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ABSTRACT

New high resolution density fields for the northwestem Atlantic Ocean are

calculated from objectively analyzed temperature and ~a1inity fields obtained from

archived data. The original data set is the Marine Environment D~la Service (MEDS)

archived data and is supplemented by a subset of the National Oceanographie Data Centre

(NODe) data from J. Reid and by the 19805 additional data of Fukumori and Wunsch

(1991). The objective analysis scheme is a modification of that used by Levitus (1982)

and uses 37 vertical levels. The scheme is used to calculate the climatological mean

(1910-1989) temperature and salinity fields for the surnrner and the warm and cold

seasons. InveJ'Sl' methods are then applied to these new density fields in order to

determine the transport and circulation during these periods. A study of the seasonal and

interdecadal variations of the ocean transport and circulation is a1so presented. The

interdecadal analysis is based on temperature and salinity fields analyzed for the warm

season of the 1950-1964 and 1965-1981 periods.



RÉSUMÉ

De nouveaux champs de densité à haute résolution ont été calculés, pour le nord

ouest de l'oc~an Atlantique, à partir des champs de temperature et de salinité obtenus par

une analyse objective de données arehivées. La banque de données originale est composée

des données arehivées au Marine Environment Data Service (MEDS); elle est complétée

par des données du National Oceanographic Data Centre (NODe) et par des données

complémentaires pour la période post 1980, de Fukumori and Wunsch (1991), fournies

par J. Reid. Le schéma de l'analyse objective est une variante de celui de Levitus (1982)

et comprend 37 niveaux verticaux. Ce shéma est utilisé pour calculer les champs

climatologiques moyens (1910-1989) de température et de salinité pour l'été et pour les

saisons chaude et froide. Puis, des méthodes inverses sont utilisées pour déterminer le

transport et la circulation durant ces périodes. Une étude des variations saisonnières et

interdécadales du transport et de la circulation océanique est également présentée.

L'analyse interdécadale est basée sur des champs de température et de salinité analysés

pour la saison chaude des périodes 1950-1964 et 1965-1981.
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• CHAPTER 1: INTRODUCTION

The western North Atlantic was tirst studied by the US Coast Guard when they

decided to irnprove their knowledge of the iceberg trajectories after the Titanic sank in

1912 (Smith et al. 1937). This region, which includes the Labrador Sea and its

surrounding waters, is a very important region to Canada for both climatological and

economical reasons. lnterannual changes in the western North Atlantic affect the tisheries,

iceberg trajectories (of importance to shipping and the development of the offshore oil

industry) and the renewal of Labrador Sea Water by deep convection (Lazier, 1980) and

hence cliroute. The Labrador Sea is a semi-enclosed basin occupying a region of 10" kml

between Greenland on the east, Labrador and Newfoundland on the west, Baffin Bayon

the north and the open North Atlantic on the south (Fig. 1.1). The boltom topography of

the Labrador Sea is quite complicated on the shelves with banks and saddles; the maxi­

mum depth is about 3500m but reaches 4000-4S00m near the southeastern corner of the

region.

1.1 Water masses and cUlTenls

The waters in the centre of the Labrador Sea are relatively warm and sally

cornpared 10 those on the neighbouring shelves. A characleristic feature of lhe region are

the shelf breaks currenls which mark the boundary between differenl water masses (eg,

the West Greenland Current; the Labrador Current). There are tive different water ma.~ses

1
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Figure 1.1: Bollom topography (m) of the northwestem Atlantic Ocean. SI and S2 refer
to section 1 and section 2. The Hamilton Bank and Flemish Cap subregions are indicated
by boxes.

in the Labrador Sea (Fig. 1.2a. Clarke and Gascard. 1983. and Clarke. 1984): the Denmark

Strait Overflow Water (DSOW) (also referred to as the Nonhwest Atlantic Bollom Water).

the North Atlantic Deep Water (NADW). the Labrador Sea Water (LSW). the West

Gn:enland Current (WGC) and the Labrador Current (LC). The WGC carries a lruxture

2
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Figure J.2a: A schematic representation of the water masses in the
",orthwestern Atlantic Ocean.

of waters from the Irminger Current (1C) and the East Greenland CUITent (EGC, Fig.

I.2b).

On the southeastem side of the Labrador Sea, south of Cape Farewell, the coastal

EGC brings cold (--I.8°C) and low salinity «34.5 psu) surface waters from the Arctic into

the Labrador Sea. Near Cape Farewell and south of the EGC the IC l10ws westward, and

brings a saltier (34.95-35.10 psu) and warmer (4-6°C) water mass into the Labrador Sea.

Lee (1968) proposed that a nonhern branch of the Nonh Atlantic Current turns northward

3
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Figure 1.2b: A schematic representation of the shallow circulation of the North
Atlantic (from Ivers, 1975). Abbreviations for the currents are as follows: Gulf
Stream (GS), North Atlantic Current (NAC), North Equatorial Current (NEC),
Mediterranean Undercurrent (MU), Norwegian Current (NC), East Icelandic Current
(EIC), North Icelandic Current (NIC), Irminger Current (lC), East Grep.nland Current
(EGC), West Greenland Current (WGC), Labrador Current (LC).

near the mid-Atlantic ridge, then near Iceland a part of the current loops around the

Irminger Sea and then flows along the offshore edge of the EGC (see Fig. 19 of Krauss,

1986 and Fig. 1.2b). The water transported by tbis current is a mixture of the Irminger

Sea Water (ISW) fonned by winter deep convection and the warmer and saltier water

canied from the East.

The WGC flows northward along the western coast of Greenland and splits into

4



• two branches: one which goes into Baffin Bay and one which f10ws cyclonically around

the Labrador Sea. On the western side of the Labrador Sea, the southward Le f10ws over

the Labrador shelf carrying a cold and low salinity nùxture of waters from Hudson Bay.

Baffin Bay, the WGC and the Arctic.

These last two components (WGC and LC) are mostly located over the shelves;

the three other water masses are in the central part of the Labrador Sea (Fig. l.2a).

Trapped on the bottom the Deep Western Boundary Undercurrent (DWBU) carries the

DSOW (I.4-1.6°C and -34.9 psu) along the continental slope from Denmark Strait around

Cape Farewell. Past Cape Farewell the DSOW f10ws cyclonically into the Labrador Sea

and exits around the nonh of F1enùsh Cap. The DWBU f10ws below the IC and extends

up to the 3000m isobath.

The NADW can be found at depths below 1800m • it is characterized by a tem­

perature of -3.0°C and a salinity of -34.95 psu. Lee and Ellet (1967) proposed that NADW

arises from the Scotland-Iceland overflows out of the Norwegian Sea circulating anticyc­

lonically around the Reyjkanes Ridge, cyclonically around the Irnùnger Sea and into the

Labrador Sea.

The last component, the LSW, is found above the NADW; it is formed by the

winter convection in the Labrador Sea (Clarke and Gascard, 1983). Lazier (1973), on the

basis ofhis work on the Labrador Sea in 1960's, defined the LSW as -3.4°C and -34.9 psu.

5



On the south of the Labrador Sea. the North Atlantic Current (NAC) flows north­

ward p::;;t Flemish Cap; then il loops westward into the Labrador Sea before tuming east

near SC°!,!. The NAC then splits into two branches: one flows around Irminger Sea and

the other one flows northeastward around Reykjanes Ridge (Krauss. 1986). Here. the NAC

transports the Northeast Atlantic Water (-9.5°C. -35.35 psu); below the NAC and flowing

with it there are portions of recirculating LSW and NADW (Lee, 1968; Worthington.

1976; Clarke. 1984).

The LC carries a fresh and cold mixture made with waters from the WGC, '':Iudson

Bay and from the Arctic (Baffin Bay) and flows a10ng the Labrador shelf and slupe. Near

Hamilton Bank, the LC splits into two branches: a weak inshore branch. which follows

the Newfoundland coast. and a strong offshore branch (Lazier and Wright, 1993) which

flows southward through Flemish pass a10ng the Grand Banks slope. Lazier and Wright

(1993) also present evidence of what they calI the Deep Labrador Current, centered onto

the 2500m isobath. which flow southward offshore from the shelf break. The annual

variations of the LC transport and speed are fully discussed by Lazier and Wright (1993).

They found that the inshore and offshore branches show a baroclinic structure while the

deep branch is more barotropic. According to Lazier and Wright (1993), Thompson et al

(1986) and Greatbatch et al (1990), it seems that the baroclinic regime on the shelf has

a buoyancy driven annual cycle whereas the barotropic regime has a wind driven annual

cycle.

6



1.2 Circulation and tmnsport

Ali researchers agree on a cydonic circulation in the Labrador Sea (Ivers 1975,

McCartney and Talley, 1982; Talley and McCartney, 1982; Clarke. 1984) but

disagreements appear on its estimated transport. The flow tield is olien calculated from

data measurements using a dynamic method with a deep level of no mo/ion (-1200m or

at the boltom). This assumption and the choice of the level of no motion is mainly

responsible for the discrepancies in the estimated transports.

Swa110w and Worthington (1969) followed five neutrally buoyantl1oats for periods

of 12-71 hours during field work in the Labrador Sea in 1962. They observed a distinct

deep water inflow to the south of Cape Farewell and an outflow on the Labrador side.

They estimated (using 1200m as the level of no motir)n) a deep water inflow to the south

of Cape Farewell of between 9.7 and 15.8 Sv (1 Sverdrup= lOb m3/s). On average they

observed a cydonic deep transport in the Labrador Sea of the order of 10 Sv relative to

the 1200m reference level. But Swallow and Worthington also concluded that they could

not assume that 1200m is a level of no motion everywhere and at ail times in the

Labrador Sea. Clarke (1984), using current meter data collected in the Labrador Sea south

of Cape Farewell in early 1978 (see Fig. 1 in Clarke 1984), observed a -25 crois boltom­

trapped current which extended across the continental slope from the 1900m to the 3000m

isobath. Clarke used a reference velocity. obtained from current meter measurements.

added to the geostrophic velocity for each station pair to improve current and transport

estirnates (more details are given in Clarke 1984). Clarke's results (see Fig. 1.3) suggest

7
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Figun! 1.3: Geostrophic velocity for the Cape Farewell-Aemish Cap section (Redrawn
from Clarke. 1984).

that there is likely a strong current on the slope at depth of 1200-ISOOm. But, as mentio-

ned earlier. this level has often been considered to be a level of no motion. Consequently,

the traditional geostrophic estimates of current and transport might have been

underestimated. Dickson et al (1990) also observed strong currents on the slope in deep

waters. The problem is that in order to successfully describe the absolute current structure

and transport from the density field. either the surface pressure or a reference velocity are

needed. The difficulty, as in all inverse calculations. is to find realistic values for these

variables.

8
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Figure 1.4: contours of the annual mean sverdrup mass transport (from Leetmaa and
Bunker, 1978). Units are 1012 glsec (. 1 Sv).

Leetmaa and Bunker (1978) used the Bunker (1976) estimation of the annuai wind

stress and estimated a maximum volume transport for the subpolar gyre of the order of

40 Sv (see Fig. 1.4). Ivers used what he called the MetllOd of qualitative constraints which

consists of determining the reference velocities based on informaIion Iike: currenl

measurements, ship drift d:lta, consideration of continuity with other regions etc. Ivers

estimated the transport across a section parallel to Cape Farewell-Cape Flemish section

to he 53 Sv. He stated that this value was Iikely an overestimate.

Provost and Salmon (1986) used a variational inverse technique to determine the

currents in the Labrador Sea. The melhod used by Provosl and Salmon allows the determi·

9



nation of a velocity field which is consistent with data and dynamical constraints to within

prescribed misfits (never equal to zero). The misfits represent errors in the data and

dynamics. and are estimated from scaling analysis. They were able to reproduce Ivers'

results using the consetvation of the potential density as a dynamical constraint. Their

technique has three disadvantlÏges: (1) they did not use the no flow through condition and,

consequently. this sometimes leads to streamlines intersecting the coast; (2) they did not

introduce wind·stress as a dynamical constraint- they argued that its effects were included

in the T-S data; (3) the data used to determine the circulation in the Labrador Sea were

collected during a two-month cruise in the spring of 1966 and may not show the mean

circulation.

1.3 The govemlng equatlons

In this section. sorne useful relations for describing the circulation of a fluid over

a variable bottom topography will be derived. The goveming equations are:

1= -_ 'l PP Il

(1.1)

dp = _pg
dZ

dp +pV.v =0
dt

(1.2)

(1.3)

where VII' V, p. p. f. g. VII' dF/dt are, respectively, the horizontal velocity, the three

. dimensional velocity. the pressure. the density, the stress, the acceleration due to gravity,

10



• the horizontal gradient operator and the total raie of change of any variable F (see Eq. 1.5

below). Equations 1.1, 1.2 and 1.3 are respectively the consen'alion of momenrlllll, the

hydrostalic approxilllalion and the conrinuit.\' equalion. If the fluid is Boussinesq then the

continuity equation can be rewritten as:

(1.4)

V.V =0

as P can be replaced by a constant reference density Po' The total derivative. dldt. is

defined as:

d _ a a
- +u-

dt at ax
a+v_
ay

a+w_
az

( 1.5)

where u, v, w are the eastward, nonhward and venical components of the velocity veclor

v. Then. by using Eq. 1.5, neglecting the higher order terms (small Rossby number) and

imposing the Boussinesq approximation. the Eq. 1.1 is written as:

au
- l'v = -1.. ap 1 at'

+--
at Po ax Po az

av
+ fu 1.. ap 1 aty

= - +--
at Po ay Po az

(1.6a)

(1.6b)

The hydrostatic approximation (Eq. 1.2) and the continuity equation (Eq. 1.4) are now

added to the Eqs. 1.6a-b:

ap = _p g
az

11
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au av aw
ax + ay + ai" = 0 ( 1.6<1)

and Ihe sel of equalions 1.6 is oblained. This syslem is unfortunalely incomplele as there

are 5 unknowns bUI only 4 equalions. For compleleness. equations for Ihe conservation

of salinily and heat can be added. Notice thal in Ihis seclion. the conservation of salinily

and heat will nOI be involved. Following Mertz and Wright (1992), the rigid lid

approximation is used. and equalions 1.6a and 1.6b are depth averaged:

L!-fO Ud7 - r..!. ro vdz=-..!....!. ro apdz + ..!....!.fo at'dz (1.7a)
al H -H HJ-H Po HJ-H ax Po H -H oz

i..!. ro vdz + f..!. ro udz =-..!....!.fO ap dz +..!....!. ro êJty dz (1.7b)
atHLH HLH PoH -Hay PoHLHaz

The slreamfunction is defined by:

-1jI = fO vdz
, -H

1jIy = ro udzL H

which. once substituted in Eq. 1.7. leads to:

a 1jIy fil r. ap 1 l ,-[ -) + -1jI = --- -dz +--(t
at H H' Po H -H ax Po H '

a 1jI, fil r. ap 1 1-[--)+-1jI =--- -dz+--(~-~)
al H H y PoH -Hay PoH

(1.8)

(1.9a)

(1.9b)

where t,' and t/ are respectively the x and y component of the surface wind stress and

12



t b' and t b
Y are the x and y component of the botlom friction stress. Equation 1.10 is then

obtained by cross differenciating (1.9a) and (1.9b):

[1] f 1 If.-V. -VIj/, -J[Ij/.-! =--[a - p dz
H H Po' H -H Y

f - ~
+ curl' b

, pH
"

Now. from Leibnitz's theorem:

1 fO-a - p dz]
\1 H -u "

(1.10)

and through integration by parts:

f.H pdz =(zp) I::~H + g fHPZdZ

=HPb + Poep

( 1.11)

( 1.12)

Eq. 1.10 can he rewriuen as a funrtion of a quantity termed the available potcntiall'oergy

($):

f - ~ - P "lep
= curl' b "

, p"H

( 1.13)

where J is the Jacobian operator: J(A.8)=A,8y·Ay8,; the available potential energy is

defined by Eq. 1.14:
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$ =.fr'l pzdz
Po J -H

(1.14)

For a steady slate f10w with weak bottom friction. this equation is then reduced to:

which can he rewritten as:

f 'r -p V$
-1[1j/.-] =curl ' 0

H 'PoH
(1.15)

f
-1[1jI.-]

H

_ f,
-curl­

, PoH
+ 1[$,1..]

H
(1.16)

Eq. 1.16 is equivalent to Eq. 20 of Mellor el al (1982). In terms of the depth integrated

current V, Eq. 1.16 hecomes:

V .V.!. = curl l
H 'PoH

1
+1[$,-]

H
(1.17)

The last term on the right hand side of Eq 1.17 is the Joinl Effeel of Baroclinicity

and Relief (JEBAR) term. These three last equations are a vorticity balance where the

transport across planetary vorticity (flH) contours is forced by the surface wind stress and

by the 1EBAR term (see Eq. 1.17). 1EBAR enters in the vorticity balance as a baroclinic

forcing which vanishes under homogeneous conditions. Furthermore. if no local surface

stress is applied the 110w should he parallel to the flH contours.

