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In 1961 British Oeean Weather Ships began a'programme of weekly serial

water-bottle observations during their periods of, duty at Ocean Weather

Stations ALFA, INDIA, JULIETT 'ä.ndKILO. Winches '.and sa:npling gear were

installed by the Admiralty aboard the four sh~p~.?perate9-.by t~e. .. "......_._. ,.
Meteorological Office, and the observations have been made by the ships' .

officers. Instruction of the cr~~s of t\~ of the ships at ,sea was earried

out by the Fisheries Laboratory, Lowestoft, and in 1964 this laborator,y

beeame responsible for proeessing the data collected und for the generö.!;··'

.standards of thcrmometry and salinometr,y. J.\eeuraey of the data in thc

earlies~ years of the scheme was somewhat reduced by a shortage of thermo- ,:.,

meters and by a number of salinity sampling and determination difficulties •.

By the early I:lonths of 1964 these troubles had been eliminated und the

aceuracy of the observations sinee moy be regarded as approximating closely

to research vessel standards.

The number of serial stations worked during each month of 1964 at ALFA,

INDIA and JULIEl'T is shown in Table 1. In th.{s year' ßt'o:tion KILO was oc'öü

pied for one month only by a British weather·-ship, and the sets of d~ta", " , .

obtained will be eonsidered at a later date'/ith others taken at the same

station in, subsequent years. In general, 'th~:"--':ater-bottie~were aimed' t·ö·

sal!lple' at depths of 10 and 250 ~etrGs and at standard depths from 300 metres

~ downwards •. , .c~mplementary temperature, d~ta i~ the upper layers have been

obtainedby means of twice-dailybathythermograph observations, whieh are

not eonsidered here. The water-bottle dato. have bean proeassed with thc aid

of a computer,progr~ whi~h produces temperature and salinity values inter

polated to thc ,depths.,given abovc by thc method of Rattray (1962). These

values have been oeaned over the y~ar für eaeh level at eaeh of' the three

weather stations. Tnble 2 sets out the nuober of observations availnble at

1

j

iud
Thünen



. . :.' ..

each lelve'l ;"i;':he menns ond: their st andard .deviations; tind.. ,these.t~;o, latter.' ire"

plotted as tenperature und salinity profiles ogainst depthin Figura 1. . .'

Because of·thc·reln.tivoly 10\7 sanpling frequencios nnd irregular.sampling

within the year the 10 metre moans Dust bc rognrded as a vcry rough approxi

nation ~6nly·t·Ö,~the. true DeaIl annual charn.cteristics .of :the highly vn.riable

surface laycr. As both salinity and tonpcratu.rc välueso:rd likcly to bc

non-nornally distributed about thc meons thcir stondard deviations Dust be

used to deteroine confidencc limits with sone caution, but it is feIt that

the figures give a useful DGaSUre of thc grcatly diffcring dogrcos of

variability encountercd at thc three stations. Figure 2 shows thc neon

values plot ted in thc form of tenperaturc-salinity diagrans , ond .~I:e.:.~?~.:-_ ...
parison bctweon'those enablesusto mako anumberof:useful:dcductions·about

thc circulation cf tho north~east Atlantic.
. . 1 . .

Table 1 Number of'sets of observationspcr
oonthat Ocean weathorStations ALFA,

.INDLl. und JULIETT in 1964 . ,',

. : .:::~ '.: ..
, '" ; .. ',' .

.!, .~".", .

Month Nuober of observations

January·' "., ....
Februar,y
March
april
M8iY
June
July
August
Septenber
October'
Novenber·
Decenber

Total

,".'

ALFA

4

3
5

1
3

INDIA JULIErT

4
4 4
4' 4

. :.. ~...

5 ,. "I ~~ '.

2 3
5 .. ., .. ,"

6· 2, .....
6

'. ~ ,\ . •4
6 10
6' 6
3

,
4

6 5

50 49

':' ....
Occan Weather Ste,tion ll.LFA (62oN, 330 W)

Sixtee~ sets:of observations were obtained a~ thi~ station between
.,' ...

