper stratum (p. 705), however, favors
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~'thesimplerexplanationthat

temperaturesslightly higher

~at the surface :than ‘g few

meters down merely reflect

“the first Stage in- the vernal

warming by the sun, which
proceeds throughout the
spring months. Probably
the upper 10 meters would
have been found homogen-
eous in temperature in the
coastal zone, or the surface
slightly the coldest level
then, had the profile been

“run two weeks earlier in

the season. B

The .increase of tem-
perature from the shore
seaward is again illustrated

_on- the corresponding pro-

file of the edstern side of

the gulf-(fig. 16). In this

case, however, the courses
of the isotherms are com-
plicated by the fact that
this particular profile. cuts
the westward extension of
the warm' core that enters
the gulf via the KEastern
Channel (pp. 526 and 529).
Consequently, the profile
shows  the curves for 2, 3,
4, and 5 degrees, rising con-
siderably nearer to the sur-
face over the northern
slope of the basin (station
20055) than closer inshore,
on the one hand (station
20056), or in the deeper
water of the basin, on the
other (station 20054), in-
denting the cold (1° to 2°)
surface layer from below.

" Readings taken at &

depth of 40’ to” 50 meters
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along the axis of this cold stratum then rose fairly uniformly from about 0.5° close
to land to from 2.4° t0.2.7° in the southern side.of the basin, to 2.7° to 2.9° over
Georges Bank, and to 3.1° over the continental slope, as just-described. On the
other hand, thé water as warm as 5° that floods the greater part of the basin at
depths greater than 120 to 150 meters did not then touch the northern slope of
Georges Bank, off which the water was fractionally colder than 5° rlght down into
the deepest fold of the trough (station 20064).

The fact that the southern end of this profile crossed one of the chief breedmg
grounds for haddock in North American waters, and at the height of the spawning
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F16. 17.~Temperature proﬁle crossing the northeastern: part of the gulf, off the mouth of the Bay of Fundy, for March
22 and 23, 1920 (stations 20080 to 20083)
Season, lends biolagical interest to the temperatures at sbatlons 20061 to 20068. Evi-
dently the eggs were being set free in water of about 2.5° to 2.7°.

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

The relationship existing in March between the cold wsters over Georges and
Browns Banks and in the Northern Channel .on the one hand, and the warm indraft
into the Eastern Channel, on the other, is illustrated by a proﬁle followmg the arc
of the banks (fig 19). Bottom water of 6° to 7° in the Eastern Channel banked
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+. Fia, 19, —Temperamro profile running from the eastern part of Geeorges Bank, across the Eastern Ohannel Brown’s Bank,
and the Northern Channel, March 11 to 23, 1920

up like ndge along its trough (isotherms for 3° to 6°), contrasts W1th 3° to 4. 5° aﬁ
equal depths in the Northern Channel, where temperatures higher. than 4° were con-
fined to a thin bottom. layer deeper than 110 meters (station 20048). A bottom
13emporature fraotlonally hlgher than 3° on Browns Bank points to some tendency
for the warm water that drifts in through the ‘Eastern Channel to overﬂow the east-
ern rim of the latter; but the March data show that this clrculatory movement was
lllmted to depths greater than 70 meters. Probably the fact that the readings on

gorges Bank showed no sign of any encroachment of the warm water. in that direc-
t1011 which is corroborated by salinity (p. 719), is due to the. deﬂectwe effect of the
earth’s rotation, deflecting the current to the right (p. 849): Opher features of the
Profile that claim attention are the uniformity of temperature over. the eastern part
of Georges Bank from east to West the fact that the surface was fractxonally warmer
than the 20-meter lovel there and over the Eastern Channel (a first sign of vernal

37755—27——3
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warming); and that while the inshore (Cape Sable) end of the profile was coldest,
as is usual at this season, the temperature was fractionally higher close in to the land
near the cape than a short distance out at sea. A differential of this same sort would
have been more apparent had the profile been located a few miles farther east,
because the whole column in 75 meters depth, close in to Shelburne (station 20073),
was fractionally warimer than 2° (p:. 1000), while the water farther out on the shelf
(stations 20074 and 20075) was colder. . o :
BOTTOM

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

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

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

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

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

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

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

ANNUAL VARIATIONS IN TEMPERATURE IN EARLY SPRING

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

At the head of Massachusetts Bay, off Boston Harbor, the readmgs for . early
March, 1921, and for February 24, 1925, are from 1° to 2° higher at all levels
than those for 1920, although the dates were within a few days of one another. = As
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the observations were made so soon after the coldest time of year that the temper-
ature had not risen more than fractionally, it seems safe to say that the water did
not cool below 1.5° to 2° in the northern half of the bay during the winters of 1921
or 1925, except right along the land, where it is most sub]ect to wmter chilling,.
instead of close to 0°, as in 1920. :
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A similar relationship obtained between the years 1920 and 1921 at the mouth'

of the Bay off Gloucester (fig. 21), the following readings taken there in ‘the first

week of March pointing to & minimum of 1.5° to 2° fOr the wmter of 1920 and
about 3° for 1921.
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The winter of 1913 (Bigelow, 1914a, p. 391) was

intermediate between 1920 and 1921 in temperature

at this locality, with readings of 2.83° on the surface
and 3.11° on bottom in 82 meters at a near-by loca-
tion on February 13’ (station 10053), when the mini-
mum temperature for the winter was recorded.
'An equally interesting annual difference is that
the temperatures of late February and early March
Were lowest at the surface in 1913 and 1921, whereas

ill_g_gzo vernal warming already had raised the tem--

Perature of the surface fractionally above that of the
Underlying water by March 4. On February 24 to
28, 1925, the bottom was fractionally the warmest
level at one deep station (Fish Hawk station 18a),

While the surface was warmest at another (station 2)
With the mid-stratum fractionally the coldest at
oth. Thus, the date at which the vernal warming
of the surface begins to be appreciable .does not -

Decessarily mirror the state of the preceding winter,

Whether s cold one or & warm one in this part of the
gulf (1920 was a very cold winter), but depends.

n}OI‘e‘ on the degree of cloudiness, the precise condi-
tion of air, the direction of the wind, the tempera-
ture of the air, and on the snowfall from the middle
of February on. S ’

Turning now to the coastal belt just north of

ape Ann we find very little difference in actual tem-
Perature between readings of 2:4° to 3.7° at the Fish
Howke stations (Nos. 20 to 28) for March 10, 1925,
and Welsh’s records of 3.8° to 3.9° on March 19,
1913; but with the surface about 1° warmer than
the 30-meter level at all these Fish Hawk stations,

ut the whole column virtusally uniform in tempera-
ture down to 120 meters in 1913, it is evident that

® vernal warming of the surface commenced at -

eﬂlsi two weeks earlier there in 1925 than in 1913.
@ year 1920 ‘was certainly colder at this general
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Fig. 21.—Vertical distribution of temperature
off Gloucester during the first week of
Mareh of the years 1913, 1920, and 1921, to
show the annual variation. A, Marchl,
1920 (station 20050); B, March 5, 1921 (sta--
tion 10511); O, March 4, 1018 (station 10054)

Ocality than either;1913 lor 1925, because the surface had warmed only to 3.05°

there by the 6th of April (station”20092).
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The temperature of the upper 100 meters was 2° to 3° lower in the sink off the
Isles of Shoals on March 5, 1920, than on that same date in 1921, and while the
bottom readings for the two years differ by only about 0.1° in 175 meters, the bottom
water was certainly slightly colder there in 1915 than in either 1920 or in 1921, a
‘temperature of only 3.7° at 175 meters as late in the season as May 14 of that year
contrasting with about 4° early in March of 1920 and 1921.

Essentially this same relationship between the early March temperatures for
1920 and for 1921 was recorded off Cape Elizabeth and off Seguin Island, 1920 being
from 0.2° t02.4° the colder year at all levels down to the bottom in 45 to 100 meters.

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

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

VERNAL WARMING

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

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

It is mterestmg to- trace the change that vernal warming effects in the level ab
which the gulf is coldest. Probably the inner parts are invariably coldest in the
upper 40 meters by the end of winter, a state that persisted into the first week of
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March in the years 1913 and 1921, as just noted (p. 524). In 1925, too, the super-
ficial 10 meters of Massachusetts Bay did not become definitely and consistently
warmer than the underlying water until the end of March (locally even later); and
although the whole column had been warming slowly at all the stations there since
the middle of February (p. 660), this change was at first so slow that the mean sur-
face temperature of the southern side of the bay was only about 0.3° higher on
March 10 (2° at stations 2, 10, 13a, 15, and - 18a) than it had been on February 24
to 28, the mean bottom temperature for these same stations remaining virtually
unchanged. - This probably applies also to the whole area of Massachusetts Bay,
for the surface had warmed by only about 0.56°. ]ust out51de Gloucester Harbor, and
not at all within the latter.

In Ipswich Bay, however, the surface had become deﬁmtely warmer than the

underlying water by the first week of March, and this was the case over the gulf
as a whole in 1920, as just described. )
" From early March onward the progressive warming from above lowers the cold—
est plane in the western side of the basin to.a depth of about 100 meters by the
middle or end of April. At the same time warming by slope water from below raises
the coldest plane in the northeastern part of the basin (the latter itself now slightly
‘warmer than in March) to within 15 to 20 meters of the surface. 'In the southeast-
ern part of the basin, however, the temperature was lowest at the 100-meter level on
April 17 (station 20112); instead of at 20 to 40 meters, as it had been on March 11
(station 20064). The minimum temperatures were recorded at about the same depth
(20 to 40 meters) for the two months in the Northern Channel, the Eastern Chan-
nel, and on the southesastern continental slope of Georges Bank.: On Browns Bank,
‘however, where the upper 20 meters had ‘been considerably -coldest on March 13
(station 20072), the bottom (80 meters) was slightly coldest on April 16 (station
20106), and the whole column, top to bottom, had become nearly homogeneous in
‘temperatule durmg the interval.

Vernal warming, the normal event in boreal seas, is 1etarded—may even be
I‘eversed temporarily—in the eastern side of the Gulf of Maine when the intermittent
Nova Scotian current floods past Cape Sable, as described in a later chapter (p. 832).
The cold water from this source affects a greater displacement of the isotherms
within the gulf and produces lower temperatures there in some springs than in others,
depending on the volume and temperature of the flow past the cape, on the date at
which this reaches its maximum, and on the duration of the period during which
this Nova Scotian water enters the gulf in amount suﬁiclent to appreclably eﬂ’ect
the temperature of the latter.

‘In describing the spring cycle- Vernal warming must be carried elong hand in
hand with this chilling from the east. In 1913 the vernal warming of Massachusetts
Bay and of the Isles of Shoals-Boon Island region to the north was at first most rapid on
the bottom. Thus, the 82-meter temperature rose from 3.11° off Gloucester on Febru-
ary 13 (station 10053) to 3.61°-on March 4 (station 10054), whereas the two surface
readings were less than 0.1° apart (both 2.83° to 2.89°). Mr. Welsh found the sur-

face still continuing fractionally colder (3.6°) than the deeper levels near Boon Island
on the 29th of the month also, although, ]udgmg by the date, the superficial stratum
almost certainly had experienced some increase in temperature by then.
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/It is .probable’ that vernil warming followed a similar ‘course, at first, in the
coastal zone in 1921, with the indraft of warmer and salter water from-offshore main-
taining the winter status of cold surface stratum and -warmer bottom: water into the
first week of March. -In'1925, however (p. 1004), warming from above and from below
raised the temperature. of the whole column in Massachusetts Bay at a more nearly
equal rete from the middle.of February-until late in March, whereas in Ipswich Bay the
surface warmed the.more rapidly from' the beginning. - In 1920, however, the surface
was already fractionally warmer than the 20 to 40 meter stratum as early as March
4 (p. 524), and it may be that in any year when an extremely severe winter chills the
upper 100 meters- or so of the gulf to an abnormal degree the surface at once com-
mences to warm after the grip of winter is released, whereas in more normal years
the surface temperature may be eéxpected to remain almost stationary for a brief
period during late February and early March.- .In 1924, when a foot or so of snow
fell on March 11 and 12, followed by several days of freezing weather, the surface
had warmed to only 2.2° at a station 8 miles off-Gloucester (Halcyon station 10652)
by March 19, with about 1.8° at depths of 40 and 70 meters.

The progressive warming of Massachusetts Bay is illustrated for a warm April

by the Fish Hawk stations for 1925, when: the mean surface temperature rose from
2° on March 10 to.about: 4.6° on April 4. to 8. A definite regional differentiation
also had developed, with the surface warmest (5° to 5.4°) in Cape Cod Bay, where it
had been coldest during the preceding months. Thus, the relationship characteristic
of winter (coldest next the land) was now definitely reversed, so to continue through
the spring (fig. 22) and summer. At the 40-meter level, however, the bay still con-
tinued slightly warmer at its mouth (3.2° to 3.9°, Fish Hawk stations 30 to 33 and
34). than in Cape Cod Bay or near the Plymouth shore (2.9° and 2.6°, stations:6a
and 10), evidence that the indraft of offshore water continued to exert more influence
on the temperature of the deeper strata (up to the 7th or 8th of April in that year)
than did solar warming from above. This was not the case in Ipswich Bay, how-
ever, where the 40-meter temperature was almost precisely the same on April 7 (2.4°
to 2.8°).as it had been on March 10 (2.5° to 2.7°), though the surface had warmed
from 3.35°-3.6° to 4.2°-4.9° during the interval. ‘ ‘
... By April 21 to 23 the mean temperature of the surface of Massachusetts Bay
had risen to 5.2° (4° to0.6.8° at the individual stations, fig. 22) and the 40-meter
temperature to a mean value of about 3.8°, but virtually no change had yet taken
place in the temperature of the bottom water at depths greater than 60 meters, &
constancy illustrated by the following table. In 1920, also, the inner part of the bay
was actually slightly colder at 40 meters on April 20 (1.58°) than it had been on
April. 6 to 9 (2.2°-2.4° at stations 20089 and 20090), evidence of some upwelling of
the colder water from below. - . - . - B o D

< ' Fish Hawk stations : ' ‘Apr. 7 and'8, 1925 | Apr. 21 to 23, 1925

S L . . Meters | Degrees.| Melers | Degrees
? . - . 80 2.91 60 3.08
‘No. 30 - PR, aneresmrmanme kb —— 84 311 - 80 292
No. 31 .- et e ermevaememmmcenmeanann—. 112 2.9 84 2.7
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. The temperature followed a similar cycle in 1913, when the surface warmed to
5.56° near Gloucester by April 14, though no apprecmble change had taken place
at 25 meters during the preceding two weeks (about 4° to 4.1°; stations 10055 and
10056)

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

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

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

During the spring of 1913 a northwesterly gale cooled the surface from 5° near the
Isles of Shoals on April 13 to 4.6° on the 14th and 15th. The water then warmed
to 7.9° by April 26, under the influence of unseasonably warm weather, when a north-
easterly gale, with rain, followed by high northwest winds, once more chilled the
surface to 6.7°. This was followed by another rise in surface temperature to 9.78°
by May 6, when a third northwest gale, of several days duration, once more reduced
it to about 7.2°. The wind then changed to the south, and by the 14th of May,
when the latest observation was made, the surface temperature had risen to 8.11°,1°
Temporary upwellings of this sort are as clearly ev1denced by a rise in salinity (p. 729)
as by a fall in temperature.

. APRIL

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

10 For further detalls see Bigelow, 10141, p. 305, fig. 7.
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In 1920 the entire surface of the open gulf ranged between 3° and 4° by April 9
to 20, including the eastern part of Georges Bank, the Eastern Channel, and Browns
Bank; except for onestation on Platts Bank (20094), where active vertical circulation
caused a fractionally lower surface reading (2.78°), and off the Kennebec River
(station 20006, 2.78°), where & very low surface salinity (29.94 per mille, p. 1001) was
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¥16. 23.—Vertical distribution of temperature near the Isles of Shoals and Boone Island at suc-
cossive dates of the year 1913, to show the progress of vernal warming. A, March 2, 1913;
B, April 5 (both near Boone Island); C, April 13; D, April 16; E, April 20; ¥, May 8; G,
May 14 (C and F are near the Isles of Shoals)

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

Tecords, p. 1012), grading (south to mnorth) from 5.5° to 2.5°-3.8°, though with the
Water to the eastward of Cape Elizabeth still continuing coldest next the land.™

b 11 Close in to Boothbay 3.3°%, but 4,4° near Seguin Island; "1.9° in Southwest Harbor, but 8 to 3.8° near Duck Island, oft Mount
esort Island.
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. No temperatures were taken on the western part of Georges Bank or on Nantucket
Shoals during April, 1920. In 1913 Mr. Douthart had surface readings of 6.6° on
the northern. part of Georges Bank on April 11 and 15, with 7. 7° on its western side
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¥iq. 24.~Temperature at a depth of 40 meters, April 6 to 20, 1920

_‘on the 27th (p 980)." Taklng into account the annual dlfferences between ear]y and
tardy sprmgs, temperatures about 2° lower mlght have been, expected at these statmns
and dates in 1920. A surface reading of 3.3° on Rose and Crown Shoal near Nan-
tucket Island on April 27; 1923 (p. 996) suggests that the surface has about the same
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temperature over Nantucket Shoals as that of the western and: southwestern parts
of the gulf generally at this season. S R

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

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

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

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

- Thus the inner parts of the gulf north of the Cape Cod-Cape Sable line
warmed by about as much (sbout 1.7°) from mid-March to mid-April at 100
meters (fig. 25) as at the gurface. Virtually no change took place meantime
in the 100-meter readings in the southern part of the basin, while the 100-meter
level had cooled by nearly 1° in the southeastern part of the area, a change
accompanied by a corresponding decrease in salinity (p. 735). Thus, it seems that
the middle of April is the coldest season of the year in this region at this depth.
This regional difference in the rate and order of the seasonal change of temperature
t?Ilded to equalize the mid-stratum over the gulf as a whole, so instead of the re-
gional range of nearly 5° obtaining at 100 meters in March (fig. 13), the highest and
IOWest readings at this-depth were only 3.56° apart in April (fig. 25). While the
general distribution’ of temperature remained the same—lowest (3° to 3.5°) along

. UThis reading is corroborated bya corkespondilngly low salinity (p. 727). 1 Iee patrol stations 1403, p. 997.
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the western slope of the basin and in the sink off Cape Ann, highest (4° to. 6°) in
the eastern side and in the Eastern Channel—the isotherms for April (fig. 25) do not
outline the warm indraft into the eastern side as clearly as do those for March

(fig. 13).
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Fi1a, 25.-—’!_.‘_emperature at a dépth of 100 meters, April 6 to 20,1920. The shaded area was colder in April than in March

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

The bottom water at and below 200 meters was fractionally cooler in the eastern
arm of the basin in April, 1920, than it had been in March, and fractionally warmer
off the northern slope of Georges Bank and off Cape Ann (station 20115, 6,.36° at
200 meters), with the deepest readings ranging only from 4.73° to 5.28° at 200 to
290 meters in the basin, rising to 6.07° in thé Eastern Channel (station 20107). °
observations were taken as deep as this on the continental slope in April, but a read—
ing of 6.47° at 150 meters off the southeast face of Georges Bank on the 16th
(station 20109) -shows a rise of about 1.6° since March 12 (station 20068).

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

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

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

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

1 No readings so high were obtained anywhere in the southern or eastern parts of the basin that Aprll, the maxima rbefng'
Tespoctively, 5.28° 5.14°, 5.28°, and 5.16° in depths of 210, 225, 175, and 165 to 230 meters at stations 20098, 20100, 20107, 20112, and
20113, : ‘ . . .
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spring than this event is usually to be expected allowed a decided warming of the
upper ‘stratum to 2.8° t0°3.5° from the Cape Sable slope out to Browns Bank, though
‘Wlth very httle change from March to April on the Georges Bank s1de i

MAY ,
SURFACE

From late April, on, the temperature of the western side of the gulf constantly
rises, most ra,pldly at the surface, progressively slower with increasing depth. Near
Cape Sable, in the eastern side, however, the vernal cycle is dependent on the vol-
‘ume, temperature, and seasonal time ta,ble” of the Nova Scotia current. Where
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e Fxo ‘26 —Temperature proﬂle running from the eastern part of Georges Bank, across the Eastern Ohennel, Brown's Bank,
. : o and the Northern Ohennel, lor April 15 and 16, 1920
'thls debouches into the gulf the surface stratum is at its coldest some tlme in Aprll
‘or even as early as the last of March in “early” years (1919 for ‘instance), but not
‘until May in “late” years, as probably happened in 1920. ‘ Unfortunately, neither of
.our May cruises (1915, 1920, or 1925), nor the ice patrols stations for 1919, has covered
‘the gulf as a whole; hence I ¢ can offer only & compos1te picture for the month, based on
‘years that certamly differed cons1derably in"the rate'of vernal warming and in the
_date at'which the chllhng effect of the Nova Seotian current reached its maximum.
On this basis the highest surface temperatures of early May (fig. 27) are to be
expected in Massachusetts Bay, the lowest in the Cape Sable-German Bank region,
‘with the whole area west of the longitude of Pénobscot’ Bay warmer than 6° by the
'10th, if not earher, contrasted with surface readings of about 3° or lower off western
‘Nova Scotia.® . : :

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

Although the precise surface temperatures at any given date vary from one May
to the next, depending largely on the forwardness of the season on the land, probably
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F1q. 27.—Surface temperature, first half of May, 1915

the comparatlve rates of vernal v»armm0 do not vary widely from year to year in
different parts of the gulf.

. It appears from combmmg the records for the three years 1913, 1915, and 1920,
that this change is most rapld in the inner part of Massachusetts Bay, where the
surface warmed. from 3. 05° on Aprll 6 (station 20089) to 8.89° on May 16 (station
20123) in 1920. S1m11arly, temperatures taken by the th Hawk in 1925 show the
SuI‘face of the southern side of the bay, gener&lly, warming from 5.3° to 6.8° on
April 21 to 23, to 7° fo 11° on May 20 to 22,

At the mouth of the bay, where the surface does not chill to so 1ow 8 figure at
the end of the winter, & less rapid rate of vernal warming causes about the same
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May temperatures. In 1925, for instance, the surface temperature at a line of sta-
tions from Cape Ann to Cape Cod rose from 4.3° to 4.4° on April 21 to 23 to 8.3°
to 9.4° on May 20 to 22 (Fish Hawk cruise 13); and vernal warming proceeded
at about this same rate there in 1920, when the surface reading rose from 2.5° off
Gloucester on March 1 (station 20050) and 3.3° on April 9 (station 20090) to 6.39°
on May 4 (station 20120) and 9.72° on May 16 (station 20124).

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

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

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

The rise in surface temperature proceeds somewhat less rapidly out across
Georges Bank, on the southwestern side of which we found the surface only about 3°
warmer on May 17, 1920 (stations 20128 and 20129), than it had been there on
February 22 (stations 20045 and 20046). Vernal warming is also less and less rapid
from west to east across the gulf (fig. 32), with readings only fractionally higher along
the coast of Maine east of Mount Desert Island on May 10 and 11, 1915, than on
April 12, 1920, or between Grand Manan and Nova Scotia in 1917.77

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

16 Plankton lists (p. 513). :
1T Mavor (1923, p. 375) records the surface at Prince station 3 as 2.27° on Apr. 6, 1917, and 2.96° on May 4,
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its flow must then have slackened (or its temperature have risen), because the surface
temperature of the critical locality rose to 4.6% by April 28 and to 7.8° on May 29,
though the whole column of water on German Bank was still only 2.7° and 4.2°,
respectively, on these dates (ice patrol stations 3, 21, 22, 37, and 38, p. 997). The
seasonal time-table seems to have been about the same in 1915, when the cold Nova
Scotian water was responsible for a temperature of about 3° from German Bank
out across the eastern side of the basin on May 6 to 7 (fig. 27), suggesting that the
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inrush into the gulf had reached its head some time in late March or April of that
year. - In 1920, however, it is certain that the cold current did not begin to flood
past Cape Sable into the gulf in any considerable volume until after the middle
of April. oo

Water as cold as 0.27° to 0.56° had, it is true, spread westward past La Have
Bank to within a few miles of the longitude of Cape Sable as early as the 19th of March,
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1020 (station 20075); but this seems to have constituted its western boundary dur-
ing the next four weeks, because the whole column warmed by about 1° on Ger-
man Bank and near the Cape between March 23 and April 15 (stations 20085 and
20103, 20084 and 20104), instead of chilling, or at least. remaining stationary in tem-
perature, as would have happened with any considerable flow of 0° to 1° water from
the east. Nor did any extension of icy water develop to the southwestward along
the offshore banks or continental slope during the interval.
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: ' The greatest inflow of this cold water into the gulf may therefore be expected
between the last week of March and the middle of April in “early’’ years, but not
until the last of April or first part of May in-“late” years. In spite of this annual
veriation in date, the close agreement between the late April-early May tempera-~
tures of 1915 and 1919 in the région most affected by it, and the uniformity in tem-
Perature in the eastern side of the gulf summer after summer, enlarged on below
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(p. 626), suggests that it is not only a regular annual event but that the inflow from
this source is comparatively uniform, both in volume ‘and in temperature, from year
to year. Its chilling effect on the surface temperature certainly extends northward
along the Nova Scotian slope of the gulf as far as the neighborhood of Lurcher Shoal,
where the whole column of water in 90 to 140 meters was about 0.4° colder on May
10, 1915 (station 10272), than on April 12, 1920 (statlon 20101)——]ust the reverse of

the seasonal change to be expected. .
20
"5 /\\/\
N
o \L Wi
s AN /
%
Y S8 7
N 7 ,
\ AT
I\ i\ ' ezt
s \ ,/ ’JI
2 3 I==an
X \E '
S RN IR
& . ‘;‘ "I
° \ N \ - i
1 . [~ =i \
o N [
N \ / /
N \ TN
S |
v |
QU \
£ \
N
-8 ' 7
~15"
PR TP OR NSASNYN-SARSN-"SApsONSS8 N DO
./u/y Aay J‘ep? Oct MNov Dec. Jarr Ffeb /[Forct Apr Moy ./une

F1G. 31.—~Mean air temperature (solid curve) and water temperature (broken curve) in Lubec Narrows, for 10-day inter-
vals from July 1, 1919, to June 30, 1920
It is much to be regretted that no data are available for May for the region from
Cape Sable out across Browns Bank, the Eastern Channel, or the eastern end of
Georges Bank. Lacking such, I can not outline the effect of the Nova Scotian cur-
rent in this direction. Probably, however, icy water from this eastern source over-
flows Browns Bank at some time during April or May, perhaps the eastern end of
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Georges Bank, also; and the presence of a band of water cooler than its immediate
surroundings along the outer side of thelatter bank and off Marthas Vineyard in sum-
Ier (p. 608) suggests its influence.

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

n ) 70°

Fm 32, ~—Normal rise In surface tompemture from mid-April to mid-May, The hatched area experiences cooling

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

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

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

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

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

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

In the basin off the northern part of Cape Cod, just outsude the 100-meter con-
tour, the 40-meter temperature rose from 2,2° on March 24 (station 20088) to.3.78° on
May 16 (station 20125), while the temperature at 100 meters hardly changed appre-
ciably during this interval of nearly 8 weeks. Below that depth the water, which-
had cooled slightly from March to April, then warmed fractionally, so that the
curves for March and May fall close together (fig. 3) at 140 meters (about 3°-4°).
In the southwestern part of the basin, where no observations were taken in April,
a similar difference obtains between records for May 17 and February 23, 1920,
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showing a warming:of about 4°-at the surface (7.22° to 8.33°in May, accordmg to
the‘ locality), but.with very little change at 100 meters.

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

" Assuming, from the character of the winters preceding, that the mean temperature
&f: 40 meters ranged about 1° lower at the beginning of spring in 1920 than in 1915,
the dxfference between the April and May readings, ]ust summarlzed suggests that

Temperature, Centngrade

S 19 290 3 4° | 5° 6° 7° 8°
Meter 01— : 7"} - :
A

20 _ 4‘" /

40 (

’

50

60 /

70

80

o

20

FIG. 33. ——Vertical distribution of temperature in Ipswich Bay on April 9, 1920 (A, statlon
20002), and on May 7 and 8, 1020 (B, station 20122)
thig level normally warms by about 1° during the interval from mid-April to mid-May
in the parts of the gulf where the change is most rapid.

Taking the open gulf as a whole, the 100-meter readings for April, 1920 (a cold
year), so closely reproduced the May readings for 1915 (a warm year)'® that the tem-
Derature of the mld-depths may be described as v1rtually statlonary during this part
of the spring.

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

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

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

1915 1919 1920

Approxi-
Station jonate Station Temper- Station Tempor-
ature
°C. °C. °C
5.2 | Ice patrol 20 oot cnennne. 4.35 1 201252, e cmccc e e 4,04
5 Ice patrol 21 o ceeiaeamaes 4.4 | 20020, e 4
35 S PRI B, 201271 e 3.8
5 . TN DUSRN e e aceeadeeasneammamonmmn|an e
4,08 |acommccmmcmcncnmmes —— JROIR DS
EN S RS B DR AR
1 At 146 meters. ’ 2 At 140 meters.

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

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

Whether the bottom water of the gulf basin cools or warms slightly from April
through May, or whether the temperature remains virtually constant there, depends
on the pulses just discussed (p. 555) and on the quantity and temperature of water
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F1g. 34.—Temperature at 8 depth of 40 moters, May 4 to 14, 1915

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

The first of these is 1nterestmg chiefly as it outlines the extension of the cold
Nova Scotian current into the eastern side of the gulf, indenting like a shelf into the
warmer water of the basin (isotherm for 4°, fig. 35) Water almost equally cold,
washmg the slope of Cape Cod at 60 to 120 meters in the opposite side of the proﬁle,
is reminiscent of the previous winter’s cooling in sitw; and the definite separation of
these two cold masses by slightly higher temperatures in the central part of the basin
deserves emphasis. Unfortunately no readings were taken deep enough in the basin
to show what relationship the temperature of the bottom stratum bore to that of
the mid depths at the time. So far as they go, however, they point to a homogeneous
state at depths greater than 100 meters.

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

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

Figure 37 illustrates still a later stage in' the thermal cycle, the Nova Scotian
current having slackened and the two cold water masses that hug the two sides of
the gulf earlier in the season having merged into the general stratum of minimum
temperature (4° to 5°) at the 50 to 120 meter level. Vernal warming is illustrated
further on this profile by arise in the temperature of the upper 10 meters from about
5° at the end of April (5° to 6° on May 4 to 6, 1915) to 8° to 9°. In the deeps of
the gulf a rise in temperature from about 4.5° to 5.6° to 6° during the preceding four
weeks (cf. fig. 37 .with fig. 35) is evidence of a considerable movement of slope water
through the Eastern Channel into the gulf during the interval. However, the nearly
horizontal course of the isotherm for 5 degrees across the basin on May 28 (fig. 37);
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ing freshening at the bottom, this cooling is clear evidence that the warm, highly
saline oceanic water that bathed this part of the slope in February, as it usually
does in summer (p. 617), had receded offshore by May. Lacking data farther east-
ward along the slope for this season, it is impossible to state the precise cause of this
event further than that it probably represented a dynamic alteration (p. 936) rather
than & direct extension of Nova Scotian water in this direction (p. 825).

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

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

JUNE

I'am not able to present as satisfactory a thermal picture of the gulf for June as
for the spring, no measurements of temperature having been made in the western
" 8ide of the basin, along shore between Cape Ann and Cape Elizabeth, nor on Georges
Bank during that month.. On. the other hand, our June cruise of 1915 led far enough
east past Cape Sable to cross-cut the Nova Scotian current before it passes that
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promontory. The Fish Hawk, also, made a general survey of Massachusetts and
Cape Cod Bays on June 16 and 17 in 1925. A few temperatures were taken by the
‘ Halcyon near Glouces-

P £ 5B &€ T g o ter on the 6th in 1924,
R 6 7 8 9 10° M° 12° 1% jn the Nantucket

Temperature, Centigrade

Meter 0 4 L) Shoals region during

10— 2 aal . the first half of the

A A B8 1 | month in 1925, and

20 \ Nz " Dawson . (1922) also

30 \ }g‘ took a considerable

Y~ number of June read-

0 \\3( § ™\ ~ ingsalong Nova Scotia
N N in 1904 and 1907.

%0 : g'\ 3 \“\B RATE OF WARMING
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20128 and 20120) : o : stations for 1925 alsd
illustrate interesting regional differences in' the rate at which heat penetrates down”
ward into the water during the late spring and early days of sumimer, depending
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chiefly, it would seem, on differences in the extent to which the water is stirred by
the tides and on the freedom of interchange of water between the coastal zone and
offshore—perhaps to some degree on upwellings. :

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

Considerably lower surface temperatures (12.1° to 13.3°),right across at the mouth
of the bay, show that the offshore waters had lagged behind the coastal belt in
warming; and still lower readings (12° to 13°), along the north shore of the bay
deserve emphasis because the 20-meter level was warmest heve, coldest at the mouth
of the bay, and with a rather surprisingly wide range in temperature (12.03° to 4.56°)
from station to station. Active vertical stirring is clearly responsible by bringing
the upper 20 meters within the immediate effect of the sun’s rays, to warm nearly
uniformly along the northern shore. At the same time it is probable that the
warming of the upper stratum in this particular region is forwarded during June by
a more or less constant drift of the surface water—already warmed to 12° to 14°
temperature—around Cape Ann and westward into the bay. Consequently, a some-
what higher mean temperature for the upper 20 meters may be expected to prevail
along its northern shore than in its central parts in June, just as was actually
recorded in that month in 1925 (Fish Hewk cruise 14, stations 35 to 37), instead of a
lower mean temperature, as is the case later in the summer.

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

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

37755—27-——5
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the same in 1924 (3.13°, station 10653) as in 1925 (3.97° and 4.04° at th Hawk
stations 30 and 32).

Out in the open basin, off Cape Ann, the surface warmed from 6.1° on May 4,
1915 (station 10267), to 13.6° on June 26 (station 10299), or at about the same rate
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as in Massachusetts Bay in 1925. The 40-meter temperature, however, rose by only
1.5° during the interval (from about 5.2° to about 6.8°), while virtually no chang®
took place at 90 meters or deeper (fig. 5). It is probable, also, that the season
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succession illustrated by these two stations is characteristic of that side of the basin
in general. .

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

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

Locality 1881 | 1882 | 1883 | 1884 | 1885 | Average
gonock Rip lightship 9.7 122 1.7 10.8 1.7
hatchers Island (Cape Ann) light.. FUX % O 12.7
goon Island 1ii;ht __________________________________ 8.3 [10.6 | 114 | 10.3 10.1
oguin Island Hight . ccwwsemmecoococemmemmmmmmman- 10.90 | 11.9 | 1.4 | 9.4 10.7
Papmicus Rock light.__ 8.3| 7.2| 83| 7.5 7.9
otit Manan Hght «oo o oeee cemeomoan e mmmmmc o me e 8.9|10.3 | 10.6 | 10.1 9.5

1 Given only to nearest 0.1 °.

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

Earlier in the season, and up to mid May, the vertical distribution of tempera-
ture in the upper 150 meters or so is of one type throughout the inner waters of the
gulf, though the actual values differ slightly from station to station. During late

ay and June, however, very important differences develop between -the state just
described for the western side of the gulf (where the rapid warming of the upper
Stratum by the sun, coupled with the sudden establishment of a high degree of
Vvertical stability, causes the development of a steep temperature gradient in the
Upper 40 to 50 meters, overlying water more nearly homogeneous) and the north-
Bast?rn part of the gulf, where more active stirring by the tides spreads the warmth
™Bceived from the sun through a thicker stratum of water. Furthermore, we find
the rate of warming decreasing from west to east as we follow around the coast line
of t}}e gulf, even after this regional difference in the downward dispersal of the heat
Teceived has been allowed for. Thus, the surface had warmed only from 5° on May
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12 (station 10276) to 7.8° on June 14 (station 10287) off Penobscot Bay; the 40-
meter level from 4.2° to about 5.8°, while the courses of the curves suggest that no
appreciable change in the temperature of the water is to be expected at or below 80
meters off this part of the coast during the month of June. :

In the immediate vicinity of Mount Desert Island the surface temperature rosé
by about 1° from May 10 to 11 (stations 10274 and 10275, 4.2° and 4.4°) t0
June 1Q to 11 (stations 10283 and 10284, both 5.4°); but four days later surface
readings of 7.5° to 8° were had at three stations (10285 to 10287) a few miles to the
westward. The graphs (fig. 7) for these stations, as compared with May 10 (station
10274), show that the whole column, down to the bottom in 80 meters, warmed at
a nearly equal rate there up to June 10, instead of most rapidly at the surface, a8
happens off Penobscot Bay and in the Massachusetts Bay region, no doub?
because of the stronger tidal currents to the east than to the west of Penobscot Bay
(p. 678). v

Near Mount Desert Island this vertical stirring is sufficiently active to bring
the whole column of water uniformly under the effect of the sun’s rays during the

early spring, resulting in the uniform rate of warming from surface to bottom just

noted. During June, however, the surface receives heat so rapidly there, couplec,1
with a corresponding freshening (p. 747), that the column is stabilized verticallys
though the deeper layers are never so insulated here as in the less actively stirred
waters to the west of Penobscot Bay and to the south of Cape Elizabeth. "

In 1915 this establishment of stability in the Mount Desert region evidently
fell between June 10 and June 15, because the surface warmed more rapidly theré
between these two dates (a change of about 2°) than it had during the preceding
month, though the 30-meter and deeper temperatures rose by only about 0.2°
meantime. A .

Data are not available for a general survey of the temperature of the Bay of
Fundy for the month of June, but very considerable local differences in the rate 0
vernal warning are to be expected there during the early summer to correspond wit,
regional differences in the activity with which the water is stirred by the violent
tidal currents. The Grand Manan Channel stands at the one extreme, with the whole
column of water warming uniformly, or nearly so, through June down to 100 meters:
and correspondingly slowly at all depths. Thus, on June 4, 1915, the whole colum?
of water in the western end of the channel abreast the north end of Grand Mans?
(station 10281; 80 meters) was about 4.5° in temperature, pointing to a rise of about
2° at all levels from the minimum of the preceding winter, and the channel continué®
homogeneous in temperature from surface,to bottom into August (p. 599).

In the central parts of the Bay of Fundy, however, vernal warming essentially
parallels the account just given for the Mount Desert region, with a similar seasOﬂ’f‘
relationship between successive monthly curves (fig. 40) constructed from Mavor 5
(1923 ; Prince station 3) records for the spring of 1917, though the actual temperature?
differ somewhat at the two localities. Thus, this Fundy station warmed from 2.96° f,o'
8.18° at the surface between May 4 and June 15; from 2.01° to 4.13° at 50 meter®’
from 1.87° to 3.92° at the 100-meter level; and from 1.75° to 2.08° at 150 meters’

-
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80 that the temperature curves for the two dates recall those off Mount Desert for

May 10 and June 14, 1915, in their mutual relationship. A similar seasonal rela-
tionship also obtains between serials taken in the Fundy Deep near by on March 22,
1920 (station 20079), and June 10, 1915 (station 10282).
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Prince station 3, 1916-17). A, February 28; B, May 4; C, June 15; D, July 4; E, July 31; F,
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In 1917 the surface temperature had risen only to 8.68° at the Prince station by
4 (Mavor, 1923, p. 375); the 50-meter level to 5.06°, the 100-meter level to
» and the 150-meter lovel to 4.21°; but warming either took place more rapidly
' the Bay of Fundy in 1904, or the temperature did not fall so low there during the
Preceding winter, because Dawson (1922, p. 82, station F) found the deeper strata of
e Fundy Deep about 2° warmer than this a week earlier in the season, as follows:

s
50
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Serial temperatures (° C.) tn Fundy Deep for June, 1904, after Dawson (1922)

June 23, | June 29 Tune 23, | June 29
Depth 1004 | 10041 Depth 1004 © | 10041

11.1 || 27 meters.... ——— PO,
gz L s 1:17:) U
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t Dawson’s records are given to the nearest 0.6° F.

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

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

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

Off Shelburne, only 25 to 30 miles to the eastward of Cape Sable, by contrast
the 50 to 75 meter stratum continued very cold next the coast (0.7° to 0.9°) until
the last week of June in 1915 (Bigelow, 1917a, stations 10291 and 10292), and wa8
only slightly warmer at the end of July of that year (Bjerkan, 1919) or in July, 1914
(station 10231). Consequently, it would not be surprising to find the water along
western Nova Scotia temporarily chilled by a renewed pulse from this icy reservoll
at any time during June, either at the surface or a few meters down. Serial reading®
taken off Yarmouth, also off Cape Sable, by Dawson in 1907 (1922, p. 82, stations
M and S), show that some such event did take place that year, made evident bY
a drop in the bottom temperature (55 meters) in the offing of Yarmouth, Nov8
Scotia, from 4.7° on June 17 to 1.1° on June 25, although the surface water con”
tinued to rise in the normal seasonal advance.
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Temperatures (°C.) 17 miles southwesterly from Cape Fourchu in 1907, from Dawson (1922, p. 89)

Depth June 17 | June 21 | June 26
SBurface U ( 5.6 6.4 8.9
F Ty 5 6.1 6.9
18 meters v aamacmmmmmm—n <ma——e e 5 4.7 3.9
O TDBEOLS . oo - oo oo e oo e e mmmmemm e = A n o e oo em s me e mmms S o e 4.7 4.7 2.8
65 meters 4.7 4.7 L1

The source of this cold indraft is found near Cape Sable—by Dawson’s records
10 miles south from Brazil Rock on the 26th and 27th, quoted below—which also
shows an interesting variation in temperature at different stages of the tide.

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

June 26, | June 27,
high 1

oW

" water water
Surfaoe.--’ ................... 8.6 7.8
lsmeter —— 4.7 7.5
2 meters.. 2.8 4.7
7 meters. .. -.- 2.5 3.9
meters . ceeee--- 1.4 1.8

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

Dawson’s June temperatures likewise afford an interesting illustration of the rate
at which the surface water may be expected to warm along the Nova Scotian coast
Sector between Yarmouth and Cape Sable during the month of June. Thus, the
Surface there was 4.4° to 5° on the 7th of the month in 1904, though it had already
risen to 6° at the mouth of Yarmouth Harbor by that date. In 1907 the surface
Was 5° t0 6° in the offing of Yarmouth on the 11th to 15th; 6° to 7.8° on the 22d
(warmest close in to the land); 6.5° to 8° to the eastward of Capeé Sable by the end
of that month; but the tide-swept region close to the cape was still only 4.2° to 5°,
and this cold pool reappears on our charts for August (p. 592). '

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

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

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

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

GENERAL DISTRIBUTION OF TEMPERATURE

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

e

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

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

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

w 70°

42

= = ;;"5

F16. 42.~Temperature of the eastern side of the gulfat a depth of 40 meters, last half of June, 1915. The Bay of
Fundy temperature is according to Mavor (1923); the temperatures along western Nova BScotia are from
Dawson (1922)

The June chart for 40 meters (fig. 42) shows a gradation in temperature across
the gulf from west to east of the same sort as appears at the surface (fig. 39?'
The influence of the Nova Scotian current on temperature at the 40-meter level 18
graphically illustrated by an expansion of water colder than 3° from the coast ©
Shelburne, Nova Scotia, out across the western part of Browns Bank, contrasti?g
with higher temperatures (5° to 6°) on German Bank and along western Nova Scotis:

The most interesting feature of this 40-meter chart is the sudden transitiQn
between the cold water on Browns Bank to the much higher temperature (8.2°)
the Eastern Channel (a horizontal dislocation of 5° in a distance of only about 16
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miles) and its demonstration that the latter is clearly a tonguelike intrusion:from
offshore. The records are not sufficient to outline exactly how far 7°-water then
DPenetrated the southeastern part of the gulf; but the temperatures at such of the
Stations as lie in the course usually followed by the inflowing current (6.3° and 6.1° ab
40 meters at stations 10288 and 10299) suggest that readings as high as 7° would
Dot have been found farther west in the basin than is outlined on the chart at any
time during June, 1915. Undoubtedly, however, wide fluctuations occur from year
to year in this respect. : : :

If the data for the two years 1915 and 1925 can justly be combined, as seems
allowable because the preceding winters were not unusually severe, slightly higher
temperatures are to be expected over the eastern and central parts of the basin
generally than either in the northeastern corner of the gulf (including the Bay of
Flllldy), on the one hand. (40-meter level about 4° to 5°), or off Massachusetts Bay,
on the other, where the Fish Hawk recorded 40-meter temperatures of 3.5° t0 4.5° at
Most of her mid June stations in 1925. A 50-meter reading of 5.18° in the southern
side of the basin as late as June 25, 1915 (station 10298), suggests that the 6° to 7°
Water then takes the form of a pool, as it is shown in the chart, entirely surrounded

Y slightly lower temperatures except for its connection with still warmer water out-
Side the edge of the continent, via the Eastern Channel. A regional distribution of
temperature of this sort is interesting as evidence that the influence of the indraft
thl‘ough”‘t;he Eastern Channel may raise the 40-meter temperature of the central
Parts of the gulf slightly higher in late June than the figure (4° to 5°) to which solar
- Warming, unassisted, would bring it by that date.