JEBAR was independently discovered by Sarkisyan and Ivanov (1971). and

Holland and Hirschman (1972), this effect was found to he responsible for motions over

a variable topography (Huthnance, 1984). A detailed description of JEBAR can he found

14



in Mertz and Wright (1992). This derivation is sirnilar to that of Mellor Cl al (1982)

except for the fact that Mellor el al (1982) used the spherical coordinates without the rigid

lid approximation.

1.4 The 8ottom Pressure Torque versus JE8AR

Holland (1973) tried to understand why theories did not explain the strength of

western boundary currents like the Gulf Stream for which the observed transpon is twice

the theoretical Munk (1950) value. Holland used the Bryan (1969) primitive equation

ocean general circulation model (see Cox (1984) for detailed description of this mode1).

Combining the governing equations of this model, he ended up with the equation Eq. 1.18

for the vonicity conservation:

m m('t,) m r8 F'
--P-IjlI. - - - + J[Pb,H] + - [rI. - (-).]-0

a a m. a m

(1.18)

where: a is the latitude, À. is the longitude, Ijl is the horizontal transpon stream function,

a is the Eanh's radius, ~ is defined as àf/ày (f is the Coriolis parameter), 't. is the zonal

wind-stress, Pop. is the botlom pressure, H is the botlom depth, and F is the lateral

friction terrn. In Eq. 1.18 the terrns are respectively the planetary vonicity tendency, the

wind stress, the botlom pressure torque and friction. If the botlom pressure term is zero

then this equation corresponds to that obtained using Munk's theory. Holland assumed that

the distributions of zonal wind stress surface salinity and temperature varied only in the

latitudinal direction. Notice that Holland used a sign convention for his streamfunction

which is opposite to that described by Eq. 1.8 (ie. positive Ijl values are, here, associated
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with an anticyclonic circulation). He ran his model under three different conditions: with

stratification and constant depth (E1), with topography and no stratification (E2) and with

both stratification and topography (E3). In the first simulation (E1) the bottom pressure

torque was zero everywhere and the total northward transport in the western boundary

current was about 20 Sv, a value which depended on the wind stress distribution. In the

second simulation (E2) the streamlines tended to follow the flH lines (conservation of

potential vorticity) and the maximum northward transport was about 12 Sv. In the last

simulation (E3) there was a single but very intense gyre over the topographie slope region

for which the northward transport was about 40 Sv. Figure 1.5 shows the distribution of

the four terms of Eq. 1.18. For El, the friction balanced the advection of planetary

vorticity near the western boundary while in offshore regions the wind-stress curl balanced

the advection of planetary vorticity (Fig. l.5a). For E2, the friction term was not playing

an important role except near the western boundary where it was balanced by the wind­

stress curl; the advection of planetary vorticity was balanced by the bottom torque over

the slope and, in offshore regions, by the windstress curl (Fig. 1.5b). For E3, the very

large negative planetary vorticity advection near the western boundary was compensated

by a very large friction; the planetary vorticity advection became positive over the slope

and was balanced by the bottorn pressure torque; again, the windstress eurl offshore

balanced the advection of planetary vorticity (Fig. 1.5c). The increased nonhward current

on the western boundary in E3 was due to the cornbined increase of the bottorn pressure

(northward) and depth (eastward) leading to a negative bottorn pressure torque which was
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balanced by positive planetary vorticity advection; hence. by a southward 110w. This

increased southward 110w required. by continuity. an increased northward fiow on the

shelf near the western boundary. The Holland (1973) paper gives a good picture of the

contribution of the botlom pressure torque to the circulation. but the choice of a

meridionally dependant depth is not appropriate fer the Labrador Sea. where banks and

saddles found on the Labrador shelf introduce both a longshore and offshore dependence

in the topography.

As both the botlom pressure torque and JEBAR were introduced in the present

section and section 1.3, it is now important to differentiate these two mechanisms.

Following Greatbatch et al (1991) and Mertz and Wright (1992), the hydrostatic equation

(Eq. 1.6c) can he vertically integrated:

fP<'l dp = -f' p gdz
Pl-Hl -H

~ p(z) -p(-H) = -gtPdz

and then depth integrated throughout ail the water colurnn:

The left hand side of Eq. 1.20 can he rewritlen as:

H(p - Pb) = -g ra f' pdz'dzJ -H -H

where the deplh average pressure, p. is defined as:
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p =..!.. ro pdz
HLH

By using Eq. 1.13, Eq. 1.22 is rewritten as:

Jo pgzdz = -g ro J' pdz'dz
-H J -H -H

p~ = _gro J' pdz'dz
o J-H -fi

Equation 1.24 is obtained by combining Eqs. (1.21) and (1.23) together:

H(p - Ph) = Po~

1
~Ph =p -HPo~

(1.22)

(1.23)

(1.24)

Using Eq. 1.24, the bottom pressure torque, J(Pb,H), can be expressed in terms of the

depth averaged pressure torque and JEBAR (see Eq. 1.25).

J[Pb,H] =J[p,H] - Pol[ ~,H]

=J[p,H] +PoHJ[~,~]

(1.25)

From this last equation, JEBAR appears as ihe difference between the depth

averaged pressure torque and the bottom pressure torque. The first term on RHS of Eq.

1.25 is alGo referred as the density compensation term (see Greatbatch el al, 199\). Il is

clear from Eq. 1.25 that under homogeneous conditions the JEBAR term is equal to zero,

whereas the bottom pressure torque term is still there.
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Figure 1.6: Temperature and salinity on the Labrador shelf (Redrawn from Lazier, 1982).

1.5 SelL!lonal, IntenlDnual and intenlecadal variabllitles

A problem associated with data analysis is that temperature, salinity and wind

stress are subject to variability on various lime scales, and hence so is the circulation. The

seasonal variability of the oceanic data is weil observed but not necessarily weil

understood. For example, Lazier( 1980) reported that the salinity annual cycle is not

directly connected with the seasonal precipitation cycle. Figure 1.6 shows temperature and

salinity time series for different depths (data have been collected over the Labrador shelf).

Both Fig. 1.6a and 1.6b show an annual cycle: the temperature is maximum at the surface
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in July and January at 2oom. the surface salinity is maximum in March and is minimum

in August (later in deeper water). There is an 8.SoC difference between the summer and

winter surface temperatures and a 2.S psu seasonal variation in salinity. At SOm. the

seasonal variations are smaller (2°C for temperature and 1 psu for salinity). The seasonal

variations are observed in the whole Labrador Sea, but they depend strongly on the

offshore distance (over the shelf stronger variations wouId be expected due to the WGC

and the LC). Lazier (1980) repons an annual cycle of 0.2SoC at ISoom. The seasonal

variability of the temperature can be easily interpreted in terms of heating; thermal

stratification is estabEshed in the upper layer in the spring and the summer and then is

rapidly removed by fall and winter storms.

Lazier (1980), in analyzing oceanic data collected at the Ocean Weather Station

Bravo (S6°30'N,SloOQ'W) located in the center of the Labrador Sea l'rom 1964 to 1974,

observed interannual variability in the salinity signal. He observed a density decrease,

induced by a salinity freshening. in the top 200m between the winter of 1967·68 and the

winter of 1971-72 (Fig. 1.7). At JOrn, the minimum salinity value in the summer wa~ 34.6

psu for the 1964-67 period but decreased to 33.9 psu for the 1967-71 period. The decrease

in salinity diminished with depth to 0.1 psu at 200m from 1967 to 1971. The average

salinity above ISoom showed a net decrease in salinity of 0.04 psu. This decrease in

salinity is explained by the advection of the Greai SalinilY Anomaly (Dickson et al, 1988).

Briefly, during the sixties, a high atmospheric pressure anomaly was established over

Green1and leading to a stronger nonher1y wind component over the Greenland Sea.
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Consequently. the East Greenland Current and the East Icelandic Current became fresher

and colder due to an increasing proportion of Polar waters being brought south to the seas

north of Iceland. Dickson et al (1988) proposed that this salinity anomaly was then

advected around the Labrador Sea and from there to the East-Atlantic and ail around the

subpolar gyre at a speed of 2·Semls. The relationship between these salinity anomalies and

the North·Atlantic air-ice-ocean system is the subjeet of mueh recent interest (e.g. Mysak

and Manak. 1989; Ikeda. 1990; Mysak et al. 1990).

The atmosphere is the main source of ocean forcing (heat exchange, wind, evapor·

ation and precipitation. atmospheric pressure). The atmospheric circulation over the North
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Atlantic. including the Labrador Sea. is govemed by the lcelandic Low-Azores High

pressure syst..m. In the winter. the lcelandic Low is deep. leading to strong nonh-westerly

winds across '-he Labrador Sea. The lcelandic Low weakens in the spring. and.

accordingly. the wind speed decreases. but the direction stays approximately the same (see

Fig. 6.7). The Azores High also gets stronger in the spring. In the summer. the lcelandic

Low weakens still funher and. hence. the winds are weaker. The deepening of the

lcelandic Low restans in the fall. A useful measure of the Nonh Atlantic atmospheric

circulation is given by the Nonh Atlantic Oscillation (NAO) index. which is defined as

the pressure difference between the Azores High and the lcelandic Low. Myers el cil

(1989) repon another example of interannual variability: the baroclinic transpon

throughout the upper layer of the Labrador Sea decreases in the summers following strong

oùd-Iatitude westerlies. In other words. they observed that the baroclinic transpon relative

to lOOm is negatively correlated with the strength of the winter westerlies at mid-latitudes

(represen,ed by the NAO index ). They also repon a positive correlation between the ice

cover and the NAO index.

The renewal of the LSW is done through deep convection which mixes the top

ISOOm of the water colurnn (2000m in severe winters). Deep convection can occur only

in th.: winter because the surface waters in the summer are warmer and fresher (stronger

stratificaticn. Fig. 1.6). In the winter season the fresher surface waters lose their heat to

the atmosphere. getting denser and sinking: convection occurs. The variability observed

in the LSW propenies (T and S) may be due to variability in the water masses (LC.
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WGC, NADW) that make up the Labrador Sea and/or to the convection process. Lazier

(1980) reports that the depth of convection was around 200m from 1968 to 1971, and

1200-1500m for 1967 and 1972. He also states that the heat loss to the atmosphere was

stronger in the winters of 1967 and 1972 (2.8-4.5x 109 J/m2
) than in the winters of 1968

to 1971 (1.6-1.9xI09 J/m2). The effect of the low salinity anomaly (mentioned earlier),

at least in sofar as the mild winters are concemed, was to increase the stratification and

hence limit convection to the top 200m (see Fig. 1.7). Lazier proposed that the main areas

for deep convection are regions of greatest heat loss and where the water column is least

stable. The offshore side of the Labrador Cureent is a good example of such an area due

to the proximity of the North American continent where the air is colder in the winter.

The wind is also anothel atmospheric agent which plays an important role in deep con­

vection processes: Lazier reports that the heat loss may be driven by strong (20 mis) and

cold (-20°C) northwesterlies; during the 1978 winter the winds blew predominantly from

the east or the northeast over the Labrador Sea-eonsequently the heat loss was smaller and

the convection was relatively shallow (400m).

At longer time scales, the ocean temperature and salinity seem to be subject to

interdecadal varibilities (see Levitus, 1989a, b, c; 1990; Kushnir, 1994; and Deser and

Blackmon, 1993). Kushnir (1994) compared the sea surface temperature (SST) of the

North Atlantic for four IS-year-Iong periods: 1900-1914, 1925-1939, 19So-1964 and 1970­

1984 (see Fig. 1.8). He observed that the SST of the 1900-1914 and 1970-1984 periods

where colder than the SST of the 1925-1939 and 1950-1964 periods. Kushnir looked at
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the corresponding spatial structures of the SST interdecadal variability and he found that

the Labrador Sea and Greenland Sea are the regions where the variations of SST between

the cold and warm periods are strongest. These regions. as mentioned earHer. are sources

of deep water. He suggested that the SST interdecadal variabilities are most Hkely due to

changes in the therrnohaline circulation. This idea is supported by numerical results (see

Weaver and Sarachik. 1991) and by the fact that Kushnir found that the related

interdecadal variability of lite sea level pressure (SLP) and surface wind are due to a

reaction of the 10wer atmosphere to the ocean temperature anomaly. Since interdecadal

variations of temperature and salinity should affect the circulation. Greatbatch et al (1991)

applied the Mellor et al (1982) diagnostic method to the salinity and temperature data of

Levitus (1989a, b, c; 1990) for the pentads 1955·59 and 1970-74. They diagnosed the
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subtropical gyre to be -30 Sv weaker for the pentad 1970-74than during the pentad 1955­

59, and found that this weakening was due to a decrease in the bollom pressure torque

forcing.

1.6 The aim or lhIs study

Although the qualitative description of the circulation of the Labrador Sea is

generally known, there is still much work left for improving the quantification of this

circulation. Most of the data analyzed (eg: Clarke, 1984; Lazier, 1973; Lazier and Wright,

1993) offer an instantaneous description of what the currents were during a specifie croise.

Still, because of the variabilities described in the previous section. one might wonder how

representative these short time series of observations are of the mean currents. The widely

used Levitus (1982) data are an allempt at describing the seasonal and mean temperature­

salinity values for ail the oceans with a relatively coarse resolution of 1°xl 0. As will

become clear later, the Levitus data are not suitable for analysing the circulation of the

northwestem Atlantic Ocean as the pararneters used in his analysis overly-smoothed and

hence eliminate sorne important features of the region (eg: temperature and salinity

gradients associated with the West Greenland-Labrador Current system are too weak, the

T-S signature of the Deep Western Boundary Undercurrent is not visible).

Evaluating the currents from hydrographie dilta is not an easy task and has been

the subject of much research. The reference level method is the easiest and most

commonly used technique. Usually this method works weil for estimating surface currents
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but l'ails, as mentioned earlier. in regions where there are strong currents at the reference

level. Hence. it does not work weil for estimating the volume transpon (eg: a 0.5 cmls

bottom currents across a section 1000 km wide leads to a volume lranspon \lI' 15 Sv).

The ~-spiral technique (Schott and Stommel. 1978) was developed for the purpose of

estimating the reference level currents. Killwonh and Bigg (1988) compared three inverse

technique. the ~-spiral technique. the Bernoulli rnethod (Killwonh. 1986) and the Box

inverse rnethod (Wunsch. 1978). and concluded that in most regions the two last

techniques gave more accurate results. Ail the inverse methods mentioned above assumed

a perfect density field without taking into account errors in the T-S values. The next

improvement. by Mercier (1986. 1989 and 1992). was to correct the densily field using

theoretical infonnation. current meter data. Lagrangian float data. etc. Bogden el al ( 1992)

also optimized their density field by minimizing the mixing at a depth of lOOOm.

ln this thesis. 1seek to improve the density field using a modified. high resolution

version of the Levitus objective analysis scheme. in order to get a beller representation

of the distribution of the water masses found in the nonhwestern Atlantic Ocean. The

purpose of this study is also to describe the seasonal and inlerdecadal variability of the

temperature and salinity fields. and the associated changes in the circulation. Interannual

varibility cannot be studied in detail as the amount of observations restricts such an

analysis. The circulation is diagnosed using inverse techniques (reference level of no

motion. Bernoulli technique and the Mellor el al (1982) method).
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CHAPTER 2: THE OBJECTIVE ANALYSIS

2.1 The description of the data set

The temperature and salinity data used are from the Marine Environment Data

Service (MEDS), Ottawa, Canada. supplemented by a subset of the National

Oceanographie Data Centre (NODe) data from Joe Reid. together with the 1980s

additional data of Fukumori and Wunsch (1991). The combined data set covers a 79 year

period starting in 1910. Most of the comments made by L.evitus (1982) about the data set

that he used are also true for this combined data set. The number of temperature

observations are always higher than the number of salinity observations due to the use of

XBTs for sampling the upper-ocean temperature (Tables 2.1 and 2.2). Also, the number

of observations is influenced by the world economic and political situtations: the drop in

1925-1929 (see Fig. 2.1) is associated with an economic crisis and the 1940-1944 drop

is a consequenc; of the World War II. The number of observations is always higher in

the summer (July-August-September) than in any other season (Table 2.1 and 2.2). About

52,000 salinity and 145,000 temperature vertical profiles were made over the 79 year

period but, a large number of these profiles were obtained in the second half of the

century (see Fig. 2.1). Although, the number of observations available seems to be very

large, it should be noted that this number drops rapidly (see Table 2.3) with increasing

depth. However, what is most important is notthe total number of observations buttheir

horizontal distribution. It should also be mentioned that the salinity measurements talcen

during the Great Salinity A nomaly (see Dickson el al, 1988), which was advected into the
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nonhwestern Atlantic ocean in 1970-1974 (see Lazier. 1980), represent about 15% of the

total number of observations.

