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ABSTRACT 

" 
Mesoscal e ( O. l to 30 km' ) flow features of th~ Beaufort Sea 

( 

1 

r 

1 
j 
j 

I} 
1 

• are analysed from observations made during the AIDJEX main'exper,iment 

in 1975-76. The principal portion of this thesis deals with' the 

calculation of the geostrophic currents from the S T D ( $alin;t~ 

temperature and depth ) measurements made. These currents and the 

assoeiated mass transports are compared with the measyred currents. 

The agreement seems ta be good. Other oceanographi~ featùres studied 

are baroclinic eddies, step structure, interna' wave activJty and 

change~ in the mix~d layer thickness. 

Baroelin;e eddies are found to be in nearly geostrophie balance 

and eontri bute large amounts of ki neti c energy at depths of 100 to 

200 m.'Their origin is postulated to be in the Chukchi Sea region. 

Step like structures are observed at depths of 300 ta 400 m. These 

steps are roughly 3 m in helght with a salinity change of 0.025 0/00 

Internal wave a~tivity was detected in the pycnocli~e, lasting for ~ 

about one and one half hours ,with a period of about l~n\. minutes 

and a.height of 6 m. Seasonal chang~ in the t~ness of the mixed 

layef"'is presented slftoW>ing the spacial and·tempor~l variability . 
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RESUME 

1 
l '" 

Les phénomènes d'éc;oulement à échelle interme'diaire ( 0.1 à-

30 km ) 
fi 

de la mer Bea\;!'fort sont analysés à partir d' \lbser'{ations 

recueillies en 1975-76 dans le cadre du projet AIDJEX. Cette thèse-

'. r . 
porte principalement sur le calcul du courant' géostrophique ( basé 

1 ç ~, '1) 

sur lès valeurs 'dltempérature, salinité et profondeur obtenues. 
, 

par S T D ). Ces/courants et les transport de mas?e associés sont 

comparés aux meS'ures di rectes de courant. La correspondance semble 
, <II J J 

bonne. Parmi r's· autres phénomènes 'océanographiques é:udi és, mentionnons 

les turbulen/es barocliniques, 'la 'struct.!Jre \' en palliers" , 
" 

~. 

l'act~vit€ des ondes internes et les variations d'~paisseur de la 

couche de.( mélange'. 
Il' , 

les :turbulences ~arocliniques montrent une balance~pr~tiquement 

geostrophique et fournissent une imp9rtante part de l'énergie 

cin~,fique dans ia cOU~he de 100 à 200 m.' leur provenance postulée 
, "-

.",. , ",. " serait la mer de Chukchi. Structures etagee sont èbservee,a des 
1 

profondeur variant de 300 a 400 metres. D'une hauûeur d'environ 

,3 mètres, ces "pallié'rs " montrent un changement de salinité d'environ 

0.025% 0 • ,Des ondes internes sont décelées au niveau de la picnocline, 

se maintenant pendant II heure, avec une période deto minutes environ, , 

et une amplitude de 6 mètres. Les fluctuations saisonnières 

d'épaisseurs de laJcouche de mélange sont présentées suivant leur 

variab{lité spaciale et temporelle. 
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PREFACE' l 

,-
The following elements oLthis thesis are considered to"be eontr butions' 

ta original rese~reh. 

'. 

1. The thesis represents the reduction Of substantial portion of the 

oceanographie data collected at AIOJEX. AIOJEX was a unique 
, ' 

• 1 

experimeht in.which vasts amounts of data was callected over a . 
span of a year ~t three sites and for six months ,at four sites. 

This is equi'~lent ta having four ships at station fO'r a Y'ear. . " 
The data represent the most extensive time Series ever aSs,embled. 

With the ice as a very stable p.latform~ very hig'h quali.ty ano ' . ". ~ 

resolution data was·obtained. This would not have been possible 

for shipborne measure~ents because of the rol1ing of the ship. 

The data collected was~/over a 100 square km area with great .. . 
coherence in spacial and te~poral measurements. The posit~on errqr 

/ t ' 

was always smaller thal'2 m"and rep"resents a v~ry high accuracy 

-in' position measurement. rt ïf ., \,. , ... 

2. Time series ( for a p~iod of'a year ) of geostrophic currents 

and mass trânsports of the Beaufort Sea area, across one leg of 

1 the AIOJEX array. 

3. Observation and calculation of the upper mixed lay~r history and 
, 

4. 

.changes for one year ~one camp. 

Step structurE$at dePths~ 300 to 400 ... m that are sa far unexlflained .. 
\ . 
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Chapter,pne INTRODUCTION ' 

f. L Introduction 
! , 

O~servati on of /the Areti c from dri fti ng stati ons began long 'before 

tHe AfDJEX program, the ~rogram from whith this wd~k is, derived. 

Systematlc records: exist from the "voyage of the JEANETTE in l879-81. 
, . 

JEANETTE's was the first long drift in, t,he Aretie Basin'. 'Although.the 

. voyage ended in tragedy, th~ prob~ms eneountered in that expedition'led .. 
'" ~ "''''. 
to Nansen' s. epi c dri ft wi th t'he FRAM in 1893-96. -. 'The F'RAM expeditioJ'l 

\ e» Il. ,.. 

i s probab 1y the mos t effi ci ent and prodùeti ve Areti C' expeditfon ev'e~ 

conducted. 

Sverdrup extrieated the FRAM from the ice'in 1896 and cr6ssed 

trails at Spitsbergen with Andree and Froenkel's fatal attempt in 1897. 

ta cross the Aretie in an unpowered, balloon .. This was the first attempt 

to explore ,the Aretie from the air. In the late" 19'th ancL'-.,.-early 20 l th 

eentury th'ere were many shipborne expedi tions to explore the Arctie. 

The voyages of the MAUD (1918-25) and SEDOV (1937-40) count amongst the 

more famous. 

In 1920 Otto Sh'midt, head of the Arette Research Institute in the 
~ 

Soviet Union suggested the use of aircraft wit~. t,he drift-ing laboratory 

technique shown by Nansen. In~937, a ~rifting station, known as NORTH 

POLE l 3 was set' up Qear the pole." This was :the forerunner of the tYR.e 
, ') 

of stations used in the AIDJEX ~xperiment. The drift of the station . { 
,NPl i~ shown in,Fig. 1.1. 

Af~er the initial NPl station the,Soviet work in the Aretic was 

slowed down. In 1954 they established NP2. In adaHion to these 

drifting stations, the Soviets had flying laborator~ stations where, 

/ 
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e. 

-

Fig 1.1 Drift track of )ce station NORTH POLE - l (NP-l) ~ 

May 1937 ta Feb 1938 . 
1 

'" e 
<) 

L " 
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they used aircraft to ?tudy the north. By 1956 the Soviets had~ at one 

time or a.nother ~ camps and data from al1 over the Areti e, as seen in 
"-

Fig. 1.2. It is worthwhile to note ~owever, that the Beaufort Sea had 

"-
been spar$el.Y covered. 

,.c-

The Soviet program for Arctie understanding is 
1 

continuing and at present they are manning NP27 in the Canadian Arc~;c. 
\ 

~he ~meriean initiative ~ot underway in 1950 when an experimental 

camp was set up on the ice north of Barter Island but ice movement 500n 

-~ , 

destroyed t~ camp. , \': ~ ) 

In 1952, the Americans estab1~hed a station on Fléteher's iee 

·1 

.. ~ ~ <' 
is1and - J-3, a tabular piece of shelf i~e that had' been under' surveill-

ance for more th an a year. T -3 hadf~een manned, more or 1ess ?pnti n-', 

uous1y, until it was abandoned in 1974. The drift of t-3 in the Beaufort 

Sea area is shown in Fig. 1.3. 
~..,. ;; .... / ) 

BRAVO and ARLIS-II are other ice islands 'that have been manned to 
~ . 

study thê-.. iee movement and the Aretie env,ironment. Iee islands are an 

idea1 platfonn~to s udy the oeeanography of thé Aretie Ocean. Ice 

'" iS1ands, 1ike T-3, are huge pieces of she1f ice - presumably broken off 

fr'am tne Ward 
--....., 

nt Ice Shelf. Although able to go anywhere, these ice , 
islands have deep draughts - an atypica1 feature of the Arctie ice 

/ 

cover, and dreate peculiarities of their own when taking ocean measu~e-
l , 

\ 

, ments. !3, for examp1e, has a thickness of approximately 25 meters. 
l ' 

, 
1 

1 

A DJEX - an acronym for Areti c Iee Oynami cs Je; nt Experiment was 

prop ~ed~ln the 1ate 1960'5 to study the ice motion and the oc~an 
~ / - . ..~ 

par~meters. Ice stations, of AlDJEX, are manned camps on the- pack ;ce 

aÎ~ a'::e more typî cal of sea i ce encountered in the"north (thl ckness 

1ypi ca;\ 3 l!Jeters') . Detai 1 s of the AIDJEX experi ment. as it pe rt.l ns . 

to this work, are in the following chapter. 
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Fig 1'1.2 G~,ographical distriQution of all Soviet stations 

during the period 1937 ·to 1956. ( after Fletcher J9&8 ) 
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Fig 1.3 Drift track of Fletcher's Ice Island 

"April 1962 ta March 1966. ( Schindler 1968 ) / 
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As -part of the continuing understanding of the Aretie, Me~ill 

• Uni vers i ty annua lly sends people to sotudy the oceanography of -the 
() 

Aretie. In 1979 or lat~r the proposed Nan,en Drift experïment 'is to~ 

begin. In this eXReriment, the' U:? icebreaker BURTON ISLAND win be 

a1lowed to drift with the iee in an attempt to dup1ieate the famous' 

FRAM voyage. " 

o , 
Our ideas of the circulation of the Arctie Ocean, more partieularly 

of the Beaufort Sea, is based on data collected over a 75-year span . 
. 

The vertical subdivision of the water column i~to the various water 
, ~ 

masses, the dynamie height analysis and the distribution of temperature~ , , 

salinity and densities are _obt~ned from ice stations,and the flying 
, 

1 aboratory stati ons d~cribed above. (Timofevyev 1960; Coachman and; 

, Barnes 1961, 1962,1963; Coachman 1963) 

These historieal data provide us with 10ng-term mean fields for 
.. 

the 'par~mete.rs like temperature and salinity but little infonna.tion can 

be extracted about tllme dependent phenomenon. Farmer (1960) and' LeBlond 
, 

(1964) report results on theoretieal studies on long-term'"time dependent 

" motion. AIDJEX mode1ers are a1so working on models ta prediet the 

motion of iee and explore dynamie and time dependent eurrents of the 
" ,'~ <,' • -

Aretie. (Pri,tchard ~t al, 1976; Co10ny and Pritchard, 1975; Brown, 
( , 1 0 

1975; McPhee, 1975; Solomon, 1970; and many others): Measurements ,have 

been dlffieult to obtain in long time series because of logistlc problems 

in maîntaining ~n'd establishing station~ to get oceanographie data . 

> , 
1 
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"1.2 ·physical Ocea1'1ography , 
e " 

\ 
) . 

/ 

The tomonosov ri d9e: ~ i es -pe ... tween the New S,; beri an l s lands and 
" '0 

Ellesmere Isiand, divi?ing t~~~~_~iC Oc~an into two major ba'sins, 
\ ..... 1 

the Amerasia and Eurasia Baslns. 'wMe Eurasia Basin is bounded by the 

( 
~ ~ 

• 0{( , 

y Lomonosov ridge. Kara and Barents Se as '. Spitsoergen and Greenland . 
.. ; 

lts floor lies at depths greater than 4200m. This Basin is con- -0, -' , 

nected with the Atlantic Ocean via the Norwèg'ian and Greenland Seas.' 

Large amounts of water are exchanged between' the Atlantic -and,Arctit , 

Oceans through the open; ng between SpitsbeY'gen and Greenl and. In $le-. " 
, • J/ , 

°Norwegian Sea ,the relatively warm and saline wate~s of the North 
, . 

Atlantic Current and the co1d, fresher water of the Areti~ Ocean meet 
• l ' 

o , 

and this is where most of the A~ctic Oéè~n water gets its characteristics. 
.. \ " .. 

On ,the P acifi c si de, of 'the LOmbnO!' ri ~ge, there are two m<tJ or " 

basins, the small~r M~\ar~v B,asin and the,)rger Canada Basin. .The 

Canada Basj~ is bounded by Alaska and Siberia and, has a f'l~t floor at-
/ " . 

about 3800m. The Beaufort Sea, wh; ch -1 i es west of the Canàdi an Arcti e 
"". 

islands and north of AlasKa, is physiographically an integral part of 

th,e Canada Basin. "The CalT~d~Basin is linked to ~~e'p~cif~c qcean~~ia 
" ~ ~~ . 

the Bering and Chukehi Se~s .. The ~ering ,Strait is narrow and shal10w 
o .. 

limiting the water exchange with the Pacific tO',the near surfac~wàters.', 

-The i nfl ux of the Paeifi c water i nfl uences the upper 150m of the Canada' _ 
o 

Basin water. The' bathymetry of the" Beaufort Sea, the Canada Bas i n i s 
, -

, 
shown in Fi g. 1.4. The major fe~tures are taken Jrom the C'anadi an 

Hydrographie Se'rvice :Chart # 897 (coverage 90 0 W\to 180o W, north~ of 

72°N ,- as discussed and interpreted by DeLeeuw (1967)). The central 
l . " 

and major porti on of the' ~anada Bas in cons i s ~s of the de~p, fl at, 
J 

o 

" ,. \ 
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abyssal plain. On' the eastern boundary is a rather wide continental 
D 

slope rising steeply (l : 50) ta the s.helf bre:ak 'a.t 500m. The southern 

boundary, added to OeLeeuw's chart from H.O. chart 15, 254-2, contain~ ., 

the narrow northern continental margin of Canada and U.-5. and is steeper 

. (1 : 2'5) wi th a shelf break at 250m. The major complex topographi~a' 

feature, which,Torms the western boundary of the Canada Basin is called 
• f " \ 

the Chukchi Provin~e.' It extends bêtween 155°W and l75°W to a latitude 

Of nearly BOoN. While there are shallow dept~s (less tha"n 500m): in 

the northern part of the Chukchi Province, depths in excess of lOOOm 

exi-st conti nuously across i ts ~outhern' portion (74-76°N). 
o 

1.3 Water characteristics 

In Fig. 1.5,1.6, and 1.7 we have a typical aistribution, with depth, 
l" 

of temperature (T), salinity (S) and Sigma-t - a measure of density 
Ir' 

(crt) for the Canada Basin. Changes in the general shape of these profiles 

wlth time are relative1y minor. The thickness of th~ mi'xed layer changes 
'-

with time (described 1ater) but t~e main features ar~'rcbnsistent through_-

out the year. The T-S diagram for this water co1umn is p~sented as 

Fig. 1.8,. From T-5 diagrams such as this we ~an identify the primary . 
water masses and give sorne idea of' their spreading throughout the basin'" 

(Coachman and A~gaard 1974). The four types of masses ,identified are 

1) The A~ctic surface·water. from O-SOm, coinciding in the winter 
, 

with the upper ruixed layer. This is of great importance because 

of the fri oti ona 1 ~.tfects due ta the ice mati Qn occurri ng 
, . 

primarily in this layer. Water intrudes into the Arctic basins 

from both the Atlantic and the Pacifie sides spreading 

~I' 
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Fig 1.8 Typical T-$ diagram for the Beaufort Sea. 
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horizontally, essentially along isopycn2.l lines. The lower 

layers arrive here by this ,'means. 
\ 

2) The Pacifie water oeeupies à level between 50-200m in the 

Beaufort ,Sea area (AIDJEX array - see chapter 2) and is the 

area 'of high kinetic energy with dynamic importance to exchange 

processes. 

~ 3) The·Atlantic water, 200-900m depths, does ~ot appear to be of 

such high kinetic energy but is a very large part/of the water 

column. 
( ) , 

4) The Arctic bottom water lies from 900 to the bottom of the 

ocean at 3800m. 

The Arctic surface water is generally cold (less than -1°C - at or 

near the freezing point) and of relatively low salinity (28-30 0/00). 

T~layer is characterised by its near homogeneity. The low ~alinity 

;s mainta;ned by the inflow of fresh water from ~he continental sources 

and the me Hi og of about one and one ha 1 f meterj of snow and i c~ eDach 
f 

summer. This fresh water is mixed to sorne extent with the underlying 

s~a water through differential ice movements and lhrough wind mixing of 

ice free areas .. The surfaçe saliinity rarely falls below 28 0 /00. Vert-

ical convection occurs when dense water is formed at the base of the ice 

by salt exclusion during freezing (Poupder, 1963) and the mix;ng induced 

by the ice motion maintajns the layer in a relative homogeneous state: 

This layerd.e,e,,~ with the approach of winter and is as deep as 60m 

(see later chaptêrs for T-S diagrams and other profiles for m.ixed layer 

changes) . 
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The_Pacifie water has a relative maximum of about -1°C at abol-lt 

70rn (i.e. jrst below the Arctic surface layer). This water is more 

sali~e but caaler till we get ta the relative minimum of about -1.5°C 

at approximately 150m. This is maintained by the flow of cold wa~er 1 

that cornes from the Beri n~i t. 
, 

Under this lies a core of'1nn water that is of Atlantic origin at 

depths of 200-900m. The Atlanti'cWât?r enters the Norwegian Sea along 
, \ 

Norway at the surface, where it ü;,,~~ed and thus its density increases 
-

ta such a degree that when it flows into the Arctic Basin near Spitsbergen. 
. -

it slips below the Arctic water occupying depths from 150-200m and down 

as far as 900m. The temperature of the core when it enters the Arctic 

Basin may be +2 to +3°C but within the basin it continually cools so that . 

the Atlantic water in the Beaufort Sea has a temperature of +0.5 to +O.6°C. 
\ 

The Aretic bottom water has a temperature around O°C and a uniform 
'. 

salinity of approximately 34.93 0/00. The bot tom water is also fonned 
1) 

in the Norwegian Sea but in this, case only in·the winter. At th·is time 

there is evi~ence that vertical convection reac~es ta great depths and 

also there is sorne mixing between the bottom water and the lower Atlan'tic 

water. The circulation of this water is general1y unknown. 
, 

A comment on the profiles of water columns here i~ that since the 

temperature of the water is low, the density is almost exclusively a 

function of salinity. The crt profile closely resembles the salinity 

profil e. 

• 
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1.4 Circulation 

Data on currents and wave motion in the Arctic Ocean are even sla~cer 

than those on temperature and salinity. !he surface circulation picture 

can be obtained (rather sk~tchily) by observing the dri,ft tracks of the 

iee stations and iee islandslCutrent measurements show that on the 
1 

average the drifting stations and the surface water tend to move 1n 

similar directions at simi\ar speeds .. There eou"'d be, however, consider-

" .--- ab 1 e va ri at ions bètween them over s hor'ter peri àds . 

" 

The circulation of the Arctic is in part created by density differ-
". 

, ences'ang.in part ;5 ~ind-induced. This is eonfirmed by theoretical 

studies. The net effect of the tides i5 unknown (and is looked into 

l ater). t{ 

THe#surface waters from the whole of the Eurasian side of the Arct~ 
'-... 

Oeean tend to move toward the North Pole. This flow is of ~e size 
, 

2-3 ,Gm/s, but after passing the region of the pole, the flO,w,beeomes 
, 

more eoneentrated and tnen exits. fromothe basin and is called the East 

,Greenland Current. In the Beaufort See, the surface waters have a clock-
r 

wise (anticyelonie) mOvement: This is a result of the general wind . 
pattern, sueh that they tend to7 flow to the southwest a'long the shel f 

, off the Canadtan Arette islands and to the north in th~ area north of 

the Bering Strait. The anticyc10nic gyre is also ealled the Beaufort 

gyre and was observed first by Worthington (1953) ani has later been 
't; ~ ~ 

confirmed by many investigators (49aehman and Barnes, 1961; Gudkovich,~ 

1959; ~/orthington, 1959). ,Fig. 1.9 shows the general surface circula-
I 

tio'n of the Aretie Ocean. '~ 
Newton (1973) has don~ caleulations to obtai~he cireùlation of 

'.~ 
the Atlantic water inferred from the percentage retention of its 

" . ~ ...... 

, 1" 
~ 

~ l' 
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fig 1.9 Principal features of the surface ~ater movement 

-----in the Arctic Ocean. 
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chara~~ristics (Fig. 1.10). The movement of the Atlanttewater is 

antieyclonie and in agreement with' that ,?uggested-by Horthington (1959) 
" , 

"" and Coachman and Barnes (1963). These have also beenh~erified by deep 

current measurements. 

1.5 Iee Coyer 

~e w~s of the deep Canada Basin are covered with Tee throughout 
, " 

the\year. The total ice cover is made up of smaller individual units 
-

of iee separated by leads, areas of th;n ice and pressure ridge systems. 
~ -

The net effeet is an iee coyer of 8/10 ,to 10/10 concentration over the 

dèep basin that varies in"thickness f~om 1-,3 m. (,·U. S.N. Hydrogr~phie 

Offi ce). In the wi nter the i ce eover over the shallower continental 

shelf area is more concentrated ~10/l.an \over the ~eep' basin. ~n 

the 5ummer (August-September) open wa~ay be present 100 km or mo~e 
out from the coast (U.S.N. Hydrographie Office, 1958) .. ,' , 

The press ure ri dges provi de rel i ef of a few meters above and ten 

meters or 50 below the mean iee level. Th~ -lea'ds provide an interface 
{' 

àeross whieh heat and wa~er vapour are transferred to the atmosphere. 

(Badgley ~ 1967). The dense water thus formed, possibly localises a ., 
, . 

mechanism of convection for downwarq transfer of momen~um. The net effect 
- 1 

of the iee cover on the Arctie Ocean flow field has .not been well deter-
... 1 

mined. The surface and bottom topog~aphy of the ice'cover affects the 

transfer of momentum f.rom the wind fields t9 the ice and from the ice 

to water (Smith, 1971). Ga1t (1973) suggests.that forcing yn space scales 
~ ~. 

smaller than tne storm spac~ scale may be an important result of the 

iee cover. 
If' '. 

- " 
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, 
1 

\ 

percentage r,etenti on of characteri sti cs. ( Newton , 1973 ) 

f 
/ 

0, 
/ 

( 
q \ 

/'"" 

140-
, 0, • 

/' 
'> .. 



\ 

~ 

• 

1"': _ 

•• 

1.6 Atm9spheric Conditions 

The mean long-term average atmospheric pressure, the direction and 
o 

, 
,magnitude of the wind stress computed by Campbell (1965) from Felzenbaum . 

(1958) from pressure distribution is shown as Fig. 1.11. 

The mean atmospheric circulation OVer the Canada Basin is dominated 

by a High centered approximately 78°N and 1400~1. The wind stress is 
iO ~ 

generally to the west along the southern,part of the basin and to th:e 
, 

northeast-in the northern part. From the win~ stress pattern the 
~ . 

magnitude of the wind stress curl was calculated and is shown by dashed 
, 

cqntours. The p~edominant feature of the wind curl distribution is the 

region of large negativ~ curl over most of the Canadian Arctic islands. 

1.7 Thes; s Ol;ecti ve 
• 

The Arctic Ocean presenfs an ènvironment- for study that is ideal ,Il 
! 

in many respects but is physically and economically more expensive to 
\ , \ . 

s.t!J;dy/than other areas of.the world's oceans. The practical aspects .. l , 
- 1 ~.').l!t~i,\,.l 

dic~gt~~~hat oceanography can be attempted and this factor is 50 lat9~. 
~ ... -. , 

that in the Arctic, scientific study must be an international effort. 

The ocean 1s complex and a great number of periods and scales are invo1ved 

in, the oceanic phenomenon. As Stommell pQ,inted out lia, single net does 

not catch fish of all si<les" (Stommell, 1963).' Thus, sorne choice must 

be made about the problem to be studied in terms of time and space $ca1es, 

and then the appropriate technique selected. AIDJEX was just suçh an 

experiment where an tnternational effort was made to stuQY the prob1ems 
" " 

of ice dynamics. The AIDJEX experimentis desçribed in detail ;11 the. 

next chapter . 

o 
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Fig 1.11 Long'term mean atmospheric pressure (--- ~ ( Campbell, ]965 

after Felzenbaum , 1958"), wind stress ( .:.... ) (Campbell', 1965' ), and 

wind· stréss curl (--- ) . ~ength of \'(ind stress legend vector' indicates 

a stress of 5 x '1 Ô2 'Pa,scal. ' -
,/ 
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.< 

This thesis is concerned with the analysis of the mesoscale flow 

features of the Beaufort 'Sea. ~ 'space scales aore considered macroscale 
{, 1. 1"1. 

When: c,:-ntributio~S from indiVifual features to the defor~~t;on of thye ice' 

~ack: are obs.cured and the ice can be considered as ci continuum. Leh~th b 

scares are at leas t 30 km and a rè perhaps as much as 200-300 km., Moti on 
. .' 

'whi~h arises from the i{\tetaction of a smalJ number of adjacent iCEL floes 
, - ' 

are- idefined as mesoscale mo~~on. Motion occurring over distances of 0.1 

to 30 km may 1 somewhat arbi trarfly, -, be -desc'ribed as mesoscale ...... Phen­

ome,non which ,9cc!Jr in a s.ingle unb'rok€n piece of ice or which involve 
~ cr ~ ". 

fract~rè'systems are defined a's microscale. The ocèa~'og~aphic features \ . , 

studied ~nclude' the geost;oPhjc i:urrent;-; baroclini~ eddies, step structure, ... ' 

internaT 'wave activity and mixeEl layer changes. . . 
• 1 

~ . 

( 
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\ 
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Chapter Two FiELD EXPERIMENT 

2.1 Overview ' 

~, The Arctic ice cover has beet:\..studi-eô-scienti'fically since 1893 
~ " .... ~ il' \ 

and ; s no longer thought df as a sol i d- plate cover, ng the, ocean Dut as 
, ~ 

a continually moving, breaking and sJlifting layer under the stress and 

strains of t~e atmospheric and oceani~ forces. The basic nature of the 
-'" 

ice dynamics has been understood for decades: an ensemble 'of irregularly 

shaped, i nterl ocki ng pi eces o~ 1 i ce dri ven by ai rand water currents ~ 
- . 

influenced by in~ernal stresses, deflected by 'the earth's rotation and 
, 

subject to melting and freezing as dictated by règional climate., very'; 

generally the ice dynamics can be wrltten down aS/Newton's second law, 

i . e. 

Pt h dVi = TC\, _ + T'loi + D + G + R (2.1) 
, dl , 

where the five major forces are 

T - wind str~ss at the air-ice interface. a . t • , 

TW - water stress at the water-ice interface. 

D - the Coriolis force. 

,G - pressure gradient force\ due ta the 'tilting of the sea surface 

on which the i ce fl oats. 
l, 

R - internal stress, t~e stress transmitted thorugh the ice pack .. 
\, ~ :.!.) .. - - ...--- ~ 

with 
. , 

Pi and vi as the ice densities and velocities and h as the ice 

thi ckness. 

Without going into the exact nature and forms of these forces, it 
\ 

has become clear' that si9!1ificant progress is possible by acquiring a , 

set of synoptic. (rather than single station) data. AIDJEX, standing for 

\ 
\ 

\ 

• \ . 