January .and JulY.1964. TVlelvo of these sets were taken "ithin 20 nauti~al

o.~les rad~us of ·tho nODinal station posi~ion M.d th~: remaining fo~~ at\iis~
tances of fr~41. ,23. to 35 nautical Diles fron ~th~ cen~;al posi·tio~. Fi~~ 1
and Tabl·e.·2 Shoy~ .. that the va~'iation in t~Dperatu~~~ at ·t~e st~dard' d~pths'
was genera+.ly a little. less than atINDIi~ endr:lUch less 'th~ at JULIETT,:
end that salinity..variations were notably less t'han ~t b~th 'th~' ~th~~" .'.

~ I • • :. • • , ..... ~ :- • •

stations. At 2000 nnd 2500 metros thc standard deviation of thc salinity
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Table 2 1964 mean teoperatures and salinities at standard depths and their standard deviations at.Ocean ~eather Stations
ALFA, INDIA and JULIETT

Depth ALFA (620 00'N, 33°00'\"1) INDI~ (590 00'N, 19000'W) JULIETT (520 30 1N 20000 I rr). ,
iO S.D. -0/ S.D. tO S.D. -0/ S.D. iO S.D. -0/n n S 00 n n S 00 n n S 00 S~D.

-- -- --
10 16 6·74 1.267 16 34·998 0.0334 45 10.52 1.114 43 35·277 0.0502 56 13.02 2.007 57 35.298 0.0624

250 12 5.66 0.378 12 34·979 0.0238 44 9·64 0·425 43 35·293 0.0466 48 10.16 0·450 48 35· 317 0.0767
300 16 5.66 0·423 15 34·989 0.0302 49 9.55 0·418 49 35· 293 .0.0469 43 9·75 0.587 49 35·277 0.0829

LV
400 16 5·38 .0.439 16 34·984 0.0292 49 9·29 0·402 49 35·283 0.0502 41 8.57 1.624 42 35·178 0.0983
500 15 5.11 :0.326 15 34·977 0.0183 49 8.90 0.368 49 35·259 0.0497 42 7.80 0.972 42 35.111 0.0991-_._-
600 15 4.79 :0.369 15 34·961 0.0191 50 8·52 0·415 48 35.254 0.0548 41 6·98 0·775 41 35·105 0.0734
800 15 4.19 ;0.278 15 34·940 0.0194 50 7·17 0.537 50 35·179 0.0592 41 5·85 0.594 40 35·104 0.0656

1000 15 3.82 0.159 15 34·921 0.0194 48 5·83 0.460 47 35.• 097 0.0511 41 4·72 0.356 40 35.012 0.0404-_._- -- --
1200 15 ·3.67 .0.065 15 34·918 0.0159 44 4·75 0.296 44 35·014 0.0353 39 4.10 0.180 38 34·958 0.0264
1500 15 3.67 :0.038 15 34.943 0.0148 12 3.89 0.113 12 34.946 0.0133 37 3·73 0.067 36 34·933 0.0135
2000 11 3.46 lO.048 11 34.964 0.0033 33 3·44 0.065 31 34·944 0.0114- !-- --
2500 4 3.10 :'0.051 3 34·964 0.0042 8 3.07 0.104 7 34·948 0.0096

,.
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values is equnl to that of the.i~duct~ve.met~odof determination, which

reflects favourably upon the accuracy of the original~observations.

The characteristics of the wate~ column at s~ation ALFA have been

measured by the ve~ cooplete' se~ial observations; made by' Norwegian vessels

at this station oyer ~he course of a nunber of years (Mosby 1965) und have

recently been the su~ject of 'detailed study by Blindh~io (1968). Our t-s

diagram for the J~uü;ry to ,'July 1964 ~bservations' (FißUre; 2) illustrates the

general features :cle~rlY. 'The upp~r w~ters of the 'easter~ Ir~inger Sea are

foroed by the oixing 'of Atlontic \Vater with colder und. fr~sher surfRce waters

froo the south ~d'w~st. Tho ~eans of 116'observ~tions thkenat 100 oetres
• . ' I

depth at station :ALFJ\ by Norwegion weather ships betw~en 1954,and 1965 pro-

vide us with a g~ner~l valueforthis Iroinger Atlantic Water of 6.420 and

35.002%0, but Blindheio (loc. cit.) has shown that year to year salinity 4It
'; ,