As the purpose of this analysis is to study the climatological mean as weil as the

variablility of the nonhwestern Atlantic Ocean. the combined data set was divided into

three pans: the summer season (July-August-September), the WarIn season (June-

November) and the cold season (December-hiiay). As the analysis also attempts to

determine the interdecadal variability of the nonhwestern Atlantic Ocean, an objective

analysis for the WarIn season during the 1950-1964 and 1965·1981 periods will also be

carried OUI. It is not possible to examine earlier periods (1900-14 and 1925-39) as there

is a lack of data (see Tables 2.1 and 2.2). The sarne reason also restricts the l'nalysis to
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Table 2.1: Time distribution of salinity observations

1900-14 1925-39 1950-64 1965·81 1910·89

January 0 4 230 1296 1531

February 0 3 386 579 972

March 0 45 489 1366 1968

April 0 156 1739 3229 5237

May 0 252 1682 4111 6245

June 0 406 2403 4098 7223

July 7 687 2944 5531 9591

August 0 327 2636 4671 8070

September 0 315 1179 2850 4566

October 0 66 862 1692 2806

November 0 6 706 2029 2843

December 0 1 109 412 545

Summer 7 1329 6759 13052 22227

Cold 0 461 4635 10993 16498

Wann 7 1807 10730 20871 35099
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Table 2.2: Time distribution of temperature observations

1900-14 1925-39 1950-64 1965-81 1910-89

January 0 4 770 2798 4820

February 0 6 916 2047 6045

March 0 50 1242 2845 6169

April 0 156 2165 4634 9907

May 0 261 2971 8891 16644

June 0 409 5757 8707 19544

Ju1y 7 694 6445 10019 21424

August 0 330 6773 10422 21983

September 0 319 4096 6207 13306

October 0 74 2706 4371 10743

November 0 6 2644 4624 12003

December 0 1 449 1163 2999

Summer 7 1343 17314 26648 56713

Cold 0 8513 8513 22378 46584

Warm 7 28421 28421 44350 99003
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Table 2.3: Vertical distribution of the summer (July-August-Septembre) temperature
and salinity observations for the 1910-89 period.

Level Depth (m) SALINITY TEMPERATURE

1 0 20764 49616
2 10 16084 48814
3 20 15782 47543
4 30 14919 44559
5 40 14232 42156
6 50 13549 39739

7 75 11810 33799
8 100 10437 29622
9 125 9357 26211
10 150 8484 22985

Il 200 6914 18983
12 250 5824 14373
13 300 4892 10129

14 400 3709 7235
15 500 3132 4915
16 600 2625 3844
17 700 2424 3447
18 800 2267 2760
19 900 2163 2596
20 1000 2049 2426
21 1100 1824 1999
22 1200 1757 1917
23 1300 1651 1795
24 1400 1578 1720
25 1500 1408 1543
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TABLE 2.3: cont ...

Level Depth (m) SALINITY TEMPERATURE

26 1750 1031 1154
27 2000 881 1000
28 2250 716 727
29 2500 590 599
30 2750 504 508
31 3000 387 393
32 3250 265 274
33 3500 149 151
34 3750 88 88
35 4000 63 65
36 4250 35 36
37 4500 10 10
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the warm season of the 1950-1964 and 1965-1981 periods.

2.2 The description of the objective analysis scheme

The objective analysis scheme used to grid the data is a modification of the

Method of Successive Corrections (hereafter MSC) that was used in Levitus and Oon

(1977) and later by Levitus (1982) to successfully map the world oceans' propenies. For

a detailed discussion of the MSC, see Cressman (1959), Daley (1991) and Seeman (!983).

The data were first venically interpolated using a cubic spline onto 37 standard venical

levels and then objectively analyzed onto a grid with a horizontal resolution of 1/30 by

1130 for ail venicallevels. The standard levels used (see Table 2.3) are the same as those

used by Levitus (1982) for the upper 1500m; below this depth, the standard levels are

those used by Fukumori and Wunsch (1991) and Fukumori et al. (1991); their finer

resolution (250m as compared to Levitus' 500m) will help improving the DWBU

signature. The total number of surnrner temperature and salinity observations for ail

standard levels is shown in Table 2.3. The scheme is described by equations 2.1-2.3:

S - S
KU'"

+LWQ

LW

(2.1)

(2.2)

(2.3a)

W =0 r>R
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(2.3b)

r.:;R

where r is the spatial distance i>etween the observation, S; •and the gridpoinl. This scheme

behaves as follows: an initial guess, SBueu is corrected by the weighted mean (2nd term

on the right hand side of 2.1) of the difference between that value and ail measurements,

Si' that are within a given influence radii, R. This corrected value, S. is then used as a

new initial value and corrected by the same procedure using a smaller influence radius.

Levitus (1982) used four iterations with decreasing influence radii of 1500 km to 800 km.

The question of setting values for the influence radii is a subtle problem where one should

consider the spatial density of observations as well as the grid resolution. Three iterations

with influence radii of 800, 500 and 200 km are used in this analysis.

As mentioned earlier, there are very well defined fronts a10ng the shelf break in

the northwestem Atlantic Ocean. The use of the same scheme li!> Levitus (Eqs. 2.1-2.3),

even with relatively small influence radii, spreads these frontal regions over too large an

area. The original Levitus (1982) scheme is modified here in such a way that only

observations located over a range of isobaths are used. A modified spatial distance, r, is

defined by:

(2.4a)

r = d + R>l6

where d is the real spatial distance between the observation and the gridpoint (see Fig.

2.2), R is the influence radius and Ô is defined by:
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Hoos

Flguœ 2.2: A schematic representation of the parameters used in the objective analysis.

ô = 0

Ô =
if 1 H - Hobs 1 :5 ôh

if 1 H - Hobs 1 > ôh

(2.4b)

Here Hobs is the ocean depth at the data location and ôh is defined by the function:

ôh = 900 - 600 e-(~)'
(2.S)

where H is the ocean depth at the gridpoint location. Equation 2.5 implies a larger ôh in

deep ocean which is justified as offshore water masses occupy a larger area than nearshore

water masses. In equation 2.5, several functions were tried: constant (ôh=300m). Iincar.

exponential; the Gaussian Function was finally chosen hecause it allows ôh to he small

in bath the shelf and the slopc regions such that the DWBU signature could he capturcd.

The choice of 900, 600 and 5261 in Eq. 2.5 was obtained such that: i) in shelf region

ôh-300m. ii) ôh-SOOm near h-3300m and Hi) ôh-9OOm in intcrior regions. Il should he
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noticed that the modified analysis scheme preserves the location of fronts in coastal and

slope regions which is very important for the northwestem Atlantic Ocean.

If. for a given gridpoint. there were no data within the area defined by the

influence radius. then the gridpoint value was flagged and the iteration was stopped. These

no daJa gridpoints and the number of data used in the last iteration were saved in separate

files.

2.3 1be horizontal data distribution

In spite of the strong decrease in the number of observations in deeper water. the

number of undetermined gridpoints. discussed in the previous section. depends much more

on the horizontal distribution. A rather small number of observations (e.g. 4000) but weil

distributed could give good results. Figures 2.3-2.5 show the positions of the salinity

observations for summer. the warm and the cold seasons. respectively. An example of a

relatively sparse horizontal distribution is shown in Fig. 2.7a for the salinity observations

taken during the 1965-1981 warm season at JOrn. Figure 2.6a shows the positions of the

salinity observations at JOrn for the 1950-1964 warm season; although the number of

observations is comparable to that of Fig. 2.7a. their horizontal distribution is far better

as large areas without data can be seen in the Irminger and Labrador Seas in Fig. 2.7a.

The temperature data positions are not shown as the data coverage for temperature is

always better than for salinity. The 1965·81 period was considered rather than the 1970-84

period of Kushnir (1994) for a purely technical reason: the data coverage for 1970-84
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SUMMER SALINITY DATA

YEARS=1910-1989 DEPTH= 10.m Total number of observallons- 16662
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FlglIft 2.3: Horizontal distribution of salinity observations for the 1910-89
summer season at a) IOm.
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SUMMER SALINITY DATA
YEARS-1910-1989 DEPTH-IOOO.m Tolal number of observations· 2604
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Figure 2.3 com: b) lOOOm.
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SUMMER SALINITY DATA
YEARS=1910-1989 DEPTH=3250.m Talai number of observalions- 271
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Figure 2.3 cont: and c) 3250m.
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WARM SALINITY DATA

YEARS-1910-1989 DEPTH.. 10.m Total number of observatlons= 25247
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Filin 2.4: Horizontal distribution of salinity observations for the 1910-89 wann
season at a) IOm.
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WARM SALINITY DATA
YEARS=1910-19B9 DEPTH=1000.m Totlll number of observlltions~ 3047
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Figlll'e 2.4 cont: b) IOOOm.
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WARM SALINITY DATA
YEAR5-1910-19B9 DEPTH..3250.m Total number of observatlons~ 313
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COLD SALINITY DATA
YEARS::19l0-l989 DEPTH- 10.m Total number of observations- 10782
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Figure 2.S: Horizontal distribution of salinity observations for the 1910-89 cold
season at a) 10m.
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COLD SALINITY DATA
YEARa-lolO-loBo DEPTH-lOOO.ID Total number of observations- 2602
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Figure 2.5 COM: b) l000m.
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COLD SALINITY DATA
YEARS=1910-1989 Tot.al Dumber of observatioDs- 316
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SAlJNITY DATA FOR 1950-1964

OEPTH- 10 ... TOTAL NUHBER OF OBSERVATIONS- 99&7
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season at a) tom,
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SAUNITY DATA FOR 1950-1964

OEPTH= 10011. m TOTAL NUMBER OF OBSERVATIONS- 1265
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SAlJNITY DATA FOR 1950-1964

OEPTH=32511l.m TOTAL NUHBER OF OBSERVATIONS- 95
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Figure 2.6 cant: and c) 3250m.
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SALINITY DATA FOR 1965-1981

DEPTH= 1l!1.m TOTAL NUMBER OF OBSERVATIONS= 119l!17
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Figure 2.7: Horizontal distribution of salinity observations for the 1965-81 wann
season at a) 10m.
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SALINITY DATA FOR 1965-1981

OEPTH= 101i"'. m TOTAL NUHBER OF OBSERVATIONS= 119b
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SALINITY DATA FOR 1965-1981

OEPTH=3250.m TOTAL NUMBER OF OBSERVATIONS= 121

70 N ,--.,..,----------,,--r--------------,
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period was too sparse with very few stations in central Labrador Sea. As the Labrador Sea

was the subject of an intense sampling activity during the sixties, the period was shifted

toward 1965.

It seems that during the warm season the southeastem corner of the region of

interest was poorly sampled (see Figs. 2.3 and 2.4). Figures 2.5 show that the eastem

region of the domain was also poorly sampled during the cold season. The Hudson and

Davis Straits as weil as the Baffin Bay region were not sampled at ail during the cold

season presumably because of harsh winter conditions that occur in these regions (ice,

icebergs, etc). Sorne in land temperature values were also observed in the data set! Thes:~

values probably carne from either gross errors in the boat position or lake sarnplings and

were not used in the objective analysis.

2.4 The quallty control

Any data set contains suspicious values, which could come from many sources:

measurements obtained in an eddy (then the question of the representativeness of these

values arises), seasonal and interdecadal variabilities or gross errors (calibration problems,

broken equipment, manipulation, etc). In this section, it will be shown how the gross

errors were treated as the combined data sets contained~ of them; e.g. low salinity

values like 7, 14, 0.6 psu were recorded in deep waters, very high salinity values were

a1so measured (e.g. 40 psu) and unacceptable temperature values such -10, -46, -52, ­

34°C were a1so found within the data set.
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An other error, found in the post-I970 data set, is that the depth of measurement

in many of the vertical profiles was set to zero for the entÎre profile. As only the surface

value for each profile couId be used, the number of observations between the tirst and

second level during the 1965-1981 warrn season dropped considerably- from 41538 to

34959 for the temperature and from 19478 to 11987 for the salinity.

In order to find other gross errors, a statistical check was perforrned before

proceeding with the objective analysis. The mean and standard deviation, at each gridpoint

location (at each vertical level), were calculated using the data located within a 200 km

radius of that gridpoint and for which the isobath range did not exceed the Iimit allowed

by Eq. 2.5. Then, the mean (at each gridpoint location) was reavaluated by not using data

outside of two standard deviations. But an n standard devia/ion (n=2, 3, 4...) criteria

cannot be blindly used in the objective analysis because gross errors, Iike those mentioned

earlier, created large standard deviations, which reduce the efficiency of the filtering.

Furtherrnore, it should be noted that as the number of observations decreases near the

eastem Iimit of the domain, an n standard devia/ion quality criteria may fail. The

localisation of the gross errors was deterrnined by plotting the mean and standard

deviation fields for both salinity and in situ temperature at every level. Errors couId be

easily recognized in these plots as they created bulls eyes in the standard deviation plots

which were often associated with correponding bull eyes in the mean field plots (see Figs.

2.8 and 2.9). The artiticial structures in Figs. 2.8 and 2.9 are due to a 0.618 psu salinity

value recorded on October 26, 1983 and an in situ temperature value of 32.641 oC obtained
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on July 13, 1961. In order to get rid of such values, only data within a prescribed range

could be used in the objective analysis. For the salinity analysis, the conditions on the

saiinities were: i) 5.0 :!> S :!> 37.0 psu for z < 1750m and ii) 34.8 :!> S :!> 35.2 psu for z ~

1750m. The S ~ 10 psu for z ~ 50m condition was further added for the salinity seasonal

analysis. For the temperature analysis, the conditions on the in sitll temperatures were: i)

-2.0 :!> T :!> 25.0°C for z < 500m, ii) O.O:!> T :!> 25.0 oc for 500m :!> z < 1750m, Hi) 0.0

:!> T:!> 15.0 oC for z ~ 1750m and iv) the T:!> 20.0 oC at ail depths condition was further

added for latitudes greater than 6O.0oN.

In summary, for each gridpoint (and for each verticallevel), corrected mean and

standard deviation values were produced sequentially by: removing the gross errors,

evaluating the mean and standard deviations, filtering out the data which were outside two

standard deviations from the mean and then re·estimating the mean and standard deviation

on the filtered subset. The corrected in situ temperature and salinity mean fields were then

used as the first guess (Sg.... in Eqs. 2.1 and 2.2) of the objective analysis. Sorne corrected

standard deviation fields are shown in Figs. 2.10 for the summer salinity and in situ

temperature at 30m. These standard deviation fields represent the cumulative effect of

observational and background errors. Although the background errors, due to bath the

climatological bias and variances, could be separated from the observational errors (sec

Daley, 1991, chapter 4), this was not done in the present analysis. The larger standard

deviations a10ng the eastern Greenland coast likely arise from the lih parameter used (see

Eq. 2.5) which, in shallow waters, is around 300m. This means that data on the 500m
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isobath are used in estimating the mean and standard deviation values for the salinity and

in silu temperature in near coastal regions (e.g. for h = 200m). As the 500m isobath on

the eastem side of Greenland goes quite far offshore (see Fig. 1.1), data from different

water masses are used and consequently the standard deviation is relatively large.

It should he noted that the combined data set was corrected for another reason.

Between 1945 to 1974, the Oce:m Weather Ship (hereafter OWS) Bravo (56'soN, 5I.OOW)

was used to collect oceanographie data for the top 1500m. A problem arises since,

contrary to Levitus (1982) analysis, the data were not binned prior to star! the objective

analysis. As this large amount of data was biasing the objective analysis, the OWS Bravo

data were averaged in such a way that only one value per month he allowed. All data

within 56.3 to 56.7°N and 50.5 to 5I.5°W were considered as OWS Bravo data.

During the objective analysis, a statistical check was performed at every iteration

(radius of influence) for all gridpoints such that only observations that were within two

standard deviations of the mean for the given radius of influence were used. Data which

did not meet this criterion were kept for the next iteration; this was because of the large

temperature and salinity variations in coastal regions. Levitus (1982) used a five standard­

deviation criterion for surface and coastal region waters and a three standard-deviation

criterion otherwise; these are both considerably larger than the criteria that have heen used

here.
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2.5 1be topogmphic data set

The topographic data set used in this study is the 1112° x 1/12° V.S. Navy's

bathymetry obtained from MEDS. This raw data was then smoothed slightly onto the

113°xIl3° grid by applying the original Levitus (1982) objective analysis scheme (not

modified) with one iteration using a 20 km influence radius and an initial guess from the

raw data set. The result is shown in Fig. I. I.
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CHAPTER 3: THE OBJECTIVELY ANALYZED
T-S FIELDS

3.1 1be undetennlned gridpolnl'i

The scheme described in the previous chapter was applied to the area between

45°N and 700 N and between 75°W and 300 W (see Fig. 1.1) which, for a resolution of

1I3°x113°, represents 136x76 gridpoints. The undetermined gridpoints, for which the MSC

was unable to estimate temperature or salinity values, were obtained through interpolation

using the lMSL interpolation scheme of Akirna (1978). The advantage of this scheme is

that it preserves the gradient structure. Sorne of these gridpoints are shown in Figs. 3.1.

