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ABSTRACT 

A current met.e r array ·, .. tas in place on the lower continental sl.ope 

off Hopedale, Labrador, during March 1976 . The array , combined wit;1 

27 hydrographic stations, provided infonnation on the spatial and t emporal 

variability at the offshore edge of the Labrador Current and estimate s 

of volu.~e transport . 

The data set r evea1.ed a c ur r e nt r eg i me .that contained the south-

wa r d flowing surface (30-50 cm/s ) and bottom (20 - 40 cm/s) boundary 

currents and a rat.her unexpected persistent northward surface flow 

(10- 30 cm/s) offshore. Moreover , large amplitude, l ow-frequency 

fluctuations (± 23 cm/s) dominated the mean currents , producing ccm-

plete reversals in the direction of the flow. Simple theoretical models 

we r e applied to the obse r ved phenomena to establish the basic dynamics 

of the current regime. 

'i'he major fluctuations in the velocity field we r e apparently du'::': 

to weakly bottom- trapped topographic Rossby waves of 8 - 10 day periods 

pos i tively interacting with the baroclinic surface currents. The 

bot tom flow was also affected by the presence of bottom- trapped topo-

graphic Rossby waves between 4 and 8 day periods , and possibly baro-

cl i n ic instab ilities at. 2-3 day periods . Other variability , at higfler 

and lower frequencies, was also investigated. 

Geostrophic velocity sections were adjusted to the curr e nt meters 

in a n attempt to establish volume transports. However , the l arge 

Variations i n the veloci ty field due to the low- frequency variability 

caused large uncertain t i es i n ' the volume transport estimates. The 

role o f the low- frequency var i.ability to the dynamics and the effects 

it has on the determi nation of t he volume transports have important 

impl icatior~s regarding past a nd future studies of t he Labr ador Current 
system. 
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Crll\PTER 1 - INTRODUCTION 

The Labrador Sea (see Fig. 1 . 1) has long been recognized as an impor-

tant: region . Between the time of the Challenger Expedition (1873 - 1876) and 

the e;arJ.y portion of the 20th century, Scandinavian , British , American , and 

Canadian researchers began to study the physical oceanography of the 

Labrador Sea region. F>. comp l e te account of the early works in the 

Labrador Sea and Canadian east e rn Arctic is given in Dunbar (1951) . 

Physical oceanographic activity in the Labrador Sea increased after 

the formation of the International I ce Patrol in 1914 in response to 

the sinking of t he .'!'J:.tanic by an iceberg. In order to predict the 

movement of icebergs into the busy North Atl antic shipping l anes the 

U.S. Coas t Guard ha s conducted a number of cruises for the I ce Patrol 

to the Labrador Sea and Grand Banks area . Undoubtedly, the most sig-

nificant of these U. S . Co ast Guard cruises were the Marion and 

General Greene E'xpeditions during the summers of 1928 , 1931, 1933-1935 . 

The results of these five expeditions were brought together by Smith, 

Soule, and Mosby (1937) . Most of our present day knowledge of the 

physical oceanography of the Labrc1do,; Sea stems directl y f,;om their 

work. The U.S . Coast Guard continues to conduct cruises to t he 

Labrador Sea and .:;rand Banks area for the Internati.onal I_ce ;patrol . 

The development of fisheries on t he Labrador shelf hc1s increased 

interest in the area . Dunbar (1951) summarizes the hydrog,;aphic cruises 

before 1950 , conducted mainly by Canadian scientists interested in 
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GREENLMlD 

Figure 1.1 - Location map of t:1e Labrador Sea re<:Jion, r edrawn from Canadian 
Bathymetric Chart 800- A. Contours a r e in me t ers . X' s are the 
posi tions of the c u~rcnt met.er moorings . 
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fi shery r elated problems . Several hydrographic cruises, similar 

to the Ice Patro l cruis es , have been c a r ried out unde r the ausp i ces 

of t he Inter nationa l Commi ss i on f o r t he Nort hwest Atlantic Fisheries 

(ICN/\F ) aft er the Second World War . 

Canadian scientis ts from t he Bedfor d I nstitute of Oceanogr aphy 

conducted cruises to t he Labrado r Sea i n t he 1960 ' s to i nvestigate 

the f o,:-mat ion of deep wate r masses . More recently, the explorati on 

for hydrocarbon reserves on the Labrador she l f and slope , arid th,a 

expansion of the contig uous economic zone to 200 n miles by Canada 

has meant a renewed interest i n the physical oceanography o f the 

Labrador Sea by Ca n adi an s cientis t s . 

Phys i cal oceanographers ha ve recognized over the past decade that 

the oceans are dominated by time - dependent motions . The hydr ographic 

crui s es of the past have provided a good description o f t he permanent 

surface currents . While pr evious i nvestigators we r e awar e of varia-

bility among t he i r sections , they d i dn ' t have the means to i nve stigate 

the vari abi l ity. The de v e l o pment o v er t he past d ecade of the tech-

nology of deep- s ea curre nt mete r moor ings capable of r e cord i ng for ve ry 

long periods (weeks t o months ) has been primar i l y r e sponsib l e for the 

6tudy o f the time-dependent motions i n the oceans . Therefore , due to 

recent a dvances in the f itld o f physica l oceanography and the increasing 

itnportanc~ of the Labrado r Se a t o Canada , s cientists from t he Ocean 
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Cir c-: ulation Division of t!1e Bedford Institute of Oceanography initiated 

a large program in the Labrador Sea. The major aims of the entire program 

are to underst a.nd the surface a n d deep currents of the Labrador Sea in 

light of the recent developments in physical oceanographic th·~ory a nd 

technology ; to l!nderstand mechanisms of and form estimates· of the 

volumes of deep water n1asses formed locally in the Labrador Sea. 'l'he 

understanding of these t t,10 aspects of trie Labrador Sea is critica l 

before prognostic mode ls can be developed regarding the biology and 

fisheries of the Labrador Sea , the movement and transport of sea ice 

and icebergs along the Labrador Coast , and the currents and water masses . 

Cruise 76002 of the CSS Huds~ during February-March, 1976 served 

as a test cruise for the main portion of the Labrador Sea prog ram which 

occurred in the winter of 1977-78 . The major aims of Hudson 76002 

were to provide initial estimates of the winter time volwne transpor~ 

and variability of the offshcre branch of the Labrador Curre nt; and 

to locate and characterize deep convection event(s) associated with 

the wintertime formation of indigenous deep water. In order to achieve 

these goals, modifications to pre-existing techniques had to be made 

in order to operate in the very mobile sea ice conditions of the harsh 

Labrador Sea winter. 
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Phase I of Hudson 76002 was the portion of the cruise studying 

the offshore branch of the Labrador Current . By combining a current 

meter array with a hydrographic survey , measurements of the currents 

and the. spatial and tempor a l variat·ions could be obtained . This 

information along with the experience gained in operating in the 

hostile Labrador Current region was essential in designing the more 

extensive program of 1977-78. A deep convection event l ocated du:dng 

the firs~ phase was r e turne d to in the second phase . Neutrally-

buoyant floats, vaned to measure vertical veloci ties , were tracked 

in the deep convection event . This provided a test of the floats 

and combined with hydrographic data provided sufficient detail of 

the event to allow study of the dynamics involved . 

A great deal of effort has gone into the collecti on and analy-

sis of hydrographic data in the Labrador Sea over the past 100 years . 

While the mean conditions in the Labrador Sea have been well 

established by the hydrographic work , the study o n the unsteady , 

time-dependent motions in the Labrador Sea have been outside the scope 

of previous inves tigators' studies and out of reach of their instruments . 

This thesis proposes tha.t unsteady processes in the offshore 

branch region of the Labrad0r Current are as important as the steady 

p r ocesses to the dynamics of the area . Using the current meter 

and hydrographic data collected during Hudson 76002 the steady 

and unsteady behaviour of the current regime during March 1976 

on t he continental slope of Labrador are investi gated. 
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Chapter THO r e views the nature of the data collected by Hudson 

76002 for the study of t he offshore branch of the Labrador Curr ent. 

A_ r evi ew of the gene r a l r esults from pre vious invest_igators in the 

Labrador Sea int roduces the third chapte r on the steady conditions . 

The tre nds in the curr ent meter r ecc~d s and the c haracteristics of 

the \,;rater masses a r e then discussed . The geostrophic currents were 

determined from the hydrographic data and estimates of volume trans-

ports were made for the purpose of s:ompariso n with previous estimates .. 

Variation .j. n the f l ow among the repeated hydrographi c sections con-

cludes the third chapter , but the vari ation is discussed further in 

Chapter Four . 

The fourth chapter is the investigation of the unsteady processes . 

The t i da l and inertial motions recorded by the current meters are dis-

cussed f irst . Then the features of t he low-freque ncy variability a r e 

characterized by several separate appr oaches; repeated horizontal 

s ections , cross-correlation of current me t e r r ecords, and the i nves-

tigati on of current ellipses . Following which are the application of 

topographic Rossby waves, baroclinic i nstability , and continental 

shelf wave theori es to the v ari ability observed in the Labrador Current . 

The theories predict t hat certain parameters, conditions, and 

interactions are assoc iated T,\·ith each process. Therefore , it is 

possible to establ ish. which process was or was not present by comparing 
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the observations with the theories. By i dentifying the physical 

processes and i n t e ractio ns that were present on the Labrado r slope 

during March 1976 we c an gain an understanding of the system. From 

this i nsight, furthe r work can be planned f or the investigati on 

of specifi c process e s , past work can be re-evaluated in terms OI 

what is now known, and the development .of finer diagnostic and 

p r ognostic model s can be achieved. 
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CHAPTER 2 - DATA COLLECTION 

The current meter array was designed to ,cover the offshore branch 

of the Labrador Current . The current meter n:easurements were combined 

with a hydrographic survey in order to provide estimates of volume 

transport , a long with spatial and temporal va:riability of the current. 

2.1 Current Meters 

"I1he current meter arr ay consisted of three subsurface current 

meter moorings which were in a line across t.'>e lower continental slope 

off Hopedale Saddle, see Fig . 1.1. The mooru.g array was in place from 

March 5 to April 1 , 1976. Each mooring , was designed in the following 

configuration: a streamline d subsurface float with ~250 lbs. of buoyancy 

at 100 m, a current meter 10 m below the float , and another current meter 

150 m below the first. A third current meter was located 100 m above 

the anchor, with an acoustic release 50 m abo-.e the anchor . Reserve 

buoyancy packages were loca~ed along the mooring line . The current 

meters were on swivels in line with the mooring wire. Anodes we r e used 

to protect the mooring wire from corrosion . ill current meters were 

Aanderaa meters which recor ded integrated rate , instantaneous direction 

and temperature at I O- minute intervals. In addition , the upper meters 

had press ure and conductivity sensors for sam;,'1ing depth and salinity. 

The moorinq lav i nq procedure was r oughly as follows. The desired 

depth of the current meters was predetermined, so that the mooring wire 

could be measured and cut before the cruise. Once in the mooring area 

tbe local bathymetry was then charted' during the night by surveying the 
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area with Raytheon echosounders. The following morning the mooring 

was l aid. The ship steamed into the wind (or into the seas, or along 

a lead in the ic~ maintaining the minimum speed necessary for steerage 

while the mooring was constructed. The subsurface float was l aunched 

over the stern of the ship and the instruments were placed in line as 

the wire was played out behind the s Lip. When the mooring was fully 

constructed some 2-3 km of it was trailing the ship. The last piece 

over the side of the ship was the anchor, which would sink the mooring 

onto the isobath along which the ship had been steaming. 

The innermost mooring (107).Figure 2.la was laid at 56°21.?'N 

56°46 . l'W in 2440 m of water. The mooring was laid out in a lead in 

the ice. The mooring sank twenty minutes after deployment when the 

swivel to the subsurface float broke. The reserve buoyancy packages 

enabled the mooring to be recovered on 1 April. From the bottom current 

meter, a rate signal and temperature record were recoverable from a 

depth no greater than 100 m above the bottom. 

The central mooring (108) Figure 2.lb was laid in 2580 m of water at 

56°32.S'N 56°22.2'W on 4 March and recovered on 1 April, 1976. This 

mooring was laid about 100 m too shallow, and as a consequence the subsur-

tace float was on the surface . The uppermost current meter's record 

Was lost because the recording magnetic tape wasn't over the record-

ing head. The second meter was at 160 m and the third was at 2480 m. 

Both returned complete records. The temperature record and therefore 

salinity record from the current meter at 160 m contains considerab le 
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instrument noise during the last portion (year days 76-92 ) of the 

record . 

Hereafter , individual meters will be referred to by a two number 

code indicating mooring and depth r~spectively; e.g . (108 , 160)' refers 

to the meter at depth 160 m on the central mooring #108. 

The outermost mooring (109) w~s laid at 56°49 . 2 ' N 55 °18.9 ' W in 

3003 m of 'fater. Deployment was on 5 March and recover y on 1 April 1976. 

Current meters were at 40 m, 190 m, and 2900 m. The direction record 

from 109,40 remained nearly constant between 245° and 270° during the 

entire deployment period. Thus the direction record was clearly suspect , 

for this problem (of the direction sticking) has occurred in other Aanderaa 

current meter records. Hendry and Hartling (1979) have shown that this 

probl em is due to a strong magnetic field in the case coat ing . The 

velocity from this current meter was , therefore , not used. 

The r ecord from 109,190 was complete and without ins t rument noise . 

The record from 109,2900 was complete for t he firs t 2 . 9 days , but 

duri.ng the next · 15. 8 days t he record failed to reset. Thus , the middle 

por tion of the record was lost. However , the meter recorded properly 

during the last 9.9 days of t he mooring period. These data were recov-

erab l e. The meter counts the nurnber of revolutions of the rotor f?:om 

the end of the last 10- minute interval. When the meter fails to reset 

itsel f, the counts continue to accumulate over the succeeding 10- minute 
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i nterva ls until the meter does reset itself, at which time the accumulated 

counts produce a spike in the r a te record. The time clock in the instru-

ment was checked before deployment and after recovery to be sure it was 

working prec isely to eliminate the clock as a possible source of error. 

Thus the record is extractable from the start unti l the fi r st spike and 

from the last spike until the end of the record. 

There are discrepanci es between the p r essure s ensor depth and the 

mooring configuration depth for the upper current meters on Mooring 109 , 

(see Table A). Several explanations were investigated in an attempt to 

explain the +70 m differences in the depth. Wer e the dept hs used to 

construct the charts of the local bathymetry determi ned properly? What is 

t he accuracy and precision of the pressure sensor s? -How accurately can 

t he longest piece o f wire for the mooring be measured? Does the wire 

s tretch and how much? 

The chart constructed for laying the mooring was checked by 

t he raw depths and t i mes for the echosounder which were kept on magne -

tic tape. Thus , the raw depths in fathoms from the Hudson's Raytheon 

echos ounder for an assumed sound velocity of 800 fm/s, we r e converted to 

meters (1. 828 m/fm) and then corrected according to Matthew ' s (1939) 

tables. The sound velocities for the Labrador Sea region g i ven by 

Matthews were checked against the sound velocities derived by the U. S . 

Naval Oceanographic Tables (Bialek, 1966 ) for the hydrogr aphic station 

25 and were found to be 2-4 m/s slower. Thus the charts wer e constructed 

properl y and the depths given are accurate to within 4-6 m. 
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TABLE A 

DEPTH OF CURRENT METERS 

MOORING CM CONFIGURATION PRESSURE SENSOR ACTUAL DEPTH 
# # DEPTH (m) DEPTH (m) (m) 

107 1953 2340 2340 

1 08 1974 2480 2480 

108 1949 160 160 160 

109 1904 2900 2900 

109 1952 260 190 190 

109 1951 110 40 40 
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The pressure sensors range was 0-1000 psi (0-680 dbars) and i s 

accurate to 1% of the range (6.8 dbars) , NOIC (1975). The pressure 

sensors were calibrated prior to and after t he c ruise and were offset 

to zero at the surface during t he periods of deployment and recove r y 

when the instruments were on board . The correction from pressure to 

depth was a 0.5% reduction magnitude in the 0-200 dbar r ange for the 

closest CTD station to the mooring. The pressure differe nce of the 

upper two current meters on Mooring #109 are consistent with the mooring 

configuration separation distance, thus i ndicating that the pressure 

sensors were precise . Therefore, it was concl uded that the sensor s 

r ecorded the pr oper pressure at the instruments . 

The bottom current meters were p l aced 100 m above the anchors and 

didn't have pressure sensors, thus their depths are t aken to be 100 m 

off the bottom. Current Meter #1953 was the bottom meter on Mooring 

#107 whi ch collapsed upon deployment . Its depth was taken to be 

between i ts configuration depth (2340 m) and the bottom (2440 m) 

because the collapse may have been onl y partial 

buoyancy on the mooring. 

due to reserve 

The designs for moorings 108 and 109 specified l engths of wire 

2327 m and 2627 m long , respecti vely . To measure the wire, two meter 

Wheels in series are used as ~he wire is reeled off the spool and onto 

anoth~r spool. There are no further checks on the l ength of wire . 
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The stretch in the moor:ing wire would be in the 0.1 to 0 . 3% r ange 

(Reiniger , personal comrnunication) for the loadings encountered while 

in place. Thus a shallowing of the meters of the order 2-7 m is 

possible from wire stretching, which isn ' t significant compared to 

the discrepancies noted. Thus , the measuring of the very long l ength of 

wire appears to be the most likely area where error of this magnitude 

could occur. Therefore , t he possibility 9f 2- 3% error in the measuring 

processes should be investigated for substantial descrepancies can 

occur in the deep-sea moorings . 

Surface gravity waves can enter the velocity records through 

the action of mooring motion . Gould and Sambuco (1975) have demon-

strated that current measurements made on taut surface moorings have 

higher current velocities than subsurface moorings . Saunders (1976) 

showed comparisons of vector averaging current meters (VACM's) , with 

drogues and Aanderaa current meters near the surface. The Aanderaa 

current meters were recording high velocities because they could not 

follow the reversal i n flow associat ed with the surface waves. Also 

t he Savonius rotor on the Aanderaa current meters is pumped up by 

vertical motions past the meter . 

Vertical motions a r e caused directly by the surface waves and by 

t he vertical motion in the mooring line at dep th (up to 2000 ml induced 

by the surface wav~s . Gould and Sambuco found that the surface 

mooring current measurements were 1.5 t o 2.0 times higher t han nearby 

current measurements on a subsurface float mooring, for depths between 

100 and 2000 m for all frequencies . 
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While 108 ,160 was be l ow the direct effect of surface waves, 

estimated to be app roximate ly 100 m by Panicker, Schultz, and Schmit 

(1974), it was within the range of mooring line induced motions. 

However, the mooring position was close the the edge of the ice field . 

While the centra l portion of the Labrador Sea during March i976 con-

tained high wave ene rgy, near the i ce field short fetch and attenuation 

by the ice significantly reduced the wave ener~z- Therefore, whi l e 

there may be some energy in the velocity recorcs from surface waves 

mot.ions at 108 ,160 it is thought to be minimal and not significantly 

increasing the energy l evel of the currents measured. 

The usable current meter records are as follows: a rate s i gnal 

and temperature record from 107,2340, Figure 2.2: velocity (i.e. rate 

and direction), temperature and pressure from 108 ,160 , Figure 2.3 ; 

velocity and temperature from 108 ,2480, Figure 2.4; rate, t emperature , 

and pressure from 109,40, Figure 2.5; velocity, temperature, and 

pressure from 109,190, Figure 2.6; and velocity and temperature 

from the first 2.9 days and the last 9.9 days from 109,2900, Fi gure 2 . 7. 

Serious errors in the salinity measurements that inc lude temperature 

and pressure effects , drift during deployment, and nonrepeatability 

of calibration offsets, precluded the use of t he salinity records 

of the current meters. See Smith , Foote, and 3oyce (1978 ) f or a com-

plete analysis of the Aanderaa salini t y measure;ient probl em. The loss 

of such a large percentage of the current meter measurements was dis-

appointing. However, the current meters that did produce clean records 

contain valuable information on the nature of the offshore branch of 

the Labrado r Current . 



u 
\'.) 
w 
0 
~ 

lfl w w 
<Y 
\'.) 
w 
0 

lfl 

' 

3500 

2500 

1500 

360 

270 

!BO 

90 

0 

BOO 

f 400 

0 

ORY 

-1 7-

TC 107 ,23-'IOMl 1~ 
D(l07,23"10Ml 

l~ 
R(l07,23Li0Ml 

52 72 B2 92 

S6 21 .70 N INSTR NG 1953 STARTING 22 27 HRS DAT 62/1976 

6-'I 6 . 10 W DEPTH 23"10.0M.,STAT . 107,CRUISE 76002 

Figure 2. 2 - The unfiltered data records from Current Me t er 107 , 2340. 
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Fi gure 2 . 3 - The unfiltered data records from Current Met er 108,160 . 
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Figure 2.4 - The unfiltered data records from Current Meter 108 , 2480 . 
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5( 109, "10Ml 

P( 109, "10MJ 

TC 109, "10M) 

DC 109 , "10Ml 

R( 109, L10Ml 

62 72 82 92 

,.,.,,,,. 56 "19 20 N INSTR NG 195! STARTING 19 .08 HRS DAY 65/ 1976 
ltf>IJT f"IL.£ 2 

55 18 90 W DEPTH "10 OM. ,STAT 109,CRLJ ISE 76002 

Figure 2 . 5 - The unfi ltered data r ecords from Current Met er 109,40. 
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2.2 Hydrographic Survey 

A hydrogr aphic survey was done during the first period (Year days 

63-69 ) of the current meter array to provide water mass and density 

structure information . Twenty-seven s tations we r e observed to 1000 m, 

2000 m, or the bottom. The stations comprised roughly five lines a l ong 

and two lines perpendicular to the mooring line (see Fig. 2 . 8). The depth 

range of the CTD was limited to 2000 m, thus for a complete station a 

Knudsen bottle cast from 2000 m to wi thin 50 m of the bottom was done fol-

lowing the CTD cast. Two of the transver se lines had complete p ro-

f i les by combining the CTD cast with a bottle cast . 

The Gui ldline Mark III analog CTD was precalibrated at the 

Bedford Institute in February , 1976 over the full ranges of pressure , 

temperature , and salinity . The pressure range was 0-2000 dbars and 

the error didn't exceed 0 . 15% of the range (3 dbars). The l aboratory 

calibrat ion r educed the error in temperature to less than 0 . 005°C 

and in salinity to l ess than 0.005 °/00 • The data were collected by 

the CTD at 5 Hz with a lowering rate of 50-60 meters per minute. Thus 

the resolution in pressure is appr oximately 0 . 2 dbars . The noise 

level of the unsmoothed traces was 0.003°C in temperature and 0 . 003 °/00 

in salinity. At the start of each downtrace there was an offset in 

conductivity that would slowly dimiY1ish as the cast proceeded. This 

problem is thought to be due to not keeping the conducti •,ity cell wet 

between casts because of the below freezing temperatures in the 

hydrogr aphic winch r oom. Since the offset could be either positive 
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or negative , a nd lasted as deep as 200 m, the uptraces were used for 

analysis instead of the downtraces . The raw voltages from the CTD 

were passed t h rough a. Meridian multi- conductor slip-ring at the winch 

to a Volke digital voltmeter . The digitized voltages were then 

logged on the HP2100 computer . 

Calibration of the CTD was done with water samples collected during 

t he upcast of each station by 10 Ni~kin bottles on a rosette sampler 

designed at the Bedford Institute . Onboard salinity determinations 

were done with a Guildline Autosal l aboratory salinometer. The 

average differ,ence between 58 pairs of randomly drawn duplicate 

samples was 0.002 °/ 0 0 • The salinometer was calibrated with stan-

dard sea water. at the beginning and at the end of each run, and at 

intermedia te i nterval s of 15-30 samples . The error of the salinity 

determinations was less than 0.003 °/0 0 , the resoluti on was 0 . 0002 °/ 00 • 

A pair of protected and a single unprotected deep-sea reversing 

thennometers on a lternate Niskin bottl es wer e used for the temperature 

and press ure calibration. The resolution of the thermometers was 0 . 01°C . 

The ave rage diffe rence between 142 pairs of protected the rmomet e rs was 

0.011°c. 

Standard computer programs at the Bedford Institute were used to 

proces s the CTD data. Exces sive erroneous points were clea ned firs t 

by limit ing the range of acceptable raw voltages for the three channe l s . 

Each stati on was then split inc:o up and downtraces . Then t he raw 

parameters were converted to physical units ; temperature (°C), conduc-

tivity (mmho/cm) , and pr essure (dbars). Flat spots in the t races were 
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then removed. A flat spot is a region in the trace where the pressure 

hasn't changed more than 1 . 3 dbars over nine data points , which means 

the lowering rate is less than 0.7 m/s. Flat spots occurred when the CTD 

was stopped for a water sample or when its passage through the water 

was 1non1entarily slowed due to ship I s motion acting opposite to the 

CTD being winched in or out . The reason for the flat spot removal was 

that the conductivity cell must be moving in order to flush properly, 

and to ,naintain a steady time constant between the conductivity cell 

and the thermistor, for the determination of salinity , thus all points 

l ess than the required flushing rate were r emoved . Spikes were then 

removed by setting the maximwn allowable difference for single points 

from the mean curve. The data were then smoothed by a seven- point 

running mean filter which smoothed the data over approximately L 2-l. 4 

dbars. In order to reduce the file sizes , the data were then forward 

linearly decimated . The allowed differences between the measured value 

and the interpolated value were 0 . 0l°C for temperature and 0.01 m.'11.ho/cm 

for conductivity. 