variations are large 'at station ALFA and'appenr to incrcase with the pre-
I . . • •

dooinance of north~easterly wind conditions at tho station. Our oean t-s,
diagrll!!l has highdr salinity values at teoperatures above 4°C thon the Dean

t-s curves for Ju~-Deccober 1954 und July 1956 to January 1957 given by

Blindheio, but hds lower snlinities thon those fo~ thc other thrce periods of

Norwegian observations, June 'to Dcceobcr 1958, June to Deceober 1960 and

Noveober to April 1963. In Figurc 2, apart frOD an artefact produced between

250 and 300 oetros by the differing nubbers of observations, the t-s curve
, '

descends directly to ,0. salinity Dininu~ at 1200 netres, with valuos close. ;. - .:

to those of Labrador.Sen ilatercharacterized'by Worthington and Motcnlf

(1961) as having a potential 'teopGraturo of 3.4°c' and a salinity of 34.890
/00.

Subsequently the :salinity increases and the points at 1500 and 2000 netres •

indicate oixing bctween Labrador Sen .iater und North-east Atlontic Deep

;,Vater, the product of the overflow of Norwegian Sea Water across the Iceland

Scotland ridges nssigned'the general characteristics of potential teuperature

2.6°c und salini~y 35.03°jooby Lee andEllett (1.967). 0ply four sets of

observations oxtended to,2500 ootres, but those show nixing with a oarked~
'. . ~ .

colder water nass, possib~ the product of the Iceland-Greenland overflow.

Both the deep salinity naxioun and the nininun hnve noxe extrene values at

ALFA than at JULIETT., '

Ocean Weather St~tion INDIA (590N, 190 vr)'

Fifty sets df data wore takon during 1964 at this station, ond June was

the only nonth i~ which saOples vlore 'not obto.ined. Thirty-two observations

were oade within;10 ~a.ut~cal ;niles o~ the centra of the'station grid, ond on~

seven sets ~cre dade at distances of noxe than 20 niles frOn it. This is the
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shallowest of the three ßtations, with a bottom v/hieh rises sharply to the

eastward, and observations are limited"to'depths of 1500 to 1900 metres.

Figure 1 shows thc greater variability of temperature and salinity at this

station in 1964 compared with that found at ALFA, and examination of Table 2

shows that,this is greatest at the 800 metre standard depth. In contrast to

station JULIET~, the mean temperature gradient at IlIDIA is much less steep,

and F~gu~e 2 brings, out thc remarkable point that depth for depth beloy/ about

320 metres temperatures at the more northern station were the highor by

amounts ,of ,up to 1.5°C.

The,t-s curve for station INDIA in Figuro 2 descends between 250 and

600 metres depth across the onvelope ascribed by Sverdrup, Johnson and

~ Fleming (1942) to North Atlantic Central ifater, but below this shows 'ahigher

salinity contont than tho Contral 'ilater. This, allied with the greater·'

variability of conditions at depths of 600 to 1000 metres,shows conclusively

that this part of the water column contains a proportion of water of

Mediterranean origin, namcd by Cooper (1952) Gulf of Gibraltar dater. The

presence of this water mass at intermediate depths has previouslybeen
,

demonstrated as far north as latitude 500 N, in the area to thc south-west of

Porcupine Bank by Cooper, Jones and Lee (1962), whore closely spaced samples

enabled salinity maxima tö bo delineatod at dopths of 850 to 1000 metres.

SuCh"~axima could not bo sh~wn by the' standard dcpth samples of our obser

vations, but it is possible that closc-interval sampling might encounter

them. In the B~ of BiscQY and off tho Portugueso coast largo und rapid

changes havo boon observod in the Gibraltar Wator layor (Ellett 1965), and

4It these could be tho cause of the greater vnriability in conditions at I1IDIA

in the 600 to 1000 metre depth range. An alternative explanation might be

that the water approaches thü station by differing routes.