For the summer analysis, the undetermined gridpoints were located around Baffin Island,

within Baffin Bay and along the eastern border of the domain (see Fig. 3.la). Although

a srnaUer amount of these gridpoints were obtained for the warm analysis, they were all

located in the same regions as for the summer analysis (Figs 3.lb and 3.ld). The largest

number of these gridpoints were found for the cold season analysis (Fig. 3.lc) where the

whole of Hudson and Davis straits and Baffin Bay was unresolved. Sorne missing data

was also found near the southeastern corner. However sorne gridpoints were left unknown:

all gridpoints west of 70·W and north of 67°N as weil as all the gridpoints in the Davis

and Hudson straits in the cold season analysis.

3.:Z 1be summer results

The results for severallevels are shown in Figs. 3.2 and 3.3. On the eastern side

of Greenland (Fig. 3.2a), fresh « 34.5 psu) surface waters are transported by the EGC
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which Clarke (1984) characterized as having typical temperature values of -1.8°C using

data collected in February-April 1978. Temperatures extracted from the original data set

exhibited surface values of 1-6°C , in agreement with Fig. 3.3a, and __ 1°C values for sub­

surface waters. However the objective analysis results for the subsurface waters (Fig. 3.3b)

show a minimum temperature within the range of 2 to 3°C. This difference Iikely cornes

from the ôh parameter used and is associated with the large standard deviations shown

in Figs. 2.IOa and b. The Irminger Current salinity and temperature values, obtained from

the objective analysis and shown in Figs. 3.2b and 3.3b, are 34.9-35.0 psu and 6-8°C.

Figures 3.4a-3.9a show vertical sections of salinity, potential temperature and potential

density a10ng the 43.67°W meridian and across the LS (S2 on Fig. 1.1). Figures 3.4b-3.9b,

which show values extracted from the original data set, will he used in section 3.4. The

EGC and the IC are visible on the left-hand-side of Figs. 3.4a and 3.5a and on the right­

hand-side of Figs. 3.7a and 3.8a. The potentialtemperatures of Figs. 3.5 were estimated

using the Bryden's (1973) polynomial expansion (Bq. 4.7) and the densities of Figs 3.8

were calculated using the UNESCO equation of state (1981, see also Gill, 1982).

ln the slope regions of the Labrador Sea, the strong temperature and salinity

gradients obserled in Figs. 3.2a-d and Figs. 3.3a-d are associated with the WGC-LC

system. The Baffin branch of the WGC is barely observable in the temperature and

salinity fields (Figs. 3.2 and 3.3), but can he seen in the velocity field (Fig. 6.9). On the

western side of the Labrador Sea, the southward LC f10ws over the Labrador shelf

carrying a cold and low salinity mixture of waters from Hudson Bay, Baffin Bay, the
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43.67°W and b) Section 1 data (24/07 to 30/07 1983). True salinity =30 + reported
value.
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WGC and the Arctic.

As mentioned in Chapter 1. the Deep Western Boundary Undercurrent (DWBU)

which cames the DSOW along the continental slope from Denmark Strait around Cape

Farewell is found trapped at the bottom of the ocean. The DWBU f10ws below the lC and

extends up to the 3000m isobath. Typical values of 1.4·1.6°C and -34.9 psu are assigned

to the potential temperature and salinity of this current (Clarke and Gascard. 1983). The

strong horiZûntal temperature gradient around the edge of Labrador Sea in Figs. 3.3e-f is

due to the DWBU with a minimum value for the potential temperature of around 2°C. The

tilt of the 2.5°C and 3.0°C isoterrns in Fig' 3.5a and 3.8a is also due to the DWBU. The

NADW which is characterized by a potential temperature of -3.0°C and a salinity of -34.95

psu can be seen in Figs. 3.2e. 3.3e. 3.4. 3.5. 3.7 and 3.8 as weil. The LSW. found above

the NADW is defined as -3.4°C and -34.9 psu. These values correspond quite weil to those

found in Figs. 3.2d and 3.3d. The last component. the NAC. is found in the southeastem

corner of Figs. 3.2 a-d and Figs. 3.3 a-d as weil as in Figs. 3.4a and 3.5a.

A feature which was initially found to be suspicious was the circular structure of

the isohalines in Central Labrador Sea (Figs. 3.2b-d) which is responsible for cross-shelf

f10w (Chapter 6). Two reasons were hypothesized in attempting to account for this

structure: (i) it seemed that the radius of the feature was close to the value of the third

influence radius used in the objecti':e analysis and (ii) perhaps the large :JUmber of

observations at OWS Bravo were responsible for its existence. This latter point was found
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'!'

Figure 3.10: Salinity at SOm with contours
every 0.1 psu for 34.4 < S < 35.0 psu. The
stations were occupied from March 15 to
May 15 1966 (redrawn from Lazier, !973).

to he irrelevant as the circular feature was seen even after correcting the data set by

reducing the amount of OWS Bravo data used in the analysis. White the circular

appearance is partially related to the value of the third influence radius, it is deduced that

these cross-isobath isohalines are real since Lazier (1973) also found evidence of

isohalines crossing the isobaths near the same location (Fig. 3.10).

3.3 11Ie wann IIDd cold seBSon results

The seasonal cycle in the Labrador Sea was discussed in Lazier (1980 and 1982)

and sorne of Lazier's results were discussed in section 1.5 of this thesis. Bricfly, the upper

water column tehlperature is warmer during the warm season because of stronger local
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• heating. The salinity seasonal cycle is not direcrly linkcd to thc precipitation cycle since,

as reported by Lazier (1982), most of the precipitation occurs during the cold season when

the salinity is at its highest. Lazier (1982) suggested that the advection of fresh water

from Hudson and Baffin Bays to the central Labrador Sea is responsible for the decrcase

in salinity observed during the warm season. AIso, ice growth along the borders of the

~abrador Sea in the cold season (and hence generate brine rejection), together with ice

melt during the warm season contributes to the seasonal cycle of the salinity in the region.

Furthermore, seasonal variations in the transport of freshwater by the EGCIWGC is also

important. The question now is whether the objeclively analyzed results can account for

these features.

Seasonal results are shown in Figs. 3.11 and 3.12 for the warm season (June­

Novembcr) analysis and in Figs. 3.13 and 3.14 for the cold season (December-May)

analysis. The levels shown are the same as in the case of the summer analysis. In the

coastal region, the summer surface results (Figs. 3.2a and 3.3a) show slightly fresher

salinities and roughly 2°C warmer temperatures than those of the warm season (Figs.

3.lla and 3.l2a). This temperature difference, again, is due to the local heating which is

stronger in the summer. In the offshore regions, the summer salinity surface field (Fig.

3.2a) is sinùlar to the warm season surface salinity field (Fig. 3.11 a) and the summer

surface temperature is _1°C warmer. At a depth of SOOm, the diff'lrences bctween the

summer and the warm season results are almost insignificant (Figs. 3.2c, 3.3c, 3.llc and

3.l2c).
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The sea.~onal results show that during the warm season the surface coastal waters

are -1.0-2.0 psu fresher (Figs. 3.11a and 3.13a) and -2-7°C warmer (Figs. 3.12a and 3.14a)

than during the cold season. These values are in agreement with Lazier's (1982)

observations reproduced in Fig. 1.6. The maximum seasonal salinity variability of 2.0 psu

occurs along the eastern coast of Greenland (Figs. 3.lla and 3.13a). In off~hore regions,

a -0.1-0.4 psu (Figs. 3.lla and 3.13a) and a -3-5°C (Figs. 3.12a and 3.14a) seasonal

variability can bc found bctween the warm and cold season surface waters. At a depth of

lOOm, the differences bctween the warm and cold season salinities and temperatures are

smaller: a 0.1-0.4 psu variability can bc found near coastal regions (Figs. 3.11 band 3.13b)

and there is a 0.5-2.0°C vari"ùility lJver most of the domain (Figs. 3.12b and 3.14b).

Notice that the highest temperature variability occurs in the NAC region.

At depth greater than 500m, the seasonal cycle in salinity disappears. The

difference between seasonal fields are not significant in so far as the precision of the

salinity values used (which is around 0.03 psu; see Lazier, 1980) is concerned. The

temperature seasonal cycle shows a complex structure, where, in the case of water levels

above -300m, the warm season tempcrature is higher than the cold season temperature­

whereas, when the water level is bclow -300m the cold season temperature is higher than

the warm season temperature (Figs. 3.15a, band dl. This feature is found as deep as

-2000m over most of the domain (the only exception bcing along the southern border

bctween 35°W and 45°W). Now, the question is whether or not the pattern exhibited here

hns sorne degree of reality. Lazier (1980) estimated the instrumental errors on temperature
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• values to he O.02°C which is about 10 times smaller than the featurc under discussion;

consequently is it likely to be rcal. Accounting for this sign inversion is rather difficult

but, two reasons couId he mentioned: (1) the downward vertical diffusion of heat storcd

during the warm season in near surface waters, and (2) the advection of LSW formed

through deep convection in winter in the Labrador Sca. Both may explain this temperaturc

anornaly.

There is another feature which should be cornrnented on: in northem Labrador Sea,

a low ternperature anornaly can he found in the cold season field at a depth of 500rn (Fig.

3.14c). This structure is due to sorne low ternperature values, obtained in Decernbcr 1981.

which were not detected during the statistical check. Also, the Mrength of the structure is

explained by the higher weights used in the objective analysis duc to their smaller spatial

distances (sec Eq. 2.3b). This feature is not interpreted as real and is a result of data

aliasing.

Some temperature and salinity vertical profiles (from the objectively analyzed

results) are shown in Figs. 3.15 for four different sites: on the southem part of the

Labrador shelf (Fig. 3.15a), in the central Labrador Sea (Fig. 3.15b), on the west

Greenland shelf (Fig. 3.l5c) and near the North Atlantic Current region (Fig. 3.15d). On

the southern Labrador shelf, the diagnosed cold season surface temperature is --I.O°C and

increases up to -3.4°C during the warm season, whereas the salinity drops to -32.4 psu but

reaches 33.10 during the cold season. Fig. 3.15a also shows, in comparison with near
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surface waters, an out-of-phase seasonal cycle in waters bclow 140m. In the central

Labrador Sca, the warm season temperature obtained is -7.4°C, and this drops to -3.l oC

during the cold season. The salinity seasonal cycle of this region is very weak, a salinity

maximum of -34.7 psu is found during the cold season, which drops to -34.5 psu during the

warm season. Notice that bclow a depth of 260m the temperature and salinity are almost

uniform although the weak reverse seasonal temperature cycle, discussed earlier, can he

observed bclow that depth. On the Greenland shelf (Fig. 3.15c) the temperature and

salinity profiles show warmer and saltier water masses than on the Labrador shelf

presumably due to the Irminger CUITent. The last profile (Fig. 3.15d), which is for the

North Atlantic Current region, shows that the seasonal cycle can he observed up to a

depth of -400m. The warm and cold season salinity profiles, in that region, show an

interesting vertical structure, where the upper 30m waters are fresher during the warm

season and the 30-380m waters are saltier during the warm season.

Petrie et al (1991) analyzed the temperature and salinity cycle on the eastem shelf

of Newfoundland. Figure 2 in Petrie et al (1991) shows the average temperature and

salinity over depth and time. The warm and cold season results (Figs. 3.11-3.14) are in

relatively good agreement with Petrie et al (1991). At the surface, the seasonal results for

the salinity show a annual cycle of -0.8 psu with a minimum value of -31.6 psu reached

during the warm season and a maximum value of -32.4 psu found during the cold season.

Comparing these values with those found in the Figure 2 of Petrie et al (1991), it seems

that 31.6 psu is a good estimate of average surface conditions for the warm season while
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the cold season value of 32.4 psu secms a bit high. At the surface. the objectively

analysed results for temperature show an annual cycle of -7.SoC. with a maximum

temperature of 8.SoC during the warm season and a minimum tempcralure of _laC during

the cold season. Again the warm season estimate secms to he in good agreement with

Petrie et al (1991) while the coId season value seems 10 he biased toward the April-May

conditions. The Newfoundland shelf is also characterized by subsurface waters with a

temperature colder than O°C. This feature can he found in both the warm and cold seasons

results (Figs. 3.12b and 3.14b). The O°C isotherm is found. in the objectively analysed

results on the eastem Newfoundland shelf. at a depth of -30m and -60m for the cold and

warm season. respectively. The value of 30m for the cold season tends. again, to show

that the cold season temperature field, at least for the eastem Newfoundland shelf, is

slighly biased toward the conditions that occur in April-May (see also Table 2.1).

3.4 A comparison with the mw data set

Although the water masses discussed in the introduction are found within the

objectively analyzed results, the question of how much smoothing is done by the objective

analysis scheme is important and should he discussed. In order to examine this, two

hydrographic sections along SI and S2 (Fig. 1.1). which are a subset of the total data set,

are compared with the objectively analyzed results presented in the previous section. The

section 1 (SI) data (see Figs. 3.4b. 3.Sb and 3.6b) were obtained in July 1983. The shape

of the isohalines and isotherms shown in Figs. 3.4b and 3.Sb are similar to those of Figs.

3.4a and 3.5a with minor differences in thatthe DWBU temperature and salinity gradients
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are slightly weaker in the objectively analyzed results, and the slope of the isotherrns and

isohalines associated with the NAC are smaller, probably because the meridional section

(Fig. 3.4a-3.6a) is located westward of SI. The section 2 (S2) data (see Figs. 3.7b, 3.8b

and 3.9b) were taken during summer 1961. Again, many similarities exist between Figs.

3.7a and 3.8a and Figs. 3.7b and 3.8b, but sorne features such as the fresh water pool at

IOOOm deep and the slope of the isohalines near a depth of 2000m are not seen in the

objectivcly :malyzed results. However, the general similarity of the objectively analyzed

resuIts and the observation section data do indicate that the along-isobath objective

analysis technique, discussed in Chapter 2, did not overly smooth the data.

Sorne selected temperature and salinity profiles extracted from the original data set

are presented in Figs. 3.16-3.18. The southem Labrador Shelf profiles, presented in Fig.

3.16a, c1early show the high varia!Jility of characterisitic T-S values in that region. The

variability is especially obvious in near surface waters where a difference of _2°C and lA

psu can be observed at the sea surface on the two July profiles (profiles 1 and 2 in Fig.

3.16a). AIso, notice the negative temperature values on the July profiles for sub-surface

waters which are not found on the warm season profiles of Fig. 3.15a, a1though the cold

sub-surface temperature signature is obtained. As the objectively analyzed results represent

the averaged conditions over a 6 month-period, the profiles of Fig. 3.15 should not be

identical to those of Figs. 3.16-3.18. The profiles shown in Figs. 3.17 were obtained by

averaging together all OWS Bravo data obtained during a month of a specified year (see

section 204), e.g. September 1964. These profiles (Figs. 3.17a and b) are very similar to
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those of Fig. 3.15b. The low surface salinity values on profiles 3 and 4 of Figs. 3.17 are

associated with the Great Salinity Anomaly (G.S.A) discussed in the introduction. Since

the warm and cold season profiles (Fig. 3.15b) are rather similar to the 1964-67 profiles

of Figs. 3.17b (profiles 1 and 2), this seems to show that the objectively analyzed results

are not too biased by the data obtained during the G.S.A. years. The profiles of Figs. 3.18

are froL· stations occupied within the North Atlantic CUITent region. Although Figs. 3.18

are generally similar to Fig. 3.15d, sorne differences are found. The warm season

objectively analyzed surface waters (Fig. 3.15d) are a !iule warmer and saltier than those

of the stations (see Fig. 3.18a) and the sub-surface salinity maxima is also weaker in Fig.

3.15d. The top 300m waters from the cold season results (Fig. 3.15d) are fresher and

colder than on the T-S station profiles of Fig. 3.18b.

As surface waters are colder than sub-surface waters in the Labrador Sea during

the cold season (Figs 3.15 a and b), the question of static stability of the water column

arises as an unstable density profile is very un!ikely as a mean state. In order to address

this problem, the in sitll density profliles are presented in Figs. 3.19 for the cold and

warm seasons on the Labrador shelf (Fig. 3.19a) and in the central Labrador Sea (Fig.

3.l9b). During the warm season the question of stability is not a problem as the fresh

surface waters prevent any instability. In the cold season, as the salinity compensates for

the colder surface temperature, the density profile are still stable although nearly

homogeneous conditions are found in the central Labrador Sea (Fig. 3.19b). In the winter,

the colder surface temperature is responsible for instability and deep water formation.
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• 3.5 A Comparison with the Levitus (IÇS2) data

As the scheme used in this analysis is similar to that lIsed by Levitus (1982), it is

appropriate to compare the new objectively analyzed temperature and salinity fields with

those from the analysis of Levitus. The Levitlls annual mean ;'1 sirli temperature and

salinity for severallevels are shown in Fig. 3.20. At the surface. the T-S gradients of the

WGC-LC system are too weak (compare Fig. :Ua with Fig. 3.20a and Fig 3.3a wilh Fig

3.20d). At greater depth. the isotherms and isohalines are no longer parallel to the isobaths

(compare Fig. 3.2d with Fig. 3.20b and Fig 3.3d with Fig 3.20e). Finally. the DWBU

cannot he seen in the Levitus data (compare Fig. 3.3f with Fig. 3.20f). The main henefit

of the analysis in this thesis is that the isotherms and isohalines were foreed to follow the

isobaths more closely and hence preserve the fronts near shelf breaks which is a

characteristic featllre of the northwestern Atlantic Ocean.
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CHAPTER 4: THE INVERSE TECHNIQUES

Detennining the ocean circulation is still a problem as direct measurements of

currents are only available in Iimited quantity. On the other hand, temperature and salinity

data are available in much larger quantities and can be used for estimating the circulation.