At a depth of 100 meters (fig. 43) the isotherm for 5° shows a tendency on the
Part of this indraft to follow the eastern slope of the basin and to eddy to the west-
ward around its northern side, but this drift seems not to have been active between
the dates covered by this cruise (June 10 to 26) because not as clearly outlined as in

arch, 1920 (fig 13), but showing a gradation in temperature from 8° in the Eastern
Channe) to 5° at the mouth of the Bay of Fundy. Had water been flowing actively
ward through the channel at the time, a uniformly high temperature (7° to 8°)
Daturally would have resulted over a considerable area in the eastern side of the gulf.

transition of the opposite sort along the Northern Channel, from 6° to 7° at its
Western end to 2° to 3° at its eastern end, is evidence equally clear that no general
Movement of the water was taking place through this trough, either westward into
‘_“_ & gulf or vice versa. - ‘ S

Unfortunately, no data are available on the subsurface temperatures along the
Seaward slope of Georges Bank for June, but our Shelburne profile for June 23, 1915

fig. 41), showed the warmest (8°) bottom water separated from the edge of the bank
: Y & much cooler (about 4°) wedge at 100-120 meters, as seems always to be the case
4t° the eastward of the Eastern Channel. - : Lo
. The temperature of the bottom water in the deeps of the gulf is always interest-
glg because of the light it throws on the inward pulses (p. 922). During the last half
- ™ June, 1915, this was fractionally warmer than 6° in the eastern and south central
Il’&rts of the basin at depths greater than 175 to 185 meters (stations 10288 and

0298), underlying a cooler stratum (4° to 5°) at 50 to 150 meters; and although

0 record was obtained of the bottom temperature in the western arm of the basin
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on this cruise, the presence of 6°-water there on May 4 (p. 566) at depths greater
than 225 to 230 meters, and again on August 31 of the same year (station 10307),
makes it almost certain that this was also the case in June.

The relationship which this warm bottom stratum bears to the cooler water above
it and to the indraft from outside the edge of the continent, is made more graphic by
the accompanying profile, running from the Eastern Channel westward and inward
along the basin (fig. 44).2 Obstructed on the north by the topography of the se#
floor, this warm bottom water reaches the western part of the basin off Cape Anp
via the southern branch of the trough, a route that entails its rising over the inter-
‘vening ridge to within 190 to 200 meters of the surface.
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I'16. 43.~Temperature at a depth of 100 meters, last half of June, 1916. (The Bay of Fundy isaccording to Mavor, 1923.)

It is probable that overflows of this sort are intermittent—frequent enough, hoW;
ever; to maintain the bottom temperature of the western bowl fractionally above 6
for most of the year. The greater thickness of the warm bottom stratum in the
‘southeastern side of the basin (into which the Eastern Channel opens) than elsewher®
in the gulf corresponds to the proximity of the source of supply; and it is 1O
unlikely that bottom temperatures of 7° or higher would have been found there at
‘the end of June had readings been taken in depths greater than 275 to 300 meters:

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

20The despest readings in the western side of the basin are borrowed from the May station (10207).
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JULY AND AUGUST

. The vessels of the Bureau of Fisheries have taken a large number of observations
Within the gulf during the months of July and August since 1912. July and August
temperatures have been recorded in various parts of the Bay of Fundy region under
the auspices of the Biological Board of Canada over a series of years.?* The tidal sur-
vey of Canada (Dawson, 1905 and 1922) likewise has gathered a considerable body of
thermal information for the Fundian region and along the Nova Scotian side of the
open Gulf of Maine. With such a wealth of material available, the chief difficulty in
establishing the normal midsummer state of the gulf has been to appraise the
importance of the annual and sporadic fluctuations that confuse the record.
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Fig, 44.~—Temperature profile running easterly from the basin off Cape Ann along the trough of the gulf to the Eastern
Channel for June 256 and 26, 1916

SURFACE

- As the result of continued warming by the sun, the surface of all parts of the
g}qf is considerably warmer in July and August than it is in June, in most years
Using nearly to its maximum by the last week of July over most of the gulf. The
&raphs for Gloucester and Boothbay Harbors (figs. 29 and 30) show that in inclosed
?ﬂtuations of this sort the surface water is warmest then, mirroring the air tempera-

ure; but in the open waters outside warming continues slowly until well into
August, depending on the weather, with the readings highest some time during the

8

(1918)See Copeland (1912); Maver, Craigie, and Detwaller (1916); Craigie (1916/and 1616a); Oraigie and Chase (1918); Vachon

i and Mavor (1023). :
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last half of the month. On the whole, the surface temperature of the gulf may be
described as more nearly stationary from July 25 to the end of August than over
any equal interval during the spring, on the one hand, or during the autumn, on the
other.

The surface chart for late summer (fig. 46) represents the average state during
the last week of August. Deviations in one direction or the other from the precise
values there given are to be expected, however, according as the year is warm or
cold, the season forward or tardy (p. 626).

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

We have invariably had surface readings higher than 18°in the outer half of
Massachusetts Bay after the first week of August, and in Cape Cod Bay; but off
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F1q. 46.—Normal surface temperature for mid-August, based on a combination of the recent station records with Rathbun's
(1887) tabulation at lighthouses, the Canadian records, Dickson’s (1801) data, snd the daily surface readings, at
Gloucester, Boothbay, and Lubec (figs. 20 t0 81). (Oloss to Cape Bable, read < 10° for > 10°)

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

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

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

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

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

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

- The transition from warm to cool is often very noticeable as one runs from the
offing of Cape Elizabeth, across the mouth of Casco Bay, to the neighborhood of

' Fig. 47.~—Burface temperature, July to August, 1912 (above), and July‘ to August, 1023 '(below)

;Boothbay Harbor. - On August 13, 1925, for example, the Halcyon had surface read-
ings of 16° at the mouth of the bay but only 12.8° close to Seguin Island. Next
the shore surface temperatures ranging from 13° to 15.3° have been recorded between
Casco Bay and Penobscot Bay in August; usually cooler than 14°, but with much
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local variation as the tide swirls around the islands and ledges. The maximum tem-
peratures at Seguin Island Lighthouse for the years 1881 to 1885 (Rathbun, 1887),
were, respectively, 13.3° to 13.9°, 13.3° to 13.9°, 13.9° 1o 14.4°, 13.9° to 14.4°, and
14.4°. This agrees with readings of 13.9° at two localities within a few miles of the
island on August 22, 1912, and with 12.8° to 14° in that general neighborhood oun July
18, 1925; but one need run only a few miles offshore from this part of the coast to find
the surface warmer than 16°, and Doctor Kendall records a reading of 16.7° within
about 8 miles of the land off Seguin on August 16, 1897.

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

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

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

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

The hourly temperatures taken off the eastern coast of Maine during the last half
of August, 1912, are especially interesting because they suggest a movement of the
coldest surface water (colder than 13.5°) offshore (i. e., to the southwest), out past
Mount Desert Rock (fig. 47). Unfortunately I can not state whether this phenom-
enon is regularly recurrent in summer; but the fact that the surface was slightly
cooler (9.3°) near Mount Desert Rock on September 15, 1915, than close in to Mount
Desert Island (9.8° to 10.8°), near Petit Manan Island a few miles eastward along
the coast (10.5°), or near Swans Island to the westward (10.8°), suggests that some
such dlstnbutmn of surface tempera,ture is at least not unusual for that general
reglon :
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On August 17, 1912, and again on the 19th, we had readings of 10 to 11.7° as
the Grampus sailed lengthwise through the Grand Manan Channel; and it is proba-
ble that this is about the highest temperature attained in the tide-swept Lubec
Channel, because the highest 10-day average was about 10° there during the last of
August and first of September of 1920 (fig. 81). The highest mean temperature
recorded at Eastport for a 10-day period for the years 1878 to 1887 was 10.7° (Moore,
1898) in the second week of September.

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

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

Many records of temperature, surface and subsurface, have been published for
the Passamaquoddy Bay region by Copeland (1912), by Craigie and Chase (1918),
and by Vachon (1918), showing & considerable regional variation in the temperature
to which the surface attains by the end of the summer. Copeland found the surface
warmest (13.9° to 15.6°) in the northern part of the bay, coldest (10.4° to 11°) near
Deer Island and in Letite Passage, with the central and western parts of the bay
ranging from 11.1° to 15°. Vachon (1918, station 4), likewise records the surface of
the center of the bay as warming from 11.4° on July 20 to 15.9° on July 27 in 1916.
cooling to 11° on.August 3 and 17, but warming again to 12.48° on the 25th and
to0 14.91° on the last day of the month. In the mouth of the St. Croix River, how-
ever, the water is kept so thoroughly stirred by the strong tides that Vachon’s
highest reading was 13.4°, the lowest 10.95°, for the period July 17 to August 31,
coolest after northwest winds. Low surface temperatures also rule in Friar Roads
between Campobello Island and Eastport, where Vachon reports 8.7° to 10.3°
between August 2 and September 17, with 9.5° to 12.62° in the western passage
between Deer Island and the coast of Maine, and with about this same range of
temperature at a station near St. Andrews.
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Vachon’s and Copeland’s records, combined, show that the temperature of the
surface of the northwestern part of Passamaquoddy Bay may be expected to reach
15° for a brief period in August in warm summers, though perhaps.not every year.
At the other extreme, the surface water in the channels between the islands of west-
ern New Brunswick, where tidal stirring is more thorough, is seldom warmer than
11° t0 11.5°. Considerable fluctuations are also recorded within brief periods in the
central part of the bay, where the surface temperature is intermediate between these
two extremes, and in the mouth of the St. Croix River, connected with the direction
of the wind and with the stage of the tide.

It is interesting to find that no part of the surface of the Bay of Fundy,22 with its
much stronger tides, is as warm as the greater part of Massachusetts Bay, though
the maximum readings for these two areas differ by only about 3° (15° for Passama-
quoddy and about 18° to 19° for Massachusetts Bay).

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

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

Surface
Locality and date Station | temper-
ature
Near 100-meter contour, off Lurcher Shoal: °C.
Aug. 16, 1912 10031 13.33
Aug. 12 1913 10098 12.22
Aug. 12, 1914 - 102456 14,44
Sept. 7, 1916 cennan wu-. 10316 12,20
(German Bank, outet part;
Aug. 14, 1912 - - 10029 10.44
5 ] z © 10030 11,11
Aug. 12, 1913 10095 8.80
Aug. 12 1914 10244 10.00
Sept. 2, 1915 10311 0,40

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

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

# For further detalls regarding the Bay of Fundy the reader is referred to the exténsive tables given by Copeland (1912),
Craigie and Chase (1918), and Vachon (1918).
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water close in to the western coast of Nova Scotia warms to 10° to 12° by August
from St. Marys Bay to Yarmouth. Yarmouth Harbor he found only slightly warmer
(12° to 12.5°) than the open waters at its mouth, and it had about this same tem-
Perature on September 8, 1916, but the surface of St. Marys Bay rises to a consid-
erably higher temperature. The maximum for this bay can not be stated, data for
the inner part of the bay for August being lacking. Craigie and Chase (1918), how-
ever, found its surface progressively warmer, passing inward, from 9° to 10° at the
mouth to about 11° abreast of Petite Passage, 13° to 13.5° off Weymouth, and to
14.8° at the head during the second week of July in 1915; and as Vachon (1918)
again had readings of 11.08° abreast of Petite Passage and 12.92° off Weymouth on
September 4 to 5, 1916, it is not likely that August sees the surface temperature rise
much above 15° anywhere in St. Marys Bay.

A coastal belt skirting Cape Sable, 12 to 15 miles wide, like the vicinity -of
Lurcher Shoal, is characterized by surface temperatures lower than 10° throughout
duly. This, no doubt, results from thorough stlrrmg by the tides, which proverbl-

“ally run strong around the cape, causing a mixture in varying amount with the icy
water that persists until midsummer in the deeper strata next the coast, a few miles
to the eastward (p. 681).

 Near the cape Dawson (1922, p. 85, station Q) had surface readings of 5.3° to 7.5°
(usually from 0.5° to 1° higher at high water than at low water) during the first half of
July, 1907. By the last week of that month he found that the mean surface temper-
ature 12 miles out from the cape had risen to about 9° at high tide and to about 8.4°
atlow, with a slightly greater difference between high and low tide temperatures (aver-
age about 9° and 7.2°) closer in to the land, and with a maximum of 11.95° at the high-
Wwater slack and a minimum of only 5° at low-water slack on the 20th. Our own
more recent record of 10. 28° near by on July 25 1914 (statlon 10230) falls well within
these extremes.

These temperatures suggest that the ﬁood curr ent, ﬂowmg westward past the cape,
draws warmer surface water toward the land from offshore, but that the ebb, flowing
to the eastward, carries out water that has been thoroughly mixed by the currents
swirling around the cape.

Surface readings of 10° to 12° on several lines along the coast sector between
Yarmouth, Nova Scotia, and the cape, for the middle of July (Dawson, 1922), show
that this narrow cold pool off Cape Sable becomes entirely isolated from the low
temperatures about Lurcher Shoal before the last of that month by the development
of & warmer surface over the intervening area, but is continuous with still lower tem-
Peratures to the eastward along the outer coast of Nova Scotia until August, witness
& surface reading of 6.62° at low water a few miles off Shelburne on July 27 in 1914
(station 10231), no doubt reflecting some updraft of the icy water from below with
the outflowing tide. In 1915, however, the Canadian Fisheries Expedition found no
surface water colder than 9.7° off this part of the coast on July 21 (Bjerkan, 1919).
On September 6 of that year (station 10313) the surface was 15° 10 miles off Cape
Rosewny, 13.3° 10 miles south of Cape Sable on September 2 (station 10312), and
13.6° near by on August 11, 1914 (station 10243). Apparently, then, if the cold sur-
face persists as late as August off the Cape, it becomes reduced to an 1solated pool

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

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

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

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

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

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

 In 1913 the surface to.the seaward of the 50-meter contour off Nantucket had
warmed to upward of 19° by the last week in August (Bigelow, 1915, p. 350, fig. 2,
stations 10107 o 10112). This was true also of the whole breadth of the shelf
abreast of Marthas Vineyard on the 26th of the month in 1914, except close in to
the land (station 10263), where a surface reading of only 17.9° probably reflected
some tidal disturbance or other. With this same exception, Doctor Kendall likewise
had 18° to 19° at every station off Marthas Vineyard early in September, 1897,
paralleling Libbey’s (1891) record of surface warmer than 19° over this part of the
continental shelf during August, 1889. e :
 These data locate the isotherm for 18° as following the southern and western
edges of Nantucket Shoals around into the submarine bight west of the latter, but
with cool pools next the southern shores of Marthas Vineyard, as just noted. -

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

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

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

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

TEMPERATURE GRADIENT IN THE QPPER 100 METERS

A differentiation in the vertical distribution of temperature between the western
and eastern sides of the gulf begins to develop in June, widening with the advance
of summer, until the extremes, as represented by the western basin on the one hand
and by the Bay of Fundy and coastal banks off western Nova Scotia on the other,
yield graphs differing widely in the upper 100 meters by August.

The most striking feature of the western type, as exemplified by the basin off
Cape Ann (fig. 48) and by the bowl at the mouth of Massachusetts Bay off Gloucester
(fig. 4), is that the water cools very rapidly' from the surface down to a depth of
40 to 50 meters, succeeded by only a slight fall in temperature down to the 100-
meter level.  'Whether increasing depth is accompanied by a further slight cooling
or by a slight warniing depends on the locality, the topography of the bottom, and
to some extent on yearly fluctuations, as discussed later (p.602). In August we have
found the 40-meter level averaging from 10° to 14.5° cooler than the surface in the
western side of the basin and 9° to 13° cooler at the mouth of Massachusetts Bay
(figs. 4 and 5), illustrating the remarkably sudden change that any animal would
experience there, from warm water to cold, by sinking down for a few meters only.
Observations taken farther up the bay on August 22 to 24, 1922 (stations 10630 to
10645), showed a similar vertical chilling down to 50 meters or so, except that the

#This cool band i3 more clearly marked, by temperature, at deeper levels, as described on page 608.
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uppermost stratum, 5 to 10 meters thick, was then nearly homogeneous in tempera-
ture at several of the stations closest to the land. Although the precise rate of ver-
tical cooling varies from station to station even over the small area of Massachusetts
Bay, the surface temperature of its whole area usually warms upward of 10° above
that of the 20 to 50 meter level by the end of the summer.

Serials have also yielded curves of this same general type in the west-central
parts of the basin, generally, and in the northwestern part of the gulf between the
latitudes of Cape Ann and of Cape Elizabeth during July and August.
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F1a, 49.—~Vertical distribution of temperature at successive stations, from Cape Ann to Grand
Manan, in July and August, 1912. A, near the Isles of Shoals, July 17 (station 10011); B,

off Cape Elizabeth, July 29 (station 10019); C, off Penobscot Bay, August 22 (station 10039); -
D, off the western entrance to the Grand Manan Channel, August 19 (station 10035)
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Our first summer’s cruise (Bigelow, 1914, p. 51), however, proved that the dif-
ference of temperature between the surface and the underlying water (which is nearly
uniform, depth for depth, from Cape Ann to Platts Bank) decreases along the coast
to the eastward (fig. 49). Observations taken in the summers of 1914, 1915, and
subsequently have not afforded a single exception to the rule (stated in Bigelow, 1917,
p. 168) that the surface temperature is progressively lower and lower in summer, the
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bottom temperature (depth for depth) progressively higher and higher, around the
margin of the gulf from Cape Cod to the Bay of Fundy, with the average vertical
range of temperature decreasing from about 12° off Cape Ann to virtually nil in the
Grand Manan Channel.

Thus, the difference of temperature between the surface and the 50-meter level
(never less than about 10° at the mouth of Massachusetts Bay in summer) was only
about 5° to 8° off Casco Bay (stations 10019 and 10103), 4° to 5° near Monhegan
Island on August 4, 1915 (station 10303), and about 4° at the west entrance to Penob-
scot Bay on August 22, 1912 (station 10039). Near Mount Desert Island the vertical
range for the corresponding column of water was only 2° on August 18, 1915 (station
10305), about 4° on August 13, 1912 (station 10099), about 4.5° on the 5th
of the month in the very cold year 1923, or an average of 3° to 4°. The water is
kept even more nearly homogeneous in temperature among the islands of the Mount
Desert region by strong tides, so that the surface was only 1.5° to 0.1° warmer than
the bottom a couple of miles off Little Duck Island

Temperature, Centigrade

on August 8 to 11, 1925, in depths of 25 to 30 o8 .9 10° 11° {20
meters. Meter 0 ;
This also applies off the open coast farther east. 10 /

Off Machias, for example, the surface reading was / [/ |/
only about 1° higher than the bottom reading on 2 8T
August 16, 1912 (station 10033), 1.2° higher on 30 / J/ ‘{
August 13, 1913 (station 10098), 1.5° higher on IR [
‘August 12, 1914 (station 10247), 1.7° higher on 40 y
July 15, 1915 (station 10301), and 0.33° higher on 50|/
September 11 (station 10316) in 60 to 70 meters !
(fig. 50). ' o A — 3

- We found the surface at the two ends of the 70 0
Grand Manan Channel, through which the tidal o

currents run with great velocity, only fractionally : ‘ }
warmer (10° to 10.6°) than the bottom (9.6° to ™\ JioTwiesl summer temparsturs of
9.7°) in 80 to 100 meters on August 17 and 19, 10098); B, August 12, 1914 (station 10247);
1912 (stations 10034 and 10085). Vertical stirring & Ja 1% 1016 (statlon 10201); D, Avgust
is thus complete at this locality. .

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

# Forty metors was tho deepest reading taken at this station.
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Approximate temperature
Locality
Burface |50 meters |100 meters
]
. . . 4 C. o 0' o C.
BAY Of BNy e e e et e m e e e e e e e e e 10-12 7.5-9 7-8
Off Massachtisotts BaY camecrvmene oo ccanae S S SR 16-20 5. 6-8 4.5-6

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

- In 5t. Marys Bay the relative difference between surface and bottom temper-
ature increases from the mouth, inward, in July, as follows, if the total depth of
water be taken into consideration.

Surface and bottom temperatures at successive localities from the mouth of St. Marys Bay toward its
head, July, 1915. (From Craigie and Chase, 1918.)

Surface Bottom

Depth,
Station meters teltr\lggm- teg};ﬁm-
°C. °C

43 9.28 8.06
34 10.12 8,44
32 11.96 9.29
33 12.98 9,03
21 13. 52 10.36
28 13. 95 11,37
13 13.78 11.82

7 14.8 13,40

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

ber, as follows: . .
German Bank approzimate temperaiures

Aug. 44, Aug. 12, Aug, 12, Sept. 2,
1912, 1913 191 1015,

Depth, meters station station station | station -
10020

10096 10244 10311

°C. °C. °q. °C
10.33 8,80 10. 00 9. 44
.83 8.67 0,85 10.30
9. 67 8,61 9.64 10, 20
9.61 8.56 90.85 10, 10
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Dawson’s (1922) records for 1904 and 1907 show only a slightly greater vertical
Tange of temperature close in to the west Nova Scotian coast, with little change dur-
ing the month of August.

Temperatures for 1907. (After Dawson, 1922)

B e R R R s

8ix miles
Seventeen miles south- oatsrg(glly
westerly from Yarmouth| Lurcher
Depth Shoal

July 20 to 31|Aug. 28to31] Sept. 2

S e S 9.7-1

0.8| 9.4-10.6 10.8
27T meters ..o . - 7.5-8 8 ~886 8.2
L S - 7.2-7.5| 7.8 8 |eeecceencun-

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

Temperatures 12 miles south of Cape Sable, °C.  (From Dawson, 1922, station Q)

July 2, | July 10, | July 18, | July 19, | July 20, | July 20,
Depth 1007 )" 1607 | 1907 | “1e041 | C10041 | 18043
L (Y 4.2 6.7 7.0 9.4 12.0 5.0
MBLELB .o oo e e cmnaccraamranmn—- 3.9 6.4 6.4 3.0 3.3 4.8
TOLOXS oo e 3.9 2.8 2.8 3.9
1 High tide. 2 Low tide.

Grampus temperatures near Cape Sable, °C.

July 25, Aug. 11,
Depth 1014, sta- | 1914, sta-
tion 10230 | tion 10243

.................................. 10.28 13.61
....................... 3.03 7.47

I T
...... 3.51

A wide vertical range of temperature also has been recorded across the whole
breadth of the continental shelf, in the offing of Shelburne, for the last week of July,
both in 1914 and in 1915, with the surface averaging about 7.3° warmer than the
90-meter level for all these stations? (maximum difference about 11°, minimum
4.6°), This thermal contrast continues to develop during the summer near the land
off Shelburne, where the surface (15°) was nearly 13° warmer than the bottom (2.2°)
at & depth of 70 to 80 meters on September 6, 1915 (station 10313).

“@rampus stations 10230 to 10232; Acadia stations 37 to 40 (Bjerkan 1919).
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TEMPERATURE GRAD]ENT IN DEPTHS GREATER THAN 100 METERS

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

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

In July and August, 1912, the western, northwestern, and northeastern parts of
the basin were virtually homogeneous in temperature (4.6° to 5.2°) from the 100 to
150 meter level down to the bottom in depths of 190 to 230 meters (stations 10007,
10023, 10024, 10036, and 10043); equally uniform vertically at depths greater than
75 to 100 meters in the eastern side (station 10028, 7.4°), or slightly colder on bottom
there (station 10027, 6°). ,

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

: Station | Station | Station | Station | Station
Depth, meters 10058 | 10088 | 10000 | 10002 | 10003

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

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

#The 100-meter tomperature at this locality has ranged from 4.4° to 5.4° in August of 1918 and 1914 (stations 10104, 10105, and
10252), with 3.6° to 4.7° at 130 meters, 4.3° at 185 meters. On Aug. 7, 1023, the 30 to 80 meter stratum (about 4°) was 2° to 3°
colder.



PHYSICAL OCEANOGRAPHY OF THE GULF OF MAINE 603

Deep temperatures (°C.) in the western, central, algti Zwrtheastern parts of the basin, July and August,

Station | Station | Station | Station | Station | Statfon [ Station. [ Station

Depth, meters 10214 10246 10248 10249 10261 10264 10255 10256

4,22 6.28 7.18 5.31 Z' 'éé 4,36 . 3.05 424
512 7.68 6.04 1 6.04 ) 5. 51 513 6,38

............................. I I, 6.24 5,63
5. 53 8.17 8.84 | e

.............................. - L PO I

................ 5.83 B

.................................................. AT N D

However, this type of gradient did not extend to the southeastern part of the

basin (station 10225), where the temperature decreased, though at & decreasing rate,
from the surface right down to the bottom. This was also the case in the Eastern
Channe] (station 10227).
. In 1915 the deep stations again exhibited vertical warming with increasing depth
I both sides of the basin in August and the first part of September, from the 100 to
150 meter lavel down to the bottom; but the depth at which the water was coldest
(100 to 150 meters) was not so uniform as it had been the year before, nor was the
Vertical range of temperature below this stratum as wide. One station in the center
of the basin (10308) showed a progressive cooling toward bottom instead of the more
8elera] rise in temperature, perhaps reflecting some disturbance of the normal circu-
lation by the tides flowing around the slopes of Cashes Ledge.

Deep temperatures, °C., August to September, 1916

Station | Station | Station | Station | Station

Depth, moters. 10804 | 10307 | 10808 | 10308 | 10310
5.72 6. 66
&7
"""""""""" 71
598

Only one deep serial was taken in the basin of the gulf north of Georges Bank
dur%ng the summer of 1916 (10345, July 22; southwest part of basin off Cape Cod),
88ain proving the water coldest at the 100-meter level (3.85°) and fractionally
Warmer (4.06°) on the bottom in 150 meters. Thus the fact that this was an unusu-
b ly cold year, from the gulf southward to Chesapeake Bay (p. 628; Bigelow, 1922),

°th_ In land climate and in the upper 100 meters of water, was not reflected in the
Zertlc&l distribution of temperature in the deeps of the gulf. Again, this also applies
© August, 1923, another cold summer (p. 632), when the temperature off Mount Des-
81t Rock? was lowest (4.5°) at about 90 meters, warming to 4.9° at about 130 meters
8nd to 5.4° gt 165 meters.
ot . considerable body of evidence has thus accumulated to prove this the' usual
ate in the inner parts of the open basin of the gulf during the late summer, just as

“Lat. 43° 52/ N., long, 67° 54’ W., Aug. 6.
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it is earlier in the season, with the temperature lowest between the 100 and 150 meter
level, though with its precise gradient varying from summer to summer.

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

TEMPERATURE GRADIENT ON THE OFFSHORE BANKS

No serial observations have been taken in the Northern Channel between the
coastal bank off Cape Sable and Browns Bank in August; but a range of nearly 5.5°
there on July 25, 1914 (station 10229) between the temperature at the surface (11.44°)
and near bottom in 100 meters (5.96°) makes it likely that the contrast is still wider
at the onset of autumn.

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

Temperatures on the slopes of Browns Bank, °C.

Date and station Surface |40 meters Bottom
Aug 31 to Sept. 1, 1883:1
...... - —— 12.8 7° at 146 moters,
20060 ............... - 1202 |eoceicanes 6.4° at 119 meters
July 24, 1914: )
10228 - - [ 14,72 8,35 | 8 5° at 85 meters.

1 From "Townsend (1901).

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

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

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

1 Dredging stations 20085 and 20066 (Townsend, 1001, pp. 303 and 304).
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Such, for example, was the case near the northern edge of the bank on July 23,
1914 (station 10224), when surface and bottom temperatures (11.11° and 10.78°)
differed by less than 0.5° in 55 meters depth. This same state prevailed at a station
on the western end of the bank (10059) on July 9, 1913 (surface 13.3°; bottom 12.6°),
and again on July 23, 1916.° In August, 1896, Doctor Kendall found a maximum
difference of only about 1° between surface and 18-meter readings at many locahtles
along its northern and northwestern sides.

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

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

TEMPERATURE GMDIENT ALONG THE CONTINENTAL EDGE

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

¥ Station 10347, surface 11. 39°, bottom 9.61° in 60 meters; station 10348, surface 11.67°, bottom 11.26° in 51 metors,
37755~-27- 7
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Sable on June 24, 1915 (station 10295), south of Georges Bank on July 24, 1916 (sta-
tion 10253), and at several of Libbey’s (1891) August stations in the offing of Mar-
thas Vineyard. Various intermediate gradients are to be expected, also. Serials
taken southeast of Georges Bank ¢n July 24,1914 (station 10220), and off Shelburne

Temperature, Centigrade
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Fig. 51.—Vertical distribution of temperaturs on the continental slope-in summer, A, abreast of Shelburne, Nova
Bcotla, Juna 2¢, 1815 (staﬂon 10295);. B, on the southwestern slope of Georges Tank, July 24, 1016 (station 10352); C,
on the southwest slope of Georges Bank, July 21, 1914 (station 10218); D, south of Marthas Vineyard, August 26, 1614

(station 10261). - The:dotted curve (1:) ‘Is for Libbey's (1891) station 9, liné G, south of Marthas Vlneyard August
17,1889 . : . N .

a few days later (stamon 10233), are cases in ‘point. So too, are ‘many of bebey 8
stations and the Acadia stations in the offing of Cape Sable for July, 1915 (Bjerkan,
1919).
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TEMPERATURE AT 40 METERS

The regional differences that developed in the vertical distribution of tempera-
ture between various parts of the Gulf of Maine, as the summer advances, tend to
make the temperature (as plotted in the horizontal projection) more nearly uniform
in the mid depths than it is at the surface. Thus, all the 40-meter readings for the .
month of August of the years 1912 to 1915 (figs. 52 to 54), and 1922 (omitting for
the moment the cold summers of 1916 and 1923), have fallen within a range of 6°,
from a maximum of 11.5° off Lurcher Shoal (station 10031, 1912) to a minimum of
5.5° off Cape Sable (station 10243, 1914). - Only 6 August readings at 40 meters,
out of a total of 64, have been as warm as 10° to 11°; only 3 cooler than 6°, and
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 Fig. 52.—Temperature at 8 depth of 40 meters, August § to 20,1013

the great majority have fallen' between 7° and 9.5°, irrespective of precise geo-
graphic location. - Consequently, this may be taken as the normal temperature to
which the 40-meter stratum of the gulf as a whole warms by the end of the summer.
' With so narrow a range, and with the water continuing to warm until well into
the autumn, a difference in date of a few days one way or the other will be accom:-
Panied by a greater difference in temperature, at this level, than any regional differ-
ence that might be disclosed by a simultaneous survey of the whole western and
Northern part of the gulf. ' - - ' ~' :
Differences between cold and warm years, illustrated. by a temperature of about
8% on August 9, 1913 (station 10088); but only 5.75° at the same locality in 1914 on.
the 22d of that month (station 10254), likewise outweigh the regional differences for
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this station. Consequently, I have not found it possible to chart the normal
isotherms for values between 6° and 10° for the 40-meter level for August, except
for the very obvious fact that the whole Gulf of Maine is then 4° to 5° warmer at this
level than is the water along the outer coast of Nova Scotia, where the 40-meter
temperature was about 1.9° to 3° in July, 1914, warming to about 3.4° off Shelburne
by the first week of September in 1915 (stations 10313 and 10314). ‘

If the gulf north of Georges Bank be arbitrarily divided into two subdivisions
by the meridian of Penobscot Bay (69° W. long.), the average of all the 40-meter
readings to the west of it is 7.4° for August, 8.8° in the eastern subdivision (omitting
the Bay of Fundy). ’

" When the August temperatures for the several years are studied individually,
instead of in combination, this separation into a cooler western and a warmer eastern
subdivision of the gulf proper, but with much colder water east of Cape Sable, becomes
still more apparent (figs. 52 to 54). Although the precise readings vary a degree
or two at any given station from year to year, the 40-meter charts agree in locating
the coldest area (6° to 8°in 1914; 9° in 1913 and 1915) in the western side of the
gulf, extending eastward into the south-central part of the basin in wedgelike outline.
Thus a line running from north to south across the gulf in the offing of Penobscot
Bay would slternately cross warm water next the coast, fractionally cooler farther out,
and warmer again in the southern side.

In August, 1913 and 1915, the 40-meter level was warmest along the eastern
side of the basin; closer in to western Nova Scotia in 1914.

A detailed temperature survey of Massachusetts Bay, carried out during the
last week of August, 1922 (stations 10631 to 10645), gave 40-meter values of 7° to
8.5°—lowest close in to the land off Gloucester (where upwelling is so often made
evident by low surface temperature) and along the inner edge of Stellwagen Bank
(5° at station 10632), where tidal overturnings are to be expected because of the con-
tour of the bottom. In other years August readings in the bay at the 40-meter level
have ranged from about 6.5° (off Gloucester, August 9, 1913, and August 22, 1914,
stations 10087 and 10253) to 8° at that same locality on August 31, 1915 (station
10306).

The 40-meter chart for 1914 (fig. 53) shows a band 1° to 3° cooler than the
water on either side of it extending lengthwise of Georges Bank. Our July profile of
the western end of the bank, in 1916, also cut across a similar but still cooler band
(p. 629; about 4° to 5°) just outside the 100-meter contour (station 10352). Although
nothing in our previous experience foreshadowed summer temperatures there as low
as those of that year, the presence near by of a similar cold stratum (10.8°) at about
75 meters in July, 1913 (station 10061), and temperature gradients of the same sort
recorded in the offing of Marthas Vineyard by Libbey (1891), show that a cool band
of this sort may be expected along the offshore edge of Georges Bank in most summers.
In some years this extends as far west as the longitude of Marthas Vineyard as late
as August, but in other years it is obliterated there at an earlier date by encroach-
ments of the warm oceanic water from outside the edge of the continent, as happened
in 1914 when the 40-meter level had warmed to 12.5° to 13.7° right across the shelf
abreast of Marthas Vineyard by the last week of August.
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Temperatures higher than 15° are always to be expected only & few miles outside
the edge of the continent during July and August at 40 meters, as illustrated by our
station data for 1914 (fig. 53), but there is no evidence that the 40-meter stratum
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Fig. 53,~Temperature at a depth of 40 meters for July~August, 1014, North of the heavy broken line (Cape Cod to Cape
8able) the chart represents the state of the gulf from August 11 to 24; south of it, for July, combined with August.

The Bay of Fundy temperatures are from Oralgie (1016b)

éver warms to so high a temperature as this anywhere within the 200-meter

contour abreast the Gulf of Maine.
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TEMPERATURE AT 100 METERS

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

The western side of the gulf has proven cooler than the eastern at the 100-meter
level. Thus, 100-meter readings as low as 4.4° to 5° have been recorded only to
the west of the longitude of Mount Desert Island (long. 68° 30’ W.), with the single
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F16: 54.—~Temperature of the northern part of the gulf at a depth of 40 meters, August 31 to September 11,1915. The Bay
I of Fundy temperature is for 1919, according to Mavor (1923)

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

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

M The exception is station 10043 off Cape Cod, with a 100-meter temperature of about 6° on August 29, 1912.
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the north and west, so that a line run south from Mount Desert Island would alter-
I(lately cross & warm tongue and then cooler water at 100 meters, just as at 40 meters
p. 608) . ' . : n
This regional distribution of temperature is precisely the opposite of the surface
State (fig. 46), where the gulf is warmest in the west and coolest in the northeast, a
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Flg. 55.—Temperature at a depth of 100 meters, August, 1912 (above), and August, 1913 (below)

difference discussed in a later chapter (p. 924). In August, 1912 and 1913, this
Warmest zone at 100 meters extended westward along the coast of Maine as far as
longitude 69° 30’. In 1014 it hardly passed the mouth of Penobscot Bay. In all
e years—1913 to 1915—the 100-meter temperature was 3° to 4° higher along the
@astern slope of the basin (8° to 8.6°) than in the opposite side of the gulf.
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Craigie (1916a) had temperatures of 8.15° to 9.25° at 100 meters in the Bay of
Fundy on August 27 to 29, 1914, corresponding closely to about 9.6° in the Grand
Manan Channel at this depth on August 17, 1912 (station 10034). In 1919, Mavor
(1923) found the 100-meter level about 2° colder than this (6.9° to 8.5°) at a
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F10. 56 —Temperature at o depth of 100 mecers, July to August, 1914. North of Georges Bank the chart represents the
~ state of the gull during the last half of August; south of the bank the data are for July and August combined
number of stations in the lower half of the bay at the end of August; but it is prob-
able that the regional distribution: of temperature was about the same in the two
summers, with the water slightly coldest in the center of the bay abreast of the
western end of Grand Manan Island.
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Notwithstanding the paucity of August data for the open gulf proper south of
the Cape Cod-Cape Sable line (p. 594), it is possible to estimate the 100-meter tem-
perature of the southeastern part of the basin, of the Northern and Eastern chan-
Dels, and along the oceanic slope of Georges Bank from the July stations for 1914,
because the general cycle of temperature makes it practically certain that these.
localities would have been found slightly warmer in August. On this assumption,
the 100-meter level is about 3° colder in the Northern Channel 2 than in the neigh-
boring part of the basin of the gulf to the west, with still lower temperatures (2°
to 5°) over the inner half of the continental shelf along the outer coast of Nova
Scotia (Bigelow, 1917, p. 182, fig. 16). Theé rather abrupt east-west transition
in temperature at the western end of this channel (fig. 56) also is evidence that no
general movement was taking place in either direction along its trough at the time.

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

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

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

In the eastern side of the gulf, where solar heat is more rapidly dispersed down-
ward by more active vertical circulation, the 100-meter level may be expected to warm:
by 2° to 3° from June to the end of ‘August; most r\apidl’y»along the eastern slope
of the basin and in the Bay of Fundy, where Mavor (1923) records an increase in
the 100-meter temperature from 3.92° on June 15 to 6.13° on September 7, 1919.8

TEMPERATURE AT 150 METERS AND DEEPER

Annual variations in temperature have proved wider than the regional differences
at depths greater than 100 to 150 meters; nor has the regional distribution at differ-
ent levels been parallel from summer to summer. The following table shows the
Western, central, and northeastern deeps of the basin fractionally warmer than its
8astern side in August, 1913. :

7The 100-meter temperature was 5.96° an July 25, 1015, at station 10220, .
3 At Prince station 3, about 10 miles sontheastward from the western end of Grand Manen.

377656—27 8
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Depth,‘

. |Tempera-
. Station | meters | Locality " |ture,°C.
3

183 | Offing of Cape ANN..ccmvevn i mmceceun 6.28

183 { Centerofgulf- . _o.oveo... e 6.61

183 | Eastern arm of basin. - 6.11

183 | ... 3 Y 6,22

219 | Near German Bank 5. 89

In August, 1914, however, the bottom water was apprecmbly warmer (7° to
7.9°) in the eastern and northeastern parts of the basin than in the western and
central parts (6° to 6.24°), apparently banking up against the Nova Scotian slope,
as indicated on the chart (fig. 57). Successive stations, from the offing of Cape
Ann to the Nova Scotian slope, again showed a slight rise in the temperature of the
of the bottom water (at 175 meters) from west to east across the basin on August
31 to September 2, 1915, as follows: Station 10307, 5.4°; station 10309, 5.8°; and
station 10310, 6.8°. The amount by which the temperature of the one side of the
gulf differs from that of the other, in this stratum, varies so widely from year to
year that it would not be surprising to find it virtually uniform over the whole area
of the basin in some future summer..

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

Our data for 1914, combmed w1th temperatures taken south of Marthas
Vineyard by Libbey (1891) in 1889, show the water along the continental edge
abreast of the gulf as 10° to 11° at the 175-meter level in late summer, warming to 12°
a few miles. farther offshore (fig. 57). In 1914 the mouth of the Eastern Channel
marked .a ‘division at this and greater depths between these comparatively high
temperatures to the west and lower temperatures to the east, with the isotherms
swinging offshore, abreast of Browns Bank, and a 175-meter value of only about
7.7° in the offing of Shelburne on'July 28 (station 10233). But with the tempera-
ture between 11.3° and 11.85° there at this same level and at about. the same date
a 'year later (B]erkan, 1919, p. 393; Acadia station 41), the ocean water was
evidently closer in to the slope—-—annual variation sufficient to exercise considerable
biologic effect on the' bottom fauna along the southeastern slopes of Browns Bank
and Georges Bank.

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

1 Station 10225 about 8.8° and station 10227 about 7.1° at 175 meters on July 23 and 24, 1914,
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side (station 10249) to about 8° in its northeastern side off Machias, Me. (station
10246), with 7.9° recorded for the southeastern part of the basin (station 10225) and
about 7° on the floor of the Eastern Channel (station 10227) that July.
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Fia. 57.—~Toemperature at a depth of 175 meters within the gulf for August, 1914. The temperatures along the continental
slope are for July and August of that year, combined

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

Certainly the one most often commented on—is its low temperature below the 40 to 50
Meter level, contrasted with the warm surface water and with the still warmer
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oceanic water outside the edge of the continent to the south, illustrated more graph-
ically in profile (fig. 58) then in horizontal projection. To find water on the conti-
nental slope along this profile as cold as the 100-meter reading in the gulf it is
necessary to descend below 500 meters, while 10° water was within 40 meters’ depth
of the surface in the gulf but deeper than 180 meters on the slope. Farther east, where
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Fi1g. §8.—Temperature profile running from a point off northern Cape Cod, southeastward across Georges Bank to the
continental slope, for July 19 to 21, 1914 (stations 10213 to 10218)

the basin to the north of the banks is warmer and where a cool wedge intervenes
between ocean water and continental edge, a July profile (figz. 59) shows a contrast
of only about 1° between the gulf, on the one hand, and the continentsl slope, on
the other, at depths greater than 120 meters. ,

These two profiles of Georges Bank are further interesting for outlining the-band
of cool water that then extended along the bank from northeast to southwest, as just
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described. On the western member of the pair (fig. 58) this appears as a core (10°)
over the offshore edge at a depth of 30 to 80 meters, but as a body of cold bottom
water (8°) well in on the bank on the eastérn profile (fig. 59), with the column of
water nearly homogeneous in temperature from surface to bottom (inclosed by
isotherms for 10° and 12°, evidence of active tidal mixing) on the northeastern part.
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With the August profile crossing the shelf off Marthas Vineyard (fig. 60), they
also afford an instructive demonstration of the continuity of the zone of warm
bottom water (10°) all along the offshore slope of Georges Bank at the 100 to 150
meter level in summer (though not farther east), with lower temperatures on the
:anler bottom of the bank, on the one hand, as well as deeper down the slope, on

e other. :
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The spacial relationship which the comparatively warm bottom water of the
gulf bears to the colder mid stratum, to the still colder Nova Scotian water, and to
the warm surface water, in summer, may best be illustrated by profiles crossing the
Eastern Channel (fig. 61), crossing the gulf from west to east (figs. 62 and 63), and
Tunning out normal to the general trend of the eastel;n coast line of Maine (fig. 64).

The first of these, in conjunction with the corresponding profile for March (fig.
19), is especially interesting for its demonstration that it coincided with a slack period
When a counter drift out of the gulf had filled the western side of the channel with
colder and less saline water, but followed an inward pulse that had overflowed
Browns Bank, raising the temperature of the whole column there to the high figure
(8.5° to 14. 7°) stated on the profile (station 10228). This, however, had spread no
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Fig, 61,~Temperature profile running from the eastern ond of Georges Bank, across the Eastern Channel, Browns Bank,
and tbe Northern Channel, to the offing of Cape Sable, July 23 to 25, 1914

farther north—witness the lower values in the Northern Channel (station 10229) and
the still colder water (3° to 10°) at the Cape Sable end of the profile (station 10230).
Our summer cruise of 1914 does not afford a satisfactory profile across the gulf
for July or August, lacking serial observations along the eastern slope of the basin,
Where the axis of warm bottom water, drifting into the gulf, is to be expected One
running eastward from the mouth of Massachusetts Bay toward Cape Sable for August
31 to September 2, 1915 (fig. 62), however, will represent the late summer state
oqually well for the gulf as a whole in a moderately warm year. The spacial rela-
tionship there shown between the warm surface water in the western mde ofthe gulf
(>16°), the cold mid stratum centering at about 100 meters (close to 5. .5°), the warmer
slope water (>6°) banked up against the eastern slope of the basin at depths greater
than 140 meters, and the homogeneous column (9° to 10°) on German Bank in the
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eastern side of the picture
(station 10311), resulting
from the active :tidal stir-
ring, is characteristic of late
summer.3®

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

.still colder bottom water

close in to Cape Sable.

- In summers following
periods when the inflowing
bottom <current has been
weaker, or at least less regu-
lar (1913, for instance), cross

profiles of the gulf bring out

the cold mid layer even
more clearly (fig. 63), with
minimum readings of about
5.2° in both sides of the
gulf at depths of 75 to 90
meters in this particular
year. But, contrasting
with this same month of
1914 and of 1915, the profile
for 1913 shows only a frac-
tional - warming with .in-
creasing depth, from this
level downward toward the
bottom, with no apparent
banking up of the warmer
bottom water against the
eastern slope.®

% The {setherm for 10° for this region,
on my earller representation:-of this pro-
file, Is incorrect (Bigelow, 1817, fig. 7).

# Highest value at 175 meters 6.6° off
Cashes Ledge (statlon 10000); lowest 5.9°
in the eastern side.of the basin (station
10003).
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The upper layers of the gulf thus present much the same picture from summer
to summer when studied in west~east cross section, with isotherms closely crowded
in the western side but spreading over the eastern coastal bank, and the uppermost
stratum cooling from west to east as already described (p. 588). Invariably, too, the
gulf has proved at least as cool at 100 meters as at any level in July and August, and
usually coolest there in the form of a definite layer of minimum temperature spread-
ing seaward, centripetally, from the western and northern shores. However, the
spacial distribution of temperature at depths greater than 150 to 175 meters varies
from summer to summer, depending on the volume and velocity of the bottom cur-
rent drifting in through the Eastern Channel at the time or shortly previous (p. 613),
as well as on the precise route followed by this water within the gulf. When this
current has been in large volume shortly previous, it tends northward and westward
around the eastern and northern slopes of the basin, so that the conditions described
for 1914 and 1915 prevail (fig. 62). Following a long slack period, a reproduc-
tion of the temperatures of 1912 or of 1913 may be expected.