- , 
1 

o 
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Arctic Ice Dynamics Joint Experiment, was conceived in November 1969, 

for just such a purpose. 

After many workshops and consu1~at;ons a final version of the 
, 

AIDJEX scientific plan was set up in 1972. By this time two sma11 pilot 

proje~ts in the fielâ had been performed (in 1970 and 1971). A 1arger 

6lJilot study with three manned camps and severa1 auto.mat5c data buoys took' 

place in March-April 1~72. The main exper;ment was launched in March 

1975. By ear1y June 1975. fo~r manned camps surrOunded by a ring of 

, 

r 

eight 'data buoys were in operati on. With the except.i on of the break-llp 
\ ~ ~-

of the main ,camp in' October 1975, this arr~y continu~d to fùnction until 

its schedu1ed end in May 1976. AIDJEX has been the 1argestfand most 

cost1y effort of its type to date and has produced a better understanding . 
of the ice dynamics and the atmosph~ric and ocean;c environment. The data 

ana1ysis in this work is fram data co11ected during tDe main experiment 

: of AIDJEX ;n 1975-76. 

In the final version of the scie~tific plan for AIDJEX in 1972, four 

. basic questions were p6sed, 

" \ 
1 _. 
1 

\ 

\ 

f 

( 

1) H,ow'is the large scale icè defonnation relatëd to the external 

stress fi el d? 

2) How can the externa1 stresses be derived from a few fundamental 

and easily measured param~ters? 
, 

3) What. is the mechanism of ice deformatioR1 

4) How do ice deformation ànd morphology affect the heat balance? 

Untersteiner (1977) 

The observation program, the methods used in data reduction, and 

'1 the concepts employed in comstructing a_~heoretical s~a ;ce model were 

f deSigned~ provide answers to the above basic questions', But these 

1 led to four more b~s i c questi ons of the; r own -

\ # 

! 
1 



, , 

: 

• 

1) Were the sca1es of observation chosen correctly? 

2) Were the right observations taken? 

3) Was it poss-ible to dedllCe- externaî stresses to sufficient accuracy? 

. 4) Di d the development advance our understandi n9 of sea ; ce 

heat balance? 

'0 be a qualified lIyes". A brief summary is attempted 

below, on these four .. 
1) Scales of observation 

It was noted tbat sùme observations cannot be made by automatic 

devices and that they ~eed manned camps .• A minimum of three is needed to 

resolve the horizontal strain tensor. This was increased to four, to 

build in redundancy and to provide an increased number of strain nets. 

In addition, the project had ten data buoys to get parameters from outside 

the manned ar;ay. The array had to bel rerafi vely close ta shore for 

logistic manageability and yet far enough to be free of coastal effects. 
1 

Initially, the scales' of motion were known for the atmosphere, but 

thé sca1es of motion in the ocean were not. Early observation from T-3 , 
and AIDJEX 72 showed inertia1 motion '~~d eddies with a space scale of 

sèvera1 tens of kilometers (Hunkins, 1974b). The large scale anticyclonic 

gyre (of space scale approximate1y 1000 km) çf the Beaufort Sea has been 

known for a long time, but ~SynoPtic monitoring by an ar~ay of manned 

camps of appropri ate s,i ze was not feas i b 1 e. 0 

Sca1es of the ice motion were 1east well known. According to the 

drift 'data from ea\rlier long tenn stations in the Arptic Basin, the 

power spectrum of velocity has a maximum at low frequency'(seasonal) and 
\ , 

decreases ta negligible power at about 2 cycles per day. As a compromise 

\, 
',­

JI -'" 
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'" between expected scales of motion in all media, the number of obse va-

tion points, the array was chosen to be lO"km for the manned arr y and 
. ! 

1 

1000 km for the data buoys. This choice is small for large scal,é 

motion and big for smaller'eddy 'scale of motion in the ocean .. For the 

study of, subsurface eadies, we would have liked a higher den\sity of 

points. 
1 

1 2) Choice of measurements 

watér stress and ice velofites there" 

t what parameters needed to be m~asured? ~nd 

In the case of 
1 

was little question a 

how the measurements This is de'scribed later in this 

chapter. A less~ear ut case can, be made for iae, thickness meÇlsure-

ments. 

distri6Ution 
-II 

3) EJ<ternal ., 

asis could have been placed on the ice thickness 

has a gr,eat t'ole in the ice dynam_ic equat;on: 

surface pressure maps produced 

by the U.S. National 'eather Service are based on data insufficient 
• 

for the preparat; on of eostrophi c wi nd charts of the Beaufort Sea. 

! -Ta avoid thi~ probl m additional pressure measurê~nts were made at the 
", .," 
data·buoy sites. Geostrophic winds calculated fr'~..these data proved 

The w1.!r stress was deter-consistent with the measured surfac~winds. 
,-. -... 

mined wi th an accuracy comparable to that of the ai r stress (Pounder and 

LeBlanc, 1977; Langleben, 1977). In the determining of the drag coeffic­

ient at the underside of the ice it was particularly useful ta study the 

ice drift during the summer'months, when the internal stresses were 

small and the dri.ft is essentially wind driven. 
t 

( 
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4)' Sea ice mechanics and heat balance 

One o.f the ini ti al concepts pf the AIDJEX model ing effort was 

derived from a study of a floe-to-floe interaction and the realization 

that pressure ridges can be formed by loading the edge of a thick ice 
"-

with rubble from thin ice . In terms of its cons t i1Uti ve (s tress as a . 
function of strain) behaviour, the ice is mode1ed as an elastic-plastic 

-, 

continuum (Coon, 1977; Coon et al 1974) which under certain stresses 

may develop small scale,~s well as large scale discontinu;ties. 
, 
'It was also found that during the summer the internal stress was 

absent and the ice drift was purely wind driven. During spring and 

winter the internal stress' is important and in one case caused a shear 

discontinuity·several hundred km long. The divergence of therinternal 

ice stress may be derived as a residual of the equation of motion, 2.1., 

It may also be obtained by postulati.ng a constitutive law and evaluate 

the strain rate and its derivatives at the position of the manned 

camps. The ice stress th us calculated is still a bit tao low. and, 

as pointed out earlier, the ice thickness distribution i5 not well 

known. As a r.esult it often had to be assumed as initial conditions 

for the model. 
c ' 

2.2 Descri pti on 

The manned array, together with the data buoy configuration is ~. 

shown in Fig. 2.1. The manned camps were deployed in a triangular 

array with one (main) camp located inside the"triangle. The camps were 

assigned radio call names and are identified· as such. The main camp 

was Big Bear with Caribou, Blue.Fox and Sno~ Bird as the satellite 

( '. 
" 

1 , 

., 
"-
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CANADA 
, . 

.. array on 15 may 1975. The manned camps 

are denote by triangles with the symbols BB " CB ,BF and SB 

stand~ng f r Big Bear , Caribou, Blue Fox and Snow Bird respectively. 

located by dots. The gri dded area shows where the data 

. • 
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7 

Legend 20 m 

l li vi ng quaters 

2 iS T D hut 

3 ;. PI C ,M hut 

4 met. hut 
8 

5 generator 
, 
6 tent 

7r "backJup quater~ 

8 runway 

9 Na1vSat antenna 

10 fuel dO~;' 

Fig 2.2 'layout of a typical satellite camp"(- Snow Bird ) 
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" 

Plate 2 Satellite manned·camp Snow Bird of AIDJEX 75 
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camps at the tri angl e apexes. At the time of deploymènt the lengthS of 

the sides of the triangle w~re of the order 100 km. In the course of 

the experiment, ~he array was much distorted as it rotated, translated 

.and deformed. The program of atmospheri c and oceanographi e m~asurements 
•• is described later in this chapt~r. Typical layout of a satellite 

camp is shown in Fig. 2.2. 

The personnel at th~e camps varied from 25 to as high as 60 at 

the s tart of the experiment. 1 At the satell ite camps there were always 

~ 4 men throughout the year but at the main camp the population varied 

from time to time. The logistic support was provided by Polar Contin­

-ental Shelf Project at Tuktoyaktuk, N.W.T. and b~ Naval Aretie Research 

Laboratory at Point Barrow, Alaska. 

Two types of data buoys were deployed. The'NIMBUS F sate11ite 

with Random Access Measurement System (RAMS) for data buoy positioning 

and data transmission was 1aunched in June 1975. Ten automatfc data 

buoys desi~.ned to use this ~ystem were dep10yed in a ring outside the 

main manned array. Since there was a possibility of failure or post-
. 

ponement of the NIMBUS F, ten additiona1 buoys were obtained. These 

buoys when deployed. were to be interrogated using the operating Navy 

" Navigation Satellite(NavSat) system. They were equipped with a high . , 

frequency radio link for data transmission to a central c~mputer at 

the main camp, Big Bear . 
• 

" 
4 After the deployment of the main camp, eight NavSat buoys were 

pos i tioned in a ri n9 approximate 1y 400 km radi us around the mai n camp. 

Sorne of the RAMS buoys were co-1ocated· wi.th the NavSat buous but others 

were located separately. Four of the NavSat failed in the summer of 1975 
'1 0 

1 

but the rernai ni ng four and a 11 ei ght RAMS conti nued to functi on unti'" 

the end of the expe riment. 
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2.3 Atmospheric program 

Tht p ri nci pa 1 objecti ve of p'e atmopPh~ri c prog rà~ in Al DJEX was 

to provide estimates of the surface air/stress suitable for deriving 

models of the ice dynamics. Becuase o~ the impossibility of rbutine 
, 1 

direct measurements of the stress, it was necessary to devise methods 

of making estimates fram more easily measured'variables such as surface 
~ 

pressure fields. The approach followed during AIDJEX was to make 

direct measurements of surface strèss at a few locations together with 

the measurement of wind and tempe rature profiles withln the planetary 

boundary rayer (rBL). The PBL in the atmosphere is of the order of 

1000m. These observations were then combined with surfacé pressure 

méasurements to construct models relating the surface stress te t'he 

geostrophic winds. 

Observations of pressure w~re made at each of the manned camps 

and from buoys surrounding the manned array. These measurements were 

combined with routine observations from the perîmeter of the Arctic 0 

.. 

1 1 
Ocean to obtain the press~re field. Other routine observations at the 1 

manned~amps included w;nd speed and direction, temperature~iùtion 

and the height of the PBL by use of an acoustic sounder. The meteor­

ological observation tak~n are shown schematical1y in Fig. 2.3 after 

Paulson and Bell (1975). P, T, U are pressure~ temperature and speed 

measuremehts. 

Routine meteorological observations were supplemented by additiona1 
-

observations during ctWQ periods of a few weeks in the spring of 1975 

and 1976. They include 

1) direct measurement of surface ,stress by use of an acoustic anemometer 

2) profile of temperature, wind speed and direction in the lowe,r 30m 

from a tower 
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3) profi le of temperature, wind speé:cr and di recti on 'to several hundred 
) , 

meter height usi'ng a kytoon with instrumentS"'~suspended from it . 
~ ~ , ~ 

4) measurement of mean and turbulent velocity and temperature from an 
1 

aircraft _(Electra ov~rflights). 
, 

Among the conclusions the important.one is tbat surface stress 

estimates can be made reliably.from ~~rfa~e p~essure fields, especially 

dur,ing high wind periods~ 

2.4 OceanQgraphic program 

The AIDJEX oceanographic orogram-was designed ta investigate the 

Arctic Ocean on a space s'cale of 100 km in the horizontal and hundreds 

of meters in the vertical. 1 t was di rected to revea 1; ng ocea~og.raphi c _ '" 

behavi our whi ch di rect ly i nfl uences the dr'ift of the pack i ce . . Thi s ) 

includes the drag of a quiescent ocean and its varia~{on with changes 
~ \." 

in stratification and advection of the ice by cû~rent~ both transient 
-

and steady. Data on salini ty, temperature and cur~ents were co:11ected 

at three manned stations for a year and about half a year at a fourth,' 
1 

station, which broke up. 
, 

The sca1es of time and space for oceanic parameters in the Arctic 

Ocean have been det~rmined by previous AIDJEX programs. Fig. 2.4 shows 
, "l' 

the~typica' scales in the'vertica-' extent. Bri'ef1y, the ice-is of tHe' 

order l-3m th,ick with occasjona; kee1s' of'pressure ridges g01ng down 

,to depths of tens of meters. The boundary layer, the layer of friètional 

(skfn) effect is generally said to be about 2m (t.angleben, 1977; Pounder 
- \ 

and LeBlanc, 1977). The Ekman layer is of the order 30-40m. This 
- , 

compares wit~ a height of approximately 1000m in the atmosphere. • 

, . 

/ 
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The distance between the surface and the effective end of the \kmaA 

o spi ral is sometimes referred to as the Planetary Boundary Layer\(PBL) . 

In the Arctic, the mixed layer is a'~ depths lèss th an 60m. This...\, 
. ' \ 

the deepest that the frictional effects go. The barotropic effects \"~ 

are also limited to this depth. 

In the depths of 100-30crm, we observe the baroclinic eddies 

(Hynkins, 1974b) w;th a core at about, l~Om or Sb. They have diameters 

of about 1.0-20 km and ~ave speeds up to 0.5 rn/s;' Cl .kyot). There 'i s no 

estimate of the li fe time 'of 'these phenomena. . Ttrey tr-ave 1 at rel atively 

low speeds ('-0 cm/s or less) and are observed at'AIDJEX for periods of 

about a week to 10 days. 

The layer of no motion can be thought~of as the bottom bf the 

Atlantic water at about 9ÔOm. These deeper regions are where baroclinic 
c 

effects are predominant. ,The horizontal extent of these eddies is 

about 10-20 km as already indicated (Hunkins, 1974b; N~wton, 1973). 

In addition to these, there are observed ste~ structure~ in the 
. " 

Arctic Ocean (Hunkins et al, 1977). These occur at depths about 

300-400m~ .The horizontal extent is limited to about a few kilometers 

because of hydrodynamical arguments. These will be CJiscussed in ,iater' 
, ' 

chapters. The Beaufort Sea Gyre has currents in the t ., clockwi se 

rotation at about 2' cm/s. The time scale for a period is approximat'ely 

4-5 years. 
r 

The oceanogr.aphie program for the main experiment of AIDJEX 1975-16 

was d.{igned to ~nsure uniform bbservations at a11 four manned ~tations 
with su)Plemental observations at the main camp. Salinjty and temper--ature were monitored with a Pless~y Model 9040 STD system. The satèllite 

• ct ./ 
/ 

1 
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camp's STD (for SaUnity, Temperature and Depth) probes/were limited 
; , 

to a depth of 750m because of the depth ~ensor and winch limitations. 
"'-

Data, fram camps Sn'ow Bird and Caribou are used far analysis here. At , 
J h' h t e maln camp t ere were weekly casts to depths of 3000m. Data were 

recorded digitally on magnetic tape with Plessey model 8400 data 10gger 

and on analog traces. Casts were t~ken once or twice daily at al1 four 

camps on a synchroni 4ed schedule. Between the ~asts the sensor was 

suspended in the pycnoc1ine, .the steep density gradient, at about 60m 

(Fig. 1.7). Thfs was done to observe the time variation at this depth 

and to look for internal waves. The ocean measurements are summarized 

in Fig. 2.5. 

Water velocity was recôrded with both fixed and profiling current 

meter systems. Current meters, fram Hydro Products, were attached to 

inverted masts to record current at.each camp at,2 and 30m depths, the 

top and bottom of the planetary bou·ndary layer '(PBL) of the ocean. See 

. Fig. 2.'5 .. Rig'd attachments to the ice were used to eliminate the need 

of a 'comp s in these instruments. Magnetic direction is always a 

source of e hi gh 1 a t i tude . The flxed mast meters were 

referenced to ice floe azimuth, which was monitored regularly. A . , 

duplicate system of 2 . was installed at the main camp 

to determine the effect of local cha topography. The 

profiling current meter, PCM; was 0 twice daily at each 

camp to depths of 200m. f~~eters, measures 

current speed with a Savonius rotor. The PCM also has a direction 

vane and pressure sensor. The direction of the current was referenced 
. "-

ta the magnetic north but was converte~ ta true direction by calibrating 

- the vane direction with the fixed mast velocities and with the magnetic 

declinations. More on the STD and current systems in the next chapter. / 
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fixed mast 
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-------------
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, 
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Ekman layer 

surface ta 200 m . region of high kinetic energy ;l 
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S T D system •. , surface ta 750 m 
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In additi on. to these measurements, standard water sampl es were 

taken at various depths. This was done ta pravide a reference ,source 

in arder ta correct for instrumental drift and ta calibrate the probe . 
. / 

The temperature and depths were obtained independently by using 
\ 

reversing thermometers and the salinity by uSlng a Gui1dline or 
• 1 

H ytech l abora tory sa.l i nome ter . 

2.5 Drift track 

The array formed by the manned camps and the data buoys at the 

start of the experiment i5 shown in Fig. 2.1. Since the ice is under 

the influence of the forces of nature, and almost always in motion, 

the camps drifted with the pack ice. In Fig. 2.6, we see the drift 

of the manned,array for AIDJEX days 100 to 270 (11 April 75 to 27 

September 75). The outline of the camp at the start and end of these 

dates i s de' i neated bi heavy 1 i.nes. The dashed 1 fnes represent the 

motion of the automatic data buoys in this time period. 

The ice was expected to follow the Beaufort Sea gyre and move in 
, 

the 'clockwise direction. As it turned out, the motion was in 

the opposite direction for the time period shown. The drift changed 

direction at this time and the manned array was at roughly the same 

place at the end of the experiment in May 1976 as at the start in - . 

April 1975. The triangle was greatly distorted by this Ume \and the 

/ma in camp (B i 9 Bear) had been des troyed by i ce movements. The drift 

traces of the manned camps Snow Bird and Caribou, for the who1e time 

period, are shown in Fig. 2.7 and 2.8 respectively Cafter Tho~ndike 

and Cheung, 1977). The day num~referr.ed to are AIDJEX days. The 

conversion from AIDJEX, days to calendar days 1S in Appendix 1. The 
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Fig 2.6 Drift of the AIDJEX array'; 11 april-1975 to 

27 september 1975. Numbers at the start and end of drift • 1 

tracks ahe AIDJEX days. large numbers are b~OY number1. 

\ 

'-
li 
l 

~ --------------............. 



1 
/ 

-/ 
'/ 
/ 

1 

i 
/' 

/ 

cP 

'0'1 N ' , 

~ 

'---. 

'\,-__ ... 130 
\ . -',' \ . 
\\~ 

.~ .. -., ...... .( .... , 
, ...... -, ...... 
\ ..... , 
\ '\ \ 3 · \ ·140 
\ 
\ ...... , 
\.... , 

~ ~~ 
! ........... 

l" 

"250 

/ " 
\ ............. 

\ 

\ 
\ 

\ 
\ 
\-
\ 
\ 

\ 
\ 
\ 

\ 

\ " 
\ 4 "---~o \ l\ le::; , \~ 

'"le ~ 
260 

\ , , 
\ 
'. 

260 

j ~"" 

0-' o. 

" " ~.-

.t .... 120 8 ......... \ 
1 
\ 

t 
" , 

" 

.... \ 

" 
" 

. J30 
• liO'I' \ 

./ \ 
' '5 - .. _--, 1 

\ i 
1 1 
1 1 
1 • 
1 1 

BF"" 
1 ~ 
\ ' .... , 

\ ....... \" 
'0 ''J 

250 
\ ",,' \ '\ 

\ ' "\ ., ' ....... \ 

260\ 
........ 

~-... / .,.... ....,. 
..... -{--\ - . __ ... ----e 

~ 

\ 7' 130 

"'v , ... ... ... ... 
" '. 260 

1 
" , , , 

6''\'' , 
\ -", , 
\ 260 

~ 

(.0: 

7 °0 , 
~I 

1 

J 
°0 
~ -

~ .. 
1 

1 



• o 

1\ 

• 

':'42-

Fig 2.7 Drift track of station Snow Bird. 
Measurement by NavSat from day 105 to 491. 
This station was split by cracks during the 
winter and the NavSat antennas were moved 
short distances several times.)\:. show 
location at integral m~ltiples of 20 days . 
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Fig 2.8 Drift track of, station Caribou, became the 
main camp after Big Bear broke up. Measurements by 
NavSat from day 115 ta 487 . 
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\ 

tracks of these two stations show the geographica1 distributioris of 

the sites where measurements were made. 
"'. 

2.6 Data Bank 

Vast quantities of data, of al1 sorts, were co11ected during the 

main AIDJEX experiment~ In Appendix 2, we have a listing of all the 

data that are avai1ab1e at the main data bank, at AIDJEX offices in 

the University of \~ashington, to date. In addition to these, there 

are now oceanographie data from al1 manned camps at Lamont-Doherty 

Geologica1 Observatory in Palisades, N.Y. At the McGiJl University 

Ice Research Project data bank the fo1lowing oceanogranhic and other 
.> 

data ar~ avai1ab1e. 

1) Smoothed position, ve10cities and acceleration for Snow Bird 

2) Hourly averages of observed wi'nd speed and di rectî on at 10m at 

Snow Bi rd 

3) Ocean currents relativ!e to the ice motion at 2 and 30m depth at 

three-hour interva1s at Snow Bird (fixed mast currents). 

\ 
\ 

4) Ocean current profiles, from the once or twice daily casts of PCM, 

at Snow Bi rd. 

5) Standard STD measurements made twice a day at the camps Snow Bird 

and Cari bou. 

In the STD data there are about 600 stations for Snow Bird and 

about 800 stations for Caribou. Approximately 30% of SB and 13% of CB 

data 'had tô be' digitized manually because of the malfunction of the 

digital data logger. 

6) Tide height at Tuktoyaktuk for"1975 . 
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-
There were numèrous peopl~ involved with'the coll~ction and int~r-

pretation of the oceanographie data at the main and satellite camps. ' 
- . , 

The following people operated the oceanographie program at the camp 
-

... Sno'r! Bird:- Barry Allen, Brian Hill, Paul Peltola, avd the author • 

At the Cqmp Caribou - the oeea,n 
1 

C..-. 

( 
-~ 

." 

- -ç 

.. 
program was foperated 

... 

d "-

~ 0 

\ 
, 

" 

byAlanGill. 

., 1 
1 
1 

• 

, ' 
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3.1 

Chapter Th ree 'DATA MANAGEMENT 

STD system 

Salinity, temperature, depth ~asts from the surface to 7slm were 
, 

m~de twice dai1y at 0600 and 1800 GMT~ith a Plessey. mode1 9040 STD. 

Data were recorded with an XXV chart recorder a~d a1so on magnetic,tape 

with a Plessey model 8400 ,,,di gîtal data 10gger (DDL). The STD profiles 

taken were ca1ibrateq by Nansen bottles and by reversing thermometers. 

Samp1es were taken at just below the ice sheet and at 250, 500 and 750 
'" 

meters. The SrD accuracies are +'O.OloC in the temperature, ~ 0.001 0/00 

in salinity and lm ie depth (Amos 1973). In this chapter we shall, 

describe the system ~d and sorne of th~ pro~ems (and sOlutfons) in 

the acquisition and management of data. 

3.1.1 Instrumentation 
, 

The model 9040 SrD system (P1ess.ey, 1969) consists of a compact 
"-

rugged underwater unit, a cabin'~t containing surface deck tenninal 

equipment and a hydraul~c winch w;th slip rings. The underwater unit 

is, equ;pped ~)th precision transducers which sense sa1inity (from 
( 

conductivitY), temperature and depth data. The system ;s shown ;n 

plate 3. Further qetai1s about the t~rmina1 equipment, etc. are in 

Appendix 3. 

Solid-state electronics in"the underwater.unit~o~vert the sensed 
, , 

parameters into a composite FM data signal that i~ ~ul iplexed and 

\ransmitted through a sea cnble (single conductor, do bl~ armoured) 

to the surface deck equipmeryt for processing ind rec 

terminal equipment separates individual from the FM 

,-
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Pl ate 3' Surface deck equl pmen't and underwater unit of the 
Plessey mode) 9040 S T D system. 
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composite and records salinity and temperature data as a function of 

tlepth on il chart reCb+er. A. sample of. the conversion tàble from FM 

periods to oceanographJic oarameters is also shown in Appendix 3. , ' 

The underwater unit, shown in Fig. 3.1, consists of the sa1inity~ 
r i) 

temperature and depth sensors (transducer5), a Bi55et-Bl rman ;araloc 

oscillator and a mixer circuit. The salinity, 'temperature and d~pth 

transducers together wi th thei r associ ated 591 i d-5tate el ectroni cs" are 
Cl • 

located in the sensor package sectfton of the underwater unit. 

Sea water salinity is detennined in situ by sensing conductivity, 
"- . 

temperature and pressure. Conductivity is measured by sensing the , {-

conductivi.ty of diSsolved salts in the sea water, which provides an 

ind~ctive loop that couples two transformers in the conductivity head. 

Sea wat~rvconductivity is a complex function of temperat~re, pressure. 

and salinity" and in' th~ 9040 system automatic compensation is contin-..____ 

uously applied for the effect of temperature, and pressure change as 
1-

w~ll as for a temperature effect on depth. This provides an output 
.. . 

that is a direct function of salinity alone and which is directed to 
1 

the Paraloc that generates an FM signal which is an analog of the . ~ . 
measure~Q, sal ini ty. 

1 • 

The Paraloc is an A-C voltaye to frequency,convertor which operates 

within a fixed Ft1 bandwidth that is established for each measured 
~ 1 

parameter. Output signal changes from the Paraloc are .directly proport-

.ional to in'put voltage variations. The result th-en, of ,a change in 

sea wat.er salinity is an FM signal, whosE! frequency increases with 

increasing sa1-i~ity and conversely. This signal is applied ta the . 
mix~ . 

, .... 
../. 
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The temperatur~ trans~ucer is a pl~tinum resistânce thermometer 

which forms one leg of a bridge. The thermometer is protected from 

strain and ha~ a short response time (0.35 s). The response times of 

~J the salinity and temperature sensors will be discussed later. Variations. 

in the temperature change the resistance of the platinum conductor, and 
. 

consequently change the voltage drop across,· it. This voltage drop is 
, . 

applied to the Paraloc circuit, which generates an FM signal analog, 

~ . to the voltage differential created by change in temperature. The 

) 

signal is tran'smitted ta the mixer. 

The depth system tncorRorates a pressure transducer containing a 
" 

pressure transducer containing a st-N1in-gage which is balanced at the tJ 

surfacé (zero'Pascals ,or zero psi) and becomes, increasingly unbalanced 
"-, 

as the pressure increase~.o Resulting changes in the bridge 
'~ 

,are converted to a frequency an~1o~ in the Paraloc and are 

----------------~ to the mi xe r . ---------

circuit 

transmitted 

~­
~, 

The underwater signal mixer receives and regulates power'from the 

deck termi n. l equi pment and transmi ts i t ,t,o the s.ens"ors. l t al so " 

" multiplexes and amplifies the FM signal from the Paralocs and transmits " 

the~ up ~he sea cable to the deck'terminal equipment. Multiplexing all 

data into an FM composite signal pennits continuous and simulftaneous 
{- -------'-.. \ .. 