But evaluating the currents from hjdrographic data is not an easy task and has been the

subject of much research. The general c1ass of mode1s which detennine the horizontal

velocity field from the horizontal density gradients are called either diagnostic or inverse

methods. Some commonly used inverse techniques are: the level of no-motion calculation,

variational inverse techniques (e.g. Provost and Salmon, 1986), the ~-spiral (Stommel and

SchOll, 1977), the Box (Wunsch, 1978), the Bernoulli (Killworth, 1986), and the Mellor

et al (1982) method.

The ~-spiral, Box and Bernoulli methods were compared in Killworth and Bigg

(1988) using an eddy-resolving Ocean General Circulation Model. Their results showed

that in most regions the Box and Bernoulli methods gave a more accurate current

estimation and that in regions of strong current shear, Iike in the Labrador Sea, the

Bernoulli method was more appropriate. In this chapter the level of no motion and the

Bernoulli methods are described. The Mellor et al (1982) method will be discussed in a

sepnrate chnpter.
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4.1 The level of no motion mel/lOd

This method consists of combining geostrophy and hydrostatic relationships:

àp = _p g
àz

(4.1 )

(4.2)

Vh, p, p, f, g and J( are the horizontal velocity, the pressure, the i/l si/" density, the

Coriolis parameter, the acceleration due to gravity and the unit vector in the vertical

direction, respectively. The thermal wind equation (Eq. 4.3) is obtained by substituting Eq.

4.2 in the vertical derivative of Eq. 4.1:

àpvhf--= gvp x J(
àz

The thermal wind equations can be vertically integrated to give:

(4.3)

Vh (z) =
p(z) f

(4.4)

Equation 4.4 shows that, by providing the currcnts at a reference level and the

density profile, the horizontal currcnt can he determined for the whole water column. But

the reference ve10city is almost always unknown; the ~-spiral inverse method was

introduced as a means of estimating vh(z"r)' The easiest assumption consists of setting the

reference velocity to zero (a level of no-motion) at depth of typically 1200m or at the
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botlom (Eq. 4.5):

g r (,""xl<) dz
V (z) = --';;;."--,--:----::"--

h p(z) f
(4.5)

Usually this method works weil for estimating surface currents. It does, however, fail

where there are strong currents at the reference level and also in estimating the volume

transpon (eg: a 0.5 cm/s botlom current across a 1000 km section leads to a volume

transpon of 15 Sv).

4.2 The potentlal deœity

In this section, it will he shown how the potential density is evaluated since this

quantity is used in the Bernoulli method considered in section 4.3. The potential density

(Po)is defined as the density of a parcel of fluid if it is moved adiabatically (no heat

exchange) to a reference pressure level (Prer) without losing or gaining salt:

(4.6)

where S is the salinity and 6 the potential temperature. The reference pressure level is

often chosen as 10 dbars (1 atmospheric pressure). The potentialtemperature is evaluated

from Bryden's (1973) polynomial expansion:

l 1 l

6 =T - EEE AijtPi(S-35~Tt
i-t joO k,oO

(4.7)

where T, Sand P are the in silu temperature (OC), the salinity (psu) and pressure (dbars).

The none zero coefficients are given in Table 4.1 helow:
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TABLE 4.1: Coefficients for the potentialtemperature

AlOo = 0.36504x 10"
AlOI = 0.83198xI0·5

A102 = -0.54065x10.7

AIOJ = 0.40274xlO 0

Allo = 0.1 7439x10.5

Alli = -0.29778x10.7

A210 = -0.41057x10.10

A200 = 0.89309x10.8

A 201 = -0.31628x 10"
A 202 = 0.21987x10.11

AJOO = -0.16056xlO·12

AJOI = 0.50484x10.14

The potential temperature polynomial expansion above has an accuracy of -O.002°C, and

is valid for 30 ~ S ~ 40 psu, -2 ~ T ~ 30°C and 0 ~ p ~ 10,000 dbars. In ail this

manuscriptthe potential temperatures were estimated using the surface as reference level

even though Eq. 4.7 was obtained for a reference level at 10m. This minor difference has

no influence on the analysis as the compressibility effect over 10m depth is negligible.

4.3 The Bernoulli method

This method is based on the assumptions that the ocean is geostrophic (Eq. 4.1)

and hydrostatic (Eq. 4.2) and thatthe Boussinesq approximation is valid. The geostrophic

balance and continuity equation (1.3) can then he rewrillen as:
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àu +àv +àw =0
àx ày àz

(4.9)

where Po is the constant Boussinesq reference density. The hydrostatic equation is

rewritten in term of the potential density (Po):

àp =_p g + Eg
àz 0

where

(4.IOa)

(4.IOb)

and p is the in situ density. The Bernoulli method uses the fact that both potential

temperature and salinity are conserved:

de =0
dt

dS =0
dt

(4.11)

(4.12)

Equations 4.11 and 4.12 can he combined together to give the conservation of potential

density:

dpo
- =0
dt

Equation 4.13a. under steady state conditions. is rewritten as:
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Equation 4.14 is obtained by taking the vertical deriv~tive of Eq. 4.13b:

av apo-.VPo +v.V- =0az az

(4.13b)

(4.14)

where v is the three dimensional velocity vector. The combination of Eqs. 4.8, 4.9, 4.10

and 4.14 yields:

dq _ g
- - -J[Po,E]
dt p~

where J is the Jacobian operator and q, the potential vorticity, is defined as:

f apoq =-­
Po az

Equation 4.15, using Eq. 4.1 Ob, can also be rewritten as:

dq = -.!J[po,P]
dt p~

(4.15)

(4.16)

(4.17)

By adding the extra term on the RHS of the hydrostatic equation (Eq. 4.10), the potential

vorticity is not exactly conserved. If the compressional effects are small or if the potential

isopycnals are nearly parallel to the in situ isopycnals then Bq. 4.17 becomes:

dq .0
dt

The Bernoulli function, B, is defined as:
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(4.19)

Under steady state conditions and using Eqs. 4.8, 4.10 and 4.13, the following equation

for the conservation of the Bernoulli function (Eq. 4.18) is obtained :

dB = v.VB = Ewg
dt

or, using Eq. 4.13, as:

(4.20)

(4.21)

under the assumptions that the cornpressional effects are srnall or the vertical velocity is

small, Eqs. 4.20 and 4.21 can he rewritten as:

dB =v.VB. 0
dt

(4.22)

Notice that the Bernoulli function is not uniquely defined and any pseudo-Bernoulli

function (Eq. 4.23) is also conserved (because of Eqs. 4.18 and 4.22),

B"",udo = F(q,B,po)

where F can he any function.

(4.23)

Ali inverse techniques encounter the problem of detennining either the surface

pressure field or the reference level velocities, and hence so does the Bernoulli method.

However, il will he shown that, because of the conser-.ation of the potential density,

potential vorticil;y and Bernoulli funclion on a slrearnline, the Bernoulli funclion may he
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evaluated. Once the Bernoulli function is

known, the surface pressure field can be

evaluated (see Eq. 4.19) which because of a)

geostrophy allows for the determination of

the velocity field.

z G,

bollom

q

surface

3 0

~
Z, G Il

q=q. ~~
, bottom

z, 1

baUom

The vertical derivative of the
b)

Bernoulli function (Eq. 4.24) is used in

• P
1

~~
this method rather than Eq. 4.1 9:

aB ape_ = zg- + Eg (4.24)
az az

The integrated form of Eq. 4.24 is:

Figure 4.1: a) A schematic representation of
3 stations with 2 isopycnal surfaces and b)
the potential density-potential vorticity
diagram.

Bn = Bn + gf: z(dPn/dz)dz + gf:EdZ (4.25)

where n is the station number (gridpoint location) and Pn is the potential densiy at station

n. Bn can be evaluated at all depths save for an unknown additive constant Bn which is

the surface pressure at the gridpoint location. In the Bernoulli method. the problem

consists of finding a way to evaluate these surface pressure values. The procedure is the

following: if, for a pair of stations n and m (e.g. 1 and 3 on Fig. 4.1), the same values for

q and P are found at two depths zn and zm (e.g. Zl for station 1 and z) for station 3 on Fig.

4.1 a), then a crossing is found and the values of the Bernoulli function Bn and Bm (e.g.

B, and B) are the same at these depths (a consequence of Eq. 4.22). Equation 4.26 can
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then he obtained:

(an + gJ>(dP.'dz)dZ +gJ:'EdZ) ­

(Bm + gJ>(dPm/dz)dz + gJ~Edz) = 0

(4.26)

where Zn and zm are evaluated from the vertical profiles of q and p. Equation 4.26 can he

rewritlen as:

an -am= +gJ>(dPm/dz)dz-g J>(dP.'dz)dz

+ gJ:"EdZ- gJ~Edz
(4.27)

In this analysis, the author follows Killworth (1986) and the correction terrn (E)

is set to zero in Eq. 4.23. Taking ail pairs of stations, a Iinear system of equations is

obtained for which the complete deterrnination of the Bernoulli function leads to an

overdeterrnined problem. This is solved by either singular value decomposition or through

a least-squares error solution. It should he noted that the introduction of the Bernoulli

function replaces the deterrnination of the reference velocities. This technique is less

accurate in homogeneous water conditions such as rnay occur in winter.

4.4 ResuUs

In order to apply the Bernoulli method, the whole domain was subdivided into 80

sub-regions because of the large numhers of equations which had to he solved. For

example, the maximum number of unknowns in each subregion was 124 (this correponds

to a sub-region where there are no land gridpoints) and the maximum number of equations
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was nearly 35,000. It was empirically observed lhat the number of equations was roughly

proportionnai to the square of the number of unknowns. The summer currents obtained

from the Bernoulli method are shown in Fig. 4.2 and those derived using a level of 110­

motion at 1200m and at the bottom of the ocean are presented in Figs. 4.3 and 4.4,

respectively.

The Bernoulli method currents at ail levels are weaker and noiser than those from

the level of no-motion method. According to the Bernoulli calculation, in the southem

section of the domain, the top 250m of the ocean f10ws northward near 400 W and then

eastward near 52°N (Fig. 4.2a). Below this depth, the currents f10w in an opposite

direction (Figs. 4.2b,c and d). A similar structure is obtained using a 1200m level of no

motion although the current reversai occurs in deeper waters (Figs. 4.3b and c) whereas

the bottom level of no motion results did not show any current reversai (Figs. 4.4 a,b and

c). Although the surface current field (Fig. 4.2a), derived from the Bernoulli method, is

reasonable (see Fig. 6.9a), the vertical current structure i< thought to be highly suspicious

as currents changed direction twice at -1 OOm and at -21 QOm. The surface (Fig. 4.2a) and

deep (Fig. 4.2d) currents flow cyclonically, while the interrnediate currents (Figs. 4.2b and

c) f10w anticyclonically around the Labrador Sea. Notice that a current direction reversai

is also obtained in the results derived with a bottom level of no-motion (Fig. 4.4c). The

vertical current structure from the Bernoulli method contradicts the description of the

circulation in the Labrador Sea presented in section 1.2.
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This highly baroclinic structure is very unlikely as small potential density

differences between the surface and bottom can be found in the summer results (see Figs.

3.6a and 3.9a). In the northwestem Atlantic Ocean, although the T-S characteristics are

distinct, the fresher water masses are compensated by colder temperature, and saltier water

masses are compensated by warmer temperature such that the density differences are not

large. Under nearly homogeneous conditions Kil1worth and Bigg (1988) found that the

Bernoulli method was less accurate than the other inverse methods compared in their

analysis. In practice, under such conditions it is more difficult to evaluate an accurate

value for the vertical intersection zn used in Eqs. 4.22 and 4.23. The large number of

equations that need to be solved, for so few unknowns, could also be responsible for the

poor Bernoulli method results. Although the number of equations was already reduced,

by imposing the criterion that the vertical intersection (zn) from both the potential density

and potential vorticity should not be different by more than 0.5m and by breaking the

domain into 80 subregions, this number needed to be reduced still further. Perhaps another

way of reducing the number of equations is be to venfy, for each crossing, whether or not

salinity and potential temperature are conserved; if not then the crossing should not be

used.

The potential vorticity equation (Eq. 4.16) used in the Bernoulli method is a

simplification of Bq. 4.28 (sec Bq. 2.5.9 of Pedlosky, 1979):

_:zn +Vxv V
q - . Po

Po
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where Vl< is the curl operator and il is the planetary angular velocity. After neglecting the

tenns from the scalar product of the horizontal components, Eq. 4.28 is rewritten as:

q =..!..[f +(dV _dUJ]dPO

Po dX dY dZ

(4.29)

Neglecting the relative vorticity tenn in Eq. 4.29 was shown to be valid through the

estimation of this quantity using the Mellor el al (1982) diagnosed current fields (see

chapters 5 and 6). It was found that the relative vorticity was one or two orders of

magnitude smaller than the planetary vorticity. Consequently, Eq. 4.16 is valid and

neglecting the relative vorticity contribution to the total vorticity was not responsible for

the poor results of the Bemoul1i method. Although the E tenn in Eq. 4.27 was neglected.

this is probably not the reason which explains why the Bemoul1i melhod fails. The poor

Bernoulli method results are more likely due to the approximate equivalent barotropy of

the currents in the region of interest.

In this chapter. the summer circulation was estimated using level of no motion

calculations and the Bemoul1i method. Although the surface current fields obtained

through the use of a level of no motion look reasonable, the transport associated with it

is too weak as the cyc10nic circulation in the Labrador Sea is found only in near surface

.....aters. As the Bernoulli did not give beller results, for the reasons mentioned earlier,

another more reliable method is needed for estim..ting the circulation and transport in the

northwestern Atlantic Ocean. This method will be introduced in the next section.
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Northwestern Atlantic Ocean
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Northwestern Atlantic Ocean
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Figure 4.3: Northwestem Atlantic Ocean horizontal currents for summer (1910-
89), derived using a level of no motion at 1200m, at a) Dm,
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Northwestern Atlantic Ocean
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Figure 4.4: Northwestern Atlantic Ocean horizontal currents for summer (191Q-
89), derived using a 1evel of no motion at the boUom, at a) Dm,
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Northwestern Atlantic Ocean
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CHAPTER 5: THE MELLOR et al (1982) METHOD

5.1 The govemlng equations

Mellor, Mechoso and Keto (1982) successfully used a dynamical method to

describe the general circulation in the Atlantic Ocean. The same method, which takes

explicit account of the JRBAR, was later used by Greatbatch et al. (1991) to study the

interpentadal changes of the North Atlantic circulation. In this chapter, this method is

described in detai!. The time-averaged goveming equations used for small Rossby number,

frictionless, f10w are the horizontal momentum equations under the Boussinesq

approximation, the hydrostatic approximation and the equation of continuity, which in

spherical coordinates are:

m ëlP dtzi.
-fv =--- +-

PoR ël)" ëlz
(S.I a)

1 ëlPfu =---
PoRël$

ëlP
pg =-­

ëlz

dt..
+­

ëlz
(S.lb)

(S.lc)

.!!!ëlu + .!!!~(:!...) + ëlw = 0
Rël)" R~ m ëlz

(S.ld)

where u, v, w, p, p, Po, Pot., R, m, f are, respectively, the eastward velocity, northward

velocity, vertical velocity, pressure, in situ density, Boussinesq reference density, vertical

131



z

u,

____.z=-H

a) b)

Figure 5.1: Schematic diagrams a} of the coordinates used and b} of the three
components of the horizontal velocity (redrawn from Mellor et al ,1982).

component of Reynolds' stress, Earth's radius, I/cos~ (~ is the latitude) and the Coriolis

parameter. The pressure is obtained by integrating the hydrostatic equation (Eq. S.lc):

P(À..~.z} = PogTl(À.,~.z} + f.P(À.,~.z}gdz (s.2)

where Tl is the surface elevation (Fig. 5.1 a). The pressure is then substituted into the

momentum equations (Eqs. s.la and b):

(s.3a)

(S.3b)

The integral terms of Eqs. 5.3 can be split according to:
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co fdz = r. fdz - f' fdzJz -H -H

and hence the momentum equations can he rewritten as:

Leibnitz's theorem (Eq. 1.11) is then applied on the second and third terms of the right

hand side of Eq. 5.4 which are then rewritten as:

-fv = _m[gàTt +f ~(pg)dZ] + mf' ~(pg)dZ+dtzl.
R àÀ. -H àÀ. Po R -H àÀ. Po àz (5.5)

fu = -.l[g àTt +CO ~(pg)dZ] +.lf' ~(pg)dZ +dt,.
R il$ LHàtp Po R -Hà~ Po àz

The density is written as:

(5.6)

where p,(z) is the horizontally-averaged density at each depth and p' is the perturbation

density. Equation 5.6 is then substituted into Eqs. 5.5 to gel:

(5.7)
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where the buoyancy (b) is defined as:

b '" g (p - p,)
Po

(5.8)

The equations for the depth-integrated f10w are obtained by vertically integrating Eqs. 5.7:

mH[ éhl r élb ] mr f' élb /-fV =-- g-+ -dz +- -dz dz -l'to~
R élÂ. -H élÂ. R -H -H élÂ.

méhl r élb ] If0 f' élbru = - g-+ -dz +- -dz/dz-l't~
R él4l -H él4l R -H -H~ ..