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

The much lower surface temperature (12°) at the inshore end of this profile than
over the basin offshore (16°) is simply the result of active vertical circulation
along the coast; so, t0o, is the reverse relationship prevailing at the 60 to 100 meter
level. I may also point out that this profile, like those already discussed, shows
the cold mid-layer (of 5.3° to 6.04° at 100 to 150 meters) characteristic of the inner
parts of the gulf in most summers, and which is reminiscent of the low temperature
to which the whole mass of water shoaler than this had been chilled during the pre-
ceding winter (p. 689). :

The maintenance of comparatively high temperatures down the slope, at depths
greater than 30 meters, which 1s probably characteristic of the summer season in
this part of the gulf, may have some biologic importance by making an especially
favorable environment for such bottom animals as prefer a moderate temperature
within narrow limits where they would find no sudden thermal bar to vertical
migration. ’ o

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

The presence of a surface stratum of homogeneous water (18.6° to 18.7°) nearly
10 meters thick, blanketing the northern part of the August profile (station 10633),
is rather contrary to our previous experience in this part of Massachusetts Bay,
where low surface temperature usually has been recorded, reflecting upwellings or
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tida]l mixings; but a temperature gradient of this type would result from active
Stirring of the upper stratum, if there be little interchange of water between the
latter and the deep strata. In Cape Cod Bay, where partial inclosure and shoal
‘Water make local warming more effective than in any other part of the gulf, this
State is probably typical of midsummer, judging from the state of the upper 14
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F16. 64.—Temperature profile running southward from Mount Desert to the basin for August, from the
data for the years 1913, 1914, and 1915, combined (stations 10099, 10248, 10249, and 10305)

Inteters of water there (18.3° to 17.9°) on August 24, 1922 (station 10644 and 10645,
.P-995). The fact that the superficial stratum of water warmer than 12° was con-
siderably thicker near Cape Cod than in the center of the bay that August corrobo-
Tates the station data for May and June, 1925, to the effect that Cape Cod Bay is an

portant center of production of warm water during the summer months. Had
the profile been run a few miles farther west, water warmer than 18° probably
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would have oceupied the upper 10 meters from end to end, instead of showing the
chilling effect of the strong tides, which actually characterize its Cape Cod end.

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

in summer.
BOTTOM TEMPERATURE

The bottom temperature of the gulf in summer is governed chiefly by the
depths, but also to some extent by locality. At this season the bottom is coldest
(3° to 5° in the
troughs off the west-
ern shore of the gulf,
irrespective of depth,
and in the offing of
Cape Sable in the
opposite side, with
the whole deep basin
1° to 3° warmer out-
side the 150-meter
contour (5° to 8°)
For example, an ani-
mal living in the
| trough off the Isles
of Shosals might actu-
ally suffer lower tem-
peratures during
some summers thap
in some winters of
100 - springs, according 88

Fia. 85.~Temperature profile crossing the mouth of Magsachusetts Bay just west of Stellwagen the years be cold or
Bank, July 19, 1916 (stations 10340 to 10342). 'The contour of the bank is represented by the warm 1In the gulf-

broken curve . .

The annual differ-
ences in the basins at depths greater than 175 to 200 meters consequent on irreg-
ular pulses in the bottom current may so overshadow the regular seasonal cycle as
to make the latter negligible, biologically, up to the end of the summer. Bottom
dwellers in the coastal zone, however, must be inured to a wide range of temperature
if they are to survive; as, indeed, they must in shallow boreal waters in general.

Cape Cod Bay experiences a wider fluctuation in bottom temperature, with the
succession of the seasons, than any other part of the open gulf outside the estuaries
and islands. In order to exist there, without bathic migration, in water shoalel'
than 5 to 10 meters, any animal must be indifferent to temperatures-as high as 18°
:to 19° in midsummer (p.623). A bottom temperature of 17.9° was even 1ecord6d
as deep as 13 meters off Barnstable on August 24, 1922 (station 10644)—an extreme

Srhatrorrs
~
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for which the exposure of the neighboring flats to the sun at low tide is no doubt
responsible—with 13.2° at 18 meters off Plymouth (station 10642). In winter these
same regions cool to 0° or even fractionally colder. Around the more exposed shores
of Magsachusetts Bay, however, we have found the bottom temperature 12° to 9.8°
In 15 to 18 meters depth; 7° to 9.8° at 25 to 30 meters; 7.2° to 5.6° at 40 to 50
Meters; and 4.5° to 6.2° at 65 to 75 meters in August.

Compare this with the Bay of Fundy, where even the littoral zone warms
only slightly above 10° to 12° off open shores, but where the bottom in 40 to 50
Meters is almost equally warm by the end of the summer (p. 599). Under these con-
ditions cool-water animals, at home in temperatares up to 10°, find no limit to their
bathic dispersal short of the surface, instead of being confined to depths greater
than 12 to 15 meters, as they are in Massachusetts Bay in summer. On the other
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¥1a. 66.~Temperature profile crossing the mouth of Massachusetts Bay from Gloucester to
Cape Cod, August 22, 1922 (stations 10631 to 10633). Tho broken curve represents the
* ghoalest contour of the bottom along the rim formed by Stellwagen Bank

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

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

: In August, 1925, the Halcyon had bottom readings of 11.2° to 15.56° on the

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

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

ANNUAL VARIATIONS IN SUMMER TEMPERATURE

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

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

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

Depth, meters T‘;’grp:" Depth, meters Tiﬁprgr'
) °C. °C.
3 PO A4l B o e ———————— 2.8
B0 e oo e o - 3.9 |l 152 - 3.3
1 B I Ot 3.8
200 e 2.8 || 201 e mmeman~—————————————n © 8.6

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

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

" 97Thess early readings and the allowance that must be made for the inaccuracies inherent in the type of thermometer used
are discussed in detail in an earlier report (Bigelow, 1914, p. 92). .
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of the gulf was slightly colder, the western half slightly warmer, in the summer of
1913 than in 1912, though the greatest annual difference was nowhere greater than
2.5° for sets of observations taken at nearly the same date. Thus we found the

ugust stations in Massachusetts Bay agreeing very closely for these two years
(stations 10044, 10045, and 10106). The water a few miles north of Cape Ann was
about 1° 4o 92.5° warmer in August, 1913 (stations 10104 and 10105) than in
July, 1912 (stations 10011 and 10012b), a difference that may have been due chiefly.
to a difference in the dates at which the readings were taken.

The surface of the western side of the basin was about 1° warmer, the 100-meter
level about 0.5° warmer, and the 200-meter level about 1.5° warmer on August 9,
1913 (station 10088), than on July 15, 1912 (station 10007); and while this differ-
ence wag seasonal in the shoal strata, it probably reflected an annual fluctuation at
depths greater than 100 meters. Off Platts Bank, a few miles to the northward,
observations taken within three days of the same date (7th of August in 1912,
station 10023; August 10 in 1913, station 10091) showed the immediate surface
about 1° colder in 1913 than in 1912. However, this may have been due to a differ-
ence in the stage of the tide, which runs strong over the bank. The bottom tem-
Peratures there were almost precisely alike for the two years. In the eastern side
of the basin 1913 was slightly the warmer year down to 70-odd meters, but about
1-5: the colder from that level down to bottom at stations only a few days apart in

ate. : ; .

The fact that the water was more than 2.5° warmer on.the surface near Monhe-
gan Island on August 14, 1913 (station 10102), than on August 2, 1912 (station
10021), though with virtually no difference below the 30-meter level, can hardly be
accounted for on a seasonal basis. The mean temperature for the whole column of
Water was also about 0.7° higher on Jeffreys Bank, off Penobscot Bay, on August 2,
1913 (station 10091, about 10°), than on the 8th in 1912 (station 10025, about 9.3°),
With legs active vertical circulation, as evidenced by a wider vertical range of temper-
&t}ll‘e. The 1913 temperatures, however, were about 0.75° to 1.5° the lower a few -
miles farther east on August 14 (station 10038, 1912; station 10101, 1913). - The
August temperatures for 1913 were likewise 1° to 1.5° the colder along the eastern
coast of Maine and over the coastal bank west of Nova Scotia, where the obser-
Vations for the two years were taken within a few days of the same dates. For
exXample, the station off Lurcher Shoal was about 1° colder at the surface and in
the mid levels, about 2° to 3° colder near bottom at 120 to 140 meters depth, in
1913 (station 10096) than in 1912 (station 10031); German Bank was also about 2°
colder at all levels. v . '

Except for the immediate surface, so subject to seasonal change, the upper 100
Meters of the western basin was warmer in 1915 than in any previous summer of
record; below that depth the readings for that year were fractionally cooler than

ose for 1913 or 1914, but warmer than for 1912, with an extreme annual variation
of about 2.4°. '

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

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

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

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

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

More or less fluctuation in summer temperature is to be expected in any partially
inclosed basin as subject to violent climatic changes as is the Gulf of Maine, and
where waters of different temperatures meet. What really deserves emphasis is that
the yearly changes have been very small during the period of record; certainly not
enough seriously to affect the waters of the gulf as a b1ologlc environment, except
perhaps in 1916. :

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

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

.. Furthermore, the vertical warming below 100 meters, so characteristic of this
Side of the gulf in 1914 and 1915 (Bigelow, 1917), was hardly appreciable in 1916.

uring the interval, July 22 to August 29, the mid layers off northern Cape Cod
Warmed by about 1° or 2° (stations 10344 and 10398). Even then, however, the
temperature did not equal that of 1912 on the same date (station 10043, August 29),
Or of 1913 three weeks earlier (station 10086, August 5; Bigelow, 1922, p. 91).

The surface water on the northwestern part of Georges Bank was also about 2°

¢older in July, 1916, than in that month of 1913 or of 1914, as appears from the
following table:

—
T T | T o | e | e
Depth station | station | station Depth station | station | station
10059 10215 10347 10058 15 10347
°C. °C. °C. °C. °Q. °C.
13.33 16. 68 11,39 || 40 meters.vreccavenencomes o 10.43 |..........
1224 |oemememoe 55 meters 12,60

12,60 [oeeceecvaad]cmrenccnann B0 MELOrS. e e mcccrmoun | eevaseenen|rceren m——— 9.61
10.981 || 70 meters S P, 9.62 [caounmnnnn

The difference in temperature between July of 1916, on the one hand, and of
1?13 and 1914, on the other, was even wider along the southern edge of the bank.
lolent annual, even day by day, fluctuations are to be expected there (Bigelow,
1922, p. 10), but nothing in our previous experience foreshadowed summer tempera-
tures as low as those of 1916, when the bottom water was 4° colder there than in
1914, though the stations for the two years were close together in location and the
Surface temperatures (17° to 18°) were almost alilke. The surface near the continen-
tal edge gouth of Nantucket lightship and the depths greater than 50 meters were
lkewise 3° to 4° colder in July, 1916 (station 10351), than in that month in 1913
(station 10061); and the cold band just outside the edge was 4° to 5° (fig. 67) instead
of 9° t0 10°, as we had found it in 1914 (fig. 58).

There is nothing unprecedented in a vertical distribution of temperature of the
type shown on this 1916 profile (fig. 67) over this part of the slope; indeed, its repeated
Oc¢currence suggests that something of the sort is to be expected except when obscured

¥ encroachments from the warm water of the so-called ‘“Gulf Stream’’ (p. 608).
€ surprising feature of the summer of 1916 is that the temperature of the coldest
layer should have been so low and that water so cold lay so close to the surface of the
Oben seq in July at this latitude. In fact, as T have elsewhere moted (Bigelow,
1922, p. 103), this July temperature very closely paralleled the temperature taken
&t the same relative position on the slope off Cape Sable, about 200 miles to the north-
®astward, on June 24 of the year previous (station 10295). .
The Grampus did not visit the eastern side of the gulf in the summer of 1916,

Where the water was also unusually cold during that summer, as Dr. A. G. Huntsman
Writes:®

¥ Quoted from a letter from Dogtor Huntsman.
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The temperature of the water in the Fundy region was unusually low during the summer of
1916. The data given me by Craigie (19164, 1916b), Craigie and .Chase (1918), and by Vachon
(1918) show that in the St. Croix River, near St. Andrews, and in Passamaquoddy Bay the
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" ¥F1g. 67. ——’I‘emperature profile running southeastward from the offing of Nantucket to the continental slope of Georges )
Bapk, July 24 to 26, 1916 (stations 10351 to 10356) :

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

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

It is interesting to consider whether climatic conditions during the preceding
onthg will account for this abnormality. Unfortunately, no observations were taken
1 the gulf during the preceding winter, but the deep temperature of the western side
cthanges so little from February to June that its July state gives an indication of the
temperatures that have prevailed there in spring. Judged from this viewpoint, the

uly temperatures of Massachusetts Bay and of the neighboring parts of the gulf
or 1916 do not suggest that the sea temperatures of the preceding winter were
a"bnOI'mally low. v ‘

This conclusion is corroborated by meteorological conditions, for the early part
of the winter of 1915-16 was warmer than usual (mean temperature for January
8bout 6.7° F. higher than normal at Boston, 2.7 ° F. higher than normal at Province-
town) ; but the temperature was about 2.5° F. below normal at Boston in February,
4.4° ¥, below normal in March, with unusually heavy snowfall in both these months
(30.3 and'33.3 inches, respectively). Consequently, there is every reason to suppose
that the temperature of the water of Massachusetts Bay did not commence to rise
until s month or even two months later than usual that spring, and that vernal
Warming proceeded more slowly at first than in more normal years, because the
Weather continued abnormally cool and cloudy throughout May and June. FKur-

ermore, it is in just such a spring as this, when. the surface stratum warms very
31°W1y ab first, but then rapidly, that the deeper water is most effectively blanketed
Tom the penetration of heat from above by the sudden development of a state of

gh stability. Indeed, a better illustration of how slowly the deeper water warms
under sych circumstances could hardly be found than by the very small rise in tem-
Perature that took place off Cape Cod from July 22 (station 10344) to August 29 of
that year (10398) at 40 to 50 meters.

Thus the difference in temperature between the cold summer of 1916 and the
Warm summers of 1913, 1914, and 1915, in the western side of the gulf, was no wider

an can be accounted for on the basis of the local weather.

I may point out that a cold winter and spring in 1916 were similarly followed
by low summer temperatures in the coastal water all along the continental shelf,
Westward and southward to Chesapeake Bay during that same year (Bigelow, 1922),
D0t glone in the Gulf of Maine. ‘ N

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

No serial observations were taken in the open gulf during the summers of 1917
to 1919, but Mavor’s (1923) data for the Bay of Fundy classify 1917 and 1919 a8
normal seasons. Brooks (1920), however, points out that 1920 continued a “cold”’
year in the gulf through the summer, by the testimony of bathers along New Eng-
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¥16. 68.—Vertical distribution of temperature off Cape Elizabeth on August 15, 1013 (4, station 10104),
and on August 7, 1923 ( B, latitude 43° 18/, longitude 69° 44")

land beaches. This was followed by a summer of at least average warmth in.
Massachusetts Bay, and probably over the gulf as a whole, in 1922 (p. 995). BY
contrast the summer of 1923, like that of 1916, was unusually cold in the deeper
waters following a severe winter, with unusually heavy snowfall, and a tardy spring
Surface readings would not have suggested this more than a mile or two out from
the land anywhere in the western side of the gulf. In fact, the coast sector betweel
Cape Ann and Penobscot Bay was actually a degree or two warmer on the surfac®
in 1023 than in 1912 at the end of the first week of August, as illustrated by the
curves for 16° and 18° temperature on the charts for the two years (fig. 47), with
readings of 16° and upwards right into the land off Cape Elizabeth in 1923, where
we have usually found the coast skirted by a belt 1° to 3° cooler (p. 588).
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However, surface readings taken by the Halcyon to the eastward of Penobscot
Bay early that August proved about 2° lower than the expectation. Bathers, too,
reported the water unusually cold along the beaches throughout that summer, after
offshore winds. This was corroborated by serial observations off Gloucester, which
Proved the whole column of water below the 30-meter level 1° to 3° colder in Au-
gust, 1923, than it was three weeks earlier in the season even in the cold summer of
1916, although the difference in date would suggest just the reverse. Depths greater
tl_lan 40 meters were also 1° to 3° colder off Cape Elizabeth in 1923 than in any pre-
Vious August of record (fig. 68), notwithstanding the warm surface just mentioned.

his statement would probably hold good for the inner part of the basin in general,
also, as well as along the eastern coast of Maine, the relationship being similar near

ount Degert Island and off Mount Desert Rock (table, p. 635).

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

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

The following comparative tables for representative localities will show in detail

® annual differences in temperature summarized in the preceding pages.* '

Annual differences in temperature

MOUTH OF MASSACHUSETTS BAY

1012 1913 1014 1015 1918 1922 1923
Depth, meters 10002 10087 10253 10308 10343 10632
| July 10 | Aug.9 | Aug. 22| Aug. 81| July 19 | Aug. 22| Aug. 9
18.3 18.7 18.9 16.1 16,4 18.1 17.2
- 9.4 10.6 iL2 10.5 6.0 9.1 9.0
88 6.7 8.5 8.0 4.1 7.4 55
...... 5.0 5.4 5.4 6.7 3.8 5.6 4.4
4.6 5.8 4.8 6.3 b S () (RO 3.3
4.8 5.2 4.6 6.2 3.2
5.2 4.5 6.0 3.1
4.5 5.9 3.1
WESTERN BASIN
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1912 1913 1914 19156

10007
July 16 | Aug.9 | Aug. 22 | Aug. 21
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" As the readings were not taken at the same levels at all the stations, ur at a3 many levels as it is desirable to show here, it
°0n necessary in many cases to derive most of the values by interpolation. The temperatures are approximate, therefore,
8%e glven only to the nearest tenth of a degree, Centigrade.
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Annual differences in temperature—Continued
CENTER OF GULF NEAR CASHES LEDGE

1913 1014 1915
Depth, meters 10090 10256 10308
Aug. 10 | Aug. 23| Sept.!

16.1 19.2 15.8
1.1 12.2 11.2
7.2 7.8 9.1
6.6 5.7 7.7
6.4 4.3 6.8
6.4 3.1 6.8
6.4 4.1 6.0
6.4 4.7 5.8
6.5 5.5 5.7
6.8 (137 I—
6.6
TROUGH BETWEEN JEFFREYS LEDGE AND COAST
1012 1013 1914
Depth, meters 10011-12b{ 10104 10252
July 17-23] Aug.16 | Aug. 15
| 15.0 17.2 16.2
20 8.3 9.6 12.0
40..._ 6.1 7.8 7.8
60 - 4.8 6.6 6.2
1 S 4.6 5.8 5.0
117 4.6 5.2 4.3
120 e o oo e 4.6 4.8 3.8
140 e em—am———————————————o e e s e e e e e, 45 13,7
160 4.1 4.8 |oeccaen
180 [ NN
3 At 130 meters.
OFF CAPE ELIZABETH
1012 1013 1914 1023
Depth, meters 10019 10103 10251

OFF PENOBSCOT BAY

1912 1013 1014
Depth, meters 10039 10101 10250
Aug.22 | Aug.14.| Aug.14 -
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Annual differences in temperature—Continued

CLOSE IN TO BAKERS ISLAND, OFF MOUNT DESERT ISLAND

635

1913 1915 1923
Depth, meters 10099 10305
Aug.13 | Aug.18 | Aug. §
gé __________ e e ameemmm——————we—m-eemaweeme—e—eseaseceremenn 12.8 10.8 1.7
e rtrmceseme e eemr s £ TSI s e s 10.0 9.4 7.6
0. __ - 9.8 femeacncoealoumenneaan
B0, L - 8 7.
OFF MOUNT DESERT ROCK
e
1913 1914 1023
Depth, meters 10100 10248
Aug.13 | Aug.13 | Aug. 6
12.8 13.3 12.8
8.7 8.5 7,1
7.7 7.2 4.5
6.8 8.0 5.1
6.0 8.3 [meeemmecn
OFF THE NORTHEAST COAST OF MAINE
= -
1912 1913
Depth, meters 10033 10098
Aug.16 | Aug.13
e e oma—meemmm~—cmmaeneemeA—memesmm. e o e e 10.6 10.3
.............................. 10.1 9.6
......................... 9.7 9.3
.................................. 9.6 9.1
NORTHEAST CORNER OF GULF
Depen, ot B | |
10.8 12.8 - 14.4
10.2 1.7 10.0
0.3 10.4 8.4
8.9 0.2 7.3
8.6 8.4 6.6
8.3 7.7 6.3
8.0 7.3 6.6
7.8 6.7 7.3
7.4 6.5 7.8
7.4 6.2 8.0
.......... 6.0 28,2

VAt 190 meters,
“PRINCE " STATION 3

Mavor (1923).

uy the center of the Bay of Fundy, between Grand Manan and Nova Scotis, from data by Craigie (1916a), Vachon (1918), and

stars 1914 1916 1918 1910
Depth, meters Aug. 27 | Aug.25 | Sept.4 | Aug.28
11.2 10.1 12.2 1.3
10.4 9.0 1.2 11
9.5 9.1 0.2+ 9.1
0.2 74| 7 7.9
9.2 6.5 6.7 744
88| 61 6.1 71
8.5 5.8 6.2 7.0
8.4 5.8 6.1 6.7
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Annual differences in temperature—Continued

WEST SIDE OF EASTERN BASIN

1912 1913 1914 1915
Depth, meters 10027 10092 10249 10309
Aug.14 | Aug-11 | Aug.12 | Sept.1
O e et mmmmmmas e o e m e mn e ma e mmmm— e n—n mmm—n o —————————— 15.0 16.7 17.56 15.8
9.2 8.1 9.1 12.5
7.8 8.7 6.4 10.3
7.4 5.8 5.7 8.5
7.2 56 5.3 6.8
6.1 5.9 5.8 5.9
6.6 6.1 5.5 5.8
6.2 6.1 5.9 5.9
6.1 6.1 6.1 5.9
6.0 6.1 6.0 6.0
.......... 6.1 5.9 6.1
.......... 6.1 [ 3 —
__________ (15 T R A
OFF LURCHER SHOAL
: 1012 1913 1914 1915
Depth, meters 10031 10196 10246 10316

Aug.15 | Aug.12 | Aug.12 | Sept.7

e

®EoSR
(=Y -3 S g

AUTUMNAL COOLING
’ SURFACE

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

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

#The temperature of inclosed harbors is highest in July, mirroring the summer maximum for the air (p. 585).
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The more tide-swept waters along and among the islands east of Casco Bay
Where the whole column of water continues nearly homogeneous in temperature
through the summer and the-surface warms only to about 11° to 13° instead of 16°
to 18°, do not commence to chill until a month or more later in the season. In 1925,
for example, the surface temperature near the Duck Islands, off Mount Desert, was
almost, exactly the same on September 9 and 10 (11.1° and 10.8°) as it had been
there on August 11 (10.9°), 10° on September 15, and still 10.3° to 10.8° on October
15 to 16. Readings of 10.28° off Machias and of 11.6° near Mount Desert on
September 15 and 16, 1915, are in line with this. o

"This same rule holds good for the Bay of Fundy, where no appreciable cooling
takes place until after the first of October—a month later than in Massachusetts
,B&Y or off Cape Ann. Thus, Vachon (1918) had surface readings of 9.21° to 11.07°
I the central parts of the bay on September 27 and October 4, 1916, with 9° to
10.6° gt various localities in Passamaquoddy ‘Bay between ‘October 3 and 17,
showing a cooling of only about 1° to' 2° from the summer maximum. Mavor
(1923) likewise records surface temperatures of 11.07° between Grand Manan and
the Nova Scotian shore:on Oétober 4, 1918, and 9.77° on October 2, 1918. ~How-
ever, the 10-day averages for Lubec Narrows (fig. 31) show that considerable
Variation is to be expected from year to year in the date after which the surface of
this part of the coast water commences to chill, for a steady though- slight cooling
Was recorded through September, 1920, whereas the mean surface temperature at
E&Stport averaged highest at the last week of September for the 10-year period,
1'878 to, 1887.‘ . e . e

*Surface readings of 9.4° on Gérman Bank (station 10311) and 13.3° near Cape
Sable (station 10312) on September 2, 1915, suggest that the temperature was then
about stationary at its summer maximum in this side of the gulf.’ S
" With the surface along the western shores of the gulf, from Massachusetts Bay
Northward, chilling rapidly during the early autumn, but with the northeastern.and
Sastern margin of the gulf cooling only very slowly at first, there comes a time when:
f‘he_ whole peripheral belt of the gulf outside of the outer headlands is nearly uniform
In surface temperature (close to 9.5° to 10.5° in most years), varying only a couple
of degrees, at most, from place to place. In 1915 this state was apparently attained
S0metime between the first and middle of October, the surface of Massachusetts Bay
havillg chilled to 10.5°-13.4° by the last week of September (stations 10320 to
10324), with 11.6° off the Isles of Shoals and 11.9° off Cape Elizabeth on October 4
(stations 10325 and 10326), 10° at the mouth of Penobscot Bay (sta;tion\1'0329)_ , and
9.4° near Mount Desert and off Machias on the 9th (stations 10327 and 10328). The
%?Pface of Massachusetts Bay continued virtually constant at about 11° throughout

ctober, o v ' o o

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

vo “"The average surfade temperature at Thatchers Island, at the tip of Cape Ann, was somewhat higher (14.17°) for the two
9rs, 1881 and 1882, at the beginning of October.

37755—27 9
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Unfortunately, it is not known whether autumnal cooling proceeds at as rapid 8
rate during October out over the basin of the gulf in general as it does along the
western shore, nor are data available for Georges or Browns banks during that
month; but Rathbun’s (1887) tabulations show the surface almost as cool at Pollock
Rip, off the southern angle of Cape Cod, on October 1 (11° to 13.5°) as it is in
Massachusetts Bay at that same date. This applies also to the whole region of
Nantucket Shoals, where the Halcyon had surface temperatures of 11.6° to 12.2° op
October 1, 1925, showing that a decided reglonal equahz&tmn had taken place
since mldsummer, when surface readmgs in the same region have ranged from
11.6° to 16.4° (p. 1012). ,

The autumnal cycle of temperature to the southward of Marthas Vineyard lag®
several .weeks behind that of the waters to the north and east of Cape Cod. Thus
the surface was 13.3° to 14, 4° gcross the whole breadth of the continental shelf off
Marthas Vineyard on October 22, 1915 (stations 10331 to 10333), with 15.5° a foW
miles outside the continental edge, while the. Halcyon had 13.3° near No Mans Land
on the 28th of .the month in 1925. This corresponds closely with Rathbun’s aver-
ages of 15° for October 1 and 11.7° for November 1, 1881 to 1885, 22 miles off Nan-
tucket (the old situation of Nantucket South Shoals hghtshlp, which has since been
relocated). ,

Average and extreme svrface temperature, ° C., 1881 to 1886, from Rathbuns (1887) graphs, to the
. nearest ha.lf degree only.

22 miles 8SE, .
of Nantucket, | Pollock Rip | Boon Island Matinicus | Mount Desert| Petit Manad
Date | “yot%0° 64’, ' | - Lightship .| .. - Light .| Sesuin Light | “poe™ Rock. | . Isiand!
long. 69° 49’ ’
Av. Ex. | Av.| Ex, | Av. Ex. | Av.|  Ex. | Av. Ex. |[‘Av. Ex. - | Av. Ex
Oct.1..... 15,0 14.5-16. 5 13.0; 11.0-13. 5] 11.0| 9.5~12,0| I1L0| 9.5-12.0] 10.5{ 10.0-11.5 9.5 9 0-10. 5| 11,5| 11,0-12 0
Nov. 1..._| 11.5| 11.0-12:0| 10.0|: 9.5-10.5| - 9.0{ 7.0-10.5| 9.0| 8.0-:9.5| 0.5 8.6-10.0 8.5/ ‘8.0- 9.5 9.5 9.6
e¢, 1....] 7.5 6.5-845 6.6 4.5-886 260 58660 65 50625 7.0 60-8¢& 66 20-7.0 65 55‘80
Dec. 16.- - 6.0] 5.0~8.5 &6 3.5—‘8.5 5.0/ 4.0-6.0]  4.0] 3.0-5.0[f 56 4.5-6.5 50 30—65 4, | 3.0"6

lFor years 1884 and 1886 only, the readings for 1881 and 1882 being omitted because so 1rfegular that their reliability is
doubffal.’ " ; A . o
., 2Omitting one reading. ot 0. 56°, which was obyiously an error.,

r SUBSURFACE -

At first the autumnal ‘cooling of the surface, which accompames the cooling of
the air, is due not only to an actual loss of heat by radiation (p. 692) but reflects mix-
ture with the cooler underlymg water, & process that correspondingly warms the
latter The. result is that the annual maximum is attained later and later in the year
as the depth of observation increases down to about 100 to 150 meters, or to the lower
boundary of the stratum, the temperature. of which is controlled by solar Warmlng
alternating with winter chilling. Consequently the wide vertlcal range of tempera’cul”6
that characterizes most parts of the gulf'in summer gradually gives place to a state
of vertlcal homogeneity as the autumn plogresses 'In 1915 (a typical year) autum-
nal cooling had affected only the uppermost stratum of Massachusetts Bay up to the
end of September, the 20 to 25 meter temperature having continued virtually st8-
tionary at the midsummer value (11° to 12°) up to that date, with & rise of 2° to 3° ab
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8reater depths, resulting, no doubt, from the conistant tendency toward vertical equal-
lzation by tidal mixing:” 0 ) S

 The profile for this date (fig.'69) shows that cooling had"ppoc’e’édédless;\i'apidljy‘: m
the southern side of the bay next to Cape Cod, which receives warm water from Cape

od Bay;'than ii the ¢entral and northern parts, making the regional variation wider
than it is'in summer (fig. 66). Temperature of the upper 40 meters’ of Massachu-
Setts Bay, however, was virtually equalized at 9.5° to 11.5° by the last week of that
October (stations,10237 to 10239). On the other hand, vertical stirring had been
Bctive enough to raise the temperature of the 80 to 150 meter stratum of the bowl off
Cape Ann from 5.8° on August 31,1915, to 6.8° to-7° on Qctober 1 .(6tations 10306
and 10324). C o : ‘ S
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T1a. 69.~Temperature profile at the mouth of Massachusetts Bay, inside Stellwagen Bank,.

September 20 to October 1, 1916 (stations 10320 to 10322). The broken curve shows the
contour of the bank ' P :

The thermal cycle was essentially similar in the cold year of 1916, when the 80

tf’ 90 meter level was nearly 2° warmer at the mouth of the bay on October 31 (sta-
lon 10399, 5.43° at 90 meters) than it had been on'July 19 (station 10341, 3.67° at

0 meters), although the surface had cooled from 16.4° to 10° during the same inter-

Val, or to about the temperature normal for the outer part of the bay at that season,
b, Crophs for tempetature off ‘the Tsles of Shoals and off Capeé Elizabeth on Octd-
. 98141915 (stations 10225 and 10226),'and at various 'dates in’ i}lgust"(ﬁg'“?())sho'w
Wilch ‘the samo seasonal change a$ Massachiisetts Bay, tharacterized by consider-
8ble cooling at the surfade, but at a decreasing rate, down o about 30" to 40 metels,
®ntrasted with a slight warming at greater depths down._ to bottom ifi"'145 ‘t0. 175
Meters. *“However. it is impossible to state the precise raté of 1:Q}i'd‘1'}'gé’.ff~iir‘iiyil}'y given

evel for any one year from the data at hand. ™ * 7
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.. The entire column of water down to 30 méters had cooled to about 10° at the
mouth of Penobscot Bay by October 9, 1915, with about 9° at 60 meters, correspond-
ing to a decrease of 3° at the surface, but a rise of about 1° at depths grea.ter than
20 to 25 meters (fig. 71).

.. .'The surface (9.4°) was about 0.7° colder than ‘the bottom near Mount Desert
,Island in 60 meters depth (10.1°) on October 9, 1915 (statlon 10328), the bottom

Temperature, Centigrade = ‘
3 4 5 .60 7T o8 9 ‘IO° 11° 125 13° 14° 15° 16" 17° 180 19°
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Lot qu '70.—'-V,elvftlca‘l'diétrlbutlon of ten.'lpefature in the ti'ough ‘between tlle lsleg of Shoals and T eﬂreys Ledge,
Y, 770 toshow the progress of autumnal:cooling. A, August 15, 1914 (station .10252); B,.October 4, 1015
(station 10325); C, December 30, 1920 (station 10493) 'I‘he broken curve is for November 1 of the cold
‘ year 1016 (statfon 10400)
havmg Warmed smce August about as rap1d1y as the- surface had cooled Probably
the tempera,ture would have been found homogeneous there from surface to botton
at_about 9.5° a week or so earlier in the season, as it was off Machias, Me., on_ that
same date (stat;on 10327), with a readmg of 9.4° at the surfece and 9. 83° close in
to the bottom.
.'The whole column of Weter warms slowly in the deeper parts of the Bay of
Fundy throughout the summer, and at a more nearly uniform rate vertically than is

1 P P

s
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the case in the deepsof the open gulf. Probably this process continues into Septem-
ber every year, sometimes into October, as happened in 1916 (Vachon, 1918, tables, p.
309), with the bottom water continuing to warm for some time after the surface has
commenced to cool. Judging from Mavor 8 (1923) tables, the depths greater than
about 60 meters in the ‘trough between Grand Manan and the Nova Scotian shore
of the bay may be expected to warm by about 1° after the date when the surface’ read-
ing is highest and before the deep layers also’ commence to show the chllhng ‘effect
of autumn. 'In 1917 the temperature of the thid-stratum rose" fr0m about 6° to 7°
there on' September 4 to 7°-8° on 'October 2; but' the maximum (6° to 7°) was not
a%mned at depths greater than 60 meters untll some weeks later in’ 1916 S
Tempernture. Cantiznde ‘ ) ,
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F1g 71.—Vertical distribution of temperature off Penobscot Bay at successive dates, to show the progress of
autumnal cooling. A, August 14, 1914 (station 10250); B, October 9, 1015 (station 10320); C, November2,
1018 (station 10402); D, January 1, 1921 (station 10406)
In the lower part of Passamaquoddy Bay, Vachon (1918; Prfmce station 4) found
e whole column in 30 meters depth cooling after October 3 as follows:

“Oet.'s, | Oct. 16, | Oot. 21, | Oct. 27,

~ Depth i oo L osier o) Tagier | 10161 | 19361
- oo : ob_ o .60 : "o "
aeeemw| 10,60 |7 -:0.35.] | 9,32 ‘8.6
083 9,14 9,08 8.81
9821 . 898 .18,88 . 8,80

t From Vachon'’s (1918) tables. 1 26 meters.
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JIn 1916 the temperature of the upper 30 meters was about the.same a few
mlles off Cape Ann on October 31 (station 10399, surface 10°,.30 meters 9.18°) as it
was on the 3d to the 16th in. Passamaquoddy. Bay, showing a regional difference of
a.bout two Weeks in the eutumnal schedule between the southwestern and the north-
eastern parts of the gulf. Thls corresponds both to the land climate and to the
difference in latitude..

_ Our. only records of autumnal temperatmes for the oﬁ'shore parts of the gulf
later than the, ﬁrst week of September are for its western and- southwestern. parts,
Where semal readmgsg were taken on November 1,.1916 (station.10401), and.  again
on the 8th of the month (statlon 10404) In this very cold.year  the autumnal
warming of the deeper layers may have legged some weeks behind the normal; the
inflow of water of high salinity into the bottom of the trough seems also to have been
in smaller volume than usual.; Consequenbly, the temperatures -of 1916 can hardly
be taken as typmal for depths greater than 100 meters.

Surface readings about 0.5° hlgher in the offing of Cape Ann (statmn 10401,

10.6°) than' near Gloucester, 0:9°. warmer than ‘off ‘the Isles of Shoals, and 1.3°
_warmer ‘than off Penobscot Bay on November1 and 2 of that year show cooling
most rapid next to the land, as might be expected. - This regional difference is
slight, however, and the deeper strata ‘show much the same eutumnal change off-
shore as they do-closer to land, with the 40 to 70 meter level warming slightly (fig-
72) while the surface cools At depths greater than this annual differences entirely
overshadowed any seasonal alteration that may ta,ke place in the Western side of
the basin between August and October. =« :

As g result of the progressive equehzetlon of temperature, honzontal as well as
vertical, that takes place during the: autumn, the regional variation in the temper-
ature of the western side of the gulf was only about 1.5° to 2° ab any given level
deeper than-15 meters'in the first week of November, 1916. This close approach
to umformrby is probably typical of the season, though the premse temperature ab
any level varies slightly from year to year.

The average temperature of the region west of the longitude of Penobscot Bay
and north of Cape Cod is apprommetely a8 follows by the first of Novembe1 in
normal years , .

- L - : vaerage‘ z:.evarage 8 nal
: ; : mper- mper- | Seaso:
.Depth . ; . .| . gture . gture change
Aug. 15 ov. 1

BC 9

°g.
BUIMB00 e oo oceoectmemeaee —eomn e e mmm e e m o mm e nn (1"6, 0| 5080
20 meters. 9.5 —-f'g
40 moters 8.9 b
70 meters 7.0 +1.4
100 meters. 5.0 4.8

No records of the subsurface temperatures have been taken on Georges Bank
in gutumn. - In the shallow water of Nantucket Shoals autumnal cooling may at first
reduce the temperature of the surface slightly below that of the bottom, the Halcyon
having recorded surface readings of 11.6° to 12.2° on October 1, 1925, on the shoals
when the bottom water was 12° to 13.5° in a depth of about 25 meters (p. 1013)"
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The whole column, however, cools: nearly uniformly on the shoals during October,
whether the surface be slightly cooler than the bottom or slightly warmer at-this
Season dependmg on the wind as the latter moves the surface Water in or oﬁ'shore‘
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Fm 72.—Vertical distrlbution of temperature in tho western arm of the basln of the gulfin
autumn snd winter. A, August 31, 1915 (station 10307); B, November 1, 1916 (station
10401); C, December 29, 1920 (station 10460); D, January 9, 1921 (station 10503)
"The upper 40 meters of water over the continental shelf,- ‘south of Marthas
Vlneyard and out to the edge of the continent, was vertically homogeneous in''tem-
Perature at 13° to 14.5° by October 22, 1915 (stations 10331 to 10333, fig. 73).
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We again found the superficial stratum over this part of the shelf equally homoge-
peous in temperature in November, 1916. While the bottom water then showed
slight vertical cooling at depths greater than 30.to 40 meters, it was considerably
warmer then than it had been there in August—a state obtaining as far southward
as Chesapeake Bay (Bigelow, 1922, p. 123).

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

In 1916 the surface temperature near land a few miles west of Marthas Vineyard
had fallen fractionally below that of the 30-meter level by November 10 to 11 (sta-

tions 10405 to 10408) ;
Temperature, antigrade ‘ and although this pro-
Motor 0 < o 10° 11° 120 13 140 150 160 170 18° 190 20° 21/35° file lies & few miles
‘ : At ‘westof the geographic
10 L A = : limits cqvez:ed by this
20 ] 1 : - -~ .report, 1t is repro-
l } ' | duced here (fig. 74)
30 /’ ‘ because the readings
40 : : " would have been
. / : © | nearly the same had
% o, / ' | it been run out from
60 — Marthas Vineyard on
o / .| the same date. Its
, / ‘ ‘ most instructive
80 ~+—— feature is its demon-
: stration of the fact,

90 .
. | now sufficiently es-
100 - tablished, that

F16. 73 ~Vertical distribution of temperature off Marthas Vineyard to show autumnal cooling. autumn al co oling in
A, August 25, 1014 (station 10259); B, October 22, 1015 (station 10333); O, November 1, 1916 tha coastal waters Oﬁ’

(station 10406)

the northeastern
United States proceeds from the land seaward. In 1916, as I have earlier remarked
(Bigelow, 1922, p. 123), this process had progressed so far by that date as to nearly
obliterate the preexisting stability of the water on the inner half of the shelf.
Farther offshore, however, where the immediate surface alone had yet been chilled
by the cool land winds, the underlying water at 20 to 50 meters still continued 1°
to 2° warmer than the superficial stratum above or the bottom water below. As a
result the curves for 12° and 13° might suggest a landward intrusion of water {rom
offshore if taken by themselves. However, the salinities forbid this interpretation,
proving this apparent tongue merely reminiscent of the maximum temperature t0
which this level had warmed during the preceding summer. (Bigelow, 1922, p. 123).
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. A thermal distribution ‘of the opposite sort; with ashelf of cold water projecting
seaward, has been recorded repeetedly off thls part of the slope ab the end of the
summer. - -
: g NOVEMBER AND DECEMBER

o In 1912, the whole column of weter oﬁ' Gloucester had become vermcally homo
geneous in temperature (a.bout 9°), by N overnber 20 (fig. 75), suggestmg that autum-~
nal coohno had. proceeded at about the same rate there as it did in 1915 and 1916
{p. 638) Whlle the whole column, 70 meters deép,had cooled to about 7.8° to 8.1° by
December 4 (stetlon 10048). It is interesting that the immediate surface was 0.1°
to O 3° wa,rmer there than the deeper levels on ‘both these dates, which may’ ‘have
‘reﬁected 1rreo'ula,nt1es and setbacksin the progress of coolmg from day to day,
because both these statlons Were occupled efter one or two warm days, though on

os L o1 08
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F 16, 74 -—T empor t ure pr. oﬂ] rossing the contlnental shelf off Narmgansett Bay, November 10 end 11, 1916 (stations 10405
to 10508)

//////IIII. - - :

both occcsmns the air temperatule was & degree or So colder than the Water at the
tlmes the readings were talen.

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

377556—27-——10
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-bay.(Nos. 16 and 17) were then fractionally cooler at the surface than deeper—evi-
.dence. that the water had been rapidly losing heat from the surface for some days
previous, which can be associated with a cold northwest gale on November 23. - No
great horizontal variation in temperature was to be expected over so small an
area; in fact, all the readings for this cruise fell within the limits of 4.80° and 6.93°.

The slight differences recorded from station o station on this cruise prove unex-
“pectedly instructive, because ‘the coldest water (4.8° to 5.8°) then formed a more or
e ' L | less definite pool close
inshore, & few miles
north of Plymouth,

o . Temperature, Centigrade e
1P 2 3 e 8 90 100 e

Meter 0 T Tri RO T & LT with appreciably

10 F—r———H B _p /| higher temperatures

ot inst R / ] (6.8° to 6.9°) to the

20 — 7 northward as well as

R T T AT \ |/ - off the mouth of Ply-

30 mouth Harbor and in

20 - — L : ' / ‘Cape Cod Bay to the

o S 4 south.” Although the

50 ? : )l ¢ | data do not suffice to

‘ ‘ |L - \ N / bound this cold area

- B0 t 1 - ‘ - offshore, the general

o —\ ‘ L _ T | | distribution of tem-

70 \ 1 "ﬁ: T 1 perature to be ex-

80 . B pected at that season,

' 1 and actually recorded

90 ~ there later in the

; month (fig.76), makes

100 - —< : it virtually certain

£ : ‘ that it was ‘also en-

110 ry tirely surrounded by

, . : higher temperatures
20 I to the east.

130 'On this same day

(December 3), C. G-

140 Corliss, superintend-

' ' ‘ ent of the Gloucester

150 ' hatchery, found the

£16, 76— Vertical distribution of temperature in the offing of Gloucester on successive dates of- surface water 4.4° in
s i, A, O, 101 o 0212 Nover 19304190 Gloucster Harbor
December 29, 1921 (station 10480); F, January 16, 1013 (station 10050); G, February 9, and 5.6° at a locality
1921; H, February 13, 1818 (station 10053) i ' 1 to 2 ‘miles Oﬂ: iﬁS
mouth, a gradation that illustrates the progression of winter cooling from the land
out to sea, but does not suggest any considerable thermal difference between the
two' sides of the bay at the time.  Unfortunately, no corresponding readings were
taken in the central part; but the water was about 2° warmer 7 miles off Glouces-
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ter on December 4; 1913% (also a'mild year), than in- ‘the coastal belt on 'that satie
day in 1923. Temperatures of about' 5% to 7°" ‘may therefore be- expected around
the shores of Massachusetts Bay, with about 8° in its center, by the first week in
December in average years, Wlth the W&ter vn‘tually homogeneous from surface to
bottom '

1as | T : Sy bt an? . S * 5-1:‘: - u’
15° 16
421~ *
'@ U

71 45 : ; 70" e

F16. 76.—Surface temperature’ of Massaohusetts Bey, December 9 to 11, 1924

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

S ————

 Station 10048; 8.1° at the surface, 7.8° at 46 meters and 70 meters.
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the form of an jsolated pool near the western.shore, surrounded by :slightly higher
t,emperatures (ﬁg 76).  Equally cold. water (about 5.3°, surface to bottom) off
t(he mouth of Provmcetown Harbor. (&tatlon 5). now: marked. the. shullows of the
lqtter as a. second center for local cooling. ., el

After cold west winds on December 13 14 “and 15 the whole column of Wa,ter
averaged about .1 degree colder in the southern half of the bay on the 16th and
17ththanit had béen s week earlief, with"a maxxmum coolmg of about’ 2° a,nd a
mlmmum of about 1° at’ the surface.
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P an 77 -—Vertlcal distrlbutlon ot temperature at thres repteseutative stationsln the southern : :
~"  side of Massachusetts Bay on December 9 to 11, 1924 (solid curves), and Januaryﬁand 7,1026 -
, .~ (broken curves). i :
Meantlme the eastern and southern parts of Cape Cod Bay (5° at the surface)
bad deﬁnltely become a site of production for cold ‘water, separated from the stln
colder pool next the land north of Plymouth (3.8° to 4.5°)_by a slightly warmer
wedge (5° to 6°) i in the center of the bay. At this season the water of the bay is 80
nearly homogeneous, surface to bottom (fig 77), that a chart of the minimum tem-
perature, irrespective of depth (ﬁg 78), 111ustmtes thls reglonal dlstnbutlon bettel'
tha,n a surface chart can.
' ‘Whén the temperature varies moré mdely between stations ‘a feW mlles apafﬁ

bha.n between surface and ‘bottom at any one stutlon, as is bhe case in the southern
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side of-the Gulf-of Maine-after-November, the thermal relation between surface and
bottem. temj)eratures»-mayibe reversed at -different stages of the tide, as warmer
water from offshore comes in with the flood and water chilled near shore moves out
on the ebb.. But whether the flood water will drift in at the surface, or whether it
will sink to some deeper level as it approaches the ‘coast, depends on the regional
distribution: of density. Accordingly, the flood tidé' may either raise the surface
temperature slightly above that of the deeper water near land in winter or it mdy
warm the mid stratum temporarily, a state which may persist until the last of the
ebb.  Both these alternatives are illustrated among the Massachusetts Bay stations
for December 16 and 17, 1925 (stations 5, 6, 7, 9, 13, 14, and17). ' ‘The fact that the
station off Cohasset (16) was not only coldest at the surface but gave the minimum
temperature for the cruise (3.8°), although taken about the mlddle of the ﬂood
probably regults from the general drift discussed below (p. 972).

