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ABSTRACT

_Results are presented from an analysis of long time series
of four standard hydrographie seetions in the Labrador Sea: the
Fyllas Bank line off West Greenland, the Seal lsland seetion
off Labrador, _the Bonavista transeet on the Northeast
Newfoundland Shelf, and the Flemish Pass line aeross the
Northern Grand Banks. Over 300 transeets were analyzed. Time
series of geostrophie transport for eaeh seetion were eomputed
and were analyzed for seasonal' and interannual variations, both
over the shallow eontinental shelf and over the slope. We
tested hypotheses eoneerning the relationships between
variability in seasonal and interannual transport~ wind
foreing, and buoyaney fluxes eaused by iee melt and runoff~

Baroelinie transport in the West Greenland and Labrador
Currents in the summer is negatively eorrelated with strength
of the westerlies in the North Atlantie in the previous winter.

Resume

On presente les resultats d'une analyse de longues series
ehronologiques portant sur quatre seetions hydrographiques
normalisees dans la mer du Labrador: la ligne du bane Fyllas au
large de la partie ouest du Groenland, la seetion de l'ile Seal
au large du Labrador, le transeet Bonavista sur le plateau de
Terre-Neuve (nord-est), et le passage du Bonnet Flamand eoupant
le bane Northern Grand. Plus de 300 transeets ont ete
analyses. Les series ehronologiques du transport geostrophique
eorrespondant-a ehaque seetion ont ete ealeulees et analysees
pour les variations saisonnieres et interannuelles, a la fois
sur le plateau eontinental peu profond et sur la pente. Nous
avons verifie les hypotheses eoneernant la relation entre la
variabilite dans le transport saisonnier et interannuel, le
for9age eolien et.l~s flux de flottabilite eause~ par la fonte
des rieiges et le ruissellement. Il.ya en ete une eorrelation
negative entre, d'une-part, le transport baroeline dans les
eourants de l'ouest du Groenland et du Labrador et, d'autre
part, l'intensite des alizes dans l'Atlaritique nord au eours de
l'hiver preeedent.
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1 Introduction

Previous attempts to demonstrate fluctuations in currents that might be of

real climatic significance have not been convincing because the signal has

been obscured either by noise or by differences in methodology (vVunsch

1981). For example, the wide variability in estimates of the strength of the

Gulf Stream north of Cape Hatteras has been attributed to varying methods

of estimating reference levels (Wunsch 1981). Notwithstanding the past fai!

ures of such projects, we have attempted to examine data from the Labrador

Sea for interannual and seasonal variation in transport. \Ve did so for the

following reasons. First, we were motivated by Myers et al. (1988) who

showed that the interannual variation in the density strueture off the \Vest

Greenland shelf appears to be related to large scale wind forcing. Second, on

aIl sections, the data base was extensive enough to yield at least 5 transport

estimates for each year. We thus were able to separate short and long term

fluctuations. Finally, large seale interannual changes in deep water formation

(Clark and Gascard 1983, Brewer et al. 1983), salinity (Dickson et al. 1988,

Levitus 1989) and ice cover (Manak and Mysak 1989) in the Labrador Sea

indieate that this may be a particularly dynamic region on both seasonal and

interannual time seales. Moreover, Diekson et al. (1988) argued that a large

salinity anomaly was advected around the North Atlantic during the decade

beginning in 1968. This anomaly was first observed north of Iceland, then in

the Labrador sea, and finally in the eentral and eastern Atlantic.

In this paper we examine transport, temperature, and salinity variations

along four standard transeets in the Labrador Sea. As weIl we consider the

evirlence in 01tI data for the saHnity anomflly rpported hy DiC'k!::on pf (11.

(1988) in the Labrador Sea. In all cases we have returned to the original

data so that common methods are used throughout.
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2 Data

---------------------------1
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Data from four standard Northwest Atlantie Fisheries Organization (Stein

1988) oceanographie sections were considered (Fig. 1). These data eonsisted

of temperatures and salinities eolleeted by a variety of agendes over the

past fifty years, and were eompiled from files of the Marine Environmental

Data Service (MEDS), National Oeeanographie Data Center (NODC), and

International Couneil for the Exploration of the Seas (ICES). Duplieates

were identified and eliminated, and the data were interpolated onto standard

depths.

3 Methods

The seasonal eyde in saHnity and temperature was ealeulated at eaeh station

and at eaeh standard depth as the annual harmonie of the eorresponding time

series. The seasonal eyde was then removed to give time series of interannual

variation. Standardized anomalies were ereated by dividing by the standard

deviation of the residuals from the seasonal eyde. The mean or median of

the resulting senes for groups of stations and standard depths were used in

the analysis. This allows sporadically eollected data to be standardized for

the analysis. .

The barodinic transport over the eontinental slope and shelf was ealcu

lated relative to 100 m. This referenee level was chosen for two reasons.