Below 1000 metres the t-s curve desccnds towards the Labrador Sen sali

nity minimum. A few observations made b3t~een 1800 und 1900 metres depth

show that salinity values begun to increase agcin below 1500 metres •

Ocean ileather Station JULIETT (520 30'N; 20oW)

Forty-nine sets of observations to depths of 250 metros und ovar'were

made in 1964 at this station, no data being available for the months of '

January and April. Thirty-three scrial stations were tnkcn within 10 nauti

cal miles radius of the centre of the station grid, and only four weremade

at distances of over20 nautical milos from it. Figure 1 and Table 2 show

the great variability of conditions at JULIETT in 1964, tomperatures v~xying

most at thc 400 metres standard dcpth, and salinities at 500 metros. Between
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500 and 800 nctrcs tho n00.11 salinity vo.luos chnngod littlo, but individuo.l

so.linity-dopth profileshad groo.tly vo.rJing gradionts botwoen theso dopths.

Bclow 800 uotros botl1 tcnporature end salinit~ vario.tions were soncwhat less

tho.n o.t thc sone depths at station INDIA.

'FigUre ,2 8ho\":s tho UGQ.l1. t-s curvc for tho station. Thc uppor points'

fall' wl.thin'th~ '~nv~lopc or" Uorth Atlantic Centr~l vYater characteristics. '

Mixing is not tbking'placc to\vords tho point narking Lo.brador Sea vator, but '
, ,

apparontly towards vuluos characteristic of ~hat ~e havo called Irninger

Atluntic vlato~ in our discu~si6n of station ALFA. Houever, I an gre.teful to
, '

1tr A. J. Lee,for pointing out that the observations obtnined duringthe

three 1963 NOR;iESTLliJIT' survoys (Leo" in press) procludo the possibility tho.t

wator,fron the vicinity of station ALFA could havc roachod JULIETT. Cold,

low-snlinity water was found to bc, extending castwards in tho uppar fau hun

drcd notres of thc wnter coluon fron tho area to thc south and south-uost

of Cape Farm7cll, forning an effectivcbarrier to such a novenent.' 11:; nay",

bo inferred frou tho NOR\1ESTLliliTdnta that this sub-arctic wnter adjoinc~

tho li.tlanticCurro~t'a~ abo~t 500 N lntitudo ,tho '~lituo.tion beirig· si6ilai tö

th;'t shov~,J)Y 'Dietrich and .stefUns~on (1963), 11lio,: in April-lIiay 1961,

observed 0. lo~-salinity tonguc running co.stwnrdo to 300 Wbotwoen latitudos
. ".,. ... '

52 and 55°N, th~ oceanic:Pol~r Front bcing situatod bctwocn 50 und 51oN.

Diet;ich"(~964)ha~'shown tho.t, during IGY oboervations tukon in spring
:. • :,. 1......' .

and autunn 1958, tho front was,distinguisho.blo at 200 Dotros dopth es far

east as 20 to 25°\"i, und' it would appenr that in 1964 the frontal zono lay

froquently in the vicinity of station JULIETT. Probably at its oastern

oxtremity thc front meandcrsand foruswonk sccondary fronts whicheould

hnvo been resp~nsible for tho largo vari~tions at JULIETT. Houe and Tait

(1967) have do~cribod a largo detached üddy observed by thon near JULIETT in
July 1965 which hud tonp8rature und salinity che:.raeteristies froquently'

reproduced by individual t-s diagrnos of tho 1964 data, and the rapid pnssage

of soall "parcols" of cold Ylater through JULIETT was observed in

Soptenbcr 1962 \T.Lth tho aid of a tonporaturc-dopth recorder (Lunbyand Ellott

'1965). In fact, only a soa11 nuober' of tho individual'''19~4 t-s. ~,~r.Y_c,~~,.