,Jransmlss1on of all sensor data ta the deck 'unit in a s,ingle conductor 

sea cable. 
, 

The terminal deck equipment is the signal converter unit 'and the 

hydraulic winch. T~e si~nal converter consists ~f a pb~er supply, 
A" 

distribution amplifier and a discriminator. The band pa;~ filter ~t 
, " 

the i'nput of each discrimi.nator accepts a specifie sens~'r signal and 

rejects others in the FM composite signal. Thes~ signals are plotted 

G 
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o 

on the XXV recorder and are passed to the DOL for digi~i~ing and 

recording. 

The,data acquired b~ the sro measuring system is stored in the 

moder 8400 DOL- (Appendix 3). The DOL ha~ the capability of rec6rding 
o • 

o -

data, digitally, and at various scan rates. Each sensor is digitized. 

;ndi~idua11Y and then the Sig"n?l ;S' fed to th~ tape recorder for stor~!ng. 
The séan period can_be changed from 0.1 to la seçonds. For example; 

in the course of a typical sro profile, th~ probe was lowered at the 

rate of 10 rn/min (1/6 mIs) in the steep gradient near the surface. 

-
The scan rate of,D.5 s meant that al1 sensors were sensed and recorded~ 

at a rate of 6 time~ fQr each-meter of depth. This pJoviaed high 

resolution for the temperature and salinity gradients. 

The data (digitized) was recorded on a 7-track tape in Ben (Binar~ 

Coded Decimal) on a Kennedy incfemental tape recorder, model 1600. 

Limitations of the McGil1 University Computi~ Centre necessitated the 

t~anslation from 7-track BeO to 9-track~EBCO~e (Extended Binàry Coded 

Oecimal Interchange Code). This and-~lher tape hand1ing programs 
, 

developed at McGil1 and Lamont-Doherty Geological Observatory are 

shown in Appendix 4. Fig. 3.2 shows the f10w chart for acq~isition 

and analysis. 

3.1.2 Static C~libration 

The STO system suffers from many irritating problems. Problems 

like 'spiking', noise, drift and calibration are the major ones that 

are encountfred. 'Spiking' is caused when the sea cable ;s p;nched 
'" . and a short occurs. The result is irregularly spaced spurs fn the 

1 

.. 
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salinity and temperature traces. Spiking usual1y occurs dur4ng bad 

level winding and if not corrected promptly can tause' the 10ss of the 

,cab 1 e. Noi se becomes a prob 1 em of si gni f.i cant proporti on when long 
" lengths of cables are used. This deteriorates the signal and the 

resolution drops s-ignificantly. Also magnetisation of the conductfvfty 0 

, 1 

cell and dirty slip rings in the winch can contribute to this problem. 

Careful and periodic checking1and degaussing can reduce the problem. 

In the STo, p~oper flushing of the conductivity cell is essential 

to the accu rate readi ng of th e san ni ty. When the STo was stopped to 

get water samples, the salinity valv,e drifted and it was t,hus important 
• 

to log the pe~iods (of salinity, temperature and depth) for later 

calibration. The drift was largest in the salinity. The parameters 

returned to their proper valves once ~he cast was resumed and proper 

f1ushing occurred. The logging 0,' the STo periods is doubly important 
\ ' 

for calibration and comparison wi the water samples that are taken 

by the Nansen bottles., compared with 

reversing protected and unprotected thermometers. Nansen bottles 

were tripped only in the downtraces' to ensùre that there was proper 
-

flushing and sampling by the sensor. In tnè uptrace, the sensor 

follows in ,the wake of the instrument package and th;s migh·t possibly 

disturb the 'purity' of the reading. 

The DOL was the weakest link of the STD program in the AIoJEX, 

experiment. Out of the 1280 stations of AIOJEX, approximate1y 30% 

had to be digitized manua11y because.of the DOL failure. Oigitizing, 

1 calibrating and other programs for the handling of STO data are 

shawn in Appendix 4.~ 



................. --------------------------

• 
-54-

3.1.3 Oynamic Calibration 

The salinity, as stated above, is arrived at by making compensa-
, 

tion for the temperature and pressure values and of the gradients of 

these parameters. The need for dynamic,ca1ibration arises primarily 

because of a mismatch between the time constants of the temperature 

probe (0.35 seconds according to the manufacturer) and the safinity 

probe (neg1igi~le in comparison). Several investigators (~carlet, 

'1975; Gould and Culverhouse, 1972) who have used the 9040 system have 

found that estimates of the time constant vary-from 0.2 to 3.0 seconds. 

The correction because of the time lag is based on the assumption 

suggested by Scarlet (1975), and performed by Ed Bauer of tRe Lamont­

Doherty Geological Observatory (LOGO), that the response is exponen-

tia1 with a time constant T such that 

TI = T+ aT' 
T at (3.1) 

S' S +~x aT 
~ = T~ (3.2) aT 

~ 

where the unprimed are the sensed parameters and the primed are the 

corrected parameters, T the time constant, ;i the tempe~ature gradient 

and ~i the slope of the TS curve, assumed to be unity. (pantzler, 1974). 
aS . , 

The assumption that aT = 1 appears to be reasonable and produces 

less error than the other terms. The major source of error is in the 
, aT 

computation of at' The DDL resolution in temperature is + 0.003°C 

but this can be degraded by noise. 

The temperature interface at the base of the mi~ed layer ifl the 

Arcticpcean is usually stable, well defined and sufficiently large 

scale in temperature to afford a regular appraisal of the sensors' 

dynamic response. Comparison of the TS diagrams always ~hows a 
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downtrace offset dIvergence along the mixed layer interface\w)th the 

towards the higher sa1inity and tpe, uptrace\ towards 

From Eqn. 3.1 we expect this change in temp rature 

the lower sa1inity. 

~~ , and conseque~tly 

the effect of lag' in temperature response, re of opposite signs in 
\ 

the down and up traces. Dantz1er o (1974), in particular, has poi~ted 

out the importance of this type of systemati error in features of 

sustaineo temperature gradients. 

In the series of figures 3.3 to 3.7, the T-S diagram is plo~ted 

for one Snow ~ird station. The reqion shown IS that part which is 
\ 

near the pycnoc1ine. In the figures the dar,k ~ine represents th,e up 

trace and the light line the down trace. By"c~anging the T in the 
1 
\ 

two traces we can make both the up and down tr~ces to be nearly con-

gruent. The T for this series appears to be'ab~ut 0.75. T seems to 

change with the sensor (unit) used and in table \3.1 we have a listing 

of the T valves f~r t.,he'Snow Bird and Caribou st~tions. The changes 

ùsually aeeur when se~\ors were r~plaeed or subs~ituted. 
\ \ . 

3.2 Current measuri ng sys\ems \",. 
\ 

\ 

The currents were measùred in two manners. One was the profiling 

mode and the other was the time series at fixed depth. 

3.2.1 Profiling Current Meter 

The profiling current meter (peM) ~as a TSK current meter. 
i ~ 

Instr,umentation in the underwater unit consists of a Savonious rotor, 

a direction vane and a pressure sensor to measure the current speed, 

direction and depth. The unit was raised and lowered at a rate of 
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• TIME CONSTANTS. FOR AIDJEX STO SENSORS 

Table 3.1 

Ca1ttration Period lime Constant RarJge 

(Station Nos.) (Sec. ) 

, Snow Bi rd 3 - 241 1.0 - 0.7 

249 299 'è- TJ.7 ,- 0.5 

\ .3àt- 362 0.7 - b.,.8 , . 
Q 

530 592 0.8 - 1.0 r 

"Caribou 1 81 ,'t 0.5 - 0.7 
, 

8:r - 221 ~O. 7 - O. S' 

d 223 - 309 0.5 - 0.4 

3'10 - 558 0 .. 5 

1 

~he division into .periods in ,t'able .. is based on change of d\ 

sensor, change of sensor components, or unexplaine~ shift in observed 
•• 0 ./,. 

• .?' • • " 

response. ChâWge of tjme constant·ls approximately,linear betw~en 
, , 

1 

limit's of each range. 

\, 

" -j 
o 

• , 1 

. " .... 
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5m/min (1/12 mis) by an electric winch with 5 conduct<w slip rin'gs . 

The.speed was chosen after experiments on the station ta determine 
1 

rotor resporse to different axial velocities. Curr~nt directions 

were referenced to an internal magnetic campass. The direction va ne • 

follower and the compass were both sensed with photoGells so that only -
U " 

the bearing friction limited the compass. Th,is is an important factor 
. . 
in the weak horizontal magnetic fields in the high 1atitude~ Magnetit>" . \ 

declinations were measured at th~ 'surface before and after each cast. 

The depth, was determined by the pressure transducer simi,l ar to that 
, ., .. . 

in the STD system. The 'speed was abtained from the'calibrateq Savonious 

rOJ:or. The signals (voltag~s) 'fram the underwater unit were carried up 

by a five-conductor cable "a,nd p10tted on an XXXT plotter. 'the data were 
o , 

also digitized and recorded on the AIDJEX digital data logging system. 
, 

Q The scan rate of the AIDJEX 10g9ing -system was slow,Conce per minute) 

o 

o , 

'for th~ accuracy needed. Thus the data had to be al1 digitized manually 

from the analog traces. About 1242 of the 2133 casts were useful. The 

others had to be disregarded because of radio noise on the trace or 

. because the currents were lower than the stall (threshold) speed of 
.-.. 

the rotor (about 5 cm/s). 

The coherence of th~ vane in the up and down traces 1S good at 

speeds greater than 5 cm/s but the vane appears ta be free sWinging 

at speeds slower than this. The current structure tan be fol1owed in , 

scales of lOm or more, in the up and down traces and from one station 
-

ta '~nother. 'One major problem with the peM was the slugishness of the, 

,rotor whe'n coinpared to the rotor of Jthe fi xed' mast meters. 

". 
" 

o 

, . 
" 0 

" 
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"- '\ 0 

/) '. 
3.2.2 Calibration 1 • .. 

Calibration of the peM was done by forming linear regressions 

between PCM and the 30m fixed "mast sectioned into fairly large' data 

blacks." The digitizing was done by"W. Tiemann. Calibration and 

-e reduction w~s dbne ~~ T. Manley and B. Allen, all from LOGO (Hunk1ns 

, and f'1~nl~y, 1977). 
• 

The direction of the currents was compared by 
- \ 

! ,-, , . 

nptirig the magnetic declinatio)1. This was done by aligning à:{~urveyor;s (-,,0 

compassNalong the camp"azimuth. The reduction,of the magnetic decli~-
, . 

ation information was done sa as ta create blacks of data that were 
l , 

separated by, naturëflly occ'urring breaks caused by rapid iee movements 

and rotations . 

. An avéraged magnetic declin,ation was then cakulated for each 

data black. This usually fall~ into a 3 degree ran~e; The magnetic 

declination thus obtained wés accu rate enough to be below the t 60 
• 

accuracy of the PCM directio~ system. The depth resolution is 2m . ( , 
" ( 

because of the'digitizing. Speed resolution ;s f 1.5 cm/s at speeds 

'9rea~er than the s~all speed. 
(l, e 

A .hysteresis effect in the up and dawn traces was observed. This 
, , 

.. IJ " J 

·occurs ~s-·~the current meter is pulîed through the ... current in the up '~ 
, , 

"trace and this' results in a higher velocity"" Jhe 'opposite would be 
~- Q. • ... - "}", ' 

~ 1 

true for dow~ trace. ,In the analysis the hysteresls was reduced by 

averaging up and qown traces. 
":. ~. -

The absolute speeds were obtained by adding the ice velocities 
• ~ r t 

J " '.' 1 

(at the timês' of the station c&itJ to the velocities (relative) of 
• -" 0 .,\ 

• f", .. '.1 , " 
If 1). S'--

~ - the PCM pr.ofil,e. The cases-when the relative speed was below the'va 
~ l ,1 " 

,.~ J~ , \" t 

stall speed., no .absoTlIte speéd calculatio'ns were performed. The ", . '" ." j 
'\r~: . r~_ f, • 

" . 

J 

o 0 '-

, 
, J 
./ 

l 0 

D W / 
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problem of twisting of the sea 'éable and producing abrupt 180 0 changes , 
in the direction was solved by attachi~g a big vaDe to thb cable. This 

" 
1 _ 

is a severe problem when studying the Ekman spiral. A total of 373 PCM 

stations 'of Snow Bird were used. 
( , 

, 
3.2.3 Fixed Mast Current Meters 

The tixed mast meters were also of the Savoniu5 rotor and vane'type 
J ~ 

fro~DHydro Products. The stail speed ~nd linearity of the rotors are 
,fCiJ.... <"1 

s~perior to those of the TSK PCMs. These meters get7th~ir dtrection.by 
, t a 

measuring the voltage drop across a pote~tiometer ~s th~ vane swings. . " 

The absolute direction ,is obtained when magnetic declination and metero 

orientation (with respect to the camp azimuth) arè added ta the direction 

from meter.'~The meters were fixed in depth .and orientation. The orient­

ation was checked frequently and the meters were maintained at depths _ T _ L 

of,2 and 30m below th~ bottom, of. the içe surface: .rhe ascu~acy of the' 

direction is also + 6 degrees and that of the speed is + l cm/s .• The .... , -
" '. . 

stall speeds of these rotors are approximately 3 cm/s. These meters . ',; ~ 

worked reliably and no major probl"ems were' encounterèd. The data l1~ 
r " • 

, recorded on chart paper and digitized on the AIDJ~X data logger. Readings 
u 

were taken every minute but 3 hourly averages were us~d in calculation, 
.~ , 

calibration and comparison purposes. Fi'g. 3.8 shows the data flow from 
0:/ 

- acquisi~ion to analysi~. 
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Chapter Fo ur: D.~NAMIC CALCULATlONS 

<"" 
A common practice in oceanography is to attempt ta assess ocean current 

velocities by use of what is known as-the geostrophic approximation, or the 

geostrop;c equation. This involves the assumption that the Coriolois force 
\ 

acting on a fluid particle in motion is balanced completely by the horizon-

tal cemponent of the pressure gradient force. If the density field in· a 

body of water is known, it is possible ta determine the vertical profile of 

the horizontal pressure gradien't· by the use of the hydrosAtic equation and 

hence deduce a value for the vertical profile of the current velocity based 

on the geostrophic approximation. An absolute value for the pressure gra-

dient and the deduced velocity fields can be obtained only if the actual 

pressure gradient is known in some reference surface. Currents, calculated 

on the basis of the,geostrophic approximation are referred ta as geostrophic 

currents and they resemble the actual currents only in sO,far as the basic 

assumptio~ are valid. 

·Measurement of the temperature and sal i,nity of seawatèr at oceano-

graphie stations provi'de the necessary data for determining the water 

density in the ocean;c column. From the field of density, the field of 1 

~pressure ;s obtained by means of the hydrostatic 'equation (4.1). The hydro-
o 

~ 
static equation expresses the fact, that in an ocean at rest, the pressure' p, 

at a given depth h 1s re1ated to the weight of the water column above that 

depth. 

p== gj5h ("4.1 ) 

"-.. 
Here p fs the average seawater density in the vertical co1umn between 

the sea surface_ and depth h~ 9 is the acceleration due to gravity. Since 

,. 
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~ 

the ocean is not ~t rest, the applicability of the hydrostatic equation in 
o • 

computing the ,pt~~~ur.:~ fi el d from the dens ity ,{ may be quès tioned. However, 
f 

it will be shawn that for use in the classical dyn~mic method of current 

computation, the pressure field can be determined with sufficient accuracy 

by means of the hydrostatic equation. 

·1 
'4.1 Defini,tions 

Before beginning the analysis of the current by, the dynamic method, a 

few definitions are presented. 

Since the numer'cal value of the density of seawater always starts,,~ith 

1.00 (in cgs units), it h&s become customary ta abbreviate these figures by 

introducing a quantitYa t as in (4.2) 
"s p 

cr stp = ( - 1 )*103 
P,stp (4.2) 

, 
,where P stp ;s the density as a function of salinity~ temperature and pres-

sure. Sigma-t, the more commonly used quantity, disregards the effect of 
~ . 
\' 

pressure (i.e. ignoring the compressibility of water) on the density in' 

situ. Sigma-t, thus is the density of seawater with effects'of temperature 
. 

and sa1inity at the depth of observation. ~ 

" Oynamic dep'th is a term used to describe the work that must be dône to 

lift a unit mass a given distance perpendicular to the geopotential surface. 
e 

Thus, 1ev~ surfaces in the ocean can be ~efined as surfaces of equa1 

surface, and instead of uS'ihg geo-
- \ 

-
dynamic depth, D, be10w the idea1 sea 

metric depth to fix the position of a point below the se,a surface.~ dy~mic ) . \ \ ~ 

1 
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depth i s used. As a practical unit of dynamic depth, the dxnamic meter 
~ A 

(dyn-m) is defined. 

o (dyn-m) '7' .9.!! [m~-2] (4.3) 
10 

where h is expressed in meters and 9 in m~~. Thus the unit of geop~tent~al 

(1 dyn-m) corresponds numerically approximate1y to a geometric distance of 

1.02 m, if g;: 9.801 ms- 2. 

In'oceanograpny, cgs units have been used historically. Thus the 

density is expressed in gmcm- 3 , velocity in cms t1 (sometimes as knots with ~ 

l knot = 50 cm/s) and· pressure 'in decibars. (The SI unit for pressure 

being Pascal. l decibar = 10 kPa). - In this presentation these units are 

used with SI equival.ent given ~herever possible. 
, 

From the hydrostatic equation (4.1) the infinitisimal form becomes 

(4'.4 r 1 1 ~ 

ôp= gp ôz - (4.4) 
'. #;; 

where z , th~ us~al notation for depth i s used. Then, from the definition 

of dynamic depth D, we can write 

" 

dO ::: 1 - dp ::: a.dp (4.5) 
p 

with a , the specific volume, the reciprocq1 of the dens'ity. If pOis 

measured in dbar, 0 is in dyn-m. 
• 

Thé dynamic depth 

respectively, is then 

" \ \ 

two isobaric surfaces with pressure'p( and p o 
- 1 

as 

~ . 

i -
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"" 
P r~-

D = J ? dp (4.6) 

Po 
, 

"-

'\ 

If Po 'referJ to the sea surface as the uppermost i sobari e surface in the sea, 

and taking PI) = 0, then D is the dynam,ie depth of an isobarie sur·faee with 

sea pressure p. Of course 0 can only be measure'd relative to a sea surface 

where Po = O. If the sea surface is incl ined, the dynamie depth, as calcu-

lated fr9m '(4.6) is only the relative dynamic depth. One of the most impor-
, 

tant prbblems in dynamic oceanography is the determination of absolute 

dynamic topographies. If the absolute dynamic topographies are known, the 

,oceanographer can apply theoret i cal. rel ati onshi ps between the pressure 

forces ,and other forces that cause and affect ocean current in order to 

arrive at current speeds and directions at various-depths. 

From (4.5) we see that for static equilibrium, the fields of pressure .. ... 
and geopotential must be parallel to each' other. That is to say surfaces 

,of equal specific volume '(isosteric surfaces) and' isobaric surfaces coincide 

with levél surfaces. A field in which isosteric and isobaric surfaces co;n­

cide is called a,barotroptc ,field. A field of mass for which-these sur-
l , 

faces'intersect lS called a baroclinic field. ~ baroclinic field cannot 

rèmain without motion, but barotropic fields can be at rest, but do ~ not 

have to be motionless. Only when isobaric, isosteric and geopotential sur-

faces coincide is a barotropic field at rest. 
~ 

4.2 Gebstrophic çurrents 

When a frictionléss current flows horizontally without change of 
l' 

" 
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• velocity and the ·only external force is gravi .. ty, the component equations of 

motion on a rotating"earth (4.7) become (4.8) .t 

l àp 
du 2wsin<j>v + F 
dt - - - x -

p dX 

dP 
(4.7) 

dv l 
dt - - 2wsin4>u .+ Fy - --

p ~y 

1 d P 
'i'dw'~ = - - 2wcos<j>u + F + 9 
dt - ~ z . 

p ~z 

U r ui + vi + wk 

/' 
with i, Ï and! as unit~ectors in the x, y, z direction. (X is positive to 

the east, Y is positive to the no~th and Z positive·vertica11y down to the 
-~--, 

center of the earth.) 4> is the latitude and' w the angular vel\ocity of 
, 

rotation of the earth. Fx, Fy and Fz are the force per unit mass of the 

external force field. The axes are shown in Fig. 4.1. 
\~ , . 

From (4.8)·we see that in each of the horizontal coordinate directions, 

! the compon~t of the Coriolis force (e.g. 2ws'in~pv/ ) is balanced by the 

prestsure gra.dient force ~PI~x). In the vertical direction the pres!iure 
.1 

• ~ ) 

gradient force is balanced by the vertical component of the Coriolisoforce . 

! 

, . 1 r. 1 -
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l ati tude 

longitude 

\ 

Fig. 4.1 ,The coordin~te system showing' the positÎ\fe X, Y and Z axis . 
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and the gravitation force . 

In the third equation of (4.8) we see that g, .. the acceleration due to 

gravit y, is rnuch bigger than the contri~ution 'of"the Coriolis force. Thus 

for most of the world's oceans, the term 2wcos~pu 1s van1shingly 

srnall compared to g. In the Beaufort Sea, the mean latitude 1s 76°N and 
., 

thus the contributio~ is smaller still. Then the third equation reduces to 
.' 

the hydrostatic equation (4.4). 1 
Squaring and adding the first two equations in (4.8) we get 

il p ~n . = 2wsin~pc ::: fpc (4.9) 

where 

C ::: 
2 • 2.1 

(u 1- V)2 Il the speed 

f :: 2wsin<j> the Corjolis parameter -

and t 

d p!t>n = 

T The equilibrium of forces iQ (4.9) shows that the Coriolis force must 

be equal and opposite to the horizontal pre~sure gradient force. Equation 

(4.9) is a scalar equation, and in the geostrophic balance, the sp~ed c 

is perpendicular to the pressure gradient. 1 Thils means,,- that the horizontal 

current vector c, mus1;_be parallel to.the isobëj.rs. See Fig. 4.2. The 
( . 

". 

direction ii such that, for the northern hemisphere, the higher press~re is 

to th~ right whe.n one faces in the direction of the current. This type of 
l' . 

\' 
. -! 

.. 
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~ 
current';s called a geostrophic current and the balance of forces thus 

expressed 'in (4.9) is called the geostrophic equilibrium. 

Instead of using the horizontal pressure gradient along level surface, . 
the slQge of th: isobaric surface can be introduced in (4.9). Fig. 4.3 

shows two isobaric surfaces, in the vertical plane, p and ~'p which are 

inclined agafnst a level surface 'n. The vertical nz. plane i~ perpemdicu­

lar to the current veloc,ity c. The pressure at pOinf l on rth~ lével surfaçe, 

;s p and at point 2 ;5 p ~ c:. p =- p "'" gp6'Z. .t'here p is the density of the 

water column between points 2 and 3. Then 

(4.11) 

Of 
$. 

C~ P !}, n) :: 9 p tane 
J 

,A negative sign on the right of (4.11)'is used when the positive Z 

axis points down. Here e is po~itivelin the clockwise direction. 
, ' 

The class;cal dynamical method of computing ocean currents is done by . . ~ " 
, 

directly applying (4.9) and (4.4). If p is the pressure at ~epthz in the 
f 1 

ocean with p' the constànt'atmospheric pressure at the surface rand 

p(~) is ~he density of seawater as a function of depth, then . 

p :: p' + 9 a 

2 

J p(z) dz. 

T 

. 
(4.12) 

We get the horizontal pressure grad'ient by "differeFltiating, i.e. 

1 z 

.~ p /) n) =. 9 J C~ p li> n) dz - 9 pt, (~r Id n) 

,1 . 1 

(4.13) ,. 

, " 
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J 

'ln a homog~n~ous oc~an where the density. i s c~nstant, the fi rst term 
o 

in (4.13) is zeœ and the horizontal press4re gradie'1t at depth z is the 
• 

same as the gr.adi en~ resul ti ng from ,the s l ope of' the sea sùrface C~1/dn). , ., , 

ojP{~);s the seawater de~sity at the surface. In a stratified ocean 

"then the hori zonta l pres~ure gradi ent has two components. The fi rst ..i s 
; ~ 

the contribution of a slopiQg f~ee, sea surface (as in the case of the homo-

geneous oceaQ)and the second is a component due to horizoDta1 density dif­

ference i.n thlt water'. ~The 'term depends\)1) the vert; ëql coordinates' 'and 

usually incre~ses its value Jith depth. This means that with increasi~g 
~ 

depth, the6contri~ution of .the sea surface to the total, horizontal pressure 

gradi ent (dr/~rVJ can be gradua 1 ~y compensa \ed Py the fi rs t ~,erri1' in 

If this i~.,the case at depth Z'~OH"th~n· ~ P (~nl = O· . 
~ • ZcH 

; . e. / 

.i 

(4.13), 

'AcqH~ding to ,~4~ 14) the ,abso]ute geostroP,hic current should also be 

1 • 

• 1 \ ~~ .." l ... 

ze~o at this deptti 2:::. H. This" depth ;s often èa)led 'layer of no mQtioo', 
, ." c ), " 

'There may be none 6r more than one layer of no motion in a stratified,Qcean. 
" 'fI':l 

Equation (4.1"4) demands that (~rfon)b.e a negaÙve quantity, and the 
~ ~ , Q 

\ 0 C • 't 1 1 • 

'Ïsopycna1s must slope in a directipn that is opp'bsite to':the-sea surface • • ! • 

" slope, as in' Fig. 4.4. , If. thi~ ~ere not the ,ca",:' and the isopycnals slied 

,/ lin the same direction to the sea surface, th~n the first term in (4.14) 
" ~ 

would have the same, s'îg~.'a?, fn)@~~/at)~, ~he' free surfac~ slo~e, and,the 
_ t .. \. ~ .. " 

" pres~u,r~ gradient as"well as the curr~nt speed. must irkrease~continuously ~o , 

the' bottom." QIn the ocean usuallj'this is not the case. Normally curref)ts", 
, . . .' 

, . 

0" 

\ rI \ . 
" .... , . 

,) ~ .. 

, , 
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decrease.with d~, a1though important exceptions exisf in the worl~, But 

these exceptions ~re usually non-geostrophic, 

In Fig. 4.4 we have' a vertical section petween two oceanographic , . 
sta~ns 1 and 2 .. ~he sea 'surface rises from'station l to~2 over a distance .. 
6\t along a lev~l sur~ace by'an alflount6T, The isopycnals, f~ ta t~, 

are gi ven by 'the --tempe rature and sali nit y observati ons obtai ned at the . ' . 
stations land 2 respèctively. As shown they slope in the opposite direction 

• 
to the sea surface, The avar.age density of a vertical water column between 

., and the depth. z:: His {l' at station land l 2 at station 2. The 

p~essure h ' at depth His 

{4.15-} 

and the pressure P2' at station 2, at depthtH is 

P2 = 9 P2 H + Pa + 9 p (\) À '{ 
(4.16) 

j) 

If Pl' P2 and A 1" 'â~e such that Pl. = P2 at z:: H, then 
.. .., 

if 

(4.)7) ., 

or putting i.t another way,. H, the depth at which the two terms compensate is '6: 

( 
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(4.18) 

, , ,., 
Fr-Om (4.18) we can get the depth of the layer of no motion, provided 

- ~ '~: 

61 is ,known in addition to the vertical'density distribution at two adja-

cent oceanographie stationS. From (4.18) we also see that for a given 

the depth H increases as (f, - il.) decreases. In strongly stratified water 
, ' . 

the layer of no motion }s found at 'shallower depths than in weaker stratifi­, 
cation. In a very weakly stratified part of_tbe ocean" H becomes very deep 

and approaehes infinity as (1. -lI.) approaches ze,ro. This ca~ happen in 
, , 

the nearly homogeneous ,,~ater mas~sthat are found in the deeper Beaufort sè'a. 