First, it was the deepest level that did not intersect the bottom over most of

the shelf. Second, the effeets that we are most interested in, namely baroclinie

forcing by wind and ice-melt, are largf'ly <'onfined to the lIpper 100 m. In a

later paper, we will report results obtained using the approach of Csanady

(1979) in which the bottom is used as a level of no motion.
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4 Results

4.1 Salinity Variation

Salinity variations in the upper 200 m in the Labrador Sea'show evidence of

three distinct freshenings at decadal time scale (Fig. 2): one around 1959,

one around 1971, and one around 1984. The anomalies were also evident

in the Station 27 time series, which is located in the inshore brandl of the

Labrador current near St. John's, Newfoundland. These three negative

salinity anomalies correspond to periods of extended ice cover in the Labrador

sea (Mysak and Manak 1989). However, only one of these freshenings, the

early 1970's anomaly, appears to be correlated with salinity variations north

of Iceland shown by Dickson et ale (1988), while the other two do not. The

data thus do not support Dickson et al.'s hypothesis of a multiple passage

of the fresh water pulse around the North Atlantic. They also sugggest that

the 1970's anomaly diffel'ed in character from the other anomalies. We are

continuing our investigation of this possibility.

The long term variations in the deep (greater than 750 m) salinity time

series are coherent among stations and sections (Fig 2). There is a long

term increase from 1950 to 1970, followed by a decrease until 1975, and

then a gradual increase. The same pattern is seen in the Greenland regional

atmospheric pressure anomaly (Rogers 1984). Thus, the deep salinity field

may be responding to long term, large scale atmospheric patterns. It is

interesting to note that the deep water temperature at the Panulirus station

in the subtropical North Atlantic shows a similar pattern (Levitus 1989).

Note that these salinity anomalies are not seen in the deeper wat.ers in the

'West. Greenland Current (Fig. 2a).
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4.2 Transport Variation

4.2.1 Seasonal Transport

The variablility in the Labrador and 'West Greenland Currents seems to be

greatest near the shelf break due to the presence shelf waves and/or eddies

which have a time scale on the order of days and a spatial scale on the order

of 30 km. We found that the short term variability in the spatially in.tegrated

transport estimates was significantly reduced if we extended our integration

both inshore and seaward of the effects of these disturbanees.

The baroclinic transport relative to 100 m on the continental slope off

the Grand Banks of Newfoundland at 47 degrees latitude appears to peak

in the spring and drop to a minimum in the fall. By contrast, the seasonal

cycle of the current over the shelf appears to be the inverse of this pattern

(Fig 3). That is, transport over the shelf peaks in the late fall with a min

imun in spring. These cycles are illustrated further in Fig. 4 which shows

the vertically integrated geopotential for four stations on the Flemish Cap

section. More precisely, the quantity plotted is the geopotential integrated

vertically over the top 100 m and divided by the Coriois parameter. It follows

that the difference in value between stations gives the upper layer transport

across the line joing the two stations. The stations are numbered sequen

tially from the coast: Station 2 (47°00'N, 51°00'lVj 102m) lies over the inner

Grand Banks of Newfoundland, but seaward of what is generally regarded as

the inshore branch of the Labrador Currentj Station 7 (47°00'N, 48°07'lVj

126m) lies irishore of the shelf break and inshore of the core of the Labrador

Currentj Station 14 (47°00'N, 46°01'lVj 308m) lies in the Flemish Pass and

offshore of t.he t.ypkal location of the core of the L"hrador 011Trent.j St.at.ion

19 (47°00'N, 43°45'lVj 674m) lies far enough east of Flemish Cap to cap

ture most of the portion of the Labrador Current that rounds the northern

face of the Cap. Thus differences between Stations 7 and 14 and provide

a measure of the baroclinic transport of the main branch of the Labrador
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Current that flows through Flemish Pass, and to the extent the geostrophic

relation is valid in shallow water, the differences between Stations 2 and 7

give the transport over the shelf and some measure of the transport of the

inner branch of the Labradi,r Current.

Fig. 4 shows that the geopotential integrated over the upper layer varies

over the year in a coherent manner over all the stations. This implies that

the results from the inner stations are meaningful even though they Be in

shallow water where friction and wind forcing might be expected to degrade

the geostrophic balance. The most interesting feature in Fig. 4 is the phase

relationship between the curves. The curves for Stations 2, 14, and 19 are

phase locked so that the total upper layer baroclinic transport across the

shelf and slope varies little throughout the year. That is the total upper layer

transport due to the inshore and offshore branchs of the Labrador Current is

nearly invariant over the year. However, as can be seen by comparing Stations

2 and 7 and Stations 7 and 14 (Ir 19, the inshore and offshore transports vary

in near-antiphase: the inshore transport peaks in the winter and declines to

a minimum in spring .whereas t.he offshore transport peaks in the spring and

achieves a minimum in the winter.

4.2.2 Interannual Variability

Our goal was to identify major sources of interannual variability in transport

on a basin wide scale. Here we report the clearest pattern of variabilit.y

we have found so far, namely, that the baroclinic transport throughout the

upper layer of the Labrador Sea is decreased in summers following winters

with strong mid-Iatitude westerBes.