(5.9a)

(5.9b)

where Po(to~' t ot) are the eastward and northward component of the wind stress

respectively, and U and V are the depth integrated eastward and northward velocity

components, defined by:

v=ro vdzL H

Notice that, in the Eqs. 5.9, the author followed Mellor et al. (1982) and the bottom stress

was set equal to zero (bottom friction can play a role in shallow regions but is not

important for shaping the main features of the circulation which will he discussed in

chapter 6; de Young and Greatbatch, personal communication). Using the Leibnitz's

theorem (Eq. \.12) and Eq. 5.10,

r fI bdz/dz = - r zbdz
-H -H -H

the depth integrated momentum equations (Eqs. 5.9 ) can he rewritten as:
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mHa( r l ma r-fV =--- g11 + bdz --- zbdz -!'to).
R a" -H Ra"-H

ru = - H~(g11 + r" bdzl-~ r" zbdz -!'t
00lRil$ L H Ril$LH

(5.1 la)

(5.11 b)

The kinematic bottom pressure and the potential energy are defined respectively as:

Pb '" g11 + r" bdzL H

«1» '" r" zbdzL H

which, once substituted into Eqs. 5.1 1. leads to:

The continuity equation (Eq. S.ld) can he vertically integrated:

and the following equation is then formed:

(5.12)

(5.13)

(5.14)

.!..i.(u.!.) + ~(vm-I.!.) =u ~(.!.) + Vm-
I a(.!.) (5.15)

Ra).. H R~ H Ra).. H R ~ H

Equation S.16a is obtained by substituing Eqs. 5.14 into Eq. 5.15:

mU~(.!.) + V~(.!.) = mDI
Ra).. H R~ H R~
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where DI is delïned as:

The volume transport streamfunction ('l'), defined by:

u '" 1 a'l'
R aljl

V '" _ ma'l'
Rai..

is then substituted into Eq. 5.16a which leads to:

(5.16b)

(5.17)

(5.18)

where ~ is the planetary potential vorticity (~=f/H). Equation 5.18 is equivalent to Eqs.

1.16 and 1.17 (see section 1.3) and shows that the cross-ftH transport is driven by two

terms: the JEBAR and the wind forcing. As Mellor et al. (1982) found that the field

defined by 5.l6b is noisy, they substituted Eq. 5.19 into Eq. 5.18:

leading to:
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D - _ a (<<1») 1af R[ a ('t~) _ a ( 'tol.)]
2 - a).. H f acll + a).. 11 acll mH

(5.20)

(5.21)

By prescribing that the integration is done along ç=flH contours, Eq. 5.22 is obtained:

(5.22)

where ç. and çl. are respectively defined by aÇ/~ and by aÇ/a)... Equation 5.22 shows

that the change in Xalong an flH contol:r is determined by the planetary potential vorticity

field, the potential energy field and the wind stress field. The total transport is obtained

by integrating Eq. 5.22 along flH contours and then adjusting the integration constants.

Mellor et al (1982) adjusted their constants by setting the volume transport ('JI) equal to

zero on the eastem boundary. This cannot he done in the Labrador Sea were strong

currents are observed at its eastem border. Integrating eastward until the eastem Atlantic

coast is not possible as high resolution temperature and salinity fields are not available

further eastward. In this analysis the integrating constants were adjusted using transport

values on various boundaries (35°W and 30oW, 55°N, 65°N and 45°N). These values were

taken from the climatological annual mean transport of Greatbatch et al (1991), obtained

at 1°x1° resolution using the Mellor et al (1982) method. A seasonal correction, calculated
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using wind torque only (Greatbatch and Goulding, 1989) was also added to our boundary

reference values. The density field used by Greatbatch el al (1991) was the annual mean

obtained from Levitus (1982) and the wind stress fields were those of Hellerman and

Rosenstein (1983).

5.2 Detennination of boUom velocities

In this section it is illustrated how the bollom velocities are estimated using the

Mellor el al (1982) method since they will then be used as reference velocities from

which the horizontal flow can be derived (as described in section 4.1). Following Fofonoff

(1962) and Mellor el al (1982), the horizontal velocities are decomposed into three parts:

bollom, thermohaline and Ekman velocities, which when vertically integrated give:

v =V +V +V
b 1 •

(5.23)

The depth integrated thermohaline transport is obtained by integrating vertically

Eq. 4.4 with the reference level at the bollom and the reference velocity set equal to zero:

V, = ~ ra p-I(Z) (f' (vpxIC) dz') dz
f L H -II

The Ekman transport is a function of the wind stress and is given by:

V. = ~ (fxIC)

(5.24)

(5.25)

The Hellerman and Rosenstein (1983) wind stress, Iinearly interpolated onto a 1/30 x 1/30

grid, was used in this analysis. As the wind stress, density and the volume transport
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streamfunction arc known from the Mellor calculation. the bottom velocities can be

determined from:

(S.26) 1

For the purpose of constructing the three-dimensional ve10city field, it is assumed

that the wind stress is homogenously distributed as a body force over a mixed layer of

SOm depth.

In the next chapter, the Mellor el aI (1982) method is applied ta the summer, warm

and cold season climatological mean density fields derived from the objectively ana1yzed

T-S data sets that were discussed in chapter 3. The Mellor el al (1982) method is then

used in chapter 7 to study the interdecadal variability of the volume transport and the

circulation in the northwestem Atlantic Ocean.
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CHAPTER 6: THE CIRCULATION OF THE
NORTHWESTERN ATLANTIC OCEAN

6.1 The potentiaJ energy fields

As shown in the previous chapter, the volume streamfunction (Eg. 5.22) is determined

from the potential energy (Eg. 5.13), the surface wind stress (Hellerman and Rosenslein, 1983),

the integration path together with sorne reference transport values which will he discussed in the

next section.

The warm and cold season reference densities (p,) used for estimating the buoyancy (b,

Eq. 5.8) are shown in Figs. 6.1. The warm surface reference density is - 1 kg m') weaker than the

cold season value (Fig. 6.la) but below 200m the two profiles arc nearly identical. The

mathematical expression for the potential energy (Eq. 5.13), which contai!'s a z factor in lhe

integral, shows that deep structures are more important than surface ones. As a consequence,

suspicious deep T-S objectively analyzed values, Iike the S-35 psu contours in northern Labrador

Sea (Figs. 3.2e and 3.1 le) at 2000m in the summer and warm seasons results (duc to

measurements taken in July 1933), have a large effect on the potential energy. Correcled fields

were then produced for the warm season analysis by removing these 1933 s<l.inity observations

from the original data set. This was done to improve the comparison with the cold season as

seasonal variations in deep waters are probably not real. Although the surface densities are

weighted by z-O and so may appear to contribute weakly to the potential energy, the deep ocean

contribution is a1so rcduced by the weak horizontal density gradients which are found there.

140



DENSITY (Kg m-' )
1030,001020.001028001021.001026 00102~ 00

o m f--'~~~~~~~+~~~-'-~~~'--'~ ~~-'-I

100 m

a)
200 mg

:I:...
Il.

'"'" 300 m

DENSITY (Kg m -, )

1050.001045,001040.001035.001030.00102(".00

o mf--'...,;-,-~..L~'--'-~-L~~'--'--l.~~~'--''-'~~-'-I

600 m

1000 m

b)
1600 m

_ 2000 m

.§.
t 2500 m

'"Q :1000 m

3500 m

4000 m

4500 m

5000 m c...'--'-~~.L-'-'-'~-'--'-~~.....J.:-,-~~~~~-'-...>-J

Figure 6.1: Warm and cold season reference density (kg m-3
) for a) the top SOOm and b) the

whole water co1umn.
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In order to find what section of the water column contributes the most to the potential

energy, the potential energy was split according to:

S
o S-ISOO S-2500 S-J500

11> '" -1500 zbdz + -2500 zbdz + -3500 zbdz + -5000 zbdz

(6.1)

Each term on the right-hanci-side of Eq. 6.2 is shown in Figs 6.2 and 6.3 for the warm and coId

seasons respectively.

Ali the warm and cold season potential energy plots show thatthe domain is divided into

two main regions: the NAC region with positive values and the LS-IS region with negative

. values. This horizontal sign change shows that the LS-IS waters are generally denser than the

NAC region water;. The only region for which sign changes are found vertically is the Central

LS region where the ISOO-2S00m layer has positive potential energy values in both the warm and

cold seasons results (Figs. 6.2b and 6.3b). The vertical distribution of potential energy is different

in the two regions: in the LS-IS region the potential energy is relatively homogeneously

distributed over the whole water column whereas in the NAC region -SO% of the total potential

energy is contained in the top ISOOm.

Although large T-S variations were found between the cold and warm seasons in the top

lS00m layer, these seasonal changes did not lead to major differences between the potential

energy fields (Figs 6.2a and 6.3a) presumably because of the surface densities are less weighted

in the evaluation of the potential energy. Figure 6.4 shows that in the NAC region, no sea.sonal
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variations of the potential energy are seen and that the largest seasonal variations are found -300

nautical miles northeast of Newfoundland and in the northem LS. The summer potential energy

field is shown in Fig. 6.5a and is very similar to the warm season potential energy field (Fig.

Ma).

6.2 The integmtion path, the reference tmnport values and the wlnd stress fields

The integration paths for the Mellor et al (1982) method are the planetary potential

vorticity contours (1;=flH) and are shown in Fig. 6.5b. These are followed (Eq. 5.22) until they

intersect one of the reference boundaries where the integrating constant adjustments are done. As

mentioned earlier, these reference values are the transports taken from the climatological annual

mean calculation of Greatbatch et al (1991), obtained at 1°x10 resolution using the Mellor et al

(1982) method, to which a seasonal correction calculated using wind torque only (from

Greatbatch and Goulding, 1989) was added.

The choice of the reference boundaries is critical for the determination of the interior

volume streamfunction for two reasons: the first reason is that, along the boundary, topographic

gradients should he as small as possible, so that coarser resolution studies of Greatbatch and

Goulding (1989) and Greatbatch et al (1991) provide adequate reference values along flH lines.

The second reason is that in the real ocean, information propagates in the Northem hemisphere

with shallow water on the right. This must he reflected in the choice of integration path

(planetary potential vorticity lines) and hence the reference boundary should he approached such

that the larger values of flH (shallow water or large f) are kept on the left of the integrating path.
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The reference boundaries were therefore chosen (see arrows on Fig. 6.5b) to be 300 W between

55oN and 70oN, 55°N between 300 W and 35°W, and 35°W between 45°N and 55°N. The

northern and southern reference boundaries were defined as 65°N and 45°N, respectively. The

kink in the eastern reference boundary was incorporated to improve the circulation in the region

of Reykjanes Ridge. Without this kink the eastern reference boundary was intercepted twice by

a range of flH contours, in the Reykjanes Ridge region, and minor problems arose. The reference

boundary transport values for summer are shown in Figs. 6.6. The warm and cold seasons

reference values are not presented as only a - ISv difference is found between these set of values

and as the warm seasons reference values are very close to the summer ones.

The integration paths were chosen such that they tried first to intersect the eastern

reference boundary; if the integration path did not intersect that reference boundary then it tried

to intersect the northern reference boundary; if it once more failed it tried to intersect the

southern reference boundary at 45°N.

The summer, warm and cold season wind stress fields (from Hellerman and Rosenstein,

1983) which are used in the Mellor et al (1982) method are shown in Figs. 6.7. On the eastern

side of Greenland, the wind blows from the northeast whereas on the western side the wind

blows frorn the north-northwest sector, and in the southern part of the domain, the wind blows

frorn the west. The main difference between the warm (Fig. 6.7b) and cold (Fig. 6.7c) wind stress

fields is the strength of the wind field-the cold season winds being much stronger than the warm

season winds. Other minor seasonal differences can be seen such the cyclonic feature in the
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Figure 6.7: Wind stress field (N/m2
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Figure 6.7 cont: b) the wann season,
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summer field (Fig. 6.7a) in the eastem Labrador Sea, and the direction from which the

wind blows near the southwestem corner of the domain (compare Figs. 6.7 a,b and cl.

For each gridpoint, the interior volume transport was evaluated from both the

potential energy at the gridpoint location and the X value evaluated on the reference

boundary at the intersection of the integration path (ç,=flH). The whole field was smoothed

using a 9 point filter and the holes (gridpoints for which the flH Hne did not connect to

a reference boundary) were filled-up by using the IMSL interpolation scheme of Akima

(1978). The Akima interpolator was not applied to the Flemish Cap region as it was found

to create suspicious transport gradients. The transport in the Flemish Cap planetary

potential vorticity island region was thrrefore left undetermined.

6.3 The summer volume transport sbeamfunctions

Results for the volume streamfunction are shown in Fig. 6.8a. A maximum

transport of 48.8 and 46.1 Sv were obtained for the Labrador Sea and the Irminger Sea,

respectively. These values are doser to the 53 Sv estimated by Ivers (1975) than the 16

Sv estimated by Swallow and Worthington (1969) using a 1200m level of no motion.

The results also show evidence of cross-isobath transport in the Labrador Sea off

the Labrador coast (see also the salinity fields of Figs. 3.2a-d). Equations 5.16 can he

rewritten as J('I'.ç,)=J(C1>,IIH) + WIND. where J is the Jacobian operator, which shows that

the cross-flH transport is due to both the JEBAR (see also Mertz and Wright, 1992) and
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Figure 6.8: Summer diagnosed streamfunction transport (Sv); a) total streamfunction,
b) volume transport due to the local JEBAR term,
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the wind tenns. By overlapping the potential energy field (Fig. 6.5a) and the topography

map (Fig. 1.1), one can see that the JEBAR tenn should be large in the northem Labrador

Sea and in the western Irminger Sea. These are indeed the regions wherc cross-isobath

transport (see Fig. 6.8a) was diagnosed. The transport in shallow water and near the

Labrador coast is less than 5 Sv. This is supplemented by a further 35 Sv on the Labrador

slope.

One question that needs to be addressed concerns the importance of volume

transport specified along the reference boundaries in the evaluation of the transport inside

the whole domain. To address this question, the Mellor el al (1982) method was reapplied

without any windstres5 and with the boundary reference volume transports set equal to

zero in order to find the local JEBAR contribution tu the total transport. The resulting

streamfunction is presented in Fig. 6.8b. There are four rcgions where the diagnosed

volume transport is relatively large: (i) in Labrador Sea (on the Labrador side: at 57"W

and 59oN and on the Greenland side: at 51 °W and 600 N), (ii) southeast of Flemish Cap,

(iii) north of Flemish Cap near the Labrador Sea entrance and (iv) southeast of Cape

Farewell. These are the regions where the potential energy contours cross the isobaths.

This local JEBAR effect is an important contribution to the total transport of the LC in

both the northern and the southern Labrador Sea, but is less important near the Cape

Farewell area where the inflow along the eastern refercnce boundary is mainly responsible

for the 10-35 Sv transport. The importance of this inflow can be better seen in Fig. 6.8c

which shows the streamfunction obtained when both the potential energy and the
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windstrcss are set to zero. This figurc illustrates that the gcneral shape of the

streamfunction contours cornes from the transport specified at the reference boundaries.

Thc contribution to the total transport due to local windstress forcing was similarly

calculatcd by setting the boundary reference volume transports and the JEBAR term cqual

to zero. The results (Fig. 6.8d) show that the local wind forcing is not an important

contribution for driving transport through the Labrador Sea emphasising the importance

of remote forcing through the reference boundaries.

6.4 The lhree·dlmensiona1 cumnl structure

As shown in section 5.2, the volume transport streamfunction, the density and the

wind stress fields can be combined together to estimate the bottom currents (Eqs. 5.23­

5.26). The ocean bottom can theil be used as a reference level for which the reference

velocity is known and hence, the absolute currents can be estimated (Eq. 4.4).