Again, if 1 and 2 are our two oceanographie stations for which the dis­

tribution of density with' depth is known from observation of temperature~and 

salinity with depth, the dynamic depth difference D, in dynamic meter 

[m2s -2] between two isobari e surfaces 'pq and Pb is obtained by numerieally 

inter~rating (4.6). 
~ 

/." 
, 
\ 

, 

Défining --J the specifie volume in situ, as the sum of the contri-. 
V\. ST,! 

bution Tram a 'standard ocean' (of OaC and 35 /00 - ~3~O~) and ~he anamoly 

1 of specifie volume ~ (the dependenee of the specifie volume on salinity/ 

t~perature and pressure) i.e. 

(4.19). , , 
, -

then 

D = 
r 

+ J ~ dl" ~ D3So","'" A]) (4.20) , 

to 
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\ In oceanogr.aphy, we are 'i nterested in the differences ~f b between 
1 

stations, at a given isobariè surface (p say). ,From (4.20) we note'that the 

eontributinn to this difference by the 'standard oc .. ean' (D35 ,0,P) calice~s ( 

out leaving'the dynamic depth anomaly as the only significant term. Thus 1 
with the introduction of the specifie volume anomaly, the dynamic depth ~f' 
di fferences at i sobaric :S~rfaces f~ and tb between two adjacent stations 

(~ and ~) depends only o~ the term that ~ontains the anom~ly of specifie 

, vo l ume, i. e . 

Dl .. 

b~ . 
: -}C,. dl> (4.21) 

tG 

( to. and Fb are the two isobaric surfaces). , . 

Expressing the horizontal pressure gradient (~r~n) in terms of the 
, 

slope of the isobaric.surface (4.11) and combining with (4.3) we get 

then (4.9) becomes 

or .. 
J 

'-""Ji.-

, 
"~ 

c 

, 

= lO 

:f\... 

::: , 

'/ 
(4.22 ) 

.. 
-

= -, (:) (A .T:>z - A P, ) 
An 

with .f :::'2W '1n;the Coriolis parameter,and L;"L\ n is the horizont'al 

.... 

/ 
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distance when proceeding from station 1 to 2 ~n the positive'n direction . 

6 P2. and 6'P, represent the rel ëlt; ve dynamic hei ght lInomaly between thè 
• 

isobaric surface at station 2 and l respective1y~ c is the re1aijive current 

'between the two isobaric surfaces t'e:. a~d fb' The relative ve10city (or tje 
\ ' 

velocity difference) is in m~-l if the dynamic depth differences are in 

dynamic-meters (m2s-2) and L is in m. The expression (4.23) was first. 
" 

derived'by Hel1and-Hansen (1905) from Bj~rknes' circulation theorem (1900). 

4.3 Sample Ca-lculations , , 

In the application of (4.23) to the data from the AIDJEX main experi­

ment 75-76, station 1 and 2 are ta ken to be CARIBOU (CB) and'SNOWBIRD (SB) 

respective1y. 
- \ 

Throughout the experiment, SB was the more northerly of the 
. 

pair of stations (Fig. ,2.6,2.7 and 2.8). Table 4.1 and 4.2 show the values 

f9r d~nsity and dynamic height~val\eS for a 
l, ' , 

choseri for demonstration purposes iS'.SB 302 

The pair 

CB 318 of 09 Nov. 75. At 

. -this time the camp SB was located at 142.658 H and CB at 72.877 N, 

140.852"\~, 'the- distance"'b een the 'tamps be' 9 laS km. The camp positions 

and relevant direc 'ons are depicted in Fig. 4.5. 

As stated earliar in the chapter on data ~ollect~on, measurements of 

salinity and temperature were made ;n a very fine scale. Sampling depths 

were never greater than a meter apart. Because o~ the continuous nature of 

_the observed data, stan~ard level interva1s were mucn closer than tho~e nor-
• mally used. In addition, the interpolation error for these standard levels 

is minimal since observed 1evels were se1dom greater than 0.5 m apart. It 

would take pages ta present the dynamic ~o~putations for every station. In 
1> 

1 
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~ • \' Table 4 .. 1 
DYNAMIC DEPTH CALCULATIONS 

1 

CB318 09 Nov. 75 \800Z 
~ 

LAT '72.877°N Long 140.85°W 1 

, 

depth' \ . temp salinity - dens i ty dyn ,depth 
(m) (OC) (%0 J (crT ) \ , (c;tyn-m) 

.... , 

"" 
1 

0.0 -1.89 30-.250 24.35t - o.b 
5.0 .. -1.89 30.247 24.348 01 018 - . 

10.0 -1.89 30.247 24.348 0.036 
15.0 -1.89 30.252 24.352 0.054 
20.0 -1.89 , 30.255 24.355 0.072 
25.0 - 1 .89' 30.256 24.356 0.090 
30.0 : -1.89 30.257 24.356 O. 107 
,35. 0 ~ -. -1.88 30.409 24.480 0.125 
40.0', i ,:,1.78 31.409 25.289 0.140 

;J, 45.0 . -1.76 31.528 25.385 0.153 
50.0 . : -1.:'74 31.585 25.431 0.167 
55.0 .. -1 .. 75 \ 31 .652 25.485 O. 179 . 
60.0 : . -;1 .78 31.755 25.569 O. 192 
65.0 · ~.1. 84 _ 31.883 25-.674 0.203 
70.0 1 -1. 76 31.993 25.762 -0.215 
80.0 -1.62 32.238 25.958 0.236 
90.0 . ,..1.63 32.430 26. 113 0.256 

100.0 -1'.67 32.556 26.216 0.275 
110.0 -1.72 32.667 26.307 0.292 
120.0 • -1 .75 32.760 '26.383 0.309 
130.0 -1. 74 32.861, 26.465 0.325 ,~ 

140.0 >1. ~3 32'T 
-

,26.543 0.341 \ 150.0 -1.74 33.0 0 26.643 0.355 
\ 160.0 -1.73 33.2 2 26.741 0.369 

170.0 .-1.63 ,'. 33.3 2 ,. 26.877 0.381 
180.0 -1.51 33.5 8 27.044 0.393 
190.0 -1: 39 33.748 27. 175 0.402 .. --- 200.0 -1.23 33.931 27.318 0.411 . 
210.0 -1.06 33.080 " 27.433 0.418 
220.0 -0.85 34.234 27.550 -;::.---:=..: 0.424 
230.0 -0.68 . 34.356 ~ 27.642 0.429 
2'40: 0 -0.52 34.467 27.725 0.433 
2-50.0 '. -0.41 34.546 27.784 0.436 
260.0 :- -0.31 34.606 27.827 0.43}) 
27Q.0 : -0.23 34.649 27.859 0.442 

1 280.0 ' -o. 17 34.685 27.884 0.445 ~ 

290.0 . -O. 12 34.714 27.905 0.447 
& 300.0, -0.08 34.733 ~7 . 9H~ 0.449 • 

( 
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1 

depth . 
(m) -, 

310.0 
320.0 
330.0 
340.0 
350.0 
370 .. 0 . 
390.0-
410.0 
430.0 
450.0 
470.0 
490.0' 
510.0 
530.0 
550.0 
570.0 

, 590. a 
610:0 
630.0 
650.0 
670.0 
690.0 

,7itJ.O 
730.0 
750.0 
755.0 

, 
! 

j 
!' 

é f 
l' 

( 

temp 
.( ·c) 

-0.05 
0.00, 
0.03 
0.06 
0.09 
0.14 1 

·t' 0.17 /{ 
0.191/ 
0.21/ 

-

o~ O. '2 
o 1 
0.20 
0'.18 

fn· 17 
/0.15 
; o. 12 

1 
0.10 
0.08 
0.05 

! 0.03 
J 0.01 

c' . -0.02 
- -0.05 

. 
\ -0.06-

( -0.08 

1 

, , 
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" 

·~Tab1e4.1 (Cant. ) 

, 
-sal ini ty density dyn depth 

- (%o ) (tr;,) (dyn-m) 
\' 

- , 
34.752 27.932 0.451 
34.767 27.942 0.453 
34.783 27.953 0.454 

i 34.796 27 . ~62- 0.456 
! 34.808 27.970 0.,457 1 

34.821 21-.9_}8 . 0.460 
34.830 27.983 0.463 

' 34.843 /27 ~ 993 " 0.465 
34.851 27.998 0.468 
34.858 28.004 0.470 
34.863 28.007 0.473 
34.868 28.012 . 0.475 
34.&71 28.'015 0.477 
34.875 28.019 H9 -) . 34.877 28.021 .J o 81, 
34.880 2,8.025 .483 
34.883 28.029 0.485 
34.88~ 28.031 j.~0.4B7 
34.886 28.034 ,/ 0.489 
34.887' 28.036 0.490 

/ 34.888 !2S.037 0.492 
/ '34.890 28.041 0.494 

34.893 28.044 0.495 
34.892 28.045 / 0.497 
34.893 ' 28.047 0.~98 
34.895 28.049 0.499 

f 

D . ' 

~ 
, 

,\ 

". 
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\ 

~ r, 

/' 
/ 

\, 

~ 

, 

.4 

/ ' " 

, , 

" 

58302 

. , 

- depth 
(m) 

0:0 
5.0 

10.0 
15.,0 
20.0 
25.0 
30.0 
35.0' 
40.0 
45.0 
5'0.0 
55.. a 

,60.0 
, 6,5. a 

70:0 
80.0 
90;0 
~OO:O 
110.'0 
120.0 / 
130~0 
140.0 
150.0 
160.0 
170:0 
180';-0 
190.0 
200.0 
210.0 
220.0 

.230.0 
240.0 
250.0 
260.U 
270.0 
280.0 

, ' 

, , 

--- -1.3l9 
-1.66 
-1.66 
-1.66 
-1.66 
-1.67 
-1.66 
-1.5J 
-1.51 , 

-1.52 
.' -1 .5,3 
. -1".47 

:..'1 .41 ,. 

-1.34 (' 

-'1.34 
'-1 .32 
-1.37 
-1.43 
-1'.47 -
-i :50 
-1. 51 
-1.53 
-1.53 
-1.53 
-1.50 
-1.46 

,. -1 .38 
. -1.30 

-1.09 
-0.95 
-0.77 
-0'.6er 
-0.420 
-0.30 
-0.19 
-0,.12 

, . , 
> 

-84-

, " " , 

Table 4.2 
, " 1 

() 

1 

.. . 
" 

DVNJ\MI C ~EPiH CALCULATION5 
1 " ~ 

'. ,09 -Nov. 75 

1 

. , . ' 

, 

/ 

'" 

LONG 

sa1inity 
(%o)" " 

,-

30. 098" 
30. 051 
30.0'49 
30.049 
30.051 
30.'052 . 
-30.05Y 
30.877 
31.080 
31.223 
31.335 
31.48~ 
31.625 
'31.775 ' 
31 .871 
32.172. 
32.366 
32.491 -
32'.597 
)32 ~ 702 

ilf 32.801 
32.898 
32.999 
33.082 

,33.195 
33.321 

_ 33.494 
3-3.638 
33.863 
34.015 

. ,34. 166 
34.296 
34.412 

"'34.480 
34.549 ' 
34.592 

> 

.c':! 

'r-' 

l80ÙZ 

" 
\ 

density" 
(' Q'",\) • 

24.223. 
24.187 
24.185 

'24.185 
24: 187 

, 
. 

24.188 
24.188 
24.853 
25.018 
2,5,134 
25.225 
25.343 
25.457, 
25.577 
25.654 

" 25.897 
.26.056 

26.158 
26.245 

. 26.33l 
q 

'26.41 
26.490 

. 26.572" 
26.640 
26.730 

• 26.831 
26.969 ' 
27.083 "'i 

27.#259 
27.377 
27.492 ' 
2tt.590 " 
27.676 
27: 72,5 
27.776 
27.806 

, dyn depth 
(dyn-m) 

0.0 
0.019 
0.037 
0.056 l' 

0:,075 ~,..~ 

0.093 
' 0.1·12 ,.. 

0.129 '" 
,0,.144 
0.159 
0.17~ 
0.186 
0.199 

" ~ 0.212 ~ .Ji: 

0.223 
0.~45 
0.266 

, 

0.285 
0.304, 
0.32'1 
0.338 
0.353 
0.369 . ' 
0.383 
Ù.397· 
0(4409 
0.421, 
0.431 
0.441 
0.448 
0,:455 • 
0.460 
0.465. 
0.469 
0.472 
0.476 

l , 

.;., 
\ 
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-. Table 4.2 (Cont.) 
, 1 

depth temp .sal inity 
, 

dens~ty 
-0 'Èlyn depth " 

(m) '( . C) (%o ) C lf't4 ) (dyn-m) 
\ , 

29W -0.07 34.625 27.8~1 0.479 
30 .0 1 0.00' 34.661 '27.856 0.481 
310.0 0.06 34.690 27. 871 . 0.484 .. 
320:0 o. 11 34.705 27.886\ 0.486 
330.0 0.14,' 34.·729 ~ 27.904\f 0.488 
340.\0 0 .. 18 34.742 27.912', 0.490 , 
350.0 0.21 _ 34.759 . 27.924 '-. 0.492 
370.0 0.27 34.780 27.937 0.496 ' , 

\ 

390.0 \ 0.31 34.792 - . \, -27.945 0.500 .. / 
410.0 0.34 3'4.805 27.953 0.503 . 1 

430.0 - ~O. 36 34.817 27.(963 0.506 
450.0 0.38 • 34.826 27.968 0.50g-
470.0 0.40 34.832 27.972 1\ 0~512 " , 490.0 . , ,0.41' -"34.838 ,27.976 0.515 

, 
-r----

510.0 0.43 34.841 27.977 0.518 4 

530.0, A 0.43 34.846 27.982 0.520 : ro.o 0.42 34.849 27.985- 0.523 
70.'0 0·A2 34.855 27.989 ./ 

0.526 
90:0 0.40 . \ 34.856 27.992 .0.528 
10.0 0.39 /34.859 27.995 0.531 . 

630.0 0.37 -~ 34.863 27.999 0.533 
650.0 . 0.37 34.863 27.999 .0.536 Ir 

II' 670.0 0.35 34.866 28.002 0.538 1 

69Q.0 0.33 
,\ . 

- 34.864 28.002 0.,.541 
710.0 0.32 34.865 28.\003 0.543 

. 730.0 0.29 34.868 .- 28~OO8 0.545 
750.0 -0.25 34.869 2a:01O ' 0.547 

\ 757.0 ' 0;24 34.870 28.012 0.548 Ir 

\ 

" 
" ~ 

- .. 
~ 

1 < 
Y /.' 

\' \ - P 

.. 
, 

'f 

0 
<;r-

'. . 
f) 

-- .\ 
. y .. 

• .. . .'" ;. 

''1< 

.' 
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Table 4.1 and 4.2 we present, the temperature, salinity, density (<r, ), and 
1 . 

dynamic height at. stqndard~levels for the representati've pair of stations 

'SB .302 and CB 318 (09 Nov. 75). Also at this point we present the G"",., S 
- 1 

and T profiles together with the TS diagram of these ,stations, to show the 

nature,'of the water column for each of the stations. (Fig. 4.6, 4.7, 4.8 

and 4.9 are saTinity, temperature_and sigma-t profiles and TS diagram for 

CB 3]8 and 4;10, 4.11, 4.12 and 4.13- for SB 302.) 1 -

~ '"'- ' ''------ -
Ne~t, we ShrW in Tabl~;~: the re1ativ'é currents calculated from this 

pair of stations. In ,the example shown here ~nd all the others Jor which 
ft • \ 

ca1culations are 'done 'SB is taken as station 2 and CB as station 1. SB\ is 
, \ 

the mo're northerly of the pair of ~tations. Ic,Jhe geometry of the ,stations 

was shown in Fig. 4.5a. Fig. 4ffsb snows the relative slQpe of the 

depth surfaces. If b. Dynami c depth == 4 D~P.t - 6. Des > 0 at all 
• 1 

depths, the relative currents have a negative sign which means that they 

" directed such that SB is on the left hand side when one faces in the direc-

tion of the relative current. Fig. 4.5b shows the camps in the vertical 
! . 

ni plane and Fig. 4.5c in the hor.izontal xy pl()ne. The direction of the 

relative current calculated then is determined by the above relation. 
" 1 , 

Neither the total relative current nor the actual direction of the 
. '. 

current can be cal cul ated as above because we have'iused ~nly one pa; r of 

stations. With the use of another pair (say SB and Blue Fox) it ;5 possible 
.. 

to span the-wholè two dimensional (h~rizantal) space-and get the total speea'. 
1/;, ' 

an9 direction. In the meanwhile we have to be satisfied wi~h only ~hat 
<J - " 

compQnent of the current that is perpendicular ta the lit'1e join;ng the' 

camps or the component parallel to the isobars calculated from these pair. 
'. ". , 

It is~emphasized that these are relative currents and not the absolüte 

/ 
.. 
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'. Fig. 4.9 T-5 diagram for CB 31B 09 NOV 75. 
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<"r • , 
i>' Table 4.3 ' ~, 

Q 
RELATIVE CURRENT CALCULATIONS .. \ , ..,. 

depth e, ~D&~ 6.. Del!'.' Ô. Ds.~-c.e rel. current \ (m) (dyn-m) (dyn-m) (dyn-m) " { ~m/ s } 
0.0 0.0 0.0 0.000 1 0.0 
5.0 0.019 0.018 0.001 \ ...... 0.04 

10.0 ,0.037 '/- 0.036 '0.001 0.10 
15.0 0.056 0.054 0.002 0.15 
20.0 , 

0.075 0.072 0.003 ',,0.20 
2~. O. 0.093 0.090 0.004 0.25 
30.0 0.112 0.107 0.005 Il.,0.31' 
3~. 0 0.129 cr. 125 0.004 O~28 

" 
,. 40.0 0.144 0.140 0.004 0.26 

45.0 0.159 0.153 0.005 0.34 -" . , 
50.0 0.173 0.167 0.006 0.41 
55.0 - . '0.186 

~ 
0.179 . O. 0.47 

60:0 
,. " .' 0.199 0.1 0.51 

65.0- -0: 212 ~ 0.2 . 0.008 0.54 
70.0 . 0.223 0.21 0.009 
~O.O 0.245 0.2 ,A(.009 0.63 
90.0 O. 0.010 0.66 

100.0 O. .5 - o.oi 1 0.70 
110.0 0.304 0.é92 . 0.011 0.74 

'. 120.0 0.321 0.309 0.012 0.77 , 
130.0 0.338 0.325 . 0.012 0.81 
140.0 0.353 0.341 0.013 0.84 
100.0 0.369 0:355- 0.013 0.88 
160.0 0.383 0.369 0.014 ,.0.93 
170,,0 0.397 0.381 , 0.015 '1.01 
1~0.0 0.409 0.393 0.017 1.12 
190. 0.421 0.402 0.019 Il.24 

0.431 0.411 0.021 1.38 
·210.0 .. 0.441 - 0.418 0.023 1.51 

\ 220.0 0.448 0.424 0~024 1.62 ,1 '-..... 
230.0 0.455 0~429 0.026 1.72 , .. 
240.0 0.460 0.433 0.027 1.81 

" - 200.0 10.465 0.436 0.029 1.89 
GbO.O 0.469 ,0.439 0.030 1.95 
270.0 0.41'2, 0,''142 0.030 ' 2.01 . 
2tlO.0 0.476 , 0.445 0.031 2.06 
290.0 0.479 0.447 0.032 2. 11 
300.0 0.481 0.449 0.033 2; 15 , 

310.0 0.484 / 0.451 0.033 2.19 

, 
1 

1 
1 

" ; J 

1 /-
1 

1 

1 

--~ . . 
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'. 

depth 
(m) 

320.0 
330.0 
340.0 
350.0 
-370.0 
390.0 
410.0 

- 430.0 
450.0 
490.0 
510.0 
030.0 
5tlO.O 
b70.0 

, b90. 0 

.. 
,1 

• . él 

610.0 
630.0 
6&0.0 
670.0 
90.0 

71 . 
730.0 
75{}.0 
755.0 

>' 

.,.' 

. , . 

~ 

" 
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Tab 1 e 4-.3 cont. 

" 6.:D~'B A'Dcl3 

(dyn-m) . ( dyn-m) 

0.486 0.453 
0.488 0.454 

. g. 490 0:456 
0.492 0.451 
0.496 0.460 
0.500 0.463 
0.503 0.465 
0.506 0.468 
0.509 ' 0.470 
0.515 0.475 
0.51-8 0.477 
0.520 0.479 
0.523 0.481 
0.526 0.483 
0.528 0.485 
0.531 0.487 
0.533 0.489 
0.536 0;490 
0.538 0.492 
0.541 0.494 
O.b43 0.495 
0.545 0.497 
0.547 0.498 

' 0-.548 . 0.4'99 

'f' 

1 

• , 

~ '" 001. ... ,, __ , ..... ~~ •• ~ 

" 

/ ,.;* J~ 
Q 

t! 

, , 

.......... 

.D. "D 5.13- Cet re 1 • '\current 
(dy'n-m) . .( cm/s ) 

t 

.0.034 2.22 ,-
. 0.034 2.26 

0.035. 2.29 
0.035 2.32 
0.036 2.37 

'0.037 2.42 
'." 0.037 2.47 , , 

O-{ 038 2.51 
/ 0.039 ~.61 

0.040 / 2.65 
0.041 2.70 

~ 
0.041 2.74 
0.042 2.79 
0.043 2.84 
0.043 2.88 
0.044 2.93 • 
0~045 2.97 
0.045 3.02 
0.046 3.06 
0.047 3.11 
0.048 3.16 
0.048 3.21 
0.049 3.25 
-0.050 3.28 

/ 

/ 
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currents. The program that ca~ c.ul'ates the speed and dirèct l on of the se 
J 

relative currents is shown in block form in AppendiX' 4-: 

In order to get the absolute currents) either the absolute pressure 
o 

field or the absolute current velocity must be known. The lriclination'oJ 
\ 

the isobaric surfaces against level surfaces is very small and no method 

exists in 'oceanography at present to measure these inclinations directly. 

In using measured currents cafe must be takep to note if the currents,are 

close enough to gèostrophic equilibrium in ~rder to relate the measured 

absolute currents ta the horÏ4ontal pressure-gradients. The layer of no 
,If," ~"';'.î1 \ 

mot i on referred to here i s the 1 ayer of no hori zonta l motion. A layer of no 
,{ t, 

absolute motion would involve the vertical component tao, and the three-

dimensional current field is ev en more difficult to obtain. 

Defant's (1941) method to get the layer of no m()tion starts with the 

assumption that the strongest currents occur in the uppermost stratified 

structure of the sea. Upon comparing the differences of the relative dyna­

mi c depth of a gi ven i sobari c surface ~etween adjacent oceanographi c stations 

(e.g. Table 4.3) it is found tha{ in the deep sea layers, this difference 

was practically constant over large depth intervals. It would be unreason­

fb..l--e to assume that these deep 1 ayers are moving wi th uni form speed and tnat 

the surface layers are motionless. Thus, Defant, suggested that these deep 

layers, with constant or nearly constant horizontal pressure gradients, are 

motionless in the horizontal direction, rather than at a uniform high speed 

as compared to 'the sea surface. The absol ute currents at any depth, are 

then obtained, by taking the relative current at this depth and subtracting 

the calculated current at the supposed layer of no motion. This would yield 

zero speed at the layer of no motion and a non zero speed at the surface. 

, 
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In applying~these assumptions to the data on the stations SB and CB we 
. 

. ~' .. : have to chOOl>e the maximum depth of the oceanographie casts as 'the depth of 
'cP' 
, th'e layer of no motion. A qualifying remark is needed to justify this 

, c 

choice. We assume that large changes occur in the upper layer and that the 1 

-~ 

deeper Atlantiê water '(at depths up to 900 m) is relatively stationary (or 

/ slow moving). It is not correct to say that the Atlantic water is motion-
- 1 

, 1 

1 1 

less as the deep 'circulation jn the Beaufort Sea, is of this water (Fig. 1.10). 

Due to the lack of any other data (current meter and/or deeper oceanographie 

casts at these two~stationsjJthe layer of n? motion' is plaeed at 750 m --

the maximum depth of these easts. Table 4.4 ha~ t~ absolute and relative 

currents for 09 Nov 75. The abso l ute, eurrents are referenced to a depth of 

750 m. Fig. 4. 14 à~d 4.15 show the eurrents as ealeulated and as measured 
, - . 

from the PCM casts at that time . . ' 
The PCM casts are only to a depth of 200 m or less. • The PCM currents 

measured are relative to the ice. By adding the ice velocity ta the water 

speeds we get the absolute currents.(Plotted in Fig. 4.15). In comparing'the 

absolute speed (geostrophic) and the PCM~easured speeds (to 200 m) we see 
...... '~ .. ., 

that the geostrophic current is' smaller: One possibility is that the layer~-

of no motion is significantly deeper than that assumed here. As was point~~ 
in 

out earlier the layer of no motion is deeper~nearly homogeneous water ;n the 

deeper pa rt of Ul~ l'bas in. 
~ \ ... S 

Typ i ca 11 y ~ Defant found tha. t the layer 0 f no ...... -
• J> 

motion in the Atlantic to be 1500 m or more. Another possibi1ity is a baro-

tropic current arising from the sloping sea surface possible because of 

atmospheric pressure differences. This pressure difference would result in 

a current even in an ocean of uniform O"t. The information on th;s is not ' 

avai1able for the SnowBird and Caribou stations. 

/ 

1 ... , 
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~ ~\ • (1 
1 Table: 4:4' -

~~ Absol~te-and Re1atite Currents 
" rr.! 

depih 'relative current abso 1 ute.. current 
({m) 

"'- ( cm / s ( cm / s ) A III 
/~ 0.0 O'l -3.28 ./ 

5.0' ,.0. -3.23 
10.0 0.10' -3.18 • 15.0 0.15 -3.13 

:20.0 0.20 ! -3.08 
~h.O 0.i25 1 -3.031 
30.0 ,0.31 l' -2.97 ' , 

/ -3.01 35.0 ~ 0.28 { 

40.0 0.26 / -3.02 
45.0 '.- Cl. 34 -2.94 
50.0 0.41 -2:87 "-. O!J.O 0.47 ,1 -2.81 
60:0 0.51, 1 -2.77 ... " ~. 

6h.O 0.54 -2,.74 
" ,...., 70.0 0.57' -2. il , . 

, tiO'.O 0.63 -2.65 
90.0 0.66 -2.62 ,.. 