Fig. 5 shows contours of the correlation coeffident. bet.ween fhe NA 0

index and the salinity and temperature on the Fylla bank seetion the fol

lowing July. Following winters of strong westerlies, the salinity and thus the

density, of the water column offshore is reduced relative to inshore waters.
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Gonsequently, the baroclinic pressure gradient is smaller and the currents are

diminished giving an overall smaller transport. This finding also suggests

that the shelf break front is weaker in summers following strong westerlies,

80 phenomenon which could be apparent in satellite infrared imagery.

Baroclinic transport relative to 100 m in the summer is negatively cor

related with the strength of the winter mid-Iatitude westerlies in the North

Atlantic 80S represented by the North Atlantic Oscillation Index (Rogers 1984,

Myers et al. 1988). Significant negative correlations (p < 0.05) occurred on

the Fyllas Bank section, the Seal Island section, and on the Flemish Gap

section within Flemish Pass (Fig. 6).

Note that the mean transports are smaller through Flemish Pass than

through the Seal Island section. This is most likely because a portion of the

Labrador current is diverted east of Flemish Gap and a portion flows inshore

over the Grand Banks.

Negative correlat}ons were also found with ice cover the previous winter

(Fig. 7), but this is probably caused by the strong correlation with the North

Atlantic Oscillation and ice cover in the Labrador Sea (Myers et al. 1988).

The ice cover data was provided by John "Valsh ("Valsh and Sater 1981).

This is evidence against the hypothesis that the baroclinic portion of the

Labrador current is mainly driven by thermohaline forces.

Finally, a simple analysis suggested that the baroclinic transport was not

correlated with local wind forcing over the previous week.

5 Discussion

"Vf" havf" pre~f"nted eviden('e th,lt. ('ohpTf"nt V<'lTi<'ltion~ O('('1tT in tllP W<'ltf"T prop

erties and upper layer baroclinic transport throughout the Labrador Sea.

Our discussion has been primarily descriptive and statistical and the the

more difficult task of explaining our results mechanistically is still under

way. However, the three major findings that were presented here are briefly
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discussed.

First, we showed that salinity anomalies in the Labrador Sea of similar

strength to the early 1970's anomaly described by Dickson et al. (1989)

appear to occur on a decadal time scale in the Labrador Sea. \Vhat makes

the 1970's anomaly unique in terms of the limited salinity time series available

is its expression throughout the fuU North Atlantic. A more through study

is underway to determine if the salinity anomaHes observed in the Labrador

Sea are coherent in any way with variations in water properties in the rest

of the North Atlantic.

Second, we demonstrated an inverse relationship between winter west

erly winds and the upper layer baroclinic transport in. the Labrador Sea the

following summer. Strong westerlies imply weakened shelf break fronts and

diminished baroclinic transports. This pattern is consistent throughout the

Labrador Sea and may have profound implications for understanding the in

terannual variability in the ocean c1imate in the"' region. This is one of the

few examples where interannual variability within a major current has been

demonstrated and related to large scale atmospheric forcing.

Finally, we found that the total upper layer baroclinic transport of the

Labrador Current across the Flemish Cap line was nearly constant through

out the year as the individual transports due to the inshore and offshore

branchs varied in anti-phase with maximum offshore transport in spring and

maximum inshore transport in winter. Several plausible mechanisms can

be advanced to explain this finding. The simplest is that the core of the

Labrador Current simply shifts onshore. This is unlikey though, as Station 7

is over 30 km inshore from the shelf break. Moreover, there is no suggestion

of Clny ~hift in mpCln wCltpr propprtips (Keplpy. 19R]). AnothpT pM~ihi1ity js

that in winter, a larger fraction of the Labrador Current is diverted towards

the inshore branchwhen the Labrador Current leaves the Labrador shelf and

flows onto the Northeast Newfoundland shelf. In this regard we note that

a similar pattern does not seem to prevail over the Labrador shelf. Lazier
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(1988) showed that both direct velocity measurements at 600 m over the

Labrador continental slope and the difference in steric height between the

Labrador shelf and the mid-Labrador Sea are at their minimum values in

spring and peak in the fall. '\Ve have yet to analyze the Labrador shelf data

for inshorejoffshore seasonality. A more thorough examination of these re

sults is one of the objectives of a numerical modelling study of the Labrador

Current presently underway.
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Fig. 4. Seasonal.e in the geopotential vert.ically integrate~ver the
upper 100 m and divided by the Coriois parameter for Stations 2, 7,
14, and 19 on the Flemish Cap line. The difference in values between
stations gives the transport in Svedrups (106 m3 8-1 ).
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Fig. 7. Summer baroclinic t.ransport relative to 100 m t.hrough Flemish
Pass versus the area of ice in km2 south of 65°N along t.he Baffin Islalld
Labrador coast from March to June. Southward transport is negative.
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