. The fourth week of December, 1925, saw very wmtry weather, with several days
of northwest gales, the minimum temperature of the air falling to +1°.F.(~ ~18.2°C.)
at Boston on the 21st and to. about 5° F. (about —15° G.) on the 22d. Th1s was
reﬂected by‘ an average coohng ‘of about 1% for the. waters of the bay between the
16t§h and 17th and the 22d and 23d, which'gives & rough measure of the radiation’ to
be ex ected ifrom the surface during two or three days of low air temperatures “and
hlgh oﬁ"shore witids ‘at.this time of year. ;. ,’ i C :

3 Although the entire’ area was much more mform in' temperature on Decembeér
22 anéi 23 than it had been a “woeek- earher (all 'the reédmgs for that date fell betweeil
4.95° land 2 55)s, tempemtures of 2.5° to 3° Iiear Plymouth, in the one side, and @
Imle oﬁ Glouoester,, in~the’ qther,“4 on the same" dey, contmstmg with 4. ’5° to 5° i
the! central part of the bay' (station 18; about"?,v at'station 10049 on December 2
1913) show: the” thermal gradation usual for- 4theimnter sadson.” Thiis, 4° to 7° ma;;}’
be taken ay normal fo’r the:deep parts of the ba.y duting the last week in Decembe:g,
anq 2° to A9 for'its ‘coastal belt. .

T;he Bay ‘of Fundy, in ;the oppos1te sude of the gulf, expenences essentlally the
same gycle of tefuperature as Massachusetts Bay during December. Thus, Mavor!s
(1923) t&ples show the Whole column of its deep trough' as virtually homogeneou?;
vertlcauy, by November (ﬁg 79), and abéut reproducmg Massachusetts Bay 111
temperature in December, notw1thstandmg the difference in latitude. Compare, for
msf;s,nce, 6.4° t0 6.9° in the. central parts of Massachusejts Bay on December 11, 1925,
with 6. 18° to 6.6° for the corresponding depth wcolumu /in the Bay of Fundy 011
December 2,1915, and 5.62° to 6.12° on Decembér. 5, 1917 (Mavor, 1923, p. 375). *5

; Spmsé variation is to be -expected in the vertical dlstnbutmn of temperature 11
these baysm December from year to yea,r In 1913, as noted (p- 645), the water oﬁ
Gloucester ‘was homogeneous, surface (to; bottom, throughout”that month; but in
1920 more rapid chilling had lowered the temperature of the surface (5.56%) about
1. 5° below that of the 40-meter level (6. 94°) ab_this 1ooehty by the. end. of ‘the month

i L A F MR AT 1 LSO R G A T B AR S T S e e

“ Observation taken by 6. Q. Oorhss 0. 5135" "
© Mavor (1923).records 6.11° for the surface, 6.42° at 50 meters, and-6.6° at 175 meters on Deo. 2, 1916; 5.62° at the surface, 5 az°
at 50 meters, 6.16° at 100 meters, and 6,18° at 175 meters on Dec, &,,1917
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(station 10489), and the Bay of Fundy was also’ fractionally -colder at the surface
than a few meters.down at this season in 1916 and 1917. '

S
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>FIG. 79.~Vertical distributions of temperature at Prince station 3, in the Bay of Fundy, in_sutumn
and winter, from Mavor's (1923) data. A, September 4, 1917; B, Ootober 2,'1017; C, December
. 5,1017; ‘D, January 19, 1018; E, February 28, 1017, N

MIDWINTER

The records obtained by the Halcyon during the last days of December, 1920,
and first half of January, 1921 (stations 10488 to 10503), represent the distribution
of temperature in the inner. part of the open gulf for a midwinter neither unusually
cold nor unusually mild. ‘ o
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Flu 80, -—-Temperatum of the ndrthem part of the galf on the surface (upper chart), at 40 meters {middlé chart), and at ‘
100 meters (lower chart), December 29, 1920, to January 9, 1921 :
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These several midwinter stations (fig. 80), combined, show that at this season
any 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 Lubec
Channel in 1919 (figs. 30 and 31).

) These local dlﬁ’erences result from. the topography of the. coast line, from the
local winter climate, and from differences in the activity of vertical stirring by thef
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 oﬁ'shore and from deeper levels. Chllhng takes place most rapidly of all
in the sounds and harbors, because their enclosure prevents {ree- mterchange w1thf
the water outside. . '

"In m1dw1nter the surface 1s, as a whole, the coldest level though dlﬁ'ermg by
less than 1° from the warmest stratum at most of the stations. Thus, the i 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 i in 150 meters, the latter almost preclse15r reproducmg 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, oﬂ’ the mouth of the Merrimac River (station 10492), as near the head of Mas-
Suchusetts 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 vertlcal range of temperature was. only about 0 2° off Segum in about 80
meters depth on December 31, 1920 (statmn 10495 5.83° on the surface, 6.1° at
40 meters, and 6 1°. at 75 meters) but & few miles farther out from the mﬁuence
of the land off the mouth of Penobscot Bay, the next day (statxon 10496), where
the water is less subject to ‘tidal stirring, the temperature curve closely paralled that
for the Isle of Shoals. station 2 days prev1ous in the upper 100 meters (5.6° at the,
Blu'face, 6. 05° at 40 meters, and 6.79° at 100 meters), but showed & slight vert1ca1\.
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

esert Island (station 10497).  However, the temperature was uniform, surface to.
bottom, a few miles off Machias (station 10498 5.56° to 5.61°), a state approx1-‘
mated here throughout the, year. r

In the Fundy deep the Haleyon found the whole column about 1° to 2° warmer
on January 4, 1921 (statlon 10499), than Mavor (1923).records it for January 3,
1916 in fact, agreemg more closely with his temperatures for December 5, 1918, in-
sDlte of the difference in date, as follows:
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e ‘ ‘Statton |station 3
: 4 C e ation |station
Depth e 10409 | Jan.3,
. R s e ol Mgt
Surface el e eema o ——— R el . 5.58 3.69
50 I06LOrS. e cmminn s cm e e e m e - e tbeememmmm e am i ———m——— 26,00 4, 56
100 meters.... lmmeicoen e emetn e mmmmemmm e hem e rmee e memsommmlememnm e "7 6.08 8.30
175 meters bm ras . 16.80 4. 59.
1 From Mavor, 1923, : ' ¢ ‘1 Approximate.

Apperently 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, ]udgmg from
1921, when the temperature was umformly 3.8° to 3.9°, surface to bottom, a few miles
off Yarmouth (station 10501) on the 4th; or about the same a.t the surface as the
readmg off the mouth of Boston Harbor 5 days prevxous, ‘with no wider difference at
20 to 40 meters than can be accounted for by more actlve vertlcal clrculatmn and.
by this difference in date. '~

" In the northeastern part of the trough, on January 5 (stetlon 10502), the surface
was coldest (5. 56") overlymg a umform stratum (6.6° t6 6.7°) at 40 to 100 meters,
with shghtly warmer water (6. 9° to 7.2°) at still greeter depths ‘but reedmgs teken
in"‘the western side of the basin for' Ja.nua.ry 9 showed the’ water ebout 2¢ wermer
at 100 t0 150 meters than either ‘the'surface or the bottom (sta,tlon 10503) "

Thus, 'the ‘level that is coldest in the Western side of the basm in summer is.
W'armest in mldwmter-——about 2.5° warmer, in faet (7. 5° to 7. 8°) than we have ever
found it in Aucrust ‘A serml for’ lete N ovember is requlred for a correct plcture of
the autumnel change there but the fact that ‘the sahmty of the, 100—meter level was
hlgher at t'hls Tocality in December, 1920, than we Have ever found 1t in August
September, or October (fig. 138), suggests that the temperature of 'its Warm stratum
Kad been mamtemed at about the November velue (ebout 8°) throughout December
by ‘additions of warmer and more saline water from the southeéastern part of the gulf,.
while the surface stratum had cooled. This reconstruction is corroboreted “also, by’
the fect that, while the surface’ contmued to’ chﬂl (about 0. 5°) during’ the interval
between December 29 (statlon 10490) and January 9 (statlon 10503), the 100—meter
level warmed by ebout 0.5°, the 150-meter tempereture rosé by about 1 5° durmg
the 1nterva1 ‘with 1o correspondmg increase in selmlty (p.994). "

"In horizontal pro;ectlon the mldwmter serials just | d1scussed show the 40—meter
Jével coldest (3.86°) in the eastern snde of'the gulf, off Ya,rmouth Nove Scotia; 4°
to 6° in’ Massechusetts Bay, along ‘the’ coest of Maine east of Penobscot Bay, and at_
the mouth of the Bay of Fundy; 6° to 7° elsewhere (ﬁg 80). The temperature
was regmnally as umform at 100 meters, also, varymo ‘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 regmna] distribution of temperature (also of sahnlty—p 804), wds just the
reverse, being warmest (6.9° to 7°) in the northeastern branch of thé basm end the
Bay of Fundy and coldest in the western side of the basm off Cape Ann’ (5.3° to 5.6%).

No serial temperatures have been taken in the open basin 'of the gulf during the
Jast half of January or the first three weeks of Februery, but records for the vicinity
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of Glouecester in 1913, for the southern side of the Massachusetts Bay region in-1925
and for the Bay of Fundy r 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 durmg
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 We]lﬂeet
reaching for a mile or more offshore as I saw it on the 29th. - Its chilling effect i 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 (Fzsh
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 :tllustramon of the gradation from lowest readmgs of 0.5° to 2:5°,’close.in to the
shore to warmer water (4° to 5°) in the center of the bay, charactenstm 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 contmuous nght around the coast lme of tHe
bay, gs it had been the month before (p 650) e ;

- Probably the mouth of .the bay, generally, and the open basin in its offing are
usually about 5° to 5.5° in temperature at the second week of January at all depths,
judging from readings of 5:3° to 5 6°, surface to bottom, in 70 meters off Gloucester
on the 16th of the month: in 1915 (station 10050).

i On January 6 and'7, 1925 the surface (fig./ 81) was slightly cooler than the bot-
tom at the four sta,tlons m ‘the central part of. Massaohusetts Bay (Fish Hawk crulse
5, sbatlons 19 18, 2, and 4) and in. the’ easternvmde,of Cape Cod Bay (station 6),
fraomonally warmer than the bottom'in' the' southern part of the latter and along the
Plymouth shoré; Nor is-the cause for this sll,ght regional difference clear, for most of
the stations of the second group, as well as-of the first, were occupied on the ebb tlde

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

i 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 reglonally) , but the readings taken in .the bay on
February 6 and 7, 1925 (Fish Hawk craise 6), were. close to the coldest for ‘that
parmcular 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. 83) continued reminiscent of thelateDecember

4 The mean temperature of the air had been below normal at Boston on every day save three since Deo, 10,
47 Gloucester Harbor, 42° 35’'N; Lubec Narrows, 44° 40’ N.
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state; with two distinct ¢old centers—the one along shore between Boston Harbor
and :Plymouth(=0.5° to 0°), the other in the southeastern part of Cape Cod Bay.
These very low temperatures in the southeastern part of Cape Cod Bay and "along
the Marshfield-Plymouth shore (<0°) are colder than any previously recorded for
the open waters of the Gulf of Maine. However, judging from the fact that the mean
temperature of the air had been close to normal during the preceding month, and
the snowfall unusually light, these parts of the bay may be expected to chill to as low
a figure as this during most winters,

‘Probably the northern side of the bay is never as cold as its southern part is in
February, for on February 7, 1925, the temperature was 1.67° only a mile out from
the mouth of Gloucester Harbor, though lower (—0.56°) within the latter; and

s STaTions | o 2

i 25,/ ‘//‘ B / /ZTOS*

w

,‘n_ 4-.0!6
0
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I 40

6o}

' 4is°
. (Z
70t - - 7177

F1q. 83, —~Temperature profile running from the Marshfleld shore out into Massnchusetts 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 (station 10053), are probably normal for the mouth of the bay at
this date.

The mid-level proved colder than elther 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 (fiz. 84) show a very interesting succession, with the
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water that had been cooled near shore moving out from the land and at :the same
time sinking, to develop a shelflike intrusion into the warmer water of the center.of
the bay. The profiles also suggest that-the coldest water was produced even ‘closer
in to the coast line than the innermost of the two stations, and that the whole column
was colder than 0° next this sector of the coast at about the end of January,-down
to a.depth-of 10 to 15 meters. . ; L L 3

. In 1925 the southern side of Massachusetts Bay had experienced its mini-
mum temperature for the winter. and had commenced to warm ‘again by the. last
‘week in Februsry, 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

5 .Sjl"aTyllons ‘ 2

29

30 ; L - —
5 7 . e
= 2 ‘ . /
£ 40 7 —
/ 2 ‘ /
50 <
Yy ‘ !
/
; 2,
60
7
> s-1°
70 % Y P70

Fi16. 84.—Temperature profile running from the ‘Marshfield shore out into Massachusetts Bay, February 6, 7, and 27, 1025.
The broken curve is the isotherm 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, & 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 respon31ble for this unexpeoted
warmth of the bottom water at the tip of the cape.:

- The facts that the inshore stations for the last week of February were slightly
warmer at all levels than they had been three weeks previous, and that the water
was slightly warmer inside Gloucester Harbor (2.78°) than a mile or ‘two' off the
mouth (2.2°), instead of the reverse, are sufficient evidence that the coastal belt had
begun to gain heat from:the sun faster than it'was losing heat by radiation from its
surface. This gain was not yet rapid enough, however, to have produced any general
differentiation in temperature between surface‘and underlying water in the moderate
depths of Massachusetts Bay; and periods of severely cold weather may be expected to
cause temporary reversals during the ﬁrst weeks. In fact, a setback of this sort seems

’ ‘ Tmpmm'ru o
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Fia 85, —Temperature at three representativé atatioﬁs (5, 10, Aﬁd' is to 18A) in ihe southern .;Jide

of Massachusetts Bay on January 6 and 7, 1926 (solid curves), and on Febmnry 8 and 7

(broken curves), to show change in one mouth
to have occurred between the 25th and 27th of: that February, because the F@sh Ha/wk
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 ha,ve acted as a temporary center for coolmg there, 8s
might be: expected. : o
" "The winter of 1912-13 seems to h&ve been about as cool a8.1924-25 in Massachu-
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 14
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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 correspondmgly low in temperature, as
described above (p. 522).8

It is also probable that the temperature of the water did not begm to rise in
1920 until after the first of March, instead of gaining 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.

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 so far available do not sufficiently establish the rels.tionship between
the two regions because they are for different years, except t.hat there is no great
difference ‘between them at the coldest ‘season. '

Massachusetts Bay
Feb. 6 and 7, 1026 Feb. 7
Feb. 13, 117,
. . ) o . - 1913, oft Bay of
" Depth B Fish | Glouces-| g gy
Howk | E0% | b e o
Station Station 2 1923)
18A
‘ : ' °C, °C. °C °C.
BUITACO oo ee v cmmcce comcmam e mremrccicsecsatar cemmmmeamkme b arm s bnmm e mame o ann e 2.00 2.00 2.83 1.46
B0 MOLOLS ot reecme e e csde s mmemeccame e waece————————— s | mnemaaeae ——— 199
80734 INOBOLS ool ciiiem e e eemacadccacnseeramneae e ve—— e m—an————— 1.85 1.81
46 Metors .oueo oo e - —— 2.78 | e
50 meters . 2.44
6468 TNOLOIB wevnlivrncniicmmanmesmomr e cmcarcneeccammn mmnascmmemcmmrecammeanes—————— 2.00 [ %0 L1 20 P R
76 meters .ooaeovananan rermmeeeemamemommm e e——m———— e ————————— ———— 3.13
82 meters caveceucvevnnnn-n - encemmnmmvan e, ——— 8. 11 feemmeanea

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 accompanied by more than a week’s difference, or so, 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 MeMurrich’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.

«The surface of Massachusetts Bay is recorded as 3.3° on Feb. 24, 1920 (Bureau of Fisheries Document No. 897, p. 183); but
this is simply the quartermaster’s record.
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‘During the winter of 1919-20 the water of Gloucester Harbor -(fig. 29) chilled
to about —1.5° and was.colder than 0° from about January 12 to March 20; Booth-
bay Harbor (fig. 30) chilled nearly to —2° and was below 0° from January 5 to March
5; Lubec'Narrows (fig.31), where tidal mixture with the water outside is more active,
chilled to about the same temperature as Gloucester and was colder than ' zero
for aslightly longer period—dJanuary 5 to March 20. In such situations, then, the
strength of the tides and the frequency with which the water is renewed from out-
side govern the: minimum to which the temperature drops in winter more than the
latltude does ‘

THERMAL SUMMARIES

: Summa,ues of the thermal cyles for the followmg repxesentatlve locahtles 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 'w| Apr.3, | Apr.9, | May4
Depth 1020 ' | " 1013 ' | Mar. 10, 11025, Fish| Pygpgt | Sqan !

020 20

20050 | 10054 | 1024 | Hawk | joo55 | 200p0 | 20120
2.5 2.9 2.2 4.1 4.1 3.3 6.4
L9 2.9 1.9 3.4 41 2.5 4.7
1.9 3.0 1.8 3.0 4.0 2.4 . 4,8
1.7 3.4 L8 2.8 4.0 2.4 2.7
L5 —— . 2.3 QP

May 4, | May 16, | May 26 J%neom_ July 10, | Jul Aug. 9

ay ay lay 17, 1926 uly 10 uly 19, ug.

* Depth 1916 | 1920 © | 1615 ﬁ‘s 19127 1916 | | 1013

. 10266 20124 10279 wk [ 10341 | 10341 10087

‘ T : ' stational e T I
6.1 9.7 10.0 12.9 18.3 16.4 16.7
4.0 5.1 7.2 5.6 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 3.8 4.8 3.7 6.3
100, meters . 3.6 2.7 Y PO 6.2

BUMACL w e et et cm e e e e —————— 18.9 18.00 18.7 16.1 10,6
20 meters 12.0 910} 12.3 12.0 10.6
40 meters 8.5 7.40 7.0 8.3 10. 1
70 meters 5.3 4,70 {aeconmmaen 6.7 .70

[ 3 RO K, 6.0 |-—-. - R,

100 meters . R S,

==

10.0 9.2 8.1 8.9 5.6 5.4 3.3 2.8
9.6 9.0 7.8 6.9 6.0 5.4 3.5 2.8
8.2 9.0 7.8 6.9 6.9 5.8 3.6 2.8
[ I 7.8 8.9 6.0 5.6 | ceneanne 3.0
54 .- 3 I OO FES
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In this region, (fiz. 86) the most obvious seasonal change is the very rapid
warming of the surface, -which takes place from the end of the ‘winter :until about
the end of July, resulting (on the average) in a rise of nearly 17°. After the first
month. or so of vernal warming (March to April), during which the whole column
warms nearly uniformly, the rate at which the temperature rises becomes inversely
proportional to the depth; and it so continues throughout the spring.and summer,
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F1q. 86.-—Compo.site diagram of the normal seasonal variation of temperature at the mouth of Mgssachusetts Bay, off
" Gloucester, at the surface, 20 meters, 40 meters, 70 meters, and 100 meters. The curves aro smoothed. 'The station
for August 9,1923, is omitted because the water between the 20 and 150 meter levels was much colder that summer

. than usual, art_er!an‘unususlly cold yvlnter . . L . .

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 heat from above is that the maximum temperature 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 illumination by the sun is nearing 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 moi'e‘ and
more active as the stability of the water decreases—make the whole column vir-
tually homogeneous in temperature (about 9°) down to 100 meters depth by 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 illustrates 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 climate 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 (approx1mately 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 hlghest 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 during that
month or the next. o

~3.. NEAR ’MOUNT DESERT ISLAND

Off Mount Desert, where tidal stirring 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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maximum for the year only a month 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 Massachusetts
Bay (fig. 86). , o

4. WESTERN SIDE OF THE BASIN

Probably the Western arm of the basin (fig. 89) is less sub]ect to tidal stlrrmg 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 here as 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 upwelling of the much colder bot-
tom water at any time from June to October would interrupt the orderly progression
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F16. 88 —~Composite diagram of the normal seasonal variations of temperature near Mount Desert Island, -at the surface,
20 meters, and 40 meters, from data for the years 1915, 1920, 1021, and 1923. The curves are smoothed

of the 40-meter temperature, and it is probable that the very low 40-meter reading
recorded off Cape Cod for August 22, 1914 (station 10254, 5.75°) is'to be accounted
for on this basis. Lacking data for late September or early October, 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 as 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 meters. Unfortunately the only
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autumnal data for the deeper levels (100 and 150 meters) were for October and
November of the very cold year 1916, when these underlying strata certainly had not
warmed to the temperature usual for the date, although the superficial strata had
(p. 642); but warming is probably to be expected here at 100 meters until some
time in December. However, no rule can be laid down for depths greater than 100
to 150 meters in the basin.  Thus, the lowest temperature so far recorded in the
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F1q. 88.—Normal seasonal variations in temperature at tho sur!aca, 20 metors, and 100 mewrs in the west-
ern side of ‘the basin of the gulf, in the offing of Cape Ann, combined from the data for the several
years and months. The curves are smoothed - ! )

western side of the basin at 150 meters was for ‘midsummer (1912) instead of at the
end of the winter, as is the case off Gloucester only 30 miles to the westward. This
lack of conformity between the season of the year and the temperature is still more
hotable 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). B ‘ '

In 1920 the Albatross*® found the air averaging 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
go 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. . ' PR

This regional difference between, the coastwise belt and the water farther out a
sea 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 snd falls a week or more sooner near land than out
in the central parts of the gulf. ‘ '

# Hourly temperatures, United States Bureau of Fisherles (1921, p. 183).
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Amount by which the air was warmer than surface water, April 6 to 20, 1920

. | Amount
R by which
Do . B | alrwas
General locality . . Station | Date Time. thagmer
i . ‘ . . - R B . an
water,
. °C.,
N ! . o R . ]
Off Boston Harbor.... 20080 { Apr. 6|3 Dp.m.._.o.._... 5.5
Off Gloucester e j IS 20090 | Apr.. 9 | 10.15 8. m. ‘1.0
Of Cape Ann. ... - I 20001 {...d0 o..| LEO p. M. 5.7
Off Ipswich Bay.... : : . 20092 |~-do ..o.| &P M. 2.5
Off Isles of Shoals . mmeannmm—n 20098 |{---do ....| 10.30 p. .8
Platts Bank, . 20004 | Apr. 10 | 8a. m... I 1
Near Cape Elizabeth.. oo ceeeeencameeae- 20095 |-..do....| 8 a. m. 1.9
Oft Seguin Island ; e . 20008 |...do....} 12.20 p. 9,4
Off Penobscot Bay ——— . 20097 |.-.do.._.| 11 p. m... 1.0
Near Mount Desert Roek. RS R : sas 20098.| Apr. 111’4 p.m.. 3.6
Near Mount Desert ISIanad - oo veseieamc oo oo cccmccas cmemn mm s mmccemam 20000 { Apr. 12 |1 go m... 6.3
‘Northeast part of basin D N T LR e 20100 {..-do ...} 4.30 p. m © 3.9
D0 et cecmccmmmmmcemacomeemmecemocetecehasmmmmmeme=—eeamaem—m—— 20101 |...do....| 9.30 p. m, N
Off Yarmouth, Nova Scotia ; i i .1:20102 {.Apr, 13.| 215 8. m. 3.9
GOIMIAI BANK - cee eoooeomemom commm e mmmm <o emmm e mmmm e e mm e m e mmm 20103 | Apr,’ 15 | 1 p. m..._- 6.7
Off Seal Island, Nova Scotig - oo ceoeeeccmna- camiemniaws| 70 20104 {ouc@0 coi| 8 . ML T4.7
North Channel , 20105 |.--do _.._| 9.15 p. m. 41
Browns Bank.. RN : .~ 20106 | Apr. 16.| 12.20 a. m. 3.5
Eastorn CDANNe] oo .o caeemmmemm e mmmm e mmemomom e cmemmmmmm e a e 20107 .|..-d0 .| 4.85 8. m. 5.5
East edge of Georges Bank._......... : B e 720108 |...d0 ....| 8.50 8. m. 6.4
Boutheast sloj 80 of Georges BalK e ovecrscanc o mesccmmmenmeem—neseacam———— 20109 |...do....| § g Meeeee 5.8
Eest part of Georges Bank. ‘il . ——— R 20110 |...do ...} 8.30 p. m 81
e 20111 | Apr.-17 | L15a. m 3.6
sOut;heas': part of basin memmone—————n—meem e s 20112 |...do....| 535 8. m .7
Center of basin m——— 20113 |...dO....| 1 p.m. 3.8
Near Cashes Ledge -- mnmas L L, 20114 |...do ....| 8p. m. 1 8.8
Basin off Cape ADD..ceoreeeeonn.- o emmarmeemmemasm=emme—amnnmeeemaann . 20115 | Apr. 18 | 3.40.p. m. 2.0
"Off Cape Cod. oo o ciaacincanas meein B . 2030118 |.n.do ... 9.55 8. m 3.0
Do. 20117 |--ldo . 7} 1p.m. 4.8
Cape Cod B Ceal R LSO R, . 20118'{ Apr. 20 {.10.50 a. 8.3
'Mouth of Massachusetts Bay " 20119 |...do ...} 8.20 P. 6.9
. o . . ERI i . .

The air averaged about 5° Wa.rmer than the Water in Massachusetts Bay, along
Cape Cod, and out across Georges Bank to the contmental edge by May 16 to 17,
1920 (run from station 20123 to station '20129), with the difference gre&test (10°)
111 Massachusetts Bay from 10 a.m. to 1 p.m., least (1.4°) at 9 p. m., but increas-
ing again to 4° to 5.5° over Georges Bank during the daylight hours of the next.day. .

. In any partially inclosed body of water, such as the Gulf of Maine, where. the
wind 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 direction
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
Do 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 certainly 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 20 warmer than the
Water from 9 p. m. to1l a. m

37755—27—11



1670 ~-. . BULLETIN OF THE BUREAU OF FISHERIES

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°
t0 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 270 29, 1914. Mavor’s (1923) experience was &lso s1m11ar
(No night time records have been published for the Ba,y of Fundy.).
~+ The only reg10nal 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 daytlme tempera.tures of the air and of the water averages greut-
est near the shore, as was to be e‘zpected

It is common knowledge that the air along our seaboard is often much warmer
than the water that aetually 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 48 10° C.- (18° F.) on individual hot days.’

Vachon . (1918), too, 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'outside ‘the” outer headlands’ (on ‘August 16, 1912). 'The mean difference
between air and surface:temperatures for the Gulf of Maine as a whole Wll1
probably be found to fall between 2° and 5° for the summer.
"+ ~'We have occas1onally 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 br1ght sun on August 7 and 8, found the
water fractionally colder than the dir early in thé day, 1° to 1.5° warmer then the
-air from noon to 2 p. mi, once more slightly colder" than ‘the air from 3 to 9 p.'m..
and then again fractlonally warmer than the latter from 10 p. m.until 1 a. m.

A’ period is next to be expected when thé- alr ‘will 'be cooler than the water
during some of the nights, though still W&rmlng by" day to a temperature higher
than that of the water, presaging the date (Sometime in October) when the meal
‘temperature of the air falls permanently below that of the surface of the gulf, s0
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" Gmmpus 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 colder, - that it was the warmer}

. . Hour . Defc? Hour . : ]gliggr ’
August 15: August 15—Continued

1la.m.. +2.8 2 48 « P R +5.8
2a.m.. - +1L7 3p.m,: : +3.9
3a.m +1L1 4p.m, +4. 4
4a.m.. +L71 - 5pm. +2.2
5a.m.... 0.6 B D 1 B < TN +2.2
6a.m.. —0.6 B8 028 ¢ (TP +2.2
7am +0.6 8§p.m. +2.2
8am 11 9 p.m, =11
9.4a.m,. +2.8 10 p.m =17
10 a.m +2.8 11 pm. ... .. —L7T
1lam.e. il +2.8 12 midnight. .. .. oo oo liolilill el 0.0
12 noon 4-3.3 | AURUSE 16: 1 8.0 eicn  emre e : 0.0
B o5 + < PO A L LSS SO +5.0 ; ‘ .

"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 night, this happened at 9 p. m. on
the second. S ' '

In 1920 the air averaged colder than the water in the harbors of Gloucester,
Boothbay, and Lubec after about the middle of October. According to the temper-
atures collected by Rathbun (1887), the surface was colder than the air at the
several lighthouses after the following approximate dates of 1881 to 1883: ‘

—

Locality - Yesar Date

1882 | After Nov. 16,
PONOCK R wmveeeeecccemmenn e e 1883 | After Nov. 1.
: . r INOV. 8.
Thatchers Island mmene momsssmsmmissmesasecisooon 1882 | Between Nov. 11 and 16,
1881 | After Oct. 80.
BOOD ISIANA - ceeoeeicoemmmn cmmce emmo e e e s s mma mmmrn smmen e e oo 1882 | After Nov, 1,
R <[ 1883 [-After Nov. 8.
. 1881 | After Nov. 1.
Boguin IBIANA. o s oo il e e n s PR A iggg ﬁfggr Pﬁf’s%'
o R |1 1881 | After Oct. 17,
Matinious ROcK oo oo oeee oo e - . i% #ggl‘ lotcg.(}%'
1881 [ After Nov. '16, but with reversals.
MoUnt Desert ROCK-eenev.cncmmuaseenomnonmnmmancmamsinmmmnsrneanmessomn-omnnn iggg ;‘t}%:; §3§‘ (1;6'
, : 1881 | After Nov. 8.
POUE MATAD «oeeeeoeeemeemeneeenemaeansesmc e e smmsmnsememmsnenmssmas mmmmma- 1882 | After Oct, 22,
. s . ’ 1883 | After Nov, 26.

~Thus the water in the coastal belt is constantly warmer than the air after the
last week of October or the first week in November. From that time on the differ-
ence between air and water increases until the middle of Januery, 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
Deriods 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
Wwider than the spread of the reverse order in summer. At Lubec, for example, the
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air averaged 10° the colder for 10 days in January, 9° the colder at Boothbay, and
it may be more than 20° colder than the water in the western side of the gulf on the
coldest days. Thus,on December 21, 1924, when the mean surface temperature of
the southern side of Massachussetts Bay was about 4.3° (p. 650), the air temperature
was —18° C. at Boston (p. 650). As another example I may cite December 17, 1919,
when the air temperature was about —21.5° C. at Lubec (7° below zero F.), the
temperature of the surface water being 0°.

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

The temperatures collected by Rathbun at lighthouses and lightships do not
cover the months of January or February, and his statement (Rathbun, 1887, p.
166) that the reason for this omission is ‘‘the manifest errors of observation some-
times made during extremely cold weather’’ makes it doubtful how close an approx-
imation to the truth is given by his averages for the last half of December. Conse-
quently, it is necessary to turn to the observations taken on‘the Halcyon during
December to January, 192021, for the relationship between the air and surface tem-
peratures for the open gulf in mldwmter nor do these fairly represent: 1ts 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 off Boston Har-
bor (station 10488), but averaging about 2.5° colder than the water in the rortheast-
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 fairly representative 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 important fact that the cold winds of winter are most effective as cooling
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 conclusion 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 blowmg 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 emphaswed in earlier publications, that the relation of sea. climate to air
climate is, on the Whole, the reverse here of what applies to northwestern Europe,
the surface of the sea responding rapidly in winter to the rigorous air climate.

How closely the winter temperature of the water of the harbors and bays tributary
to the gulf depends on the influence of the land is illustrated by the fact that Gloucester
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Harbor, which opens 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° dur-
ing the winter of 1912-13,
but the lowest reading a few
miles outside was 2.78° (Bige-
low, 1914a). Boothbay Har-
bor, 75 miles north of Glou-
cester and shut in by numerous
islands, is likewise colder in
winter than are the neighbor-
ing waters of the open gulf.
OnMarch 4, 1920, for instance,
the temperature of the harbor

was fractionally below 0° (fig. -

30), at which date the Albatross
had surface readings of 2.2° to
1.1° on the run in to the land

there from a station some 35
miles offshore (20057). In-

formation to the sameeffect re- .

sults from an average March

temperature of about 0.11°.at

the Bureau of Fisheries station
at the head of Boothbay Har-
bor for March, 1881 to 1885,
contrasting with 1.1° to 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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Decomber 3,1924, to June 17, 1925. Compiled by R, Parmenter

F1g. 90.—Surface and bottom temperatures off Plymouth, Mass. (Fish Howk station 10, p. 1006); daily temperature of the air at Boston and direction of the prevailing wind from
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FACTORS GOVERNING THE TEMPERATURE OF THE
GULF OF MAINE :

The temperature of the gulf, like that of other boreal seas, is governed by &
complex of factors into which the temperature of the water that enters the gulf from
the several sources enumerated helow (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, especially
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 rigorous winter climate and by the influx of cold
water from the Nova Scotian current in spring, on the one hand, balanced against
local solar heating in spring and summer, on the other, and against the warming
influence of the influx of offshore water which enters its eastern side. As .the
gulf lies to leeward of the continent, its western and northern sides are the most
responsive to climatic changes (Bigelow, 1922, p. 164). . .

In evaluating the relative importance of these several processes it 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 latitudes
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 heating in situ 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 specific heat %) is about
3,000 times greater than that of air. S '

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 characterizes
the Gulf of Maine.

Water, fresh or salt, is apparently a transparent fluid when viewed 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, ses
water is so nearly opaque to such of the sun’s rays as convey most of its energy

% The specific heat of distilled water is usually stated as 3,257 times that of air. Sea water has slightly less capacity for heats
Kriimmel (1907, p. 279) quoting from experiments by Thoulet and Chevalier (1898), giving the specific heat of water of 30 per
mille salinity as 0,839 and that of water of 35 per mille salinity as 0.932, both at 17,6° temperature, taking distilled water 83
unity. .

§t8ee page 822 for actual measurements of the visual transparency of the Gulf of Maine at varlous times and places.
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that only a very thin surface stratum of the sea is warmed by direct solar radiation.
Further transference of the heat so gained, downward to the deeper strata, depends
on other processes, discussed below (p. 678).: . - o

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 clarity or
turbidity of the water. , . A - g : '

The altitude of the sun—i. e., the angle at which its rays strike the surface of
the water—and the roughness of the 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.® . e : ,

When we attempt to- estimate the warming effect which 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 5 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 nebule—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.5

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 conveyed by these infra red rays varies with the altitude of the sun.

% This is a much greater loss by reflection than Schmidt (1915) found for fresh-water lakes, where he records only & 6 per cent
1088 with the sun 30° above the hiorizon, Probably the state of the surface acoounts for the difterence. © - . ' "

8 e Helland-Hansen (1012); Grein (1913). : : o o

M For the coefficlent of absorption of the vistble part of the spectrum in pure water, see Krimmel (1007), Fowle (1920), and
Kayser (1905). , , RN : :
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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 sea is certainly less. That is to say, nearly
half of the sun’s direct radiant heat is expended, theoretlcally, upon this thin surface
film. -

According to a calculatmn carned out in the physical 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 meteérs, 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 inboreal 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.

‘Tt is, of course, with the depth to which the water of the gulf is measurably
warmed by the direct penetration of solar radiation 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—green, and longer, were wrtually all absorbed in the upper 50 meters, red-yellow
in- the upper 10 ‘meters, as a,ppears in -the following table condensed from his

accOunt

I ntenmty of hght penetratma to d’bﬁ'ercnt depths, takmg the amount at 1 meter as 100

‘ Color and wave length

" Depth, meters RN . . I . ,
' Red, Orange- | Green, |Blue-green,| Blue, |Blue-violet,
680-810 | Y50 %8s 570~486 . 516-486 475-420 435-400 -

100.0000 ,100.0000 | - 100.0000 [ . 100.000 100.0
. 16. 6000 16. 6000 43,700 80.0
.0032 . 2200 2500 [ . 20,100 20.0
. 0001 . 0030 L0033 T .B80 10

. 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,

¥ Phege 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 Greln (1913).
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and virtually all of this residue was absorbed shoaler than 50 meters. Grein’s exact-
ing measurements, therefore, confirm Knott’s. (1904) conclusion that a. m..and p. m.,
temperatures taken by the “Pola’’ at 16 pairs of stations, with thermometers grad-
uated to 0.,1° C., showed no evidence of the penetration of direct solar radlatlon
deeper than about 20 meters.

In more turbid northern seas we may expect the solar radmtlon to be absorbed
in a still shoaler surface stratum, depending largely on the character and sbundance
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
actually 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 111um1nat1on S

In the English Channel, Poole and Atkins.(1926) found. the ﬂlummatlon 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 ﬂlummatmn
recorded just below:the surface penetrates to- 10 meters in August in brlght sunhght

In Lake Senecs, 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.
& 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 iat the surface but,
so high from the:depth of 1 meter downward that the water is in extmmelyvstabl’e
equilibrium. Here solar radiation in summer induces temperatyres 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, dlscussmn of .thege.

“Polls,” as they are named locally )

' ‘Judging from the similarity in lamtude and in general hydrographw condltlons,
the penetratlon of solar radiation is probably of about the same order of magni-.
tude in the.open Gulf of Maine as in Puget Sound. . If, then, the water of .the gulf
were entirely without motion, and if heat were conveyed downward by no other means
than direct solar radiation, more than 90 per cent of such of the sun’s radiant energy
as penetrated the water at all would be expended within 10 meters of the surface,
something like 98 per cent within 25 meters of the surface, and all but a fraction of
1 per cent at a depth of 100 meters. At times of year when the water was particu-
larly turbid—spring, for example, during the active flowerings of diatoms—the solar
radiation would be absorbed still more rapidly. . o

- We must also bearin mind that that part of the sun’s msulatlon Whlch is 1nter-
cepted by the superficial stratum of water does not act solely to warm- the. latter, but
that a part of its energy is expended dlrectly in evaporatmg water: vapor from the.
furface (p. 680).

Under the: cond.ltlons existing in the gulf it seems that if du‘ect solar radlatlon
warms the surface by 20° at any given locality in the gulf, the 10-meter level would
Certainly warm by only about 2°, very probably the 50-meter level would warm
by no more than 0. 2°; and the 100-meter level would not suffer change sufficient for
our most delicate deep-sea thermometers to record during the part of the year when.
the water is gaining heat, unless this heat were carried downward into the deeps by

37756—27—12
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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

Wlth 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 wrtually 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 within 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 different 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 80 thoroughly
churned by tidal currents that the heat absorbed by the surface is uniformly dis-
persed downward. ' This last state characterizes nearly the entire ares 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 stlrrmg 8o 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).

Obsérvations taken durmg 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

L Oonduotlon and the radiation ot hent !rom ong partlcle of heat to the next are negliglble in this respect (Wogemann, 1905'
Krummel 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 (a) 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 (), to nil at the
bottom. If enough heat were received at the surface to warm the whole column at
a to & 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 @ 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%1in February to a summer maximum of about 19° to 20° in August, but where the
temperature of the 50-meter level rises by only about 1° during the same interval.
The relative rates at which heat is dispersed downward in these two parts of the
Gulf of Maine correspond duectly 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,
ag described above (p. 550). - This.is not the case in the eastern side, however, or on
the banks, where tidal stirring keeps the water more nearly homogeneous, vertically,
throughout the warm season as well as the cold. The relationship between these
upwellings from small depths and the temperature of the surface water is sufficiently
described in connection with the midsummer state of the gulf (p. 588). I need only
add that the thermal effect of vertical circulation of this sort along our New England
coast has long been appreciated and has recently been discussed by Brooks (1920).

THERMAL EFFECTS OF HORIZONTAL CIRCULATION WITHIN THE
GULF

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

THERMAL EFFECTS OF EVAPORATION

The warming of the surface stratum of the gulf by solar radiation 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 possible, but such observations as have been made on the comparitive rapid-
ity of evaporation of salt and fresh waters, and the actual measurements of the latter at
land stations around the coast of the gulf, afford a rough picture of the order of mag-
nitudes involved.

The latent heat of vaporuatlon of fresh water depends to -some small extent on
the tempera.ture at which evaporation takes place; the average. for the range pre-
vailing in the surface waters of the gulf of Maine (0° to 20°) is about 585 ’oo 595
calories.

I know of no determinations of the latent heat of evaporation for salt 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 partis 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 &
whole at our latitude. Thus, a rough approximation of the yearly evaporation from
the gulf would be about 0.3 meter (out of the total of 0.7 meter, as stated on p. 842)
for the one-fourth of the time when the sun shines on'the water, 0.4 meter during the
remainder of the year. Without going deeper into this question this implies that
the chilling effect of evaporation is certainly sufficient. to reduce the mean tempers-
ture of the upper 50 meters in the gulf by at least 5° durmg the course of the year;
and probably by at least 6°.

THERMAL EFFECT OF THE NOVA SCOTIAN CURRENT

The distribution of temperature 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

¥ Doterminations of the latent heat of evaporation of water vary somewhat. The value stated above fs calcalated from
Herring’s formula, L=04.21 (365-T) 0.31249. - (Quoted from Smithsonian tables, Fowle, 1920.) . : . .



PHYSICAL . OCEANOGRAPHY OF THE GULF OF MAINE 681

floods westward 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 it is farther
east, as well as in large volume, it would effectively cool the eastern 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 even 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,
0° in 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), the duration
of this intrusion of zero water seems to have been brief, because the temperature of
this side of the gulf had risen to 2° to 4° by the 28th of April and to 4° to 6° by the
end of May (p. 560). -

I can not state whether the cold stream from Banquereau brings 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 Cape.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 so cold during that spring; surface readings as high as 3° to 3.5° 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 nolonger 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 go-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 eastwm:d past Cape

. % Onthe 17th {o 16th of that March the coldest water (+0.8° to 0.5°) was then apparently flowing westward between La
8ve and Roseway Banks at the 20 to 40 meter level. )
% For summer temperatures over the Scotlan shelf see Bjerkan (1010} and Bigelow (1017).
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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 close 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 this source actually penetrates the
gulf after May. .

In short, the Nova Scotian current acts as a chilling agent in the Gulf of Maine
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 distribution of temperature in
the spring (p. 553). L : : ,

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 Scotia,
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 orly 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. : S -

An earlier report (Bigelow, 1915) gives calculations of the mean temperature 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 fathorﬂ\s,‘ or‘100 meters, of. the basin, August,

1918

Mean ’ ’ ‘ Mean
Locality Station | tempera- Locality ) Station |tempera-

D ture ture
Off GlOUCESHRL «aaamm ammcmmvaaams ammmamnane 10087 - 7.9 |l Off Penobseot BaYeeanaemssvamenmnasmmnan 10091 10.0
Western basifleo oo oo coaimmninean 10086 0.7 || Near Cashes Ledge. 10090 8.8
North 0f Cape ADD cmmvumncmcmmmnmmnmnn 10105 8.3 || Near central part of basit.eee ccmammenne 10092 8.0
Near Isles of Bhoals 10104 8.4 || Off Mount Desert o commecancmcmmmnu= 10100 "0l
oft CaYe 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 Island - 10102 9.2 || East side of basin -l 10003 10.0
Off Penobscot BaY-rmnoecummrcmaccocancas 10101 9.4 Do 10004 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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HArctic current” chills the surface there would demand. This upper stratum was
as cold in Massachusetts Bay (farthest removed. from the eﬁect of the Nova Sco-
tian current of spring) as it was off Penobscot Bay.

In August 1914, we agem 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.) uszer 100 meters, August, 1914

: Mean ° : ' Mean
Locslity . Station | tempera- ‘ Locality ‘ . Statlon |tempera-

' turs ’ ture
Off Gloucester-.... . 10253, ...7.7 )| O Penobscot Ba ...................... . 88
ff Cape Cod.. . .. e i e 10256 8.0 || South of Mount Desert .................... 10248 8.7
Western basin ;.- ......_. w 10254 | .. 7.6 Do ) 10249 A
South of Cashes Ledge _. - 10265 | - 8.6 Oﬂ the Bay of Fundy - o oo 10248 8.6
Near Isles of 8DOAIS woeooo oo iocnaoas 10252 | 8.0 || Off Lurcher Shosl ... : e s 10245 9.9

off Cape Elizabeth ...................... y 10251 | 6.8 : C ’

Snmlerly, the mean temperature of ‘the upper 80 meters (the whole column) was
as hlgh on German Bank (9. 9°), off Mach1as, Me. (9. 7°), and at the western end“ef
the Grand Manan Channel (9.8%) i August 1912, as, 1t had been off Pénobscot
Bay or on Platts Bank a week prewous {9° to 9. 7°), or as it was in Massachusetts
Bay two weeks later (about 9.6°). The 80—meter mean ‘was s'hghtly hlgher oﬁ Oape
Cod, however (about 11°), on August 29 of that year .