100.0 Q.70 -2.58 
110.0 q.74 -2.54 
120.0 0.77 -2,.51 
130.~ 0.8J rJ'·47 
1L1-0.0 0.84 -2.44 
150.0 0.88 -2.40 :: 
160.0 0.93 -2.35 
170.0 1.01 -2.27 
1 tiO. 0 1. 12 ~, -2."6 
19-.0 1.24 -2.03 1 

200.0 1.38 -1.90 \ 

\ - 2lO. 0 II> 1.51 -1.77 1 

" \ 2~0.0 " 1.62 -1.66 
,.230.0 1. 72 -1.56 

\ 

\ 
240.0" 1.'Sl -1.47 Il \ 230.0 1.89 -,-~ -1.39 
260.0 .:1, 9~ . -1.33 , 
270.0 .. ~ 2.0 -1.27 
~80.0 2.06 -1.22 
290.0 2 ___ 11 -1.17 
300.0 ..,15 -1."3 

, .. 
... • '1 

/ 
(] 

,'-

( 
If 
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depth 
, (m) 

310.0 
32-.0 
330.0 
340.0 
350.0 . ", 
370.0 ,; 
390.0 
4fo.0 
430.0 
450.0 
470.0 
490.0 
5TO.0 
53,0.0 
55b.0 
ti70~0 
590.0 
610.0 
630.0 
650.0 0 ri' 

, &70.0 
1 690.0 

110.0 
730.0 
750.0 
735.0 
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Table 4.4 ·Cont. 

relative current 
( cm / s ) 

2.19 
2.22 

2.26;) 2.29 1 

2.32 -
,2.37 
2.42 
2.47 
2.51 
2.56 
2.61 
2.65 
2.70 
2.74 
2.79 
2.84 
2.88 
2.93 
2.97 
3.02 
3.06 
3.11 
3.16 
3.21 
3.25 
3.28 

1 

abso1ute current 
( cm / s ) 

-1.09 
-1.05 
-1.02. 
-e.99 
-(1.. 96 
-0.91 
-0.86 
-0. 811 
:'0.76 ' 
-0.72 
-0.67 
-d.63 
-0.58 
-0.5'4 
-0.49 

--0.45 
-0.401' 
-0.35 
-0.31 
-0.26 
-0.22 
-0.17 
-0.12 
-(f.07 
-0.03 
0',00 

, ," 

"; 

" ,"'1) 

1 

. . 
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F:i.g. 4. 14 G~ostrophi c current prof; le, for 09 ~O~ 75. 
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Fig. 4.15 Measured Cltrrents at Snow Bird for 09'NOV 15. 
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4~4 Mass Transport 

Defining the mass transport components as 

Mx .= J~ udl 

, 0 , 

-, 
d 

(4.24) 

Mx ::. J f 'vdz 
.r-

a 

,Qtill the depth ::. d, we ,can calculate the mass -transport from the current 
~ , \ 

meter data and the calculated absolute geostrophic currents. T{le 'mass 

In T~ble 4.5 comparison of the mass transport (total ~ to 200 m) from .. ' . 
the PCM currents" and tÎlkmass transport (perpendicular t~ thé'line joining 

, , 
camps CB and SB - also to 200 m) is given. Taking the projection of the 

l ' 

tot!1 ma'Ss transport <.M) (tO\200 m) a.]ong the directiôn of the 'a~soJute cal-

culated current. w~ ,"ee that the. mass \ransport from c~lculated turrents ;s 

loW' by about 50%. ,A possibl eXPlana.t~ is the probable deeper layer of no 
\. ,.. ' ., 

motion as eXPlained ear,-1er. This may wéll be compounded by tJ1e possible 

? " 

-,\. 1') 
, '·,01 

.C 

1 
f, 
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Table 4.5 - -
\ .. 

Mass Transport 

Date 
- - ~--

measured currents (M) ca1cu1a'ted curren'ts (m) , " .Possible --. -
Projection ' barotrop.,._,- . 

magnitude direction- magnitude of M current 
(gm/cm-s) (true) (gm/cm-s) " a10ng m c (cm/s) 

20 Jun 66831.62 73 2391,3.18 56302.46 1 . &~ -

23 Jun 52241.54 ,89 26591.95 
;:. 

35561 .91 " 0.4, \ 
t;> 

30 Jun 119805.12 334 19999.69 33625.31 0.6 1 
--' 
0 
(JI , 

(/ <r 
04 Aug 75416.56 277 11909. 11 '43364.34 1.5 

06 Aug 56751.11 357 13080.31 37678:55 '" 1.2 , -
~ 

o~ AU9 97842.37 239.a$ 11012.08 94977.20 4.2 

09 Aug 99352.75 324 12512.50 14513.,64' ·OL T 

10 Aug 153638.06 <! 347 23336.15 85913.31 3. 1 "" 
0 

12 Aug l02523.81 289 / 16187.38 41863.59 1.3 
1 

13 Aug 105726.44 30Z 17474.54 ' 25040.05 0.4. 

1\4 Aug 13452,2.87 294 23489.75 . 51696.51 1.4 
1 ' 

• .15 Aug 132573.75 134 020048.6:3 11093.49 0.4 
~ 

. 17 Aug -77650.31 354 • 20513.51 > 39293.68 0,9 

'19 Aug. 103678.81 ' 87 - . 16344.05 86256.01 3.5 

\. 
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Date' 

12 Oct 

13 Oct 
1 

lib Oct 

1,~. Oct 

21 Oct 

\ 24,9ct 

2b Oct 
1 ' 

29 Oct 

06 NOV 

07 Nov 1 

09 No,v-

13 ~ov 

r 

J59299".19 
r 

170292.06 

180622,75 

1.97949.56 

108669.50 

93520.69 

124947.50 

183281.37 

109.445.94 

136418.36 

11520~, 
1}S332.56 

/ 

212 

272 

104 

127 

246 

247 <:::. 

260 

344 

224 

216 
1 

296 

40 

~ 

" 

Table 4.5 Cont. 
" 

'=J 

\ 
~"--

57323.39 

57049.73 

44590.75 

58939.54 

69616.44 

25996.00 

, 298~7. 93 

28234.51 

41840(77 

46228.38 \, 

53457.63 

50013!84 
l' 

o 

'J 
1.,' ~ 

l. 
.. / ~i 

:~ 

138095. 95, ~ 

, 142980.59 

140766'.17 

88633.71 

lDÎ764:41 

92291.43 

124947.50 

61180.58 

t> 

106726.14 

106316. 16 ' 

58125.68 

111545.18 

4.0 

4.2 

4.8 

1.4 

1.9 

3.3 

4.7 

1.6 

'--

3.2'-./ 

3.0 

0'.2 

3. 1 

o 

-J 

o 
0'1 
1 

~ . 

... 
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barotropi c current (as be.fore). A, barotropi c flow of about 3. a cm/s will 

t.; méfke ... the two mass trans~~rts comparable for most cas1' 

0> In this presentafion only one station pair has been used. There exist 

,f 

hundreds of more pairs for which current ca1culations have been done (and are 

to be done). It would be too voluminous to present these here. The calcu-

1ated geostrophic currents are always smaller than the measured currents. 

The mass transports (in Table 4.5) are presented for sorne representative 

times. Again the mass transports àre less (by 50% or more). Another prob-
, 

lem in compa~ing the mass transports is the presence of baroclinic eddies. 
, 

Baroclinic eddies are described in the following c~apter. 

ID Table 4.5, we have divided the data into four groups. The first is 

for the period in June. This is to be representative of the spring condi-
f 

tions and early summer. The mass transports are small and there is relatively 
~ L agreement in comparing the component of the 

the calculated current direction line. The mass 

total mass transport along 

transports from the geo-

strophic calculations ~re smaller by about 50% or so. In this time a baro­

tropic current of about 0.5 cmfs would make the transports comparable. 

In the next section i.e~ 04 to 19 A~g we see toe effect on the mass 

transports wh en there is a sustained period of high winds. The time from 
, , 

09 to 14 Aug was markJd with fair1y large ice movements (more than 25 cm/s) 
r 

and large winds (more than la mis). In this'sequence we see an increase in 

the mass transport as calcu1ated from the actual currents til1 the period of 

high winds and continued large values for 4 days beyond the subsidence of the 

high winds. The same general trend is observed in the mass transport from 
~ 1 

the geostrophic currents as well but the relationship is not as smooth as 
, 

that fbr the measured currents. Again there is a need for a barotropie, 
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çurrent of 1.0 cm/s 
J 

or so to brin~;the trronsport from calculated currents 

in accordance .... wi.t4l the méasured ·currents. '., 
, 1:-4 

1 • 

The third pefiôcJ is from Oct 12 to 29·. fi, this time ·there is l.ittle ~ 

rapid ice movement.and the period is indicativ.~/of autumn. In this time the . . . . 
mass transports (both) from the 'calcu"lated and measured currents are mucti :' . '" . . .. ~,' . 
bi gger than ràr tJ~è' previ ous i ns tances ând for the peri od .'i n November. The ... ... . 
mass transport from the geostrophic curr~nt9 undèr€stimates the ma~s trans-

port from the measured currents by a bigger amou~t and a cùrre~t of about 

3.0 cmls is now needed ta make the two tran'sP9rts coÔ,lparîlbre. : 

The period from 06 to 13 Nov is simi~·ar to"!hat,~'~ October but with 
'. • f! 

winter more entrenched. The mass" transport agreement is fairly,poor but the 
, " 

trends seem to be wn s ï s tent. . 1 • 

o . . 
The on1y seasona1 trend'observed wa~ that there is a.iarger mass trans­

port in winter ~ban in the' spring .timeobut this ,. s-tat'enient is based ~n only 

a few data points. Analysis has not -been done for current. in Oec 75 to'" 
.. 

April 76. 

" . 

::.. 
.' 

: • Q . , 
4.5 Error Ana1ysis 

." ' 

Before leaving the discussion o~ the dyoamic calèulation, a bit of ~ .' '. '..: 

error ana lys i s i ~ .~resented ~ . 

The ~alues used in the çomputation 
. . ' 

of the relative current in expression 

(4.23) are 0, L, and ~. The pdsiti~n (irrcluding the latitude) is known 

very acc!.Jrat~ly as the NavSat navigation ~'syst'em gives the position of the 

~cam~s. to a square 10 m on the side. T~,s gives high resolution for the cal­

cùl ation of the val ue of ~n')or L) the hor; zonta l di stanc~between the carrps . 
. J.. 

.. , 
.f> 

j 

-' 
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Typiea11y L was of the arder 100 km and the aeeuraey of positioning will put 

the distance error to ± 100 m (at the outside) Tho~ke and Ch'eung (1977) 
,il. 

(\~. 0.1%). The dynamic depth computation of !J 0 irt\to1ves the calculation of 

the specifie volume anomaly which in turn is calculated fram the knowledge 

of the salinity and temperature measurements. As stated ear1ier, sa1inity 

was measured to an aeeuraey of ± 0'.001 %0 and the temperature to ± 0.01 oC 

and ± l m in depth. The temperature of the sea water was measuresJ by the 

deep-water revers i ng ~hermometer wi th an aeeuraey of ± O. 02°C. In the 

"laboratory the sa1inity ~'f the sea water using titration was measured to . 
\ . 

± 0.005~~o. The 9040 STO has-<better aceuracy than this. 
\ 

The sigma-t (~) depends\an the water temperature and salinity. The 

empirical formula is. eumberso~e and is given in Bjerkner and Sandstorm 
, 

(1912) or Soule (1932). For ~revity we write,down the expression obtained , 

from t~e formula needed for estimation of the error in the computation of 

for given errors in the determnnation of sea water temper.ature and sa1ini.ty. 
\ , 
1 

i 
't : 

cl ()\: = C1d~ + (4.25) 

------ \ 1 

wher'e Cl and C2 are easi}y. ,comp~ted quantities. Fomin (1964) presents them 

in tabular form and the results\ are quoted here. lt is seen that C1i: depends , , . \ 
on ~a1inity and considerab1y on\,temperature. Generally the temperature in 

the Arctie water is near the freezing point at the surfaei (~.86°C) and 

usually approaching O°C in the deeper part. Sa1inity variations are from , 
\ 

30 - 35%0. With these varia~ion~ in mind, the ultimate error in <I\: is con-

stant and equal to 0.02 ~ units' (or 1èss) in the large part of the ocean 

we study . 

, 

\ / 
1 
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, ... Jhe specific volume, ri... , is used in the dynamic depth anomaly (4.6). 

The computation error iQ ~ is 

d co(. = (4.26) 

.. 
and .. ,is approximately 95% of the error in the computation of ~ . 

purposes we take it to be 0'.02 <rI:; units too. 

For: our 

The correction to allow for the compressibility of sea water in the 
\ ' 

calculation are two· orders of magnitude smaller and they do not alter the 

computation error in ~ or ~t . 
\ 

The most serious error that might occur' in the determin~tion of Â 0 . \ ) 

would probably be a constant error in the pressure assigned to the calcula-

tian of the dynamic depth. The error in us;ng depth instead of pressure 

incurs an error of 1 %. Denoting the pressure error as o.p, the corres-

ponding error in A1) is Â (,bp) from (4.6) is 

r 
= f Ào<. ll.pdp 

J~'d 0( 

- " 

~ .6P ~y 

dp' \ 
0(. fe. ' 

:: 6.p (ri.. - t1{1I) (4.27) 

A reasonable estimate for the error in deter~inirig the difference of 

6. D (i .:. 6. DSB - 6 DCB ) between two~ stations 1S J2 times the expression 

(4.27). ihus the estimate of error in getting theorelative current is 

6 c = rr ~ f C ~ - 0(6) 
iL 

(4.28) 

'1 

0 

~ 
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Using representative values of ~ , f and L we get ~1pically the big­

gest error in the current to be 3% or less. 

The biggest 'uncertainty in all these calculations is the estimation of" 

the ~yer of no motio~ and this involves inacèuracies that far outweigh and 
----

mask the errors of the measuring and computational nature. The difference 

in the value of the mass transport from peM and geostrophic values attest to 
-"---

that. The errors in computation of the mà.ss transport of the peM current is. 

about 15% and that for the geostrophic cur~ent is 3%. the latter error 
'--, 

" excludes a systematic error introduced by the chQice of the layer of no 
1 

motion. 
,--_/ ~~)' 

The,large error in the peM mass ~alcu1ation~arises because or the 

measurement of the peM speed. The speed, as stated' earlier, has an accuracy 

of ±1.5 cm/s ,(and thus for a 15-20'cm/s current an uncertainty of about 10%) . . 
The directional accuracy is ±6° (2%). The errors typically found are sum- , 

marized in Table 4.6. 

4.6 Tides 

No measurements were made lof the tide in the AIDJEX experiment. Infor­

mation on the tidal r~gime is inferred from the tides measured at Tuktoyaktuk 

Canada and Pt: Barrow, ~.S.A. Fig. 4.16 shows a typical tidal curve for one 

phase of the moon at Tuktoyaktuk. The tide is mixed, mainly semi-diurnal 

with a mean value~f 0.3 m. At Tuktoyaktuk, the highest high water is 2.3 m 

and 

main 

the lowest low ~ is -0.8 m. 

During the AIDJE~Xperiment a recording gravimeter was operated at'the 

camp by Bower and Weber (1978) of the Earth Physics Branch of the 

Department of Energy" Mi nes and Resources. They exami ned the gravit y data 

at Caribou during periods of little drift motion. The study concluded that 

f 
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------------• Table 4.6 

ERROR SIZES 

- , parameter typical val ue error 
,. 

pos; tion 100, - 135 km ± 100 m 

sal i nit y bD - 35 %0 ± 0.001%0 
\\ , , 

measlJred \ tempe rat ure 0.5- -1. 5°C ± O.OloC 
\ 

depth - 750 m ± 1 m 

current .., 50 cm/s ± 1.5 cm/s 

di recti on 360 0 ± 60 

\ 
...... 

, -

,; 

." Si:lÇ 24 26 units ± 0.02 units 
, A: ' 

sp ïfic volume 18'- 350 ± 0.02 units 
ca 1 cul ated , 

dynamic depth o - 0.5 dyn-m ± 20 dyn-mm 
, 

current . 0 - 4 cm/s ± , .0.12 cm/s 

. \ 
1 

/ 

, \ 
\ 

/ 

• 
1\ 

, 1 



·tt 

,,-------

~ 

0 

• 

T1PICRL TIDAL CURVE RT TUKTOYRKTUK 

f 

\ 
\ 

-----. 

-

o 
o 

e 

ç 

"":1 

~. 0 
o 

_Vl 

. 
CT' 

1 

~~~ 

1 

. 

,....... -' 

-0 

< r ~ 

, 

eN 

~~~M~ ~~~~ÂAfu~~~~M~MMMMM .~~ , 
w >~ .. 

• • • • • • •• • 

\ 
rg~ 

~~ 

. . 

'-'C\J 

' ~ ;........: ,-

~ ., 

\ ':!: ~ ·w 

~o 
~ 

• 

1 
a -

1 
.. 

j r-, 

o 

0 

o 

*' 
0 

c:b 2' ij' s'a' 1 b 12 14 4, 1 S 18 20 22 24 . 26 28 '3b ,32 34 36é 

(oAYS) 

Fig. '4.16 Typical tidal curve at Tuktoyaktuk N.W.T. Canada ;. 



• 

1 

1 1 

• 
.1 

-114-
, . 

the gravit y changes were mainly due ta tida' effects. Using a standard 
" #0 

t'idal analysis technique the follbwing amplitude and Greel}wich phase lags 
1 

of the local ocean tide for the two main semi-diurna1 (M2 and 52) and for 

the two main diurnal (0, and K,) constituents were obtained. 

M2: 5 • 6 cm ± 0: 5 • 

52: 2.0 cm ± 1.4 3030 ± 25 

Fig: 4.17 (lrom Bower and Weber, 1978), shows the tida1 data for 'the 

. Beaufort Sea a re~ . ' 

From ,these Jow tidal heights'we conclude that ti1dal factors do not 5i9-

nificantly affect the anomaly of th~ specjfic volume and hence the geo-
- , 

strophic currents thu5 calculated. Also the tidal effect on,\;nternal waves 
, ' , 

(discuss..eo later) at the bottom of the mixed layer is minimal. 

/ 
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M2 - 6.6 (286°) 
52 - 2.9 (329°) HERSHEL 
Kt - 2.3 (1539

) M2- 8.2 (335°) 
01 - 2.7 (19tO) 52 - 4.0 (013°) 

Kt - 3.3 (150°) 
01 - 2.4 (198°) 

A1DJEX 

TUK 
Mz-12.8 (002°) 
52- 5.4 (046°) 
K1 - 3.5085°) 
0' - 2.7 (218°) 

Fig. 4.17 Map of the Beaufort Sea showin~the relation between tida1 

data reported by Bower and Weber ( 1978 ) for AIDJEX and 
o '0 

that of Fje1dstad',s cotida1 contours foI' the M2 c~nstituent 

( dashed curves ) and of six shore itations .. ~mp1itude are 

in centimeters. ( Bower and Weber, 1978 ) 
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.Chapter Five BAROCLINIC EDbIE~ AND STEP:$TRUCTURE 

1 
5.1 Baroclinic Eddies 

o 

, . One of the unexpected oceanographi <r,.' rèsul ts Of the AI(JJEX, IJ2 

. " 

program was the detection of swift 'subsurface currents localized in the , 

pycnocline. These' current~ coi'ncide with 'the regi'n of steepest density 

gradient between- 5'0 and~300m. The maximum speeds found in the 172 experi­

ment were 40 cm/s (0.80 knots) at a depth of 150m. This speed far 
? Ç"t-O 

exceeded the mean curreflt of 1.8 cmls (Hunkins, 1974b; Newton, 1973; 

Newton et al, 1974). , 

AlthoÙ'gh there had b,ee~ indications of transient undercurrents by 

P.P. Shirshov as ear1y as 1937 (Be]yakov, 1972), the details ~nd,horizontal 

extent were not known.~ From the.1972 study, these transient curreAts were 
''l) , 

s~own to occur as near1y circular eddies with a diameter of 10-20 km 
, . 

_(Fig. 5.1). Hunkins l studies indicate that ·individual eddies were separated 

by a spacing of 20-50 km (Hunkins, 1974b) but' the present data do not ' . ~ , 

indicate 'as close a spacing a.s this'. Both cyclonic and anticyclonic 
'J , 

\ eddies were observed. The eddies 'were strongly baroclinic wi-th signatures. 

in both the ve10city and the density fields. The force balance was nearly 
f 

geostrophi c (liun,kins, 1974b) al though centrifugal force was also of some 

significance since the eddies had such smal1 radii. 

In the main experiment of 1975-76, eddies were detected at all four t 

c?mps. 'The eddies (baroc1inic) differed from th~ barotropic wind ·driven 
> .. 

mot;'on by often occurri ng whe.g theré' was 1 ittl e or no i ce moti on~' They 

had a nearly parabolic velocity profile and a strong vertical shear. 
Q 

Although the 172 eddies had a depth of maximum current at 150m, the 

175- 1 76'eddies were,sha11ower, at 100-125m, and swifter, with marimum 

currents over 60 cm/s (t.2 knots). 

• 
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:i; :,Measurements, with in~\reàs"i,n~_, t~me and space scale observations 

have 'resul:ed in the detej 10n of baroc,linic eddies in ,the Atlantic 

Ocean. Th~y were t~e obje t of detailed study during the U.S. MODE 

1 (Mid "Ocean Dynamic Exper ment - 1971-72) (Gould ~t al, 1974) and 
'. ~-

the So~iet PO~YGON (a larg scale multi buoy experiment in ,the tropical 
, , 

Atlantic) experi~t (Brekhfvskikh et al, 1~71). Many other investi-

gators have reported ehdies in the Atlantic (qill.et al, 1974) and 
, ,) • u \ 

the Arctic (Galt, 1957; Bet~stein, 1912). The Arctic eddies diff.er 
, v. 

fr2nt~_he_Atlantic ories .in .t~o_way~. T~e horizontal a~d vertical space 
~-~---- - 1 

------------~ .. 
scales of t~e Arctic eddies ~re much smaller (20 km and 200m respect-

, , 

'f 

. " 

.', 
'. 

. i~ely) than those of the lAt antic eddies (ât 100 km and 4000m). This 

may be rerated ,to the steep rand s.ti'allow pycnoc1ine in the Arct;c 

-j Ocean. The depth of lT\aximu velocity also ëiffers in the·two oceans. 

" 

In' the Atlantic it ii near he surface, but data on th5s a-rè not 
« 
-conclusive. In the Arctic', it ;s def1nite1y b'~law the surface fram "" 

, , , 

...a0-150m. This a'ppears rela ed ta 'the pres~nce of the ice co ver against , 
'v \ • 

which the eddyQis friction ly dissipated. By these deeper- eddy 

observati ons, we enl arge .the type. of condi tton~ under whi'ch the eCldies 
" 

are known to exisJ. 

5.1.1 Eddy at Snow Bird 

Severa l eôdi'es' were 0 served at S'now Bi rd duri ng the' AIDjÈX yea r 
, " ( '-:"'/ -

e:.(Apri 1 75 - May 76). Not 11 -the eddi es ha!~_ been comp] etely examined 

bùt ~ne'i~ pte~ented, here s tYRical of those éncountered in the Arctic. 
~ 1 

'Fig. 5.'2,(ari) show the..we ocity profile' for an eddy. This event 
'. , 

occurred between 29 May an 02 June 75. As seen fram these figur~s 
" '1 

... '. 
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the speed increases d~amatically from,13 cm/s or sa at the start of 

the event to over 60 cm/s at the heigh.,.t of the disturbance. Table 5.1 

lists the -maximum velocity as the eddy is traversed,. The shape of the 

, profile is roughly parabolic and the depth of maxirnJi curre,ift is about, 

\ l25m. Although casts (peM) do not show the bottom p~rt, the trend is 

\ / -, 

towards slowing down and the eddy seems ta be limited to,~ depth of 

200m. After the passage of thi s trans i ent, the 'con~i t+on's Ireturn qui ck1y, 
, / \ / ' 

ta their predisturbance state. Usually, as'in this exarrlp,'ie, there is 
/ 1 • 

little or no direct;on~l she~r through an eddy, although'in some/cases 

there may be directional as well as speed shear through the eddy depth. 

~;'n as is typical, the upper water motion is about 5 cm/s and the 

eddy was observed at a time of 10w ice movement. The duration of this 
-

eddy is 4 days. Fig. 5.3 shows speed vectors on the eddy as a function , 

of time. The velocity is plotted at three depths (75, 100 and 125m)., 

~ This shows the temporal and the vertical extent of the eddy. Typically' 
" - \ 'tbe time scale of observation is four days, as the ice' camp moves over 

the eddy' (or inti mes of no movement, the eddy pass i ng under the. camp). 

The vertièaJ, extent of this eddy is about 150m and is representative 
-, 

of the eddies ~ncountered. 

As stated earlier'the AIDJEX manned array space scales were.chosen 
" 

to give information on the wihd.jnduced effects. It was tao large for 

detailed study of these baroclin~c,eddies. Eddies were observed at 
~ 
on1y one ice station at a time and no evidence is yet founq of an eddy 

passing under two camps. At one occasion two of the eddies at different 

camps ov~rlap in time. Since the camps were 170 km apart thus they 

were undoubtedly two distinct eddies . 

. , 
j 
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, .. 
5.1 

.~ BAROC INIC EDDY 
~ , 

• • t.J .. 
~ 

,. . 29 - 02 Jun 75 
, 

1 ", 
Date PC~ STN STOl 

.. timé stn # max time stn # 
mode 1 speed " -" 

cmls 

--- 'BJ <, 
, . 

.M~y 28 2000 45 < 10 1800 26 

29, 0300 46 < 10 '/ 

~ • "29 2000 47· 20 1800 28 -. 
", 

30 .0,545 48 
, 

60 
, .. . 
, .) , 

30 2000 49 50 1800. 30 t-.', 1 

~ 

~ ~ ! 31 ,0545 50 j) 45 

'- 31 2000 51- 50 1800 32 
~ ~ 

Jun 01 0545 52 40 " 

01 2006 42 . 1800 . 34 \' , .. 
il 1. 

l) 02 0545 37 
Q '" '- ---'-- ------- . 

1\"1 

36 : 02 2000 lfr 1800 ~ 

~~- , 

03 . 0545 < 10 
, . 

03' 2000 . < 10 ~ . '1800 38 " .. ' . 
'" 

Q. 

P 

~ / 
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/ ---
" . . '\ • 

, . 
1 .. . ! ~ 

"~. 
"- Q ':. .. . .--. 
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10 • .. 0 
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~ 

The data does give sorne idea of their number by looking at the 

frequency,of encountering them. For the camp 'Snow Bird there were eight 

occasions of observing an eddy (either~ whole or in part).1 
"'-

Th~ lateral extent is hard to de1ineate because it 1s a matter of 

chance when and how an eddy is traversed. The 1ife time of these eddies 
... 

is even harder to calculate. In an ana10g to Fig. 5.1, the trrck of 

the eddy is shown in Fig. 5.4. The eddy was not observed a10ng the dia-

meter (çs in Fig. 5.1) but rather along the thord. From this figure the 

horizontal extent is about 3 km. This agrees with the horizontal space , 

sca1e- of 10-20 km calculated by Hunkins (1974b) and New.t9Jl- (1973). 
\ 

\,,-~) 
.-

5.1.2 Water characteristics 

One of the first steps in the examination of an eddy is ta study the 
, . 

~ correlation between temperature and salinity within the eddy ta see if it 

~ 

agrees with that of the surroundlng water. 