Salinity was determined by A. Bennett's (1976) formula. Potential 

t emperature was derived by Fofoncff and Froese ' s (1958) formula and c 0 

was derived by Fofonoff and Tabata's (1958) fcrmula. The final resolu-

tion of the CTD profiles was 0 .01°C in temperature , 0 . 01 mmho/cm in 

conductivity, 0 . 01 °/ 00 in salinity , and 3 dbars in pressure . The 

criteria used to process the CTD data are summarized below. 
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TABLE B 

SUMMARY OP CTD PROCESSING CRITERIA 

CHANNEL TEMPERATURE CONDUCTIVITY PRESSURE 

RANGE (VOLTS) 
LOWER I. -MIT - 0.2 -3. 75 - 0.1 
UPPER LIMIT 3 . 5 3.75 3.5 

FLAT SPO'l' REMOVAL N. A. N.A. 1. 3 dbars/9 points 
SPIKE REMOVAL 

ALLOWABLE CHANGE 0 . 012°c 0 . 02 mmho/cm 1. 3 dbars 
SMOOTHING 

NO. OF POINTS 7 7 7 
FORWARD LINEAR DECIMATING 

ALLOWABLE CHANGE 0.01°c 0 . 0 1 rnmho/cm N. A. 
FINAL RESOLUTION OF 

THE PROFILES 0.01°c 0.01 mmho/cm 3 dbars 

The portion of the CTD trace where a water sample was co llected was 

located so that comparison be tween the CTD and bottle samples could be 

made. The traces of temper~ture and salin i ty indicated that there was 

no offset in CTD values when the CTD was stopped for a water samp le , 

therefore the portion of the CTD trace just befor e the bottle was fired 

could be used in the comparison . Typically , however, when a CTD i s 

s t opped for a water sampl e, an offset occurs in some manner due to 

i nstrwnent wake and flushing effects, unsteady t ime constant , and heat-

ing of the water in tne conductivity cell. Therefor e , when the CTD is 

stopped f o r a water sample , t hat port ion of t he trace is r emoved because 

i t is a flat spot. In order to r etrieve the lost lines the following 

method was use d . Using the final v e rsion of t he bottle data as a guide 

the appropriate flat spots tha t correspond to the water samples were 

located and identified. A program was developed to convert the raw 

voltages to temperature , pressure , and salinity , recovering the original 

CTD values . To mimic the r e s ponse t~mes of the bottles , an average was 

done over t h e l ast 100 points of t he CTD trace j ust befor e the bottles 

SALINI'::'? 

N. A. 
N.A. 
N. A. 

N.A. 

N.A. 

N·. A. 

0.01 0 /00 
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were tripped. The CTD was rai sed just after the tri pping o f t he bottl es , 

terminating the flat spot . Thus , f or deep bottles whe r e t hey are well 

separa t ed , the part of the CTD t r ace t hat corr esponds to t he water 

sample is readily identifiable and recoverable. 

The differe nce (Bottle val ue- CTD value = offset) between the edi~ed 

bottle data and the CTD were used for calibr ating the CTD. The mean 

and standard devi ati on for t he correction f or each station were computed 

separatel y. The corrections were applied for temperature, salinity with 

and without a correction factor for the compression of the conductivity 

cell with pressure. A single offset for temperature (-0 .004°C, std. 

dev. 0.055, for 220 calibration points ) was used for the entire cruise . 

The wide scatter in the temperature differences is due almost entirely to 

the l ow preci sion of t he reversi ng thermometers rather than to any r eal variati on 

in the CTD ' s thermistor with time or depth . However , separate correc-

tions for each station for the salinity , corrected for pressure e f fects 

on the cell, were used . In this region of homogeneous water with very 

l ow salinity gradients there were in e ffect up to ten salinity calibra-

tion pci nts for the very small range of sal inity values encountered at 

each station . Thus , the 7.0 (ave rage ) 2 . 4 (std. de v . ) salini ty calibra-

tion poi nts per s tation were capable of distinguishing separate offse t 

values for each station, which were assumed t o have bee n due to real c hanges 

in the conducti vity cell from station to stati on. The offsets ranged from 

-0 . 004 °/00 to -0 . 038 °/00 and ave raged - 0 . 023 °/00 • The average s t andard 

deviation of the salinity offsets for the individual stati ons was 0 . 003 °/00 • 
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CHAPTER 3 GENERAL PHYSIC/1.L OCEANOGRAPHIC FEA'l'URES DURING MARCH, 1976 

3 . 1 Backg r o und 

The origina l and still most compr ehensive work on the physical ocean-

ography of the Labr ador Sea wa s done by E. Smith , F . Soule , ahd O. Mosby 

(1937). They r eported en the r esults of t he Marion and General Greene 

expeditions during the s ummers of 1928, 1931 , 1933- 35 to the Labrador Sea 

and Davi s Strait areas, to collect salinity dat a at depth from a series 

of hydrographic stations in lines running from th.e coast across the shelf . 

Velocity profiles a nd dynamic t opography , derived by the geostrophic 

method from the calculated density field, enabled them to describe the 

prevailing circulation and . water mass distribution in the Labrador Sea 

from Davis Strai t t o the Grand Banks region. Their work is t he founda-

tion of our knowl edge of the water masses and surface currents in the 

Labrador Sea . 

More recently , t he U. S . Coast Guard has occupi ed a standa:rd hydro-

graphic section from South Wolf Island , Labrador to Cape Farewell , Green-

l and once a summer from 1948 to 1969 , Moyhi man and Anderson (1971 ) . 

Als o Kollmeyer , McKi ll , and Corwin (1967 ) conducted a crui se to the Cape 

Chidley area to investi gate the flow into a nd out of Hudson Strait 

from hydrographic data . 

" 
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Erika Dan , under charter to the Woods Hole Oceanographic Institu-

t i on , conducted a hydrographic survey in the Labrador Sea area during 

February- April , 1962. This survey , along with other s from t he North 

At l a ntic , was compiled into an atlas by Worthington and Wr:ight (1970) 

Swall ow and Worthington (1969 ) tracked five neutral ly- buoyant floats 

f or periods of 12-72 hours in conjuncti0n with the Eri ka Dan survey . Two 

floats were 200 km southwest of Cape Farewell and t hree were 400 km east 

of the Strai t of Belle I s l e . The floa ts at depths of 1650- 2400 m were 

combined with the geos trophic velocities to estimate the deep vol ume 

transport in the Labrador Sea . 

The Atl antic Oceanographic Laboratory , Bedford Institute , conducted 

four cruises during 1965-1967 to the Northwest Atl antic and t he Labrador 

Sea . Temperatur e , salinity , o x ygen , and silica da t a we"C"e c ollected ut 

depth and compiled i nto an atlas by Grant (1968) . Lazier (197 3) used t he 

t he March-May , 1966 Hudso n data from the Labrador Sea along with hydro-

graphic data from Weathe r Ship Bravo (56°30 ' N 51°00 ' W) to i nves tigate the 

renewal of the water mass indigenous to the Labrador Sea . 

Bet ween 1953 and 1977 hydrographic data were collected i n the Lab-

rado r Sea from a number of cruises for t he Internati onal Commission fo~ 

t he Northwest Atlantic Fisheri es (ICNAF) . A bibliography of the physical 

oceanographic works , including t!ie ICNAF publications, up to 1977 was 

compiled by Dcbson and J ordon (1978 ) . Dunbar i n 1951 r eviewed the work 

which had been done up unti l t hat time in the Labrador Sea , Baffi n Bay , 
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Hudson Bay , and the neighboring str a its and sounds. Both Dunbar (1951 ) 

and Smi th , Soule , and Mosby (1937) include reviews of the early his torical 

explorations to the Labrador Sea area . 

From these oceanographic studies i t appears that the surface circula-

tion in the Labrador Sea cons ists of a oroad cycloni c gyre wi th strong 

currents around its periphery , see Fig. 3. 1. These surface currents are 

the Wes':. Greenland Current to the east , the Labrador Current to the west , 

and the North Atlantic Curr ent across the southern boundary . 

The West Greenland Current f l ows northwards along the west coast of 

Greenl and. Near 61°N i t b ifurcates ; one branch con tinues north along the 

coast through Davis Strait i:ito Baffin Bay, the other branch crosses the 

northern end of the Labrador Sea. The West Greenland Current transports 

two water masses into the Labrador Sea . Warm (>4°C) and sali ne (34.9-

35.00/ 00) water from the I rminger Sea is located offshore and below the 

surface and cold {<3°C), low- salinity ( <34 . 0°/00 ) water from the Eas t Greenl~P.d 

Curr ent which is l ocated inshore at the surface . 

The Baffin Land Current flowing south a l ong the coast of Baffin Island 

carries cold , low- salinity (<- l . 0°C , 33 . 0 - 33 . 5°/oo > water i nto Hudson 

Strait a ccording to the dynamic tcpographic charts of Kollmeyer e t a l 

(1967) . This mixes in tJ1e Strait with the cold , fresh (<l.O°C , <33 . 0°/00 ) 

outflow of Hudson Bay (Campbe ll, 1958 ) and perhaps some outfl ow from t he 

Canadian Arc hipelago . The resulting mixture {<l.0°C , < 33 . 5°/00 ) flows 

out of Hudson Strait and then southwards along the Labrador Shelf . 
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Figure 3 . 1 - The surf ace currents of ( solid lines) positions of t~~ Labrador s::dr~ottom (dashed 1 · .e cur r ent g1on . X' ines) meter mo ' s are the orings . 
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Near Cape Ch i dley, Labrador the cold , low-salinity outflow of Hudson 

Strait i s augmented on i ts offshore side by the extensi on of the West 

Greenland Current to f orm L~e Labrador Current. Water from the West 

Greenland Current extension includes a large portion of water which is a 

r emnant of warm, saline Irminger Sea Water . The T- S diagrams from the 

Labra dor Current of Smith , Soule , and hosby (1937) and a 17-year mean from 

an annual U.S. Coast Guard section (Kollmeyer et a~, 1967) show that the 

Labrador Current consists of these two water masses and a mixture between 

them . The warme d surface layer during the summe-r and the deeper waters over 

the slope are· excluded from both T-S diagrams . Geostrophi.c sections 

occupied by Smith , Soule , and Mosby (1937) indicate that the Labrador 

Current forms two southward flowing current cores , referred to as an inshore 

branch located at the coast and an offshore branch at the shelf break. 

'!'hey reasoned that t he banding was due to either the separate sources of 

the Labrador Current or the shelf topography (a system of marginal troughs 

and offshore b anks) or both. Thus , the Labrador Current transports so~th-

ward cold, fresh (<l . 0°C, <33.5°/oo) water inshore and remnants of rela-

tively warm (3. 0- 4.0°C) , saline (>34 .8°/00 ) Irminger (Atlantic) Water , offshore . 

The offshore velocity core is associated with the sharp temperature-

. salinity g radient between the cold , fresh waters of the Labrador Current 

and the warmer , saltier wate r offshore . A slight temperature and salinity 

maximlli~ at depths of 400- 800 meters can be found in the sections of Smith, 

Soule, and Mosby (1937) and Lazier (1973) . This is the remnant of Irminger 

Sea Water. These investigators indica~e that this water flows south as 

part of the offshore branch of the Labrador Current. The 2.0°C i sotherm 
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at 100 m seems to be a reasonable indicator of the position of the temp-

erature gradient and the associated velocity maximum . The March, 1976 

mooring array and hydrographic survey were located ove r the continental 

slope, apparently just offshore of the veloci ty core o f the offshore 

branch of the Labrador Current. 

The North Atlantic Current flows northeastwards past t he southe rn 

boundary of the Labrador Sea. This boundary is an i mportant mixing regi on 

between the cold polar waters and warm southern waters. Large meanders in 

the dynamic topographic charts of Smith , Soule , and l-!osby (1937) and 

Lazier (1973) are evidence of this mixing. 

Below 2000 meters , the circulation would also appear to consist of 

a cycl onic g,Jre dominated by boundary currents . Geostrophic vel.ocides 

of 5 cm/ s based on zero velocity at 2000 m f rom Smith, Soule , and Mosby 

(1937) show an inflow into the Labrador Sea centered at 3000 m on the 

Greenl and side ar1d a corr e sponding outflow on the Labrador side. Swallow 

and Worthington's (1969) floats indicated speeds of 10 cm/ s and were 

consi stent with a deep cyclonic circulati on in the Labrador Sea . 

In the central part of the Labrador Sea , Smith , Soule, and Mosby (1937) 

identi f ied three water masses; i ntermedi ate, deep, and bottom, see Fi g. · 3. 2 . 

Lee and Ellett ' s (1965, 1967) names for the t hree water masses a re 

Labrador Sea Water , Northeast Atlantic De ep (NEAD) , and Northwest Atlantic 

Bottom (NWAB), respectively . Worthington in his 1976 monograph refers to 

the origin of the water masses . Thus, NEAD is refer ed to as t he 
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Figure 3.2 - The water masses of the Labrador Sea look ing 
northwards . The cold and wa rm portions of the 
Labr ador and West Gr eenland Currents are al so 
shown. This cross-section is based on Grant's 
(1 968) atlas - stations 30-41. 
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I cel and- Scotland Overflow , NWAB is Denmark Str ait Ove r f l ow and Labrador 

Sea Water remains the sarr.e . 'l'he nomenclature o f Lee and Ellett wi l l be 

used here . 

Labrador Sea Wate r occupies the centr a l port i o n of t he Labr ador Sea 

from t he surface down to mid depths , 1500- 2000 d.bar s . This homogeneous 

wat er mass is p!'oC.uced locally in the Labrador Sea by wint er cooling of 

the surface layers '.·lhi ch sink duri ng deep- convect ion event s to intf::rmed-

i a t e depths (Lazier, 1973 and Clarke , in prepar ation) . Smi th , Soule , and 

Mosby (1937) reported values of 3 . 17cc and 34 . 88°/00 for the Labr.ador 

Se a Water . Thi s extenced from below the su,·mn,2r t hermocline ( 300 :n) to 

2100 m i n July , 1934 . Lazier (1973) defines Labrador Sea Wat er by the 

27 . 7--27. 8 po tential density con:-.ours . He reports pote n·cial temperature 

values of J . 4°C and sali nity of 34 . 9°/00 for Labrador Sea Water a,:: 1500 m 

in March-May , 1966 . This concurs with the earl y cruise of the Erika Dan 

in 1962 (3 . 3 -· 3. 4°C, 34.9°/c 0 ) ,rnd Worthington and Metcalf ' s (1961 ) c'!efin-

ition of Lubr ador Sea Water (3 . 4°C , 34 . 89°/ 0 0 ). 

Bel ow t he Labrador Sea Water the warmer saltier NEAD Water is l ocated . 

Smith , Soul e , and Mos by (1937} found t:emperatures of 3.0- 3 . 2°C with sal-

i nities of 34 . 92 - 34 . 94°/00 across the Labracor Sea at depths of 2000 -

2500 meters . Lee and El lett (1967) using data from t he International 

Geophysical Year (1957- 58) , charact erized the NEAD Water i n the Labrador 

Sea from a n inflection point in the T-S diagram near 2500 mat 3.0°C and 

34 . 94°/00 • The Erika D~ sections in 1962 and the Hudso n sections in 

1966 s howed the same T- S characteristics for the NEAD Water. Both of these 
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surveys.included dissolved oxyge ns. The NEAD Water is easily distin-

guished by its low oxygen con tent (<6.5 ml/1) when compared with the 

overlying Labrador Sea Water and the IBVAB Water below. The lower oxygens 

indicate that this water mass has not been in contact with the surface as 

recently as either the Labrador Sea Water or the NWAB Water. The isotherms 

and isohalines between 1500 and 2000 mare gentle in the central portion of 

the Labrador Sea. The lack of strong slopes to the isotherms and isohali.nes 

indicate a minimum in current at this l e vel . Swallow and Worthington 

(1969) suggested a velocity minimum at 1200 m based on geostrophic velocity 

profiles adjusted to their float velocities . 

In ·the lowest 1000 meters of the Labrador Sea the isotherms slope 

upwards from the center . '~vo to three hundred meters off the bottom the 

temperature-salinity gradient sharpens. This gradi ent which inte:.-sects 

the continental slope below 2000 m marks the upper boundary of t he core 

of the NWAB Water . From Erika Dan and Hudson cruises it is apparent tha:. 

the NWAB Water is characterized by temperatures between 1.4 and 2.0°C with 

salini t ies of 34 . 90 - 34.92°/00 • Dissolved oxygen content was gre ater t:han 

6.6 ml/1 within 200- 300 meters of the bottom. This water mass can be tra~e d 

directly from its origins in the Denmark Strait into the eastern side of 

the Labrador Basin next to Cape Fare1,.,;el l , Greenland , on the potential 

temperature-salinity charts of Worthington and Wright ' s 1970 atlas. The 

NWAB Water fills the very bottom of the basin and flows out along the west-

ern side of the Labrador Basin. The slopes of the isotherms and the 

flow indicated by the e-s charts are both consistent with a deep cyclonic 
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circulation in the Labrador Sea. 'I'he confinement of the oxygenated core 

of the NWAB Water up against the lower continenta l slop e suggests the 

presence of a bottom bow1dary current. 

3.2 Mean Currents 

In March , 1976 , a h~"drographic section across the offshore branch 

of the Labrador Current was occupied t~ ... ~ice. On these sections one secs 

the cold (<2°C) water of the Labrador Curre nt in the upper 300 meters 

(Fig. 3.3, Sta. 4; Fig. 3 . 5 , Sta . 23-24) . The salinity of this water is 

l ess than 34 . 8 °/ 00 (Fig. 3.4., 3 . 6). Section 4-9 did not extend f a r enough 

inshore to enter the core of the Labrador Current , thus the temperatures 

are not as low a s -l.5°C with associated low salinities . Just offshore 

of this at depths of 300- 1 000 me ters is a warm saline core (>3.0°C, >34. 86 °/ 00 ) 

which is certainly remnants of the Irminger (Atlantic) Water. 

The homogeneous Labrador Sea ,:ater is present at Stations 6 through 

9 and Stations 25 through 30 in Figures 3.3, 3 . 4 , 3.5 , and 3 . 6 From the 

surface do\.'m to 1500 m the potential temperature was completely within the 

2 . 9 - 3 . 0°C range. The salinity was near ly constant at 34.84°/00 • The result-

ing potential density for the upper 1500 m d uring March , 1976 was 27 . 78 -

27.79. The Labrador Sea Water was 0 .4 °C warme r and 0 . 06°/00 saltier in 

March of 1966 than 1976, but the potential density had not changed. 

The core of the NEAD Water can be locate d by the temperature l aye r 

greater than 3.3°C situated in the greater than 34.93°/00 salinity l ayer . 

In the central Labrador Sea this layer is at 2000 - 2500 rn , · (Fig . 
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3. 5 , 3 . 6 Sta . 27- 30). This layer gently slopes up inshore to approximate l y 

1500 rneters (Fig . 3.3 Sta . 4- 6) . This is consistent with cyclonic circ- · 

ulation if the strength of the circul ation is increasing with depth . Swallow 

and Worthington (1969) chose the boundary between the Labrador Sea I-later and 

the NEAD Water as thei r reference leve l for geostrophic cal cula t ion s , 

justified by a zone of weak motion at _QQO m and a change in the T-S curve 

at 1200 m. '£here fore , the core of the NEAD Water i s thought to be in or 

near a zone of minimum velocity . 

Along tr\e bot tom the core of the NWAB Water is onl y s lightly modified 

from its original. values at the Denmark Strait. The 0- S va lues i n March , 

1976 (l. 4- 2 . 0°C, <34 . 90°/ 00 ) were the same as previ ous years . The colder 

water was found deeper (more offshore ), see Fig . 3. 3 Sta . 6-9, Fig . 3 . 5 

Sta. 25- 30. The slope of the isotherms and isohalir:e s are quite consis-

tent with deep cyclonic circulation . 

Moorings 108 and 109 were located be tween Stations 5 and 6 and 

Stations 8 and 9 , respectively ; and Stations 21-22 and 21--25, respec-

tively. The hydrogr aphic sections (Fig . 3.3) suggest that t he upper 

current meters should be i n Labrador Sea Water . The temperature r ecords 

from the current meters (Fig . 2 .3, 2 . 5 , 2.6) suggest that this is so . CurrenL 

Meter 108,160 though degraded by instrument noise , was in 3° C wa~er for a 

l arge percentage of its time . The warm intrusions , (3 . 4- 3 . 6°C) for example at 

Day 70 , are undoubtedly due to remnants of Atlantic Water movi ng past 

the instrument. 109 ,190 also has these warm intrusions above a background 
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l eve l of approximately 3°C. There were two negative anomal i es (Day 69 , 

2 . 7°C and Day 87 , 2.6°C ) in the temperature record of 108 ,160, and a 

negative anomaly (2.6-2 . 8°C) at 109 , 40 during Day 90; however, none were 

recorded at 109 , 190 . The only water co l der than 2.9°C i n t he upper 

l ayers i s 1,._1ater f rom t he cold core of the Labrador Current . This indicates 

that the boundary cold core of the Labrador Current extended offshore as 

f ar cts 108,160, with cold \o.T ater being found at the surface as far of:: -

shore as 109,40 . 

The currents at 108 ,160 were predominately southward in the r ange 

20-60 cm/s , although several northward r evers als lasting for periods of 

a coup le of days occurred; for example , see Fig . 2 . 3 , days 74-75 , 82 , 

91-92. The peak southward velociti es a t 108 , 160 were of the same magni-

t ude «s those derived by Smith , Soule , and Mosby (1937 ) for the velocity 

core (30-70 cm/s) centered 0!1 the sharp temperature gradient . The lack 

of 2°C water a t 108,160 is evidence that the center of the temperaU:rc 

g radient and its associated velocity maximum di.d not extend offshore a s 

far a.s 108 , J.60 . 'I1his indica:.es that the abso lute velocity profi:es £or 

the offshore branch of the Labrador Current derived by Smith , Soule, and 

Mosby (1937) were pos s ibly t oo low. The adju.s::ment necessary to rr,atch 

the velocity profiles of Sn i th , Soule , and Mosby (1937 ) to t he velocities 

of ]08 , 160 is 10 to 30 cm/s . 108 , 160 was placed near the boundary cf 

t he offshore branch of the Labrador Curre:it ·,,hich evidently transport.s 

southwards a considerable volume of both J\.tl. antic Water r emnants and 

Labrador Sea Water. 
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'l'hc . flo,, at 109 ,190 was predominately nor t hwards , se-e Fig. 2. 6 , 

'l'hc progressive vector diagr mr1s (PVD ' s ); Figure 3. 7 , show that the flow 

i s first southwards and thens.wings o ffshore {_eastwards ) during days 68 

to 70. For the last 2/3 o f the 26 . 7 day r ecor d , from Day 71 until Day 91 , 

t he f low 1·,as nor t hwards at an average rate of 9.8 cm/s . There was , 

therefor •. , for much of March, 1976 , a substantial north1-,ard flow off -

shore of the Labrador Current. 

Weak, northerly flows just offshore of the Labrador Current are 

present in some of the velocity profiles of Smit.'1, Soule, and Mosby 

(1937). 'l'l,ey describe the northward flows as l ocal and t emporary cur-

r ents . The overall pattern of the surface currents are best shown in 

the PVD ' s , Fig . 3 . 7. This pattern suggests the passase of a cyclonic 

eddy-like feature sout hwards between the two moorings . The offsho.r.e 

flow during days 67-70 would occur when the locus of the eddy was north 

of the array. As t he eddy moved be tween the two moorings a southwar d 

flow wo uld occur i nshore a!1d a north•.s.1:?~rd flow offshore at 109 , 1 90 . Thi.s 

f eature wou l.c1 have to be J.oca l (of the O (50 km)) enough not to entra in 

wa ter from the cold core of the Labrador Current , since TIO such wate r 

was found at 109 , 1 9 0 . This type of feature would appear to be both 

local and t:ernporary :.n hy:irographic sections . Evidence of this scale 

feature at the surface can be seen in satellite imagery i n the therma l 

gradie nt between the cold Labrador Current and the 3cc Labrador Sea 

Wat e r . Fi g . 3 . 9 i s the infrared i mage ry from NOAA 5 s a t eHite for 

3 September 1977. The eddy-like feature enclosed i n the box is approximately 
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Figure 3 . 9 

Infrared NOAAS satellite imagery from 3 Septerober , 1977 

of the Labrador Sea r egion . The boxed area surrounds the 

feature at the edge of the Labrador Current referred to 

on pages 45 ,4 9. 'fhe side s of the box are ctpproxi.mately 

90 km. The photograph and the box are both aligned north-

south. Clouds (white areas ) cover southwestern Labrador , 

the eastern portion of the Labrador Sea , the Davis 

Strait region and portions of Greenland . The colder 

(lighter) waters of the Labrador Current and Hudson Strait 

are plainly visible . 
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50 km in di ameter. ':1he l cca t i.on of this ~eature is at the shelf break , 

7.00 km off Nain , Labrador . Al though this gradi ent is 200 km ins hore of 

the mooring array, per h ap s t hese same scale features are present further 

offshore in the · r egi on o f Atlanti.c Water remnants. 

From the hydrog r aphic sections (Fig . 3 . 3 ) it i s evident tha t t he 

bottom current meters were placed in or near the core of t he NWAB Wate r . 