' Our data do not afford so satlsfactory a regmnal survey of ‘the mean temperature

'of the coastw1se zone shoaler than 50 to 60 meters because We have tuken few obser-

,,,,,

approxunately the same date and ‘at locahtxes 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 1‘>°) than in equal depths
in the Bay of Fundy (mean 9°t0 10%), an 1nstruct1ve comparison because the temper-
ature is. kept nearly uniform, vertlcally, in ‘both these areas by the swirling tides.
The mean was also shghtly higher over the 50-meter contotr in Massachusetts Bay
at about thls 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 Ehzabeth (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 mid-August (8.5° and 9.4°), in

% Qalculated from Craigie’s (1916) temperatures,
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‘S8t. 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° (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 éastward of Cape Sable, a dislocation illustrated for 1914
‘by mean values of 10.9° on the northeastern part of Georgés Bank and of about 9°
“on Browns Bank, contrasting with only about 5° at the 50-meter contour off Cape
Sable (station 10230) during the last week of July.

These data may be summarized as follows: No definite 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 s 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 mvarlably,
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 of water
’Westward along Nova Scotia persists late into the season (1924 for example, . 834)
this reglonal difference in temperature is wider than has actually been recorded in
‘the summers when ‘our general surveys of the gulf have been carried out. In evalu-
ating it, not only must the possible effect of this cold current be taken into account,
but also the difference in latitude between the different 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 Passamaquoddy Bay,
on the other, both being subject to tidal stirring so ‘active that the water remains
compara,tlvely homogeneous from surface to bottom throughout the year, and both
' yexperlencmg about the same amount of fog during the spring and summer.®* The
difference in latitude between these two localities is about 3 /é° The mean temper-
ature of the upper 30 to 40 meters of Passamequoddy Bay is usually between 8.5°
‘and 10.5° in August, when it is at or close to its maximum for the year, differing 1°
or 2° in elther direction at. different stages of the tide and from year to year.  On
Nantucket Shoals mean temperatures 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° 307 ), whether for the oceans as a whole or for
,the North Atlantic alone.

‘The differences in latitude between Massachusetts Bay (lat about 42°) and the
‘northeastern shores .of the gulf generally (lat. 44° to 44° 30) corresponds to &
difference of between 1° and 2° i in mean annual surface temperature for the North
’Atlentm as & Whole

s1 Calchilated from Vachon’s (1018) tables. -
.+ Aceording to the pilot chart (United States Hydrogmphie Oﬁiee) Nantucket Shoels is somewhat the foggier reglon 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 balf the days see some

fog in the eastern side of the gulf, only 30 to 40 per cént on the shoals.
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As every coastwise navigator knows, there is much less fog along the western
shore of the gulf from Cape Cod to Cape Elizabeth than there is at the mouth of the
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 quadrant 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
3 “run’ of easterly winds the direction of surface drift will be reversed. Thus, it is
by no means & simple task to account for variations in the mean temperature as
narrow as those prevailing between different parts of the Gulf of Maine in the
summer months, The much wider regional variations in surface temperature or in
the température of the water at any given level below the surface follow much
more obvious causes. o

I think it sufficiently established, however, that the difference between the mean
temperature of the column of water (in other words, its potential temperature) in
the northeastern part of the gulf and in the southwestern part is not 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 demonstrated, and this
is not wider than can be accounted for by the difference in latitude.

Winter temperatures at representative stations during the cold months, °C.

Locality, date, and station Surface |40 meters (100 meters
‘Western side: ) ‘
Off Boston Harbor, Dec. 20, 1920, station 10488, ... oo e ceeees 3.90 5.84 oo
Off Gloucester, Dec, 20, 1920, station 10489 nenememmeeav———— 5. 56 6.94 6.97
Oft Gloucester, Mar. 1, 1020, station 20050. < oo on - oo e e e e 2.50 1.89 152
Eastern side: . ) ) :
Yarmouth (Nova Scotia) sea buoy, Jan. 4, 1821, station 10503 ... . ... 3.80 8,86 |ocemencnan
Off Lurcher Shoal, Jan. 4, 1921, station 10500. — 5.83 6.17 .6.70
Off Mount Desert Island, Mar. 3, 1920, station 20056 _ 1.15 .49 1.95

The foregoing discussion leads to the conclusion that the cold water from the
Nova Scotian current is soon so thoroughly incorporated with the water of the gulf,
after the flow past Cape Sable slackens; that in most years the regional disturbance
of temperature which it causes at first is entirely dissipated by June. Even in years
when the longshore drift continues to pass Cape Sable until late in the summer
(p. 834),it may, at the most, hold the mean temperature a degree or two lower along
western Nova Scotia until’July than it is out in the neighboring basin of the gulf.
Aftor that (earlier still in ““early” seasons) the surface water contributed by this

v
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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. V ‘

One more thermal aspect of the Nova Scotian current (this the most important
of all) demands brief examination—namely, its more general influence on the tem-
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 boresl character of the gulf? Would the latter be considerably
warmer without it? . .

Until systematic exploration of the gulf was undertaken in 1912 it was gener-
ally assumed that the considerable contrast in temperature between the Gulf of
Maine, on the one hand, and the tropic water outside the edge of the continent abreast
of its mouth, on the 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. : R

The older view, that some Arctic current or other controlled the temperature all
along the seaboard of the.gulf, was largely based on the supposition that; the latter
is & very cold body of water. It is a truism that the gulf, with 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 s0,
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 ¢old current than might be expected to accom-
pany the difference in latitude between the stations in question.
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The mean annual temperature of the surface of the gulf affords evidence to the
same effect, this being about the same at the mouth of Massachusetts Bay (9 to
10°) as the annual mean for the air at neighboring localities around its shors,
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. v

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

In the southwestern Norwegian fjords, where a very heavy rainfall' maintains so
high a stability that convectional overturnings are confined to the superficial stratum,
80 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 receiveé so much less rain that the water is less
stable, salinity and tempeérature become nearly equalized from surface to bottom by
convectional circulation in winter, just as they do around the coastal belt of the
Gulf of Maine, and as a result of this winter chilling causes.wide seasonal variations
and winter temperatures lower than the mean annual temperature of the air at 200
meters and .deeper. In both these classes of fjords, as Nordgaard (1903, p. 46)
points out, the bottom temperature is purely the result of local factors, the topog-
raphy of the bottom being such that “no supply of heat by a submarine current is
possible,” nor any supplyof cold of similiar origin. .. ~ - 7. i ~

"~ More pertinent to the Gulf of Maine is the relationship between the air and
water temperatures of the Black Sea, situated at about the same latitude (most of
its aroa is included between the parallels of 41°and45°), but in a somewhat warmer
climatic zone.®. - . - L e

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, onthe
north shore, about 11° over the western (Bulgarian) watershed, and about 14.3° at
Batum on the eastern coast. That the deeps of the Black Sea should be so much
colder than the mean annual temperature of the overlying air, in spite of the warming
offect. of the bottom current flowing in from the Mediterranean, reflects the age-long
effects of winter chilling from above. Obviously the differential can not be credited
to any Arctic currentin this case. :

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

& Between 6° and 7° for the yoar 1916-17, according to Mavor's (1923) tables. )

o Nordgaard (1903) quotes 7° as the mean annusal temperature of the air ‘at Bergen, 6.8° to 7° at 400 meters and deeper inthe
neighboring fjords,

 The Black Sea Is ususlly represented on climatic charts as occupying the belt inclosed between the mean anhual isotherms
for 10° and 15.56°. '
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conditions are approximated in the deep bowl off Gloucester. By analogy, therefore,
we might expect the mean annual temperature of the bottom water of the latter to
be lower than the mean annual temperature of the air over the neighboring land,
quite independent of any possible chilling by northern sources. And such, by our
observations, is the case, the mean bottom temperature of 4° to 5° at 70 to 150 meters
depth in this sink being 3° to 4° below the mean annual temperature of the air at
Plymouth and Gloucester, on the two sides of the bay, or at Concord, Mass., some 20
miles inland.®  We have not taken readings enough in the deep trough between
Jefireys Ledge and the Isle of Shoals to establish the mean annual temperature as
closely there, but such data as are available point to a mean annual value of 4° to 5°
at 100 to 150 meters for this locality, about 3° lower than the mean annual air tem-
perature at Portland, Me. (7.3°). :

Near Mount Desert Island, which may be taken as representative of the
coastal waters of eastern Maine, the mean annual temperature of the bottom water
(close to 5° to 6° at a depth of 40 to 50 meters) is about 1° cooler than the mean
temperature of the air at Bar Harbor near by, but nearly the same as the air at St.
Johns, New Brunswick, and at’ Eastport, Me. Mean temperatures of 4° to 5° at
depths of 100 to 175 meters in the Bay of Fundy for the year November, 1916, to
November, 1917, again prove 1° or 2° lower than the mean annual temperature of
the air at St. Johns, New Brunswick, on the one side of the Bay, or at Yarmouth,
Nova Scotia, on the other (5° to 6°). ' '

The foregoing comparison warrants the tentative .generalization that in those
parts where regional interchange of water is most hindered by submarine barriers
the mean temperature of the bottom water averages about 1° to 3° lower than the
mean annusl temperature of the air over the neighboring lands, a rule applying
whether vertical circulation be active, as in the Bay of Fundy, or weak, as off Glouces-
ter. The mean annual bottom temperature at equal depths also proves decidedly
uniform in such situations in the two sides of the gulf. In the open basin of the
gulf the deepest water averages warmer, a fact discussed in a subsequent section
(p. 691). In short, it is not necessary to invoke more than a slight influence on the
part of the Nova Scotian current, if any, to account for thermal differences between
bottom water and air no wider than those just quoted. : :

Brief analysis will, I think, convince the reader that this conclusion applies
equally to the cold mid layer that usually persists through the summer in the basin
of the gulf. The presence of a cold layer of water of this sort in the mid depths
- with higher temperatures below as well as above it, has sometimes been classed as &
sure criterion for Arctic water. This, however, is not necessarily the case. Trué
such a state characterizes the polar seas in summer (Nansen, 1902; Helland-Hanser
and Nansen, 1909; Knudsen, 1899; Matthews, 1914); and wherever such a layer 18
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 allfi
1923; E. H. Smith 1922 to 1924a; Le Danois, 1924 and 1924a) we have positive evl-
dence of Arctic water, for nowhere else does winter cooling alone cause temperatures

as low as this in the open sea on either side of the North Atlantic south of latitude 60°
IR

% The mean annual temperature is liigher (about 10°) at Boston than at most other stations around the bay. -
7 Calculated from data tabulated by Mavor (1923),
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However, a cold layer of this same sort, though not so low in temperature, can equally
be produced in any partially inclosed boresl sea. All 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 & more or less constant in-
flow of warmer ocean water below the level to which winter cooling penetrates
(Bigelow, 1917, p..237). ~

In the Baltic, for example, a cold layer reminiscent of the previous winter’s
chilling persists at a depth of 50 to 100 meters until well into the summer (Knudsen,
1909; Kriimmel, 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 sutumn, are introduced for comparison with the
Gulf of Maine.%®

Depth ) February | - May . August | November
' c | ce °C. °Q.
L S ST STert o 42 12.3 61
100 metors A 2.4 18 2.5 5.8
B 3.9 2.0 3.5 4.0
— ,

" A cold mid layer of the same sort persists'into the summer in the Black Ses,
Where it is self-evident that cold Arctic currents play no part in 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
Pointed out. =~ - : e v

‘With melting ice no more important in the Black Ses than it is in the Gulf of
aine,® the cooling agent chiefly responsible must be the loss of heat from the sur-
face by radiation during the cold months. Lot
The general account of temperature, and especially 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 persistence of the low tempera-
ture to which the whole upper 100 to 150 meters is chilled in winter, but which is
Obliterated by autumn, just as happens in the Baltic. No connection appears
on the profiles between the development of this cold layer in the western side of the

g}(lilf as the spring advances, and the inrush of Nova Scotian water into the eastern
8ide.70 . : ! ’

% From Kritmmel (1807, p. 471), after Witting (1906). .

*'The northwestern bays and harbors of the Black Sea (e. g., Odessa Gulf and Kherson Bay) ususlly freoze over part of the time
2{“’ winter; but ice very seldom extends more than 2 or 3 miles seaward, and even these shallow areas of low salinity are sometimes
apen all winter, while the open sea south of the Crimean peninsula never freezes (British Admiralty, 1897). Consequently the
emmlnt of ice that actually melts in the Black Bea proper each spring is so'small that we can hardly suppose it has any appreciable

S¢t on gea tomperature there, - fo - C L
m 1: Iz an earlfer report (Bigelow, 1017) I referred to the Gulf of 8t. Lawrence as a thermal example of this same sort; but Hunts-
thzu S (1924 and 1925) more recent hydrographic studies indicate a greater inflow of icy water from the Labrador current through
sl Straits of Belle Isle than Dawson’s (1607 and 1913) earlfer observatfons of the strait had suggested. Consequently, the per-
Dur:n% into the summer of the minimum layer there, close to 0° in temperature at about 100 meters’ depth, results at least in
w from the eold water flowing In and from the melting of the Arctic ice which this brings with it in winter and early spring, as
il 85 from winter chilling and the melting of ice frozen locslly within the Gulf of 8t. Lawrence.

.
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The evidence just outlined leads to the conclusion that the Nova Scotian water
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 than a
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 Scotian
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 overflows of
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 counteracting
them it has its chief thermal importance 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 fluctuations in
the volume and velocity of the inflowing bottom drift rather than in variations in
the temperature or salinity of the latter. Such fluctuations, in turn, almost certainly
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

1 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.

- This uniformity in the physical state of the bottom water on the ﬂoor of the
deep trough of the gulf proves that the effects of the alternate seasonal warming
and chilling of the surface do not penetrate deep enough to obscure the dominance
of the slope water there; but the slight seasonal rise and fall of temperature that
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: Warmmg from above may be detected down to 200 meters, o
far as the depth alone is concerned. - X

It is because the slope water is warm, by comparison vnth the water with which
it mixes within the gulf, that the bottom of the latter is ususlly 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 submarine rims.

The following differential table shows that the slope water has little effect on
the deep temperature in such situations, as exemplified by the sink off Gloucester
and by the trough between Jeffreys Ledge and the Isles of Shoals. This generahza-
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-
1ty 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 level Basin outside, corresponding
taken ) levelt
Depth, meters

. y Temper- Temper-

Date Station | * DS vDaI:e Staﬁon mlge

°C. sC.
}gg ...... : Mar, 1,1920 20050 1.68 | Feb. 23,1020 20049 "5, 68
T — - : Apr 9 1020 20090 0] Apr. 18,1620 20115 5,38
T i : 20090 2,25 |ecnee 0 DY 20115 +:3.80
e o Msy 4,1015 10268 3.55 | May 5 1018 10267 4,89
T e July 10,1012 10002 4,61 | July 151012 |, 10007 | - 461
T - cm e mm——— Aug. 9,1013 10087 5.17 Aug 9, 1013 }88?3 ':I:ggg
R T P CTI R T ol e v e et I R
D Aug. 811915 10306 5.78 | Aug. 31,1916 10307 =& 10
T oo emmmememmem———— Oct. 31,1016 10399 5.23 | Nov. 1,1018 10400 =+4.40
e e B Dec. 29,1920 10489 | 7.00 | Dec, 20,1020 | - 30490 - 46,00

With; ! The table shows only the differential existing on the given dates between the deepest level, where a reading was taken
of th in the bow], and the eorrespondmg level in the basin outside, It doesnotrepresont the seasonal cycle for the latter because
e 4 differenca’in levels from station to station.
gg llgetégr reading not taken.
rs, :
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Further evidence that slope water is of little importance in the thermal cycle of
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 and
20081), with a corresponding difference in salinity. A reading of 1.71° reported by
Mavor (1923) at 175 meters in the bay on April 9, 1917, is colder than the coldest
reading so far obtained anywhere in the open basin of the gulf at this depth.

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

The thickness of the bottom stratum where temperature is governed by the volume
and precise physical characters of the slope water is of interest. Its upper boundary
in the inner part of the basin of the gulf may be set tentatively at about the 150-
meter 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 convectional stirring is most active.

WINTER CHILLING

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

The warming effect of the sun’s rays is combatted the year round by local
influences tending to reduce the temperature of the water or as least to retard ver-
nal warming. Evaporation from the surface, for one thing, uses up heat, thus cool-
ing the water (p. 680). 'Furthermore, the heated surface radiates heat out into the
air whenever the temperature of the latter drops below that of the water, even in
spring and suminer. : »

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 torise. 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 sutumn, a date that varies regionally, as described in an earlier chaptel
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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. Meean-
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 unaltered at the mouth of the bay from August 31 to
October 1 (about 8° at stations 10306 and 10324), although the surface temperature
fell from 16.1° on the first date to'10.3° on the second, and the mean temperature of
the upper 40 meters from 11° t09°. In fact, it is doubtful whether the column of
water, as a whole, actually commenced to lose heat at the mouth of the bay before
the end of that October (p. 638). In 1916, again, the mean for 80 meters was about
1° higher near Cape Cod on October 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°. Co :
Thus, the heat received from the sun is sufficient to balance the loss of heat by
evaporation and by radiation at night, when the temperature of the air is cooler than
the water, until the date when the mean temperature of the air falls permanently
below that of the water, so to continue through the autumn and winter. Thereafter
the upper 100-meter stratum of water constantly loses heat, no longer merely simulat-
ing this loss by convectional equalization. As this loss of heat is chiefly the result
of radiation, out from the water into the air, the efficacy of this process deserves
& 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 the long wave lengths (Abbott, 1911; Hann, 1915). Because of this “diathermacy,”
and hecause 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
S]f{y clear of ‘clouds, fog, or mist, very little of it being absorbed by the lower stratum
Of the gir. . = = ' : c ‘ :
The greater the' difference in temperature between the air and the water, and
“_16 drier the air, the more rapidly does the water lose heat in this way. When the
8ir 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 Jower. It happens,
Owever, 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.
onsequently, other:‘conditions most favor' radiation just when' the differential

"7Bchmidt (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 surface 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 stirring 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 the absorption
of radiant heat from the surface of the water in its passage over the latter; for although
the lower stratum of air absorbs but & 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 chilling 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 during the winter of 1924-25 affords a good
example of this.

Storm winds also hasten the winter chilling of the water by the stlrrmg action
exercised by the waves, which may reach down to very considerable depths at this
season, when the water has little vertical stability. In severe winter storms the
whole upper stratum, 100 meters thick, may be mixed in this way and a constant
eupply of new water thus brought up to the surface, there to give off its heat to the
icy air.

Were verblcal stirring not so active in autumn, the immediate 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, howevers
the surface film would interpose so effective a barrier to the radiation of heat upward

7 See Nansen (1912) for an {lluminating discussion of the loss of heat from the surface of the Northern Atlantic in wlnter.’*md
on the extent to which this is governed by the freedom of vertieal eiroulation,
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from the deeper strata, by its opacity to this process (p. 694), that the water only a
meter or two down would lose heat much less rapidly than happens in reality, so
that the 20 to 30 meter level probably would not show enough cooling during the
winter months for the change in temperature to be measurable on our ordinary deep-
ses thermometers. '

Actually, however, vertical circulation is most active during the cold half of the
year; consequently, the mixing of the various strata of water is constantly bringing
up fresh water from below, to radiate its heat out into the atmosphere. The fact
that the upper 100 meters, or so, cools off so uniformly during the winter, instead of
only a thin surface film, is therefore wholly the result of convectional movements
of the water particles, induced either mechanically (by winds or tides) or dynami-
cally, if the surface water so chills that it becomes heavier than the underlying layer,
which, however, seems never to take place in the open gulf (p. 929). .

The rigorous climate of northern New England and of the Canadian Province
of New Brunswick so profoundly influences the sea temperature of the Gulf of
Maine that the following tables of the air temperatures at stations ‘bordering the
gulf may be of interest.” . oo i :

Normal air temperatures (Fahrenheit)

v Month
Locality ;
J:‘r‘;}' Fgl;;u- March| Aprll | May | June | July |August] tggg'er October vgnol;er ceg%-er
Boston 27.0 28.0 34.5 45.3 56.6 65.8 71.3 68.9 62.7 52.3 41.2 31. [
Portland 22.0 23.8 32.0 43.0 53.5 62.6 68.0 06.2 54.2 49,1 37.6 27.1
Eastport ................... 20.1 20.4 28.9 38.3 46.9 b54.4 59.8 59.7 58.2 46.6 36.8 25.3

Mean winter temperatures °F, with departures from normal (J. W. Smith, 1918-1921)

1011-12
December January .." February March
Locallty
. Temper-| Depar- | Temper-| Depar- | Temper-| Depar- Temper- | Depar-
ature ture ature ture ature . ture ature ture
Boston______ ad| -66! 2n.7| -03| 80| +LO
Ort AN oo o mmceocmaee : amman - 5.3 —~6.7 23.2 - .8 30.2 —-1.8
LT NN FEURISION e 14.3 —-6.8 20,4 -1.0 28,8 -1
1912-13
§°Ston - 38.5 +6.9 30.3 | -12.8 27.7 -0 42.4 +7.4
Eortland- 32.3 8.2 318 + 9.6 21.0 -~2.8 35.2 +3.2
219373 28,7 +3.4 27.8] + 7.7 17.2 —4. 32.0 +3.
1914-15
%om:on . : 30. 4 ~12 +86.0 33.2 +6.2 86.8 -+0.08
E°rtland. : 24.4 -2.7 20.4 +4.4 28.4 +4.68 32,2 + .02
25tport. 23.6 -1.7 24.6 +5.5 21.6 +6.2 20.9| ° —1.00

" From the U. 8. Weather Bureau.
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Mean winter temperatures °F, with departures from normal (J. W. Smith, 1918-1921)— Continued

1815-16
Boston 34,2 +2.8 33.0 +6.0 25.5 -2.5 30.8 ~4.4
Portland. ... 20.4 +2.3 26.6 +4.6 20.6 ~3.2 26,8 -3.3
Eastport--_.. 20,6 +4.3 22.6 +2.5 19.3 —2.1 24.6 4.3
1919-20
Boston. momeooone. 28.8 -2.8 21.0 —0.6 27.8 —0.4 39.2 +4-g
Portland : 22.8 ~4.3 14.8 ~7.4 22.2 ~1.6 34.8 +2.!
EBSEDOI e o oo o e o e e 20.0 —5.3 1.5 -8.8 211 —0.3 30.4 +1.5
1020-21
Boston ‘ 35.6] +4.0
Portlangd. ... ceecacccm e — e 27.8 +0.7
EastPOTt e e o v ecmccccaccmnccecmmemnmmoaane 27.6 1 - +2.2

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.’™ N

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 genera
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 rises above that of the water, an event t0
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 1-1%
inches of ice, more or less according to the quality of the snow. v

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 actusl
snowfall for representative winters since the oceanographic investigation of the gulf
was undertaken. 7 ‘

Normal snowfall and its equivalent in water, both given in inches

November December Janusary February March April

Locality Equly- Equiy- Equiv- Equiv: Equiy- Equiv-

Spow | alent | Snow ent | Snow ent | 8now | alent | Snow | alent | Snow | alent

water water water water water water

BOSEOD- .- enreemmmmmmemnnn| 0.6 0,08 58| 086 97| 087| 17| L2 90| os7| 37| 04
Portland... -l 38 .64 10.8) 170 180| 232| 20.0| 3.02| 1.7 1.8 4.2 .18
EBStPOTL. oo . e iemenr| B4 401 17 e8| 17260 1727 19.7] 1.60| 13.3| 1.28| 10.1 1-03
Yarmouth, Nova Scotia..... 4.0 .40 14.4 147 20.3 2.03 1.8 2,18 13.3 1.30 5.5 .5

78 The air temperature of the coldest days was many degrees below the 10-day averages shown on the dlagrams, often 10°
colder than the surface of the water.
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Snowfall, in inches

WINTER, 1912-13

Locality November | December | January -| Februsry | March April
%gsgon ............... 0.3 9.2 0.3 7.7 0.5 1.4
Ttland B e cememeenmememen RO 4.7 5.0 4.1 5.1 1.2
Ygstport 2.0 6.9 7.9 14.6 9.3 3.7
Tmouth, Nova Bcotia 12,2 7.7 L2 16.8 8.6 L1
WINTER, 1914-16
Boston 0 i
) |- 4.1 7.0 5.1
Pgrtland__ .4 8.1 1.9 10.5
;tport _________ o e 4.5 9.0 © 12,2 10.3
rmouth, Nova 860t8 rmeaeeenccomcanmomememacmcscan 4.1 15.3 10.2 7.2
WINTER, 1915-16
llggstou_ iz f 0.2 6.7 4.8 30.3 33.0 6.5
E rtland i e emmmn—ne [{ 12,1 12.2 20.2 36.3 7.9
Yostport. e @ 4.4 14.0 21.8 14,7 4.2
8MMouth, NOVE BCOE ~memonammamacenmmnmmnmnemamee 3.0 6.1 21.3 20.4 3.4 L7
WINTER, 1019-20
0.2 2.9 2.8 32,5 1.0 2.0
2.7 ‘4.3 24,2 44,8 13.6 0.3
1.9 16.9 20.2. 37.2 14.2 13.7
2.4 13.6 28.0 16.2 3.7 8.0

1Prace

On the average, the coastwise belt of the gulf annually receives & blanket of
Snow aggregating about 42 inches in thickness off Boston, 66 inches at Portland,
76 inches off Eastport, and 79 inches at Yarmouth, Nova Scotia. Translated
roughly into terms of ice, this means 4.5, 11, 8.5, and 9 inches, respectively, or an
oquivalent of about 8 inches of ice as the mean for the coastwise belt from the
land out about to the 25-meter contour. 'Farther out from the shore a larger pro-
Portion of the winter’s precipitation comes down as rain, less 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°,7® melting 8 inches of ice will
take heat enough from the water to cool & stratum 12 to 14 meters thick by about 1°;
and probably this is & fair measure of the average cooling effect of snow falling on
the coastwise belt of the Gulf of Maine within 5 to 10 miles of the land.

CHILLING EFFECT OF MEI;TING ICE

. The melting of floating ice in high northern and high southern latitudes exerts a
Potent effect upon the distribution of temperature” in the North Atlantic; and the
mQIting of ice, whether frozen locally or of Arctic origin (p. 689), is the most potent

.- Rogent messurements place the Jatent heat of fresh-water ice between 75 and 80.3 calories. (Kriimmel, 1907, p. 607.)
" 8alt-water fce Is less effective as a cooling agent than fresh-water ice (floo ice, that is, than berg ice), because its latent heat of
:“emﬂg is somewhat lower. Petterson (1883) gives this as approximately 52 to 53 calories for ice frozen from water of about the
alinl ty of the Gulf Malne.
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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 Banquereau—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 &
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 bays
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 {reezes 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 Vmeyard Sound, most of it reported
to drift out to the eastward past Nantucket, melting ice must lower the tempera-
ture of the Nantucket Shoals region indirectly or directly. Here, again, however;
definite data are lacking.

Ice is also an effective chilling agent in shallow bays such as Barnstable and
Plymouth, for the flats, laid bare at low tide, skim over with ice on cold winter.days
or nights, which melts when the tide floods again. 'This is one reason (active tidal
circulation is another) why such situations serve as centers for cthhng m Wmter:
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, at a
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. . , \
Tt is definitely established that the gulf owes .the particular temperatures
Proper to it, and especially the wide seasonal range of temperature, chiefly to its
geographic location to leeward of the continent and to the rigorous land climate.
Ynly in a much smaller degree is it influenced by warm or cold currents flowing
Into it. \ T : B T .
_. .Our successive cruises and the observations taken in the Bay of Fundy by the
Biological Board of Canada, therefore, corroborate the view long ago advanced by
errill (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
Tass; that, in short, to describe its temperature as ‘“Arctic,” as has so often been
One, is entirely a misnomer. , o S R T
The chief source of warmth for the superficial stratum of the gulf is the solar
heat absorbed by the water in sifu. 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
ifferences 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. , ' v - o
. 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,
18 chiefly due, therefore, to local causes and not to the “ Arctic 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
rowns Bank and the Cape Sable dead water, and also, at long intervals, from over-
Ows from the tropic water outside the edge of the continent. R
+ 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 ab its maxi-
Zum, this current may lower the surface temperature by a couple of degrees right
8crogs to the western side of the basin, thus temporarily producing a regional differ-
®ntiation; and it cbnsidembly, delays vernal warming in the eastern side probably
Svery year, However, this cold drift is so thoroughly incorporated into the water of
e gulf soon after the actual flow past the cape slackens that no regional differenti-
ation from this source can be traced definitely in the gulf after midsummer. Neither
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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 statement suggests, for it
counteracts, by several degrees, the effect of the warm sources just mentioned.

Autumnal and winter chilling, so conspicuous 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 meltmg on the surface is also a coolmg agency of some effi-
cacy; so, locally, is melting ice in Cape Cod Bay and among the islands along the
coast of Mame River drainage, by its low temperature in early spring, also tends
to retard vernal warming. Evaporation from the surface also tends to chill the water
throughout the year, accounting for a probable coolmg of the mean temperature of
the upper 50 meters by 5° to 6°.

The temperature of the superﬁclal 100 meters of water is governed chiefly by
these climatic (including solar) influences from above, by the thermal effect of the
inflows into the eastern s1de of the gulf, and by the chﬂhng effect of evaporatloﬂ
from the surface. :

The cold layer that pers1sts in the basin throughout the summer at a depth of
100 to 150 meters in most years is simply reminiscent of the lowest temperature to
which this level chilled during the preceedmg winter—not of an Arctic current-
This layer is colder than the deeper water in most summers because the temperature
of the latter is determined chiefly, not by seasonal climatic influences, 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, vertically, from
about 100 to 150 meters down to the bottom, as was the case in 1912, '

It is not yet possible to estimate, quantltauvely, what thermal' effect the slop®
water has on the upper layers of water as it is gradually incorporated into the Gul
of Maine complex. Any increment from this source will tend to cool the surface
stratum in the summer but to warm it in winter and esrly spring. -

The chilling effects of the rigorous winter climate of the land mass to the west
and of the Nova Scotian current, balanced against solar warming plus the warming
effect of the slope water and of the surface indrafts from the Browns Bank-Cap®
Sable deadwater region, maintain a comparatively constant state in the gulf from
year to year; but it is easy to see how any one of them, if more or less effective
than usual, might profoundly influence its waters.  In attempting to determine t
causes of such fluctuations as have been recorded, the ev1dence of sahmty, as wel
as of temperature, must be weighed. '

Unusually high summer temperatures, with normal salmlty, mlght result either
from a mild winter precedmg, from unusually rapid solar warming during the
spring, or from a smaller increment from the Nova Scotian current than normsl
High ‘temperature, with very high salinity, would point either to an unusual inflo®
of slope water during the préceding winter or to one of the rare overflows of tropi¢
‘water (p. 836). Abnormally low summer temperatures, with normal salinity, woul
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haturally follow any cold winter or spring (cases in point are 1916 and 1923). If
ceupled with unususlly low salinity, an unusual extension of the Nova Scotian current
Would be indicated, though this same state might result from a cold winter followed
Y greater river freshets than usual, a combination not unknown.. Abnormally low
Summer temperature, coupled with high salinity, would result if more slope water
than ysual was then flowing into the gulf and if it was being incorporated with the
Overlying water more rapidly than usual. , , : .
" Temperatures and salinities lower than usual along the outer part of the continen-
tal slope abreast the gulf in summer would be conclusive evidence of some unusual
Xpansion of water from the northeast, such as seems actually to have occurred in
1916._(p. 848). If combined with very high salinity, very low temperatures along
e edge of the continent would be good evidence of some upwelling from the abyss;
and although no upwelling of this sort has come under direct observation off the
ulf of Maine region, or seems likely to occur. there, events of this sort would have
?uCh & wide-reaching effect on local hydrography that strict watch should be kept
or them. : : : :

SALINITY"
GENERAL SUMMARY

. The account of the salinity of the gulf may commence, appropriately, with a -
brief summary, both because the general reader may find in it information sufficient
or his wants and to serve as introductory to the more detailed description.
_. The Gulf of Maine falls among the less saline of inclosed seas; the salt content
of its waters averages very much lower, for instance, than that of the Mediterranean,
S0mewhat lower than that of the North Sea, but higher than that of the Baltic. A
tlose parallel to the Gulf of Maine, in salinity, is to be found in tho Skagerak, con-
Recting the Baltic with the North Sea. This relationship was to have been expected
?Q&Use the continental waters along the northwesterr margin of the Atlantic are
Uecidedly less saline, as a whole, than on the European side. R

_ "Compared with the Gulf of St. Lawrence, the Gulf of Maine shows slightly the
higher mean salinity at the surface; but the deep waters of these two gulfls agree very
91956137 in this respect, as they do also in tcmperature. . ' ‘ ‘

~ Perhaps the most notable feature of the gulf, from the present standpoint, is the
8brupt contrast between the decidedly low salinity (averaging only about 32 to 32.5
Per mille at the surface and 32.8 to 33 per mille at 100 meters’ depth) over and
Withiy its offshore rim, and the very much salter (>35.5 per mille) water of the so-
Called “Gulf Stream,” always to be found only a few miles to the seaward of the
®dge of the continent. This contrast finds its counterpart in the temperature and
Us0 in the color of the water. ' - ;

" The Gulf of Maine is also interesting for the wide regional variations in salinity

its inner waters, where, in spite of its small extent, the extremes recorded (about
\‘& '35 per mille) cover a range wider than that of the entire Atlantic basin outside

- "In modern oceanographic parlance the degree of saltnoss, or “salinity,” of the sen water is expressed as the total weight, in
!‘atms' of the solids in & state of solution in 1,000 grams of water, 'This relationship */ per thousand,” or *per mille,” is chosen
e than the more familar term  per cent,” merely for convenionce to aveid the constant use of small fractional parts.

37755—27 13
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the 1,000-meter contour. However, even such a range as this is narrow, as com-
pared to temperature, for with the mean salinity of the gulf falling close to 32.5 per
mille the extreme variation is not more than 20 per cent. Consequently, I must
caution the reader that while emphasis is laid on these variations in the following
pages, they are actually so small, from season to season and from place to place,
that their measurement requires careful chemical or physical tests. They could not
be detected by any human sense. To use a homely example, no one, I fancy, could
distinguish the saltest water of the gulf from the freshest by its taste, but no one
could fail to tell the temperature of winter from that of summer if he dipped his
hand in the water or by feeling the spray on his face.

The gulf is invariably saltest in the eastern side of its trough and in the
Eastern Channel, which connects the latter with the open ocean. It is freshest
in the coastwise belt along its northern and western shores and along the western
shoreline of Nova Scotia, as appears repeatedly on the charts of salinity for various
levels and seasons.

The fact that the water over Georges Bank (the shoal southern rim of the gulf)
is not salter than the basin to the north of it deserves emphasis because its proximity
to the oceanic waters of the ‘ Gulf Stream’ might lead us to expect high salinities
there.

. A wide seasonal variation in the salinity of the surface is characteristic of coast-

wise waters in boreal latitudes, the water freshening at the season of the spring fresh-
ets and then gradually saltmg again as this inrush of river water is incorporated by
the mixings and churnings caused by the tides, winds, and waves.

The Gulf of Maine is no exception to this rule. The widest seasonal variations
so far actually recorded there at any given station are from about 28 per mille in
April to about 32.7 per mille in winter in the Bay of Fundy (fig. 165), and from about
28.3 per mille in May to about 32.3 per mille in early March in the opposite side of
the gulf, a few miles off the mouth of the Merrimac River (p. 813). Such changes,
however, are confined to the superficial stratum of water not over 40 meters thick.
The bottom waters of the gulf deeper than 100 meters see very little alteration in
salinity from season to season. The salinity has also proved unexpectedly constant
from year to year in all parts of the gulf at any given season.

" The Gulf of Maine is characterized by a considerable vertical range in salinity
over all but its most tide-stirred portions, contrasting strongly in this respect with
the North Sea, across the Atlantic, where the salinity as a whole is more nearly
uniform from the surface downward. The vertical range is widest in spring and
summer, when the surface as a whole is freshest, narrowest toward the end of the
winter; greatest, too, where the stirring effects of the tides are least, as in the west-
ern side of the gulf off Massachussetts Bay, and least where tidal currents keep the
water more thoroughly churned, as in the Bay of Fundy in one side of the gulf or
on Nantucket Shoals in the other.

~ In summer, and in the coastwise zone, the incresse in salinity with depth
averages most rapid from the surface down to a depth of about 50 to 75 meters; bub
there are many exceptions, and in the deep basin of the gulf the salinity gradient
may be nearly uniform, surface to bottom, or the rise in salinity may be found most
rapid as the bottom is approached. ;
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DETAILED ACCOUNT OF SALINITY .

The detailed account of the salinity of the gulf may well commence with its
state at the end of the winter and during the first days of spring, both because this is
the season when variations in salinity, both regional and vertical, are least, and

"because this choice of a point of beginning will parallel the description of the
temperature of the gulf (p. 522). ~

FEBRUARY AND MARCH

At the end of February and durmg the first week of March the salinity of most
parts of the gulf is at or near its maximum for the year, except close to the mouths
of ‘the'larger rivers. It is also most nearly uniform then regionally, having had a
range of only 1.3 per mille from station to station at the surface in March, 1920.
In the offshore parts of the gulf the salinity is then also close to uniform vertically,
from the surface down to a depth of 40 to 50 meters, but increases at greater depths
down to the bottom of the trough as is the general rule in all parts of the Gulf of
Maine at all seasons.

SURFACE

During the last week of February and the month of March of 1920 (which we
must, perforce, take as representative, being the only year when we have made a
general survey of the gulf at this season) the surface water was freshest (31.3 to 32
per mille) along a narrow band fungmg the coast between Portland and the eastern
boundary of Maine (fig. 91); and it is probgble that equally low salinities prevailed
in the more inclosed bays and in the mouths of harbors all around the coast line of
the gulf at that time. The curves for successive values show that this band of
water, less saline than 32 per mille, was probably not wider than 20 miles (measured
from the outermost islands or headlands) on any line normal to the coast, with
rather an abrupt transition to salinities higher than 32 per mille a few miles to the
seaward of the 100-meter contour. In outhnmg the distribution of salinity farther
out from the land, the curve for 32.5 per mille is the most instructive, its undulating
course marking an artificial boundary between the fresher and salter waters. Water
fresher than this overspreads the entire northwestern and western portions of the
gulf at this season and its eastern side as well, spreading offshore to include the
whole western half of Georges Bank, a conmderable area off Penobscot Bay, and the
whole breadth of the continental shelf (including Browns Bank) to the southward
of Cape Sable.”

The salinity of the surface water in the offing of the cape is especially interest-
ing at this season as evidence of the extent to which the icy waters of the Nova
Scotian current (characterized equally by low salinity) have begun to flood west-
ward past the cape into the Gulf of Maine. In 1920 the situation of the isohaline
for 32,2 per mille on this March chart clearly shows that the freshest (also the coldest)
core of this drift lay well out from the shore off southern Nova Scotia, directed
toward Browns Bank, and that it had not yet passed the longitude of Cape Sable in
appreciable volume. The low salinity of the waters that then skirted the western

"The surface salinfty was only 32.16 per mille at our outermost station on the Shelburne profile (20077) on March 19,
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shores of Nova Scotia (<32.2 per mille) is thus shown to be of local origin—i. e., merely
a part of the generally low salinity of the coastwise belt, resulting from the drainage of
fresh water from the sundry streams that empty along that sector of the coast line.

At the time of our spring cruise in 1920 the surface water over the eastern half
of Georges Bank and in the southeastern part of the basin of the gulf was more saline
than 32.5 per mille, this area of high salinity indenting Y-like into the inner parts of
the gulf, with its one arm extending northward along the eastern side of the basin to
the mouth of the Bay of Fundy and the other westward toward Cape Cod in a man-
ner better shown on the chart (fig. 91) than verbally. It is probable that this contrast
in salinity between the western and eastern ends of Georges Bank is characteristic of
this season of the year.

The distribution of salinity on Georges and Browns Banks also makes it proba-
ble that the saltest surface water in the Eastern Channel and in the neighboring part
of the basin of the gulf then took the form of an isolated pool entirely cut off from
the still more saline surface water (>33 per mille) of the Atlantic basin outside the
edge of the continent, reflecting some local stirring or upwelling of the water.

Apparently it would not have been necessary to run out more than about 25 to
30 miles from the continental edge of Georges Bank in February and March to have
encountered surface salinities of 33 per mille and upward; but the low value (32.16
per mille) at our outermost station on the Shelburne profile (station 20077) suggests
that the isohaline for 33 per mille then departed farther and farther from the conti-
nental slope, passing eastward from Georges Bank, to leave a widening wedge of less
saline water next the edge of the continent.

The most spectacular event in the yearly cycle of salinity of the Gulf of Maine
is the sudden freshening of the surface near its shores, which follows the spring
freshets of its rivers, an event happening earlier or later, according to the date when
the snow that blankets New England, New Brunswick, and Nova Scotia melts and
the ice in the lakes and streams goes out. In this respect the spring of 1920 was
late, following a severe winter. The effect of this outpouring of land water makes
itself evident, by lowered salinity at the surface, earlier off some parts of the coast
than off others. However, this regional variation does not correspond- directly to
the latitude of the rivers concerned, because the effect of the Kennebec was made

evident in 1920 by surface salinity nearly 1 per mille lower close in to its mouth
(station 20058) than either to the westward or to the eastward of it as early as
March 4 (fig. 91); but any effect that the discharge from the Merrimac may have
had on the preexisting salinity up to that date must have been confined to the
immediate vicinity of its mouth, because the surface was then about the same for
the general sector between Cape Elizabeth and Cape Ann as for the offing of the
river (32.2 to 32.3 per mille).

~ In 1925 (an earlier spring on land as well as in tho sea) fresh water {from the
Merrimac had developed a streak of low surface salinity (30.7 per mille) for about 6
miles out from the mouth of the river by March 12, with slightly higher surface
values (31 to 32 per mille) to the north and south (Fish Hawk stations 20 and 28,
cruise 9, pp. 1009, 1010). While higher values in Massachusetts Bay (32.4 to 32.9 per
mille; Fish Hawk cruise 8, March 10, stations 2 to 18A; p. 1004) prove that low salin-
ities from this source had not yet spread southward past Cape Ann, the freshets from
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the several rivers produce a cumulative freshening in the coastwise belt from mid-
March on, which' finally involves the entire periphery of the gulf to greater or less
extent (p. 723). :
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F1a. 91.—Salinity at the surface, Fobruary 22 to March 24, 1920. ‘The isobaline for 33 per mille is assumed
VERTICAL DISTRIBUTION

Our data on salinity for the years 1913, 1920, and 1925 show that a very close
approach to vertical uniformity obtains over the gulf down to a depth of 40 to 50
meters and outside the 100-meter contour during the last week of February and the
first part of March. Thus, in 1920 the widest range between the surface and the
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40-meter level for this whole area was only 0.1 per mille, including the deep water
off the southeastern slope of Georges Bank (station 20069) and the continental shelf
abreast southern Nova Scotia (stations 20073 to 20077).

Our several stations in Massachusetts Bay, for various dates in March during
the three years of record, have shown the upper 40 meters of water equally homoge-
neous there; and it is probable that this generalization would apply to the entire
coastal zone of the gulf outside the outer islands during the last half of February,
except close to the mouths of the larger rivers.

In March, 1920, homogeneity characterized the whole column of water in the
western part of the basin of the gulf, as limited by a line running southeastward from
Penobscot Bay, down to a depth of 100 to 150 meters, with the difference in salinity
between 40 and 100 meters averaging almost exactly the same as between the sur-
face and 40 meters (about 0.05° per mille). In other words, stirring by tides and
waves is active enough to keep the water virtually equalized in salinity down to this
depth during the late winter and early spring. However, our March stations have
all yielded considerably higher salinities at 100 meters’ depth than at 40 meters in
the Eastern Channel and inward all along the eastern side of the.basin of the gulf
(not however, in the Bay of Fundy), with an average difference of about 0.6 per
mille (stations 20055, 20056, 20071, 20072, 20081, 20082, and 20086) and a maxi-
mum range of 1.43 per mille in the channel between Georges and Browns Banks
(station 20071).

The presence of this tongue of more saline water at 100 meters combines with &
more or less constant tendency toward upwelling from the deeper strata to raise the
lower boundary of the stratum, equalized by vertical stirrings, some meters higher
there than in any other part of the gulf. An even wider vertical range of salinity
between the 40-meter and 100-meter levels, recorded over the shelf south of Nova
Scotia that same March (stations 20074 to 20077; range of 0.8 to 2.7 per mille),
suggests a drift of the fresher coastal water out.over the salter slope water;® and
" this, or a reciprocal movement of the slope water in toward the slope on bottom, is
also the probable explanation for almost as steep a gradient in the upper 40 meters
off the southwest slope of Georges Bank on February 22 (station 20044 and 20045),
and off its southeast face on March 12 (station 20069; fig. 92).

All the March stations in the open basin of the gulf also show a considerable
vertical increase in salinity at depths greater than 100 meters, with a maximum
difference of 1.26 per mille between 100 meters and 150 (station 20053), a minimum
of 0.14 per mille.