The eddi es were fi rst àetecte~ current o'bservati ons but they are 

accompani;d by a distortion OL,~ temperature and salinity field. This 
, . 

" 

is evident from the STO p files. Fig. 5.5 (a-n) show the change~in the 
. 

water col umn wi th tRe .as,sage("'f the eddy. The di s tarti ons 0 a~e evi dent 

at a fi'rst glance'a'nd are even more enhanced in 'the correspondi ng TS ' 
/' , 

diagram fOvthis 'time (Fig. 5.6 a-f). Of especial interest in the 

.i-

tempe ratlre , plot is the presence of anomalously "warm" water of close ta 
/ 

-1.2~ê at 150m level, near the eddy center. From Figs. 5._5 and 5:6 we 
,~~ _ .. \1_ '!:;:''l':. .. _ 

see that things:'are quite changed during the duratio,9 of:!~~ eddy but 

return ta their quiescent state after its passage. 
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.'( Hunkins (1974b) has shown, and it is confirmed in this study, that 
< , 

the relationship between the t~mperature and the c~rrent field is 'nearly 
A 

geostr9phic. The profile shape, level and speed agree fairly well with . ' 

t~e geostrophic profile although'the observed speeds are slightly higher. 
1 

For an anticyclonic eddy, as this one, the geostrophically calculated 

velocity will underestimate the current velocity if centrifugal effects 
, 

are significant. If a la km radius ''ls assul1)ed, a better agreement in 

speed is achieved. Fig.o 5.7 shows the currents in the geostrophic balance 

for the eddy. The caléulated currents seem to be in good agreement with 

the measured currents at this time. A point tO,note is that density, the 

dynamic~lly i'mportant parameter, is almost entirely a function o'f salinity 

;n this ocean. The densi~ increases continuously with depth since the 
\ 

salinity,does. The temperature serves as a tracer of the water masses. 

The temperature and salinity fields are presentèq again in Fig. 5.8 

and 5.9. The isotemp and isohaline 1ines are draw,n at' O.loe and 0.2 0 100 
, 

steps. From thes-e figures we see that the dens4ty'(ess~ntially salinity) 

variation surfaces are distorted upwards ur dawnwards by as much as '30m. 

In the salin;ty"surfaces~ especially; there ;s a general movement upwards 
, , 

" above the current maximum and downwards below it. This corresponds to a 
,-

high pressu~ or anticyclonic (clock~ise in northern hemisphere) sub-

- - ''"'' surface system. This agrees with the eddy track in Fig. 5.4. 

5.1.3 Energy balance 
, , 

_ <) , 

The detection of these subsurface eddies provides a new dimension 

ta the energy balance in the Arctic Ocean. Most of the kinetic energy 

is seen (Fig. 5.10) to be contained in these eddie~ rather tha~ in the' 
J 

mean current. This is the same conclusion as ~unkins: (1974b). 0 

• ~ 1 

• 
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The kinetic energy shown here is for a period of one month around 

the eddy (i.e. starting from the peM cast of 19 May to 23 June 1975). 

The kinetic energy of the mean flow is 

KEmean = i,f;J~2 + v21 
, ~... ~J 

whereas th,e ki neti c. energy of the time dependent part is 

-.1 u + v' 2 , l'2 J KEfl uctuati ng - 2. f " 

with the total kineti~ energy being the sum of these two terms. 

KE = KE + KE . total- mean fluctuatlng 
• We get these having divided the flow into the mean and time-dependent 

parts a~ 

u = ü + ut 

v' = v + v' 
r--~ 

The quantity with the bar is the mean vàlue and the primed quantity the 

departure from the mean. 

, 2. 
u· \ 

n bei ng, the number of data poi nts. fis taken as l ~ 024 gm cm -3 t the ( : 

mean density in these calculations. (u and v are the east and north . 
1 / 

·components respectively of the speed). 

Fig. 5.10 shows that in the upper layer the total kinetLc energy 

was 0.8 J/m3 while at 125mj or near the maximum eddy velocity it was 

15..1 J/m3, 'more than an order of magnitude greater. From Fig. 5.10 

and Table 5.2 we also see that the kinetic energy in the Ekman layer 

, 
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Table 5.2 

" 
-Verti cal distribution of the horizontal kinetic-energy. - " r'l 

1,9 may to 23 june 1975 at Snow Bird. 

11) 
Ki neti c energy ( J ni ~ ) 

1 
Depth 

(m) Mean Fl uctutati ng Total 
CI 

1 3.12 1.15 4.27 

10 0.89 0.50 1.39 

20 0.46 0.29 0.75 '--' 

" 

30 0.40 0.41 0.82 -f 

AO 0.48 0.33 -a.81 

50 0.40 0.31 0.71 
1 

, 75 2.06 3.07 5.13 
~j) • 

100 3.64 7.14 ' 10.78 
( ", , , 

125 4.83 10.29· 15.12 j 

":.~ 
150 .;.. 4.08 7.93 10.01 

: 

175 -- 1. 71 1.34 3.04 

200 1.14 0.51 1 :65 

Il 
il 

1 

\ 
\ , 
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(top 20-30m) is small in comparison with that at l25m. The total kinetic 

energy, made up of the mean and the fluctuating part, reaches its maxîmum 

value as we approach the core of the eddy. The fluctuating flow contains 
'" 

the bulk of the kinetic energy at a11 levels, ranging from 2 to 5 times 

that in the steady flow. The kinetic' energy is low and relatively constant 

--in the rn-ixed layer between the surface and SOm. Between 50 and'lOOm the 

energy generally increases with depth. The overwhelming contribution of 

the eddies to the energetics of the ocean now requires the reassessment 

of the role of eddies from being small perturbations in the mean circula-
o 

tion to a more important part. 

5.1.4 r1echani sm 

The detecti on of these eddi es l eads to the ques ti on of thei r ori gln 

and the possible mechanism of their formation. 

The T-5 diagrams (Fig. 5.6) show that the water characteristics of 

the eddied differ'ed considerably and, more significantly, were d,ifferent 

from those of the stations before and after the eddy's detection. A 

local displacement of the 0t surfaces would not move the T-5 points of the 

eddy water outside the ambient water T-S charact~ristics; this suggests 

that the eddies might have had their origins at sorne other location and 
- -

subsequently have been advected into the region of observations. The" 

intrusion of the 'warm' water referr~d to above was noticed only during 

the eddy· sighti'ng. Such relatively w~rm water fs found.in the Chukchi 
{ 

Sèa area, ànd the eddy may have f~\med there. This will be elaborated 

a little later . 

1 

I­
I 
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\ 

The generati on of eddi es---has been !expl ai ned by wi nd'-dri ven means 
, , 

(Browne"'& Crary (1958)j Belyakov (1972}r. It is suggested that, just as 
1 

the generation of surface currents (in the mixed layer) a'rises from ice 

driven by winds, the winds also provide energy for deeper currents. Pack 

ice and wind vorticities might lead to divergences in the mixed layer 

and hence vertical velocities at its base. The distortion of th~ 0t 

surfaces would then lead to a compensating flow. In AIDJEX 75~ however, 

there was l ittle rel ati on between wi nd or' i ce dri ft and the presence of 

eddies. They were noted during both calm: conditions and strong wind 

periods. The ice drift fo·llows the winds',and has similar synoptic space 

scales of about 1000 km . 
1 • 

The eddies however are of horizontal space sca1e o~ 10 km, two orders 

of magnitude sma11er. This argues against:wind as a direct cause. 

Freezing is another possi,ble energy solurce. The cracking of the ice 
c • \ 

1'n winter exposes the open water to very lo~ air temperatures. There is 
1 

quick freezing, releasing salt. As this heayy brine sinks, itl disturbs 

the base of the mixed layer resu1ting in the 'distortion of the 0t surfaces. 

> "' " Again the scales of this phenomenon are wrong because the salt releases 

o,ccur in open water up to tens of meters. Al so we note that this mechanism 

is valid for winter when freezing occurs but ed~ies were observed in 

summer as well as winter. " \ ., \ 

The Rossby rad; us o~ deformati on is the rati'û of the spee,dbf long 
\ 

gravit y waves to the inertial period (frequency). , It is written ,down as 

R = L~ 7 H f2. tL 

Taking typic~~values for our ocean, 6p 

\ 

~ 1: 

\ 

= 0.0~4 gm/cm3 in the 100m 

layer \-\ - the depth of the eddy, we get R,...lO kmwith f, the Corio1is 
- . . 

, 
\ , 

~ 

J 
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-3 '-1 parameter, equal to 1.4 x 10 sec This radius of defonnatio'n is roughly 
, 

the size of the observed eddies. In the case of freezing or wind-induced 

generation, R will be the lower bound to the size of the phenomena, i.e. 

the smallest size would be 10 km or s~ Above this limit, the eddy si.ze 

is limited by the dimensions of the source. 

Ano\her mechanism is shear instability. For example, near a frontal 

surface such as the atmospheric polar front or the Gulf Stream: it has 

generally been found that great shear exists and occasionally vortices 

break off from the main flow and advect as eddies. For mature systems, 

, at sorne distance from the shear zone, di,ssipative forces assert themselves. 

Thus we can have transformation of~nergy into small features. This 

mechanism is similar-to that used to explatn the break-up of the mean 

westerly winds in the atmosphere into familiar cyclone or anticyclone. 

There is q basic shear of 2-3 cm/s across the pycnocline in this part 

of, the Arcti c. Calculations show (Hunkins, 1974b) that this is unstable , 

-but has a growth period of many month~. The growth period is defined as 

the time taken IÎfor a small-scale disturbance to grow by a factor of e. 

Growth is a maximum for certain tntermediate wavelengths that are'of the 

order of Rossby radius of deformati6n. With the radius of deformation 

and eddy size similar in the Arctic, baroclinic instability explanation 
". . \ ... 

for the origin of the edaies is reason9ble. The slow growth rate in the 

AIDJEX area and more favourable growth conditions near the Alaskan 

~Continenta'l slope is suggested by Hunkins (l974b) and Hart and Killsworth 

(1976) as the likely place of generation. The eddies are then advected' -
'/ ' 

north to the ~tDJEX ares. The effect of the bottom slope, enhanced shear 

and la_ck, of sununer ic.e COYer there all favour instability in the Alaskan 

t 1 
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Continental slope region. Again we eorroborated this by the l·S diagram . 

As was pointed out then, the warm water of the eddy might have originated 

here and moved as the eddy traverses the ocean. 
, ( 1 

The subsurface maximum is one of thé unique'features of the Arctie 1 

eddie$ which is nat found in the open ocean ones. Frictional dissipation 
1 

agai ns t the i ce éover i~ the mos t 1 i ke ly cause of the decrease in the 

velocity near the surface. Pounder and LeBlanc (1977) found evidence of 

this frictional effect in their calculation of the water drag. They 

observed that the Ekman spiral was modified by these currents and special 

care had to be taken in the choosing of the ge9strophic current: 

It is plausible that the eddies are generated in the open ~ater near 

the Chuckchi Sea - Alaskan Continental slope area in the summer. They are 

then carried under the ice pack by the mean currents. Once under the ice" 

the velocity at the surface is slowed by the ice. The Ekman layer, is 

coincidental with the mixed layer in this pàrt of the Arctic Ocean. The 

time necessary for these currents to be dissipate,d"by secondary mixing 
l'I r 

.f 

processes is estimated to be in the neighbourhood of,' day (Hunkins, 1977). 

The highly stratified layer5, below the mixed layer, will lose thèir 0 

momentum much more slowly. Pf the stratificatipn is strong then no s~al1er 

scale mixing might occur and then momentum 1055 would be by~diffusion alone. 
~ 1 

In this case a simple model may be developed for the eddy behaviour below 

the mixed layer showi~ the deepening and decay 0 the eddy maximum with 

tif!J-e. The diffusive response time is of the order "td H7k for eddy 

diffusion to obtain a depth H. H is the depth 'below mixè lay,er for the 
"" velocity maximum. The eddy coefficient, k, is an unknown pa ameter which 

f 

, 

'" 
1 

.,' ' l" 
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/ 

has u1timately to be determined by observations. There is, however, sorne 

information on the size of k from the measureffients in the other oceans. 
o 

It must typically be in the range of 1-10 cm2/s in a steep pycnocline 

'such as in the A"ctic. For k = l, H = 100m, tJis 3-years, while for 
., 

1 

k = 10, tel. is 100 days. Thus the'-time taken for the eddies to reach 

,their observed form ;s of the order of months to years according to these 

id\as. It would be possible to test this if an eddy could be fo.llowed 

for1long enough time. But we have to remember that the space ~cales of 

the AIOJEX area was not designed for the track;ng of these eddies but 

were tather to look at synoptic meteorological scales. 

5.2 Step Structure 

Step structure ts another kind of oceanographic featurè which is 
" , , 

detected in the STD profile. Arctic Ocean step-structure has been reported 
, J l\ 

previously by Neshyba et al (l~71) with homogeneous layers 3m in thickness 

between dep~hs of 200m and 500m. The profiles co11ected in the AIOJEX 
\ , . 

program show similar features especially in the salinity traces. It is 

interesting that such small sca1e features can be detected with the mode1 

9040 STO which was not designed f@r m;croprofi1ing. 

Many examples exist of microstructure in the \'Iorld's oceans (Amos 

1973; Johannéssen and Lee 1974). Amos (1973) used the same model 9040 
" 

STO and has detected microstructure nèar the bottom of the western Nor.th 
c • 

Atlantic basin. The STD model 9040 was used there to show the existence 

of a l5m layer near the bottom. This provèd' t(} be a pe,rsistent feature. 0 

Fig. 5.{1 shows' the STO profile' of a Snow Bird station (SB007; . r 

19 May 75) . 
- ~ 

The st~p ~tructure is visible between depths of 300 to 400~. 
. " 
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Fig. 5.1'~"(a,b) show this area expand'rd. 
, 1 

Ihe step-like nature of the 

salinity" profile is èlearly delinea~ed in this'figure. The temperature 

~ofile is !~~ erratic' than the salinity because of the resolution of 
-.)" 

the dig1tization us.éd in making this plot. There is a great coherency 

between th~ temperalure and sa1inity profiles. 

As was pojnted out earlier, the density of the Arctic waters is 

largely a function of the salinity with temperature serving as a tracer 

of different water masses. The densitY'profile thus resembles the salinity 

trace and has similar steps between the 300 and 400m depth. These steps 

wene observed at'Camps Snow Bird and Caribou and at various times~f the 

year. Again- for brevitY' only a representàtive sampie has been shown. 

Th'e space scale of the AI~X array is important in ~e discussion 

of the step structure. Since the AIDJEX scale (100 km) precludes any 

coherent measyrement on the step structure. the discussion ;s) based 
, / 

largely on data at individual camps. The stepstwere observed, for instance 

in May 75, at bath Snow Bird and Caribou. The camps at this .time were 

about 120 km or so apart, and thus it is difficu1t to say if these steps , 

have a horizontal scale of the arder of-100 km. ~ 

From Fig. 5.12 and other simi1ar figures (not presented) we see tha~ 

the step structure has an approximately verti cal step 51 ze of 3m (wi th 

sorne small variations but not systematic ones, e.g. increasing wi~h depth). 
- 0 1 The temperaturE;! and sa1in~ty stêps are 0.02°C and 0.025 /00 re~·pectively. ' 

There are variations in these temperature and sal'inity steps ,but general1y" 

the figures presented are typical of the step structure. Severa1 steps are 

observed in the salinity proffles. The steps appear to, be uniform in size 

with depth and pers;st for long periQds of time. No time analysis has 

been performed yet on these steps to see the seasonal and/or shorter 
~ f 

term changes. 
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The step sizes (for temperature and salinity) are within.the resolution 

- and relative accuracy of the model 9040 sensor, as discussed in chapter 3 .• 

There is a striking similarily between the step s1zes and depth. at 

stations Caribou and Snow Bird for the same time period. The.lack of· 

more data at intermediate points between-the two camps (125 km apart)' 
1 

<> 

prevents us from making àny statement-about the horizontal size of these 

steps. It is c~ncei~able that the steps are only 10-20 km in extent. 
, . 

It is suggested by hyqrodjnamical studies that these layers are stable" 
, .. 

and coherent to this extent (Hunkins : symposium talk on the Sea Ite proces,s 

and model, Seattle 1977). Johannessen and Lee (1974), in their ana1ysis . \. 

, postul ate the, s tep extent to about 25 nàuti ca l mi les (40 km) in the 

Mediterranean Sea. It is also possible thât these steps are coherent 
, 

throughout the 125 km distance between Snow Bird and Caribou. An analysis' 

of the 'Blue .Fox and Big Bear data for this time period~ cDuld show"if this 

hypothesis has validity. The lack of this data at the McGill data bank - , 

'prevents such calculation. Analysis of these data might provide a clue 

to the hOl~i zontal extent of these s teps ;n the Beaufort Sea. 
, (1 

Turner {l967} suggested that l ayered struc~ures ~bserved west of 

Gibralter might be caused by sa1t-fingering~ which is a dauble-diffusive 

process involving both temperature and salinity. In a water column where 

'density increases wi th depth but where t~e contribution ta densi ty from' , 
'. .:; 

salinity (say) decreases with depth, vertical mixing ~an be gener~ted 1 
across the salinity gra'dients. This type of mixing is cailed salt-fingering. 

, 
Salt-fingers,are thin columns of brine separated fram one another by rising 

; 

columns of less salt y water. This 1S the type of mix;ng that might be 
. 

occurring at depths of 300-400m' i n 

~ 
the Beaufort Sea. 

-" 
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.. :~.' -. 
The circulation\in these depths is weak. The weak circulatioA might· '" 

be another controlling' f~'ctor' for the la~er formatt-ion a~d exiS'tence. Jf 

the s'alt fingering is not the proces~ for the·formation of th~e ·'.aYers, 

it is pos~ible that the f,9rmation of the 'layers is connected wi.th 0 t~e s'low .. 

movement of the Atlantic water over the Arctic bottom,water and thus ' • , . 

mixing at these depths. Again beca~se of the large space scale~of ~ur 
~ l """ • '; . , 

measurements, we can not say much about the geoeration, dissipation and 
t. 1. 

regeneration of-these laye\s. .. 

1 1 

\ 
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Chapter 6 INTERNAL WAVES AND MIXED LAYER VARIATIONS 
'1 

, 1 

6.1 Interna1 Waves 

At the base of the mixed layer there is a sharp gradient in the 

temperature and sq)inity fields. The steepness of' this slope can bë 

seen in Fig. 1.5,1.6,1.7 of Chap. l, for example. Between the daily 
1 

dee? ocean casts, the STO was moored in this thermo-halocline to observe . , 

the presence ofe interna l waves. Beca,use of the density s trati fi cati on 

in this upper part of the Arctic Ocean, the movement of pressure ridge 

keels through the mixed layer can create internal waves in the vicinity 

of the pycnocline. These wav~s transport energy away'from~the keels 

and thereby genera te drag on the i ce. 

Consider the uP!1er part of the ocean top 75m or"s~;~ a~'a"two 'layer') 

system, the 'top la)eibeing the mixed layer over the denser water from 

\ the Pacifie. Looking at the motion of an elem~qt of fluid disp1aced by 

an amount Z vertical1y from equilibrium. the equation of motion for this 

parcel becomes 

rt~'" (t *) ,r-
where 1 ()t:\ i s the dens i ty gradi ent in whi c~ the parce-' 1l1ovéswi th - ~~ 1 ~-~ 
1 the mean dens i ty ahd 9 ~he acce 1 era tlan due t~1 gravit y . Z and tare 
\. 1 

------

displaçement from equîlibrium and time respectively. The solution of this .-
equati'on i s the osei 11 atory moti on with a frequency N. Thi s frequency, 

, N, ~ 5 defi ned as ) 

N
2 

= - ï (-u\ 
,- t ~1=) 

and is called the Brunt-V~is!\in frequéncy. Thus the parcel of water, if 
c 

displaced, will oscillate with this period in the absence of ot~er 

1 
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u 
) 

This rep-
~ 

restoring forces. i.e.~buoyancy is the only restoring' force. 

resents the lower limit on the f~€quenCY. 

Vorticity (v x ü) is created whe~ever a 11011'\ \i'~mogeneous fluid is 

displaced fram a stratifièation in w~ich, . vp and vp aTe parallel. 

Oisplacement, of density surfaces away front the hQrizontal will produce-
".... , ~ 

vorticity (Fig.' 6 .. 1),. This will osci11ate in magnitude and direction in 

stable stratification. l'iÙernal waves are rotational phenomenoo. 0 

Richardson number, Ri, is introduced as a measure of the relative 

sizes of buoyancy and shear forces. 0\-

Ri buo~anc~ 
- :J-/f ~ N'2. = = ~è =: 

snear (dUy- l~~)~ , dè 

The size of Ri te 11 s us which force i s dominant. Studies (Schlichting, 

1968) show that for Ri ) 1/4 the water column is'stable and for Ri < 0 

unstab1e, and overturning occurs. Thus we'see, depending on the size 

of Ri, that the internal waves are important mechanisms for mixing of the 
~ . 

water at . the interface. ' 

Fig. 6:2 shows a representative sample of the temperature, 'salinittY 

and, density (crt) variation as a function of time. The STO probe was moored 

at thi.s time in the st€pest part. of "th'e pycnocline at a depth of 58m. 

The section shown in hours . '0730 - 0900z and j 

\ 1215 - 1315z1 for the 06 Ju1y 75 (SB 103 ,). We see a sustained duratioT) 

of oscillation. The period of these frSci1lations is determined to be , .. 
approximate1Ylo minutes (~OO s). The temperature excursions are 0.38°C, 

for salinity it is 0.55 0/00 and the corresponding cr t ' change is 0.55 cr
t 

units. The amplitude of the wave is determined to be 6m (Fig. 6.3) . 

Il 
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'The mean depth is 58m. Yearsley (1966) found waves (internal) with 
. , 

amplitudes as big as, lOm at depths of 60m .• 

With these figures, the Brunt-Vaisaila fr,eq'uency is ca1cu1ated to'(al60m) 

be 9.52 x 10-3 sec-1 o'r a period 'of 105s. McPhee (1975) ca1cu1ated (o.t boro) 
1 

this period to be 50 s for the 1972 AIDJEX. An inspection of the peM 

~ profile for approximate1y this time, shows a velocity shear of about 

1.5 cm/s per m at this depth. 1his yields a Ri = 0.5 (slight1y > 1/4) 

indicating that turbulence induced by shearing might be present. 
-

Very 1ittle reduction of the time series data has been performed 
• 4 

l~l ' 

as the main stress has been to analyse the profiles and claculate 

geostrophic currents. Of the limited figures available, the internal , 
\ 

waves occur at these pycnocline depths and have peri6ds and temperature 

and salinlty extrusions as in the representative samplè. 
<. 

Rigby (1974»)with the aid of theoretical model)examines the prin-

cipal factori that affect the wave drag on an individual keel and attempti 

to define the condition under which wave drag could be greater t~an ,form 

drag. Hunkins (1974c), on the other hand, uses an experimental approach 

to estimate wave drag on a parti cul ar keel and then appl i es > thes.e resul ts 
1 

ta large scale estimates of the water stress. He, concludes that from the 

conditiQns that are typical for the Aret;c Ocean, internal wave drag is 
, , 

about 10% of the form drag and 20% of the skin friction. Rigby, inferring 

from Ary~s (1973) ca1culations, states that skin friction is a major 

part 'of the water stress. \ The di fference between the locétl wave drag 

predictions of Hunkins and Rigby appefr ta arise primari1y from the 1 

different assumptions regarding the depth at which interna1 waves are, 

generated and not from the different appro~ch~ 

) 
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6.2 Mixed Layer Variation 

The behaviour of the upper mixed layer was one of the principal 

objectives,of the AIDJEX Oceanographic·programme. This layer of nearly 

homogeneous water extends~çduring winter, from just be10w the ice to 

.. 

depths of·23·~o 60m. D~r;ng ~he summer.it disappears as the upp~r layers 

become strongly stratified. The aim of the AIDJEX program was to ~eas~re 
as accurate1y as possible the forces acting on drifting ice including the 

~ , 

frictional drag of the ocean. The degree of homogeniety or stratification 
, ~ Q 

has an important effect on the water drag. A wel1 mixed upper layer 

results in more drag' than a stratified 11ayer. • 
1 . , 

The d-isturbance of th\s mh.ed layer by the movement or a kee1 frof(l 

the ice cover will produce interhal waves (like a boatls keel produces 

internal waves when it is caught in the "deal water" of the Norwegian 

fjords). The internal waves can be produced because of this two layered 
fi;, 

sy~tem in the up~er oçean. . . 
1 • 

An example of the throughly mixed layer appearing in water is shown 
\ 

in Figure 6.4. Here temperature and salinity are both uniform, within 

the resolution of the instrument, from just below the ice to a depth of 

61m. The mixing is apparently the result of brine convection. As the ice 

freezes, heavy brine is released which sinks throughly stirring the 
\ ,1 ? 

upper layer. At times the mixed layer may consist of two or more homoge­

neous layers. The upper most layer may have been produced by local 
. -freezing in a recently open lead. Figure 6.5 shows two layers in the . , 

upper .mi'xed layer. Results from tne 1975-76 experiment a150 show that 
~ 

. thesé step5 are n9t coherent over the lOOkm array of the AIDJEX manned 

camps. F1uid dynamic arguements suggest that such step5 are limited ta 

" 
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a ha.ri zonta l extent of about 2km. Thej r horizontal spread i 5 '1 imTted 

to approximately the-Rossby radius of deformation, which is small for 
-suctr smal1 density differences as these steps in the mi"xed layer 

(Stommel, 1969). 

There are two principle stirring mechanism by which a mixed layer 

_ may be ,formed. Gravita~ional conv,ection and mechanical stirring . 

\ 

" 

" 

~ , -
Although the gravitational convection due to brine extrusion during 

fre~i.ng i s usually cons i deroed~ost important, mecha~ical 'sti rring by 

iC,e drift must a150 play some R?-rt. Previous studies have not shown the 
• 

relative importance of the two regimes (Solomon, 1973). The two meèha­

nism should op~rate on clear~y separate hQrizontal s~ales with mechanical. 
- . 

,'~) 

mixing by ice ~Hfr occuring over the lOOOkm scale of the wind field and, 

brine convection oc~uring over the l-lOkm sèale 'of the, open lead. Mecha­

~ical stirr1ng is probably domlnant during the summer, a period of large 

ice ve1ocities. Convection plays a significant role during the winter 
, 

when th~ open water freezes and produces vast quantities of brine., the 
, ~ ~ :~'2;' . 

pre~enèe of internal waves, with its associated vortiticy_, c:ould be-

'another essential component in the mixing and deepening of the mixed 

layer. . 

On the 20th of April /7~, the thickness of the mixed layer increased, 

,from 38m ta 42m ir{ ~e of about 12 hours at SB. It is inconceivable 

that wind mixing e~ have caused such a sharp:i increase in the mixed 
~ ~o 

Jayer depth ,in such short a time. Wind mixing also operates on large 

space scale an~ it al~o appears unlikely that this deepening is wide 

spread~ B~ne convection is a possible explanation of such a deepening. 
.' - <J' , .. 