The bottom currents from the summer analysis, estimated using Eq. 5.26, are

shown in Fig. 6.9a. The most important features are the strong currents (5·15 cmls) in

ail slope regions which generally follow the isobaths. The absolute currents at various

depths, obtained from the summer analysis, are shown in Fig 6.9b-6.9g. These results

suggest that: (i) water flows into Hudson Strait on the South shore of Baffin Island and

out of Hudson Strait on the north shore Québec; (H) a portion of the inner branch of the

Le follows the southem coast of Newfoundland and flows into the Gulf of St.-Lawrence
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Northwestern Atlantic Ocean
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Northwestern Atlantic Ocean
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Northwestern Atlantic Ocean
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and the Gulf of St.-Lawrence water flows

out on the western side of Cabot Strait;

(iii) the branch of the NAC that flows

toward Hamilton bank reaches a depth of

2000rn; (iv) near Flemish Cap the currents

show a complicated structure where on the

western side of Flemish Cap the currents

flow southward, and on the eastern side

there is sorne southward flow with

stronger northward flow associated with

the North Atlantic Current a Iiltle further

offshore. Figures 6.9b-f suggest that there

Figure 6.10: Dynamic topography of the sea
surface relative to 1000 dbars with contours
every 2 dynamic cm. Redrawn from Lazier
(1973).

is an anticyclonic circulation in central Labrador Sea. At the surface this anticyclonic

circulation is related to the cross-isobat , isohalines discussed in chapter 3 and at greater

depth with the circular isohalines of Fig. 3.2d (see also the potential energy positive

values in Central LS in Fig. 6.5a). Ivers (1975) obtained similar circular isohalines in his

Fig. 17 and this cross-isobath flow was also observed by Lazier (1973) in his spring data

set (see Fig. 6.10). Notice that although a cross-isobath flow is seen in Fig. 6.10, it is part

of the general cyclonic circulation in the Labrador Sea and that Fig. 6.10 does not show

an anticylonic circulation in central Labrador Sea.

Dunbar's (1951) surface currents (Fig. 6.11), which are based on measurements

167



• . ~.'. ,'.
CURRENT5.. .,~~

\

Figure 6.11: Surface currents (cmls), August-September. The circulation in
Baffin Bay, Davis Strait and the LS is taken from Kiilerich (1939), based on the
Godthaab expedition results of 1928. The Hudson Bay and Hudson Strait
circulation is plolled from Hachey (1931 and 1935). Reproduced from Dunbar
(1951).
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taken in 1928, have many similarities with surface currents shown in Fig. 6.9b. Both

figures show generally the same circulation, notice the separation of the WGC, the

circulation in Ungava Bay and the cross-shelf current which was discussed above. The

cyclonic circulation centered on 57ON and 55°W is also observed in Fig. 6.11.

Figure 6.12a shows the current speed, (U2+V2)il2, along 43.67°W (although speed

is shown, a sign convention has been introduced such that positive contours are associated

with currents directed eastward). This section is nearly parailei to the Cape Farewell-

Flemish Cap section discussed in Clarke (1984). Figure 6.12a is similar to Clarke's results

(Fig. 1.3) with successive eastward and westward current bands. Clarke evaluated the

maximum volume transport to he 33.5 Sv (see his table 2), which is comparable to the

40 Sv of Fig 6.8a. The slight difference is likely due to esllmated bottom currents (Fig.

6.9a) which, although small, contribute significantly to the total transport. On the northem

side (Ieft in Fig. 6.12a), the EGC speed is of the order of 20-30 cmls which is comparable

to Clarke's estimation. On the other hand, Fig. 6.12a does not show the intense slope

currents which are seen on Fig. 1.3. Another discrepancy hetween Fig. 1.3 and Fig 6.12a

is found near the NAC region where he observed, for the NAC, an eastward current speed

component of25 Cl;J!S which is stronger than the value of -15 cmls from this analysis (see

Figs. 6.9b and 6.l2a). Closer to Flemish Cap, a current speed of 30-40 cmls is diagnosed

for the NAC (Fig. 6.9b). Furthermore, the velocity field shown in Fig. 6.l2a has heen..
diagnosed from a climatological mean data set, instead of presenting results from a single

croise/station so smader horizontal temperature and salinity gradients, and hence, through
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geostrophy horizontal velocities are expected.

Figure 6.12b shows the current speed, (U2+V2) 112, along 53.33 °W (same sign

convention as Fig. 6.1201 but for northward currents). Near Hamilton Bank, the LC splits

into two branches (Fig. 6.9b): a weak inshore branch, which follows the Newfoundland

coast, and a strong offshore braneh (Lazier and Wright, 1993) which nows southward

through Flemish pass along the slope of the Grand Banks. Lazier and Wright (1993)

present evidenee for what they cali the Deep Labrador Currenr which nows southward

offshore from the shelf break, centered about the 2500m isobath. The annuai variations

of the LC transport and speed are diseussed by Lazier and Wright (1993). They found that

the inshore and offshore branches show a baroclinic structure while the deep branch is

more barotropic. According to Lazier and Wright (1993), Thompson ct al (1986) and

Greatbatch et al (1990), it seems that the baroclinie regime on thc shc1f has a buoyancy

driven annual cycle whereas the offshore barotropic regime has a wind driven annual

cycle. A current speed of 30-50 cmls is obtained for the LC (Fig. 6.12b). The bollom

intensification associated with the DWBU can be beller seen in Fig. 6.12c where a

maximum current speed of nearly 7 cmls is observed. However, these values arc half

those presented by Lazier and Wright (1993) and Clarke (1984), presumably because of

the smoothing inherent in the objective analysis procedure.

Figure 6.12d shows the transport through 53.33°N. The total southward transport

through the section is about 45 Sv of which about 3 Sv is transported by the continenlal
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Figure 6.13 conl: c) volume transport inferred by the boundary values and d) volume
transport due 10 Ihe local wind forcing. Contour intervals arc S. 2, 5 and 0.3 Sv.
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Figure 6.14: Cold season volume transport streamfunctions (Sv); a) total
streamfunction, b) volume transport due to the local Jebar term.
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Figure 6.14 cont: c) volume transport inferred by the boundary values and d) volume
transport due to the local wind forcing. Contour intervals are 5, 2, 5 and 0.3 Sv.
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shelf branch of the Le, 16 Sv is carried by the slope branch and the remainder, 27 Sv,

by both the deep branch and the DWBU. These results are in general agreement with

those of Lazier and Wright (1993).

The summer results, presented in this section and in section 6.4, had shown that

both the reference boundary values and the local JEBAR are importllilt for determining

the transport in the northwestem Atlantic Ocean. These summer results also shown that

the currents flows basically along the f/H contours and the the cross-f/H transport is

mainly due to JEBAR.

6.S The seasonal tmnsport variations

The warm and cold season volume transport streamfunctions (Figs. 6.13 and 6.14)

were estimated using the potential cnergy fields of Figs. 6.4 and with the Hellerrnan and

Rosenstein (1983) wind strf'SS fields shown in Figs. 6.7b and 6.7c. The general structure

of the warm season total volume transport streamfunction (Figs. 6.13a) is found to he

similar to that of the cold sea~on (Fig. 6.14a), this seems to S.10W that the depth integrated

current does not vary much hetween the two seasons. In fact the current direction is nearly

constant during both seasons but its strength varies slightly. The seasonal variations of the

current speed will he discussed later.

The volume transport seasonal difference fields are presented in Fig. 6.15.

Although relatively noisy, sorne features should he pointed out. It seems that regions for

179



which the warm season transport exceeds the cold season transport (positive values in Fig.

6.15a) are mostly located near the Labrador and Greenland coasts (near coastal and slope

regions) whereas regions for which the cold season tran,;port is larger than the warm

season transport (negative values in Fig. 6.15'1) are found in deep regions (large values

of H) including the central Labrador Sea. On average, a 2-5 Sv seasonal variability is

found throughout the domain. In the Labrador Sea, the maximum volume lransport found

is 50.8 Sv during the warm season and this value drops to 49.9 Sv in the cold season.

The largest seasonal transport variability is found to the northeast of the island of

Newfoundland (47°W. 51 ON) where a -11.8 Sv cycle is diagnosed (Fig. 6.15'1). The volume

transport is 46.1 Sv during the warm season (Fig. 6.13'1) and increases 10 57.9 Sv in the

cold season (Fig. 6.14a). Although such a strong seasonal cycle is questionable, no

suspicious T-S slruclures were found in this area. This region of the damain is found as

being the location where the volume transport contribution from JEBAR is Ihe most

important: -20 Sv in the warm season (Fig. 6.13b) and -25 Sv during the cold season (Fig.

6.l4b) which represents -50% of the tOlal volume transport in that region. Consequently,

the seasonal cycle, in this region, is almost entirely due 10 the local JEBAR term (Figs.

6.15a and 6.15b). This stalement can be generalized for the whole domain as tlle results

show that over most of the domain the pattern of the volume transport seasonal variability

(Fig. 6.15a) is strongly linked with that of the local JEBAR volume tranport (Fig. 6.15b).

The larger transport diagnosed in the Labrador Sea, during the warm season is

contradictory to the c1assical picture of a stronger subpolar gyre during the cold season.
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• The seasonal transport variability due to seasonal variations in the rcfercncc boundary

values and in the local wind stress fields account for -0.5-1.5 Sv each (Figs 6.l5c and

6.15d) with, as expected, the strongest transport found during the cold season during

which stronger wind stresses are observed. The positive values in Labrador Sca, in Fig.

6.15a, are again due to the seasonal variability of the JEBAR term which dominatcs the

uverall seasonal variability.

The seasonal variations of the JEBAR term are due to the seasonality of the

buoyancy forcing associated with the convection, the ice formationlmelt and the

freshwater export from the Hudson and Baffin Bays.

As the seasonal cycle is restricted to near surface and intermediate waters, the

seasonal variability of the local JEBAR transport of the the top 1500m wa$. estimated

using the potentia1 energy fields shown in Figs. 6.2a and 6.3a (by setting both the wind

stress and boundary reference values to zero everywhere). The resulting field was very

smooth, contrary to those presentcd in Figs. 6.15 b-c, showing positive values of 1-3 Sv

ail over the domain. These positive values indicate that the local JEBAR transport,

induced by top 1500m of the water column, is stronger during the warm season.

Lazier and Wright (1993) ana1yzed CUITent meter data obtained discontinuously

from 1978 to 1988 offshore of Hamilton Bank using mooring lines which were orientcd

across the isobath in that region. Their rcsu1ts show that the maximum CUITent speeds
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throughoutthe water column, and the strongest volume transport are found during the cold

season from Decembcr to March (-6 Sv in February compared to -2 Sv in September, see

their Fig. 17). Figure 6.15a seems to reproducc this fenture, although with a weaker signal

of -2 Sv, which is mostly due 10 the combined seasonal variabilities (--2 Sv) from the

reference boundary values and wind stresses (Figs. 6.15c and dl. In the same region the

local JEBAR variability field from the top 1500m shows positive values of 1-2 Sv. As in

the Hamilton Bank region the overall seasonal variability from the local JEBAR is nearly

zero (Fig. 6.15b), this emphasizes the role played by the lower section of the water

colllmn which, in that region, must counterbiJance the upper 1-2 Sv. The main question

is how much reliability can be put into the local JEBAR seasonal variability from the

lower section of the ocean. Unfortunately, this question is not answered in this thesis.

6.6 The seasonal CUITent variations

The horizontal surface current fields, for the warnl and cold seasons, are presented

in Figs. 6.16 a and b, respectively. A comparison between these two figures shows that

the direction does not vary much from the cold to the warrn season (see also Figs. 6.9),

and hence the emphasis in this section will be on the seasonal speed variations. Figure

6.17 shows the seasonal current variations (VWllITn- vco1d) for the whole domain at various

depths. In Fig. 6.17, vectors in opposite direction to those shown of Figs. 6.9 or 6.16

should be interpreted as the cold season current speeds being Jarger than the warrn season

current speeds. At the ocean botlom (Fig. 6.17a) there are very small differences between
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Figure 6.16: Northwestem Atlantic Ocean horizontal currents at surface, derived
using the Mellor et ai (1982) method, for a) the warrn season (1910-89),
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the two sea~ons in central and deep regions. Most of the large vectors are found near

coastal regio!1s. in the O-IOOOm isobath range. Along the shelf and slope regions of

Labrador and Grecnland. <! stronger bollom circulation is found during the cold season

(Fig. 6.17a). The horizontal seasonal currcnt variation fields (Figs. 6.17 b-g) show many

eddy structures throughout ail the water ~olumn. The positions of these eddies were found

to bc associated with those seen in the volume transport streamfunction seasonal

variability field (Fig. 6.15~.).

In general, the seasonal currcnt variations fields (Figs. 6.17 bof) show that the

cyclonic circulation around Greenland and along the Labrador Coast is stronger during the

warm season. Many of the seasonal variations bclow -1 OOOm are thought to be suspicious

as the T-S fields (see Chapter 3) do not seem to support I<!rge CUITent variations. Notice

that the cross-shelf flow discusscd in section 6.4 seems to weaken during the coId season

and that this weakening can bc seen up to -3000m (Fig. 6.17g). Offshore of the southem

Labrador coast, the poleward vectors seen throughout ail the water column indicate a

stronger circuladon during the cold season which is associated with the JEBAR driven

circulation discussed in the prcvious section. Figure II of Lazier and Wright (1993) shows

sorne time series of the average along-isobath speed l'rom currcnt meter data which were

located near Hamilton Bank (onshore l'rom the other moorings discussed above). These

show a broad peak reached in Septembcr-Octobcr. In general at ail depth, the time series

presented by Lazier and Wright (1993) in their Fig. II show that the along-isobath

component of the velocity tends to increase in spring. reaches a broad maximum at the
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• end of Ihe summer and then decreases ;n the winter. Results of Fig. 6.17 in the coaslal

regions of Labrarior tend to agree with Lazier and Wright (1993).

A vertical section along 53.33°N of Ihe seasonal spced variations bctween the Iwo

seasons is presenled in Fig. 6.18a and Ihe seasonal variations of Ihe poleward currcnl

componenI is shc.wn in Fig. 6.lllb. These figures show vertical changing sign bands which

are associaled wilh Ihe sign changes of the A'l' zonal gradienl according 10:

where:

li.V = Vwarm -Vcllld

(6.1)

(6.2)

Figures 6.19 show Ihe seasonal varialions of the volume Iransport slreamfunction

through 53.33°N, offshore of the southem Labrador coast. They iHustrate that Ihe local

JEBAR term (Fig. 6.19b) dominates the other lerms (Figs. 6.19c-d). The zonal gradient

of A'l' is positive, on the shelf, up 10 53°W (Fig. 6.19a) which implies that AV is negative

in that region. A negative AV in a region where the mean current is soulilward implies a

stronger southward current during the warm season. These negative AV values are not seen

on Fig. 6.18b which couId be due to the boUom friction that was set equal to zero in Eq.

5.9. The sign of the zonal gradient of l>'l' switches to negative over the slope near -53°W

so thal slronger currcnls are now diagnosed during Ihe cold season. A spced differenee

of -14 cmls is found near Ihe surface at the shelf break (Fig. 6.18a). Olher sign changes
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• can be seen near 52°N and 53°N but they are associated with smaller speed differences.

In the north of the Labrador Sea, the seasonal speed variation section (Fig. 6.20a) shows

a different situation where the strongest currents are found during the warm season on

both the shelf and slope regions. The strongest speed difference of -14cm/s is found in

near-surface waters in tiJe bottom slope region. These seasonal speed changes are mostly

due to changes in the north-south component of the current (Fig. 6.20b). The negative sign

should be interpreted as the Vw.rm<Vcold and that Vw.rm is greater in magnitude th~n V"•.,.

As in the previously discussed region (on southem Labrador coast) the seasonal changes

of the volume transport ("Ij/) are found to be driven by the local JEBAR (Fig. 6.2Ia-b)

with very hale influence from the local wind stress field and from the reference boundary

values (Fig. 6.2Ic-d). The zonal gradient of "Ij/ is found to be positive up to 58.4°W and

then negative up to 56.4°W, these sign changes can also be seen in Figs. 6.20.

On the east Greenland coast, the volume transport seasonal variations ("Ij/) are

again found to be driven by the local JEBAR forcing (Fig. 6.22). The zonal gradient of

"Ij/ is negative up to -39°W which in tum implies that "V is positive (Fig. 6.22). The

situation in the Irrninger Sea is slightly different from that in the Labrador Sea as the

currents are found to be stronger in near-surface waters during the warm season and in

deeper waters during the cold season (Figs. 6.23). At the shelf break a -10 cm/s speed

difference is found at the surface (Fig 6.23a). Notice that in this region, the seasonal

transport variability due to local JEBAR from the top l500m shows positive l-2Sv values

(warm-eold), which, again, brings up the question as to the reliability of the seasonal
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• JEBAR from the deeper regions of the ocean.