The homogeneity of the superficial stratum of the gulf, characteristic of the last
weeks of winter, gives place to the devolopment of a more stratified state in the
coastal belt in March as the increasing volume of fresh water discharged from the
rivers lowers the salinity of the surface along the tracks affected by their discharges.
In the year 1920 the discharge from the Kennebec, perhaps combined with water from
the Penobscot, had reduced the salinity of the surface water off Boothbay fully 1 per
mille below that of the 40-meter level by March 4 (station 20058).8t In 1925 the

8 The surface stratum of low sallnity cut by the Shelburne profile for March is the southernmost extension of the Novs
Scotian current (p. 832). :

8 No observations were taken at the mouth of Penobscot Bay during this month, consequently I can not state how far 5087
ward the outflow from the Ponohscot River may then have influenced the vertical distribution of salinity.
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outflow from the Merrimac produced aslightly greater vertical range of salinity
(average difference of 1.5 per mille between surface and 40 meters) in the region
between Cape Ann and the Isles of Shoals by March 12 (Fish Hawk cruise 9, stations
20 to 28), though its full effect was not felt until a month later (p. 725).

Unfortunately, the water samples for these Fish Hawk stations and for the Alba-
tross station off Boothbay for March 4, 1920 (station 20058), were not taken at vert-
ical intervals close enough to show whether the river water was then pouring into
the gulf in volume great enough to maintain a sharply defined stratum of low salin-
ity at the surface. It is more likely that vertical stirring by tides and waves still
continued active enough to produce a more even gradation from the surface down-
ward. However, its effect was certainly greatest close to the surface and perhaps
not appreciably deeper than 20 to 40 meters until later on in the season.

40 METERS

Thanks to the homogeneous state that characterizes the superficial stratum of
the whole gulf (with the exceptions just noted) during the late winter and early
spring, the regional distribution of salinity for February and March is much the same
down to a depth of 40 to 50 meters as it is at the surface (fig. 91). The agree-
ment is especially close for the isohaline for 32.5 per mille, which shows the same con-
trast at 40 meters (fig. 93) between fresher water near land and salter offshore all
around the gulf as al the surface, and with the same expansions of low salinity out
over the western half of Georges Bank, southward into the central part of the basin
off the Penobscot Bay region, and out from Nova Scotia across the Northern
Channel to Browns Bank.

The isohalines for the 40-meter level (fig. 93) likewise parallel those for the sur-
face in locating the axis of the freshest band on the Shelburne profile (< 32 per
mille) as lying over the outer part of the shelf, not close in to that coast as we have
found it later in the season (fig. 132). However the rather abrupt east-west transition
in salinity from this tongue to higher values over Browns Bank and in the Eastern
Channel (32.86 per mille, station 20071) is sufficient evidence that the Nova Scotian
current had not appreciably affected the salinity so deep as this farther west than
longitude 65° up to this date, though some slight movement of water may already
have taken place in this direction at the surface (p. 703).

The distribution of water salter than 32.5 per mille is also very nearly the same
at 40 meters as at the surface in March, with the same gradation lengthwise of
Georges Bank from lower values (about 32.4 per mille) at the western end to higher
values (about 32.6 to 32.7 per mille) at the eastern, and to slightly more saline water
(32.8 to 33 per mille) in the Eastern Channel and in the southeastern part of the
basin.

It is interesting to find a circumseribed pool of very high salinity (>33 per mille)
in the eastern side of the basin at this level, which could have resulted only from
some local upwelling.

In winter and early spring, when the water has little vertical stability to resist
vertical currents, events of this sort are to be expected locally over small areas as
the result of tidal churnings, or caused by the wind. The distribution of salinity at
different seasons shows that the basin is most subject to them in its eastern side, and
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offshore gales often bring up water from below in volume great enough appreciably to
affect the temperature and salinity of the surface along the western shores of the

gulf during the later spring (p. 729).

It is not clear whether the water salter than 32.8 per mille, which occupied the
southeastern part of the gulf in March, 1920, was then continuous with still higher
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Fi1g. 93.—Salinity at a depth of 40 meters, February 22 to March 24, 1020

salinitics offshore at the 40-meter level, as is suggested on the chart (fig. 93), or
whether it was inclosed by slightly lower salinities at the mouth of the Eastern
Channel, as seems to have been the case at the surface at the time. A station in

the offing of the channel would have settled this question.
37755--27——14
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The only important difference between the distribution of salinity at the surface
of the gulf and at 40 meters for March is in the coast sector between Portland, Me.,
and Penobscot Bay, where the freshening of the surface by river water (p. 704) does
not at first affect the salinity to as great a depth.

The fact that moderately high salinities (34 per mille) lay closer in to the sea-
ward slope of Georges Bank at 40 meters depth than at the surface in February and
March (cf. fig. 91 with fig. 93) is also worth mention as evidence of some recent
expansion of the surface water offshore.

1060 METERS

The regional differences in the rate at which the salinity of the gulf increases
with increasing depth (p. 706) result in a much wider contrast in salinity between the
eastern and western sides of the gulf in the mid depths (as represented by the 100-
meter level by March) than in the upper stratum (fig. 94).

In the western and northwestern parts of the gulf, it is true, the mutual rela-
tionship of water fresher and salter than 32 per mille is then made essentially the
same at 100 meters as at shoaler levels by the homogeneity of the superficial stratum
(p. 705) and by the fact that the slight increase with depth was nearly uniform from
station to station in that subdivision of the gulf. A somewhat higher salinity (32.92
per mille) near Cape Cod (station 20088) than that of the surrounding waters (32.5
t0 32.6 per mille) is only an apparent exception to this generalization, reflecting some
local upwelling from the salter, warmer waters below, an explanation corroborated by
the fact that the 100-meter temperature was also slightly higher there than at the
neighboring stations (fig. 13).

In the eastern side of the gulf, however, the curves for the several values (33
to 34 per mille) clearly outline a very definite and highly saline but narrow core
entering the gulf via the Eastern Channel, at the 100-meter level (hardly suggested
at the 40-meter level), spreading northward along the eastern slope of the basin, to
turn westward across the mouth of the Bay of Fundy as far as the longitude of
Mount Desert. It is probable, also, that a smaller increment was entering the Bay
of Fundy, or had recently entered, because the vertical increase in salinity from the
40-meter level downward was somewhat more rapid at the mouth of the latter (32.7
per mille at 100 meters at station 20079) than we have found it anywhere in the
western side of the gulf during March. It also seems certain that at the date of
observation (March 13 to 23) this saline tongue was continuous with the still salter
oceanic water via the eastern side of the Eastern Channel, witness a salinity of 33.78
per mille at 100 meters at the outermost station off Cape Sable (station 20077),
where the surface and 40-meter levels were by contrast notably low in salinity
(p. 1000). On the other hand, values lower than 33 per mille at 100 meters on the
eastern peak of Georges Bank (station 20070) and along its southeast face (station
20068) suggest that water less saline than 383 per mille was then drifting out of the
gulf along the western slope of the channel, to pool off the southeast face of Georges
Bank and so to hold the oceanic water (>35 per mille) at least 60 miles out from the
latter. However, this pool of water of low salinity (and of low temperature) extended
only a few miles around the tip of the bank to the westward, with salinities higher than
34 per mille washing its southern face. If 35-per mille water did not actually touch
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the slope of the bank to the westward of longitude 68° on February 22 (stations
20044 and 20045), as it apparently had off New Jersey on February 21 (station 20043),
it was not separated from the edge of the continent there by more than 10 miles of
lower salinities at the 100-meter level at that time.
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F1o. 94.—Salinity at a depth of 100 meters, February 22 to March 24, 1620

The agrecement between the March charts for temperature (p. 526, fig. 13) and
for salinity at 100 meters (fig. 94) is remarkably close in the eastern side of the gulf,
the two combined affording evidence as good as could be asked that warm saline
water was then actually flowing into the gulf along the eastern side of the Eastern
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Channel, or had been so flowing shortly previous. The failure of the Nova Scotian
current of low salinity to show at all in the 100-meter salinities for March, 1920,
either on the deeper parts off the shelf abreast of Shelburne, Nova Scotia, or in the
southeastern part of the Gulf of Maine, also deserves emphasis as evidence that
this current is confined strictly to the upper 50 or 75 meters of water at that season,
neither creeping westward through the Northern Channel at deeper levels nor cir-
cling Browns Bank.

The regional variation in salinity at 100 meters within the gulf was about 1.86
per mille for February and March, 1920.

SALINITY AT 150 METERS AND DEEPER

The March chart of salinity at 150 meters (fig. 95) is interesting chiefly as an
illustation of the west—east gradation from lower values to higher, which has
proved generally characteristic of the deep strata of the gulf, complicated, however,
by an extensive pool of very low salinity in the northwestern part of the basin, in
the offing of Penobscot Bay (<33 per mille), and extending southward past Cashes
Bank (station 20052). This phenomenon probably reflected an offshore drift,
associated with the low temperature to which the northern coastal zone of the
gulf chills during the winter (p. 651). Whether it develops annually, as its low
temperature (station 20052) would suggest, is an interesting question for the future.

A salinity slightly below 33 per mille in the extreme southwestern corner of
the basin at 150 meters on February 23 (station 20048, 32.97 per mille), apparently
entirely inclosed by salter water, contrasting with the increase that took place in
the 150-meter salinity off Cape Ann from 33.4 per mille on that date (station 20049)
to 33.53 per mille on March 24 (station 20087), illustrates the extent to which the
state of the water at this depth is governed by mutual undulations of the shallow
(less saline) and deep (more saline) strata. No doubt movements of this sort are
constantly in progress, raising or lowering the upper boundary of the bottom stra-
tum salter than 33.5 per mille; but as yet we have not been able to follow these
submarine waves in detail.

The localization of salinities higher than 33.8 per mille along the castern slope
of the basin at 150 meters in March, with a maximum of 34.4 per mille in the
Eastern Channel, points to some inflow right down to the bottom of the Iatter at
that date (February 22 to March 24) or shortly previous; but with so gentle a
gradation in salinity from the one side of the basin to the other, this indraft evidently
was (or had been) less rapid at the 150-meter level than at 100 meters, or in smaller
volume. Nor is its course within the gulf so definitely outlined by the curves for
successive values of salinity at the deeper level. Very little water of this origin, if
any, was then flowing over the rim into the Fundy Deep because the 150-meter
salinity was considerably lower within the latter (33.01 per mille, station 20079) than
in the neighboring part of the open basin (33.7 to 33.9 per mille). Nor had it
recently overflowed the shoal rim into the bowl at the mouth of Massachusetts Buy,
where the bottom water (150 meters) was about 1 per mille less saline on March 1%
than equal depths in the neighboring parts of the basin, and the entire column very
close to homogeneous, vertically, from surface to bottom.

8 Station 20050, 32.39 per mille at 160 meters.
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In the same way, a March reading of only 32.91 per mille at 175 meters in the
trough west of Jeffreys Ledge (station 20061) mirrors the hindrance of free circula-
tion at the bottom (p. 691) by the barrier rim to the north.

n 70°

SCOTIA
+ s

Yarmouth

.....

Uy 70 69° : 68 ) a7° I3

T'16. 95.~~Salinity at a dépth of 150 meters, Fobruary 22 io March 24, 1920

~ Salinities at depths greater than 150 meters did not demonstrate any inflow as
actually taking place into the bottom of the gulf in February and March, 1920.
Thus we find a general and comparatively uniform gradation at 175 meters from
33.5 to 33.8 per mille around the inner slope of the basin generally (but only 33.03
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per mille in the topographic bight just east of Cashes Ledge) to 34 to 34.2 per mille
in the southeast corner (station 20064) and to 34.5 per mille in the eastern side of
the Eastern Channel (station 20071). It is probable, however, that a band of slightly
fresher water skirted the western slope of the latter down to this depth, as it
certainly did the southeastern face of Georges Bank, a phenomenon discussed
below (p. 848, 938).

At depths greater than 200 meters the contour of the bottom divides the trough
of the gulf into three separate basins: The 200-meter salinity fell between 33.7 per
mille and 34.7 per mille in February and March, 1920—Ilowest (33.8 to 34.1 per
mille) and extremely uniform in the western and northeastern channels, highest (33.2
to 34.7 per mille) in the southeastern and in the eastern channels, as was naturally
to be expected.

Water salter than 35 per mille (i. e., of nearly full oceanic salinity) washed the
slope at this level off the southwest face of Georges Bank, but was separated from the
southeastern slope by a wedge of considerably lower salinity (34.6 to 34.7 per mille,
station 20069), much as is described above for the shoaler levels (p. 704; figs. 93 to
95). And with the whole column less saline than 35 per mille right down to a depth
of 1,000 meters at this location, and also a few miles to the eastward of the mouth
of the Eastern Channel (station 20077), it is evident that a very considerable mass
of water of about the salinity that usually characterizes the bottom of the Gulf of
Maine then filled the entire submarine triangle at the mouth of the only possible
inlet into the deeps of the latter. This is a significant phenomenon because it is
from this source of moderate salinity (34.5 to 35 per mille), not from pure oceanic
water, that the bottom drift into the gulf draws, as is described more in extenso below
(p. 842). With this moderate salinity extending downward so deep (fig. 92), it is
evident that considerable upwelling might take place off the mouth of the channel
without bringing into the latter (and thus into the gulf) water of appreciably higher

. salinity than a more nearly horizontal inflow would bring.

Only a very small part of the gulf is much deeper than 200 meters. The bottom
water, at 250 meters, was 34 to 34.2 per mille in both the western and the eastern
bowls in March, 1920 (stations 20054 and 20087), with higher values in the south-
eastern part of the gulf,® corresponding very closely to the salinity of the bottom of
the Eastern Channel (34.7 per mille) and outside the latter.

PROFILES

The charts for the several levels give a picture of the salinity in horizontal
projection, but the spacial distribution is made more graphic by representation
in profiles.

The essential contrast between the low salinity that characterizes the Gulf of
Maine at all seasons and the much more saline oceanic water to the seaward of the
continental edge is illustrated for February and March by two profiles running from
north to south across the gulf and its southern rim, the one from the offing of
Cape Elizabeth (ﬁg 96), the other from the offing of Mount Desert Island.
TFig. 97.) Taken in conjunction with the corresponding profiles for temperature

8 Station 20064, salinity approximately 34.8 per mille from 250 meters right down to the bottom in 330 meters.
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(figs. 15 and 16), they show the water freshest where coldest (i. e., inshore), saltest
where warmest—a relationship that prevails all along the North American seaboard,
between the latitudes of Chesapeake Bay and of Cape Breton, at the time of year
when the temperature is at its lowest. The profiles for salinity differ, however,
from those for temperature, in cutting across alternate bands of fresher water next
the coast, salter in the basin, fresher again over Georges Bank, and saltest of all at
their seaward ends outside the edge of the continent. This succession on the west-
ern profile (fig. 96) mirrors the expansion of water of low salinity (32.5 per mille)
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Fi1a. 98.—Salinity profile running southward from the offing of Casco Bay, across Georges Bank, to the continental slope, Feb-
ruary 22 to March 5, 1920

out from Cape Cod across the western part of Georges Bank. On the eastern
profile, however (fig. 97), the contrast between slightly lower values over Georges
Bank (32.6 to 32.7 per mille) than over the basin immediately to the north of it
(32.8 per mille) is associated with the indraft via the Kastern Channel, which
interrupts the picture by raising the salinity of the upper stratum of that side of the
basin slightly above the values that might otherwise be expected there. In brief,
then, the contrast between basin and bank is caused on the one profile by outflow
over the latter from inshore, but on the other profile by an inflow mound the bank
into the gulf.

The two profiles agree in showmg compalatlvely low and uniform salinities
(temperatures, as well) at the offshore ends in the upper stratum, with the curves
" for the successive values so nearly horizontal there that it would evidently have
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been necessary to run some distance farther offshore to have reached the inner edge
of the so-called “Gulf Stream’” on either of these lines.

The deeper strata of the western profile (fig. 96), however, illustrate the prox-
imity of oceanic water to this end of the bank; evident, too, on the charts (figs. 94
and 95) by a very rapid rise in salinity, with increasing depth at the outer stations
(20044 and 20045) to oceanic values of 35 per mille and higher within 60 to 70
meters of the surface and down the slope from the 100-meter level. On the eastern
profile, however (fig. 97), the vertical change in salinity was not only less abrupt at
the offshore end, but water as saline as 35 per mille lay so far out from this part of
the slope that the profile did notreach it at any depth, although readings were taken
down to 1,000 meters (station 20069). Nor have we found water as saline as 35 per
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mille touching the southeastern face of the bank later in the spring (fig. 117) or in the

summer. The presence of & wedge of water considerably less saline (and colder) than

the so-called “Gulf Stream,” sandwiched in between the latter and the slope in this

general location, is thus revealed as clearly in cross profile as it isin horizontal

projection. ' ' ' -

Apart from these general features, the most instructive aspect of the western
member of this pair of profiles is its'graphic presentation of a very notable difference
in the vertical distribution of salinity between the basin of the gulf to the north-
ward of the crest of Georges Bank (where the water was very close to homogeneous
from the surface downward to a depth of 100 meters) and the southern half of the
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bank, where salinity increased so rapidly with depth that a greater range was com-
pressed into the upper 40 meters than characterized the whole column of water
(280 meters) in the basin.

Both the profiles (figs. 96 and 97) also show a contrast of the reverse order in
the deeps between the oceanic slope to the south (nearly homogeneous in salinity
below the zone of most rapid vertical transition at 50 to 140 meters) and the gulf
basin to the north, where salinity increased from the 100-meter level down to the
bottom. Undulations in the thickness of the salt bottom waters or submarine waves
also appear on both profiles, evidence of rather an active state of vertical circulation
at the time, with the isohalines for 32.5 per mille and 33 per mille suggesting a tend-
ency toward upwelling in the northeastern part of the basin.

The rather marked contrast in the salinity of the bottom water of the eastern
profile (fig. 97), between 34 per mille to the northward of the ridge that divides this
side of the basin into a northern and southern bowl, and upwards of 34.5 per mille
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Fig. 98.—8alinity profile running eastward from Magsachusetts Bay, across the gulf toward Cape Sable, March 1 to 23, 1920

at an equal depth to the south of it, illustrates the very important rdle that such an
irregularity of the bottom may play in directing the circulation of the water. In
the present instance the bottom is to some extent divided by the ridge, as the charts
for the 100 and 150 meter levels (figs: 94 and 95) also show, water from its left-hand
side being responsible for the high bottom salinities in the southern side of the basin
on thig profile (stations 20053 and 20064), wherees its eastern branch drifts north-
ward chiefly to the eastward of station 20054. e ‘ '

This control which the conformation of the bottom excrcises over the salinities
of the deeper strata of the gulf is made still more evident on a west-east profile (fig.
98) by the contrast between the bottom water of the open basin, on the one hand,
and of thé deep bowl off Gloucester, on the other, just commented on (p. 712), where
the barrier rim of the bowl (station 20050) is so offective an inclosure at this season
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that its deeper strata show almost no effect of overflows from the deeps of the neigh-
boring basin. A profile running out from the Isles of Shoals would show a contrast
of this same sort, and due to the same cause, between the trough to the west of
Jeffreys Ledge (station 20061) and the basin to the east of it, though with the actual
difference in salinity not so great between the two sides of this rather steep ridge
because this particular trough is open to the north. '

The two phases of the salinity of the gulf that claim most attention in the first
days of spring, before the Nova Scotian current has spread westward past Cape
Sable, are the vernal freshening from the land, slready mentioned (p.704), and the
state of the water in the eastern side, where the inflowing bottom current is chiefly
concentrated. The latter is illustrated graphically in east—west profile (fig. 98) by
a very evident banking up of the saltest bottom water (salter than 33.5 per mille)
to within about 80 meters of the surface on the eastern slope of the gulf (station
20086), when it lay nearly 100 meters deeper in the western side of the profile
(station 20087, March 23), and by the contrast between its high salinity and the
considerably less saline masses of water on either hand.

Unfortunately the three eastern stations (20084 to 20086) on this profile were
occupied about 3 weeks later, in date, than those immediately to the westward of
them, allowing the possibility that a cumulative development of the saline core
during the interval may have been partly responsible for the contrasting salinity.
But even if the most saline band was not as definitely limited on its western side,
at any given date, as it is represented, the profile certainly does not exaggerate the
gradation in salinity between the eastern and western sides of the basin, because
water samples were taken in both at the same date (March 23 and 24, stations
20086 and 20087). A variation of at least 1 per mille in salinity is therefore to be
expected from west to east across the gulf at the 40 to 100 meter level during the
last week of March, but one decreasing with increasing depth from that stratum
downward to virtually nil in the bottom of the trough. It is also probable that
the whole western side of the basin remained decidedly uniform in salinity through-
out the month at any given level (p. 722).

Had vernal freshening affected either end of this profile up to the date of obser-
vation (to March 24), the surface would have been much less saline than the deeper
water at the inshore stations off Massachusetts, on the one side, or off Nova Scotia
on the other, just as was actually the case off the Kennebec River on March 4
(p. 708, fig. 91). Instead of a distribution of this sort, however, the water at these
stations was nearly homogeneous in salinity from surface to bottom, evidence that
values somewhat lower there than in the basin merely represented the gradation of
this sort that always exists between the coastal and the offshore waters of the gulf.
Consequently the precise values recorded on Figure 98 represent the prevailing state
just prior to the date when surface salinity begins to decrease. :

This profile also corroborates the horizontal projections of salinity (fig. 91 and
93) to the effect that in 1920 the cold Nova Scotian current did not begin to flood
westward past Cape Sable into the gulf before the end of March in volume sufficient
to affect the salinity of the latter appreciably, because the band less saline than 32.5
per mille (correspondingly low in temperature) was then narrower in the eastern side
of the gulf than in the western, or elsewhere around its periphery for that matter.
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The salinity of the water in the Eastern Channel and its relationship to the
water over Georges and Browns Banks, which bound it to the west and east, is always
of interest, because this is the only possible route by which a deep bottom current
can enter the gulf. During the second week of March, 1920, the saltest water in the
channel took the form of a definite ridge, with the isohaline for 33 per mille, as rep-
resented in cross section (fig. 99), paralleling the isotherm for 3° on the correspond-
ing profile of temperature (fig. 19). The rather abrupt transition from 34 per mille
to 33 per mille, made evident at the 50 to 80 meter level by closely crowded isoha-
lines, contrasting with the vertical homogeneity of the shoaler water, marks this as
the upper boundary of the saline bottom drift.

The relationship between the vertical distribution of salinity in the trough
(station™20071) and on the neighboring shallows of Georges Bank (station 20070; the
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former much more saline than the latter at depths greater than 40 meters) is evi-
dence of a banking up of the saltest water against the eastern side of the channel
and of an overflow across Browns Bank consistent with the effect of the rotation of
the earth on any movement of water inward through the channel toward the gulf.
On the Georges Bank side, however, this indraft was separated from the slope by a
wedge of water lower in salinity as well as in temperature (p. 541); therefore suggest-
ing a counter drift in the opposite direction —i. e., out of the gulf (p. 938)— by its
physical character. Unfortunately its lower boundary can not be definitely estab-
lished from the station data, but the courses of the isohalines in the upper strata on
the profile (fig. 99), combined with the contour of the bottom, suggest that it bathed
the western slope of the channel down to a depth of at least 170 meters.

This profile (fig. 99) also corroborates the evidence of the charts (p. 703) that
water from the eastward had already freshened the upper 50 meters of water as far
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west as Browns Bank to a value (32.5 per mille) appreciably lower than had probably
prevailed there & week or two earlier in the month. This locates the first extension
of this comparatively fresh current as directed toward the southeast and not around
Cape Sable into the inner part of the gulf, though there is evidence that some of
this Nova Scotian water drifts right across the Eastern Channel later in the season
and far westward along the outer side of Georges Bank (p. 848).

LIMITS OF WATER MORE SALINE THAN 34 PER MILLE

Salinities higher than 34 per mille, whenever encountered in the deep trough of
the gulf, are unmistakable evidence that indraft is either taking place from the
region off the mouth of the Eastern Channel at the time, or has taken place so
recently that the saline water from this source has not yet been appreciably diluted
during the sojourn in the basin of the gulf by mixture with the less saline water
beneath which it spreads. A chart of the depth to which it would have been neces-
sary to descend to find water as salt at 34 per mille in the gulf in March, 1920, as
well as its horizontal limits, irrespective of depth (fig. 100), is therefore instructive
as graphic evidence of the recent activity of this movement. The gradient there
shown, with upper boundary of 34 per mille water lying 100 meters deeper at the
two heads of the two branches of the Y-shaped trough than in the Eastern Channel, is
proved the normal state by close correspondence with April (fig. 118) and midsummer
(fig. 152). It represents the consumption of this water in the inner parts of the gulf
as vertical mixing destroys its identity, and has an important bearing on the circu-
lation of the gulf {rom this standpoint (p. 849).

Comparison with the corresponding isothermobath (fig. 20) shows that salinity
corresponds more closely to the contour of the bottom than to temperature at this
season, there being no reason to suppose that water as saline as 34 per mille
encroaches at all on Georges Bank in spring. The north-south ridge, which culmi-
nates in Cashes Ledge, also influences the salinity of the bottom water more than

its temperature.
BOTTOM

The salinity on bottom is interesting chiefly for the biologist who is concerned
with the physical conditions to which the bottom fauna is subject. In any small
subdivision of the Gulf of Maine this is governed directly by the depth, with the
water saltest where deepest; but when the survey is expanded to coyer the area as a
whole, account must also be taken of the regional differences just described, especially
of higher salinities in the eastern side than in the western, and of freshenings of the
coastal zone, Whether by river fx;esh‘rets'or,by’the Nova Scotian current. Early in
the spring, before these last influences have altered the water appreciably from its
winter state, the differences in salinity between the two sides of the gulf are widest
in the mid depths., Consequently we find the regional variation in bottor salinity
is then widest somewhat more than midway down the slopes of the basin, near the
100-meter contour. ‘ ;

In March, 1920, the bottom water of this belt varied in salinity from about
32.3 per millé to 32.5 per mille, along the western and northern margins of the gulf,
to about 33.5 per mille on its eastern slope, with a corresponding west~east grada-
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tion at greater depths from about 34 per mille at the bottom of the western and
northeastern parts of the trough to about 34.8 per mille in the southeastern part,
irrespective of slight differences in depth.
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Thanks to the vertical homogeneity of the water at this season at depths less
than 100 meters, the bottom salinity of the coastal zone was then very uniform from
station to station (about 32.3 to 32.6 per mille at most of the stations) in depths of
40 to 100 meters. The bottom water proved equally uniform on Georges Bank,
where the extremes recorded (32.6 and 32.8 per mille) were only 0.2 per mille apart
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in spite of the very considerable area covered by the stations and the variation in
depth from 50 to 90 meters.

The contrast between this low bottom salinity on Georges Bank and the more
saline water that then bathed Browns Bank (33.02 per mille) has already been
commented on (p. 719).

It is probable that wide regional variations in bottom salinity would have been
recorded all along the shores of the gulf in.March at depths less than 20 to 30
meters, corresponding both to the precise depth and to the location relative to the
sources of land drainage, had more readings been taken so shoal, because the values
ranged from 32.3 to 33.1 per mille at the bottom of Massachusetts Bay at depths
of 12 to 70 meters on February 24 to 28, 1925, and from 32.4 to 33 per mille at 25 to 76
meters on March 10 of that year, the higher values at the deeper stations, the lower
values at the shoaler stations. In the Ipswich Bay region, however, between Cape
Ann and the Isles of Shoals, the bottom water varied only from 32.9 to 33.2 per
mille in depths of 30 to 64 meters on March 12, 1925 (Fish Hawk cruise 9).

o ANNUAL VARIATIONS IN SALINITY IN MARCH

An approximate idea of the variation in salinity that may be expected from
year to year in the gulf at the beginning of March results from the following com-
parison between the observations taken in its western side by the Albatross in 1920
and at nearby locations by the Halcyon in 1921 :

Mouth of Massachu-

setts Bay Near Isles of Shoals Off Cape Elizabeth

Depth, meters
Mar. 1, 1920(Mar. 5, 1921iMar. 5, 1920|Mar. 5, 1621{Mar, 4, 1920/ Mar., 4, 1621

20050 10511 20061 10509 20059 10507
32.64 32.2 32.85 32.09 32.36
32.70 32.34 32.79 132.20 2. 47
.................................... 82.32 {cmcns ccwen
32.76 32.41 32.88 |emmeeaeee 22,47
B2 70 § e emacicma]cmcm e cmen|acrnmecm e e ma——————
............ 32.91 82,69 |aeoicccen| e
Off Seguin Island Western Basin

th t
Depth, moters Mar. 4, 1620/ Mar. 4, 1021|Feb, 23, 1920 Mar. 24,1020 Mar. 5, 1621

20058 10508 20049 20087 10510

31.31 32.32 32.52 32.49 32.49

1 Approximately. .
These tables show salinities averaging about 0.4 per mille higher in 1921 than in
1920, at depths less than 150 meters along the coastal zone from the mouth of Massa-
chusetts Bay to the neighborhood of Cape Elizabeth; but the readings for the two
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years were substantially alike off Seguin Island. This also applies to the western
basin above the 100-meter level; but 1920 was the salter year there at greater depths,
with an annual spread of 0.5 to 1 per mille at 150 to 200 meters.

With so little difference in salinity between the two years it is safe to assume
neither was unusually fresh or unusually salt, but that the two together may be
assumed to represent a typical Gulf of Maine March.®

Judging from one station at the mouth of Massachusetts Bay, with readings of
32.85 per mille at the surface, 32.96 per mille at 25 fathoms, and 33.04 per mille at
45 fathoms (station 10054), the March salinity was about the same in 1913 as in
1921. Again, the salinity of the upper 100 meters of the Fundy Deep was almost
precisely the same on March 22, 1920 (station 20079), as on April 9, 1917 (Mavor,
1923); the 150-meter level the same as on February 28 of that year, though 1920
seems to have been slightly the salter at depths greater than 150 meters.

Thus, the March salinity of the gulf showed but little annual variation in the
years 1913, 1917, 1920, and 1921, and it is probable that annual differences are
smallest at this season. Even in March, however, much wider differences than those
just stated are to be expected between springs of heavy or light rainfall and snow-
fall, or between years when the freshets occur unusually early or unusually late.
Fluctuations in the bottom current flowing into the gulf will also be mirrored by
salinity.

Hydrometer observations taken in Massachusetts Bay and to the northward of
Cape Ann from the Fish Hawk on March 10 to 12, 1925, give a hint of this in bottom
readings considerably higher than we had previously obtained there at that season—
an average of about 33 per mille at 40 to 60 meters depth contrasting with 32.2 to
32.5 per mille for 1920 and 1921. The superficial stratum was likewise slightly more
saline in Massachusetts Bay in March, 1925 (32.4 to 32.9 per mille), than in either
of the earlier years of record. :

VERNAL FRESHENING

The great rush of fresh water that annually pours into the gulf from the land,
when the snow melts and brings the rivers into freshet, causes a very decided lowering
of salinity contemporaneous with the first signs of vernal warming. The effect of
this, first apparent along the western and northern shores of the gulf, had consider-
ably lowered the surface salinity of the superficial stratum off the Kennebec River
by March 4 in 1920, a late year (p. 704). The upper 30 to 40 meters of the coast
sector between northern Cape Cod and the neighborhood of Mount Desert Island
proved decidedly less saline by the 9th to 18th of that April (fig. 101), also, than it
had been a month earlier (fig. 91).

Localization of the lowest salinities (in this case <30 per mille) between Cape
Elizabeth to the west and Penobscot Bay to the east, up to this date, is evidence
that the Kennebec and the Penobscot combined had continued to affect the salinity
more than the Saco and the Merrimac did until mid-April in that particular year;
but whether a seasonal relationship of this sort is normal, or whether the freshening
effect of these two groups of rivers is more nearly simultaneous in most years than

8 It will require records for many years to establish the normal state of the waters of the gualf for that month or for any other.
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it was in 1920, is yet to be learned. However, observations taken by W. W. Welsh
between Cape Ann and Cape Elizabeth, in 1913 (Bigelow, 1914a), favor the first
alternative by showing about this same vernal schedule, with the surface off the
mouth of the Merrimac saltest at about the end of March and freshening slowly
thereafter. Unfortunately there was & gap in his observations for the interval April
5 to 13; but his numerous records on the fishing grounds near the Isles of Shoals
revealed a decrease in the surface salinity there from 31.56 per mille on the 13th to
30.03 per mille on the 26th, and to 29.54 per mille on May 5.
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Fic. 101.—Surface salinity, April 8 to 20, 1920 (and for the Bay of Fundy, April 9, 1917; from Mavor, 1923)

The general distribution of salinity is proof enough that the discharges from
the great rivers that empty into the Bay of Fundy and along the coast of Maine
(St. John, Penobscot, Kennebec, Saco, and Merrimac) turn westward, paralleling
the shore and building up the so-called “spring current’” reported by local fishermen
—not spreading southward toward Nova Scotia. As no large rivers empty into the
gulf from that Province, no such extreme vernal freshening of the surface is to be
expected along its western shore as characterizes the northern and western margins
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of the gulf. The minimum for the coastal sector between Cape Sable and St. Marys
Bay can not be stated for want of observations close in to the land at the critical
season, but may be set (tentatively) at about 31 per mille, contrasting with 28 to
29 per mille in the opposite side of the gulf (p. 702).

In 1925 the surface salinity of the Isles of Shoals-Cape Ann sector had de-
creased t0 28.7 to 29.1 per mille by April 7 to 8, a change of more than 1 per mille
since March 12 (Fish Hawk cruises 9 and 11). Up to that date, however, freshen-
ing from the land had hardly affected the surface at the mouth of Massachusetts
Bay, which was still 31.9 to 32 per mille, with 31.2 per mille in its inner waters
near Plymouth (Fish Hawk stations 10 and 31 to 34, cruise 11). So little change
took place in the surface state of the bay during the next two weeks that the Fish
Hawk again had 31.1 per mille to 32 per mille there on April 21 to 23.

The reason the surface of Massachusetts Bay does not experience a drop in
salinity as early or as sudden as the coast sector north of Cape Ann, only a few
miles away, is simple: No large streams empty into the bay, so that the only source
from which it can receive large volumes of land water are the rivers tributary to
more northerly parts of the gulf. Naturally the freshening effect of these is not as
pronounced at a distance from their mouths as it is near by, nor is it felt as soon.
This explanation is corroborated also by the fact that the lowest salinities recorded
for the Massachusetts Bay region for April 21 to 23, 1925, took the form of a tongue
extending southward past Cape Ann, obviously with its source to the north—i. e.,
from the Merrimac (fig. 102).

~The general surface chart for April, 1920 (fig. 101), is made one of the most
interesting for the year by its demonstration that the freshening effect of the river
freshets continues strictly confined to the coastal zone until late in the month and
does not spread out over the surface of the gulf generally, as might, perhaps, have
been expected. By contrast, the basin of the gulf outside the 100-meter contour alters
so little in salinity from March to April that the greatest change there from the one
month to the next in 1920 was only about 0.5 per mille for any pair of stations.
The surface also remained unaltered over the eastern end of Georges Bank (we have
no April data for the western end), where the extreme variation in salinity from
March to April of that year was only about 0.1 per mille. Mr. Douthart found a
similar gradation (though with actual values 0.5 to 1 per mille higher) on April 27,
1913, from 31.5 in Massachusetts Bay to 33.1 to 33.3 per mille on the southwestern
part of the basin and along the northern half of Georges Bank. The contrast in the
salinity of the surface water between inshore and offshore stations is greater in April,
in fact, than in any other month. On the other hand, the pool of high surface salin-
ity (32.8 per mille) that occupied the southeastern part of the basin of the gulf and
the inner end of the Eastern Channel in March, 1920 (p. 704, fig. 91), had been
entirely dissipated by the middle of the following month, leaving this whole area
uniformly about 32.5 to 32.6 per mille at the surface; but in its stead the surface
salinity at one station in the eastern side of the basin, off Lurcher Shoal, had been
increased to an equally high value (32.89 per mille) by some local disturbance of
water.

The discovery of these pools of high salinity in different localities in different
months—one of them, at least, short lived—is more interesting than the slight actual
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alteration in value might suggest, as evidence that phenomena of this sort may be
expected to develop temporarily anywhere in the eastern side of the gulf during the
seasonjofsthejyear when the vertical stability of the water is slight.
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Changes in the salinity of the surface water off the western coast of Nova Scotia
from March to April, or to the southward of Cape Sable, demand attention, because
any considerable movement of the cold, comparatively fresh water of the Nova
Scotian current past Cape Sable from the eastward would necessarily decrease the
salinity of the neighboring parts of the Gulf of Maine, just as it retards the warming
of the surface there (p. 558). In 1920 no evidence of this appears in the distribution
of salinity up to the end of April. In fact, the surface was actually slightly salter on
Browns Bank, near Seal Island, and off Yarmouth, Nova Scotia, on April 13 to 16
(stations 20102, 20104, and 20106) than it had been on March 13 to 23 (stations 20072,
20084, and 20085), and with no appreciable change in the Northern Channel.®
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Fic. 103.—~Salinity profile running eastward {rom Cape Cod, March 28 to 29, 1919 (ice patrol stations I to 3)

In 1919, however, the very low temperature recorded in the eastern side of the
basin by the Ice Patrol cutter on March 29 (p. 553) had its counterpart in surface
salinity considerably lower (31.87 per mille) than that of the western side of the gulf
at the time (32.4 to 32.7 per mille; fig. 103). Judging from the geographic location,
this can hardly have drawn from any source other than the Nova Scotian current.

Unfortunately no observations were made on the salinity of the northern parts of
the gulf during the spring of 1919, so that it is impossible to state how much this
Nova Scotian water had affected the surface salinity in that direction, nor (for the
same reason) how far it spread over the offshore banks to the southwest during
that spring. Probably, however, it reached its farthest westward expansion by the
last of that March or soon after, because a second profile of the gulf crossed the
isohaline for 32 per mille at about the same longitude a month later (Ice Patrol sta-
tions 19 to 22, p. 997). A considerable amount of water of low salinity must therefore

# No observations were taken in the gulf during the summer of 1920.
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have continued to drift westward past Cape Sable ‘during this 4-week interval to
maintain so almost uniformly low a salinity (31.7 per mille) so far westward.

The data for 1919 and 1920 thus show a considerable yearly variation in the date
when the Nova Scotian current most influences the salinity of the Gulf of Maine—a
variation associated with the factors that govern the general scheme of circulation
along the Nova Scotian shelf to the eastward, and with the outflow from the Gulf
of St. Lawrence (p. 830). Therefore, it does not necessarily follow that if the gulf is
early or late in showing the freshening effects of the freshets from its tributary rivers
in any given year the cycle of salinity will be correspondingly early or late in its
eastern side.

The lowest value to which Nova Scotian water may reduce the salinity of the
surface of the eastern side of the gulf can not yet be stated; but on theoretic grounds
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Fig. 104.—~Vertical distribution of salinity off Gloucester on March 1, 1920 (A, station 20050), and March 5,

1021 (B, station 10511); for April 9, 1920 (C, station 20090); also for May 4 and August 31, 1915 (D, sta-

tion 10286, and E, station 10308)
itis probable that the value recorded for April 28, 1919 (about 31.7 per mille), is
near the minimum, because any flow into the gulf from the eastward necessarily
crosses the coastwise bank off Cape Sable, where tidal churning is so active that the
fresher current must constantly mix with salter water and so, to a considerable extent,
lose its distinguishing character.

VERTICAL DISTRIBUTION OF SALINITY IN APRIL

Graphs for successive dates in the spring of 1920 (figs. 104 to 109, 112-114) illus-
trate the effect that the vernal outpouring from the rivers exerts on the deeper strata
next the land during the last weeks of March and first half of April.
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In the western side of the gulf the seasonal alteration decreases progressively as
the depth increases, to nil at a depth of 80 meters off Cape Cod (fig. 106). If
Massachusetts Bay can be taken as representative of this side of the gulf, the freshen-
ing effect penetrated somewhat deeper or somewhat more rapidly in 1925, when the
bottom water in 70 meters’ depth was about 0.5 per mille less saline at one station on
April 23 (Fish Hawk station 18A) than it had been on March 10.
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Fia. 105—Vertical distribution of salinity off Boston Harbor at various seasons. A, Mareh 5, 1920 (station 20062); B,
April 6, 1020 (station 20089); C, May 16, 1920 (station 20123); D, August 20, 1013 (station 10106); E, December 29,
1920 (station 10488) . :

Wide local variation is to be expected in this respect, depending on how actively
the water is stirred by waves and tides, in even as small an area as Massachusetts
Bay, where a vertical range of about 0.6 per mille developed in the central part by
April 22 to 23 in 1925, though the waters of Cape Cod Bay still continued nearly homo-
geneous, vertically, but about 1 per mille less saline than they had been on March 10.
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Fig. 106.—Vertical distribution of sallnity off northern Cape Cod in various months. A, April 18,1920
(station 20116); B, May 16, 1020 (station 20125); D, July 14 1913 (station 10213)

The freshening effect of the discharge from the Merrimac and Saco Rivers seems
also to have penetrated down to a considerable depth into the gulf during April of
1913 (stations 8 and 18, William Welsh; p. 981). In 1920, however, this freshening
was confined to the upper 60 meters near Seguin Island and to the upper 35 to 40
meters near Mount Desert Island (fig. 107), up to the middle of April.

The upwellings caused by offshore winds, which temporarily raise the salinity
of the surface along the western shores of the gulf (p. 709), exert a corresponding effect
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on the deeper strata as water moves over the bottom from greater depths farther out
at sea. Observations taken off the Isles of Shoals on April 16 and 22, 1913, illustrate
this by an increase in the salinity of the whole column.

Any April profile running out from the northern or western shore of the gulf
will show the effect of the vernal runoff of land water by a band of low surface
salinity at the inshore end, broader or narrower and with actual values higher or lower,
according to the exact locality. Profiles from Massachusetts Bay (fig. 110) show it
as & wedge less saline than 32 per mille based against the western slope of the gulf.
Profiles normal to the coast anywhere between Portland and Penobscot Bay, for
this same month, would have cut across still lower salinities next the land. Its
direct result is the development of a stratum less saline than 32.5 per mille, 50 to
60 meters thick, by April, blanketing the surface from the western shores right
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F16. 107.~Vertical distribution of salinity a few miles oft Mount Desert Island in varlous months. A,
March 3, 1920 (station 20056); B, April 12,1020 (station 20009); C, July 19, 1915 (station 10302); D,
August 18, 1015 (station 10305); E, October 9, 1915 (station 10328)
out to the central part of the basin, where only a superficial layer, 10 meters or so
thick, has so low a salinity in March.

Observations taken in the eastern side of the gulf at any time during the few
weeks when the Nova Scotian current is bringing a large volume of comparatively
fresh water past Cape Sable would show a similiar wedge of low salinity, basing on
German Bank and extending out over the eastern side of the basin. This state is
illustrated on the profile for 1919 (fig. 103). In 1920, however, neither of our
spring cruises coincided with this event, so that the isohalines projected in east-west
profile inclose homogeneous water over German Bank (fig. 110), just as they do at
other times of year.

Along the western coast of Nova Scotia (figs. 109 and 110) the tides stir the
water so thoroughly that vernal alteration at first proceeds at a nearly uniform rate,
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surface to bottom, out to the 100-meter contour. Mavor’s (1923) tables show that
this is also the case in the Bay of Fundy up to about the middle of April, when so
great a volume of fresh water empties into the bay from the St. John River and from
its other tributaries that in 1917 the salinity of the surface water of the center of
the bay fell to 29.2 per mille at the first of May.

The effects of the vernal freshening just described do not penetrate deeper than
80 to 100 meters anywhere in the open gulf before the end of April, unless in excep-
tional years; consequently, the deeper waters ecither continue virtually unchanged
through that month or become slightly more saline by incorporation of the water
that moves in through the Eastern Channel.

During the spring of 1913 the deepest strata of Massachusetts Bay continued
to show this comparative constancy up to April 3 (fig. 111; Bigelow, 1914a, p. 392),
although the surface had already freshened by about 0.5 per mille; and while the whole
column of water in Massachusetts Bay freshened appreciably from March 10 to April
23 in 1925, as just noted (p. 729), the vernal cycle of 1920 paralleled that of 1913 by
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TIG. 110.—Salinity profile ranning eastward from Massachusetts Bay to the offing of Cape Sable, April 6 to 18, 1920

an increase in the salinity of the bottom water over the gulf as a whole from mid-
March to mid-April at depths greater than 100 meters, except in its southeastern
parts, where little alteration took place.

Thus the salinity of the bottom water of the bowl off Gloucester increased by
about 0.1 to 0.2 per mille from March 1 to April 9 of that year. While little altera-
tion took place in the salinity of the western side of the basin at depths greater than
100 meters during the first half of that April (fig. 112), that of the central part rose
by 1.1 per mille at 180 meters (fig. 113), with a corresponding increase of 0.2 to 1
per mille for the whole column of water in the northeastern part of the trough off
the mouth of the Bay of Fundy (fig. 114, stations 20081 and 20100).