",,' . 
• 

(. ) 

)I!; JO 
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Al'though there is no evidence of a lead opening near Snow &ird, at 

this time, it seems 'likely that a. lead did open, and the deepening of~-the 

mixed layer is caused by the rapid expulsion of salt as ,the open water 

quickly froze. This excess brine caused a local increase in the mixed 

- l,ayer th i ckpes s . 
/ 

During the summer the upper layer has a nearly continùous st~ep 

gradient in salinity and temperature beginning at the base of the ice . 

The disappearance of the mix:ed layer and the resulting strOngly!strati­
/ 

fied column js shown in Figure 6.6. The stratification 1s evidently 

cau~ed by the fresh water from the melting ice and snow whiah flows down 

through cracks and holes in the ice. Since the fresh water is lighter 
" , 

. __ ,- --- than the sea water, it remains on top, stratifying the surface layer. 
/ . 

At times the stratification 'may be less Continuous as shawn in Figure 6.7. 

Figures 6.6 and 6.7 are from oceanographie casts taken on the same d,ate 

but on stations over 100 km apart. The tWQ figures show the extent of 
(' --

horizontal variability that is~observed in ~e Arctic. The amount of 

snow coyer available ·for run off and the number of cracks available' for 

drainage probably account for this variability. 
. 

By the summer l s end, a shalfow mixed layer, of about 25 m in depth 

begins to develop again. Figure 6.8 shows the condition b~ middle Sept­

e~ber. At this time of, the year, areas of open water are beginning to 

fpeeze and brine c9nvection commences again. Throughout the winter the 

mixed' layer continuesdto deepen, ~eaching_a depth of about 35 m by mid­

. January (Fig~re'6.9). The,process continues as the layer deepens to 40-

,50
0 ft.Y Apr~.h Then the cycle repeats with the of)set of SUl1J1ler (Figure 

6.10). Few summertime observation1were.avai1able on the upper layer 

o 
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1 01 
prior to the '75 experiment and thus the data should shed some light on the 

mixing process and the d~ag values in the summer months. 

Figure 6.11 shows the thickness of the mixed layer' as a function of 
1 

, \ 
time.. Again we evoke the idea that the density of the arctic water column 

is largely a functi,on of splin.ity. Thus, temperllture can increase with 
1 1 

increasi,ng density in the:.q;ycnocl ine and serves as a tracer for sal\nity 
; 

differences. In the pyènocline it was found that the top of th~ therma-
~ "\rr 

cline is easier to_distinguish thàri ,the top of the hal.ocline. For this 
r~' • 

reason, the abrupt change in the temperature ,is taken as the depth of the 
, 

mixed layer. From this figure the seasonal changes in the mixed layer 
, . 
thickness is easi1y seen. The thick winter mixed layer gives way to'the 

strongly stratified water column as the fresh water i$ input from the 
1 

melting snow. With the approach of fall and the calder air temperature, 

the ice freezes and releases brine into the upper layer. By advection and . ' 

perhaps also by mechanical mixing, the upper mixed layer starts ta form 
,. 

and deepe,n. The deepening con'tinues with internal wave_activity perhaps 

playing a role in the mixing at the 'bottom of the layer. By mid-winter, 
.... _.J' 

the mi~ed layer reaches an appreciable thickness. At the end of the 

AIOJEX exploration on the 20 of April, the mixed layer at Snow Bird was 
, 

44 m. The process repeats with the summer. The data i s-- rfom' the daily 

STO casts that were made at the manned camps, Snow Bird and Caribou. 
t 

\ (Analys.is of this mixed layer thickness can lçad ta a"statement about 

the relative importance of the two mixing processes. Also)there are times 

when the mixed layer shallows and thep deepens abruptly. This and the 

effects of storms on the mixed layer thickness can also be studied by 

r 
1 , 
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Chapter 7 SUMMARY AND CONCLUSION 

i The data' from the AIDJEX main experiment w!~examined and mesoscale 

flow 4 features were investigated. The summary of the results and conè1u-
J 

sions is given ~elow. 

A) Dynamic camputation~ 

rhe geostrophic c~rrent was.calculated from the measured density 
j 

• > 

";' fields at two camps in ,the AIDJEX array. These currents and mass trans-

ports from these curre,nts were calcul ated and compared with the actua l 

measured currents. In comparing the results, only the component of the 

measured current parallel to the isobaric surfaces ;s considered. This 

is done because we have only' two camps to calculate the geostroph"ic cur­

rents. In ~alculating the geostrophic currents (absolute) a layer of no 

motion at 750 m was assumed. 
, 

Due to the lack of any other reference 
• 

c' .. " 
level, this was chosen, being the deepest'depth of thè cast. The mass 

/ 

transport calculated from the geostrophic current are smaller than the 

mass transport fram the actual current meter da~a. The mass transport in 

winter (October-November) is much l'arger than that of summer (June) . 

. This conclusion might not be a general trend as the datà for deep winter 
• 

(Oecember 1975-April 1976) has not been investigated. The effect of a 
.J 

strong wind on the mass transport was observed. The mass transport in-

creased witn time as the,winds continued and lasted for 4 or 5 days 

after the ;ubsidence of the wind. The trend in the mass transport (from 

calculated currents) is not as smooth as that ~Iom measured currents but, 

the general pattern is consistent . 

JI 
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The calcu~ations were performed for a large part of the AIDJEX 

year but-ooly a few of the results are preserlted as a represenfative 

.sample. 

B) Baroclinic eddies , \ 

Several eddies were detected at Snow Bird and the analysis of oné 

l of them is presented here. The geostrophic calculations were per­

formed to obtain the eddy currents. The shape, size and depth of-the 

calculated currents is ,in good agreement with the mea~~ currents. 

The size of the core is estimated to be about 3-5 km. ,E~rgy càlcula-

" 0 tions show that a sjgnificant portion of the total kinetic energY,is in .. 
these eddies. Possib1e mechanisms of eddy formatfon are discuss'ed. The . " 

eddy presented i$ 'anticyclonic and the warping of the isoho.line." and iso-, 

\ temp surfaces is shown.~The possible origin of the eddy water is postu-
'\ 

~ lated to be from the Pacific water shear ~one near the Ch~kehi Sea. 
" 

~ ~ C) Step structure 

ln depths of 300 to 400 m, step likè features were 9bserved ,at the 
, , 

manned camps. The vertical extent of the se step~ is about 3m and the 

\) 

salinity step is about 0.025%. ~nalysis to get the horizontal extent and 

coherency of these"features is precluded by the scales tspace) of the 

AIDJEX array .. 
"'. 

\ 

D) Interna l wave, 

Internal wave'activity was investigated in the time series data at 
_r 

, 

the pycnoclinè. The.mean p~riod of J0min~tes was ûetermined for these 

waves with an amplitude of 6m. _These waves last for about' 1! hours at 
'1 ' 

Snow Bird., They are an important mechanism for mixing and deepJnin~ the 

mixed layer. 
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E) Mixed layef 
i 

The de~th of the mixed lay~r Chang~s with time an~ an analysis~i~' 

done, to show', the Va ri a,t ion • ~ The sma 11 er t fole s ca 1 ~ ,c hanges have. n~t ~een 
investigated, in detiil, as yet. The long term change is shown. The.'\ 

mixea layer eme~ges 'in the fan, from'the hfghiy st~atified summer condi-tnon: 

The layer thickens 'with the appr~aChing.winter re~~hin~ its, maximum 'Sir} 

o by spring. With the onset of the summer melt, two or more layers form 
~ , ... t 1,,1 ~ 

and we return again to"a state of stratification as a fè'~ult of miXing~\ 1) 1 

o • ~_' 

With the data 'from the', àther two manrÎed camps we sho,uld bë able, to ' 
f • • 

get the total horizontal c;urrent field' in the' Beaufort Sea gyre. Analysis 
" 1 

~ il ~ , n 

, is cont~nuing on internal waves and on small scale changes to ûhe mixed 

l~~er (with reference to storms). . . ' 

o 

. .. 

f 

. . ... 

" 

\ 

/ .,. 
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APPENDIX 1 . \ 

Conversion Table from AIDJEX, days to Ca1endar days _ 

/ 

A convention of numbering_days.consecuti~e1y, beginning with 

day 1 = 01 January 1975 and ending with. daY'SOD = 14 May 1976 was 

adopted for the. AIDJEX main experiment. In the- following pages the 

AIDJEX day number, the ca1endar date and the corresponding day of 

1975 or 1976 are presented. 

\ -
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110 1) IJA'( .. 75 30 • 
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104 14 APL 75 .1) 4 L134 14 1" /IV, !-5 l34 1 135 15 M!\ Y 75 , 135 1·05 '15 AP l 75 -..105 ro(, 16 flPl 75 IG6 '. tt6 16' t~ AY 7~ 136 ' , 
. 1 7 17 /JAY 75 137' • 107 17 APL 7:' . .107 
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APPENDIX 2-

AIDJEX DATA FILES 

1. Position of ,the manned camps and buoys, in làtitude and longitude vs 
t 

time 
" , 

Approximate1y 10 positions were calculated each .day for each operating 

station using the Transit navigational satellite or the Nirbus F satellite. 

Data for the rnanned camps were taken from 10 April 1975 to 20 April 1976. 

Oàta for buoys in the Beaufort Sea were taken from April 1975 up ta November 

1976. Note that the lifetime of most buoys is about six months. These data 
1 c U 

characterize the motion of the pack ice in the Beaufort Sea for all seasons' 

of the year. 

A new set of 8 buoys were deployed in March 1977. Tracks of these 

buoys are being added to the available data. 

Data'arè organized in a time series for each station with a sepatation 

marker at -the end of each 20-day peri od. 
,1 

2. Smoothed position, velocity, and acceleration for manned camps and buoys, 
1 

in cartesian coordinates 

Data from file l above have been post-processed using a Kalman fi1ter 
, 

, " 
technique. In one ,form - sorting ~n time - -position, velocity, and acceler-

ation from each operating buoy are arrayed to~,ei~)"- at three-hour interval s. 
. . 

In a!}other form - sorting on station - position and veloci"ty-are given as·a 

time series, sep~rately for ~ach s'tation. A variance measure accompanies 

each element of data to characerize its error. 

3. Source data foroRams Buoys tra~ked by Nimbus.~ satellite 
~ 

P.osition data acquin~d- from the start ôf Nimtfus F operation in June 1975 
•• ~ r / 

ha've been pravi ded by the NASA Goddard Space Fli ght Center and, after decodi ng 
c • • 

and,editing, have been incorporated in~o file 1 above. " Several land~based 

ra ms packages are included in·order"to detennine the temporal and spatial 

accuracy of the tracking system. 

, .. 
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. 
4. Rotatio1 of the manryed camp floes 

The orie,(tation of the camp. floes, to which the navigational satellite 
10 0 

pos 1 ti on~ ng sys tem \'Ias al i gned, was determi ned together with 'the camp 
" . \ 

posit;'on. \ Each camp azimuth~;with respect te true North, has"beên smoothed 

for the-period 10 April 1975 to 22 April 1976. Angular position and rate of 
. \ 

r~tation for all camps are given at three-hour intervals i~ a \ime-sorted 

/ data fi le together wi th error estimates for each datum. 

These data are also available in camp-sorted order, a separate time 

series for ea~ camp. 

5. Ice thickness and snow depth 

Periodic measurements were made at various sites near the manned camps. 
" . 

Stati~tical evaluation of ice and snow conditions wer~ made from frequent ' 

'" .. ' 
measurements around·a given site. Data are not continuous. Tabulations of 

'-

available data for the period 10 April 1975 to 29 June 1975~have been 

published in AIDJEX Bulletin 32' (June 1976). Data to April 1976 are avai1-
"- , \ 

able in ·a similar fOnll. 

6. Ice surface profile 
"-

One profile of the ice surface was taken using a laser a1timeter in the 

NASA 990 as it traveled a 72 km trac~ between two manned camps. A data point 

, . 

is a height above a reference plane every 0.4 m aiong the track. The measure- ' 

ments were made on 24 April 1975. 

. 7. lANDSAT (ERTS) land 2 images 
o 

Satellite photos of the Beaufort Sea region have been obtained from the 

Eros data Center for qualitative and 9uantitative ana1ysis.' About 1500~ 

- .. ' pnotos1taken when visibility and cloud COYer permitted are on file. Each 

photo covers a square region 100 mile~ on the side. Time .periods are the 

spring and fal1 seasons of 1972, 1973, and 1975. 
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1 

8 . NOAA-4 and'NOAA-5 'Satellite images 

Photos of the Ai'ctic from Greenland to the Bering Straits have been 

received d~ily from Ness since 2 January 1975. TWQ'images cover the belt 

between 70 '-de.grees and 80, degrees N l atï tuae, that i s'~ each photo covers a . , 

square ~;(ea about 609 miles on. th~ side. Only infrared pffotos are available 

for the winter (November through January), both IR and visible photos are 

ta ken during the rest of the Year. Thes~ are source dat~ for examining 

large-scale ic~ovements in the Arctic as well as 1arge-sca1e weather, 

patterns.' . 

'9~ Surface-level air pressure (derived data) 
. . 

From the combinati on of na'ti onal weather servi ce surface pressure. maps 
, h 

and pressures measured at scattered points in the Beaufort Sea, two-dimensional 

pressure contours have been derived for every six-hour in~erva1. Thes,e 
/ " 

contours are a sixth-order polynomial in X and Y, the grid coordinates 

~verl.yi ng the Beaufort: Sea regi on. 
. 

Th~ grid'is rectangular and each element 

is 75 miles on the side. The coefficients of the polynomial are on the data 

of thi~ file. They can be used to determine the surfaçe pressure at any 

point in the area at any six-hour inte~val by trans1ating latitude and 
, 

longitude of the point to the grid coordinates and employi'ng the po1ynomial 
(1 

coefficients for the time desired., 

The coefficien~s have been ca1culated for the period 11 April 1975 
\ 

to 20 April 1976. 
, " 

An." alternative surface level air pressure file has been derived from 

pressu're me}~ments ~taken at the manned camps and from buoys containing , 

pressure sensors. These data are interpolated at 3 hourly,intervals and 

',are combined with the geographic {ocation of the corresponding station . 

Pressure, position data are given for four manned camps and for up to 

"-' 
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fourteen bu lyS àt eàch 3 hour in~erval for the period-April 20'1975 to 

Apr,i l 10 1976. 

Î ~' 

10. Geostrophic.surfac~ wind~ (deriv~d)· 
'/ 

From the derived pressure data of~i1~ 9 above, geostrophiç Wi.nd§s:p.ee~:' 
and dfr:~Jction have bee~ ealculat:d ~or Ipecific poin~s,at ~ix ,hOÛ;' irÙ:e'rva1s.' 

... ) . 
In the geogrid fUe these specifie points are the grid points of a'16 by 16 

over1ay of the Beaufo,rt Sea. ,The geos"ta file d~.s,c,rib,es ~he geostrophic 
v_ 

winds at the four AIŒJEX manned camps, and at-the nine Navsat buoys. 

11. Pressure charts (source data) 
, c, 

Su~face and 850 mb pre-sure charts prepared by the National Meteoro-
........ " 

'logica1 Center for ~he Nor.thern hemjsphere ~ave beên received fo'r 0000 GMT 
o 

'\ ' 

and J200 GMT each'day s:inee Apr.ii '1975. Measured pressures~at the interior 
, , 11 ' '.' (; , 

of the Beaufort S~a ar~'cpmbined with the~e ana10g d~ta to improve the 

detai1ed accuracy o{~the derived pressures and winds data of fileS' 9 and 
" 

10 above. 
\ It ' 

(, 12. ,Surface-1eve1 meteoro1ogic~] "data 
, • 1 \ \ 1# Q; ~ 

, 

~.': ,..-, . 
'1 -

\~.' 1" 

,,·-"Meteoro1ogical instr::uftlents were in continuous operation at the AIDJEX 

" " . _ . 'manned camps from April 1975 through April 1976. , Hour1y averages of observed 
, \ 

. " 

.; 

wind speed and diréction at 10 m and air temperatures at 2 m and 9 m above , \ 

the surface have been prepared. Time sêries for each camp ,are ava\~lable 

fo~ :th~ 'full operati't)9 p(r;Od of the main,~~Xpe!iment. There àrenS~paf'ation 
~arkers betweèn each 20-day interval 
v _, , 

" 
13-. Atmosphetic ;'nverslôn'leve1s Ml' 

, .'.'" , '\ . 
.. ~ Invèrsion heights 'in the atmosphere were monitored 'Continuously by .. ~, '" .. ." ' .. 

. aêo~sti~,radar at the manned camp designated as, the main ,camp. Ana10g rticords 

.. ',were .dig'itized 'at hourly intervals for the periods 1'3 Aptil - 1 October 1975 
•• ': ',. • ,,\ ~> • • \ 

',.and' 5 November 1?75 - 18,AprjJ 1976. As many as seven cListinct inversion .. 
o heights are gjven when. they e~tst.simultaneously. 

, . , 
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, 

~.'seco ld file 'has been prepared showing the average height of the 

domina'nt persistent inversion layer over a 3 hour period for every hotlr of 

the experi ment. . 

14. Oc~an currents (combined files for manned camps) 

The manned camps served as floating. fJla;tforms from wh; ch ocean currents . , 

relative to ice\motion were measured continuously at depths of 2 m and 30 Ill. 

Hourly averages of ocean currents combined"with hour1y 10 m winds and three­

hour smoothed i ce ve loci ty (fil es lO and 2) from each manned camp for the 

full operating period 'of the AIDJEX program are available in a single file. 
\ . 

They are sorted by camp by time, wi th separati on markers between 2ü-day 

intervals. This file.is called W/I/O wind, ice, ocean , 

15. Ocean currents combined \'lÎth position measured from Rams buoys 

Two Rams spar buoys deployed offshore in the Beaufort Sea in November 

1975 contained sensors which measured ocean currents at depths of 2 m and 

30 m.. A m$lgnetic cornpass headin9_ for the buoy and internal bearing of the 
, ~ -

sensors are given with the data at three-hour intervals. These data have 
/ 

been c~rnbined with buoy positions ta allow for absolute current detenmination. - . . 
One buoy'operated until l October 1976. The other provided meaningful data 

on ly unti l 28 March 1976. 

16. Oceanic mixed layer charaeteristics 

'The ~pper ocean mixed layer is defined in depth by the point, or points, 
"-
at which a rapid change in sa1inity oecurs. This layer was measured for 

surface temperature, surface sa1inity, and de~th twice daily at each manned 

camp'. 'All available measurements (one per day) were published in tabu1ar 

form in AIDJEX Bulletin 32 (June 1976). \ 

17 . 
'$ 

Ocean depth 
, ~ 

The depth of the ocean beneath the path of the main AIDJEX c~p was 
l' 

meas ured dur; ng tw'o peri ods. Acous de soundi ngs were ta ken every hour from 
" -~ 

.~ . 



) , 
. - . " . . , .. ' 

-212-

• 2S"May to' 3, August 1975 aQd from 1.~ December 1915 to 25 Apfii ,1976: R~urrd-\ 
.; .' . 

tri~ tim~, of sound 'travel is ~iven together with interpr~ted aePt~. A ,fi le . . 
of dai1y average depth 'îs also available. 

, 

18. Surfacë pr~ss~re· (validated)! offs~ore Rams buoys, 
Q 

Four Raros buoys ,~eployed o-ffshor,e in .theQ Beaufort' Sea me~sùred surface· 

p~essure: These measure~ents have been ~orrected for sca1e and sensor 'drift 

"', and ha~' been smbot~ed and interpolated ta three':h'ur' rèaàingS'. BU9Ys were 

• 

~t?l?eratioÎlal for the following p'eriods, buoy 207~ 18 March' -.28 August 1976, 

buoy~1015, 23 March - 30 September 1976, buoy 1245,4 November 1975 - 1 Oct-
, 

aber 1976" and 'buoy }416, 5 .November 1975 - 28 March 1976. 
.0 

, , 

The data are sorted .by ~uoy by time, and are mèrged \'lÏth buoy position 

in latitude and longitude. 

19. '~urface pressure (va11dated), AIDJEX camps and se1ected buoys 

. N~vsat systems at the four manned camps and nine navigational s}tellite 

buoys had pressure sensors to make detailed measurements not specificall~-, 

included in the surface pressure charts of file 11 above. After appropriate 

corrections and calibration, these validated measurements were incorp,orated 

into the derivation of area-wide geostrophic winds (file JO). These source 

date are availab1e with their geographic position at threé-hour interva1s. 

Data are sorted by station. The manned camps \'fere operational from April " 

1975 to April 1976. Sorne of the buoys (suppleme~ted by nearby Rams buoys) 

continued to-operate as late as 6 December 1976. 

These data are also incorporated in the alternative pressur-~ position 

fi 1 e noted in da ta set 9 above., 

20. Heather observation:; ~ manned camps 

Handwritten weather notes logged daily by observers in the manned camps 

noted wind veJocïty, surface pressure, temperature, visibility, and weather. 

They back up the digitized data in the files noted above. 

\ 
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\ . 
21. Logbo)k entries 3 manned camps , . , 

Members of the .sei enti fi c groups recorded·i nforma 1 notes about evel1.ts 3 

'equipment performance 3 changes or calibration of sepsors, etc. Their log~ 

books back up the data collection procedures foll.ow~ during the main 

experiment. 

Data being processed but nat yét a~ailable 
, • l' 

,.' ,. _r 

" ,/' ~ ...J ~- ,): " 

The foll owi ng 3 data sets are in tt',he,"prpcess of being val i dated and 
...... ~ ft ' 

ca; ibrated. They wi 11 be addeo teL the' Â10JJ:-X data ,bank" fi les ahd made 
. ".., (~ ~"" _...... .. ..:r~ ~ • u 

available to the scièntific community tOQether wi~h the files noted apove. ,';" 

22. Wind speed and direction measurèdby pi10t b~11oon 

Pibal measurements using two tracking theodolites were made each day at . . " 

the main camp during the AIOJEX experimênt. , 
\ 

The avàilable material is currently being edited (8/3/77) 

Two generations çf data are being stored in the data bank. Raw data 
. .... 

consists of theodolite (angle) measurements take~ at unif0l-m intervals of 

time as the ba1100n ascended. Drag output (processea profiles) give zonal 

and meridianal (U,V) wind sp-eds versus altitude. 
1 

23. Ocean current profile 

Twice a day at each manned camp, a current meter was lowered to a depth 

of 194 m and raised at a steady ratE! ta determine the stratification of the 

ocean 1ayers. The analog outputs will be ~igitized to show time, depth, 
\ 

speed, and direction at uniform depth increments. 

24. Salinity and temperature versus depth at manned camps 

Standard STO measurements were made twice a day at each manned camp 

during the main AIOJEX experiment. 

One twenty day black for days 181-200 at 3 camps - 57 casts - lS 

available 8/3/77-
, 

1 

\ 



• 

• 

-214-

Available 'data sets eontinued 
f 

. r· 
25. Specifie Humidity 

Haurly averages' of vapar pres'sure, mixing ratio G/G, and specifie 

·~.~um}dity G/G are derived fram roeasured dew point and atmosPh*'c pressure 

1 

at the mai n eamps during "the enti re AIDJEX ~~~gram. 
1 

1 

Il 

"', , 

\ 
\ 
\ 

l' 
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o APPENDIX 3 

INSTRUMENTATION 

In this appendix we show sorne of the details about the sensors that 

were used in th el fie1.d experi!l1ent of AIDJEX. Plate A-l shows the 

underwater unit and the terminal deck unit of the Plessey model 9040 

S T D'system. Fig A-1 depicts the block' diagram for the underwater and 
1 

:the tenninal deck unit of the model 9040. In plate A-2 the digital 

data logger used is shown. A sample of the period to oceanographie 

parameter conversion t~bles is shown as tables A-l, A-2 and A-3. These 

tablesOshow the conversion pedods for a limited range of salinity, 

temperature and depth. Fig. A-2 shows th~ TSK prifiling cur.rent meter 

and plate A-3 shows the underwater unit with it's internal mechanism 

displayed. / 

l, 

, 
1 
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Fig. A-2 Underwater unit"of the TSK profiling çurrent meter. " 
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E31SSc:TT _ ..... - , 
ElERlV1AN 
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Plessey model 9040 Salini ty, Temperature and Depth measuring 
system. ,Deck eq~;pment and underwater unit. 
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Plate A-2 Plessey mode1 8400 digital data logger. 
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Plate A-3 Internal mechanism of the TSK profiling 
current meter. 

\ 
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Tahle A-l Conversion tables for sJllinity. \ 
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2<;.~18 15C;265 ~9.C;68 15E8S7 30.018 158531 30.068 158167 
29 .!-g1.9.-15<.i25l-Z9 ... 969-L5 E.8S,O-_3a ... c.1.9 _L5852 '1---.3 0_. 06_9_~58.l59 __ _ 

" 
____ ----L.2..J9~2.0 1 SS25C 29.57G] 58882 3Q....Q2QJ.S_as.l_~3C._c..7_0J5.!ll5J_2 _ __:--

29.~21 159243 29.911 15E675 3C;021 1585C9 3C.C71-158145 
o ------2 S_ <;2 Z--lSS 2.3.5-2'3. S 12- 158868 _ 30.022.- 1585 C2 ___ 30. C72 _158138 _____ _ 
( 2S.CJZ3 159228 29.913 15886C,' 3C.C23 158495 3C.C73 158130 ' 

____ 2S.S24 _159221 __ 29 ... 9].4 15S8S3 __ 3C.C24_1"58487 ___ 30.074 -158123 _____ _ 
29.~25 159213 .29.975 lSee46 30.0251584eC 30.C15 158116 

_____ 2-9. __ ~ 2 6.-15. S-2.C-~9.. S 7 6_.15 8 e 3 EL-.3 0 • 026 _1584..7 3 _3 C .07 é _158 LC9 ___ _ 
2S.~27 159198 29.977 15se31 30.027 158465 3C.C77 158101 

_____ 2S ..... C;28_15-S--1-9-1--29 .-<318-15 8e24 -30.·028--158458-30. C78 --15e-<;4 _____ _ 
2<;~S2C; 15<;184 "29.S7C; 158816 30.029 158451 3C.C79 158 87 

\ ------- ----. - --------- -- -------- --- --- ---- ------
2S.~30 lS<;17é 2C;.C;80 158e09 3C.C30 158443 3c.ceo 158 8C 

_____ L S ____ S 2 Ll5 <;J. 6 S 29 .... 9 aLl5.E e 02..-.3.0_ ... 0 3 1 _1584 36--.3 Q ..c é.L-1.5 ~7 ~2 __ _ 
2S.-<;32 159162 2<;.<;82 1587<;4 30.032 158429 3c.oe2 158 65 

.c> _____ 2S __ <13.3 _15<; LSA---29 ___ 983 __ 15 a 781 ___ 30.033 _158422."_ 30. ce3 __ 158\_58 __ 
2~.S34 159147 29.984 158780 3C.034 158414 3C.OE4 158 50 

_______ 2<;. ~25 -:15<; 14C- ___ 29. ge5 -15 e112 __ ~o. 03 5 .1584 C1_. __ 3 C .. oe5 158 43 ____ ' ___ _ 
29.S36 159132 29.S8t 1581é5 30.C36 158400 30.0eé 158 36 

____ -4'-2 ~c; 3_7---1...5 5125._2.9..9 81_LS f1...15 EL3 C ... C 3..7 _1583. S 2--.3 0 .0 BL15 8_25 ___ _ 
. 29.938 15911~ 29.gee 158750 30.C38 158385 3C.CE8 158 21 

1& _' _____ 2 c;~ S3S --15<;-1 to.- 29.989 -158 74 3-_~30. C39_ 15837_8 __ 30.0.8_9 _158_14 ______ _ 

• 

1 " 
________ : __ 2<;.·Ç4C __ 15C;103 __ 29.990 158736 _ .JO.CltO 158371 -3C.0<;0 __ 158 ___ 7 _____ _ 

7 2<3.S41 1~5 95 29.~~1 158728 30.041 158363 30.CSI 158 0 
° ______ 29 .... SI.2·,_.-155_88 ___ 2€J __ SC; 2 15 e 72..1 __ .3C ._C42 _158356 __ 30. CS2-l5 7_992 ____ -

~ • 29.S43 15S el 29.9~3 158714 30.043 158349 30.093 157985 
______ . ___ 2 <; • (J.4 • 159 -_ 73-- 2 CJ .994 15 e 1 C 6 30.0 lt I, t ~ 8 3 41 30. CS 4 15797 n ___ ---

2&.945 159 6~ 29.SS5 15E6SCJ 30.045 158334 3C.CS5 157971 
___ -_,2C; •. 9't6 .... 15CJ- 59 2CJ.f"JC,f:. 15P.tC;2 30.C I,6 158327 - 30.0<;6 157963 ___ o. 