The temperature r e cords from 109 , 2900; 108 , 2480 ; and 107,2340 (Fig . 2.7 , 

2.4, and 2 . 2 ,respectively) confirm this. At 109 , 2900 the potentia l t emp-

erature was steady at 1.5°c, with a s ingle deviation to 2.4°C at the end of 

the rE>cord , (potentia l t emper:,ture ; the temperature record values were 

adj usted to potenti a l temperature us i ng the nearby CTD profiles) . The 

ste adiness of the record is sugges t ive of an i sothe rmal bottom bour.da ry 

laye r . Up the s l ope at 108 , 2480 the water was wa rme r , (mean pot . t emp . 

2.3 °C) and exhibited p r onounced fluctua t i ons between l . 6°C and 2.5°C 

(pot. t emp.) at a few days period. Stil l further upslope , 107 , 2340 had 

a me,~n potential ter.iperatur e o f 2 . 6 °C \,.•i.th similar f l uctuations (2 . 0°-

2. 9°C , pot. temp.) as t hos e at 108 , 2480 . The vertical (or hori 2:onta l) 

excursion of the i sotherms necess ary to produce an 0 . 9°C fluctuation in 

temperature i s approximately 200- 300 meters (or 100- 200 km). Motions that 

could account for the rnajor fluctuations in tempe rature at 108 , 24 30 and by 

association at 107, 2340 are de a lt with in Secti on 4.4 . 

The two deep current me t ers which returned ve locity records , 108 , 2480 

and 109 , 2900 , ,support the su.ggestion cf deep cycloni c circulation . The 

average southward flow over the 27.9 day period at 108 , 2480 was 11 cm/s . 

The speed r anged from 10- 50 cm/s . There were three periods of 

northward r eversals which lasted a couple of days . Further offshore 
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at 109;2900 the flow was s out!:lwards for the first 2 . 9 days with an 

average ,;eloci ty of 9 . 5 cm/s . The flow was southeastwards (downslope) 

during the last 9 . 9 days (days 85-92) of the r ecord . The middle portion 

of the record was lost due to instrument malfunction . The flow at 

109 , 2900 was without the l arge fluctuations that were evident·at 108 ,2480, 

see E' i gures 2 . 7 and 2. 4. This would indicate that the velocity core of 

the deep flow was up on the slope nearer 108 , 2480 than 109 , 2900 . The 

mean velocities (11 cm/s) r eported here are close to previous velocity 

estimates of Smith , Soule , and Mosby (1 937 ) - 5 cm/s; and those of Swallow 

and Worthington (1969) - 10 cm/s . However , the range of velocities 

indicate that a peak of 40--50 cm/s is not uncommon . Thus, it see ms 

l ike ly that the circulation is along the bottom and somewhat concentrated 

.in the region of the 2600 m isobath , and that this is the flow of the 

wate rs from the Denmar k Strait Overflow into and out of the Labrador Sea 

as Worthington (19 76) has depic t ed it. 

The general picture t hat emerges is a stronger offshore branch of 

the Labrador Current which transports considerable quantities of Atlantic 

Water r emnants and Labrador Sea Water . Further offshore , a northward 

surface flow was found, perh2.ps the results of local dynamics. A velocity 

minimum is thought to occur at mid depths (1000-- 1500 ml . Below that , t he 

deep flow and isotherms are consistent with deep cyclonic circulation . 
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3.3 Geos trophic Current s 

Pond and Pickard (197 8 ) giye the eq_uations of n\o tion :for a n incom-

pressible fluid on a. plane a.t a cons tant latitude on the rotati ng earth 

a s : 

Du =- ~ ~£ + 21"l (sin <j,v - cos¢w ) + A Dt p ax X 

(acceleratior: ) - (pressure ) + (horiz. - (verti cal+ (eddy 
Coriol is ) Coriolis ) viscos i ty) 

Dv 1 ap 
Dt = -- p 3y - 2Q sinq,u 

(acce l eration ) - (pr essure ) - (hori2 . Cori o l i s ) + (eddy viscosity) 

Dw 
Dt 

2 2 2 
! 2.£ + 2Q cosq,u - g + A aw . A aw + A aw 
p az 'X -ax2 ,. y -ay2 Z 0 2 2 

(3.0) 

(3.1) 

(3. 2) 

(acceleration) - (pressure ) + (vertical - (gravity ) + (eddy viscosity) 
Coriolis) 
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(1) x ,- y, and z a re the Car t e s ian coordinat es , east , north, and upwards 

from the sea surface . 

(2 ) u, v , and ware the velocity compone nts in the d irection of x , y , 

( 3 ) 

(4 ) 

(5 ) 

(6 ) 

and z. 

n i s 

4> is 

p is 

where 

D 
Dt 

the a ngula r velocity o f rotation 

t he l atitud e . 

the density of the fluid and "pll 

D is 
Dt 

the material d-erivative 

a a a a 
<lt + uax + va; + "a; 

of the earth. 

"is the pressure . 

't7 ) "g" is the gravita tional acce l e rat i on with the effects of the earth ' s 

rotation includ e d in it. 

(8 ) Ax and lly are t h e horizonta l eddy v iscosi ty coefficients a nd Az is 

the v e rtical eddy viscosity coefficie nt. 

The equa tions of motion are t oo complex to be solve d directly . 

However , f o r the time and space s cal e s of the motions, of particular 

i nterest in the Labrador Sea, t he equ a tio ns can be simplif i ed by 

scaling the terms . Typ ica l values f or the offshore b ranch of the 

Labrador Current are : 

u 0 .3 ni/s p 103 kg/ni3 

V 0.3 m/s 4> 56 . 5° 

UH= 0 . 003 rn/s H 103 rn w L 
L 105 m 

A A 103 m2/s 
5xl05 X y T (6 days) s 

- 3 
m2/s 2 A 1 0 g 10 m/s z 

2n - 4 1. 45xl0 s 
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Where the above v a lues are i nserted i nto Equations 3.0 and 3.1, the 

scale of the t e r ms are : 

6xl0-7 + 9xl0- 7 + 9xl0- 7 + 9xl0- 7 

(accle r ation) 

- ~ ap + 3 . 6xl0-5 - 2.4xl0-7 + 
p ax 

- 9 
(30 . + 30. + 0.3)xl0 

+ (horiz. - (vertical + (e ddy ·viscosity) 
Coriolis ) Cor i o lis ) 

(acceleration) 

1 ap - 5 (30. + 30. + 0 . 3)xlo-9 
- pay - 3 . 6xl0 + 

- (horiz . + (eddy viscosity ) 
Corio lis) 

The horizontal Cor i ol is terms are t wo o r ders of magnitude l arge r than 

(3. 3) 

(3.4) 

the other sca led terms. Thus , the only terms availabl e to bal ance the 

0(10-5 ) Coriolis t erms are the horizontal p ressure gradients , and therefore 

Equations 3 . 0 and 3 .1 can be reduced to the geostrophi c relationship. 

2fl s i n~v 

2fl sin~u 

1 ap 
p ax 

The vertical equation of motion (Eq . 3 . 2) is scal ed to: 

6xl0-9 + 9xl0- 9 + 9xl 0- 9 + 9xl0-9 

(accelerati on ) 

- ~ ap + 3.6xl0- 5 - 10 
p az 

+ (30. + 30. + 0.3)xl0-ll 

(ve rtical - (gravity) + (eddy viscos i ty ) 
Coriolis) 

(3.5) 

(3.6) 

(3. 7) 
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'l'he gravity t e r m is 5 orders o f magnitude larger t han the o ::::der s caled 

t e rms and the r e fore must be balanced by t he vertical pressure gradi ent . 

'l'his i s the hydrost a t ic equation : 

ap - - po az" - , 

When the geostrophic equations (3. 5) a1id (3. 6) are differen t iated 

with respect to z: 

where f i s the Coriolis t erm , (2Q sinq, ) , 

and -pg i s s ubstituted fo r ap/az by the hydrostatic equation, t hen : 

f (v -92- + p av) - g ~ az az ax 

f (u ~+ p au, ap 
az az -g ay 

The Boussinesq approximation allows 3 . 11 and 3.12 to be reduced to : 

f Po 
av ap 
az - g ax 

f au ap 
Po az" = - g -

ay 

( 3 . 8) 

( 3 . 9) 

(3 . 10) 

(3.11 ) 

(3.12 ) 

(3.13) 

(3.14 ) 
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'l'he esse nce o f the Bouss j nesq approximat ion i s (1 ) that t he ve r t ica l 

variat i on :i.n density is negl e c ced because it i s 0 (10- 3) smaller than the 

mea n density , (2) dens i-..:..y i s co;1sidt::rf.:d as a constant when it appears 

as a coe f f ici ent, and (3) the horizontal var iat ion to density is reta ined 

whe n it is multiplied by t he l «rge gravitati onal acceleration t erm , 

where density variation i s dynamically significant . For further explana -

t ion of t he Boussinesq approxirr.ation and i t s uses and limitati ons , see 

Veron is (1973) s.r.d Ste rn (1975 ) . 

Equations 3. 13 and 3 . 14 r e late the vertical variation of veloc ity 

t c the horizontal densi ty gradient.. The ave rage horizontal density 

g r adient can be determined bet'.-.1een two standar d hyd!:'ogra1_Jhic s tations . 

If Equation 3 . 13 is expr essed in t erms of pre ssure i nst ead of dept h 

t hrough t he hydrostatic equat.i.on and spe c i fic volume (a ) instead of 

density then 

(3 .15) 

The ve l ocity diffe r e nce betwee n two i sobars is Equation 3 . 15 integr a ted 

~.-,i i th !:'~spect to pressuTe , with t;'"1e hori zont a l gradient expressed a s a 

f i n i te d ifference. 

1 
fL 

P2 P2 
f 8B dp - f oA dp) (3 . 16) 
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wherc, L is the station s eparation and 6 is the specific volume anomaly 

(SVA) . Be cause specific volume , -5 s , r.r ,P can be considered as t wo 

s eparate quant ities, a large inva riant field , o3S , O,P and a varic..ble 

field , 6, it is n ecessary to only consider the difference be tween the 

variable fi e lds when calculating the horizontal density (spe cific 

volume ) gra dient . The int egrati o n of specific volurne anomaly between 

isobars is dynamic height , and therefore 3.16 can be expressed as 

the familiar equation for determining relative normal velocity bet.ween 

two hydrographic stat ions 

(3.1 7) 

T b.Db 
LiD I . . u (] I 

-""-'----@· v __ 2_. ___ _.._'y-
, - - -- L __ __.,, 

which was originally derived by H. Mohm in 1885 in a general formula , 

l ater expanded by Sandstr om and Helland-Hansen in 1903 (Sverdrup, 

et. al. , 1942) • 
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'!'here are several restrictions to the application of the geostrophic 

method (Equation 3.17) when estimating the oceans ' currents . 

(1) 'l'his method r e l ates only the geostrophic velocities to the pressure 

field. As the temporal (T) and horizontal length (L} scales in the 

horizontal equations of motions (Eqs. 3.3 and 3 . 4) decrease, the 

accele ration tenns approach the s i ze of the horizontal Coriolis 

terms. This change from an essentially geostrophic balance to 

a non-geostrophic b a lance occurs when T~21T/f or when the Rossby 

J R _u . . 
num Jer , o =fL ' 1s unity. 21T/f is the inertial period . More 

sophisticated in ve stigations of the mutual adjustment of pressure 

and velocity fields by Rossby (1937 , 1938) , Cahn (1944), Bohin 

(1953) , and Ve ronis (1956) demonstrated that the balance is 

essent ially geostrophic at i nertial periods and longer and EJn·· 

geostrophic at shorte r periods . Two major restrictions to the 

application of the geos t r oph i c method a:r-ise due to the temporal 

scale of geostrophic motions. 

Firstly , t.l-ie pressure gradient is determined by calculating the 

dynan:.i c height at two discretely sarnpled stations . If the t.ime 

interval bet~.veen the two stations is less than the inertial period , 

the dynamic height at the second station will not have changed 

signif i cantly during the inte r vening period. Therefore, the dif-

ference betwee n the t·..,-,o dync.mic he ights will accurately determine 

t he average pressure gradient and therefore the .average geos t rop~1ic 

velocity between the two stations . If , however, the time interval 
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between the two s tations is g r eater than the inerti al period , the 

dynamic height at the second s tation could have changed signif i cantly 

during the intervening period . 'l'his can occur because the pre ssure 

field would have time to adjus t to a changing geostrophic ve locity 

field. Therefore , the dynamic height at the second station was 

determined in a pressure field different f rom the pressure field 

measured by the first s tation . Thus , the dynami c height difference 

between the two stations will not necessarily r efl ect the p r essur e 

gradie nt and the geostrophic ve locity that did e xist between the 

t wo sta tions . Just how much cha nge could occur during the sampling 

interva l is determined by the amount of vari ance i ~ the p r essure 

f i e l d i n t he r egion o f the sampl ing per iod as compar ed to the 

l onge r-period (day a nd longer ) variance in the p r essure field. 

Secondly , the motions at frequenci es higher than f , i. e. interna l 

waves, have pressure f luctua tions associated wi th them . Since 

t hese pressure fluctua tions are rela ted to the v e l ocities i n a 

non- geostrophic manner, the ind ividual estimates of dynamic height 

will be degraded , and therefore the esti mates of the horizontal 

pressure gradient and the geostrophic velociti es wi l l be degraded . 

(2 ) The pressure gradient determined by Equati on 3.17 is the average 

gradie nt for the s e cti on . Therefore , the velocity calculated i s a 

va l ue a veraged over the s ection a nd only the component normal to the 

section . This a v e r aging , however , may be advantage ous for it would 

s moot h over the smal ler sca le motions whi ch may not be of i n t erest. 
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Bquat.ion 3.17 relates the pressure gradient to the velocity shea r , 

thus a profile of relative vel ocities are determined and not c:bso-

lute v e locitie s. 

(3) Navigational errors cause errors i n the determi nation of rela tive 

positions between the s t ations , a .d therefore causes errors in 

the measurement of L , the distance between stations . In the 

Labr ador Sea , t he Hudson_ had good re l ative positioning (within 

100 m) , but ship ' s drift due to Hind and currents during the 

stations. produced errors in L estimated as high as 5%. 

Thus , t he geostrophic method esti mat es from the pressure f i eld , 

whic h c onta in contributi ons f rom non-geostrophic mot ions , a rela tive 

profile of veloci t ies no r mal to the secti on , averaged over the s t ations ' 

spa tial scporation and can be cons idered synopt ic only if the st,3,1:.ions 

were sampled a t interva ls l e s s than the local inertial peri c d. 

Geost.rophic velocities computed for a section are rela tive t o a 

chosen re ference l evel. The tradi tional pratice has been to assume a 

deep horizontal l evel of zero or constant ve l ocity which extends a cross 

t h e entire secti on . From t his " leve l of no motion" an ab solute ve loc ity 

profil e can be established . W.ith the advent of r e liable current rri.eters , 

the vertical shear between two or more current m!=ters on t he same moor-

i ng c an be compared to the ve rtical shear estima t ed by the geostrophic 

method , thus providing a calibration of the g eostrophic v e l oci ties . 

However , probl ems arise beca use direct current measureme nts and geo-

strophi c current cal culations a re not directly compar able . Curren::. 

meter s measure absolute currents , both geost r ophic and non-geostrophic , 

while gcostrophic current calc'J.l ati ons do net. 
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The high frequency variance due to the non- geostrophic motions in the 

current me t ers can be r emoved by low-pass filtering the ve l ocity r ecords . 

The veloc ities were resolved i nto components longitudinal and tra n s ver se 

to the hydrographic sect ions . rrhen the components were reduced t o one-

hour ave r ages with a running mean filter. The data were then l ow- pas s 

filtered using a digital filte r which had a 50% power poi nt at 1 . 2 cp d 

and a roll--off bandwidth of 0.6 cpd. The data were then decimated over 

eightee n po ints to achieve twelve-hour aver ages . The characterist ics of 

the filter are shown i n Fi gure 3.10. This fi l ter r emoves almost a l l of 

the energy at the inertial freq uency and highe r , inc luding the s emi -

diurnal tides , while allowing most of the energy at 0 . 5 cpd (2 days) and 

lower through . Thus, a velocity component from the current. met.er t hat 

i s r esolved in the same dire ction as those derived from the density 

f i eld wit h ct s omewhat comparabl e t emporal variance is achi e ved. 

With the current meter measurements temporally filtered and ,sve raged 

to obta i n an equivalent time-ave rage curre nt as the geostrophic c urr e ~Ls , 

the q ue stion of spatial equiva l ence remains . The point. velocity of the 

current meter has to be spatially averaged over the horizontal s epara tion 

of the s t a tion pair used to derive the geost rophic current s . lo/hen the 

horizonta l spacing of the current meters is fine enough to resolv e the 

scale of t he velocity field, the spatial averagi ng of the current meters 
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can be done accurately . Thus, for the station pairs which bracket a 

current meter , a r eference velocity level is obtainabl e . However , in 

regions of narrow and intense current s the horizontal spacing of the 

current meters is often not fine enough to resolve the geostr ophic ve loc-

ity fie l d . The velocity along the reference level. has to be estimated . 

Several schemes for estimating a reference leve l from current me t er 

data for the purpose of comparing with geostrophic profiles have been used 

by i nvestigators. Clarke and Reiniger (1973 ) used a linear i nterpola tion 

scheme . ~11he current meters ' normal vel ocity components were linearly 

interpolclt.ed to establish a reference level for the station pairs that 

were between the current meters . For those station pairs at the ends of 

the mooring line which did not bracket a c~rrent meter, the end cu.r~e .nt 

meter ' s velocity \·1as extrapolated . They used current meters 100 n cff 

the bottom to reference the geostrophic velocitie s for the Gulf Strea.rn . 

Warren and Volkmann (1968) avoided the problem by using a neutrally -

buoyant float between ea ch station pair. They , however, used an arbi-

trarily smoothed r eference velocity along a common depth . Other schemes 

are possible in places where sharp horizontal ,,e l ocity gradients exist 

over l engths comparable t o the station separation. Since the current 

meter r ecords at a point , it is likely i n this case that it will be in 

eithe r t he region of high velocity or 1011 velocity. Therefore i t won ' t 

represent the average velocity that was derived from the geostroph::.c 

method, but. an extreme for that interval. Thus , a more r ealisti c current 
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pro f ile should be d e t errnin12d that inc ludes maximu.'Tls and minimums which 

avera g e to the orig ina l geo strophic values calculated . From this , a 

closer compari s on c an be achieved between the curr ent meter velocity 

and the int;erpolate d geostrophic profi l e . 

'£he geostrophi.c veloci ty profiles for the five hydrographi c sections 

were derived from the dens ity fi e lds . Three separate reference schemes 

were used t o esti mate the veloc ity profiles . The ve l ocity was referenced to 

zero velocity at 1000 dbars, -che current meters , as well as zero velocity 

at 1500 dba.rs for the deep sect ions. Fr om t he velocity profi l es e s timates 

of volume transpor ts were made . 

r.rwo ma jor sources of unce rtainty arise in t h e construction of t he 

v elocity profiles adjusted to the curr ent meters . The low- frequency 

vari ation i n the current mete r r e cords i s large at time sca l es comr).::1 Y:-ab le 

to tlie du:ra tion of the hydrographic sections . This mal..:es the chuos i n<J 

of the appropriate reference velocity from the current mete r diffic1.i l. t. 

Averaging over a slightly longer time peri od may reduce some of the 

uncertainty o f the reference velocity . The error limi ts fo r a section 

wer e calcula ted usin9 the extrer:1e velocities that occurr ed dur i ng the 

hydrograph ic s e ction . 'l'he second area. whe:::-e subject ive interpretation 

introduces uncertainty i nto the velocity pro f i les i s the choos i ng of an 

appropriate r eference velocity for the station pairs which do Eot brac:<:et 

a current meter . Thi s problem i s especi a lly acut e \'lher e the cur rent 

widths are o f the same magnitude as the station separation and therefore 

each s t ation pair shoul d be referenced separate l y. To minimize this 
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problem either of t wo s imp l e schemes were used ; linear i nter pol ation and 

c xtrapol ?.t .:i..on 1t1hen the cur:ccnt. widt h \'.as wider than t he station s ep a r -

ation , or the as sumpt ion of zero ve l ocity at the r e f ere nce level is left 

unaltere d . 

Gcostrophic currents were culculated fo r the f i ve l ongitudinal sec-

t.ions , Fj ,rure 2. 8 . The fi r s t s ection (stations 4- 9 ) provided full <iepth 

covera g e over the mooring a rray , bu t was done during t he laying of the 

moori ngs , as a cons cque r.ce the secti on took three days t o complete ~ The 

next thre e sections (1 2-9 , 19-17 , and 19- 21) we re shallow (1000 m) casts 

j us t in t he region of the two inshor e moor ings , 107 and 108 . The l ast 

sect.ion (2,1-21 , 25- 30) included ,;ha l low stations in the region of the 

moorings and combined casts to the bottom at the stations fro m the enter-

most moor iny , 109 , to the cent.e r of the Labrador Sea. Table C shows 

the sta t ic:-is for eacl1 s e ction , the d i sta.nce bet.ween station pairs, t :!1e 

star t time of the sta tion , the time between start time s o f the stat.tons , 

and t he J"itaxi !num c ommon depth bet1::een the two stations for which g eo;s"':.!."cp:'\ic 

c urrents v1c.r2 calcula t ed. The specif lc volume anomalie s and t he dyri:1mic 

he i ghts were derived at 10 dbar inte~vals for tbe CTD up traces and a t 

50 dba r i nt.er va.ls for t.he bot.tle cast.s. Where a. station included a 

bottle cast , the dynamic height f ort.he bot.t.l e cast wa s offset to macch 

the dynaruic h e ight of t:he CTD tra ce at the depths where the two casts 

overlapped. This v;as to adjust t he bottle cast integrati on from th-? 

surfa ce down to the sta rt of t.1-ie bo t.t.le cast , which was near 2000 dbars. 

Geostro,;,c1ic current s r e lative to the surface , and also adjusted rclati ve 

t o 1000 dbars , were calculated for each s-cation pair , a t 100 dbar intervals 

from t he surface t o 1 000 clbars and e very 200 clbar s f rom 1000 clbars to 

t he bottom of the cast~ The estima t ed r e solution of the geost r ophic 

ve l ocities i s 10% when the ve loci1..y i s greater than 1. 0 cm/sand ±0 . l cm/s 



STATION# STAaT TIY.aE 
OF STATION 

(GMT) 
Dy Hr Mn 

Section 4- 9 

4 63 01 45 
5 63 06 10 
6 64 20 48 
7 65 02 50 
8 65 08 20 
9 65 20 00 

Section 12-9 

12 66 09 00 
11 66 06 00 
10 66 03 20 

9 65 20 00 

Se ction 13-14 

13 66 11 30 
1 4 66 14 35 

Section 1 6-15 

1 6 66 20 23 
1 5 66 17 25 

Section 17- 1 9 

17 66 23 00 
18 6 7 01 55 
19 67 01 55 

TABLE C 

HYDROGRAPHIC STATION PARAMETERS 

DISTZ\NCE BET:VEEN TIME BETI¾EEN 
S':J\'I'ZOXS STATIONS 

k:.r, 
(±2 k:n) hrs . 

21.6 4.4 
1 9 . 9 38 . 6 
24 . 6 6 . 0 
24 . 4 5 . 5 
25 .3 11. 7 

32.6 3 . 0 
30 . 6 2 . 7 
70 . l 7 . 3 

33.l 3 . 1 

35 . 9 3 . 0 

32 .l 2 . 9 
32 . 5 3 . 0 

MAXIMUM DEPTH OF GEOSTROVilIC 
CURRENT CALCU!ATION 

dbars 

1800 
2500 
2650 
2650 
2900 

I 

°' ~" I 

1000 
1 000 
1000 

1000 

1000 

1000 
870 



STATI ON# START TIME DISTANCE B.ETWEEN TIME BEY..-7EE::l !-!AXIi':UM D:E!?TH OF G:SOSTROPHIC 
OF STATION STrlTIONS STA'rICl':S c uRR-·:JT CALCULATION 

(GNT) Y,.rr. 
Dy Hr Mn (±2 ~) hrs. dba.rs 

Secti on 19- 21 

1 9 67 04 55 33 . l 3.6 870 
20 67 08 28 31. 3 3 . 2 1000 
21 67 11 37 

Section 24- 21 , 25- 30 

24 67 19 50 2 . 5 860 I 
15 . 5 "' 23 67 17 20 3 . 0 860 "' 32 . 8 I 

22 67 14 20 31. 3 2.7 1000 
21 67 11 37 69 .0 1 9 . 0 1000 
25 68 06 35 65 .0 6 . 7 3000 
26 68 13 20 63 . 8 7 . 2 3100 
27 68 20 30 63 . (J 7 . 2 3350 
28 69 03 45 62 .1 6 . 4 3500 
29 69 10 06 63 . 3 6 . 6 3500 
30 69 1 6 45 
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wh €:n t.he vcloci ty i s l e ss than 1. 0 cm/s . The 10% uncertainty i n the 

horizon tal separation , L, bet:.ween the stations due to ship ' s drif t is 

the ma j or contribution to the e rror in the re l a t ive geostr ophic velocities . 

Se c tion I! - 9 

Section 4-9 was the most comp lete section in t erms of coveri.ng th•2 

e n tire dt.Jth r a nge o ver t he mooring line . It was , h owever , done over a 

period of three days concurrent with the laying of the current me t e r 

moorings . Thus, this sectio n ca nnot be considered synoptic . Th e times 

of the cur.rent meter averages a.re t..l-le ·closest times t o the statio n pair 

while not actually spanning the time i nterval between the taking of the 

s t ations. 