chicfly thosc for Fobruary und March, had a vortical scction botilcon 500 and

800 metres liko that uhich, in Figure 2, leads the nenn t-s curve to valucs

vlhieh we havG deduccd at IUDI1\. to bc those of Uorth'll.tlentic Contral 1,intor

with a Gibraltar r.hter adnixturo. llIoro often, and nos t cspocially during

tho last quar~cr of the year, a sharp discontinuity of salinity was

oncountorcd bctween thc nixod sub-arctic uater und thc Contral (iator, pro

ducing at times near-horizontal(i.c.isothernal) portions of tho t-s eurvos,

6
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and on a feu occcsions slight tcopcrature inversions. Exaoples of such

observations are shown in Figure). Thc.salinity inversions occurred

sometimes in the 500-600 netre dcpth range, as on 21 and 26 October, some~

times in the 600-800 mctre depthrange, as on 17 December, und as often

spnnncd both ranges, according to thc respcctive nagnitudes of thc salinity

mininum.abo~c the boundary and thc salinity maximum bolow it. As nentioned

previously,standarddopth observations can give only approxinate infoma

tion about the. forn and depth of any interface between water nasses. The

inset of Figure 3 shows observations tnken at JULIETT in September 1962

with water-bottles spaced at 25 metre interv~ls, and suggests that our 1964

observations ct standard depths will have frcquently missed saopling the

extrene valuGs of the maximun and ninimun salinities •

. Figurc 4a is an isopletp diagrao of salinity against depth end tiDe

centrod upon Octobor 1964. If we bear in nind the aliasing effect of the

standard depth observations, the figure usefully shows the beginning and

development of a salinity inversion at depths between 450 and 850 metres.

Figure 4b shows an instance in December when both maximum and minimum showed

strong development over the same period. Examination of the complete data

for the year confirms,~hat the development of a maximum was no bar to the

development of a minimum and vice versa, indicating that their relative

strengths cannot be related solely to spatial changes, but rather that both

water masses werc subject to internal variations.

Returningtoour discussion of the menn t-s diagram for JULIETT of

Figure 2, we find that from800 metres to 1500 metres the relationship fol~

lowed the same path as that for station nmIA, .though with notably 10Her

temperature and salinity values.at the same standard depths. The salinity

mi~imum caused by the presence of Labrador Sea ~iater occurred in,the vicinity
, : .'~

of 1500 mctres,and below thi~ higher salinity moans show the influence of.

North-east Atlantic Decp ;later.

Discussion

Our examination of the ,mter column at these three ocean ueather stations

.:' has shown a number of features of the general structure of the north-east.'

Atlantic•.fu have, for instance, been able'to confirm that Labrador Sea

Waterunderlny the more saline Atlantic ~aters of the area at depths ,ihich

increase towards the cast, and that North-east Atlantic Deep ;later was pre

sent beneath this ut,the two dceper stations. Dore notably Ire are led to a

number of conclusions about the oceanic circulation,responsiblc for the

features of the intermediate depths of the watcr columns •
. ., .. ,,. .. ,.
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Firstly, it nppears that station JULIETT Iny close to the oceunic Polnr

Front in 1964. This being so, the grenter bulk cf the sub-surfnce wntcr

appronching tho British Isles froD the south und south-west nust ha~c passed

across the 200 nilcs of dcep wnter betwcen JULIETT and P~rcupine Bank.

Secondly, water v/hich was wnroer und slightly Dore saline to a depth of

nt least 1500 netren renched IIIDIA, and hence nust have passed northwo.rds '.;

to the eastwo.rd of JULIETT.Stntion IlfDIA is situnted on the northwestern.

corner of the deep-water banks to thewcst of Rockull and consideration of.

the sill-depthsof the channels to thc cast of the station Dake it probable

that wnter fron between JULIETT and Ireland recches Ilf.DIA by skirting the

southern .and .v/entern edges of the bankn lying betweEln JULIETT and INDIA.

Thirdly, at interoediate depths the water colunns rit both I1IDIA und

JULIETT had a oignificunt Gibraltnr Water content~ It is not possiblü to

tell,·froo the standnrddepth observations >lhether this existed as a lBiY~r,
. . " I ,

withsharp boundaries aboveand below it, or whether Dixing had produced a

Dodified Central gater.