As a result of this salting of the deep water, combined with the freshening of
the surface, the vertical range of salinity becomes much wider in the western part of
the gulf by mid-April than it is during the first half of March. Off northern Cape
Cod, for example, the spread between surface and bottom values increased from



PHYSIOAL OCEANOGRAPHY OF THE GULF OF MAINE 733

about 0.4 per mille on March 24, 1920, to about 0.9 per miile on Aprll 19 (fig. 106), and
to 0.6 per mille on April 6 off Boston Harbor, where the whole column of water had
been virtually uniform, surface to bottom, on March 5. However, the curves for the
several pairs of stations remained more nearly parallel from March to April in the
eastern side of the gulf, althouOh the salinity had increased cons1derably in the mean-
time (figs. 108, 114). :
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Fia. 111.—~Vertical distribution of salinity at the mouth of Massachusetts Bay, off Gloucester, during the
winter and spring of 1912-1813. ~ A, November 20 (station 10047); B, Decomber 23 (station 10049); C,
- February 18 (station 10053); D, March 4 (station. 10054); E, March 10 (W 'W. Welsh station 1); F,
April 3 (station 10055)

SALINITY IN HORIZONTAL PROJECTION BELOW THE SURFACE IN
. APRIL - :

The decper down in the gulf the salinity is charted in horlzontal pro;ectxon for
Apml ‘the more nearly doesit parallel the winter state. ' Thus the band of low salin-
ity (31 per mille) so conspicuous along the northwestern margin of the gulf on the
surface chart for mid-April (fig. 101) is but faintly suggested at 40 meters (fig: 115),
where the recorded values were only slightly lower (32 to 32.3 per mille) than in the"
center of the basin (32.4 to 32.5 per mille) and closely reproduced the March state
(fig. 93). How little effect the vernal inrush of river water exerts on the deep strata
of the Massachusetts Bay region before the end of April appears from the deep
readings taken there in the third week of the month in 1925 (fig. 102). :
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An interesting change did take place, however, at the 40-meter level in the east-
ern side of the gulf from March to April in 1920, the pool of saltest (33 per mille)
water (p. 708) having drifted northward, so to speak, from the offing of German Bank
to the offing of Lurcher Shoal, but having been cut off, at the same time, from the
still more saline water outside the edge of the continent hy a considerable decrease
in the salinity of the southeastern part of the basin and of the Eastern Channel (cf.
fig. 115 with fig. 93). This change, however, did not result from an expansion of the
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F16. 112.—Vertical distribution of salinity in the western arm of the basin of the gulf off Cape Ann. A, March 24, 1920
(station 20087); B, April 18, 1920 (station 20115); C, May 5, 1915 (statioa 10237); D, Juns 28, 1915 (station 10209); E,
August 22, 1914 (station 10254) . : C

cold Nova Scotian water.in this direction because accompanied by an increase i
temperature. : . -
The most obvious effect of the increase that takes place in the salinity of the deeper
levels of the gulf during the spring is to carry the isohalines for successive values west-
ward, until the entire basin at the 100-meter level was made more saline than 32.6
per mille by mid-April in 1920, and most of its area more saline than 33 per mijlle
(cf. fig. 116 with fig. 94). As a result, the west-east gradation in salinity decreased,
and at the same time water more saline than 33 per mille flooded in toward the
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southeastern slope of Georges Bank, obliterating the fresher pool that had occupled

that situation in March. :
On the other hand the water more saline than 34 per mﬂle that had occupied the

eastern side of the Eastern Channel in March had sunk deeper than 100 meters by
mid-April, with a corresponding decrease in temperature. (p 553).

This general and rather complex seasonal alteration is illustrated more graphi-
cally in proﬁle by the flooding of the entire basin with water more saline than:34
per mille, at depths greater than 140 to 160 meters, from March to April, on a line
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F1G. 113.—Vertical distribution of salinity in the center of the gulf near Cashes Ledge. A, March?2, -
1920 (station 20052); B, Aprll 10, 1920 (station 20114); C, May 5, 1015 (station 10268); D, Septem-
ber 1, 1015 (station 10308) -
running south'ward from Mount Desert (fig. 117). This was accompanied by a flat-
tening out of the undulations that had marked the upper boundary of the bottom layer
of high salinity in March (p. 717), the isohalines for 33 to 33.5 per. mllle smkmg in t.he
eastern side of the basin and rising in the western.

However, the level where. the sahmty altered most rapidly with 1ncreasmg depth
Temained approximately constant in the basin from March to April in 1920, centér-
Ing at about 150 meters; the limits of salinity within which the gradient was most
Trapid (33 to 33.5 per mllle) also remained constant, and ‘the banking up of the saltest
Water of the basin (34.5 per mille) against the slope of German Bank persisted.
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It is unfortunate that no observations were taken in the Bay of Fundy in April,
1920; lacking such, it is impossible to state whether or not this expansion of water of
high salinity involved the bay. In 1917 an alteration of the opposite sort took place
there from February to April, evidence that the incorporation of fresher water from
above was more than sufficient to counteract the effect of any indraft at the bottom.

A cross-section of the Eastern Channel for April (stations 20106 to 20108)
would reproduce the March picture (fig. 99) so closely that it need not be reproduced
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Fio. 114, Vertical distribution of salinity in- the northeastern corner of the gulf.. A, March 22,1620 (station 20081); B,
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here. The only difference worth comment is that the whole column of water oft
Browns Bank had become vertically equalized during the interval at a salinity (32.7
per mille) ‘about equaling the mean of the corresponding stratum over the channel,
evidence that no important overflow had taken place over. the bottom of the bank
meantime, either from the west or from the east. The distribution of salinity in the
trough of the channel also points to a slackening of the inflow along the bottom
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from March, when the saltest water was definitely banked up against its right-hand
wall (fig. 99), to April, when the data for stations 20107 and 20108 gave little evidence
of this, though the salinity of the water over the slope of Georges Bank had eontin-
ued almost unaltered. - :

The course of events'in the deeper strata of the gulf may then be reconstructed
as follows for the period March to April of 1920: The presence of a much greater
volume of water more saline than 34 per mille in April than in March proves an’
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F1a. 115.~Salinity at a dopth of 40 méters, April, 1020

active pulse inward along the floor of the Eastern Chanriel, durmg the first part of
the period. This indraft not only effected a considerable increase in the sahmty
of the bottom water of the basin of the gulf but resulted in a wide expansmn of
the area. occupled by water more saline than 34 per mille (cf. fig. 118 wmh ﬁb'
100), as well s raising its upper boundary closer to the surface. .

The state of the gulf in April, 1920, added to the data for, the summer months,
makes it almost certain that this 34 per mille water neVer overﬂows the coastal
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slope above the 100-meter contour within the gulf; seldom, if ever, above the 200-
meter level in its western side. ~The, extensive, plateaulike elevation of the bottom
in the offing of Penobscot, Bay, intermediate, in depth between these two levels, like-
wise rises above this highly saline bottom water, although the latter approaches
closer than this to the surface in the eastern side of the gulf. L

- In 1920 the inflowing bottom current slackened at least as early as the first part
of April, allowing the horizontal equalization of the water of the basin, just described,
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F16. 116.—Salinity at & depth of 100 meters, April 6 to 20, 1020

and its vertical equalization on Browns Bank; .but the general anticlockwise circu-
lation of the gulf continued to carry the more saline water around the basin, thus
increasing the salinity of its western side and lessening the regional variations of
salinity. On the other hand, the southern side of the Gulf of Maine eddy brought
water of comparatively low salinity out of the basin, to the eastern part of Georges
Bank, and to that side of the Eastern Channel, in the mid-depths. This probably
represents the normal course of events, though no doubt the seasonal schedule falls

earlier in some years, later in others.
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ANNUAL VARIATION IN THE S}‘\ALINIIEY OF THE BOTTOM WATER IN
PR E

The station data for 1920 picture salinity in the deep trough of the Gulf of
Maine during a spring when a very considerable volume of water enters via the
bottom of the Eastern Channel. Probably the deep water was equally saline in April,
1913, if not more so, when thesurface of the southwestern part of the gulf and the whole
column of water on Georges Bank were considerable salter than at the corresponding
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Fig. 118.—~Depth below the surface of tpe isohalabath of 34 per mille, April 6 to 18, 1920

date in 1920 (p. 725). 1In 1919, however, no salinities higher than .33 per mille were
recorded in ‘the bottom of the basin either in March or in April (fig. 103; ice patrol
stations 1'to 3 and 19 to 22). This difference is partly to be explained on the assump-
tion that the indraft into the bottom of the gulf ceases during the period (later or
earlier in the spring in different years) when the Nova Scotian current is flooding
into the upper strata of the gulf from the east. In part, too, the difference between
lower salinities in the deeps of the gulf in 1919, than in 1920, can be explained by
the fact that the one was an early and the other a tardy season. However, so wide



PHYSICAL OCEANOGRAPHY OF THE' GULF OF MAINE 741

a spread suggests that the bottom of the gulf had actually received much more
water via the channel in 1920 than in 1919 during the whole winter. '

No cause can yet be assigned to annual differences of this sort, except that they
do not result from local influences operative within the gulf, but from the state of
the reservoir outside the edge of the continent, which supplies the indraft (p. 848).

' SALINITY IN, MAY
SURFACE

The salinity of the gulf is especially interesting during. the first half of May,
because the two most important events in its vernal cycle—freshening of the surface
by land water in the western side, and by the Nova Scotian current in the eastern
side—culminate then. Unfortunately we have not been able to carry out a general
oceanographic survey of the whole area of the gulf in any one May, nor have obser-
vations been taken in its southeastern part during that month; but the data for
1913, 1915, 1919, 1920, and 1925 afford a composite picture, which may be taken as
representative for normal years because all are fairly consistent.

In 1913 the surface salinity fell to its minimum (29.5 per mille) near the Isles
of Shoals about May 5, followed by an increase to 30.9 per mille in the middle of the
month; and while a northwest gale on the 10th, 11th, and 12th no doubt was
partly responsible for this increase by bringing up more saline water from below, the
spring influx of river water had evidently passed-its peak by the first week of the
month, to be gradually absorbed into the general circulation of the gulf thereafter.

Unfortunately, close comparison is not possible between the years 1913 and 1920,
for this region, because the locations of the stations do not coincide, which may cause
a very considerable difference in salinity where the precise value depends so much on
the proximity to the mouths of rivers. However, the surface again proved much
fresher south of the Isles of Shoals on May 7 to 8, 1920 (station 20122, 28.26 per
mille), than it had on April 9 (station 20092, 31.01 per mille)—a value even lower
than any recorded for 1913.

~ In 1920, too, the salinity of the surface of the northern part of Massachusetts
Bay was almost as low as this on May 4 (stations 20120 and 20121, 29.1 to 29.16 per
mille), but apparently this was close to the minimum for the month because followed
by a considerable increase at this same general locality to about 29.9 per mille during
the next 10 days (stations 20123 and 20124).

In 1925 no observations were taken in Massachusetts Bay during the first 10 days
of May, when salinity was probably at its lowest there; and the values recorded there
on the 20th to the 22d (fig 119) were so high® that some increase may be assumed
to have taken place during the second and third weeks of the month in that year,
as it certainly did in 1920.

Whether or not the surface salinity of the northern part of Massachusetts Bay
fell below 30 per mille for a brief period in 1925, as April readings as low as 29 per
mille in Ipswich Bay (p. 725) suggest, water of relatively low salinity was certainly
drifting southward past Cape Ann as late as the third week of that May as a
tongue less saline than 31.5 per mille directed toward Cape Cod (fig. 119). The

#731.1 to 81.0 per mille at the surface, averaging 31.6 per mille (Fish Hawk cruise 13).
37755—27 16
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Fia. 119.—8alinity at the surface of Massachusetts Bay, May 20 to 22, 1925, {rom hydrometer readings
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regional uniformity of the inner parts of the bay, where the surface values varied
only from 31.3 to 31.8 per mille at 16 stations, also'shows how little the discharge
from the small streams that empty along the ¢oast line of the bay affects its salinity.

This drift past Cape Afin seems to' have hugged the shore of the bay more closely
in 1915, because the surface value was much higher at the standard station off Glouces-
ter on May 4 of that year (station 10266, 32.32 per mille), than any other surface
reading for the bay in May or in April. Considerable variations are therefore to be
expected in the salinity of Massachusetts Bay from one May to the next, both in the
precise value and in the date when the Water is freshest, reflecting the considerable
distance from the freshening sources—the rivers:to-the northward of Cape ‘Ann.
Even in years when the discharge of these rivers is up to normal, and when the
freshets fall at the usual season, the southerly drift need only be turned slightly more
offshore than usual, by the jutting promontory.of Cape Ann, to pass by Massachu-
setts Bay altogether. In this case the bay would be a sort of backwater, with its
swrface changing little in salinity from winter through spring. It'is probable, there-
fore, that Massachusetts Bay experiences a wider annual variation in the sahmty of
its surface waters in spring than any other coast sector of the Gulf of Maine.

The Bay of Fundy illustrates the seasonal cycle where the salinity of the surface
reflects the discharge from a large river (here the St. John) close by. Thus, Mavor
(1923, p. 375, table 8) records a very sudden decrease.in.the salinity of the surface,
from 32.5 per mille in the middle of April, 1917, to 27.9 per mille on the 4th of
May, at a locality between Grand Manan and Nova Scotia, followed, however, by
an increase equally rapid to 31.5 per mille by the middle of June. While 1917 is
the only spring (and this the only locality) for which the vernal cycle of the open
Bay of Fundy has been followed, month by month, it is probable that the seasonal
fluctuation outlined by Mavor represents the normal course of'events, the surface
freshening suddenly when the St. John and the Nova Scotian rivers come into flood,
and salting again after the freshets subside as the land water becomes ml.xed into
the bay by the strong tides.

The lowest value to which the surface salinity of the open Gulf of ane ever
falls can not be stated, lacking data near the mouths of the other large rivers at
the critical dates in early May. In the Bay of Fundy, 27.9 per mille, just men-
tioned, is the lowest so far recorded; and salinities equally low are to be expected
close along the coast line, thence westward to the Merrimac, though only for a few
miles out from the strand, and perhaps hardly outside the outer islands.

The combined chart of surface salinity for the offshore waters of the Gulf for
May (fig. 120) shows the freshest water (<32 per mille) continuing to hug the coast,
much as in April (fig. 101); but the great volume of river water that is poured into
the gulf at this season so freshens the surface next the shore that the transition to
the more saline water offshore is far more abrupt.in May than.in April; especially
off the coast sector between Portland and Cape Ann, where a change of as much as
2 to 3 per mille may be expected at the surface in & distance of 5 to 10 miles, as one
runs offshore from the 100-meter contour in'May.- The development of so fresh a
band next the coast admits of but one interpretation—namely, that the non-tidal
drift then parallels'and closely hugs this 'part of ‘the'shoreline southward 'as far as

i T R I S .
[ ’ .
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Cape Ann (p. 948), and that land water does not fan out from the coast of Maine or
from the Bay of Fundy toward the center of the gulf.

; The evidence of salinity is positive in this connection, there bemg no source for
surface water less saline than 30 per mille within the Gulf of Maine other than the
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F10. 120,~Salinity at the surface, May 4 to 14, 1915, combined with May 4 to 17, 1020

rivers tributary to it. Once past Massachusetts Bay, hbowever, the May isohalines
for 1920 (stations 20125 to 20129) very clearly show the freshest coast water (32 per
mille in this case) spreading out from Cape Cod across the southwestern part of the
basin about as far as Georges Bank, which seems to have bounded it at the time in
this direction (fig. 120).
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The most instructive feature of the May chart in the eastern side of the gulf is
the similar expansion of surface water less saline than 32 per mille westward over
the basin from the offing of Cape Sable, which owes its low salinity to the Nova
Scotian drift from the eastward. : e

The critical isohaline (32 per mille) bounding this tongue had been carried about
as far west into the gulf as this at least a week earlier in the spring of 1919, with
actual values almost precisely the same.®® Consequently, the picture presented on
the surface chart for May (fig. 120) may be taken as typical of the season when the
flow into the gulf past Cape Sable is at its maximum, irrespective of the precise
date when this falls. : ;O : » -

The lack of data on the salinity of the southeastern part of the Gulf of Maine
for May is a serious gap, for without such it is impossible to tell how far the fresh-
ening effect of the Nova Scotian water extends toward Georges Bank, or over ‘the
latter, when it is at its maximum. However, it is certain that water of low salinity
from this eastern source did not reach the southwestern part of the bank at any
time prior to the 17th of May in 1920, whatever may have happened later that spring,
because no appreciable alteration took place in the salinity of the surface, which
was about the same there on that date (station 20129) as it had been on February
22 (station 20045). - . ' o

We also await observations on the salinity of the shoal water along the west
coast of Nova Scotia for May, to show how low it is reduced there by vernal fresh-
ening from local sources. It is not likely, however, that the eastern margin of the
open Gulf of Maine ever falls below 30 per mille in salinity, unless right at the mouth
of some stream, because no large rivers open along this part of the coast, because the
outflow from the Bay of Fundy is directed westward (p. 916), and because there is
no reason to suppose that the Nova Scotian current ever brings water less saline
than about 30.8 to 31.5 per mille past Cape Sable.®

Tt is a question of moment in the natural economy of the gulf whether and to what
extent the water of the Nova Scotian current turns northward after it has passed
Cape Sable. This the reader will find discussed in another chapter (p. 680). I need
remark here only that the surface salinities for May, 1915, and especially the course
of the isohaline for 32 per mille (fig. 120), mark a westward drift toward the center
of the gulf; but considerably lower salinities off the mouth of the Bay of Fundy in
May, 1915, than in April, 1920, suggests some movement of water in that direction
also, from the cape, as characteristic of this season. _ ;

The vernal freshening of the coastal belt of the gulf by land water, and of the
eastern side by the Nova Scotian current, are annual events, though differing. from
year to year in their time schedule as well as in the magnitude of the alterations
they cause. A considerable divergence from year to year has been recorded in May
in the west—central part of the gulf, which neither of. these sources of low salinity
appreciably affects up to that season.- If the early May state of this part of the
gulf in 1915 (fig. 120) be the regular seasonal sequence to the April state, as repre-
sented by 1920 (fig. 101), a considerable salting of the superficial water layer is to be

88 Surface salinity $1.98 per mille at Ice Patrolstation 21; 31 71 per mille at Teé Patrol station 22 on German Bank. :
8 Nefther the Ice Patrol nor the Capadian Fisheries Expedition have reported salinities lower than 80.8 per mille along the
outer coast of Nova Scotia in April or May. . . .
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expected there, raising the surface value from 32.5 to 33 per mille over the western
arm of the basin from the one month to the next.. An increase of this sort in the
surface salinity, taking place at a season when the waters to the west and to the
east freshened, would of itself suggest local upwelling. This explanation is corrob-
orated, also, by the fact that the upper 120 to 130 meters proved nearly as homo-
geneous there vertically, in salinity, on that occasion as in either March or April, and
about 0.6 per mille more saline in- absolute value (fig. 112), instead of showing the
considerable vertical range of salinity that might otherwise be expected to develop
in this region by May.

West~east profiles of the gulf also give unmistakable evidence that some such
circulatory movement did take place in 1919 between the end of April and the end
of May (fig- 121), by which date a strong pulse in the inflowing bottom current had
raised. the upper boundary of water, more saline than 32,5 per mille, to within 20
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Fla 121 -Sahmty proﬁle runmng eastwurd from the omng of Cape Ood towurd Cape Sable, May 29 to 30, 1919 (1ce pattol
statxons 35 to 38)
meters of the surface in th1s s1de of the basin., Some upwelhng is therefore to be
expected in the western side of the basin from April through May, correlated with
the speeding up of the anticlockwise circulation that follows the freshets from the
rivers, tributary to the gulf (p. 916).. The actual alteratlon which this eﬂ'ects in the
salinity of the surface stratum, however, may not be as wide in any given year as
. the difference between the April records for 1920 and those for May, 1915, might
suggest, because it is possible that these two years illustrate two extremes—the one
lower in salinity than is usual, the other higher.

BELOW THE SURFACE

‘The fact that May sees the culmination of vernal freshening from the land,
and also thé maximum expansion of the Nova Scotian current past Cape Sable,
lends interest to the subsurface salinities for the month.

Perhaps our most instructive illustration of how strictly the decrease in the
salinity of the coastal belt is confined to the superficial stratum of water up to this
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season is afforded by the station data for 1920 at the mouth of Massachusetts Bay
(station 20120) for May 4, when the upper 15 meters was near its minimum salinity
for the year and homogeneous (29.1 to 29.2 per mille), but with the salinity
increasing by 2 per mille in the next 15 meters of depth to 31.13 per mille at 30 meters.
A vertical distribution of this type, coupled with the fact that the deeper water there
was less saline on that date than it had been two weeks previous (station 20092),
is evidence that when the tongue of water of low sahmty described above (p. 741)
first spread southward past Cape Ann, vertical mixing was active enough for it to
dilute the whole column of water at the mouth of the bay. The latter, however,
was followed in turn by an increase in the salinity of the whole column during the
next 12 days, resulting primarily from a movement of more saline water inward
over the bottom (fig. 122; stations 20120 and 20124).

Events seem to have followed a similar course in the Isles of Shoals region in
1913, when Mr. Welsh recorded a progresswe increase in the mean salinity of the
whole column of water, in depths rangmg from 36 to 48 meters, from about 31.1
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Fig. 122.—Vertical distribution of salinity at the mouth of Maséachuietts Bay. A, April 20, 1920 (sta-
‘tion 20119); B, May 4, 1920 (statlon 20120) C, May 16, 1920 (station 20124)

per mille on May 10 to 13, 31.5 per mille on the 13th, and 32.7 per mille on the 16th,
resulting in the recovery of the bottom salinity (32.2 to 32.6 per mille) almost to
the April value (32.5 to 32.8 per mille). Evidently the absorptlon of freshet water
from the rivers into the general circulation was accompanied by some indraft of
water of high salinity from offshore in this region; otherwise the mean salinity of
the column of water would not have mcreased as 1t did.

“On the other hand, the salinity of the bottom water of Massachusetts Bay
changed very little from April to May in 1925 * at depths g greatér than 40 meters,
except for a slight decrease near Cape Ann, reflecting the surface drift from thé north
(p. 741). It is certain, therefore, that bottom water does not enter the bay every
May in as great volume as it did in 1913 and 1920.

In the coastal sector between Cape Cod and Penobscot Bay the vertical range
of salinity is wider in May than at any other time of year—widest of all off the
river mouths and along the track followed by the discharges from the latter. Off
the mouth of the Kennebec, for example, the surface had freshened to 29.6 per mille
by May 13, 1915, a value about 3 per mille below that of the 50-meter 1evel (about

9 Fish Hawk cruises 12 and 13.
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32.4 per mille, station 10277). It is probable, also, that this generalization applies
equally to the eastern coast of Maine, though our data are less satisfactory for this
sector. Mavor’s (1923) records for the springs of 1917 and 1918 also prove it equally
applicable to the central part of the Bay of Fundy, where for a brief period in May
and early June river water (chiefly from the St. John) causes a vertical range of
salinity as wide as ever obtains anywhere in the open waters of the gulf.

In the eastern side of the gulf, however, which receives land water in only rela-
tively small amount, the whole column continues so. thoroughly mixed by the tidal
currents throughout the spring that our standard station on German Bank (fig. 109)
has shown no more difference between the surface and the bottom in May (station
10271 and Ice Patrol stations 22 and 38) than in April, on the one. hand, or in June
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F16. 123 —~Vertical distribution of salinity off Penobscot Bay, A, ‘March4, 1920 (station 20057);
B, April 10, 1920 (station 20097); C, May 12, 1915 (station 10278): D, June 14, 1915 (station
10287); E, October 9, 1915 (station }0329)

or August, on the other, thodgh the actual values were considei'ably lower for May
of the years 1915 and 1919 (31.7 to 32 per mille) than for any other month of record.
This also applies to the vicinity of Lurcher Shosl, & few miles farther north (fig.
108), where the graph for May nearly parallels those for March, April, and
September, though lower in salinity.® : . ‘

The directions in which the discharges from the large rivers spread out over the
surface are betrayed by the vertical distribution of salinity as well as by the actual
values as represented in horizontal projection. Thus, the fact that salinity altered
very little in the trough off the Isles of Shoals from March to April, 1920 (stations
20061 and 20093), with the values for May 14, 1915 (station 10278), differing by
less than 0.5 per mille from April, 1920, locates the line of transition (from the region of

o1 Phirty-two per mille at the surface to 32.3 per mille on bottom in 90 meters, May 10, 1915, station 10272,
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highly variable to that of more nearly constant salinity) close to the Isles of Shoals.
The zone within which river discharge rapidly increases the vertical range of salinity
in spring is no wider than this off Penobscot Bay, for the Grampus found the bottom
(32.43 per mille) only about 0.6 per mille more saline than the surface (31.8 per
mille) in 80 meters 3 miles off Matinicus Rock on May 12, 1915 (station 10276),
. though the whole column was 0.2 to 0.6 per mille less saline then than it was on
the 9th of the following October (station 10329) or on January 1, 1921 (station
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P16. 124.—Vertical distribution of salinity in the eastern side of the basin of the Gulf of Maine on March 23, 1920 (4, -
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The freshening effect of the Nova Scotian current affects the vertical distribu-
tion of salinity of the region influenced by it in precisely the same way as drainage
from the land, by producing a wide range between the surface and the deep strata.
The notable difference between graphs in the eastern side of the basin for March,
1920, and for May, 1915 and 1919, illustrate this (fig. 124) by a considerable fresh-
ening of the whole stratum of water shoaler than 100 meters.” -

9 The actual data suggest a decrease of about 1 per mille at the surface and 0.7 per mille at 75 meters as normal for the period
during which the drift from the cast is gaining head; but annual fluctuations of unknown amplitude complieate the picture.
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If the contrast between the salinities for the early spring of 1920 and for May,
1915, represents the succession normal for this time of year, a very considerable
freshening also takes place at greater depthsin the eastern side of the basin from
March and April to May, the graphs (figs. 114 and 124) suggesting an average
decrease of about 0.6 to 0.8 per mille at 100 meters and deeper. Such a reduction
of the salinity back to about the March values naturally would follow any slackening
of the inflowing bottom current, but would be less and less apparent the farther from
its source of supply. A regional relationship of this sort does, in fact, result from our
station data, which show the salinity of the bottom water of the western side of the
basin only slightly lower in May and June, 1915, than in March or April, 1920
(fig. 112).

The upwelling of water more saline than 33 per mille in the western side of the
basin, which follows or accompanies the incorporation of river water into the one side
of the gulf and of the Nova Scotian current into the other, causes & much more
abrupt transition in salinity between coastal belt and.basin at 40 meters in May
(fig. 125) than in April (fig. 115); still wider than in March, and a regional distribu-
tion more nearly paralleling the surface (fig. 120). The gradation from 31.7 to 31.9
per mille next the land to 32.8 to 33 per mille in the ‘west-central parts of the basin,
shown on this May chart, is probably typical for the month, though no doubt the
precise spread between inshore and offshore values varies somewhat from year to
year and would probably have proved somewhat narrower in 1925, when the 40-meter
values for Massachusetts Bay in May averaged slightly higher (32 to 32.6 per mille)
than was the case in 1915 or in 1920, ' o

Up to May the decrease in salinity attributable to vernal freshening is
confined to even a narrower coastal belt at 40 meters than at the surface,
hardly any change being indicated more than 10 miles out from that contour
line in the western side of the gulf® or farther south than the offing of Cape Cod,
where the 40-meter values were somewhat higher on' May 16 to 17, 1920 (32.3 to
32.5 per mille at stations 20125 and 20126), than they had been a month earlier
(32.1 to 32.2 per mille at stations 20116 and 20117 on April 18). The salin-
ity at this depth was also about the same in the southwest part of the basin and on
Georges Bank in that May (32.5 per mille) as it had been at the end of February.
In spite of this apparent agreement, however, the water less saline than 33 per
mille must actually have increased considerably in volume in the offing of Cape Cod
during the interval to account for its expansion out from the bank to the seaward
slope of the latter, where salinity decreased by about 1 per mille at 40 meters between
February 22 (station 20045, about 33.8 per mille) and May 17 (station 20129,
about 32.9 per mille). ’ , ’ o ‘ :

It is probable that the salinity of the 40-meter level falls below 32 per mille every.
May over a considerable area out from the Nova Scotian shore of the gulf, where
the Nova Scotian current then holds sway; and if 1915 was & typical spring in these
waters (which I see no reason to doubt) the drift of this water of low salinity from
its more eastern source is directed more definitely westward toward the center of the
gulf at this depth than it is at the surface, with less evidence of any dispersion north-
ward toward the Bay of Fundy (p. 745). Reduced to terms of distance, the seasonal

%3 This follows an extremely irregular course.
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relationship just outlined points to a translation of the isohaline for 32 per mille
about 100 miles westward from the location occupied by it before the current begins

to flood past Cape Sable in appreciable volume.
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F1q. 125.—Salinity at a depth of 40 meters, May 4 to 14, 1015 (plain figures), combined with May 4 to 17, 1920 (undor-
lined figures). The eneircled figurein tho Bay of Faundy is for May 4, 1917, from Mavor (1923). Dotted curves

 are assumed .
Apparently this drift was still in operation at the date of our May.cruise in 1915
(the 4th to the 10th). Ifaditnotbeen, and had absorption of the water of low salinity
from the east into the general circulation been well advanced, tho transition from
salinities lower than 32 per mille in the east to 32.6 to 32.8 per mille in the center of the
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gulf would hardly have been as abrupt as we actually found it (figs. 125 and 126).
Therefore, the salinities prevailing at the time were not reminiscent of some preceding
event (as is too often the case), but evidence of a present state of circulation.

The isohaline for 32 per mille reached the eastern side of the basin at the time
(fig. 126); and as the Grampus sailed eastward from this station (10270) on May 6
she did actually stem a current flowing westward with considerable velocity, as de-
scribed in a later chapter (p.917). In fact,itis unusual for the distribution of salinity
to accord as closely with direct navigational observation of a surface current as hap-
pened on this occasion. The profiles for 1919 also show this Nova Scotian drift
(outlined in this case by the isohaline for 32 per mille) reaching the eastern side of
the basin, but no farther, at the beginning of May and again at the end of the month
(fig. 121), in each case wedge-shaped in longitudinal section and involving the whole
upper 100 meters on the slope of German Bank, but thinning out to nothing at its
western edge.
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F1g. 126.—Salinity profile running eastward from the mouth of Massachusetts Bay to German Bank, May 4 to 7, 1915

If the May charts for 1915 (figs. 125 and 127) represent the normal seasonal
succession to the April charts for 1920, as close correspondence in 1919 makes likely,
an increase of 0.5 per mille (more or less) may be expected in the western side of the
basin from the one month to the next at the 40-meter level, contrasting with the
decrease in salinity that involves the whole coastwise zone, and an increase of about
0.2 per mille at the 100-meter level, though the precise magnitude of this change no
doubt varies from year to year. This is reflected at the 40-meter level, just as at
the surface, by a shift of the most saline center across the basin of the gulf from east
to west (cf. fig. 115 with 125), as well as by the development of a mass of water of
high salinity in the upper 100 meters in the offing of Massachusetts Bay, illustrated
in profile (figs. 121 and 126). ,

This slight increase in salinity in the western side of the basin, coupled with the
freshening of the eastern side for which the Nova Scotian current is responsible,
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tends to equalize the regional inequalities in the mid levels of the gulf (fig. 127) as
the spring draws to a close. Thus, the extreme range of salinity in the gulf was
little more than half as wide at 100 meters in May, whether of 1915 or of 1920
(about 0.7 per mille, fig. 127), than in April or in March of 1920 (respectively, 1.1
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Fia. 127.—8alinity at a depth of 100 meters, May 4 to 14,1915 (plain figures), combined with May 4 to 17, 1020 (underlined
figures). 'The encircled figure in the Bay of Fundy is for May 4, 1017, from Maver (1825)
and 1.3 per mille, figs. 94 and 116). At 175 meters (chosen as representative of the
deep water of the gulf because this particular contour best outlines the trough of its
basin) the extreme range of salinity was only 0.5 per mille (32.94 to 33.46 per mille)
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for the northern side during the first half of May, 1915—i. e., less than half the
regional variation recorded there for March and April of 1920 (32.91 to 34.1 per
mille). ‘ .
The locations of the isohalines for 33 per mille from month to month on the 100-
meter charts for March (fig. 94), April (fig. 116), and May (fig. 127) illustrate the
expansion of water of comparatively high salinity westward across the basin
during a strong pulse in the inflowing bottom current, and the recession to be
expected when the indraft is weak. Some change of this sort is consistent with the
general progress of the vernal cycle. Salinity averaging about 0.6 per mille lower
over the basin of the gulf at 175 to 200 meters in May, 1915, than in April, 1920, is
probably to be explained on this same basis; but the observations taken by the Ice
Patrol cutter in 1919, when the salinity of the east—central part of the basin
increased through May, proves that the indraft continues active right through
the month in some years. ‘

The differences that may be expected in this respect from one May to the next
are more graphically illustrated by the west—east profiles of the gulf for that month
of 1915 (fig. 126) and 1919 (fig. 121). Note especially the thick band of 34 per
mille water on bottom in the latter year in the eastern side of the gulf, where the
value was only slightly more saline than 33.5 per mille in 1915. The fact that this
is the only month when we have found the salinity of the basin lowest, as a whole,
in the eastern side, not in the western, deserves emphasis.

The decrease in salinity that took place from February, 1920, to May over the
continental slope to the southwest of Georges Bank has already been mentioned
(p- 750). At 100 meters the May value (station 20129, + 34 per mille) was the lower
by 1.3 per mille.

Unfortunately no water samples have been collected in May along the 400-mile
sector of the continental edge from the offing of Nantucket eastward to the offing of
Sable Island, where 100-meter values varying from 33.4 to 34.8 per mille have been
reported by the Canadian Fisheries Expedition (Bjerkan, 1919; Acadia stations 9
and 10) and by the Ice Patrol® in the years 1914, 1915, and 1922, evidence of con-
siderable fluctuations in the physical state of the slope water.

With the low values just stated, and values even lower at the same relative
location off the eastern slope of Georges Bank in March and April, 1920 (32.8 to 33.46
per mille at 100 meters, stations 20068 and 20109), off Shelburne, Nova Scotia, on
March 19 of that year (33.78 per mille at 100 meters, station 20077), it is evident
that water of 35 per mille is usually separated from the slope by lower salinities east-
ward from Georges Bank to the tail of the Grand Banks during the third month of
the spring. :

Additional information as to the salinity along the seaward slope of the Scotian
Banks in May is much to be desired. : :

SALINITY IN JUNE

A tendency toward progressive equalization is recorded from May to June as
the overflow of the Nova Scotian current past Cape Sable and the outpourings.of river
waters are gradually in(iorporated into the gulf. L :

%Ice patrol station 20, May 17, 1014, 34.05 per mille at 200 meters; station 24, May 1, 1915, 33.66 per mille at abont 100
meters; station 213, May 28, 1022, 34.79 per mille at 100 moters; see U, 8. Coast Guard (1916) and Fries (1923).
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In the year 1915 salinity was determined at 19 stations in June, sufficing to out-
line the regional and vertical distribution for the eastern side of the area and out
across the shelf south of Cape Sable; while the Fish Hawk stations for 1925 extend
the picture to Massachusetts Bay. R :

The most instructive feature of the surface chart for June, 1915 (fig. 128), is its
‘demonstration that the drift of water of low salinity into the gulf from the east had
slackened, if not entirely ceased, since mid May, the isohaline for 32 per mille having
shifted 50 miles or so eastward from the location it occupied six weeks earlier (fig.
120), the salinity of this side of. the basin having increased from 31.78 per mille to
32.25 per mille during the interval. While the Nova Scotian drift may have extended
to the eastern parts of Georges Bank in May (p. 745), an abrupt transition along
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| F1G. 128.—Surface salinity of the eastern and central parts of the Qulf of Maine, June, 1915

the eastern side of the Eastern Channel in June, from low values over Browns Bank
(31.5 per mille) to higher ones tarther west, shows that it had ceased to expand in
this direction’ by that time. S ' :

. The incorporation of river water, which is responsible for vernal freshening
‘of the coastal belt, was reflected in 1915 by an average increase of 0.2 to 0.5 per
mille in surface salinity along the northern margin of the gulf from May (fig. 120) to
June. (fig. 128, values ranging from 31.8 to 32.2 per mille). .

Within the Bay of Fundy, where the effects of the freshets from the St. John
River are résponsible for a very sudden freshening of the surface from April to May,
as described above (p. 743), the recovery is correspondingly more rapid than in the
open gulf, where the influence of any one river is spread over a wider area. . In 1917,

for example, the salinity of the surface water between Grand Manan and Nova
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Scotia rose from 27.9 per mille on May 4, to 31.49 per mille on June 15 (Mavor, 1923,
p. 375); and some such succession may be expected close in to the mouth of any one
of the large rivers that drain into the gulf.

No observations were taken in the western side of the gulf in June, 1915; but
the Fish Hawk stations for 1925 (figs. 129 and 130) show a similar increase of about
0.7 per mille in the surface salinity of Massachusetts Bay, from a mean of 31.57 per
mille on May 20 to 22 to a mean of 32.28 per mille on June 16 to 17, with no evi-
dence of the drift of water of low salinity into the bay from the north past Cape
Ann, which the isohaline for 31.5 per mille made apparant three weeks earher
(fig. 119).

Contrasting with the general rise in surface sahmty that takes place alongshore
and over the eastern side of the basin from May to June, as just described, the charts
for 1915 (figs. 120 and 128) show a corresponding freshening of the surface over the
western side of the basin, resulting from the general dispersal of land water out to
sea combined with a cessation of the upwelling that was taking place there in May
(p. 746). In that particular year the actual decrease off Cape Ann was from 33 per
mille on May 5 (station 10267) to 32.5 per mille on June 26 (station 10299)—evi-
dence of the gradual tendency toward the equalization that follows the temporary
freshening or salting of any part of the gulf.

I can say nothing of salinity over Georges Bank or for Nantucket Shoals in
June; data there for that month are desiderata.

Although no notable alteration takes place in the vertical distribution of salinity
from May to June, the following minor changes are worth attention:

The western branch of the basin, off Cape Ann (fig. 112), freshens notably from
the one month to the next in the upper 40 to 50 meters, but salts at depths greater
than 120 meters, resulting in a considerably wider range of salinity between surface
and bottom, a change important because of the greater vertical stability it gives to
the column of water as a whole.

It is doubtful, however, whether any seasonal alteration of this order extends to
the southeastern part of the basin, because the salinity of the upper 50 to 60 meters
was almost precisely the same there on June 25, 1915 (station 10298), as it was
two months earlier in the seasonin 1920 (station 20112, April 12); and while the June
station was slightly the salter of the pair at 100 meters, it was slightly the fresher
from 150 meters downward to the bottom. In the eastern side of the basin, too,
the vertical range of salinity decreases from May to June, instead of increasing, as
the Nova Scotian current slackens. The whole column of water over German Bank
was likewise (and for the same reason) about 0.2 per mille more saline on June 19
(station 10290, about 32.1 per mille) than it had been on May 7 (station 10271),
though as nearly homogeneous vertically, a condition maintained here the year
round by active tidal stirrings.

In the Bay of Fundy, between Grand Manan and Nova Scotia, Mavor (1923,
p. 375) found much less spread between surface and bottom on June 15, 1917, than
on May 4, consequent on the considerable salting of the upper stratum just de-
scribed (p. 755) ; and the contrast between the moderately wide vertical range of salin-
ity there, as well as at our own station at the mouth of the bay on June 10, 1915
(station 10282), and the vertical homogeneity of the water of the Grand Manan
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Channel on the 4th (station 10281, 31.8 per mille from surface to bottom), is an
interesting illustration of the local differences to be expected at neighboring stations
in these tide-swept waters.

Near Mount Desert, too, observations taken at three stations on June 11 to
14, 1915 (stations 10284, 10285, and 10286), show much less difference between sur-
face and bottom than on May 10 and 11 (stations 10274 and 10275), the surface
having salted by about 0.5 per mille in the interval, but the bottom by not more
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F1a. 131.~Vertical distribution of salinity in the southeastern part of the basin of the gulf. A, March, 1920 (station 20084);
B, April, 1920 (statlon 20112); C, June, 1915 (station 10208); D, July, 1014 (station 10225)

than 0.2 per mille. Off the mouth of Penobscot Bay, however, near the 100-meter
contour, no appreciable change took place in the salinity at any depth from May
12, 1915 (station 10276), to June 14 (station 10287).

In Massachusetts Bay, which receives very little river water from its own coast
line, the Fish Hawk cruises of 1925 showed an increase in salinity, surface to bottom,
between the 20th of May (cruise 13) and the middle of June, averaging about 0.7 per
mille for all the stations and levels combined, with a maximum change of 1.3 per
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mille, & minimum of 0.1 per mille. This salting was greatest (0.7 to 0.8 per mille for
the whole column) across the mouth of the bay (stations 30 to 34) and inward over
its deep central part (stations 18A and 3), consistent with the fact that the source for
any change of this order must lie in the still higher salinities of the deep water of the
basin in the offing. In spite of small local variations, however, which are always to
be expected from station to station near shore, depending partly on the stage of the
tide when the observations are taken, the average difference in salinity between the -
surface of the bay and the 40-meter level was almost precisely the same on the June
cruise (0.7 per mille) as it had been three weeks earlier in the season.

The June stations (fig. 132) on the continental shelf off Shelburne, Nova Scotia
(10291 to 10295), though outside the geographic limits of the gulf, strictly construed,
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F1a. 133.—Salinity at a depth of 40 meters, last half of June, 1915

are interesting in this connection as affording a cross section of the westward extrem-
ity of the Nova Scotian current at the time. Here the vertical range of salinity
was wider than anywhere in the Gulf of Maine in that month, with values compar-
atively uniform, depth for depth, over the shelf but considerably higher outside the
100-meter contour (station 10295).

Horizontal projections give a more graphic spacial picture of the seasonal alter-
ations just stated. At the 40-meter level the relationship between May (fig. 125)
and June (fig. 133) is much the same as at the surface (p. 756)—the eastern side of
the gulf salter than in May, the western and northern sides of the basin less so, as
reflected by a translation of the isohaline for 32.5 per mille well out into the basin
from the position close to the coast of Maine, which it had previously occupied.
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Although no considerable shift of this particular isohaline is indicated off Massachu-
setts Bay by the data for 1925 (Fish Hawk cruise 14), the 40-meter level was more
nearly uniform in salinity there that June (32.6 to 33.4 per mille) than it had been
the month before.

At greater depths in the gulf (as illustrated by the 100-meter level), which are
but slightly affected by the spring freshets from the rivers or by the Nova Scotian cur-
rent, the mean salinity increased by about 0.2 per mille in the eastern side of the
basin from May (fig. 127) to June (fig. 134) in 1915, but continued almost constant
in the western side. Mavor (1923) has also recorded an increase in the salinity of
the deep water of the Bay of Fundy during this same period, from 32.5 per mille
at 100 meters on May 4, 1917, to 32.7 per mille on June 15. A change of the
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F1g. 134.—Salinity at a depth of 100 meters, last half of June, 1915

same sort was registered in the bottom of the open basin,as illustrated by the
following tables: (
Salinities (per mille) at 175 meters

Northeast- Southeast- | Eastern | Western
Date ern corner Easternside ern part Channel basin Center
March, 1020 .o imeo e mceetecmaec it cimanaa 33.78 34. 04 34.20 " 34.53 33.82 ' 33.08
ADril, 3920 . v oo mm e meme e e 34.02 34,30 34.66 34, 60 33.84 34.18
May, 1915 e cncmmn e [, 33. 40 33.48 ———— 33.37 33.45
June, 1915 . e ccnc e me e mmeceren . e 33.60 33. 64 34.00 34. 80 33. 65 33. 50
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Salinity on the bottom of the trough, June, 1915,

Locality Depth | Salinity Locality .| Depth | Salinity

’ ‘ Meters | Per mille i Meters | Per mille
I'undy Deep, station 10282 .. acoccqacnanan 180 33.06 || Eastern Channel, station 10297.c.lucacau-s 275 34,92
Northeastern corner, station 10283._.._.__ 180 33.66 || Southeastern corner, station 10268 .. .-... 225 34.60
LKastern basin, station 10288 oo cnoceccuaan- 220 33.95 || Western basin, station 10299 «cvvvavruace-n 210 33,82

The fact that the whole trough of the gulf was nearly as saline in the last half
of June, 1915, as we found it in April, 1920 (p. 737), suggest a recovery of the indraft
of slope water during the last half of May and first days of summer; but if such
a recovery actually took place in 1915 it seems soon to have slackened again, judging
from the rather abrupt transition from higher salinities in. the Eastern Channe
to lower ones just. within the basin of the gulf recorded during the third week of
that June (see the preceding tables). ,

. The expansions and contractions of 34 per mille water over the floor of the gulf
and the depth at which its upper limit lies below the surface of the water at any
given. time, more clearly reflect the recent activity of the indraft through the East-
ern Channel than does the dlstnbutlon of salinity at any given lovel in the water,

In Apml 1920, water as salt as this flooded the bottom of both arms of the
basin, rising up to within about 140 to 175 meters of the surface along the eastern
slope of the gulf (fig. 118). In June, 1915, however, 34 per mille water was confined
to the southeastern corner of the basin (stamon 10298) close to the entrance of the
Eastern Channel.
o - SALINITY IN JULY AND AUGUST

SURFACE .

If the readmgs taken in the western side of the gulf in July of 1912, 1913, and
1916 represent the normal succession to the June state of 1915 and 1925 (just
described), the surface of this part of the area suffers a second freshening from 32 to
32.5 per mille in June to 31.4 to 31.9 per mille in July, but with little or no change from
the one month to the next along the coast of Maine (31.5 to 31.8 per mille in July as
well asin June). If thisrepresents the regular seasonal progression it probably reflects
the anticlockwise surface drift, carrying the discharges of the eastern rivers around the
gulf to the Massachusetts Bay region a month or more after their freshening effect has
been entirely obscured off the coast of Maine by tidal stirrings. This explanation is
supported by the fact that the July values for the surface of the bay were lowest in
1916 (30.5 to 31.2 per mille), when a very tardy spring, with unusually heavy snow-
fall, would make a seasonal sucession of this sort the most likely. The surface water
of the western part of the basin of the gulf, in the offing of Cape Ann, has proved
less saline in every August of record (1913, 1914, and 1915) than it is in May (p. 741)
or June (p. 756), in the following seasonal sequence and for the same reason:

Surface salinity, western basin

Date Station | Salinity Date ‘ Station | Salinity

Per mille Per mille

May 4, 19015 o occcaeiaaea . 10267 33.03 §} AUZ. 9, 1918 «cermnccccmcncncmmcme e 10088 32,21
June 20, 1015 nonoen e . 10209 32,50 || Aug. 22, 1914 e en 10254 3155
July 15, 1012 10007 3162 || Aug. 31, 1915 o 10307 32,47
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The exact date when this side of the basin is least saline varies from year to
year, likewise the minimum value to which the salinity of the surface falls there, our
experience up to date suggesting 31.5 to 32.2 per mille as usual at its lowest. In the
same way the freshening recorded by Mavor (1923) in the Bay of Fundy early in
the summer of 1917 may reflect the transference of the water of low salinity from the
Nova Scotian current northward along the eastern sude of the gulf, following the
route of many of our drift bottles (p. 895).