Mooring 108 wa s l a id two da ys after the two stati.~ns which -.,.;·ould 

h nve bra cketed it, 5 and 6 . Mooring 109 wa s in place 18 hours afuar 

Stations 8 and 9 . Stations 6 t hrough 9 were combined C'fD a nd bott.le 

casts comp l e te to the bottom, while Stati ons 4 and 5 we re just C'I1D' f~ 

t o 1 800 <lliars . In order to r eference the geostrophic velociti es f::,:o:n 

Station Pair 5-6 t o c1...rrrent mct.e.:t.· 108 , 2480, Stati on 5 was extrapolaU.:::d 

to the bottom. The c r oss s ection of specific volume anomalies , Fig . 3.11, 

was used for the extrapolation. The distance between contours of SVA were 

kept proportional to the spacing at Stat.ion 6. The upper bounds for the 

0. 000420 contour was the 0 . 000~23 contour (not shown) from 5 to 6 . The 

l ower boW1dary was the bottom . ~.'his extr apolation scheme maintains the 

general change in the slope of the contours over the bottom 1000 m of 

the section . From the estimat e d va lue s of SVA , the d ynami c height was 

derived and a complete geostrophi.c velocity profile that bracketed 108 , 2480 

was achieved. 
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,-:ith t he extens i on o f Station 5 to the bottom, the two botto1n current 

me- t ears , 108 , 24 80 and 109 , 2900 could be used to adjus t the geostrophic 

vcloc: i tic~s from t his s e c tio n. Stc.tion PairsS-6 and 8 -9 were adjuste d 

d ire ctly t o t h e J. 2-ho ur averages of the curre nt meter veloc ity ..,,;hi1e 

Stat.i on Pa i.rs 6-7-8 were a d j u~J t.ed to line arly i nterpolated value s b c-" t ·1een 

108 , 24 8 0 ..1nd 109 , 2900. Sta Li o n Pa.i.r 4-~5 was adjusted at the deepest 

comC\on l eve l ().800 dba r s) wi t h S t ?.tion Pair 5-6. 

1\.1ice in Sect ion 4-9 the t ime inte rval between station pairs was 

approximat e ly equal to (Sta . 8- 9 , 11 . 7 hrs .) or greater than (S ta . 5- 6 , 

38 . 6 hrr; . ) the inertia l per i od (14.4 hrs .). An e s timate of variation 

in ve locity due to geostrophic adjust.me n.ts can be made from the l ow-

freq uenc y current me t e r energy . The t emporal v a riance . of low- f reque ncy 

ve loci t y at a c urrent. meter c a . .r1 be estiE1.ated from the frequency spec t r um 

(J enki ns a nd Watts , 1968 , p . 24 ) using Parseval 1 s theorem , 

Var i a n ce ; E ( w) 

v1h(~ 1.·e w .is the frequency a nd E is the spectrum. The l ow-freque ncy v~r-

i ance of the velocity norma l to the hydrogr aphic sections betwe en t he 

incr t i nl period (14 . 4 hrs .) and 100 hours is shown in Table D be l ow. 
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TABLE D 

THE LOW FREQUE~CY VAP.IP~NCE AKD \Til.R.:I.;TION BETWEEN 1 . 52 CPD AND 0 . 2 44 CPD 
OF 'l'Ht CURRENT tIBTERS ' VELCCITIES 1-DP...Y!AL TO THE HYDROGRP-.PHIC SSCTJCN 

CURRENT ME'I'ER # 

108,160 
108 ,2480 
l.09 , 190 
1 09 , 2900 

VARilL"lCE 

E(w) (cm2/s2 ) 

23J 
71 

106 
16 

Tl'.BLE E 

VARIATION 

he:(w) (cm/ s ) 

22 
1 2 
1 5 

6 

THE CO!-lPONENT OF VELOCIT'l NORMAL TO THE SECTION 
USED FOR REFERENCc: OF TEE GEOSTROPHIC VELOCITIES 

S'l'A'l'lON REFERENCE VELOCITY (CM/S) REFERENCE LEVEL 
PAIR# (ONSHORE ) MEAN HIGH LOW HIGH LOW (DBARS) 

(OFFSHORE ) MEAN HIGH LOW LOW HIGH 

4-5 9.4 21. 3 - 2 .7 21. 3 - 2 . 7 1800 
5-6 10. 1 22.0 - 2 . 0 22 .0 - 2.0 2510 (108 , 2480) 
6 - 7 9 .3 1 9.5 - 1.2 1 6 .2 2 . 1 2650 
7-8 8.1 16.3 - 0.1 8.8 7 . 5 2790 
8-9 7.0 13. 0 1.0 1.0 13. 0 2940 (J.09 , 2900) 

'l1he maxi mum and minimum r e f e r ence velocities were ba sed on Uvl varia-

t ion o f the norm.::tl component of velocity between 16 hour s and 4 . J. d.a.y2 

at 1 08 1248 0 a nd 109 , 2900, from 1'able D. Four combin..=:t tions o f nvJ.xi.mum and 

min i mum reference velocitie s a !."e possible: high or l ow veloci ties occur-

ring s imul ta.neously at bot.l-i onshore and offshore meters ; o r high v eloci -

ties occurring onshore (off shor e ) in conjunction with 101,1 velocities o ff-

s hore (onshore} . The mea."l r eference v e loc i ties were t.J1e l ow- p ass 1 2 -·hour 

averages of the normal component. of velocities from 108, 2480 2.nd J.09 , 2900 

neares t i n t i me to the station pairs . These mean value s were used in 

the construction of Fig . 3 . 1 2 . The other sta tion pairs not bra cketing .J. 

current meter were interpol ~toC. , as befor e , from the t wo c urrent met e r 

values . 



Figure 3 .1 2 

Geost-rophic velocity (cm/s) for Se ction 4-9 ; 

adjus, ted t o ·1 0 . 1 cm/sat 108 , 2480 and 7.0 cm/s 

at 1 ®9 ,2900 . The boxes contain the normal com-

poneru:ts of velocity (cm/s) from the current 

me ters .. Positive values a r e southward - out of 

t he p;lane . 
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Transpcn:t.s f or each station pair and for the s ection based o n the 

diffc1.'ent refer e nce l e v e ls are shown in Table F. The f irst two r e fer-

encc leve ls , .. ~er e z e ro velocity o.t lCOO rn and 1500 m, r espectiv2ly . 'l1he 

las t five col umns are the t ra!)Spor ts bas ed on t he bottom current me ters , 

108,2~80 <'.nd 109 , 2900 (see Fig. 3 . l. 2 ). Th e transports a re b a s ed on the 

r eferen.cf v e l ociti es g iven i n Tab l e E above . 

'J.'he wide v a.riation in t he cur rent rr,cter velocities produces a very 

l a rge r a nge of po ssible trans.9orts . De spit e the uncerta inty, t •.vo po ints 

are ev.i.dent (1 ) tha t the f low b ased on the current me t e rs is considerably 

l ar,rer t h a n the flow based on zero velocity at depth and (2) the flow 

has consi der able var i ati o ~ ov~r periods of a few days . This variatio n i s 

i.nvcsti.gat e d furthe r in Sc ctj o:, 3.5 . 

STATION RANGE 
P/\IR DBARS 

0-1000 
1 000-180 0 

0-150 0 
l.500- 1800 

0-1800 

5- 6 0-1000 
1000- 2500 

0-1500 
1 500-2500 

0-2500 

'l.'/\BLE F 

'J'I1E TRi\l·~SPORTS : SEC:rION .(~-9 

ZERO 
1 000 
DBAR 

- 0 . 06 
- 0.13 

-0.19 

0 . 74 
- 0 . 0 2 

0 . 72 

SOUTHWARD J'Ri\i.~SPOP.TS (10 6 m 3 / s) 
REFERENCE LEVEI ,S 

/\T CURREN'l' METERS 
1 500 ME/\N HIGH LOW HIGH LOW 
DBAR 

MEAN HIGH LOW LOW HIGH 

0 . J.3 2 . 5 5 . 0 -0.2 5 . 0 - 0 . 2 
0 . 03 l. 8 3.9 -0.2 3 .9 - 0 . 2 
0 . 21 3. 7 7 . 5 - 0.3 7 . 5 - 0.3 

- 0 . 05 0. 6 1. 4 - 0 .1 l. 4 - 0 . l 
0 . 16 4 . 3 8 .9 -0.4 8 . 9 - 0 . 4 

0 . 78 2 . 6 4 . 9 0.2 4 . 9 0.2 
0 . 0 4 2 . 8 6.3 -0 . 8 6 . 3 - 0.8 
0 . 79 3.4 6 .9 - 0 . 2 6 . 9 - 0.2 
0 . 03 2.0 4 . 3 -0.4 4 . 3 - 0.4 
0 . 82 5 . 4 11. 2 - 0 . 6 11. 2 --0 . 6 

108 , 2480 
(INSHORE) 
109 , 2900 

(OFFSHORE ) 
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TABLE f' (cont ' d ) 

SCJUTH\YARD TRANSPORTS (106 rn 3/s) 

REFJ:RENCE LEVELS 
STATION RANGE 
PAIR DBARS ZERO l'.'.l.' CURRENT METERS 

:.1000 1500 MEAN HIGH LO\-/ HIGH LOW J. OH , 24 8 0 
DBAR DB11R (IN,!iORE) 

MEAN HI GH LO\s LOW HIGH 109,2900 
(u .Fi:'.:>1-iv1·m) 

6-7 0-1000 0 . 01 - 0 . 19 0 . 5 3 . 0 -2 . 1 2.2 -1. 2 
1000-2650 1. 2 0 . 86 2 . 0 6 .2 - 2 .2 4.7 - 0 . 8 

0-15 00 -0. 27 0.8 4.6 - 3.0 3.3 --l. 8 
1 500- 2650 0 . 93 1.·7 4 . 6 - 1. 3 3. 6 -·O . 2 

0-2650 1. 2 0 . 66 2.5 9.2 - 4.3 6 . 9 - 2 . 0 

7-8 0- 1 000 0 . 16 0.53 2.1 4.1 0.1 2.3 2.0 
1000-2650 -0. 55 0.05 2 . 6 5. 9 - 0 . 6 2 . 9 2.3 

0-1500 0.60 2.9 6.0 0.0 3.2 2.7 
1500-2650 - 0 . 0?. 1.8 4 . 0 -0.5 2 . 0 1 . 6 

0-2650 -0 . 39 0.58 4 .7 10.0 -0 . 5 5 . 2 4 . 3 

8-9 0- 1000 0.08 0 .05 0 . 4 1. 9 - 1.1 -1.J. J.. 9 
1000-2900 0 . 49 o. !J2 1.1 4 . 0 -1.8 - 1. 8 4.0 

0-1500 0 . 06 0 . 6 2 . 9 -cl. 7 -1. 7 2 . 9 
1500-2900 0 . 41 0.9 3 . 0 - 1.2 -1. 2 3 .0 

0-2900 0.57 0 . 1\'/ 1.5 5 . 9 -2 . 9 -·2 . 9 5 . 9 

4-·9 0 - 1000 0 . 92 1. 30 8 .1 18 . 9 - 3. 1 13. 3 2 . 7 
1000- bot 0 . 99 1.40 1,'.) . 3 26 . 3 - 5 . 6 16 . 0 4 . 5 

0-1500 J.. 75 11. 4 27 .9 - 5 .2 19 . 2 3 . 3 
1 500-bot 1. 30 7 . 0 17 .3 -3 . 5 10 . 1 3 . 9 

0-bot 1. 92 2 . 60 l.8.4 ··8. 7 29 . 3 7. 2 7 . 2 

'l'wo regions of vertica l shear occur: in this section. 

'.l'h.e. first region o:f vertica l 2hear is be t ween the cold , fresh water of 

the Labrador Current and the warmt!r (3 . 0°C and g-reater) offshore t,,ater . 

IJ.'his can be s e en beuveen Sta t.ions 5 and 6 in the upper . 500 m, see Fig . 3 . 1 1 . 

The second r e gion of verticul shear is int.he bottom 200- 300 meters. '::his 

i s t he southward flow of the core of the trWAB Water. The 2°C i sotherm is 

a good indicator of the extent of this layer. 
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Se c tion il- 9 was the only s ection which had a complete depth coverage i n 

the r e gion of the current meters fer which a comparison can be made between the 

vert ical .shear of current meters , and t:le v e r t i ca l shear of the geostr ophic 

veloci t y profiles . Howe ver , t he two station pairs (Sta . 5-6 , 8- 9 ) which 

bracke ted the currer:.t meters had large sampl ing interval s , and i n addition , 

the cur r ent neters were not in place unti l a f ter the bracketing hydrographic 

stations v,ere t aken. Thus , a proper .direct comparison is i mpossible , but a 

more general comparison is st.ill possible . 

'fhe pos itive ve l oci ty difference (higher southwa rd v e locity a t the sur-

face t han at the bottom) at Station Pair 5- 6 was 6 . 7 cm/s between 160 a nd 

2500 dbars . At Station Pair 8-·9 , the velocit y difference in the geostrophic 

profile b etween 190 and 2900 dhars wa s - 5.1 cm/s , see Fig_. 3.12. The mea n of 

the differences of the l ow- pass fi l tered 12-hour averages of ve l ocity normal 

to the hych:ographic sections be twe e n the entire records was 4.5 cm/s ; std . 

dev. 1 8 . 3 cm/s for 108 , 160 and 108 , 2430 . Betwe en 109 , 190 and 1 09 , 2900 the 

rnc a.n was - 11.3 cm/s , std . dev. 10 . 7 .cm/s . Therefore , the g eostrophic pro -

files had vertical shears that wc,re c onsisten t with the veloc ity differences 

between the current meters . 

Secti o n 1 2 ·· 9 

Th i s section was compl ete d within 14 hoUrs , and after t he moorings were 

i n place . 'fhc geostrophic velocity from Ste.Lion Pa ir 1 1-10 was r e f e r -

ence d a t 160 dbars directl y to the velocity at 108 , 160 ol; 24 . 0 cm/s . 

The interpolated value (12 . 7 cm/s ) b eb-,een 108 , 160 and 1 09; 190 (7 . 1 cm/s) 

was used to reference Station Pair 10 - 9 . Stati on Pa ir 12-1.l was ad jus ted 
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a t t he greatest common depth (1000 dbars ) wi th Station Pair 11- 10 . The 

volu,,,e t r a nsports above 1000 dba rs on this section was (2 4 ± 10) x 106 m3 /s . 

rrhe rriD.jor source of unc ertainty is in the low-frequency variation of the 

current meters . 1 08 , 160 ranged from a high of 31 cm/s to a low o f 9. 3 cm/s 

during the irmnediate pr2cceding crnd fc l lov,;ing 12-hour averages . In addi-

ti<m , the r e ferencing of Stat. ion Pair 12-11 added still more uncert.a int:y 

to t his ve locity s ection . 

TABLE G 

TRAN!3PORTS : SEC1l'JON 12 - 9 

S'rl\TION Pl\IR 

1 2-11 

ll.-10 

10-9 

Section 

12-9 

Sect.ion 19 -17 

RANGE 

DB!,RS 

0-1000 

0-1000 

0-1000 

0-1000 

SOUTHWARD TR/ll,SPORT 

(106 m3 / s) 

1 000 DBARS CURREN'!' :': ETERS 

0 . 09 

0. 4 5 

0.27 

0 . 8 1 

7 . 1 

7 .1 

1 0 . 0 

24 . 2 

Stat.ion Pair 18-17 bracke ted 108 , 160 s o the twelve-hour and thirty-

six-hour averages were used to adjust t he geostrophic velocities . The 

normal component of the 12- hour averages of velocity from 108 , 160 was 
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9.3 cm/ s :i ust before this s e ctio n , -12.3 during , and -7 . 4 follo\·1i n~ . 'I'he 

average ove:- the thirty-·six hou.r-s wa s -3 . 5 cm/s~ Station Pair 19--18 \·?a s 

r eferenced to zero velocity a t the bottom of th.e casts , 870 dba rs.. The 

result i ng transport was - 0 . 8 ± 3xl06m, 3/s . based on the 36-hour 

f or t he Cf-itra l value and t he 12-hour averages for the limits . 

Section 19-21 

'I'he t welve ·-hour average of' the normal component of velocity at 

108 , 16 0 ,:as -7 . 4 cm/ s during t h e t i rne that thi s section was c o mp l e ted . 

The geostrophic velocity a t 160 dbars from Station Pair 20- 21 was -·4.8 

cm/s base d on zero v elocity at 1000 dbars. Thus there ,,as good agreerncsnt 

between t.he geostrophjc velocity c:.nd the current me t e!:' duri.ng this s 0.ct i on. 

The p,:eceeding (-12 . 3 cm/ s ) ,ind ;"allowing (-1.6 cm/s) twe lve-hour aven,ges 

from 108 , GiO were used to cstatJ1i5h the e r ror limits of the v o l usne t r ans-

port~~~ The ve loc ity profile for ~:at.ion Pair 19-20 was based on zero 

v e l ocity nt t..rte conunon bot tom of the casts, 870 dbars . The resulting 

tran:::·,ort f or this secti o n was (-·1.1 ± 2) x 1 06 m3/s . 

STA'l' ION P!\IR 

19 - 18 
1 8-17 

Section 
19 --17 

TABLE H 

TMNSI?OP,,TS : SSCTTO:-?S 19-17 i\~D 19-21 

RANGE SOUTHWARD TRl1NSPORT 

(106 m3 /s ) 

DEARS 1000 DEARS CURRENT ME'rER 

0 - 870 0 . 25 (8 70) 0 . 25 
0 - 1000 - 0.17 - 1.0 

0- bot 0 . 08 -0 . 8 



'.!.'ABLE H (conl' d) 

S 'J'l1'.l'IO!l PA I R 

Station Pair 

19--20 
20-21 

Section 

19-21 

Section 24-21 , 25- 30, 

RANGE 

DBI\RS 

0-870 
0-1000 

0-bot 
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SOUTHWARD TRl\NSPORT 

(106 m3/s) 

1000 DEARS 

0 . 52 (870 ) 
-0 . 78 

-0 : 26 

CURRENT Hr: 'l'EP. 

0 . 52 
- 1. 6 

-1. 1 

Section 21-30 was the last hydrographic section of the first phase 

of Hudson 76002. 'l'his section e xtended from the continenta] shel f :.)rc·ak 

to the c e nt.e r of the Labrador Se a . The four inshore stations ,.-.,ere s}:2llow 

C'l1D casts along the mooring line . From Stat ion 25 , which coryesponds i .n 

position with t he outermost. s t a t i on o f the first section - StatirJn 9 

to Sta t i o n 30, the hycirographic c a s ts v.~ere combined CTD and bottle c a 2.t.s 

to the bottom. 

The basic method of referencing thG ve locity profiles wa s to zero 

the profile s at the bottom (1000 dbars ) of the shallow stations and zero 

the profiles at 1500 dbars for the deep station pairs (Fig. 3 .13). This 

scheme wa s in keeping with previous attempts at establishing velocity 

profiles in L'l-ie Labrador Sea and with the idea of a mid-wat e r velocity 

minimum. 'Three vari~tions were tried from this bas i c scheme . The 

oute1.,nost station pairs were referenced to zero veloci t y at either 1000 
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dbars o r 200 0 db ars to che ck t.hc s;cnsitiv i ty of the current. profiles t o 

t h e 'leve l of no motion '. In e.ddition , the i nshore stations were c:~dj l1st e d 

to the c urrent met e rs fr.cm ".:he ba::d.c reference scheme. 

The o f fshore bra nch of the Labrador Curr er1t i s evident in the ve locity 

profiles a t. Stations 22-23-24, s ee l:'ig . 3 .13. Smith , Sou l e , and Mos by (19 37) 

notice c1 tha t. the 1 . 0 cm/s contoru: extended as deep as 1 500 dbars in s or,:e o f 

their geostrophic sect.ions . The limi ts for -trhese station pairs were O to 

2 c rn/s a t 870 dbars base d on th~ ci.ssumption that the flow may have extended 

deeper t h ,m the bottom of the cas ts . Station Pa i r 22-21 bracketed 1CJ8 , 1 60. 

The agrc e J1,0nt is q u ite good bc t11·ccn the geost.r ophic velocity (-4. 9 c m/s) 

at 1 60 dbars and the current. m0t.e r veloc.i. ty (-7. 4 cm/s) . When this 

section pair velocity i s adjusted to - 7 . 4 cm/sat 160 dbars the v eloc i t y 

at 1 000 d bars is -2 . 5 cm/s . This nortln.,rard f low is a ssociate d wi'L!i t he 

bound &ry J-ie:L\-ieen a parcel of La.br ct.d()r Sea Wat.e r inshore of s or::e LtibT~';d~Jr 

Current W&t.e r , see Fig . 3.5. Offs hore (S tation Pair 21- 25) a sou.t.h,.,ard flow 

of Labrador Sea i•iater is r eflect e d in both the geostrophic current a.nd a t 

109 ,J.90 . 

I n t h0 offshore reg ion a weak (<2 cm/s ) northerly f l ow occurs in the s u r -

f ace waters . A deep bot.tom boundary s o ut.hwa.rd current i s also evident . The 

core (>4 c w/s) of this bottom current is water col der tha n 2 . 2°C (potential 

temp erature ) a nd fresher tha n 3'1 . 92 °/00 , see Figs . 3. 5 and 3 . 6 , which i ndi-

c at.es tha t this d e ep southwa rd £l o;,..,,. is ~"1VAB water . This agrees with t.he 

previ ous concepts of d eep cyclonic cir culation and is supported by the two 

d eep current met e r s furthe r in·shore . The magnitude o f these currents 

change very little (<l c;n/s) when the reference level i s raised to 1000 

dbars or lowered to 2000 dbars. 'I'his i ndica.tes that there is a r elatively 

exte nsive rt:id-water minimum ve locity shear l uyer assoc i ated with the NEt-.D wat e r. 



F igure 3 . 13 

Geostrophic v e locity (cm/s ) f or sections 24- 21 , 25 - 30 ; adjc>st:cci 

to zero velocity a t 100 0 dbars inshore (s t a . 24-21 - 2:i) c,n c1 lSJO 

dba rs offshore (sta. 25- 30) . The boxes contain tr.e norma l c oc.1·-

ponents of velocity (cm/ s ) from the cu!:'rent mete r s . Positive 

values are south\\1ard - out of the plane . 
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The tra nsport above 1500 dbars for 24-21-25 was 2.2±1 x 1 06 m3/s. The 

offshore (S t a t i ons 25-30) tra nsport above 1500 dbars was ··O. 5±0 . 3 x 106 m3 /s 

and b e l ow 150 0 dbars 4.6±1 x 106 m3/s . 

STATION PAIR 

2'1-23 
23-22 
22-21 
21-25 
25- 26 

26-27 

27-28 

28-29 

29- 30 

24- 25 
25- 30 

24-30 

TABLE I 

'l'RANSPORTS , SECTION 24- 21 , 25-30 

_ .RANGE 

DBARS 

0- 860 
0- 860 
0- 1000 
0-1000 
0- 1000 

1000- 3000 
0- 1500 

1 500-3000 
0-3000 
0-1000 

1000-3100 
0- 1500 

1500-3100 
0- 3100 
0-1000 

1000- 3350 
0- 1500 

1 500-3350 
0-- 1000 

1000-3500 
0-1500 

1500-3500 
0 - 3500 
0- 1000 

1000- 3500 
0- 1500 

1500--3500 
0- 3500 
0-1000 
0- 1000 

1000-bot. 
0- 1500 

1 500-bot . 
0- bot. 
0-1000 

SOU'.:'HWARD TRANSPORT 

(10 6 m3/s) 
REFF:R.ENCE LE'\TEL 

1000 DEARS 

0.88 (860) 
0 . 94 (860) 

- 0 . 79 
.1. 18 

- 0 . 02 
l. 70 

- 0 . 0 2 
1. 70 
l. 68 

-0.27 
2 . 4 0 

- 0 . 20 
2 .33 
2 . 13 

- 0 . 43 
0 . 4 7 

0 . 04 
0 . 02 
1 .15 

1.17 
0.19 
0.24 

0.43 
2 . 21 

- 0 . 51 
5. 9 6 

5.45 
1. 70 

1500 DBARS 

0 . 04 
1.83 
0 . 07 
1.80 
1. 8 7 

- 0.53 
1.86 

- 0.58 
1.91 
1. 3 3 

-0 . 63 
-0 . 05 
- 0 . 67 
-0.68 
- 0 . 24 
0.61 

-0 . 30 
0 . 6 7 
0.37 
0.2 2 
0.31 
0. 36 
0. 1 7 
0 . 53 

-1.14 
4 . 56 

-1. 12 
4 . 54 
3. 42 
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3 . 4 Corn};". arison of Transports with Pr evious Estimates 

Previous estinates of transport for the offshore branch of the Labrador 

Curren t have been based solely on geostrophic velocities. Virtually all of 

the pre vious work ,,,;ras done during the summer and early fall. From bottle 

casts, Smith , Soule, and Mosby (1937) calc ulated geostrophic velocities and 

transports relative to the 1500 dbar level . · During July - August of 1928 , 

1 931 , and 1933 they d id t wo sections · perpendicular to the Labrador coast 

which weere 40- 80 km north (Section ' L') and 40 km south (Section ' M' ) of 

t he hydrographic sections done by Hudson in 1976 . They reported an average 

southwa rd net transport fo r the Labrador Curre nt for each of the five 

years . The net southward transport for the Labrador Current and t he south-

ward transport along the slope for Sections 1 L 1 and ' M' are sum.~arized 

below in Table J . 