2 c; • 9 4 7 1 5 <; 5 l .' 2 9 • 9 c; 1 l 5 8 é 8 5 3 C • C 4 1 l 5 a 3 2 0 3 C • 0 S 7 l 57'9 5 6 
_______ ~~ __ . __ .2 S. S'd) - l ~c; .-(I~. __ ,2'CJ. qge '1 S e ~'7 7 - 30. Cl. 9 158312 - - 3C. osa _1519'.9 ~ --­

~ç.~~q 15<; 37~ ~CJ.~99 ISet1C 30.C~9 158305 30.CC;q 151942 
~.- - - -- - - -- --- - --- --
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Table A-2' Conversion tables f6r temparature. 
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TE,.. P ~ R" TU RE V / S Pc RJ CD. P 1-\ GE 2 - l .99 0 E Ge, T o· 0 • 00 0 E G- C 

, 
' __ '_' - .. TENP. PERIOD TEMP •. PERIOD TEtJP. PER·lOD TEMP._ .. _PERIOD 

~ .' . 
.~ -. _ '- - 1 .·9 <; ,,~ ~ C 22 - 1 ~'4 9 463934 
~ -1.58 46SU99 -1.48 4Q3R14 

~0.99 ~58 2 -0.49 .452220 
-O.QS 457885 -0.48 4~2105 

,-" 

__ .. ___ .. _-1 .. -C;7.: 'té9776 -1.47 46369'. 
-1~~6 qé9652 -~0.46 ~6a574 

o' ~~.-j" •. 95. __ 46"9529 ___ -:-1.45. _463454 _ 
• -l.S4 469406 -10.~4 463334 
_0_' _._. __ ~ 1. 93 .46 èJ 2 S 3 . '. -' 1.43 46321 't 

-1.92 469160 -1 .. 42."463 95 
_- 1. ... ·91 _ 4 é 9 37._.::-.1:-.41. 4-62975 

-1.',(;0 4ée915. ,'-1.40 46'2855 
\ . 

-0.97 457768 :-0.47 451991 
-0.96 457651 -0.46 451877 
-0.95. _45-(534 .. ::0.45 .... 45171':13 ._~. ____ _ 
-0.94 457417 -0.44 451649 
-0.93 457300 __ 7"' 0 .43 _ 451535 ' 
-0.92 4'57184' -).0.42 451422 --- _. - ~-

.-0.91 .. 457 .. 67 __ 0.41_ .451308 __ . ___ ... 
-O~90 456950 -0.40 451194'~ 

\ 

-1.29 ~é~792\ -1.39 462736 -0.89 456834 -0.39 451 80 
______ -1.:E8---4.686~9. __ -1. 3if __ '162616 -0.88 ._456717._-0.38 __ 450967 _____ _ 

-1. 87 : if 6 8547 -1 .37 462491 ",.- O'. 87 .' 45660 l - 0 • 37 450853 
_____ -=L .. :.Eé __ 468424 __ -=1.. 3& ... 462377 . -0.86, .. 456484' __ -:.0.36. _450740 __ . ____ _ 

-l.E5 468302 -1.35 4622~8 -0.85 456368 -0.35 450626 
~_. -L....e4_4681i9 __ :::.1 .. 34. __ ~62L39 _-=0 •. 84_ 456252 __ -:..0.34. __ 450513_.

Ç
. __ 

.' -1.83 '468 57 -1.33 462 19 -0.83 456136' -0.33 450400 
._._ .. __ .-::Wl- 467935._-::-1.32 .. _461CJCO -0.82 456 _19' __ ::-0.32--450287__ '_"'._ . 

. "~ -1.:81 467812 -1.31 461:781 -0.81 455903 -0.31 450173 
-;--_~._· ___ =-:1 ... EC--46!690-_" -L.39- _s6'1662 ... -0.80 '\,~578L __ -=Çl.30._A50 _60 ________ _ 

, 
_~ -1 ... 79.._467568._-:-.1.29 _.It 61543_.-0 .1>79 ... 45567 L_..:::O. 29 ___ 449.94 7 

- 1 • '7 8 4 6 7 446 . - 1 • 2 8 4 6 1 4 2 4 -0.78 455555 -0.28 44~834 
. __ . ____ -1.77---467 324 .--~ 1.27 461305 

-1.76 467202- -1.26 461186 
-0.77 455440 -0.27. _ 449721._. __ . ____ . 
-0.76 455324 -0.26 449608 . 

.( .. ___ .-1 .. '15 __ .4 6 7 . 80 - ~ 1.25 .46 i 68 
~ -1.74 466958. ~1.24 460949 

-û.75 ',552C8 .. -:0.25 _ 449495 . ___ ~ _. __ _ 
-0.74 455 92 -0.24 449383 . 

=-_1 ... "13 __ 466831 ___ -:"'.1..2~. _460830 -0.73 _ 454977 ._~C.23 .. .1'4.9270._. __ . ___ . 
-1.72 ~66715 -1.22 460712 

_ ---v----1 .. 71 -- Li 66593 ë---1. 21 460593 
~0.72 454861 -0.22 449157 
- 0 • 7 1 4 5 <+ 746 . _~ 0 • 21 ... 449 45 
~0.7C 454630 -0.2C 448932 , -1.70 466472 -1.20 46C475 

-1.69 ~66350 -1.19 460357 -0.69 454515 -0.19 448820 
1.".68 -.-'t6t:229 .---1 ~ L8..-- 4 6e2 3 8 _-0.68 __ .454400 __ =- 0.18 . 448707. ________ . __ 

-1.67 466108 -1.17 460120 .67 454284 -0.17 448595 
~---ï--l- 66.' - 465986 --. -1.16 . 460 -.. 2 ... -:n.... 66 -'45 /.169._ .-0 .. 16 448482. ____ .. _._ 

o -1.65 465865 -1.15 459884 - :65 454 5~ -0~15 448370 
'--_---,.- -1.64.- 4é57'~. -1.14' 459766 -0 64 453939 ._-0. 14 .. _4't82-58 ... _. ____ /_ 
.' -1.63 465623 -1.13 '-1596'-18 -0.3 453824 -0.13 li /181ft6 
.. >~-L--62--.465502 __ .:-1.12, .459530 -o. 2. 4537C9 :-0.12. 448 34_~. ____ . __ 

-1.61 465381 -1.11 459412 -0.6 453594 -0.11 447922 
"- ----.--.--l.~C.:-. 465260 .. -1.10 459294 -o.bd .. 453479 .. -o. le -.447810._ ... ; ____ _ 

-,--_ ~.'_ --1.·59 465139 . -1.09 . .459176 -0.~9 'i53364 -0.09 4 l,7698 . . -1 • .50 465 10 -1. OS 459 59 -0.58 453250 -0.08 447586 
_. __ -1 ... 57 .. 't6'.898. ::-1.07 4509'.1 -0.57 453135 -0.01 . 44747 /i .-r 

-1.-56- 464771 -1.06 .450823 -0.56 453 2e -0.06 4'17362 
, 

-1..·55 46'-1657 -l.C~ " 458706 ' -0.55 4529C6 .-0.05 447250 . ~ . •• -1.-5 /, L,64536 -1. CI, f, 58588 -0.5'4 11 52791 -o. Ct, 447139 
-1.·53 'if,4/i16 -1.03 '.5 SI, 7 l - 0 • 5 3 ---4·S-r:6 77 -0.e3 447 27 

L -1.·S2 4 (;I,2"=1S -1. C2 l,5.U 3 S', -C.S2 ',52562 -0.02 4',691é 
-1.51 ',64175 -1.01 "S (1 i! 36 -0.51 l.52', l, U -0~01 '.46ilO

'
, 

"':'1.-5 C 't 64 ~5 -1.00 1,531 19 -0.50 45233'. -O~OO 4o't669.3 
1 

t, 
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Table A-3 Conversion tables for depth. 
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3UOOM. OEPTH VIS PERlOO. P/,GE l OM. TO._ 199M"I 

__ . __ .. ______ CE;,f:lJH._P ÉfUOO_OEPTH .... ~ER l OO. __ .CEP,TJ:L. PER,I OO_O.EP.T!t_P.E~ [00 __ _ 

1 . . 

\ -. :----.--.- .--.--.~.- ~~~~~~ . ----.;~ .... ~~~~~~ ... i~?', ~~~~~!'-~--'i;~ '--ig~i;~ -_ .. -.~-
a '- 2 lC2954 52 102677 102 102400 152 102126 

1 
1 
1 . 
1 

\ 
l 
i 
1 

1 
\ 
i 

.- -- ---- 3 - 1 C 2 q 4 q -'--53'- . 1 02. 6 7 1 - - 103' 1023 <1 5 . -'1 5 3 "-1021 2 0 .-.-. -- .:-

_______ !!._1~.2.9..43 5.4_1.Q.f 66.6 ___ 1 04 __ .1 02 38,9 l..5_i._J..o? 115 ____ _ 
5 102938 55 102660. 105 102384 155 102109 

...--_____ 6_102.932 __ 56_10 26 54.:.. ___ 196_.~ .102378. __ 156 _102.104. ___ . __ _ 
7 102926 51 102649 101 102313 157 102 98 

______ 8,_1.0.2221 58_.102643 ____ 108. __ 102367 __ 1°5.~_:I,.02 __ 93 __ ._ 
9 102915 59 10263B 109 102362. : '159 102 87 

• ....j. ... - ,. 

--------------------------------------~-------~~--------.--~~.~------------~ .10 Ul2910'· 60 102632 110 102356 "' .. ".16C ·102 82 

1'2-1028'99 62-10· 621 11·i-10234\,- -•. ;' 16-i;-:-::-102-1i--:·' ., 
11102904 61-10~27 111 1023~1 ~':161 102'-76' 

.1.4 102887 64 102610 114 102334 .. 164 ·-lOê'·60. 
-----~~3-1.02.a9-3lt13-1. ?916 .. _·_113_1.0234.0_~1.62_·_l.o?_.9.6._· __ ~_ 

_____ /+-(-"'t~5 10.2JL8_2· 65_1.0.2.6P~ 1l,,_5_1,.Q2}.29· 165 . 10.L.2~5 ____ -I 
t6~ 102876· 66 102·599 116 102323 166, 102 49 

_____ ~.1_7_10287J· 67_10~59-4:. __ 11 ~ ___ .102.31J3_'_167 _._.1Q2 __ 44 ______ . 
18 102865 68 .1'ÙZ58B. 118 102312 . 168 102 38 

_____ -"1...,9 10.28.60 6.9 ---.J. 0 25 8 3-L_ll.9. __ 1.02. 3 01 __ .1 69 __ 1.0.2 __ 33 
.. • ~l 

1 

! 
_____ .....!·2"'--C"'----"· Ht2J!54 7C_19..2!i.77 1.2Q_I0_~30~ 170 '102_2:1:....-__ ~ __ 

'2,1 102849 11 102571 . 121 102296 171 102 22 
______ '22_._1.028"t3. \ , 12._.102566. 122 102290, __ ._1,72 102 16 . __ .h __ ... ___ o. 

23 102837 73 102560 123 102285 173 102 11 

1 

.( ____ 12..4 __ ·102832 ·UL_.102555 . __ .. 124_ . .102279 ... ~_.174 __ i02 _5 .-.-.-- .. 
'25 102826 75 102549 125 102274 175 102 0 . 

1 2.{:;_. _1_0.20~J. 1.f: __ 1025.4; ____ ~26 __ 102260 __ 176 101994 _. ____ . ___ . 
~ \ l '27 102815 77 102538 . 127 1022 (, 3 177. 101989 

l 
'2.8 __ .1 028.10 ___ .1.8._.1.02533 .. __ 128 _102251_:. __ 178 .101983_ ... ________ _ 
29 102804 79 Ip2527 12q 102252 119 101978 

\ ao 102799 80 ~0252 130 102246 180 101973 
_____ ~,~_L_1_02J_9? 8_1~10l,516 _.131 102241 __ J8.1 __ H) ).9~1_. ____ _ 

t32' 102781 82 0 102 132 102235 182 101962 
v _____ ~33 _1C2.1.82_ 83_102 C5 ... _._.133 ._102230 . __ ... 183 ___ 101956_ . _____ . __ .: 

t34v 102776 84 lClS a ·134 102224 184 101951 

l 
:3,5 __ J.027Ll .. 85, __ 1Q24 - - .. 135 __ 102219 __ 1.85._.101945 ... _ .. _.~_ ... 
3f: 102765 86 102489 136 102213 186 101940 

____ -',33-1 C 2.7. 60_: 8 L-.l 024 a 3 _._13"1. __ 1 022 O.B. __ t8 7. __ J 0 l ~ 3.~. ______ _ 
38 102754 88 102478 138 102203 188 101929 

\ _ , 039 .. _.1.027!t9_ .... ___ 89 __ 102't72. __ . 139 ... .102197_._189. __ 101,92.3. ______ . __ .. 

!\ __ ~ . ..;.... ___ .ItC._102.143 __ . ___ .. 90._102467. \" 140 .102)92 .. ~. 190 .. .1.01918 .. ________ .. _ 
1" Al 102138 91 102461 141 102106 191 10!913 
\ -L ___ ~_1t2 _ ... 102732 __ . ____ 92 1 C24 56 __ 142. 102181 _ ... _ 192 _. _.10 1907 __ ~ ____ . __ .~. 
1 A3 102126 93 102450 14) lC2175 193 101902 
! _.. ... .._. __ ,4 4 10 21 \2 1 9 !t . 10 2 " 4 5 14 " ) Cl Z 1 70 1 9 Il 1 0 1896 
1 It 5 1 02 7 1 5 9 5 1 a 2 Id 9 1'. 5 1 02 l(; 4 1 9 5 10 1 8 q l . 
1 __ ., .. ___. 1. 6 1 C 2 7 1 0 .96 10 2 4 3 3 1 4 6 ) O? 1 5 q 1 9 6 10 1 865 
1 a 't 7 1 0 2 10 '. 9 1 1 C 7 " 2 el" 7 1 C 2 l ~ 3 19 7 1 0 1 B 8 0 
,,""!'! . __ ..... '4/1~ lC26")!J '--,q~. 102422 l',8. 10214ù 198' .. 10107'1. _ .... 

• • '- 7 1 C 2 SC) 3 99 1 02 '.1 7 1't 9 1 0 l1 " 2 1 9 9 10 186 q 
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APPENDIX 4 

DYNAMIC> CALIBRATION AND SOME COMPUTER PROGRAM BLOCK DIAGRAMS. 

The S T D sensors were routinely held at selected depths while'" 

samples were taken by Nansen bottles for the purposes of comparison 

with the sensor output. Although this practice is straight forward, 

oit was observed \that abnonnal drift occured in the salinity output, 

when the sensor was held motionless in the water. This problem 
< 

~as more pronounced than in shipboard casts. Drifts in the salinity 

output began the mpment the des cent was stopped and continued 

over the time for thermometers to reach equilibrium before tripping 

the bottles ( about five minutes ). The values returned to appàtent·' 

true values when the motion resum~d. As stated in the text, periods 

were recorded immediately upo~ stopping the ~inch. As a back-up 

, to th; s procedure, prog.rammi ng was deye loped at lOGO, to extract 

calibration readings from files of reduced data. In this case, 

the standa~d depth sensor readings at the time eaçh bottle was 

\ 

tripped are required input. The program séarches the station ~ ", 
~ ~ ~ 

files fur re5idual \drift spikes' at the indicated depths.,·:;nt'erpolatés· ~ " 
" _"" ~ 0 '. -. ~ 

over spi kes that are detected and computes an ~)_l-er-native s'et of -. 
(1 __________ ~ .. . ~ 

calibration readings from these ~spiKê~files. In the following 
'~ . 

flow chart ( Fig.A-14jtne tape handling programs developed at the 

LDGO are 5 hown . , 

The ~ynamic correction apPlied 15 further demonstrated by two 

series of figures. Fig.A-3, A-4 and A-5 show the T changes in SB 003 
..... IL 

. . 

.' 
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again. This time for the full depth of 407 meters. Fig. A-6, A-7, A-8 

and A-9 show the analysi~ for SB 302 , a station at another t;~e. Aga;n . 

• has the value of 0.7. 

The corrections applied. from the bottle data are shown in table A-4. --
Ali nea r, quadrat; c, and eubi c correcti ons were app lied to temperature 

depth and sa1ini~y values. The table is for AIDJEX days .181 to 201. This 
. 

corresponds to ~O June to 20 July 75 period. The mea~ difference and 

the standard deviation b~tween bottle'data and sensor readings is 

shown in Fig. A-10 to A-13 and in table A-5. The data analysis is for 

.r:' days Hn to 201 only. 5imilar ana~ysis is done, or is being done for 

other time' periods. 

.' 

Digitizing of the analog 5 T 0 traces had to be dqne when the digital 
, 

• data 10gger malfunctioned. The digitizing was performed at the DATAC 

computer labo at McGill unjversity. The DATAC uses a VIDAR ( IOVM ) 

~nalog to digital converter to digitize the analog ( voltage) signal 

" from the digitizing table. Louis C Vr~and Dr. Paul Zsombor-Murray 

assisted in the working o~the computer. Fig. A-15 shows the flow of 

L /data through the system. The conversion of the 7-track BCO to 9-track 

EBCOIC was done at 1.5.T computing centre in Montreal. Eric Brown was 

instrumental in the'translation' of the tapes. Fig. A-16 shows the 

'translation' in block fonn. Rest of -lhe calculation were performed at the 

McGi1l University Computing-Centre using the IBM 360/ 75 OS system. 

The programs are too numerous to reproduce here. Ca'lculati on of the 

geostrophic current is shown, however, in block forme ( Fig. A-17 ) • 

1 
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Fig. A-3 

Fig. A-4 

Fig. A-5 

Fig. A-6 

Fig. A-7 
r; 

Fig. A-8 

Fig. A-9 

1 
(J 

-::J 

T-S diagram tor SB 003 

T-S diagrarn for SB 003 

T-S diagrarn for SB 003 

T-S diagrarn for SB 302 

T -S di agrarn for SB 302' 

T-S diagrarn for SB 302 

T-S diagram for SB 302 

.. 

1 

) • 

50 to 407 rn tau= 0.00 

50 to 300 rn tau= 1.00 

50 to 300 rn tau= 2.00 

40 ta : 40 LI, rn tau= 0.00 \ 

40 ta 80 rn tau= 0.00 

40 ta BOrn tau=·0.50 

40 to BOrn tau= 0.70 

\ 
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Fig. A-3 ; 
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TABLE A-4 

, .co~)ection sèheme for bottle data 

û 

Fol1owing correction schème was app1ied to get final data. ' , 

" 
() 

COR~T ( T )= 
" :r i; CT 

CORRD ( D À:= D + CD Of- CD1*0 + C02*D2 . . \ 
• 

+. CS2*02 + CS3*03 C()R~S' ( S )~ S + CS + CS1*D 
'1 

1 

, "n 
Correction term 

p 

Station 
CB SB 

CD '().109 10° 0.305 , 10~ .. 
10-2 10-2 COl 

-' , 
-0.278 -0'.345 

C02 ' -O. 11~, 10-4 
-0.137 10-4 

CT 0.365 10-1 
-0.156 10-1 

CS -0.446 10-1 
-0.372 10-1 

J> 

CS1 0.205' 10-3 
-0.446 10-3 

CS2 -0:768 "-7 10 0.167 10-5 

CS3 -0.108 10-9 -0.141 10-8 

, b 

, , 

1 

"1 
" 

~ 

l., -. 
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.' , 
. TABLE A-5 . " 

~" 

'Summary of mèan ~ T D corrections ta se~sor reàdings. 
1 \ 
1 

t o " 

Variable CARIBOU. SNOW BIRO 

o SD 

, .. 
SURFAC'( 

OEPTH O~O .·0'.0 (1).0 ' 
TEMP 0.0365217 0.0104' .. ' -0.01561'4 

~ SAL -0.0446818 0.0143 -0.037222 
"'-

250 m 
DEPTH -1.0 ' 
TEMP 

1" SAL 0.0002 , 0 

,f 1.9 -0.5 
... 

, 0.0116 -0.0664444 

500 m 
OEPTH -4.58333 0 1.08 -5.77777 
TEMP ( 
SAL 0.0252727 0.°9434 -0.019125 

'() 

750 m 
OEPTH -8.55555 2.01 ,:,,9.7143 
.TEMP, " ' 

" SAL 0.0203333 . 0.00532 -p.027875 . " 

" 
/ 

'-... . 
.. 
~ 

.... 0 " 

" 
, d . 

~ 0 

0 

) , 
, 

"-

~ 
• f .' , ) . 

" 

~, . 
~ 

, ~ 

:' / 
... 

, . 

, 

SO 

0.0 
0.0135 
0.0061 

1.6 

0.0113 

1.9 

0.0074 

~ .. 
2.8 

0.0041 

~ 

1 

,.' .. 

.,. 

J 
0> 

" 

'1 

\, 

" 
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SB stations 4 m bptt1es 
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Fig. A-1O Static calibration for SB S T D.· 4m bottles 
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80 90 - 100 110 130 140 

~B stations. 250 m bott1es 

.. . ' • ' Fig. A-l1 Static calibration for SB S T D. 2?0 m bott1es • 
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Fig. A-12 Static calibration SB S T D. SOO m bottl~s . 
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'. 35.0 
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Fig. A-13 Static calibration SB S T D. 750 m bottles • 
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HEAOL 

STOC 
~ 

SCRAM 

.. 

SCOUT - OUTPUT . 

-SKOOP 

OUTPUT 

AVERG 

OVNTS 

~ RUN3, 7, 9, 13 

l-

1--

EAGLE -OUTPUT 

-SKOOP 

STAPT 

Fig. A-14 Black diagram of the LOGO tape handling programs . 

, ( 

) 

, 1 



• 

• 

1 
\ 

STD 1-

\ 

STD 2 

STO 3 

,1 

-240": 

-program adapted from GEORG! program
w 

for time series 

reduction of S T D data. 

-program reads one station from raw data tapes~ provides 

for card input of header information. 

-converts data ta 5,T,0 and $can rate. 
fl ' 

-sc~eens data according to set"tolerances. 

-sets flags to mark segments of acceptable data. 
1 

-writes all data on disk file. 

-writes tables of flags and headers on another disk file. 

\ 

-plots data screened by STO l at approximately 2 second 

intervals. 

-in~erpolates over segments of bad data of less than one 

tape record ;n length. 

-D, Sand Tare smoothed with running mean averages to 

minimize digitizer noise. 

-option to correct T and S for time 1ag in the temperature 

response. Correction equation based on Scarlet·s methbd 

using estimated time constant of temperature sensor. 

Correction applied fram surface ta specified depth ~nly, 

downtrace only. 

-cor~ected/'smoothed data stored for changing depth and 

written on magnetic tape for further processing. 

\ 
-. 
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AVERG 

STAPT 

SCOUT 

-241-

- does a running mean on the array X 

- plot data. 

print and/or display data on scope. 

write 32 scans on fSk data file. 

1 , 

STDC - converts NN seans to oceanographie data -O.S and T. 

SCRAM· 

SKOOP 

EAGLE 

OVNTS 

.... 

HEAOL 

OUTPUT 

RUN3 
RUN7 
RUN9 
RUN13 

Conversion based on 3 channel format of model\ 8400 DOL. 
\ 

- screens data according to set toleranc~s. Sets flags 

to mark discontinuities in acceptablè data, does 

interpolation upto 2 points before setting f\ag. 

: J ' 
- display records on scope. 

\ 

- controlS OUTPUT and SKOOP 

- processes time series in T aQd S to account, for temperature 

sensor ti~e lag. ( Oynamic Calibration) 

- checks for and converts header data. 

- pri nts;2 scan records. 

- functions for averaging array. 
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Digitizing table 

\ 
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, 
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CHTDSK 

DATAC di gi ti zi n9 program 
using Intergrated Digital Volt Meter 

data stored in disk file. 

1 

AIDJEX76. 

checks and makes correcti on for s ke\\ed 
paper al1ignment and'temperature trace 
offset. 

computes' salinity and temperature at 
l m interval after fitting a cubic \ 
spline through the digitized points. 

\ 

• 
print salinity temperature at l m 
de~th intervals. . 

print actual digi~~ed points 

store oceanographi c parameters on tape. • 

'=="------==== 
~~== ==========~~--

Fig. A-15 Digitizing, program on the DATAC. 

\ 
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• 
-

, 

Raw S T D C' 

data Check for ,'h'eaders 
7-track 
ta,pe 

. , . 
1 . < 

~~ 

. - / 
. ~ 

Read scan rate-. l 
- / compare with{~able of' . 

f . 
convers i on for 3 channe 1 

-
fonnat of mode 1 8400 DOL 

',' 

( 
1 convert to EBCOIC if scan , - rate is good. "" 

~ 

set flag if,bad scan rate . 
founcj. 

, , 
\ 

. 
, . 

Print header and/or scanned . . 
data. , 

-

print flags\\r bad data blacks , 
, 11'\ 

, 
, , 

~ 
Write on a 9-track 
EBCDIC tape the S T 0 
data. 

~ \ 

• Fi 9. A-16 I.S.T program for conversion froffi/j-track BeO ta' , , 

9-track EBCOIC tape. 
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'1 

S T D data 

.. 
Calculate 

geostrophi c 

currents 

using -4. 2. ~ 
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Calculate S,T/D,Ot and 

dyn~mi c depth at stand~rd' t-- ' 

depths. 

,Calculate distance 
\ 

: 
and beari ngs between 

the two camps. 

profiles. 

T -S diagrams 

Compute differences 

in dyna~ic depth 

anamolies for SB 

and CB. 

Plot and print Calculate absolyte ,Compare the 

relati ve currents currents by assuming 

at standard depths 0 a known depth for 

the layer of no motion. 

, " 

Fig. A-17 Geostrophic current calculations . 

1 . \ 

geostrophic 

çurrents wi th 

measurect currents • 
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