Apart from this question, the most interesting aspect of the late summer data
for the inner parts of the gulf is the comparative uniformity prevailing at the surface
all along the coastal belt from Massachusetts Bay to Grand Manan in 1912 and 1915
(31 to 31.9 per mille). It is probable that the isohaline for 32 per mille usually
crosses outside the mouth of the Bay of Fundy in July, because Vachon (1918) and
Mavor (1923) record surface salinities ranging from 30.36 to 31.48 per mille at
various localities in Passamaquoddy Bay and off Grand Manan for that month in
1916; 30.61 per mille at Prince station 3, east of Grand Manan, on July 4, 1917;
rising to 31.22 per mille there on July 31. w o

A considerable body of data has been gathered in the open gulf for the last half
of July and for the month of August in the years 1912, 1913, 1914, 1915 and 1922,
which, with the determinations for the Bay of Fundy for the. summers of 1914, 1917,
and 1919 (Craigie, 1916b; Vachon, 1918; and Mavor, 1923) afford ‘a picture of
the normal midsummer state of the surface of the gulf, Wlth some 1ndlcat10n of the
annual fluctuations to which it is subject.

For salinity, as for temperature, the period, July to August is the most nearly
static part of the year in the open gulf a ‘statement supported by the following
surface readings at pairs of stations at proximate localities but t&ken several Weeks
apart. - : ' ‘

i

Locality S L Date |- Btation | Saltaity

Per mille
31.67

July 12,1912 | °10005
Aug. 31,1012 | .. 10048 31.67.
July "8,1018 | ' 10057 31.90
Aug. . 9,1913 | - 10087 32,09
Tuly 19,1914 | 10214 31.80
Aug. 23,1014 | 10266 31,80
July 25,1014 | * 10230 31,47
Aug. 11,1914 | 10243 31.67
aJuly 4,1917]. ... 30. 61
aJulysl,1o17 |12 70 TH 31,22
July 19,1915 T03027| - 81.83

. Aug. 24 1912 10041 | 32.07.
June 19 1915 10288 132,41
Sept. 1,1015 10308 32,47
-June 26, 1915 10209 1 - 32.50
4f Aug. 31,1916 [~ 10307 32,47
July 90,1018 10060 32.63
bAUg. 8,1013 |ovaroaomas 32,77

o Mavor, 1923. b Captain MoFarland,

95 Surface densities, determined from hydrometer readings in the Bay of Fundy region, also indicate salinities ranging from
30.7 per mille to 32.7 per mille (Copeland, 1912; Craigie and Chase, 1918).
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The maximum alteration that took place in the surface salinity at any one of
these localities during the interval of from three to nine weeks was thus only 0.6
per mille; in most cases it was less than 0.2 per mille; several times it was too small
to be measured, a statement covering both sides of the basin of the gulf as well as
the coastal belt, and applying to one locality or another in three different
years. Among the islands or off headlands where the tide runs strong the surface
would not show this uniformity, because the salinity in such situations varies widely
with the stage of the tide. Even if the observations were taken at the same stage
of tide, variation would be expected with the varying interaction between current
and wind. Upwellings, for instance, such as follow ofishore winds (p. 588), will bring
up water appreciably salter, as well as colder, from below, along the western shores
of the Gulf of Maine, even if the updraft comes from a depth of only a few meters.

It is probable that the high salinity of the surface stratum recorded near
Gloucester on July 9, 1912 (station 10001, 32 per mille) is to be explained on this
basis. The salinity of the whole upper 40 meters, or so, of water may, in fact, be
expected to vary considerably along the northern shore of the bay within brief periods,
depending on the direction of the wind as this drives the surface water onshore or
offshore. Unfortunately, however, our observations do not throw much light on the
fluctuations in salinity of this sort, except on one occasion at a locality 3 to 5 miles
off Gloucester, where the surface salinity, as calculated from hydrometer readings,*®
increased by about 0.7 per mille between July 9 and 11 in 1912, with a correspond-
ing decrease of 4.5° in surface temperature, the latter usually a sure evidence of
upwelling thereabouts. In the eastern parts of the gulf, however, where the water
is more nearly homogeneous vertically, winds and tides affect the surface salinity
chiefly by the on and off shore interchange of salter and less saline waters. Cope-
land (1912), for example, found the salinity of Passamaquoddy Bay varying with
the tide (as well as locally in the bay) according to the relative outflow from the St.
Croix River. Swirling tidal currents are also partly responmsible for the regional
variations recorded by Vachon (1918) and by Mavor (1923) in the surface salinity
of Passamaquoddy Bay and of the Bay of Fundy, where, however, they also record
a general increase in surface salinity during July and August, as follows:

Locality Date Salinity Locality - Date Salinity
Per mille || Bay of Fundy, off Grand Manan, Per mille
25,1918 31.48 Princestation 3. ccceoooomoooeeoooe Sept. 4,1917 31.92

. 2,1016 31,27 || Passamaquoddy Bay, Prince sta-
. 19,1016 3L73 Hom 4 i eeiamanciaan July 20,1918 30. 56
. 31,1816 31,84 D 27,1018 28.97
3, 1916 30.27
24,1016 30. 43 . 10,1918 30.19
25,1916 31.77 . 17,1916 30. 58
4,1917 30. 61 . 31,1916 30.77

31,1017 31,22

In every August of record—1912 (Bigelow, 1914, pi. 2), 1913 (fig. 135), 1914
(fig. 136), or 1915 (fig. 137)—the surface salinity has been highest over the north-

% Both taken with the same instrument.
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eastern part of the basin-of the gulf, with the maximum near Lurcher Shoal in 1912
and 1915, over the northeastern deep as a whole and over German Bank in 1913, off
Machias, Me., and on German Bank in 1914. Furthermore, the maximum reading
for the month has varied little from year to year—32.84 per mille in 1912 (station
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10031), 32.75 to 32.79 per mille in 1913 (stations 10094 to 10097), and 33.06 per mille
in 1914. :

A certain consistency also appears from year to year in the outlines of the area
occupied by water salter than 32.5 or 32.7 per mille. In 1913 and 1914 this took
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the form of a U orV, its concavity directed toward the southwest, its one arm’
roughly paralleling and somewhat overlapping the 100-meter contour off the Nova
Scotia coast, its other arm similarly paralleling the coast of Maine westward as far
as the offing of Penobscot Bay (figs. 135 and 136). In my account of the salini-
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1. 136.—Salinity at the surface, Tuly to August, 1914. For 32,61 in the northern channel read 32,01

ties of 1913 I assumed that this saltest tongue was continuous with the still higher
salinities outside the continental shelf via the southeastern part of the gulf (Bige-
19W, 1915, pl. 2). However, continued investigation of the gulf has made it more
likely that this was actually an isolated pool surrounded by less saline water on the
South, as was certainly the case in July and August, 1914 (fig. 136). This was



768 BULLETIN OF THE BUREAU OF FISHERIES

again the case during August and the first few days of September in 1915 (fig. 137),
when the surface was less saline than 32.5 per mille at all the eastern stations on the
line Cashes Bank-Cape Sable, but more saline (32.6 to 32.8 per mille) farther north
in the eastern arm of the basin.

Unfortunately, the stations for 1915 were not situated close enough together to
locate the course of the isohaline for 32.5 per mille in a satisfactory manner; in the
preliminary account of the operations for that season a reading of 32.52 per mille near
Cashes Ledge (station 10308), with slightly lower salinities to the west of it as well
as to the east (32.47 per mille at stations 20307 and 20309), was taken as evidence
of a body of still salter water in the southern half of the gulf (Bigelow, 1917,
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T1q. 137.—B8alinity at the surface, August to September, 1915

p. 222, fig. 67). Further study of the salinities for the several years combined makes it
more probable that the station in question marked the southwestern extremity of 8
band of 32.5 per mille that continued thence to the vicinity of Lurcher Shoal, as is
indicated on the chart (fig. 137).

A pool more saline than the surrounding water and usually very close to 32.75
to 33 per mille in actual salinity, may thus be expected to develop annually on the
surface over the northeastern corner of the basin in August, its boundaries conform-
ing more or less closely to the contour of the coastal slopes of Maine and of Nova
Scotia but not involving the Bay of Fundy at all. Being entirely surrounded (in
most summers, at least) by less saline water on the offshore as well as on the inshore
side, it must obviously have its source in the still higher salinities below the surface
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as water is brought up by vertical currents of some sort, not in any direct indraft
from offshore.

This salt pool had no counterpart in June (fig. 128) or in Mey (fig. 120) of 1915,
but much smaller phenomena of the same sort were recorded off Lurcher Shoal in
April, 1920 (station 20101, 32.9 per mille), in the southeastern part of the gulf and
in the eastern part in that March (fig. 91). Thus, following the freshening charac-
teristic of May (p. 745), the eastern side of the surface of the gulf is once more as
salt by the end of August as at any time during the early spring.

Much lower values prevail along the west Nova Scotian shore all summer,
Vachon (1918) having recorded 31.34 to 32.09 per mille on a line from Brier Island
to Yarmouth on September 7, 1916, with readings of 31.17 per mille at high tide,
31.12 per mille at low tide, in Yarmouth Harbor on the 8th. It is on the strength
of his data that the isohaline for 32 per mille is represented on the August chart
(fig. 136).

To the eastward of Cape Sable the water next the coast is still less saline (31.7
to 31.6 per mille) in summer, with rather an abrupt west-east transition from higher
to lower values off the cape. Essentially this is the same regional distribution as in
June, except that the successive isohalines shift to the eastward during the early
summer as the Nova Scotian current loses head. The constancy of this Nova
Scotian water from month to month and from year to year also deserves mention,
the lowest values recorded in the offing of Shelburne (including Bjerkan’s (1919)
data) ranging only from 30.9 to 32.1 per mille for the months of March, June, July,
and September of the years 1914, 1915, and 1920. Sometimes these lowest values
have been close in to the land off Shelburne, as was the case in July, 1915 (Bjerkan,
1919), and in September of that year (fig. 137); sometimes farther out, with higher
values next the coast, as in July, 1914, and in March, 1920 (p. 703); but no definite
seasonal succession is yet established in this respect.

The narrow band of water less saline than 32 per mille, which probably skirts
the western coast of Nova Scotia every summer, is separated from the equelly low
salinities (31.2 to 32 per mille) of the northern side of the Bay of Fundy by consid-
erably more saline surface water (32.3 to 32.4 per mille) along the southern (Nova
Scotian) shore of the latter; such, at least, was the case in the summers of 1916
(Vachon, 1918) and 1919 (Mavor, 1923).

In each midsummer of record (1912, 1913, 1914, 1915) we have found the least
saline surface water as & narrow but continuous ;band skirting the coast of Maine,
and so southward to the region of Massachusetts Bay, usually 31 to 32 per mille in
actual value. Inside the outer islands, and in the estuaries, still lower surface salin-
ities are to be expected locally (e. g., 30.61 per mille in the western entrance to
Penobscot Bay, August 3, 1912, station 10021a), grading, of course, to brackish water
in the mouths of rivers. The definite boundary of this coastal water of low salinity
(32 per mille) can not be laid down along the coasts of Maine and Nova Scotia on
the chart for August, 1914 (fig. 136), because most of our stations for that year were
located outside the 100-meter contour. In this respect the chart for 1913 (fig. 135)

18 more instructive.
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In the northwestern part of the gulf variations in the distribution of salinity
from summer to summer show that the movements of the surface water are variable
in detail.

Thus, in July and August, 1912, the isohaline for 32.4 per mille (the critical one
in this particular summer) marked a definite expansion of coastal water off Penobscot
Bay (Bigelow, 1914, pl. 2). In August, 1913 (fig. 135), the undulations of the
isohaline for 32.5 per mille again suggested an anticlockwise swirl off the bay, drawing
salter water into its northern and eastern sides, fresher water into its western and
southern sides. In August, 1914 (fig. 136), the surface salinity of this part of the
gulf was more uniform, with no evidence of any such outflow off the Penobscot; nor
is anything of the sort indicated in the surface chart for 1915 (fig. 137).

In the Massachusetts Bay region, by contrast, the regional distribution of salin-
ity at the surface has been more nearly constant from summer to summer. Thus,
in August, 1922 (apparently a representative year in this respect), when the surface
at 13 stations ranged from 30.95 to 31.29 per mille, the distribution was of the usual
coastwise type—i. e., slightly lowest (30.9 to 31 per mille) close to Gloucester (sta-
tion 10633), off the mouth of Boston Harbor (station 10638), and close to land in
Cape Cod Bay (stations 10643 and 10644) ; uniformly slightly higher across the mouth
of the bay (31.2 per mille at stations 10631 and 10632). Three stations on a line
crossing the mouth of the bay on August 31, 1912, showed no greater variation than
this on the surface, though all of them gave slightly higher readings (31.67 to 32.03
per mille). It is probable that the surface of the bay would have been found less
saline than this in August, 1916, judging from a surface reading of 31.27 per mille off
the tip of Cape Cod on the 29th (station 10398) and from the fact that the mouth
of the bay had been only 30.5 to 31.2 per mille a month earlier (stations 10340 to
10342). In 1913 the August value was somewhat higher at the mouth of the bay—
i. e., about 32.1 per mille.

Observations taken in the offing of Nantucket and on the northwestern part
of Georges Bank in July of 1913, 1914, and 1916 show all this area included within
the influence of the low salinity of the coastal belt, with surface values close to
32 per mille over Nantucket Shoals, rising to 32.1 to 32.5 per mille over the
neighboring parts of Georges Bank (fig. 136; Bigelow, 1922, fig. 36). Surface
readings make it probable that in July, 1914 (fig. 136), the band of low temperature
described above (p.608) as crossing the bank from northeast to southwest was
reflected in an expansion of low salinity from the southwestern part of the bank
out across its seaward slope, as outlined by the isohaline for 33 per mille.

It is probable that the regions of low surface temperature over the shoaler
parts of Georges Bank, where the water is churned by strong tidal currents (p. 594),
are equally characterized by a surface salinity higher than that of the general
neighborhood. Our visits thither have afforded two instances that may be inter-
preted in this way—namely, a slichtly higher value at one station on the eastern
part (32.59 per mille at station 10223) on July 23, 1914, than at neighboring stations
to the north, south, or east of it, and a value equally high on the western side on the
same date of 1916 (station 10348, 32.54 per mille), again with slightly less saline
surface water to the south, west, and apparently to the north. A similar pool of
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high surface salinity (presumably about 32.5 per mille) is also to be expected over
the shoal part of the bank and near its northern edge. :

Very considerable fluctuations are to be expected in the salinity of the surface
along the edge of the continent abreast of the Gulf of Maine, as well as in its tem-
berature (p. 596), as the oceanic water of high salinity approaches the banks or
recedes from them.

In the southwestern part of the area, in the offing of Marthas Vmeyard the
data for July, 1916, August, 1914, and for autumn (p. 801) make it reasonably certain
that surface water as saline as 33 per mille normally drifts in over the outer part of
the shelf during July and the first three weeks of August, but seldom (perhaps never)
approaches much nearer the shore than is represented on the chart for 1914
(fig. 136).

Farther to the east the isohaline for 33 per mille may be expected to skirt the
southern edge of Georges Bank in July, lying a few miles farther in in some summers,
farther out in others, and crossing the oceanic triangle between Georges and Browns
Bank, but not, in our experience, encroaching at all over the latter. Still farther
eastward surface water as saline as 33 per mille overflows the edge of the continent
in July or August of some years, as in 1915, when Bjerkan (1919) had still higher
readings (34.27 per mille) at the 400-meter contour in the offing of Cape Sable on
July 22. In 1914, however, the surface water near by was only 31.22 per mille a
week later in the season (station 10233), though the difference in date would suggest
a difference in salinity of just the reverse order, evidence of considerable fluctuation
in this respect from summer to summer.

It is doubtful whether surface water as salt as 34 per mille ever encroaches on
the edge of the continent abreast of the Gulf of Maine; certainly we have no record
of such an event at any season, but the surface charts for the winter, spring, and
summer (figs. 93, 127, and 136) show that it is to be expected only a few miles out from
the 200-meter contour south of Marthas Vineyard and off the western end of Geor-
ges Bank by the first half of July in early seasons, but perhaps not until August in
late seasons. In some summers, as in 1914, water of this high salinity lies farther
out from the edge of the continent to the eastward.. In other summers, however,
it evidently spreads shoreward over the slope off Shelburne as early in the season
as it does farther west—witness the records obtained by the Canadian TFisheries
Expedition in 1915, mentioned above (Bjerkan, 1919; Acadia station 41).

None of our lines have run far enough out, abreast the gulf, to reach surface
water of full oceanic salinity (35 per mille and upwards); nor is it known how far
out from the edge of the continent water of 34 per mille withdraws in Wmter and
spring.

ANNUAL VARIATIONS IN SURFACE SALINITY IN SUMMER

Passing reference has been made in the preceding pages to the variations that
have been observed in the salinity of the surface from summer to summer. The
_ most interesting fluctuation of this sort that has come to our attention is that surface
values averaged much lower in the southwestern part of the region in July, 1916,
than in that same month in 1912, 1914, or 1915; the surface of Massachussetts Bay,
for instance, was about 1 per mille less saline on July 19 to 20, 1916, than at about
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the same dates in 1912 or in 1915. Probably the correct explanation is that 1916
was a tardy spring, when the effect of vernal freshening from the land continued
evident until later in the season than usual, and when the approach of water of
high salinity to the continental shelf was delayed until later in the season. As a
result of this retardation of the vernal cycle—associated, no doubt, with the severity
of the preceding winter and the lateness of the spring—the salinity of the surface
was very nearly uniform on July 24, 1916, right across the whole breadth of the
western end of Georges Bank, where a considerable north-south gradation is to be
expected at that season in more normal years (fig. 136).

Contrasting with 1916 and with 1914, the summers of 1912 and 1913 may be
characterized as “salt” in the western side of the gulf, with surface values averaging
about 0.1 to 1 per mille higher at corresponding localities and dates than in 1914—
August as well as in July—but with very little difference from summer to summer
in the eastern side. 'The surface values for 1915 paralleled those for 1914 except for
the closer approach of oceanic water to the continental shelf off Nova Scotia, men-
tioned above (p. 771).

No wide annual fluctations in salinity have been recorded for any part of the
gulf at a given season, or are such to be expected.

VERTICAL DISTRIBUTION

The salinity of the deep strata of the gulf, like that of the surface, remains
more nearly constant during July and August than over any period of equal duration
earlier in the summer or in the spring, Two stations in the basin off Cape Cod,
four weeks apart in 1914 (stations 10214 and 10254, July 19 and August 22), exem-
plify this for the western side of the gulf, the values, depth for depth, being nearly
alike in spite of the time interval separating them, with the one station slightly the
more saline at some levels, the other at other levels.

The graph (fig. 138) illustrates how little variation in salinity has been recorded
for the deeper levels in the western side of the basin at different dates in August of
different years, individual stations seldom differing by more than 0.2 to 0.4 per
mille in either direction from the mean values of 32.6 per mille at 50 meters, 33 per
mille at 100 meters, 33.4 per mille at 150 meters, 33.9 per mille at 200 meters, and
about 34.1 per mille at 250 meters.

Except in localities where the tide runs strong enough to keep the whole column
of water thoroughly mixed from top to bottom, the salinity of the gulf is invariably
lower at the surface in summer than on the bottom, as already stated for the spring
months. I should emphasize, also, that the increase in salinity with depth is con-
tinuous, or at most is interrupted by homogeneous strata; we have never found
fresher water underlying salter in the gulf. Thus, the intermediate layer of low
temperature, characteristic of certain summers (p. 602), is not reproduced by the
salinity; but the vertical distribution varies widely from place to place in the gulf,
a convenient division in this respect being (1) into the coastal zone, (2) into the
basin, and (3) into the offshore rim.

In the western section of the coastal zone, out to the 100-meter contour, the
vertical increase of salinity, with increasing depth, averages much more rapid in
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the upper stratum than at greater depths, with most of our stations showing a
vertical range of 0.6 to 1 per mille between the surface and the 40 to 50 meter level
(fig. 139). Eastward from Penobscot Bay we have found a more uniform gradient
of salinity from the surface downward, as illustrated by stations near Mount
Desert Island (fig. 107).

Throughout the sector between Cape Cod and Mount Desert the difference in
salinity between the surface and the 40 to 50 meter level is everywhere considerable
in summer (though less than in spring, p. 728)—perhaps nowhere less than 0.3 per
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F16. 138—Vertical distribution of salinity in the western side of the basin, in the offing of Cape
Ann, in July and August of different yoars. @, August 9, 1013 (station 10088); O, August 22,
1014 (station 10254); A, August 23, 1014 (station 10256); X, August 31, 1915 (station 10307). The
) broken curve marks the approximate limits to annual variation
mille in July or August, with a maximum vertical range of about 1 per mille in the
Massachusetts Bay region within these depth limits.

Passing eastward from Mount Desert toward the Bay of Fundy, the vertical
range of salinity is progressively narrower and narrower, corresponding to the more
and more active tidal stirring. In the Grand Manan Channel so close an approach
to verticle homogeneity is maintained throughout the summer that the maximum
vertical range so far recorded for August has been only about 0.08 per mille, as
follows:

37755-—27——18
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Station ) : Date Depth | Salinity

’ ; Meters | Per mille

10035 comitce e e Aug, 19,1912 32. 5
1 : d 82 32,66
0 32.01
85 32.09
10 32.14
80 32.20

Vachon’s (1918) and Mavor’s (1923) determinations show that the vertical dis-
tribution of salinity within the Bay of Fundy varies regionally in summer, probably
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F1a. 139.—Vertical distribution of salinity in the deep bowl off Gloucester in July and August of
different years, , July 10, 1912 (station 10002); A, August 9, 1913 (station 10089); X, August
22, 1914 (station 10253); @, August 31, 1015 (startion 10306). The broken curves mark the
approximate limits of annual variation

depending on local and temporal variations in the strength of the tidal streams.
Where the water is least stirred vertically, and where the surface is least saline
because most subject to the freshening effect of the outflow from the St. John River,
the salinity of the upper 40 to 50 meters very closely parallels that of the mouth of
Massachusetts Bay (fig. 139) and of the western side of the gulf generally, grading
from this to the vertical uniformity characteristic of the Grand Manan Channel.

Strong tidal currents are similarly responsible for & close approach to vertical
homogeneity over German Bank in August as in spring (p. 748) and early summer
(p. 756), the greatest difference between the surface and the bottom at any of our
summer stations there being only about 0.3 per mille, as follows: 7
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Salinity on German Bank, August to Seplember

Station Date | Depth | Salinity | Verical

Mi etera;) Per mille | Per mille

20020 oo oo eae mmmmmmm e e emmm e anane Aug. 14,1012 ol ZBL ez
L00G5 o+ e e e e eommmmm e m e m e e remm e m e < mim Aug. 12,1913 o| 2o .19
7Y U Aug. 12,1914 o & .08
10811 - mcecemeee O — sept. 2015 ({01 B .33

In the deeper parts of the gulf the vertical diétribution of salinity at depths
greater than 50 to 70 meters depends less on the tide (very active tidal stirring is
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T1a. 140.—8alinity profile crossing the mouth of Massachusetts Bay, Gloucester to Cape Ood, just
west of Stellwagen Bank, August 22, 1022, The broken curve is the contour of the bank

100

for the most part confined to the shoaler parts of the gulf) than on the configuration
of the bottom, as affecting the free circulation of the water of high salinity that
drifts into the basin via the trough of the Eastern Channel. One extreme is illus-
trated by the deep bowl or sink off Gloucester, where a depth of 181 meters is
inclosed by & rin® rising to within about 75 meters of the surface ab its deepest
point. Here, on each of our summer visits (figs. 104 and 139), we have found a very
rapid increase in salinity with depth down to the 40 to 50-meter level, succeeded by
& much more gradual increase from that depth down to the bottom. More con-
cretely, the maximum vertical range between 40 meters and bottom has been only
about 0.2 per mille here at any summer station, contrasting with a range of 0.6 to 1
per mille of salinity between the surface and the 40-meter level. Evidently the
submarine rim of this bowl is so effective a barrier that the water inclosed by it is
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but little influenced by the slope water in the bottom of the basin near by, but con-
tinues through the summer at about the same salinity that characterizes the over-
lying stratum in early spring.

Stellwagen Ledge, at the mouth of Massachusetts Bay, also isolates the deeper
water behind it to some extent, as shown by the correspondence between the contour
of the bank and the isohaline for 32 per mille on the profile for August, 1922, and by
the homogeneity of the deeper water contrasted with the wide vertical range in the
shoaler strata (fig. 140).

Although the deep sink to the west of Jeffreys Ledge is open to the north,
where its rim has a depth of about 134 meters, the narrowness of the opening on this
side combines with the north-south direction of the axis of the ledge and with the
shoalness (48 to 64 meters) and comparative steepness of the latter to hinder the
drift of bottom water westward from the open basin of the gulf. Two stations in
the trough for August 15, 1913, are especially interesting in this connection because
the southern (inner) one of the pair was nearly homogeneous in salinity at depths
greater than 50 to 60 meters, though the outer one showed & rapid increase in
salinity from the surface downward to a depth of about 90 meters. Evidently com-
paratively little interchange was then taking place along the trough in the deep
strata.

Sometimes, however, bottom water of high salinity does drift inward, around
the northern end of Jeffreys Ledge, into this trough in much greater volume; as in
August, 1914, for instance, when a difference of 0.4 per mille in salinity was recorded
between the 40 to 50 meter level and the bottom (station 10252).

The relationship between the deep strata of the Bay of Fundy and the basin
outside, from which it is separated by a low submarine ridge, is of this same order
in summer, with the vertical rise in salinity much more rapid above than below the
50 to 70-meter level in the bay (Mavor, 1923), whereas the increase in salinity with
depth in the basin off its mouth is most rapid near the bottom (fig. 114).% A
difference in vertical distribution of this sort shows as clearly as does the much
higher salinity (34 per mille) of the bottom of the basin that only a small amount
of water from the deeps of the latter was then entering the bay.

The distribution of salinity has been more uniform, regionally, at most of our
summer stations in the inner parts of the basin of the gulf down to a depth of about
200 meters. In the western branch, where the superficial stratum is influenced by
the dispersal of land water, slight geographic differences in the locations of the sta-
tions and secular changes in the surface currents produce corresponding differences
in the curves for salinity, depending on the precise state of the surface water. At
greater depths the vertical salting may either continue at an undiminished rate right
down to the bottom, as was the case on August 31, 1915 (station 40307, fig. 138), or
the deepest stratum (more saline than 34 per mille) may form a homogeneous blan-
ket on the bottom, 50 to 60 meters thick, as we found it on August 22, 1914 (sta-
tion 10254, fig. 112).

A much thicker and considerably more saline (35 per mille) layer had blanketed
the bottom of the southeastern part of the basin a month earlier that summer (sta-
tion 10225, fig. 131), but with the salinity increasing rapidly with depth in the

7 Stations 10097 (August, 1913), 10246 (August, 1014), and 10304 (August 6 and 7, 1916).
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shoaler strata of water, reproducing the vertical distribution found there (though
somewhat more saline in actual values) in March and April of 1920 (stations 20064
and 20112), hence this type is probably characteristic of that part of the gulf.

The state of the deep water in the two channels—eastern and northern—that
interrupt the offshore rim of the gulf is worth stating, these being the possible sources
for deep undercurrents flowing inward. In July, 1914 (our only late summer stations
for this locality), the vertical distribution of salinity was almost precisely the same
in the Eastern Channel as in the southeastern part of the gulf, into which the latter
debouches, as were the actual values at different depths, with so little difference
between the values in the channel for the months of March, April, June, and July
in different years (fig. 141) as to prove the salinity of its deeper strata virtually
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T1g. 141.—Vertical distribution of salinity in the Eastern Channel. A, April 16, 1920 (station 20107);
B, June 25, 1815 (station 10207); C, July 24, 1014 (station 10227)

unchanging there through spring and summer. The Northern Channel, on the other
side of Browns Bank, at the same date (station 10229, July 25, 1914), was about 1.5
per mille less saline than the Eastern Channel on bottom (100 meters), though only
about 0.5 per mille less so at the surface.® Consequently, any drift over the bottom
Via this route would have brought water much less saline to the gulf, as is also the case
in spring (fig. 99).

Our late summer stations yielded almost precisely the same salinity on Browns
Bank (station 10228) as in the Eastern Channel to the west of it and in the neigh-
boring part of the basin of the gulf, correspondingly salter than the Northern Channel
to the north (cf. fig. 141 with fig. 142), evidence of an overflow from the Eastern

932,47 per mille at the surface at station 10227; 32.01 per mille at station 10229.
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Channel as the normal seasonal sequence to the late June state of 1915, a type of
circulation also suggested by a corresponding rise in bottom temperature on Browns
Bank (p. 619).

Much lower salinities, however, on the neighboring parts of Georges Bank at
this same date * are equally clear evidence that no drift had taken place westward
from the channel; nor have we ever found any indication of an overflow in that
direction. :

It is probable that offshore water encroaches over the outer edge of Georges
Bank to some extent during most summers, at deeper levels as well as at the surface
(p. 771), an event made evident in 1914 by the very high salinity of the bottom water
(34.9 per mille) on its southwest part on July 20 (fig.142, station 10216)., The
effect of this highly saline water, however, was so closely confined to the southern
side of the bank at the time, that a station on its northern part, only 42 miles away
(station 10215) showed no evidence of it, the salinity not only being much lower
(32.09 to 32.9 per mille) but the whole column much more nearly homogeneous
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Fi6. 142~Vertical distribution of salinity on the offshore banks in July, 1014. A, Browns Bank,
July 24 (station 10228); B, northeast part of Georges Bank, July 24 (station 10226); O, eastern

part of Georges Bank, July 23 (station 10223); and D, southwestern part of Georges Bank, July
20 (station 10216)

surface to bottom. Nor did any overflow from offshore take place farther east on
Georges Bank in 1914 up to the last week of July (if it ever does), although water
of 34 to 35 per mille then washed the bottom below the 100-meter contour all along
the outer edge of the bank (stations 10217, 10219, 10221, and 10222).

In summers when the seasonal cycle is more backward (1914 seems to have
been rather a forward year in this respect) oceanic water may not encroach on the
bottom on any part of Georges Bank before August and perhaps not then. In 1916,
for example, two stations on the western and southwestern parts of the bank (10347
and 10348) gave no evidence of any such event on July 23, the salinity being nearly
uniform vertically at both, its value (32.4 to 32.6 per mille) no higher than the mean
for the whole column on the northern parts of the bank at about that same date
in 1914. ' ' ‘ ‘

Wide regional variations in'salinity are to be expected over the broken bottom
of Nantucket Shoals, depending on the strength and on the mixing effects of the tidal

9 Station 10223 and 10224, 32. 6 to 33. 03 per mille in 55 to 75 meters; fig. 142.
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currents. Unfortunately, no stations have been occupied there at the more tide-
swept localities, where salinity, like temperature (p. 605), is probably kept nearly
homogeneous vertically throughout the summer. A difference of 0.41 per mille of
salinity between the surface (31,73 per mille) and the bottom (32.14 per mille, depth
30 meters) was recorded on the southwestern edge of the shoals on July 25,1916
‘(station 10355), with about this same vertical range at a station close to. Nantucket
Lightship on July 9, 1913 (station 10060; salinity 32.63 per mille at the surface,
32.04 per mille at 46 meters). A vertical distribution of this same sort has prevailed
in shallow water off Marthas Vineyard in July and August (stations 10356 and 10357,
July 26, 1916; 10258 and 10263, August 25 and 27, 1914), the water as usual saltest
on bottom.

Farther out on this sector of the shelf, where the vertical d1str1but10n varies a
any given locality and date according to what overflow of oceanic water has recently
taken place and at what level, the mid depths may be less saline than either the
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Marthas Vineyard. A, August, 1914 (station 10260); B, August 26, 1914 (stat(on 10262); C, July
24, 1016 (station 10351); D, July 10, 1818 (station 10061) .

surface or bottom, as was the case at station 10259 on August 25, 1914. HoWever,
there is every reason to suppose that such a state is exceptional and probably transi-
tory, and that the vertical distribution is usually of the same type there (freshest
at the surface, saltest on the bottom, ﬁg 143) s it is nearer the land and Wlthm
the Gulf of Maine.

Our summer stations outside the edge of the continent, whether abreast of the Gulf
of Maine or a few miles to either side of the meridians boundmg the latter, have all
shown a very rapid increase in salinity with i mcreasmg depth in the superficial stra-
tum (fig. 144), though with wide d1ﬁ'erences in the actual values from station to
‘'station. In part these differences depend on whether the oceanic water lies far out
from or close in to the banks at the time, but also on the prec1se location of the sta-
tions in question, because: the transition from banks to ocean is so abrupt along this
zone that a difference of half a dozen miles in geographic position may -be accompa-
nied by a very wide difference in the sahmty of the surface Ws,ter as well as in its
temperature (p. 605). net :
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As stated, 1916 was so tardy a summer that the very close agreement between
the curves off Georges Bank for that July (station 10352) and off Cape Sable in J uly,
1914 (station 10233, fig. 144), is deceptive; equal salinities are usually attained about
a month later in the season off the eastern portal to the gulf than off the western.

When the highly saline water of the ocean basin moves closest in toward the
edge of the continent, whether to the east or to the west of the Eastern Channel
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F16. 144.—Vertical distribution of salinity along the continental slope abreast of the Gull of Maine in summer. A, south-
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10220); C, abreast of Shelburne, Novia Scotia, July 28, 1014 (station 10233); D, south of Marthas Vineyard, August
26, 1914 (station 10261); E, southwest slope of Georges Bank, July 24, 1916 (station 10352)

(p. 771), a very characteristic vertical distribution results, with the values highest at
a depth of 40 to 100 meters. - Station 10218, off the southwest slope of Georges Bank
(our most oceanic station in temperature as well as in salinity), showed such a dis-
tribution ‘on July 21, 1914 (fig. 144), with a maximum salinity approximating full

oceanic value (36.04 per mille) at 40 meters, though with the surface water much
less saline (34.42 per mille). Stations a few miles farther east along the slope, the
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next day (10220), and at the same relative position off Marthas Vineyard on the 26th
of that August (10261), yielded salinity sections similar in type (fig. 144), though
with actual values considerably lower in the upper 150 meters. The bottom water
at all these stations has been close to 35 per mille at depths greater than 300 meters.

None of our stations have been located far enough out from the edge of the con-
tinent to show the true tropical-oceanic distribution of salinity—namely, saltest at
or very close to the surface and decreasing with increasing depth down to 600 to 1,000
meters. Curves of this sort result, for example, from the observations taken by the
United States Coast Survey steamer Bache on her profile from Bermuda to the
Bahamas in January, 1914 (Bigelow, 1917a, figs. 8 and 9), and by the Dana near
Bermuda in May, 1922 (Nielsen, 1925, fig. 5); but when the so-called “inner edge
of the Gulf stream "’ approaches the edge of Georges Bank, as in July, 1914, doubtless
one need run off only a few miles into the oceanic basin to find the salinity so distrib-
uted there.

GENERAL DISTRIBUTION OF SALINITY BELOW THE SURFACE

The spacial relationships of the differences in salinity just outlined and the
general state of the gulf in summer are made more graphic by the usual projections—
horizontal and profile.

The salting of the eastern side of the guif, which takes place from June to
August (p. 765), contrasted with the freshening of the western side of the basin as
land water is dispersed seaward (p. 763), produces a decided alteration in the
distribution of salinity from late spring through the summer at moderate depths as
well as at the surface (p. 763). In 1915 these changes resulted in an increase in the
salinity of the 40-meter level from about 32.5 per mille to about 32.8 to 33.5 per
mille in the northeastern part of the basin during the interval between the last week
of June (fig. 133) and the end of August, contrasting with a decrease in its
western side from about 32.9 per mille to about 32.6 per mille, though very little
seasonal alteration took place meantime in the coastal zone near Mount Desert, on
the one hand (about 32.3 per mille), or near Cape Sable on the other (about 31.9
per mille).

The most interesting feature of the 40-meter chart for July and August, 1914
(fig. 145), which may be taken as typical of the season (there being no reason to
suppose that this was either an abnormally fresh or an abnormally salt year), is
the regular gradation from low values in the western side of the gulf to a tongue
of high salinity (33 per mille) in the eastern side of the basin, again giving place
to a narrow zone of much fresher water along western Nova Scotia, with still lower
values (31.8 per mille) near Cape Sable and eastward along the outer coast of Nova
Scotia (Bigelow, 1917, fig. 33).

A much wider extent of 33 per mille water in that August than is shown
on the May and June charts for 1915 (figs. 125 and 133) no doubt reflects some
seasonal drift inward from the Eastern Channel after the slackening of the Nova
Scotian current, with the isohaline for 32.9 per mille revealing a tendency for the
saltest, band to circle westward along the coastal slope of Maine, bringing salinities
s high as 32.9 to 33 per mille as far as the offing of Penobscot Bay. A tongue of
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this same sort and of about the same salinity (33 to 33.2 per mille) also character-
ized the 40-meter level in August, 1913 (fig. 146); and while the most saline water
(33 per mille) did not form so definite a tongue in 1912 (Bigelow, 1914), a regional
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F1q. 145.—8alinity at a depth of 40 meters, July 10 to August 24, 1914

distribution of the type just described has reappeared frequently enough on the

charts for various levels, months, and years to establish it as normal for the gulf.
Densities determined by Craigie (1916a) for August 27 to 29, 1914, when

reduced to terms of salinity also show this saline water (33 per mille) curving into
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the southern side of the Bay of Fundy along its Nova Scotian side, with a regular
decrease in salinity from south to north across the bay to about 32.5 per mille near
Campobello Island. Recurrence of a regional distribution of this same sort in the
bay in August, 1916 (Vachon, 1918) and 1919 (Mavor, 1923), proves it character-
istic of the 40-meter level there at the end of the summer, though the actual values
were somewhat lower in those two years than in 1914.

Corresponding to the contraction of the area of the gulf with increasing depth,
this salt tongue gives place to a gradation from low salinity to high across the basin
from west to east at deeper levels, as illustrated by the 100-meter chart for July and
August, 1914 (fig. 147), on which the successive isohalines (33 and 33.5 per mille)
outline the same eddying movement of the saltest water westward, past the offing
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Fia. 146.—8alinity at a depth of 40 meters, August 5 to 20, 1913

of Penobscot Bay, as at 40 meters (p. 781). Some west-east gradation of this sort
has been recorded on each of our August cruises at the 100-meter level; but the
actual difference in salinity between the highest values in the eastern side of the gulf
and the lowest in the western side was much wider in 1914 than in 1913 when the
regional range was only from about 33.1 to about 33.5 per mille at 100 meters, with
the whole west-central part of the basin close to uniform, regionally, at 33.1 to 33.3
per mille (fig. 148). - ‘

The gradual absorption of the indraft from the Eastern Channel into the gen-
eral complex of the gulf is more clearly illustrated on the 100-meter chart for 1914
(fig. 147) than at shoaler lines by the successive decrease in salinity, passing inward
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channel (34.4 per mille), to about 33.6 per mille in the northeastern corner

of the gulf.
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till deeper levels the distribution of salinity becomes increasingly governed
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Fia. 147.—8alinity at a depth of 100 meters, July 19.to August 26, 1914. Bay of Fundy from Craigie
water. Thus the latter (34 per mille) was not only directed more into the eastern
arm of the Y-shaped trough at 175 meters than into the western in 1914 (fig. 149).

but hugged the eastern slope of the former, making it the site of an anticlockwise
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circulation. This seems also to have been the case in 1912,' with absolute values
varying from 34.3 per mille in the extreme northeast, of Machias, Me. (10036), to
33.5 per mille in the depression between Platts Bank and Cashes Ledge (station
10024). In 1915 the summer was likewise of this same type in the deeps of the gulf,
with 34 to 34.1 per mille in the eastern side and 33.5 per mille in the western at the
175-meter level; but in other summers the salinity of the deep strata is more nearly
uniform over the basin, as in 1913, when the values at 175 meters were 33.8 to 33.9
per mille in the western and eastern sides alike.?

At depths greater than 200 meters the indraft through the Eastern Channel
does not have as free access to the two branches of the basin as at higher levels,
Consequently, their bottom waters have proved considerably less saline (34.5 per
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Fig. 148.—8Salinity at a depth of 100 meters, August 5 to 20, 1913

mille) than their union to the southeast, or than the Eastern Channel (35 per mille).
The bottoms of the deep bowl-like depressions in the offing of Cape Ann, in the one
side of the gulf, and off the mouth of the Bay of Fundy in the other, thus bear
much the same relationship to the still deeper bowl into which the Eastern Channel
opens as the sink off Gloucester and the other isolated sinks in the inner parts of
the gulf bear to its basin in general. ’

At the 200-meter level (fig. 150) all the July and August determinations for the
western bowl (stations 10007, 10088, 10254, and 10307) have ranged between 33.7
per mille and 34.11 per mille, showing that very little annual variation is to be
expected there or regionally within its narrow confines. In the eastern bowl the

1Only 5 stations were located in' water as deep as 175 meters in 1812, and at oﬁly 3 of these can the 175-meter value be stated
Wwithin 0.1 per mille.
1 No observations were taken in the southeastern part of the area in August of 1912, 1013, or 1915.
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salinity has averaged higher, most of the determinations falling between 34 per mille
and about 34.5 per mille, with the highest readings localized along the eastern and
northern slope and the lowest (33.4 to 33.6 per mille) in its southwestern side
(stations 10249, Aug. 13, 1914, and 10309, Sept. 1, 1915).
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F1Gg. 149,—Salinity at a depth of 175 meters for August, 1913 (encircled figures), and for July 19 to August 26, 1914 (plain
figures). Data for the Bay of Fuudy from Craigie (1916a)

The midsummer charts, compared with the state of the gulf in June (p. 762),
suggest an interesting seasonal progression, with the slope water of high salinity
(34 per mille) spreading inward from the channel over the bottom, to occupy all the
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southeastern part of the gulf and northward to the northern slope. It is possible
“ that in some years the inflow may continue actively until late in August; but the
data for 1913, 1914, and 1915 make it more likely that the indraft usually slackens
by the first of July, if not earlier, when a progressive tendency toward the regional
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F1q. 160.~8alinity at 8 depth of 200 meters, July and August, 1912 to 1815

equalization of salinity naturally ensues by various local circulatory movements of
the water. It is also possible that slope water enters in much greater volume in
some years than in others.
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It seems, however, that these changes involve the Bay of Fundy to only a small
degree at 100 meters or deeper, for in 1917 the salinity at that level changed from
32.4 per mille on July 4 to about 33 per mille on September 3 at a station off Grand
Manan (Mavor, 1923, p. 375). Values differing little from this are evidently to
be expected in the bay at this depth at the end of most summers, witness Craigie’s
(1916a) records of 33.3 to 32.4 per mille in 1914® and Mavor’s (1923) of 32.6 to 33
per mille in.1919. However, sufficient water of high salinity flows into the bottom
of the bay in late summer to maintain a more or less constant (though slight) differ-
ential between lower values along its northern side and higher values in its trough,
with the water along its Nova Scotian slope intermediate in salinity at depths
greater than 100 meters instead of most saline, as it is at the 40-meter level (p. 783).
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FIa. 151.—8alinity profile running from the eastern part of Georges Bank (stations 10223 and 10226) across the Eastern
Channel (station 10227), Browns Bank (station 10228), and the Northern Channel (station 10229), to the offing of
Cape Sable (station 10230), for July 23 to 25, 1914
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The relationship that the slope water of high salinity in the Eastern Channel
bears to the shallows on either hand, and especially to the overflow over Browns Bank,
is most graphically illustrated on the July profile (fig. 151), as is the fact that the
eastern edge of Browns was its extreme boundary in that direction (and always has
been in our experience), where it gives place by abrupt transition to much less saline
water in the Northern Channel, and so in toward the land near Cape Sable. The
profile also corroborates the evidence of the charts to the effect that this water of
high salinity was not overflowing at all on Georges Bank at the time. In fact, it is
doubtful if it does so at any season, for we have found no evidence of such an event,
either in spring or in summer.

1 Calcenlated from Craigie’s hydrometer readings.
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The course of the isohaline of 32.5 per mille over Georges Bank in this profile

is also worth comm
of low salinity and 1

ent in connection with the northeastern to southwestern tongue
ow temperature recorded there at the surface (p. 770) as evidence

of a counter movement out of the gulf, eddying clockwise around the eastern end of
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Fig. 1562.—D

the bank (fig. 207).

epth below the surface of the ischalobath for 34 per mille, July to August, 1014

The confinement of the slope water between the banks is also

illustrated by a summer chart of the 34 per mille water (fig. 152), as is its extent at

that season compare

d with the spring (fig. 118).
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The constant tendency of the slope water to bank up against the eastern (Nova
Scotian) slope of the gulf as it drifts inward over the bottom has been mentioned
repeatedly in the preceding pages. The consequent concentration of the highest
salinities (34 per mille) in the eastern side of the basin, reappearing from month to
month on the charts for the deeper levels, is i