TABLE J 

TRANSPORTS : MARION AND GENERAL GREENE ' S SECTIONS "L" AND "M" 

SOUTHWARD TRANSPORT (106 m3/s) 

YEAR LABRADOR CURRENT SECTION ' L' SECTION 'M ' M:L 

1928 5.06 4 . 66 4 . 24 0. 91 
1931 1.31 4. 10 2 . 78 0. 68 
1933 7 . 60 2.79 6 . 70 2.18 
1934 4.22 
1935 4 . 24 
ave. 4.57 

The i:atio of transport of Section ' M' to Section ' L' indicates thac. 

there may exist a large variability in the calculated geostrophic t rans-

ports for the Labrador Current over a distance of 80 to 120 km. The two 

secti ons were taken from one to three days apart , so the variabili ty was 

either over the distance or short time scales. 
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From 1948 to 1969 the U. S. Coast Guard maintained a standard hydro-

graphic section from South Wolf Island, Labrador to Cape Farewell , Green-

land . The section was acres:. the southern end of the Labrador Sea . The 

22-year mean for the southward f low of the Labr ador Current computed by 

the geostrophi.c method r e lative to zero velocity at 1500 dbars was 

5.62 million ni3/s , with a standard deviation of 1. 64 million m3/s . The 

extrema were 2 . 74 and 10.22 million m3 / s, Moyniha'11 and Anderson (1971) . 

Most of the measurements were done in July and Augus t. 

Kuldo (1973) estimated a flow of 6.5 million m3/s in November of 

1971 along the South Wolf Island - Cape Farewell line for t he Labrador 

Current above 1000 dbars . 

The hydrographic s e ction from the 1976 Hudson cruise that was most 

complete in terms of covering the area over the s l ope region was Section 

4-9. The transport above 1500 dbar s based on the 1500 dbar level was 1. 8 

million m3/s . Section 24- 25 geostrophic net southward transports above 

1000 dbars based on 1000 dbar reference level was 2.2 million m3/s . 

These transports are less than the previously published values which are 

in the 4 to 5 million m3/s range . The most plausible explanati on for the 

l ower calculated transports is the lack of stations across the full width 

of the offshor e branch of the Labrador Current. While velocities approach-

ing the maximum values report ed by Smith , Soule , and Mosby were calculated, 

stations were not talcen on up the s helf . Thus , only a portion of the 

c urre nt was probably measured, resulting in t he lower transports. 
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Swallow and Worthi ng ton (1969 ) tracked five neutrally buoyant f loai:s. 

in conjunction with a hyd:>:-ographic survey in the Labr ador Sea by the 

Erika Dan during Ma rch , 1962 . The y est i mated a cyclonic circul ation o-f 
-, 

10 million m"'/s i n t he Labrador Sea below 1200 dbars . The range of 

southward transport on the Labr ador s ide was from 5 . 4 to 15 . 6 mi l lion 

m3/s . Transports fro!TI the Hudson 1976 cruise below 1500 dbars ;celative 

to 1500 dbar for the combi ned section of Stations 4- 9 and 25- 30 '.f as 

6xl06 m3/s, Tables F and I . The transport below 1000 dbars referenced 

'6 3 to zero velocity at 1000 <bar was 7xl0 m /s. Section 4-9 adjusted to 

the bottom current me t e rs (108 , 2480; 109,2900) and combined with Section 

25-30 with zero velocity at 1500 c1bars the net southward transport be low 

1500 dbars was 12 ±6 x 106 m3/s . These values agree with Swallow and 

Worthington 1 s transport estimates for deep water. 

3.5 Variability of the Volume Transports 

In order to compare the volume t ransports between sections, a c:ross-

section common to all five sections was used . This common sect i on wa.s 

from 0-1000 dbars and included just the three stations wh i ch bracketed 

Moorings 107 and 108. Secti ons 19-17 and 19- 21 remained unchanged, while 

the other three sections consisted of stations : 4-6 , 12-10, and 23-21. 

The volume t ransport abo•,e 1000 dbars based on the velocity profile 

adjusted to zero at 1000 dbars and to 108 , 160 is given below in Table K. 
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TABLE K 

TRANSl'ORT : THE co;h'l,ON SECTION 

SECTION TRANSPORT (106 m3/s) 

4-6 

12-10 

19-17 

19-21 

23-21 

0/10 0 0 108,160 

o. 7 ±0 . 2 8±4 

0 . 5 ±0 .l 9±5 

0.1±0 . l -2.5±1.5 

-0 . .3±0.l 1±2 

0.2±0 .1 0±2 

The variation in time o .f the transport. from this connnon section is given 

in Figure 3 .1 4 . a. Despite the large error margins, it is evident: that 

the total flow and the baroclinic portion of the flow was high during 

days 63-65 and fell to zero or a slightly reversed flow during Day 67. 

The peak-to-peak variation in the baroclinic transport for the ccr:u<1on 

section is of the ~4gni tude l. 0±0 . 2xl06 m3/s which is considerab ly small~r 

than the peak-to-peak variation in total transport of lO±Sx106 m3/s . 

'l'he variation in baroclinic velocity at the five stati on pairs 

which bracketed 108,160 showed changes in velocity at the surface of 

20 cm/sand at 160 dbars of 12 cm/s . The variation in baroclinic velocity 

can be accounted for by a shifting of the horizontal distribution of 

baroclini.c velocity. The ve l ocity profiles typically show a decrease in 

southward baroclinic velocity offshore of approximately 0 . 4±0 . 2 cm/s · km 

at the surface and 0.2±0 . . 1 cm/s·km at 160 dbars , e . g. see Fig. 3.12 . The 

distance of the +5 cm/s i sotach at the surface from the innermost stati on 

(2 4 ) ranged from 28±5 km to 77±10 km , Fig. 3.14.c . This indicates a 



Figure 3.14 

Vari. a. ti.on with time of : 

(a) The volume tra n sports a t the common section based on 

108,160 - the c rosses; the volume transports of the 

common section b ased on zero velo~ity at 1000 dbars, 

the horizonta l lines. The vertical bars are the error 

margins and the horizontal bars incompass the time 

(stations) of t he sections. Volume transports are in 

106 m3/s. Positive is southwards. 

(b) The geostrophic velocity (cm/s) at the surface based on 

zero velocity at 1000 dbars for the station pairs which 

bracketed 108 - the open circles; and the 12·-hour average s 

of low-pass ed fi l tered comp onent of velocity normal to 

hydrographic section from 108,160 - the dots connected 

by lines. Positive values are southwards. 

(c) The distance (km) o f fsho r e from Station 24 of the+ 5 cm/s 

isotact at the surface based on the geostrophic velocitie s 

(zero velocity at 1000 dbars) . The horizontal lines 

represent the time (and stations) over which the values 

were determined, and the vertical bars are the error 

margins. 



10 

5 ,_, 
(I06rn3/2,) 

0 ---

4 0 

20 -

I 
(Al 

(cm/s) --o--

0 -

-20 
( Bl 

1--~~ 

80 - I I 

60 

( km ) 

40 -
(Cl 

20 ----l 
63 6 4 

- 85-

."" ' \ i1 
-<>- \-o- ./ e ---·I 

-o-./ l 
./ -0· l 

.J 
·--'l-· - --J-----·--_..,,i---l--·- , .. l 

f ++ + 
' 65 66 67 68 69 

YE.AR - DAYS 



-86-

50 :i.10 kt,\ horizontal shifting of the baroclinic velocity f i eld over 

the period of the f ive hydrographic s 2ctions , (5 days ). Thus , a 

di splacE:rne.nt of 50 ±10 km on-offshor e of the baroclinic velocity field . ..,ould 

produce a 20±10 crn/s change i n velocity at a fixed point on t he sur-

face , see Fig . 3. 14.b, and 10±5 cm/s change at 160 dbars . This dis-

placement could , therefore , account for the variation in baroclinic 

velocity observed at the station pairs whicn bracketed 108 ,160 . In 

addition , the total velocity, as given by normal component of the 

12- hour averages from 108 , 160 , also varied widely over this same period 

and in phase with the baroclinic velocity . However, the variati.on in 

b aroclinic ve l ocity and transport could not account fo r all o f the var i a -

tion in total velocity and transport. Thus t he r est of the variation 

must be due to barotropic variations i n velocity and transport . The 

only other work in the Labrador Se2. (Sw2.llow and Worthington, 1969 ) 

which combined geostrophic velocity profiles with direct current measure -

ments support the suggestion of a large barotropic component of flow 

(see their Fig . 7). Thus , a wide variation in transport over a few days ' 

time is apparently re2.l and due to the baroclinic velocity fiel d and the 

barotropic veloci t y field varyi ng approximately in phase . 
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CHAPTER 4 - VARIABILITY IN THE OFFSHORE CURRENTS 

4.1 Introduction 

Time-dependent variations occur over a large range of periods and 

spatial scales in the oceans . The scales range over twelve decades from 

fractions of a second to millennia. The oceanographic phenomena have 

spatial scales spanning nine decades from centimeters t o tens of thou-

sands of kilometers . The time and space scales observed are bounded by 

the instruments used to sample the system. Temporal variations with periods 

less than the Nyquist period, 2llt where lit is the sampling interval, are not 

resolved. The maximum resolvable variations are limited by the length 

of the record and the significance is determined by the noise level com-

pared to the signal strength. The current meters recorded at 10-minute 

intervals for one month. Therefore, temporal variations between 20 

minutes and approximately a fortnight were observable. The horizontal 

separation between current meter moorings and hydrographic stations will 

determine the resolution of horizontal spatial scales. The station separa-

tion was approximately 30 km and the coverage in the offshore direction 

extended 450 km. The repeated hydrographic sections gave an indication 

of variability ove r a period of several days. 

The variations in the dynamic and thermodynamic states (currents 

and temperature and salinity) in the oceans are due to many different 

non-steady processes. These processes occur at different time and 

space scales. In gene ral, large r t emporal scales a re associated with 

longer spatial scales. While the processes interact across all time and 
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space scales it is not possible to analyse all of the interactions. Some 

of the processes occur outside the limits of the observations, others are 

too weak and almost all are too complex to be understood completely. As 

a result, ,a major tool has been developed in the geophysical sciences; 

the conceptual model. This type of model attempts to reproduce the pre-

dominant characteristics of a distinctly identifiable phenomenon by 

simplifying the physics. While the conceptual model is incomplete 

dynamically, the distillation of observable phenomena by simple models 

into the basic physical processes is the first necessary step in under-

standing the system of interest. 

The time scale of the features observed in March 1976 included 

internal waves, tidal and inertial motions, and low-frequency fluctua-

tions . The separation of phenomena is by frequency. Internal waves 

occupy a time span between the maximum local buoyancy frequency, N, and 

the half-pendulum day, f. Tidal and inertial motions occur between 

12 and 24 hrs . Below a day, low-frequency variability was observed. 

Two representative variance conserving spectra are presented in Fig. 4.1. 

Conceptual models were used to identify the processes responsible for the 

low-frequency fluctuations observed in the current meter records and 

hydrographic sections. Simple harmonic analysis was used to analyse 

the tidal and inertial motions. The internal wave motions were not 

investigated. 



Figure 4.1 

The variance conserving spectra (Frequency* Spectrum versus 

Frequency) for the north-south components of velocity from 

(a) 108,160 and (b) 108,2480. The spectra were determined by 

the standard spectral analysis package at the Bedford Insti-

tute (Dobson et al., 1974) which uses the fast Fourier trans-

form technique. The 10-minute data were analyzed and filtered 

in _3 non-overlapping blocks of 1024 samples each and the 

spectral estimates were derived from averages of the Fourier 

coefficients over all three blocks . The vertical error bars 

are the standard deviations of the spectra estimates among 

the 3 blocks. The horizontal bars are the bandwidths. Note, 

that the ordinates have different scales . The abscissas are 

marked in frequency (cycles per day), period (day , hours, or 

minutes) , and by the associated types of motions. 
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4.2 Tiaal and Inertial Motions 

The motions between 12 and 24 hours were dominated by surface 

(barotropic) and internal (baroclinic) tides, and inertial motions, 

s ee Fig. 4 . 1. The major semi-diurnal tidal component in the Labr ador Sea 

is the principal lunar component , the M2 tide, which has a period of 

12.42 hours. The major diurnal tidal constituent is the luni-solar 

diurnal , the K1 , period 23 . 93 hours, (Godin, 1966). The t i des al~ng the 

Labrador Coast are principa lly semi- diurnal, (Dahler, 1966). The inertial 

period at the latitude of t he mooring array is 14.4 hours . 

The amplitudes and phases of the M2 and K1 tidal currents were derived 

over the entire records by the least-squares fit of sines and cosines at 

each frequency, see Fig . 4.2 and Table L. Two models are used to predict 

the barotropic tides and currents for comparison with the observed ~idal 

currents. The first model is a simp le continuity model of the onshore 

currents produced by the tide on the shelf co-oscillating with the deep 

ocean. The second model is Godin ' s (1966) two- dimensional numerical 

m.odel of the tides of the Labrador Sea and Baffin Bay . 
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Figure 4.2 - The M2 and K1 tida l current amplitude ellipses for 
108,160; 108,2480; and 109,190 derived from the 
entire records. 
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TABLE L 

TIDAL AND INERTIAL ELLIPSES DERIVED FROM THE ENTIRE RECORD 

The phase of the tide is the phase lag with respect to the equilibrium tide 

for the Greenwich Meridi an. The phase for the inertial frequency is rela-

tive to the mid-point of the r ecord. 

1 08,2480 

M2 

Kl 
Ine r t i al 

AMPLITUDE 
MAJOR 
(cm/s ) 

MINOR 
(cm/s) 

4. 1 0 . 3 

2 . 3 0 . 2 

1. 8 0 . 1 

PHASE OF 
MAJ OR AXIS 

(Deg) 

2 35 

351 

1 74 

Lengt h of record= 27 . 8 days centered at Day 78; 17.8 hr . 

108,160 

M2 2. 7 0.3 244 

Kl 2 . 6 0.7 263 

I nertial 1. 2 0.9 109 

Length of record = 27 . 8 days centered at Day 78; 17. 4 hr. 

109, 190 

M2 2.9 0.1 264 

Kl 0 .5 0.4 217 

I nertia l 1.5 0.6 344 

Length of record = 26.6 days centered at Day 79; 2 . 6 hr. 

DI RECTION OF 
MAJOR AXI S 

(Deg) 

301 

2,30 

313 

272 

299 

304 

266 

172 

224 

Estimates of the ampl itude of deep- ocean on- offshore barotrop i c tidal 

curren t s can be de termined from the volume of water displaced on the s he lf 

each tidal cycle , which equals a horizontal displacement in the deep ocean 

due to continuity. To est imate the vol ume of water displaced on the shelf, 

Oefant's (1961) equation for a -~a-oscillating tide was used: 
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n (4 . 0 ) 

the devi ati on of sea level f r om the undisturbed sea surface 

deviati on from the undisturbed sea surf ace at the shelf break (X=L) 

length of the shelf 

depth of the water over the shel f 

2,,/T where Tis the tidal period; the tidal frequency 

wt//gh the shallow water wavenumber 

982 cm/s2 

time 

The volume of the tidal prism per unit width is : 

L at cos kX 
J cos kL cos wtt dx 
0 

at s i n kL 

k kL cos w t cos t 

(4 . 1) 

(4 .2)_ 
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The· rate of change in volume over a tidal cycle is there fore: 

d(Voll._ = -wt at sin kL sin wtt 
d t k cos kL 

which equals by mass conservation the deep ocean volume. transport 

Therefore, 

-w a 
u = t t 
~ tan kL 

(4. 3) 

(4.4) 

(4.5) 

The Labrador Shelf in the area of Hopedale is 125±25 km wide and the 

water depth is 300±100 m. 'n' the amplitude of the tides at the coast 

·was between 2.4 and 3. 7 feet (0. 73 to 1.13 m) for the semi-diurnal and 

0.5 feet (0 . 16 m) for the diurnal tides . The tidal amplitudes and phases 

for Hopedale were obtained through MEDS, courtesy of D. Greenberg. The 

predicted barotropic currents due to the semi- diurnal tides are 0.4 to 

0.9 cm/sat 108 and 0.3 to 0.8 cm/sat 109. The predicted diurnal 

barotropic tides are an order of magnitude less; 0.05 to 0.07 cm/sat 

108 and 0.04 to 0.06 cm/sat 109. 

The phase of the onshore currents at the shelf break will occur i n 

phase with the change in volume (Eq . (4.5)) . The phase will therefore 

be 90° before the high tide at the coast. Thus, the predicted phase 

of the barotropic currents at the shelf break relative to the equilibriw~ 

tide at GMT was 206° for the M2 and 76° for the K1 • 
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The amplitudes and phases of the onshore (240°T) and alongshore (330°T) · 

velocity components for four-day blocks and for the entire current meter 

records are shown in Table M. Four-day blocks were used to achieve one 

fu l l cycle separation between the inertial and the tidal frequencies. Wnen 

less than a cycle separates two frequencies, leakage of energy between the 

t wo occurs. The amplitudes of the M2 onshore tidal currents ranged from 

1. 0 to 7.1 cm/s which are always greater than the predi cted c1;irrents. 

However , the K1 tidal currents were larger than the predicted currents. The 

phases of the tidal current also exhibited wide variations and wer e generally 

not in agreement with the predicted phases . This indicates that extrapola-

tion of the tidal current in the far offshore from coastal tidal heights 

and phases is very unlikely to give a good indication of the offshore tidal 

currents . The wide variation in both the amplitudes and phases is likely due 

- --to the presence of baroclinic modes of the tides. 

TABLE M 

THE ALONGSHORE (NORTHWARDS ) AND ONSHORE (WESTWARD) 
VELOCITY COMPONENTS OF THE !12 AND Kl TIDAL CURRENTS 

FOR FOUR- DAY BLOCKS AND FOR THE ENTIRE RECORDS 

Amplitudes are in cm/sand phases are relative to the equil ibrium tide at the 
Greenwich Meridian . 

M2 Kl 
ALONGSHORE ONSHORE ALONGSHORE ONSHORE 

(330°T ) (240°T) (330°T) (240°T) 
AMP PHASE AMF Pl'-ll.SE AMP PHASE AMP PH.~.SE 

108 , 2480 3.3 196 2 . 3 216 1.4 69 1. 4 312 
0.9 31 1.0 346 0.8 332 3.0 329 

4-day 5.4 243 1.5 215 2.7 259 8 . 0 328 
blocks 7.6 223 3 . 3 223 1. 3 111 2 . 7 108 

2.3 227 2 . 9 237 0.7 123 1 . 2 357 

Ent ire 2.5 234 0.4 191 1.9 242 2.3 351 



-96-

TABLE M (cont ' d) 

M2 Kl 
ALONGSHORE ONSHORE ALONGSHORE ONSHORE 

( 330°T) (240°T) (330°T) (240°T) 
AMP P!-l.1'.SE AMP PHASE AMP PHASE AMP· PHASE 

108 ,160 2 . 2 226 2 . 2 144 3. 0 191 4 . 6 312 

4-day 2 .1 65 5.6 6 2 . 4 270 2.1 . 91 
4.2 265 2 . 8 301 2.0 185 2.4 300 b l ocks 5. 5 224 3.7 213 1. 9 266 4.2 216 
2 .2 248 6.6 236 6 . 5 237 6.9 196 
0 .9 355 7 .1 338 3.5 244 3. 9 70 

Enti re 1. 4 256 2.2 272 2 . 3 240 1. 4 239 

109,190 1. 5 210 2 . 2 209 2 .1 37 3.0 8 . 0 

4-day 3.6 270 5 . 6 319 3 . 4 245 0.8 187 
3. 1 257 1. 6 151 1. 7 254 1.7 188 blocks 1. 5 123 1. 7 200 5.4 274 2.1 300 
2. 5 273 2 . 3 33 1. 2 240 2.0 170 
2.0 345 2.7 113 2. 5 271 2.3 276 

Ent ire 1. 4 267 0 . 6 6 2. 5 259 0.5 207 

Var i ation i n the strength, phase, and directi on of the barocli nic 

tides i s due to several factors. Firstl y , four- day b l ocks are not l ong 

enough to separate the principal lunar and solar consti tuents, therefore , 

a fortnightly modulation of the M2 tide can be expected. Secondly , the 

barotropic tides force water up and down the sloping bottom everywhere . 

A generation site of the internal (barocl inic) tides occurs when the 

water is forced in a plane tangent to the ray path for internal waves at 

that frequency. This will occur only when the bottom slope and the 

density profile are just right . Changes in the water masses and currents 

wil l change the s ite of gener ation. In addition to changes in the s i te 

o f gener ati on, the ray paths of the internal waves wil l be refracted and 
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refl:ected by the density profile, velocity shears, as well as the surface 

and ·oottom. Changes in these factors will move the ray paths into and 

out of the region of the current meters. This will result in the varia-

tion of amplitude, phase, and direction of the tidal signal from the 

steady level of the barotropic tides. Clearly, this is what is shown. 

Godin (1966) investigated the M2 and K1 tides of the Labrador Sea, 

Davis Strait, and Baffin Bay system. He estimated the cotidal lines and 

amplitudes based on coastal observations to compare with a barotropic 

model composed of three rectangular basins. From the model for the M2 

tide, he predicted cotidal lines and amplitudes, plus tidal currents and 

the phases of the currents. He was unable to obtain a solution for the 

K1 tide, and considered that the K1 currents were insignificant every-

where in the sea except in Davis Strait. At the equivalent position of 

the mooring, the M2 currents were 3-7 cm/s back and forth parallel to 

the coast. The phase of the northward currents was 150-200° . The 

observed alongshore (330°T) M2 velocities ranged from 0.9 to 7.6 cm/s 

with phases of 234-267° (Table M). This is in good agreement with 

Godin's prediction of velocity, but the observed currents lag Godin's 

currents by 50°-100°. The observed K1 velocities ranged from 0.8 to 8 . 0 

cm/s, which certainly was not insignificant. The K1 tidal ellipses from 

the entire records of 108,160 and 109,190 were clockwise, while 108,2480 

was rectilinear. The clockwise rotation of the current vectors is in 

agreement with simple Kelvin wave theory , which is what Godin used to model 

the tides. This suggests that the tides along the Labrador Slope c?ntain 

portions from both models plus variations and effects due to the topography 

and baroclinic modes. 
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Inertial-period motions have been observed in a wide variety of places 

in the oceans (Webster, 1968). These motions are the balance between 

acceleration and the Coriolis term. Their period of 12 hr/ sin (latitude), 

is the maximum period for internal waves. Inertial oscillations are 

transient phenomena thought to be generated by fluctuations in the 

winds or atmospheric pressure. The inertial period at the latitude of 

the mooring a=ay is 14.4 hours. The currents at this period derived 

from four-day blocks of current meter data had amplitudes of 1-6 cm/s 

for the major axis and 0-2.5 cm/s for the minor axes. While there was 

energy at the inertial period, the currents were low and didn't constitute 

a major signal in the current records. 

4.3 Features of the Low Frequency Fluctuations 

In the spectra of alongshore velocity at the current meters on #108, 

Fig. 4 .1, as well as the other spectra which are not shown, e.g. on-offshore 

velocity, temperature ; the largest variance occurs · at frequencies lower 

than 1 . 0 cpd. That the low-frequency motions dominated the spectra is a 

clear indication of their importance to the dynamics. But, before attempting 

to describe the dynamics, the features of t he low-frequency motions are 

first investigated by three separate techniques . 

4.3.1 Horizontal Hydrographic Sections 

Four CTD stations were taken transverse to the mooring line and the 

other hydrographic lines to provide coverage of the temperat ure-

salinity distribution a long the s lope. When these four stations (13 

to 16) are combined either with the three stations measured immediately 

before (10 to 12) or the three stations measured immediately after (17 

to 19), two equivalent two-dimensional spatial maps are possible ; Section 

'a' <.Sta. 10-16 ) and Section 'b' (Sta. 1 3- 19) . The elapsed time between 
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a station in Section 10-12 and the station in the same position in 

Section 17-19 was 20 hours. Thus, the short-term variations in the hori-

zontal distribution of temperature and salinity, along with the dynamic 

topography can be investigated. 

A w~rd of caution on contouring should be noted here . When four 

stations are located at the fbur corners of a square with two minimums 

and two maximums diagonal fro m each other, an ambiguity occurs . Either 

a depression can extend across the square and separate the two maximums 

or a ridge can separate the two minimums, as in the diagram bel ow. 

1.0 \ 0.0 1.0 1 · 0.0 
' , 
' ~ 

' ,, HIGH .... -,"' LOW -~ ' , 
' , 

0.0 l 1.0 0.0 I 1.0 

The result is a 90° shift of the direction of the Contours, at the dis-

cretion of the person who did the contouring . 

A ridge of relatively warm (>3.2°C), relatively saline (>34.82°/ 00 ) 

water extended NW-SE near Mooring 107 at 160 dbars, see Figures 4.3a and 

4. 3c. 'l'his same feature is present in the second section, Figures 4 . 3b and 

4.3d, 10-15 km to the southwest near Station 19. Ten to f i fteen kilometers 

northwest of Station 11 was water of the same T-S characteristics (3.25°C, 

34.84-34.85°/ 0 0 ) as that found later at Station 18. Water with the same 

T- S characteristics as those at Station 17 were found early at Station 11. 

1'he displacement of the temperature-salinity field at 160 dbars suggested 

movement of water t~at was first to the northeast, then southeast, and 

then finally to the southwest. This suggested movement can be compared 

with the current observations at 108 , 160. 