, All these points accord well with the strennlines of the North-east

Atluntic oub-surface circulation drawn by Helland-Hansen and Nansen (1926)',

which aresho\m in Figure 5. These approach the position of JULETT fron the

south-south-~est, curve around the sto.tion,suggesting the proxioity of the

Polnr Front, und then head north-wcstwards. The NOR~:ESTLANT results (Lee',

in press) indicate that the outer streamline continues westwards into the

Iminger Sea. The inner streanline, containing one would inagine water of

higher tenperature und snlinitydepth far depth thun its conpanion; travels

from the deep water between JULIETT and Porcupine Bank to station INDIA. ~

Helland-Hunsen and Nansendeduced an nctive contribution to the northern

brunch of thc Atluntic Current by wntercontaining Mediterranean outflow, und

the topography of the 1000 metre surfaccrelativc to 2000 netres dra~ by

then (not rep~~duccd here) indicatcn a flow froD the Iberinn continental shelf

by wny of thc deep water iDI:lcdiately to thc wost of Porcupine Bank und thcnce

to the vicinity of station INDIA.

Helland-Hansen und Hansen had no data for thc southern Rockall Channel

and their schene of circulation shows no details in'this area. High-salinity

water froD the vlCstern Biscay region appcnrs, along, the odgo of the Irish

continental shelf on nenn charts drawn frou tho 20 years of surfacG observa-
'"1'

tions' linde by Vloathor ,ships on pnsse.ge to und froI:l stations INDIA' und JULIETT,
." '.

und it secus pos~iblet~at thc sub-ourface waters flowing'into this channel

I:lay cone fron u southerly direction after undorgoing oodification in the

eastern North Atlantic Bnsin, rather than approcching it directly frau thc

lwrth Atluntic Current.
8
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Conclusion

The correspondence between the deductions drawn from our data and those

of Helland-Hansen 'nnd Nansen inspire some confidence in this model of the

circulation of the northern branches of the !forth Atlantic Current, sinpli

fied though it uny be in mnny,respects, nnd suggests that the areas between

Ireland and JULIETT and between Iceland, INDIA and Scotland are worthy of

detailed resecrch. \lork at the ocean weather stations has continued'in the

years since 1964 and the results are likely to yield interesting dnta about

changes in the ~ater coluon with time •

Mean curves of data obtained by weekly saopling through the water colu..~

from 250 metres dovmwards at Ocean ,ieather Stations ALFA, I.t~DLi. and JULIETT

during 1964 have allowed the following conclusions to be drawn:

1. Variations of tElOperature and salinity were greatest at JULIET,r at

depths dovm to 800 metres. At INDIA the variation was generally less,

but it had a maximum (below 250 metres) at ?OO metres depth. ~t l~FA,

where s~ples were available for January to July only, temp~rature and

salinity variations were the least of these for the threc stations.

2. Below 320 Dctres, to the lowest observations at 1500 netres, temperatures

and salinities were higher by up to 1.5°C and 0.150
/00 at INDIA than at

the sru~e.depths a~ JULIETT" 400 milas further south. This inplies that

a main branch of the Atlantic Current passes to the east ofJULIETT and

reaches INDIA•

3. Tho upporpart of tho intormediato depths at JULIETT were frequently

occupied by water with a low salinity, suggesting that secondar,y fronts,

or cut-off cold eddies passed through the station, which Dust have been

close to the oceanic Polar Front.

4~- The lower intermediate vmters at both JULIETT and INDlil contnined 1:1 oarked

cooponcnt of Gulf of Gibraltnr Jat~r.

5. Conclusions nada frou these points apout the oceanic circulnt~on in the

area between JULIETT and INDI.:1. fit woll "lith tho streanlines of the

northern branches of the Atlantic Currcnt drawn byHalland-Hansen and

Nansen (1926).
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Figure 5 The sub-surface circulation of the eastern North Atlantic,
according to Helland-Hansen and Nansen.
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