Figure 4.3 

Horizontal sections of potential temperature at 160 dbars - a,b; 

salinity - c,d; and dyna.~ic height - e,f; for sections 'a' stations 

10-16 and 'b ' stations 13-19. The potential temperature sections 

include the temperature from 108,160 adjusted to potential temp -

erature from the nearby CTD profiles. The dynamic height (cm) 

is of the surface from 870 dbars. A conversion scale of dynamic 

height contour separation to geostrophic velocity is provided. 

The arrows on the dynamic height contour indicate the direction 

of flow provided zero velocity at 870 dbars. The progressive 

vector diagram of 108,160 from day 67:00 to day 68:00 is also 

shown. The scale of the PVD is equivalent to that of the section. 

The circles on the PVD correspond to the times of the CTD stations. 
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Current meter 108,160 velocity record indicated that beJ;ore and 

durin9 Section 'a', the flow wa s to the southeast and slo•11ing. While 

the · four transverse stations were being taken , the flow was quite low 

(15-25 cm/s) and was swinging 140° through south to westsouthwest. During 

and after section 'b', the direction of the flow was steady to the 

westsouthwest and accelerated up to speeds of 50-60 cm/s. The PVD (Fig. 3.5) 

from 108,160 plotted on the same scale for days 66 and 67, with the corres-

ponding time of the stations marked, illustrated the displacement with 

time of the water at 108,160. PVD's can be thought of as the path of a 

water particle, if the horizontal velocity gradients are small. 

The net displacement of the PVD from 108,160 duri~g the time elapsed 

between Stations 11-12 and 18-19 was 10-15 km to the southwest. This 

indicates that the warm, saline ridge did indeed move from the r egion of 

107 in Section 'a' to the region of Station 19 in Section 'b'. The net 

displacement between Stations 10 and 17 was 7-10 k,~ to the southeast . It 

would appear that the source of water at Station 17 .was from outside the 

immediate survey area. The PVD between the times of stations 11 and 18 

suggested a movement of water from the northeast towards the central 

station . However, the nearest 2.25°C, 34.846 °/00 water in Section ' a' 

to Station 11 was 10-15 to the northwest, not to the northeast . The 

temperature record from 108,160 peaked at 3. 20°C during the time Station 

14 was being taken • . This was above the early and later levels of 3.06°C. 

The PVD indicated that the maximum southeastwards displacement occurred 

at the time of Station 14 . This suggests that the warm (>3.1°C) water 

15-20 km to the northwest of 108 moved first southeastwards reaching 108 at 
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the time of Station 14 and then moved southwestwards towards Station 18. 

This suggests that the temperature-salinity field was responding somewhat 

like a "slab" to the velocity field . The question remains as to how con-

sistent the dynamic topography is with the currents observed at 108,160. 

The dynamic topography fo r the two sections from the greatest common 

depth (870 dbars) to the surface is given in Figure 4.3e,f. The flow at 

108,160 was along isobars in Section ' a '. The geostrophic velocity was 

4±2 cm/s, while the observed velocity slowed from 30±5 cm/s to 15±2 cm/s 

during this time period. This indicates that the baroclinic portion of 

the flow was 10-30% of the total flow, or that baroclinic flow extended 

deeper than 870 dbars. With the 140° shift in the current direction 

between sections at 108,160, the dynamic topography in the region of 

#108 also reversed. Further, inshore (near #107) the gradient has lessened . 

The movement of the T-S distribution and the response of the dynamic 

topography suggest that the density field was responding to t he velocity 

field at a time scale of 0(20 hr) or less and over spatial scales of at 

least 30-50 km. Thus, the dynamic topography was consistent with the 

currents at 108 ,160 , but were lower. This indicates that the baroclinic 

currents extended deeper than 870 dbars and/or there was a barotropic 

component to the flow which was in phase with the baroclinic flow. 

4.3.2 Cross-Correlation of Current Meter Records 

Visual compari son of the PVD's, stick diagrams, and time series 

revealed potential correlations between the various components recorded 
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by the current meters . The PVD's , Fig. 3.7, suggested a strong correla-

tion between velocity at the top and bottom current me-cers o n Mooring 108 . 

A comparison of the stick plots , Fig. 3.8 , for 108,160 and 109, 190 revealed 

a possible correlation of the north-south flows with a 30±5 hr. l ag , (see 

Allen and Huntley , 1977). To quantify these and othe r possible corre la-

tions, a simple program was developed to determine the c r oss and auto-

correlations of the various components. 

The cross-corre lation coefficient (after Jenkins and Watts, 1969) 

is: 

cross correlation l: x' (t) y' (t+ll) 
k 2 k 

(l: (x' (t)) 2 ) 2 (l: (y' (t+lll) ) 2 

(4.6) 

where x' (t) and y ' (t) are the two time series with their respective means 

r emoved, and ll is the lag . When calculating an auto-correlation coeffi-

cient x' (t) = y' (t). The data were filtered as described in page 60 and 

decimated to e i ght-hour averages. The cross-correlation coefficients were 

calculated from -10 to +10 lags, each lag being eight hours. 

Time series of oceanogr aphic data ofte n h.ave featur es that persist 

over seve ral sampling intervals and therefore will have high auto-

correl';tion coefficients a t non-zero lags. Since the signi ficance levels 

are based on the number o f i ndependent event s in the t wo time s eries be ing 

correlated, an estimate of the independent events mus t be made in each time 

series . With the correlation of time series with little or no auto-

correlation, the total numbe r of data points are simply used as the 

estimate of the independent events . 
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However, an auto- correlated time series, an estimate of "the 

effective number of independent observations" , n*, was defined by 

Bayl ey and Hammersley (1946 ) for use in finding significant leve ls. 

1 1 
n*::::: n 

2 
+2 

n 

n-1 2 jh (n-j)(p(jT) ) (4. 7) 

where 'n' is the total nwnber of observations and p (jT) is the auto-

correlation of the j th lag of period T. 'j' was summed up to n/4 to 

avoid errors in calcula t ion of p(jT) due to a decrease in data points 

used in the calcul ations which had high 'j's. This value was suggested 

by Blackman and Tukey (1958) . Then• values were stabilizing at n/4 

values of 'j ', thereby providing an estimate of n• that was not crit-

ically dependent on 'j'. 

The determination of the significance levels were with (n*- 2) degrees 

of freedom, df . Significance levels as defined by Panofsky and Brier 

(1968, p . 158 ) are: 

sign. level Cl-Pl/ (df-1) / 2 (4.8) 

where 'P' is the probability l e vel. The lower n• of the two s eri es 

being correlated was used for determining the degrees of freedom. 

This p rocedure provides a significance level based on the number of 

independent events correlated and not the number of data points. For 

the degrees of freedom, 9-12 present i n the velocity records, the 95% 

significance l evels are 0. 56 to 0.50 . 
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The auto-correlation coefficient at zero lag is 1.0. The auto-

correlation for a pure sinus oid falls off to zero at a lag of n/2, -1.0 

at n and back to 1.0 at 2 ~. When the signal isn't a pure sinusoid, the 

auto-correlation will not be so well behaved. Neverthe.less, the lags 

of the zero crossings, min i mums, and maximums can be used to estimate 

the period of the major variability of the record. The auto-correlation 

for the U(east) and V(north) components of velocity are shown in Figure 

4.4. The period of the major fluctuations estimated from the auto-

correlations are given in Table N beiow. 

TABLE N 

PERIOD OF MAJOR FLUCTUATION BASED ON THE AUTO- CORRELATIONS 

CURRENT METER 

109 ,190 

108,160 

108,2480 

COMPONENT 

u 
V 

TEMP 

u 
V 

TEMP 

u 
V 

TEMP 

PERIOD (DAYS) 

3.0 ± 0. 8 

6.2 ± 0.2 

2.5 ± 0.4 

3 or 15 

7.3 ± 0.3 

5.1 ± 0.3 

4 . 8 ± 0.5 

9 ± 2 

11 ± 1 

The periods of the east-west motions were considerably shorter t han 

the north-south motions. The bottom contours are approximately north-

south at the mooring array , thus longer period (6-9 days) motions 

were alongslope and shorter period (3- 5 days) motions were across-

slope. 
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Of all the possible pairs of time series, significant cross-

correlation coefficients were found for only two cases. Firstly, 

the cross-correlation coefficient of t he V components from the top 

and bottom current meters on 108 resolved along 10°T to 20°T was greater 

than 0.7. This was above the 99% significant l evel. The V compor.,nt 

of the top current meter lagged the bottom at a broad peak cencered at 

16 hr, see Fig. 4.4. This suggested strong variability in the longshore 

velocity which was transmitted up f~orn the bottom to the s urface layers. 

The auto-correlation suggested a period of 7-9 days for the major vari-

ability in the V components cf velocity at both meters on 108. There-

fore, a lag of 8-32 hr r epresents a phase lag of 15°-60° Between che two 

current meters. 

A second significant correlation existed ; the U and V components of 

velocity from 108,2480 rotated relative to 330°T at lags of 8 hrs , p lus · 

or minus, but not at zero lag. This suggested rotational flow of either 

sense. 

The correlation suggested by All en and Huntley (1977) was strong 

southward flow at 108,160 preceding strong northward flow at 109,190 

by 30±5 hr. based on visual offsetting, Fig. 3.8 , the stick p l ots of 

current meters. The cross-correlation coefficient of V(108,160) at 0°T 

with V(l09,190 ) at 15°T was -0.43 centered at 32±8 hrs. Whil e the 

sense (negative ) o{ t he correl ation and the lag was consistent with 

the Allen and Huntley suggestion, the correlation was only at the 80% 



Figure 4.4 

Auto and cross-correlations of the low-pass f iltered current meter 

r ecords. a,b,c are the a uto - corre lations of temperature (T), U, 

and V components of velocity from 108,160; 109 ,180 ; and 108,2480 , 

respectively, dis the cross-correlation of UXV of 108,2480 

rotated relative to 330°T , and for V(lOS,160) X V(lOS,2480) . 

Positive lags indicate that the second component leads. 
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significance l e ve l. Because the U .rne series were f ilte r e d to remove the 

v a riance higher than 2 days , tr.e correl ation that did e xist mus t h a ve 

bee n in a portion o f the low-frequen cy spectrum. If t he low- f r e quency 

motion had bee n dominated by a single freq uency or an event o r several 

events , the n the c ros s-correlation of the various v e l oci ty components a nd 

t empera1·•1res would have r e vealed t h e major r e l a tionsh ips. Howev e r, it 

appears that the low- fr;,quency motions occurred ove r a broad band o f fre -

quencies . Therefore , it was necessary t o i nvestigate the r e lationships a t 

separate freque ncies . In order to de t_e rmine at which frequency the 

corre lations were prese nt , the curre nt amplitude e llipses at several 

low-frequen c i es were de t e rmine d . 

4.3.3 Current Ellipses 

When the motions a r e c haracterize d by periodicity at sever a l fre -

que n c i es , the current amplitudes and phase lags for each freque n cy can 

be es tima ted by the l east- squared fit of sines and cos ines curves : 

H(t) l: A . cos(a.t- g.) 
]_ l l. l. 

(4.9) 

whe re Ai is th" amplitude o f frequency a i, a nd g i i s the phase lag r e l a -

t i ve to the cen ter of the r e cord. Current amplitude e llipses can b e 

derived for each freque ncy whe n both velocity component. constituents 

are known. 'l'his method of a nalyzing current meter data works b e st for 

currents which have distinct frequenci es , e. g. tidal frequencies . For 

the range of frequenc i es considered h e r e (4 -12 day s ) the motions we re 

not independent a nd individ ua l frequency bands , but a blend of motions 

that va ried wit h frequency . Thus the i n t ent is to describe the change in 

the c urrents with frequency . The possib l e physical processes associated 

with these motio n s at the differe n t freque n cy r ang es will be dealt 

wi th in a later section . 
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The current amplitude ellipses wer;e derived fi;-om the entii:-e, unfil-

tered records from 108,2480, 108,160, and 109,190 at periods of 4, 6, 8, 

9, 10, and 12 days. The ellipses from 108,2480 at 4, 6, and 8 days, Fig. 

4.Sa show a rotation to a more acute angle to the local isobaths with 

increasing period. The dashed line in Fig. 4.Sa is the approximate 

(±10°) direction of the local isobaths averaged over 60 km from the 

Canadian Bathymetric Chart 814-A. Simple bottom-trapped topographic 

Rossby wave theory (Rhines, 1970) indicates that the frequency of the 

waves decrease when the angle of the motion to the bottom slope (the 

isobaths) decreases . This was precisely what was occurring at 108 ,2 480 

between 4 and 8 days. 

At the lon,ger periods of 8, 9, and 10 days the current ellipses 

are not rotated to the more acute angle with increasing period, Fig. 4.5b 

c, and d., sugg·esting that these longer period motions are not simple 

bottom-trapped topographic Rossby waves. The similarity between the 

amplitudes, direction, and phase at t he three periods, Table O, suggested 

that similar processes were occurring throughout the band that extends from 

8 to J.O days. The motions at 8-10 days didn't occur simultaneous at the 

three current meters. There was a lag of 22-33 hrs of the current at 

108,J.60 from 108 ,2480. The l ag from 108,160 to 109,190 was 108 to 120 

ho;.irs. This suggested that the propagati on of motion was upwards through the 

water column at 108, and had a coIT~onent of propagation offshore in the 

direction of 109 from 108 (along 62°T, 72 km) of 17-19 crn/s. A complete 

analysis of these motions and those at 4-8 days in terms of the topo-· 

graphic Rossby wave theory will be presented in Section 4.4. 



Figure 4.5 

Current amplitude ellipses: at (a) 4, 6, and 8 day periods at 

108,2480. The dotted line is the approximate orientation of the 

bottom contours averaged over 60 km; (b) 8, 9, and 10 day periods 

at 108,2480; (c) 8, 9, and 10 day periods at 108,160; and (d) 

8, 9, and 10 day periods at 109,190. 



8 

(A) 

;/; ftt . 910 tfl, 8 ,t' f ,jf 
108,2480 ;(;ff 

(B ) j?,·o/ 
' 71' 'o 4, /fl 

l 
0 
~ 1 

10 
VEOLCiTY 

( cm/s) 

10 

(D) 

* •S 

I ..... ..... 
0 
I 



-111-

Allen and Euntley (1977) suggested that the southward velocity at 

108,160 leads the northward velocity at 109,190 by 30±5 hrs. Subse-

quently checking their visual comparison , a weak negative cross-

correlation coefficient between the northward velocity components was 

found , see Section 4.2 . 3. The strong north-south orientation of the 

8-10 day current ellipses at 108 , 160 which lead the 8-10 day ellipses 

at 109,190 by 176°- 203° is consistent with a weak negative correlation. 

Wi th a change i n the orientation of the velocity component at 109,190 from 

0° to 45°T the lag of the maximum correlation with V(l08,160) decreases 

from 40 to O hours . Perhaps a portion of the 30±5 hr (50±10 ° ) lag was 

originally due to visual bias on Allen and Huntley's part and was later 

due to choice of wide orientations of velocity components that can be 

cross-correlated. 

TABLE 0 

AMPLITUDE , PF.ASE , AND DIRECTION OF TrtE MAJOR AXIS OF THE CURRENT ELLIPSES 
AT 8-, 9- , AND 10-DAY PERIODS . LAGS BETWEEN 108,2480 AND 108 ,160 ; 

AND BETWEEN 1 08 ,16 0 MID 109,190 . PHASE LAGS ARE RELATIVE TO DAY 78 ; 
17. 75 HRS; THE MID- POINT OF 108 , 2480 

CURREN'l' PERIOD AMPLITUDE PHASE DIR. 
METER MAJOR MINOR OF l'.AJOR AXIS 
# (days) (cm/s) (cm/s) (deg) (deg) 

108 , 2480 8 1 2.2 1. 7 339 206 
9 17.4 1.2 327 214 

10 17.3 0.4 322 217 

108,160 8 20.9 1.0 22 185 
9 22.6 1.0 16 205 

10 25.1 0.2 13 228 

109,190 8 8 . 7 5.1 225 166 
9 5.7 4.1 142 214 

10 5.3 1.8 194 264 

LAGS (The first current meter leads) 

PERIOD 108,2480 108,160 109,190 
(days) (deg) (hrs) (deg) (hrs) 

8 43 22 203 1 08 
9 49 29 176 106 

10 51 34 181 120 
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4. 4 'l'opographic Rossby wa,,e s 

Topographic Rossby waves are vorticity-conservi ng flows on a slope . 

The dispersion r e lation for topogr aphi c Rossby waves deve l oped by RJ1ines 

(1970) and later expressed by Thompson and Luyten (19 76) as: 

a SN sine coth ( ffl ) (4.10) 

where o i s the frequency of t he wave , s is the bottom s l ope assume d con-

stant, N is the Brunt-Vaisala frequency (constant with depth), and 0 is 

the angle between the wavenumber and the upslope direction. 6 i s also 

the angle between the velocity vectors and the bottom contours. 

B, the Burger number , is the square of t he ratio of the inte rna l Rossby 

r adius of deformatio n , ri' to t he hori zontal length scale, L, of the 

wave. 

B (4.11) 

This e xpresses as a ratio the depth of the water (H) t o the effective 

penetration depth (fL/N) of the ~#ave off t he bottom. L, however, is the 

i nverse of the horizontal wavenu.!-nber , kh . 

L 1 

~ 
1 (4 .12 ) 
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where k 2 is upslope and kl is alongslope to the right, f acing upslope. 

lhis reduces the Burger number to t he square of the ratio of the hori-

zontal wavenumber to the inverse of the first i nternal mode of the" Rossby 

radius of deformation , k r 

B 

When B>l, the wave is baroclinic and bottom trapped. I n the limit 

B>>l,, cothv'B goe s to 1.0 and Equation 4 .0 r educes to 

a sN sine 

(4.13) 

(4.14) 

which is the dispersion relation for bottom-trapped t opographi c Rossby 

waves. These mot ions are, therefore , buoyancy oscillations (N) along 

the bottom (s ) at any angl e from upslope (0=90°) to alongshore (8=0°). 

For a given constant slope and buoyancy frequency , the frequency of the 

waves i s de termined solely by the angle o. The_ maximwn frequency 

occurs when the motions are directly up and down the slope at 6 = 90° , 

(Rhines, 1971). 

As the wavelength increases , and ther efcre the penetration depth 

approaches the ocean depth, B approaches unity. With B"l , Equation 4 . 10 

cannot be s i mplified . Thus, Equation 4 . 10 is t he dispersion r e lat ion for 

weakly bottom trappe d t opographic ~ossby waves . 
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At long wavelengths , B<l, the penetration depth exceeds the ocean 

d epth . and Equation 4 . 10 again . ca n be reduced , this time to the barotropic 

form of the dispersion relation: 

0 (4.15) 

The variation of the horizontal velocity with depth for topographic 

Rossby waves is given by Rhines (1970) as : 

V(z) V cash ( /n z/H) 
0 

(4.16 ) 

where z is the depth , and His the tota l water depth. When B>l, the 

velocity is bottom intens ified , curve a in the diagram below , Profile 

bis the mixed or weakly-trapped form of topographic Rossby waves , Pro-

file c i s the barotropic (B< 1) topographic Rossby wave . 

0,0.-----.-----,,-----

'1.0----~ - ----z ,1..- V Vo 

The current amplitude e llipses f or 4, 6, and 8 days at 108 , 2480 , 

Fig. 4.Sa, suggest the presence oi topographic Rossby waves, because the 

angle e appears to be a function of o. The appr opriate dispers i on 

relation is Equation 4.14 for bottom-trapped topographic Rossby waves . 

Before a comparison between the angle e p r edicted by theory and the observed 

angl e at each of t..~e three freque ncies can be made , the value s for N, s , 

and the direction of the bottom contours must be determined. 
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The profiles of N, shown in J,ig . 4.6 , were calculated over l OQ dbar 

intervals from interpolated {every 10 dbars) CTD values from the surface 

down to 2000 dbars, and over 200 dbar intervals thereafter from the bottle 

data. 

The profiles of N are very smooth and slowly increasing towards 

the bottom. The value of N chosen for determining the frequency of 

topographic Rossby waves can either be a representative value for the 

whole water column (1.7±0.1 cph) or a representative bottom value 

(2.0±0.1 cph). 

The appropriate values for the bottom slope and for the direction of 

the isobaths to use are even more nebulous (see Fig. 4.7). The bottom 

-slope increases from 0.005 at the 2900 m isobath to 0.007 - 0.008 at the 

2600 m i sobath in a distance of 50 km. 40 km to the west the bottom 

shoals to 2000 - 2400 m and the slope steepens to 0.027-0.020 . The slope 

steepens to 0.04 between the 1000 and 2000 m i sobaths. The 1000 m 

isobath is located approximately 80 km from the site of Mooring 108. 

Canadian Bathymetric Chart 813 (1972) and 814- A (1978) were used to 

determine the bottom slopes. The models used are based on an assumption 

of a constant slope, or a slope that varies slowly over the wavelength 

of the wave. For large wavelengths (0(100 k.~) or greater) this asswnp-

tion is a poor one, but at smaller horizontal scales (0(20 km) or less) 

the approximation of a constant bottom slope holds. A similar argument 

applies to the direction of the local topography to be used. The hori-

zontal scale of the physical process determines the scal e of the topo-

graphic features that will be averaged over . At 108 the direction of the 



Figure 4.6 

Profiles of the Brunt-Vaisala frequency (in cph) versus depth (meters); 

for stations 4-9, 25-30. Each profile is offset from the proceeding 

profile by 2.0 cph. One value of N was derived for each 100 dbar inter-

val from the s urface down to 2000 dbars and over 200 dbar intervals 

thereafter to the bottom. 
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Figure 4.7 
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isobaths rotated counterclockwise from 60°T to 355°T when the area over 

which the contours were averaged was i ncreased from 10 km to 50 km . At 

l ength scales of 50 km or more the average direction of the isoba,ths at 

108 was 355°±10° . 

A comparison of t he theore tical val ues of 8 and the obse;ved va ~ ues 

of 0 frorn the current amplitude e l lipses can be made . Rearrange Equation 

4 . 14 to express the angle 0 as a function of the physical parameters (N a nd 

s ) and the frequency . 

e -1 
sin (cr/sN) (4 . 17) 

Table P be l ow l ists the p r edicted va l ues of 6 and the observed va l ues 

as determin e d for N = 1 .7±0 . 1 cph , s = 0 . 007 to 0 . 008 , and the contours 

are a l ong 355 ° ±10 °T . 

TABLE P 

THEORETICAL AND OBSERVED VALUES OF 6 AS DETERMINED BY 
~QUATION 4.17 FOR BOTTOM-TRAPPED TOPOGRAPHIC ROSSEY WAVES 

FREQUENCY THEORETICAL 0 OBSERVATIONAL 
. - 1 
(days ) (Deg ) (Deg ± 10° ) 

21T/3 7 5- 90c, 51 ° 
2rr/4 56±9° 60° 
2rr/6 33±5° 42° 
2rr/8 24±4° 31 ° 
21r/9 21±3° 39° 
2rr/10 19±3° 42° 

The comparisons be tween the predicted and observed v a lues of E) were 

quite good at 4 , 6 , and 8 d ay s . The predicted high- frequency cut- off was 

211/(2.7-3.7 days ) . The currents at 3 days apparently were above the cut-

off fr equency because the motions were at too small un ang l e to the 

bottom contours . At 9 and 10 days the motions are at too grea t an angle 

to the s lope to be considered as bottom·-trapped topographic Rossby wa ves . 

e 
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Thompson (1971) and Thompson and Luyten (1976) have shosm that the 

motions between one and two weeks at site D (39°10 ' N, 70°00 ' W) are domin-

ated by weakly-trapped (baroclinic ) bottom topographic Rossby waves. 

Thompson and Luyten (1976) pointed out that a correlation between the 

upslope velocity and the density (temperature) field should exist . The 

upslope velocity contains a component of upward vertical velocity which 

will bring denser (colder) water up the slope. For the coordinate system 

u sed here, V pos i tive along the slope northwards, and U positive downslope-

e a stwards, the correl ation should be pcsitive U l eading warmer water down-

slope by 90° and upslope velocity (- U) l eading col der temperatures by 90°. 

Thus U and temperature should be in quadrature with U leading. Rhines 

(1970 ) described topographic Rossby waves as rectilinear motion . However , 

Thompson and Luyten (1976) show that the motions from real topographic 

Rossby waves between one and two weeks were ellipses which had the major 

axes in the orientation that Rhines predicted . 

The . motions at 4, 6 , and 8 days suggested the presence of bottom-

trapped topographic Rossby waves. The standard spectral analysis package 

at the Bedford Institcite (Dobson et a l., 1974) was used to check Thompson 

and Luyten 's (1976) suggestion of an upslope and temperature correlation. 

The spectral band 3-5 days centered at 3 . 7 days was chosen for it was 

below the cut-off frequency (2 /(3.3±0.4 days) and with i n the range of 

periods (4-8 days) that appear to be bottom- trapped topographic Rossby 

waves. The cross- spectrum between upslope velocity (- U) and temperature 

for 108 , 2480 is shown in Fig. 4 . g. At 3 .7 days (0 . 272 cpd ) the coherence 
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between U and T was 0.96 , with U leadi.ng T by 96°, error 15° determined 

from 3 blocks. Thus for b~e 3-5 day frequency band the upslope ve locity 

was in quadrature with t emperature with t he velocity leading, just as 

Thompson and Luyten s uggested they should be . This coherence fell off 

rap i dly at 2. 4 days (0 . 416 cpd) (band 2- 3 days) which was above the pre-

dicted cut- off frequency (3.3±0.4 days). Thus, the motion between 4 

and 8 days at 108,2480 were bottom-trapped topographic Rossby waves with 

the high-frequency cut- off between 3 and 4 days. The major fluctuations 

in temperature at 108 ,2480 and by association 107,2300 were probably due 

to the t emperature gradient between the NWAB water and the NEAD wat er 

being swept up and down the slope by the bottom-trapped t opographic 

Rossby waves. 

The major fluctuation in the currents occurred at a period of 8- 10 

days. The s imilarity o f t he current amplit ude ellipses at 8, 9 , a nd 10 

days between the top and bottom current meters on Moori ng 108 sugge s ted 

motion coher ent over the water column. It has been shown that the motions 

between 4 and 8 days wer e most likely bot tom-trapped topographic Rossby 

wave s . With t he transition to s till l onger per iods and evi dence of motion 

in the upper water col u.Tu~, s uggesting a greater pe ne tration depth , a tran-

sition from bottom-tr apped (B>l) to weakly bottom-trapped (B~l) or bare-

t ropic (B<l) topographic Rossby waves can be expected. Thompson and Luyten 

(1976) we re able to estimate di rectly t he magnitude of the horizonta l wave-

numbe r and the r eby determi ne B di rectly . They estimated wavenu.mbers f r om 

the rat i os of the kine tic ene r gy at different depths f r om a singl e cur r ent 
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meter I;.coring . 'l'heir upper current meter{s} were below the surface layer 

where other energetic motions would mask the topographic Rossby wave 

motions. Since 108 , 160 was in the active surface l ayer , this technique 

could not be used here to estimate the magnitude o f the 8-10 day wave-

number at 108 . 

Howeve r , the wavenumber can be estimated . The on/offshore component of 

the wavenumber of the topographic Rossby wave was assumed t o be r esponsible 

for constant phase l ag of 108- 120 hrs. from 108 ,160 to 109 , 190 at 8 - 10 days. 

108-120 hours represents a phase speed of 16-19 cm/sand a wavenumber in the 

direction of ·109 from 108 of 0.040 to 0 . 055 km- 1 • In addition , the direc-

tion of the wavenumber can be estimated from the directi on of the major 

axes of the current ellipses. Rhines (1971) predicted t h~t the horizontal 

wavenumbe r is perpendicular to the water motion and i s to the left 

facing upslope . In other words , the k1 component of the horizontal 

wavenumber in the k 1 , k 2 plane is negative . Therefore , the form of the 

topographic Rossby wave which had a wavenumber component in the direc-

tion of 109 capable of produc i ng the observed phase lag and current 

e l lipses was the form most likely to have been present . 

From the dispersion relation , the locus of the horizontal wavenu.~~er 

can be determined in wavenumber space, the kl, k2 plane . Longuet- Higg ir.s 

(1964) showed that the center of the locus for a given frequency was 

(-y', 0) for the Rossby w_ave dispersion relation: 
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Cl (4.18 ) 

where y' = p/2CJ . For the Rossby wave case, k1 is to the east and k 2 is to 

the north. For the topographi c Rossby wave case , k2 is upslope and k1 i s 

alongs l ope to the r ight, facing ups l ope . The corresponding y' f or barotr opic 

Rossby waves is: 

sf 
yi = 2HCJ , (4.19) 

Longuet- Higgins (1964) found that t he group vel ocity vector , Cg, was 

from the horizontal wavenumber vector to the center of the wavenu,-nber 

circle. 

Subs tituting 4. 11 and 4 . 12 into 4 . 10 and solving 4 . 10 for kh, t he 

locus of wavenurnbers f o r weakl y-bot tom wrapped t opographic Rossby waves 

can be found : 

f coth-l [~csc 0 ] 
NS NS 

for the limit: 2..·-cs.:: e > 1. 0 
Ns 

(4.20) 

The loci of possible wa venumbers for the barotropic form is depen-

dentt on four knot.m quantities ; s , f , H, and o . The weakl y - trapped form 

i s dependent on s , N, and a which a re known and on a limited range of 0 . 



- 124 -

The direction of the wa v e numbe r es.tima t e d from the curr ent e llipses 

for 8 , 9 , and 10 days from 108 was 95°-138°T . The direction of the local 

isobaths , which d e termi ned the axes of the k1 - k 2 p l ane was 355 ° ±10°T, 

ave r aged over 60 km. 

The limits of the loci of possible wavenumbers were determined from 

the values in Table Q below . 

TABLE OF PARAMETERS FOR DETEP.'1INING TOPOGRAPHIC WAVENUMBERS 

f 

N 

s 

H 

() 

- 4 -1 1. 2xl0 s 

1.6-1. 8 c:ph 

0.007- 0 . 008 

2600 m 

(7- 9 ) xlo- 6s - l (T = 8-10 days) 

k r 0.045± . 005 km-1 (wavenumber of the internal Rossby rad ius) 

direction of kl = 355° ±10°T 

directi on of kh = 95°-138°T 

direction of kh component to 109 f rom kl 67° ±10° 

k h component to 109= 0.040- 0 . 055 
- 1 

km 

Figure 4 . 9 is the wavenumbe r loc i for 8-10 days . Moorin g 108 i s 

at the o r igi n . k 1 lies along 355°T , t hus north is to the right a nd 

west is at t h e top of the diagram . Circles marked A a nd B c entered at 

(- . 018,0) and (-. 026 , 0) a re the minimum and maximum limits of the l ocus 

of poss i b l e wa v enumber s for t he barotr.opic form o f topographic: Rossby 
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Horizontal wavenumber diagram for the 8-10 day topographic Rossby waves. 

Mooring 108 is centered at the origin, and K1 points along slope to 
! 

355°T and K2 is upslope. A and Bare the barotropic dispersion locus 

limits. C and Dare the weakly-bottom-trapped dispersion limits. E 

and Fare the limits of the observed directions of kh determined from 

the orientation of the c u rrent ellipses. Between G and His the 

direction of 109 from 108 relative to the axes , which are known .to 

± 10° . I and J are the limits of wavenumber component in direction 

of 109 and Land Mare the projections of those wavenumber components. 
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waves . Lines C and Dare the l i mits of the locus of wavenumbers for 

weakly-bot tom trapped (B~l) form of the topographic Rossby waves . The 

l imits of the loci of wavenumbers are based on extreme values of N, s , 

and o as given i n Table Q , as well as 0 which ,.;as determined from the 

values of kh and k1 , also given in Table Q. The di rection of the hori-

zontal wavenumber lies between lines E and F . The direction of 109 

r e l a tive to the origin (108) is between lines G and H. The component of 

the wavenumber in that direction (0 . 040-0 . 055 km- 1 ) is shown by lines I 

and J. Therefore , the shaded area common to G- H and I - J r epresents the 

component of the wavenumber vector in the direction of 109 from 108 . 

The limits of the possibl e wave numbers capable of having a 0 . 040- 0 . 055 

km- l wavenUITL~er component in the direction of 109 are the dotted lines L 

and M. It is evident that the lines Land M lie outside the limits of 

barotropic (circl es A and B) form of the topographic Rossby waves . 

However , the limits of the weakly-bottom trapped topographic Rossby 

waves (lines C and D) lie within the l imits of direction of the wave-

numbers (lines E and F) and are i nt eresected by lines Land M; they 

are capable of producing the observed phase l ag a nd current e l lipses . 

Where lines Land M intersect C and D, the direction of the projected 

wavenumber is 101-113°T , with a magnitude of 0 . 05 to 0 . 09 km- 1 . Thus , 

i t i s like l y that the major f luctuations in the current meter records 

were caused by weakly bottom- trapped topographic Rossby waves and that 

the phase lag between 108 and 109 was due to the propagation of this 8-

10 day wave to the wes t southwest. 

Thus , a major feature of the observations , the phase l ag of the 

ma j or fluctuati on between 108 and 109 could be explained by the presence 

of a weak ly bottom-·trapped topographic Ross by wave. 



-127-

!'lowever, the next question is: were . the !I\agnitudes of the ve l oci ty 

fluctuat:cons consistent with ,the fluctuations predicted by the topo-

graphi<:: Rossby w,,::--.re theory? 

The variati<'.In .of the horizontal v£ locity with depth is given by 

Equation 4.16. E'.igure 4.10 is the velocity profile based on a velocity of 

15±2 crn/s at 2500 m from the ,current amplitude ellipses at 1 08,2480 for 

8-10 days . B was assumed to be between land 5. The velocity is 

shown to decaY. upwards but is still significant at the surface. The 

expecte d current ,amplitudes ,at 108,160 would be 4-10 cm/s . 

The observed velocity at 108,160 for the 8-10 day period was 23 ±2 cm/s , 

was highly elli ptical and led 108 , 2480 by 42°-50°. The presence of 

random motions no·c associated with the topographic Rossby waves could 

increase the <::un .. --ent amplitudes of the major axes from the predicted 

values of 4-10 c m,ls to the ,observed value of 23±2 cm/s. This would be, 

howeve r , the addi.tion of 16±3 cm/s to all directions at all phases , 

thereby ir,c reasing the miner .axes as well. Since· the minor axes are very 

sma ll, 0(1 cm/ s} , s imp le additio n of random motions is unlikely. With 

this possibility ruled out, per haps there was an interaction between the 

topogr ap,1i c Rcssl:>y waves and the sur face currents which produced an 

enha n c ement of t he current fluctuation and a lag of 42°-50° from the 

top_ographic Rossh}'" -wave motions . 

Evide nce of jus t such an intera ction was fotuttl . The hydrographic 

section which was repeated several t llles showed varia tion in the s urface 



F;i.gure 4 . 10 

The velocity profiles of weakly- bottom- trapped topographic Rossby 

waves based on 15±2 cm/s at 2500 m. Profi le A is based o:i. a Burg~r 

No . of 1. 0 and Profile B has a Burger Ne . of 5. 0. The dotted lines 

r epresent t he very extreme limit s. 
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baroclinic velocity field ove r a few days ' time , see Section 3 . 5 . If the 

additional 16 ±3 cm/s fl uctuati on in the current e llipses was due to var ia-

tions in the surface baroclinic ve l ocity f ie l d in t he direction of the 

topographic Rossby wave motions , then the e xpected variation in the 

direction normal to the hydrographi c ser,t ion would be ±6 cm/ s . The observed 

peak-to-peak variation in the ba roclinic ve l ocity field (norma l to the 

hydrographic sections ) was 12 cm/s , whi ch is equivalent to an amplitude 

of 6 cm/s. This agrees ve ry well with_the expected variation , indicating 

that the addi\ional 16 ±3 cm/s fluctuation in the surface current ampli-

tude e llipses were probably due t o var i at ions in the baroclinic ve loc i ty 

fie l d as it r esponde d to the topographic Rossby wave motion s . 

Two s i mp l e mode l s of interactions between the periodic motion of a 

topographi c Rossby wave and the mean f l ow will be considered he re in an 

attempt to establish the nature of the inte r act ion . The displacement 

caused by the topographic Rossby wave could either shift the horizonta.l 

velocity gradients or modulate the mean f l ow . 

The system can be modeled as follows . A0 is the ampli tude of the 

topogr aphic Rossby wave currents ; which are r ectilinear and form an angle 

0 with the positive y-axis. The y-axis i s positive a long the k l ax i s 

and the x-axis is pos itive offshore (a long the k 2 axi s ) . 

y Ao 

~ -__,3-" Co 1 , 
The current ampl itude of the topographic Rossby wave v aries in time 

as a s ine curve. 
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A('c ) A0 sin (_wt) 

'l1he x and y projection of the current ampli tuCes vary as : 

A (t) 
X 

A (t) 
y 

A sinO sin (wt ) 
0 

A cos8 sin(wt) 
0 

(4. 21) 

(4. 22) 

(4 . 23) 

And the on- offshore (x) displacement o£ the topogr aphi c Rossby wave i s : 

A sinO cos (wt) 
0 

w 
(4.2 4 ) 

The mean current in they-direction relative to an origin that is f ixed 

to the water is assumed to 1i!1ea rly vary in the x -direction o nly: 

C C 
0 

+ dcx 
dx (4 . 25) 

Therefore, t he mean current ve l oc i t y will vary in time dependent on the 

x-displacement of the topographic Rossby wave (Eq. 4. 24). 

C(t ) C 
0 

de 
dx 

A sine cos(wt) 
0 

w 
(4.26) 

'l'he to tce.l v,'locity in the y-·direction is the mean ve l ocity (Eq . 4.23) 

plus t h"e topographic Rossby wave velocity (Eq. (4.26). 

A cos8 [sin (u>t) - ~ tan0 o dx w cos (wt )] (4. 27) 



This can be expressed as: 

T (t} 
y G sin ((JJ1:+6 '} 
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Therefore they-phase correction is: 

6 ' tan -1 (- de tan_~} 
dx w 

and the corrected y-amplitude is: 

G 

(4 -28) 

( 4 .29) 

The resulting current el lipses can be determined from the two orthogonal com-

ponents of motions , equations 4.22 and 4 . 28, by the method used by Doodson 

and Warburg (1941) for determining tidal current ellipses. 0 ' is the angle 

between the y axis and the major axis of the current e llipse . A0 , is the 

magnitude of the major axis and A0 ,+9O is the magnitude of the minor axis . 

£ and c+9O are the phases of the major and minor axes of the current e llipses 

relative to the phase of the topographic Rossby wave motions . 

0' 

E+9O 

1/2 tan-l 
2 A sin0/G 

[ 
0 2 2 

1-A sin 8/G 
0 

cos - 6 ' l 

1,, 
sin8 sin0 ' cos0' cos-0 1 ] 2 

· I G sin ' sin(9O°-6} - A0 sin0 case 
- t an [----G-s-1-·n_0_' _c_o_s_(_9_0_0_-~6~}~----

(4 .30) 

(4 . 31) 

(4. 32) 



£ 

-13 2 -

~ 
- 2 G A sine sin0 1 cos0 ' cos-0] 2 

0 

G cos8 ' sin(90°-6) + A sine sin0 ' -1 0 
tan [ G cos6 1 cos(90°-0) 

(4 . 33 ) 

(4 . 34 ) 

To determine A8 , and c , values for A0 , 8 , w, and dc/dx were estim-

ated. A0 , the current amplitude of the topographic Rossby wave near the 

surface was determined from the velocity profile, Fig. 4 . 10 , to be 7±3 

cm/s. e , the angle of the motion to the mean current was 10°-50°. The 

frequency , w, of the 8 -10 day topographic Rossby ·waves was (7 - 9)xl0 - 6 s - 1 . 

The horizontal velocity gradie nt (dc/dx) was estimate d from the geo -

strophic veloc ity section , e.g . Fig. 3.13 and from the current mete rs . 

A typical southward flow of 40 cm/sat 108 ,1 60 and a northward flow 

of 20 cm/sat 109 , 190 is approximately 10-S cm/s- cm. This agrees with 

the gradients found in the g e ostrophic v e locity sections . From the 

above range of values , A8 , was 1.0 to 2.0 time s A0 ands was 40°-80°. 

A81 , the enhanced velocity amplitude , is rather sensitive to the 

dc/dx. If the c1.1rrent shear had occurred over a shorter distance , 

with a local value of 2xl0.-S cm/s- cm , c would then be 20° - 70° 
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and "A6',· would have been 1.1-2.0 (A0 ). The observed values of e: we re 42°-50° 

and Ae', was (2 . 0-2. 6 ) (A ) • 
0 

Therefo re , when is 30 ° -50° and if. dc/nx 

is sharp er than expected, then this me chani s m of shifting the loca l 

horizonta l gradient in the surface current is quite capable of producing 

enhanced surf ace curre nt ellipses which would lag the topographic Rossby 

wave ellipses . 

The second possible interaction between topographi c Rossby waves and 

the mean flow is based on the following assumptions. The offshore branch 

of the Labrador Current is assume d to have a constant dynamic height dt 

the insho re boundary near the 1000 m isobath. The on-o::fshore displaceme nt 

of water due to the topograp hic Rossby wave would change the sea si.;.r:'.ace 

and assoc iated geostrophic velocity. The topogYaphic Rossby waves arc 

modeled by Eq uations 4.21 and 4.24 . S5-nce the mean Labrador Curren t: i.s 

assumed 1:o be in geostrophic balance : 

C - 'I _!:I_ ' 
f L 

where the z-axis is positive .from the surface do·dflwards (after 

Neumruln a nd Pierson , 1963, p. 161). 

(1! . 35) 

H'is the difference in sea l c v-s ls at t:he inshore boundary and the 

offshor.lJ ed9e of the current , t he d is tance is L. L varies with time 

due to the displ acement of current by the topographic Ro ssby waves. 
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Substi tuting 4 .37 i nto 4.36 the mean velocity varies as : 

C(t) gH' 
- -- (L f 0 

A 
0 

sine cos (wt) )-1 

"' 

The tot.al y--velocity is 4 . 23 plus 4. 33 

T (t) y A 
0 

A 
case sin( wt) - gH (1 + -~sine cos(wt)) fL D 

0 0 

(4. 36) 

(4. 3 ' ·' 

(4. 38) 

Where D 
0 

A sine 
0 >> ---· 

w 
the t otal current half width is greater than the 

disp l acement of the topographic Rossby waves . 

and 

Following the same procedure a s 4 . 27 '!:hrough 4.30 

G A 
0 

(4.39.) 

(4.4 0) . 
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where A0 , and E are the same quantities as those defined by Equations 4.31 

and 4.34, except that now G and 6' are defined by Equations 4 . 40 and 

4 . 41. 

-6 -1 Again , 0 ranges from 10° to 50°, w is (7 - 9)Xl0 s , A0 is 7±3 cm/s; 

-4 -1 and g equals 980 cm/sand f is l.2xl0 s A velocity of 30- 40 cm/sat 

1 08 ,160 assumes an H' of 40 to 50 cm 80 km inshore at x=0, near the 100 m 

i sobath, when Lis 100 km. Lis the distance over which the sea surface 

responds to the topographic Rossby wave. Lis assumed to be 100±20 km. 

A0 , increased from l.0(A0 ) to l . 5(A0 ) and E decreased from 80° to 50° 

when the slope (H ' /L) and 0 were increased while w was decreased. 

While the second model produced only limited enhancement of the 

current ellipses , a modulation of the mean current and therefore the 

horizontal velocity gradient could be expected. This modulation would be 

roughly in phase with the current ellipses. Perhaps the process suggested 

i n the second model is present to some extent and influences the inter-

action between the surface current and the topographic Rossby wave by 

modulating the local value of dc/dx in the first model . This would tend 

to increase the magnitude of the enhancement of the current ellipses . 

The two models do offer explanations for the phase lag between the 

top and bottom current meters on 108 for the 8 - 10 day current e l lipses . 

The apparent amplification of the topographic Rossby wave motion is prob-

ably due to an interaction with the surface velocity field. However, 
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the exact na t ure of t h is inte raction is most likely much. more complex 

than t he two s imp l e mo de l s used here for a. first look .. 

When waves are in the p r e sence of a steady flow, the frequency can 

be Doppler shifted. The frequency of a wave in the absence of any flow 

is 

w (4.42) 

where c is the phase speed. With a steady flow, v, the Doppler shifted 

f!:'equenc y is : 

w (c+v cos0)kh -(4 . 43) 

wher e 0 is t he angle be tween the wavenurnber vector and v . 'I'he PVD I s , 

Fig. 3. 7 .indicate t hat the flow at 108 wa s between 188° and 200°T with 

speeds o f 12-15 c:m/s. 0 was 73°±12° and C ea.s estima ted to be 1 6 --19 crn/s. 

The res ulting shift in the period of the 8- 10 day topographic Ros sby waves 

was less than a day , which is within the error limits. Therefore, Doppler 

shifting of t he frequency of these waves \-la s assumed to be minima l . 

In summa r y , the curre~t ellipse s bet ween 4 and 8 days at 10 8 ,2480 

were due t o bottom trapped topographic Ro s sby ,,.,aves. The motions at 

higher frequencies were ori entat-2d at greate ,:- angles to the local isobaths . 

The cros s-slo pe motion o f the higher frequency topographic Rossby waves 

was responsible for the movement of the temperature gr adien t bet-,1een the 

NEAD and tF.VAB waters. This caused large fluctuations in the t emper3.ture 

records of 108 ,2480 and 10 7,2300. 
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With the transition to l onger periods the penetration depth of the 

topographic Rossby waves became comparable to the water depth (B 

approaches unity). This was the time scale (8-10 days) of the major 

fluctua tions in the current regime at the offshore edge of the Labrador 

Current. While the 8-10 day topographic Rossby waves were weakly-

bottom- t rapped , there was still significant velocity at the surface 

(7 ±3 cm/s) to interact with baroclinic veloc;ity fie l d at the surface. 

This r esulted in enhanced current fluctuations (23±2 cm/s) which lagge d 

the topographic Rossby wave motion by ·42° to 50°. The propagation cf 

the 8-10 day topographi c Rossby waves to the southeast had a component 

of propagation in the direction of 109 from 108 whi ch was responsib l e 

for the 108-120 hour lag in the major current fluctuations between 108 ,160 

and 109,190. Therefore , most of the features of the low- frequency 

fluctuations l ess than a month are expl ained by the presence of topographic 

Rossby waves . 

Other low-frequency processes were also possibly present in the 

currents. The possibi l ity of baroclinic instability in the bottom flow 

is discussed in the next section and the likelihood of continental shelf 

waves i s investigated in Section 4 . 6 . 

4.5 Baroc linic Instability in the Bottom Flow 

Curre n t Meter 108,2480 was the onl y meter to return a ful l velocity 

record from the bottom flow of the m'IAB water. Considerably variability 

in the v e locity record existed between the predicted cut- off period for 
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t op0graph.ic Rosst,y waves (2.9-3 . 7 days) and t he tidal - i nertia.l band 

(12-24 hrs) . This variabi lity was ].oca.tcd at 1 . 8-2. 9 days , separ ated by 

a va l ley f rom t he tidal- inertial n!otions , see Fig . 4. lb . 

The moti ons of the highest frequency topographic Rossby waves ar~ 

direct ly acr oss t he cont ours. 'l'his peak in va riability at 108,240 was 

a l ong the contours at 2 . 1- 2 . 9 days , whi ch complet e l y rules out the possi -

bili ty t..hat this moti on was due to topographi c Rossby waves . The 2- 3 

day variabil ity was , however , s i milar to that observed by Smith (1976) in 

the Denmark Strait overflow. He successfully showed t hat the variability 

was due t o baroclini c i nstabilities in the bottom flow . 

There exist som~ basic similarities between the Denmark Strait over-

flow s ystem and the bottom flow of the NWAB water. The first connection 

be t ween the two systems i s tha t the NWAB wate r i n the Labrador Sea is of 

Dem,,a,.k Strai t overfl ow origins, Worthington (1976 ) . Thus both a re part 

of the same C.eep circulation . Se cond , spectr a l diagrams from the current 

meters which were placed i n t.he Denmark Strai t overflow and the NY..T.AB wo.ter 

f l ow revea l a peak in energy close to two days. Smith showed that baro-

c l inic instability in the mean flow o.f the Den.mark Strait overfl ow produced 

unstable v:aves with a period of 2 days . Thir d , t he hydrogra.phi es of the 

t wo systems are basical ly the same, a strong bottom current flowi.n;i along 

a bottom slope of 0 (10- 2 ) . To determine the possibi l ity of baroclinic 

instaCility as the physical proce ss occurring in the N~·lAB wate r f1ow , the 

disper sion rel atio n f rom P. Smith ' s (1976 , Equation 3 . 8 ) model was used . 
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Baroclinic insta bi l ity (Or lans.ki and Cox , 1 9 73) is the transfer of 

pot ential energy to k i netic er,e rgy. Vlhe!l a horizontal density gradi ent 

exists as sho~m bel ow 

motions can exist in any direction. If a particle is displaced frcm A 

to A' then the part icle wi l l be in a r cgi c n of lighter water, s-r-avity 

wilJ. ac t on it to r e.stor e i t t o its o r i g .i.n o.1 position . Conv~rsely , a 

particle f orced from A' to A wi l l Ce restor e d by b uoyancy . Mot.i o n s 

bet1.·1een Se c t ions I and I II a1:·e i nter n a l gravity wav e s . However , if 

a particle is displaced fro r1 B •.:.0 B ' gravity will act to a c celerate 

the part i c le as would buoyancy accel e r ate a partic l e movi ng from B1 t o 

B. Motions between Sections I I and IV are , t heref ore, ampli f i ed by the 

gra vi t y -·buoyancy f orces . Thi s will result i n a trans f e r o f poten 1:i a l 

energy to kineti c ener gy, the net result be i ng an increa se i n the veloc i ty 

field at the e xpense of the ho,::i zonta l dens i-c.y gradient . Th is is baro -

clinic i n stability . 
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·rhe bottom p r e •;ents motions normal to its s l of?e and by conser vation 

of raa ss i nc r e ases motions par allel t o t he s l ope . If a bottom slope 

lies along A- A 1 i n the above fig ure , motions are prevented a l o ng B- B' 

and the syst em is stabil ized. However , if the s l ope is ak>ng B- B', t he 

motions ar e directed along B ' -B a nd the s y stem i s des t a bilize d , increas-

i ng the po s sibility o f b aroclinic i ns tabJ. lities o ccurring i n the bottom 

flow. 

Several i nvesti gators have developed mode l s for barocli nically 

unstable f l ows , along a bottom s lope (e . g . Smith , 1976 ; Mysak , 1977; and 

Mysak and Schott , 1977) . Brie fly , t he mode l s i ncor por a t e t he following 

char acteristi c s : The hydr ogr aphy i s a t wo-layer geostrophic flow i n a 

channe l wi th a s l oping bottom. Mysak ' s model inc l udes one wall o f the 

channel a s the upper contine ntal s lope . Smit h uses t wo artificial 

vertical wall s t o defi ne the s ystem , which simpli fies the boundary con-

ditions (Ped l osky , 196-1 , 197-l} . The curre nt i s assmned t o have ne g l i -

g ibl e horizont al shear. Thi s assumption e l iminates f rom cons i deration 

the possibil i ty of either barotropic or cor.lbined barotropic- barocJ.inic 

i.nstabili t i es . To inves tigate the combined instabili ty i n ocean currc:1ts 

due t o the presence o f both hor i zontal and vertical s hear , Orlanski (1969) 

ha d t o use a ntm1er ical model. Lastly , t he bottom slope is of t he 0 (1 0- 2) , 

thus the variati on in Cor iol is for ce wi th l atitude , t he $- e f fect can be 

neg lected . LeBlond and Mysak (1978) demonst rate this as a reasonable 

assumpt ion when the bottom slope is of 0(10- 2) or greater and are compar-

abl e effects when the slope i s of 0(10- 3) . Ther efor e , t he mode l s are 

on a cons t ant f - p l ane with a s l op i ng bottom. 
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The basic source of instabilit:y in the models of Smith and Mysak 

is the vertical shear between the two layers and the bottom s l ope . As 

a r esult t he critical criterion for instability in the mode l s is the 

.interface slope exceedi ng the bcttom slope. Figure~ 3.3; 3 . 5 of the temp-

erature fields is rather inconclusive as to whether this criterion was 

met or not . Thus the disper sion i:elation from Smith I s model was used 

to establi sh whe ther baroclinic waves were possible in the NWAB water 

flow. 

The dispersion rela tion (Equati on 3.8) from Smith (1976) is: 

2 ac +be+ d 0 

where 

and 

a 

b 

d 

a (a+y+l) 

q 1 (a+l ) + q2 (a+.Y) - a(u1+1)(a+y+l) 

glq2 - ql (a+l ) - Ulq2(e<+y) + ula(a+y+l) 

q1 S-a(l-U) 

S- B + (1-U) + i ra 
k 

The solution t o Eq . 4 . 44 is 

where 

C = C + i c, r l. 
b ± 1 [b 2- 4ad]½ 
2a 2a 

k downstream wavenumber 

m mode 

B'· bottom s lope parameter 

F internal Froude number 

r friction parameter 

(4 .44 ) 

(4 . 45 ) 
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Sy y - p roject.ion of the variat i o n of the Coriolis parameter 

y .= laye r depth ratio 

I (f-~sy ) 'r' 

y=:.. L/2 y=L/2 

For a wave to be come unstable and grow the roots of the dispers ion 

relation must be imaginary, for it i s the imaginary portion of the roots 

oft.he equa tion which a.re the growth terms , while the r ea l part r epresents 

the phase speed of the wave. Only the maximum growing wave \•;ould over-

come the dissipative force s and gener a te a dominant signal in the current 

system., Ther e fore , if the dispersion r e l ation for the .L'-.Tf.VAB water system 

has maximum imagina r y roots at a pe r iod of 2- 3 days, baroclinic i nsta..':li l-

ity is t:he possible source of the 2-3 day variability . The physica l 

and d imensionl e ss parameters from Smith (1976) and for the !-.'WAB water 

flow are contained in Table R belm,, . 

PARAMETER 

Ill (m) 

H2 (rn ) 

L (km) 

ul (cm/s) 

u2 (cm/s) 

s 

f (s-1) 

TABLE R 

PHYSICAL AND DIMEN3IONLESS PARAHETERS FOR 
THE LABRADOR SEA AND DENMI.i.R..TZ STR~IT OVER.FLOW 

NWAB 
LABRA[2_0R SEA 
2000- 2600 

300-800 

50-1 50 

2; 20-35 

10; 30- 40 

.01 

1. 2xl0 -4 

DENMARK STRAIT 
(SMITH (1976)) 

400 

150 

100 

0 

60 

0.01 
- 4 1. 3xl0 



l'J-\.RA:1E·TER 

- 1 ··l 
By ( cm s ) 

V (C!/s-J.) 

gr= g(p2-p l) 

y H2/H1 

F fh2/grH2 
Ro = U2/f:. 
B' = gra/fU2 
E v/fll2 2 

r == E½/2R 
0 
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N\'IAB 
Y,BRA_!_J_2_R SEA 

0 

0 

.05 

.11-. 40 

90--2300 

. 01 ±005 ; . 03± . 0 1 

. 42; . 10- . 014 

0 

0 

DF,NMARK STRAIT 
(SHITH (1976)) 

-0 . 5xlo- 13 

0 

0 . 45 

0 . 375 

250 

0.05 

0.346 

0 

0 

In Smith I s two- layer mode l, the c r i t i cal para....ileter is the s hear 

between the two layers . Because the perturbati ons occurred in t he 

bottom flow, t he import.ant interface was believed to be between the 

!\,.WAB . i.iaters and the NEAD waters . Thus , the values in 1'able R were 

d etermined from typical NSAD a11d N\iAB water values. The surface 

curreni:.s and water rc:asses wer e therefore assumed not ente ring i r .. to t.:1e 

dynamics a.nd were considered to be part of the upper l ayer. Figure 3 . 12 

suggest s that.. the Do ttom velocity l~\yer was 50 to 1 50 k..rn wide a nd from 

300 t o 800 m thick. Two set s of para.m~~ter ranges were used for the 

velocities . J'... 10;·1 set correspond ing t o the p eriod of we ak highly 

vari€.ble flow and a high range corresponding to the period of strong 

southward flow . The measured shear between t he two layers was 0 -10 c m/s 

over t h e bo-V..:om 500-1500 m. For w\e lov.· range of veloc ity and f or some 

of high :range , this l evel of shear was mair.ta ined . Hi gher shears were 

also cons i dered possible when the highe r velocities wer e prese nt and 

therefore •,..rere also tested . 

'11he dis persion relatior..s for the possible combination of parameters 

were de termined for mode l (m=l). The period of the maximally unstable 

wav e wa s dr.:pendent mostly on the lowe::- l ayer velocity, u 2 . The g r owth 

r ate \expressed inve.rsely i n t.e rrns of the ine rtia l periods to e - fold ; 
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'i = f/(ai u 2/L)) was dependent on the vertical shear (u2- u 1 ) and to a 

l esser extent on Land the bottom l ayer velocity . I ncreasing the 

shear , H1 and u 2 al l increase the growth rate . Smith noted that higher 

modes decreased the growth rates , therefore only mode 1 was considered 

h ere. For the parameter range that woul d occur during the strong- steady 

southward flows , the p e riod of maximally unstable waves was 2.0- 2.5 

days withe- folding times of 13-33 inertial periods (5 - 20 days) . The 

wavelengths were between 40 and 70 km . When· the ve l oci ties were 

reduced to the l evels that occurred during the per i ods of low 

velocity (u1 = 2 cm/s; u 2 = 10 cm/s) the period of the maximally 

unstabl e waves increase d to 10- 11 days . The growth rates decreased 

(Ti= 35-42 inerti al periods), whi l e the wavelengths were centered 

at 65 km. Thi s indicates that the occurrence of the 2- 3 day unstable 

wave would h a ve been transitory, dependent on the phase of the 

(8-10 day) topographic Rossby waves . 

Pedlosky (1976) illustrated that a c urrent which i s marginally 

u nstable and varies i n the downstream direction will deve lop dis -

turbances i n the locally unstable regions . The waves will not 

substantially diminish when they enter the l ocally stabl e r egion 

of the current , if the dissipative t i me scal e is l ong compared to 

the advecti ve t ime scale. Thus, it is possible that the 2- 3 day 

waves were produced during the peri ods of strong- s teady currents 

whe n the growth rates were fastest and the system unstable while 

not being dissipated significantl y during the periods of re l ati ve 

s t abi lity. I t should , however , be noted that whi l e baroclinic 

instabilities in the bottom f l ow may be r esponsibl e for the 2- 3 day 

fluctuation found there , it's not conclusive l y shown so , only that 

it i s possibl e . 



-145-

4.6 Continental Shelf Wave s 

'Topographic Rossby wave theory describes motions which are attribu-

table to a local balance be tween potential vorticity and the bottom 

slope, while continental shelf wave theory describes motions. which are 

the results of the balance of the general potential vorticity structure 

over the enU.re width of the continental shelf and slope, with the 

generalized shelf topography . In Section 4.4 , the nature of the observed 

mot.ions was demonstrated to be topographic Rossby waves. In this section, 

continental shelf wave theory is explored briefly in an attempt to 

determine what , if .any, low- frequency motions (specifically the observed 

motions) could arise due to the presence (and growth) of continental 

shelf waves on the Labrador Shelf. 

Continental shelf waves can be described as barotropic low-frequency 

oscillations of the sea surface trapped to the continental shelf by 

Coriolis force . Non-baromEtric responses at continental tide gauges 

have b-2en att ributed to contine ntal shelf waves off both Australian 

coa;;ts h y Hamon (1966) ; off Oregon by Mooers and Smith (1968); and off 

North Ca rolina by Mysak (1969). Typical periods were of the order 10 

days. rl'he theory for barotrop ic loi·:-frequency oscillations which a~e 

trapped to the continental she lf by tl1e Coriolis force was first devel-

oped by Robinson (1964). The dispersion relatio!1 for a variety of 

contine:ita l shelf waves has appeared in the literature in attempts to 

account fo r the non- barometric sea surface signals propagating along 

continental coas'cs , (e . g . Mysak (1967), Rhines (1969)). The model 

deve Joped by Niiler and Mysak (1971) is used here because it uses 

a wes t ern bounC.ary current over the shelf edge to p r oduce the potential 
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vorticity structur e . Thus the essential characteristi cs of the 

Labru.dor CuYr en t can be incor porated into the model . 

The dispersion r elation of Niiler and Mysak model is determined 

by the · potential vortici ty structure P(x) of the mean current over 

t he she~f topography which varies only in the x direction offshore . 

P(x) = (f+ f; )h-l (4.46) . 

Where f is the Coriolis force , f; is the r e lative vorticity , and h 

is the water depth. 

In dimens ionless form the potential vorticity structure is 

P(x) (l+Vo' )h- l (4 . 47) 

where Vo ' is the northward current scaled by f and 1 (the shelf width 

or half width of the current) and his the depth s caled by the maximum 

depth (H) . 1'he c urrent configur at i on of model ' a I of Niiler and Mysak 

and the corr esponding potent i a l vorticity distribution fo r the north-

ward flowing Gulf Stream at the region o f t he Blake Plateau i s shown 

below, (f rom Niiler and Mysak (1971) Fig. 3a) 

A is the Ros sby number of the current defined as dVo ' /dx and 

µ == l+h/H is a t opographic par ameter. The pot enti a l vorticity is 



- 147-

a . (1+1'} (\.t - 1) 

b. (l-;\)/1 

c. (1+0)/1 

The dispersion relation r elating the frequency , a, to t he wave-

number , k , as a func t ion of the above potentia l vorticity structure was 

give n in Niiler and My sak 1 s Equatio n 7 as 

a2(µ exp(jk!l cosh k·-1) 

+ a[µ;\ cosh sinh k + µ;\ exp (j kj) 

(k cash k - s i nh k) - Ak + (2-µ) 

exp {lk I sinh k) 

+ 1: sinh k [µ;\ (k cash - sinh k) + (2-µ) sinh kl 0 

1,able s c ontains the va lues for the Labr 2.dor Current estimated fron 

(4 .48) 

Fig ure 3 . 13 and f rom Smith, Soule , and Hosby (1937 )_ for Niiler and My sak ' s 

mode l ~a ' conf i guration. 

f 

L 

Vo 

h 

H 

A 

µ 

TABLE S 

CONTINENTAL SHEL? 'r?AVE !'1'.R~METER_s FOR THE L.'\BRhDOR CUR,_"IJ::,,~'!:_ 

I.2xl0- 4s - l. 

125±25 km 

-50±10 cm/s 

300±100 m 

_3000±200 m 

- . 03 r ange (-. 02 to -.05) 

11 r ange (8 to 17) 
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'I'1w correspcnd i ng pott.-ntia.l. vorticity structure for the LaJ:, r ado r 

Cui:-rcnt. is show.::1 bel.Oi.·l based on the mean values of Ta!Jle S. 

'r 10,--···-"··1 I ,,, 

:1 l ' -i --·-·--·----·-·· 
0 -!---·----,-·---,------;, X 

0 2 3 
The re are two modes for the cont i nental shelf waves. One travel s on 

the horizontal shear of the current and the other is a shelf wave. 

'l'he shelf waves are mod i fied by the she ar flow and the shear waves 

are modified by the topography. In Niiler and Mysak 's model of the Gulf 

Stream , the shear wave propag~t2s northwa rds and the shelf wave 

p1:opagat.es sout hwards at low , .. ,a.venumbers but is modifie d enough at 

h igher V':avenurr.hers to propa g-:1te northward s . Thus, the t ~,.,o modes ·.-.~e re 

able to coa lesce and produce unst::l_b le growing waves. Figure ~ ~11 is t he 

d ispersion relation det·.erm.i.ned for the Labrador Curre nt. from the mean 

v alue s in Table s. The uppe r curve is t he shear mode and t he 1.ower 

is the shelf mode . Both are south~,:a:::-d trc:i_ve lling t.•1aves. Because the 

Lubra<lor Current £1ows in the opposite sense to the Gulf Stream , t hereby 

mak i ng Vo (x) negative, the .mod ifying effects~ on the two modes vtere not 

present . Thus, the two modes didn 't coalesce , and therefore no conti r.-

ent2.l shel f 1,-.~aves which would gro,,, would be present. This does not, 

howevE:r, rule out t.'h..e possibili~_:y of neutra l shelf wa ves. The range 

of periods would be 24-60 days, depc:-iden t on the Rossby number, the 

long,2r periods being associated with the lower Rossby numbers. If 



Fig . 4. 11 

Dispersion relations for continental shelf waves on the Labrador Shelf 

determined by Niiler and Mysak ' s (1971) model ' a ' for va rious value s 

of µ (shelf topography ) and A (Rossby number ) . 
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there i s· a:, externa l source causing perturbations. near thi.s period r a nge 

at t he northern e nd of the Labrador Current, fluctuat ions in the c urrent. 

could be the resul ts of a con tinental 3helf wave propagating southward 

a l ong the coast . There i s a poss i ble source of perturbations at the 

northern end of t he Labrador Current. The dynamic topography diagrar, ., 

of Smith , Soule , and Mosby (1937) and Lazier (1973) show eddy-meande r 

like features in the northern end of the Labrador Sea. These features 

are part of t he extension of the West q;r eenland Current as it passes 

across the northern end of the Labrador Sea . Perhaps the i mpingement 

of eddy- meanders on t he Labrado r s lope excite continental s helf waves . 

The expected period of these waves would be of 0(24-60 days). Longer 

current meter records on the s lope and s helf or simultaneous tide 

gauge r ecords from the coast of Labrador might r e vea l the presence of 

southward propagating continental shelf waves. 

4. 7 Sum111ary of the Low-Fre(.!uency Variability 

At the bottom current met.er on the inshore mooring (108 ,2480 ), 

bottom-trapped topogra phic Ross by waves we re present . The motion wi th 

perioCl.s bet ... 1cen four and eight d2.ys were ellipses with axis ori ented t o 

the bottom contours almost prec i sely as predicted by theory . The expec-

ted correla tion between t he density (temperature ) fie l d and the ve loc ity 

fie l d was a lso obse rve d . This physical connection r esulted in the l arge 

fluctuations in the t emperature gradi ent betwee n the NWAB water ·and NEAD 

water. 
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Simple topogra.phic Rossby wave theory was able to account for the 

phase l ag of the ma jor fl uctuations between the moorings. However , a 

phase l ag between the bottom c urrents and the surface currents could 

only be explained by a positive interaction between the baroclinic 

surface currents and the topographic Rossby wave motion . A simple mode l 

of the in teracU.on wa s able to r eproduce the observed phase l ag , but not 

the full magnitude of the enhancement of the surface current fluctua-

tion. Evidence of a positiv e i nteraction was shown in the repeate d 

hydrographic _sections. The presence of weakly-bottom trapped topo-

graphic Rossby waves and the inte r action with the surface currents 

accounted fo r the ma jor f l.uc t uat i on in the current r egime. The i nte r -

act.ion with the geostrophic currents caused signifi cant changes in the 

calculated volume transport over the period of a week. 

Because the variability in t he flow of the Labrador Current i s signif-

i cant on tirne scales of a few days , the i nvestigation of year- to-y eou: 

v ariability based on a singl.e standard sect ion i s r ather tenuousa The 

U. S. Coa:c,t. Guard (Moyniham and Ander son , J.971) in an attempt t o moni tor 

the year-to-year variability in the southward transport. of icebergs by 

t he Labrudor Current maintained a standard hydrographic section across 

t he southern e nd of the Labrador Sea . This section was done once a 

year during July - August from 1948 to 1969 . Volume transports were 

based on the geostrophic IDEf::hod wi th a zero velocity at 1500 dbars . 

Moyniham and Anderson could not find a correlation between the flow 

b ased on the geostrophi c sections and the severi t y of the iceberg season . 

Dinsmor e and Moyniham (1972 ) a l so noted the l arge random fluctuations 

in t he Lvbrador Curre nt transpor ts :from ye a.r - to- ye:..r ., ~hey suggested 
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t ha t short-·tenn meteorological events mi 9ht be responsible for s ome of 

tbe variation and that the yea~- t o-ye ar fluctuations masked any multi-

yea r cycles. Tv.~o Soviet i nvestigato rs {Treskinkov and Baranov 

(1977)) proposed water bucgets based on the 1'.rctic Ocean , Labrador 

Sea , and Baffin Bay based on the annual U.S. Coast Guard sections , 

and f ound multi-year cycles . What is indicated here in this work i s 

that t he s hort-term variability i s signific'."nt , and most likely greater 

than the y ear-to- year variability. Therefore , a single estimate of 

transpor t simply cannot be used to estimate the transport for the e ntir e 

year or season. This would be the reason why Moyniham and Ander son 

did not find a correlation between flow and seasonal i ceberg tra nsports , 

for the flow wa s onl y correct for time s cales of the major fluctuat i.ons , 

which are o·f the order o f a few days . 

At frequencies higher than the highes t possible topographic Rossby 

wave , t here we.re along- slope fluctuations of 2-3 day periods in the 

bottom flow. 'These fluctuatior.s were similar to fluctuations observed 

by Smith (1976) in the Denma.r k Str ait overflow. His model of baroclinic 

inst.ati.liti.es in a t wo-layer system was used to model the bottom flow 

of N~·lAB \•;rate:!~. Uns t abl e grov:ing waves at 2- 3 days were predicted by 

Smith ' s model for t he Labrador case, but onl y during the periods of 

strong , steady , southward flow . Thus, it was possible that the 2-3 day 

f l uctua tions were due to baroc linic instabilities , if the diss i pation 

during the periods of weak , highly-vari ab:..e flows was not significant. 
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Continental shelt waves have been observed w}.th periods of 

Q (10 de1ys) 0:1 other shelves . Nii ler and Mysak ' s (1971) model of con-· 

tinental shelf waves in t he pre sence of a strong bow1dary currenc. was 

used to p redict the possible frequency of shelf waves on the Labrador 

shelf . '£heir model indic ates that only stable, neutral waves could 

exist which would propagate southward with periods of t he 0 (24- 60 

days); which is longer than what could hav~ been observed by a record 

only one month long. 

In addi.tion to the low·-frequency variability , there were flucu1a-

tions at the diurnal and semi-diurnal tidal periods a nd at the i nertia l 

period (1.4 . 4 hrs ) . The currents associated with these motions were low 

(1-6 c rn/r:). The tidal currents were in general agreement with Godin ' s 

(1965) nnmerical mode l of the r,12 and K1 tides of .Baffi:i I3ay and the 

LabraGo:c Sea . 

Ocean currents continue to p r ove to be v ariable. Herc the variability 

characteristic of tJ1e offshore branch of the Labrador Current and the 

deep flow of tne NWAB water dur ing March 1976 has been investigated to 

de termine the phys icai proce s ses behind the fluctuations observed . That 

variabi l ity is important in interpre ting oceanographic data that is 

dcpc nd2nt on the Labrador Curren t ar.d t he NWAB water flow. 
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CHAPTER 5 - CONCLUSIONS 

The data collected in wi.nter 1976 has revealed several important 

features concerning the Labrador Current system. These inc lude the 

following: 

a . The current meters and hydrographic sections indicated a southward 

flow at the offshore edge of the Labrador Current of Labrador Sea Water 

and Atlantic Water remnants which was higher than the previous estimates 

based solely on geostrophic sections. The transports contained consider-

able variability at periods of a few days. Further offshore, a rather 

persistent northward surface flow was found . 

b. Bottom-trapped topographic Rossby waves produced pronounced 

cross- s l ope motions between four and eight day periods in the bottom flow. 

Large fluctuations in the t emperature field were associated with these 

motions. 

c. At slightly longer periods (8-10 days), the topographic Rossby waves 

extended throughout the entire water column. There was sufficient motion . 

at the surface associated with the weakly bottom-trapped topographic 

Rossby waves to have pos itive ly interacted with the baroclinic surface 

currents. This interacti on produced the major fluctuations in the currents. 

This resulted in periods of . strong , steady flow interspersed with periods 

of weak, highly variable flow which often contained complete reversals 

in direction, which propagated offshore with the 8-10 day topographic 

Rossby waves. 
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d . l-'.1.lso present in the · bo t tom f ~.ow were along slope variations in 

velocity at 2- 3 day periods . 3oroclinic instabilities might have been 

occurring during the pe riods of .:> trong , steady flow generated by t he 

8·-J.O day topographic Rossby \·la ves . 

'I'he existence of such l a rge u.mplit.ude variability is important 

to our undcrstar,dinq of the system because it (1) is central to the 

dynamic s f (2) may determine the extent 0£ mixing, and (3) wil l produce 

the extremes. His t orically , physical oceanographers have been concerned 

with the determination o f the water mas s budgets . With the realization 

of t he i mpor t ance of the timc,-depender,t. motions in the oceanic systems , 

the emp has i s has shifted to determining the dynamics of the system . Thus, 

the formulation o f an accurate model of the Labrador Sea system wi l. l 

d ep end. on o full u....-1derstanding of the d ynamics of the system. On the 

Labrador Slope , t he most energetic motions were associated with t he 

topogr.a.phic Rossby waves and the permanent boundary currents , and there-

fore the i r r e lationships constitute ,1.n important portion of the dy na...-aic s 

o f the Labrador Current: and Seo .. 

The f;1J,pply of r:u 4: rient. s to the s}:21£ and mi:~irig and exchange o f 

waters along the offshore edge of ~~he Labrador Current are critical 

parv.meter~:; n eeded to mode l t he b i oloqy of the Labrador shelf and slope . 

'I'he role tha t large, short-term fl •Jc tu2.ti.ons in the Labrador Current play 

in d e terrnin i ng the mechan i sms by ·11hic'."1 water, heat, salt, nutrients, moment um 

and pl ankton a r e mixed and exchange d along the Labrador shel f and slope 
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are yet unresolved. But surely , the . shear a.ssociated "Ii.th. these large 

amplitude current variations "!ill have some affect on th.e mixi.ng and 

exchange mechanisms. 

That the amplitude of the fluctuations can exceed the mean currents 

i ndicates that the synoptic current regime is largely determined by the 

l ow- frequency variability . Thus, short- term, local prognostic models 

of currents sea ice drift or i ceberg trajectories will requi re a 

knowledge of the synoptic current regime . The presence of large short-

t erm fluctuations in the currents wi ll also tend to mask any long-

peri od variati ons (e . g . seasonal , year- to- year, multi - year) that 

might exist in the permanent currents. It has been shown here that 

the cal culated vol ume transport through a secti on varies widely on 

the same time scal e as the short- term current f l uctuations and are 

a l so dependent on the scheme used to calcul ate the transport . There-

fore , only long- term (months to years) conti nuously recording current 

meters will be able to provide the measurements on the temporal var-

iability that is needed to separate the long-term variations in f l ow 

from the short- term f l uctuations in currents; and the use of lone 

hydrographic sections for establishing f l ows should be used "li th caution. 

The presence of extreme values rather than mean values are important 

to other processes; e . g. , the sensitivity and response of p l ankton and 

f i sh to rapid temperature fluctuations and synoptic current variations; 

the loadi ng on offshore structures by peak currents ; and the role of 

strong bottom currents in sediment transportation and distribution. 
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The design of the Bedford I nstitute ' s 1977-78 current met e r was 

based la.rge ly on the results from .the March , 1976 array . The spacing 

between moorings and current meters was chosen to resolve t he low-

frequency variability. The 1977-78 array was ext ended i nshore and 

included moori ngs in the a l ongshore directi on in order to measure th,· 

spatial variation over the shelf and slope of the low-frequency varia-

bility. A mooring was placed on the l ower continental slope to check 

for the presence of a northward flow offshore similar t o t hat observed 

in March, 1976 . Current meters we r e also added to the moorings at 1000 

m depth to obtain direct measurements in the mid-depth minimum veloc ity 

zone. Other physical oceanographic studies ar e continuing on the 

Labrador Current. These and future studies, whether primarily inter-

ested in higher frequency motions or l onger pe riod variations in the 

current must a l so adequately measure the energeti c l ow- f requency varia-

bility in order to properly inte rpret their results, for it has been 

shown here that the low-frequency variability is an important and 

integra l part of the dynamics of the Labrador Current. 
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