The results presented in the last two sections of this chapter suggest that JEBAR

forcing is mostly driving the seasonal changes in the northwestern Atlantic Ocean. This

conclusion implies thatthe seasonal changes due to seasonal variations in the wind stress

field and reference boundary values do not seem to he important in comparison with the

changes induced by the local JEBAR term. As mentioned previously. the se'lsonality of

the JEBAR term is very likely linked to the seasonality of convection. ice formation and

melt as we!l as the freshwater advection from Hudson and Baffin Bays.
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CHAPTER 7: INTERANNUAL AND INTERDECADAL
VARIA BILITY OF THE NORTHWESTERN

ATLANTIC OCEAN

7.1 Methodology

As mentioned in the introduction, the water mass properties (T-S) of the Atlantic

Ocean are subjcct to long timescale variability; this chapter is an attempt to determine

how much variability can be seen in the temperature and salinity fields and the impact of

these changes on the circulation. The first step of the analysis is to determine the wann

season T-S fields for the periods 1950-64 and 1965-81 by applying the objective analysis

scheme described in Chapter 2. The differences between the present objective analysis

scheme and that which was previously used are: 1) a coarser resolution of II2°xI/2°; 2)

only two iterations are used with influence radii of 500 and 200 km; and 3) the first guess

field (see Eq. 2.1) is the wann season 1910-89 analysed T-S field, described in Chapter

3, interpolated onto the coarser grid. The volume transport streamfunctions for these

periods are then diagnosed by applying the Mellor el al (1982) method as described in

Chapter 4.

The last subsection of the thesis contains an attempt to seck shorter time scale

climatic changes. The objective analysis is applied in two subregions to determine the T-S

changes that occured between various periods. The selected periods are defined as 1959-

64,1967-72,1975-80 and 1983-88. The two subregions that were chosen are the Hamilton

Bank and Flemish Cap regions (sec boxes on Fig. 1.1). These were selected because of

both their importance to the fishery industries and as the data coverage was good in these
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regions. This latter analysis is restricted to the warnl season although. a resolution of

1/3°xl/3° is once more useù.

7.2 The 1950-64 and 1965·81 T-S fields

The positions of th~ temperature and salinity stations for the 1950-64 and 1965-81

periods were presented in Figs. 2.6 and 2.7 and were already discussed in Chapter 2. The

objective analysis was not applied in regions were the lack of data was obvious; lhese

regions are located west of 70oW. north of 67°N and near the southeastern corner of the

domain (Figs. 7.\). The Akima (1978) interpolation scheme was not applied in these

three regions. Notice that the two periods do not have the same duration since sorne

sections taken in the Irminger Sea during 1981 had to be included in the data set (wilhoUI

these stations the Irminger Sea region could not be objectively analysed for the 1965-81

period). Figures 7.1 show the undetermined gridpoints from the objective analysis at

IOOOm and 2000m for both periods. The undetermined gridpoints for the 1950·64 period

are mostly located in the southern portion of the domain (Fig. 7.lc) with sorne found

offshore from the Labrador coast (Figs. 7.1 a and c); for the 1965-81 periods they are

mainly found in Reykjanes Ridge region (Figs. 7.1 band dl.

The filtered and interpolated T-S fields at the surface, 500m. IOOOm and 2000m

are presented in Figs. 7.2 and 7.3, respectively. The T-S fields do not differ radically from

those presented in Chapter 3 for the 1910-89 warm season analysis - the same ~t..ong

gradients are found over the sJope (Figs. 7.2 and 7.3). At the surface, the most noticeable
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feature is the weakening of the cross-shelf isohaline in the Labrador Sea during both the

1950-64 and the 1965-81 analyses (see Fig. 7.2 a-b and Fig. 3.11 a), although they are

apparent at subsurface levels (eg. Figs. 7.2c and 7.2d). The difference fields (1965-81

analysis minus 1950-64 analysis) for the salinity and temperature are shown in Figs. 7.4

and 7.5 (hereafter, l>S=SI965_81-SI959-64 and l>T=TI965_81-'T'1959.6ol' T being the i" silU

temperature). These figures show large and smooth structures.

At the surface, in offshore regions, negative l>S values are found over most of the

domain with values from -0.6 to -0.1 psu (Fig. 7.4a). These negative values are likely

associated with the GreaI Sdinity A nomaly which was discussed in Chapter 1. Positive

l>S values from 0-0.8 psu are found in coastal regions, along the Labrador and east

Greenland coasts. Positive l>S values can ;:Iso be seen in these same regions in Levitus's

(1989a - Fig. 14) at a depth of 250m. Notice that Levitus used shorter periods (1955-59

and 1970-74) which are a susbet of this analysis. In deeper waters the sign of l>S switches

to positive (Figs. 7.4 b-d). The same sign change is also seen in the results of Levitus

(1989a - see his Fig II). At a depth of 2000m, l>S values of 0.02 psu are found in the

Labrador Sea (Fig. 7.4d). In Fig. 7.4c, the contours found near 35°W and SooN are

probably spurious and created by the interpo\ator while filling up the undetermined

gridpoints in that region (Fig. 7.1 a) in the 1950-64 period.

At the surface, the l>T field shows a more complicated structure than the l>S fields

(Fig. 7.5a), three positive regions can be seen in the Irminger Sea, in northem Labrador
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Sea and in the NAC region (Fig. 7.5a). The maximum values found in these regions are:

-3°C in the NAC region as weil as in the Irminger Sea and -0.6°C in the northem Labrador

Sea. Negative.o.T values are found otherwise. with values from -3°C to _1°C (Fig. 7.5a).

At a depth of 500m and IOOOm. positive.o.T values (-0.2-0.4°C ) are found in the whole

Labrador Sea while negative .0.T values are still found near the eastem border and in the

NAC region (Fig. 7.5 b-c). Notice that Levitus (1 989a) also found negative.o.T values near

the position of our eastem border (see his Fig. 10). At a depth of 2000m. almost no

temperature variations are found (Fig. 7.5d).

These .o.T and .o.S sign changes between the near-surface waters and intermediate

waters are likely associated with the deep water formation through convection in the

Labrador Sea. During the later period. Lazier (1980) has reported lhat the deep water

formation weakened during the G.S.A years. If deep water formation is suppressed. then

the cold and fresh surface waters are not mixed with the warmcr and salticr inlermediute

waters. These .o.T and .o.S sign changes with depth ure very likely the signature of the

G.S.A. which was advected in the northwestem Atlantic Ocean during the 1965-81 period.

7.3 The 1950·64 and 1965·81 volwne transport streamfunetions

The volume transport streamfunctions. for the 1950-64 and 1965-81 periods. were

estimated using the Mellor el al (1982) method as described in Chapter 4. The wind stress

fields used in this analysis (Figs. 7.6) are the annual mean fields derived from the

Comprehensive Ocean-Atmosphere Data Set (COADS) for the 1950's and 1970's (sec Da
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Silva, 1991). The IOxlo wind stress field was interpolated onto the II2°xll2° grid using

the Akima (1978) interpolation scheme. The reference buundary values used for the

eastern, northern and southern borders were obtained from the anllual /IIeall results of

Greatbatch el al (1991) for the 1954-59 and 1970-74 pentads. As in the summer and

seasonal analyses, a 9-point filtcr was applied and holes were filled up using the Akima

(1978) interpolp.lor. Notice the interpolator was once more not applied for Flemish Cap.

The volume transport streamfunctions are presented in Figs. 7.7. A comparison

between the 1950-64 period streamfunction (Fig. 7.7a) and the one for 1965-81 period

(Fig. 7.7b) shows that the transport over most the domain seems to be weaker during the

later period. The volume transport interdecadal variability (AIjI where AIjI is defined as

1j11965.81-1j119l9-64) field (Fig. 7.9a) shows that the cyclonic circulation is weaker by 5-6 Sv

in the Labrador Sea and by 4 ~v in the Inninger Sea. These values are in quite good

agreement with the weakening of the subpolar cyclonic gyre diagnosed by Greatbatch el

al (1991) between the 1950-64 and 1965-81 pentads (see their fig. 4b). Some positive AIjI

can he seen in the northeast of Newfoundland (+8 Sv) and in the Inninger Sea (+6Sv).

The pattern of the interdecadal variability due to the local JEBAR (Fig. 7.8b) is similar

to that of the total interdecadal variability (Fig 7.8a) which shows that the interdecadal

variability is mostly driven by the local JEBAR. About 50-70% of the total weakening is

due to the decrease, during the second period, of the volume transport induced by the

local JEBAR. The remaining 30-50% is due to the variability of the boundary reference

values (Fig. 7.8c). Notice that the appearance of closed contours on Fig. 7.8c is due ta the
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smoothing and the plotting package which were used. As in the seasonal analysis. the

local wind effect is found not to be very important here (Fig. 7.8d). The fact that the

variability from the reference boundary values and from local wind stress field contribute

less than that induced by the local JEBAR is important. as both the wind stress fields and

the reference boundary values were set up for the pentadal analysis of Greatbatch el CIl

(199\), and not for the longer periods studied in lhis analysis.

The interdecadal changes discussed above are likely associated wilh data taken

during the G.S.A. years. Dickson el al (1988) has presented a simple scenario where a

negative salinity anomaly is advected around the subpolar gyre. Mysak el CIl (1990)

showed that a more complex situtation occured wh;:re the negative salinity anomaly is

Iinked with ice conditions that are conditioned by other factors. Iike winter air temperature

and river runoff. Also, Mysak el al (1990) associated interdecadal variations in river

runoff with atmospheric changes through a teleconnection pattern.

The Labrador and Greenland Seas are the two regions where the deep water is

expected to he formed. As Dickson et al (1990) reported no large variations in the waler

rnass properties of the DSOW, which was sampled from June 1987 to July 1989, this is

perhaps an indicator that the source of interdecadal variability is within the Labrador Sea.

7.4 Tlle T.S fields ln the subregloœ

The two subregions studied in this section are the Hamilton Bank (50oW·57°W and
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S2°N-S7°N) and Flemish Cap (42°W-SSoW and 4soN-SOON) regions (see Fig 1.1). The

objective analysis was applied onto a 1/3°xl/3° grid (as in the previous analysis) and only

two iterations were used with influence radii of SOOkm and 200km. Notice that the first

guesses for the objective analysis (see Eq. 2.1) were also the 1910-89 wann season T-S

fields. The periods studied in this section are those mentioned in section 7.1, but as the

data coverage varies l'rom one period to another, not ail the water column can be

objectively analysed. The top 1SOOm were objectively analysed for the 19S9-64 and 1967­

72 periods whereas for the 1975-80 period, the analysis was restricted to the top SOOm

due to a poor data coverage. For the 1983-88 period, the top 27S0m were objectively

analysed but the analysis was restricted to the temperature data because of the mysterious

lack of salinity data in the 80's (see Fig. 2.1). Notice that the fields were then filtered and

interpolated using the same procedures as before.

The salinity and in situ temperature fields, for both subregions at surface and SOOm

and for ail periods, are shown in Appendix 1. In order to simplify the comparisons

between the periods, the following definitions are introduced:

AF1 = FI967 _72 - F1959 -M

AF2 = F'975.jl() - F'967_72

AF3 = F'983-38 - F'975.jl()

where F can either he the in silll temperature or the salinity (T, S).

(7.1 )

Figures 7.9 present the AIS field for the Hamilton Bank region atthe surface and
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at SOOm. These figures show Ihat in offshore regions surface waters tend to be fresher by

0.9 to 004 psu du ring the second period (1967-72, G.S.A. years) while onshore surface

waters are saltier during the later period (Fig. 7.9a). The sign of AIS switches to positive

in deeper waters (Fig. 7.9b) where saltier water (+0.02 psu) are found during the 1967-72

period. The surface AIT field (Figs. 7.lOa) shows that colder in silll temperature are found

during the G.S.A period with the temperature being colder by O.2°C to 3°C over most the

Hamilton Bank region. At a depth of SOOm (Fig. 7. lOb) a sign change is found (compare

to the surface field), and the in silll temperature is now wanTler during the G.S.A years

by 0.2°C to 0.6°C. The A2S fields (Figs. 7.11) show that the sign of the salinity difference

is almost exactly the opposite to that of AIS (Fig. 7.9) at both the ocean surface and in

deeper waters. This suggests as the G.S.A. vanishes the salinity conditions prior to the

G.S.A were recovered. The same situation is observed for A2T at SOOm (Fig. 7.l2b) with

values of -0.6°C to -004oC. At the surface, the temperature is still found to decrease in

the coastal and offshore regions (Fig. 7.l2a) with A2T values of -l.soC to -OAoC. Notice

that sorne positive A2T values are seen on Fig. 7.l2a. The A3T field shows relatively weak

temperature variations in deep waters (Fig. 7.13b). In near surface waters A3T (Fig. 7.l3a)

shows a more complex pattern with, in coastal regions, the temperatures still decreasing

(_2°C to -1°C) while offshore and in slope regions the temperature trend is positive with

values of +laC.

Figures 7.14 show the AJS field for the Flemish Cap region. These figures show

almos! the same pattern as for the Hamilton Bank region: a negative trend for the salinity
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(-1.0 to -0.2 psu) in near surface waters (Fig. 7.l4a) associated with a positive salinity

trend in deeper waters (Fig 7.14b). Notice in the southeastem corner (in the NAC region)

the positive dIS values (+ 1.4 psu) in both near surface waters and intermediate waters

(Fig. 7.14b). In near surface waters, the dIT field (Figs. 7.15a) shows a negative

temperature trend west of 49°W and a positive temperature trend (+1 oC to +7"C) is seen

cast of this longitude. In intermediate waters, the dIT field (Fig. 7.15b) shows positive

values everywhere with values up :0 +6°C in the NAC region. Both the d2S (Figs. 7.16)

and the d2T fields (Figs. 7.17) show thatthe trends observed between the 1959-64 and

1967-72 periods tend to reverse during the 1975-80 period. Notice that a cooling is still

found atthe surface near the northwestem corner of the region (Fig. 7.17a). The dJT field

for the surface waters (Figs. 7.18a) shows negative temperature trends near the Flemish

Cap area (with values of -_2°C) and near the island of Newfoundland. Fig. 7.l8a also

shows positive temperature trends to the southwest and to the cast of Flemish Cap (-2­

3°C). In intermediate waters, only positive values are found (Fig. 7.18b).

In sections 7.2 and 7.3 of this chapter, the T and S and volume transport

streamfunctions for longer periods were diagnosed. The subregion results, which were

discussed above, show that shorter time scale variability can be found and that it is

associated with relatively large T and S signais. The results of both sections 7.2 and 7.4

show that the variability of the upper ocean is often opposite to that found in deeper

waters. This feature can be explained by mixing of water masses through convection.
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The decrease of northem cod stock is a major problem in Canada. Dunbar (1993)

mentioned that although overfishing is often pointed out as the main cause for lhis

problem, perhaps the focus should be more on the interdecadal variability of the near­

surface water temperatures as the cod stock cannot be renewed under cold tempcralure

conditions. Figure 1 from Dunbar (1993) shows a good correlation between the amolJnl

of cod caughl and the SST. Notice that the SST trends from Dunbar (1993) are similar

to that shown on Fig. 1.8. As the surface temperature trends found in bolh the Hamilton

Bank and Flemish Cap subregions (Fig. 7.13a and 7.18a) arc negative. it is tempting to

speculate that the decrease of the cod stock in 1990s could be associated with thesc colder

than normal ocean temperatures.
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Figlll'e 7.6: Annua! mean wind stress field (N/m2
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• CHAPTER 8: DISCUSSION AND CONCLUSION

In this thesis, the circulation of the northwestem Atlantic Ocean was diagnosed

using the Mellor et al (1982) method. The emphasis was first toward estimating the mean

(1910-89) summer mean circulation. then the seasonal and interdecadal variability werc

studied. The density field was computed from gridded temperaturc and salinity values

obtained by applying a modified version of the Levitus (1982) objective analysis scheme

with much higher resolution (lt3°xlt3° or 1I2°xll2° versus IOxlo used in Levitus, 1982).

The data set used was from MEDS, supplemented by a subset of NODe data from J. Reid

and by the 1980's data from Fukumori and Wunsch (1991). The original Levitus (1982)

scheme was modified such that it allowed a better representation of the density gradients

associated with fronts over the slope region. The 1910-1989 temperature and salinity fields

obtained using this scheme are probably slightly biased toward the mean conditions that

occurred du ring the second half of this century due to the time distribution of

observations.

Bogden et al (1993) recently undertook a detailed diagnostic calculation of the

North Atlantic Ocean. They showed, using the dynamic equations (5.1) together with

specified vertical velocities at the top and bottom of the water column, that the velocities

(u,v,w and hence 'l') can he deterrnined up to an arbitrary function of ftH. The velocity

(and hence transport) can then he deterrnined everywhere along an ftH contour if one

value of ux v ftH is known on that contour. Mellor et al (1982) specified the transport on
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the eastem boundary as 'l'=0. Notice that Bogden el al (1993) applied the 'l'=O condition

when the lOOOm isobath was encountered whereas Mellor el al (1982) used the SUOm

isobath. The results presented in this thesis reveal a strong dependance of the transport on

the specified reference values which can he viewed as a weakness of this analysis; as the

problem of the reliability of these values arises. Nevertheless, 1 am able to draw the

conclusion that the circulation of the Labrador Sea is largely determined by dynamics

extemal to the region. This statement follows from the analysis of the local wind and

JEBAR forced circulation (Figs. 6.8, 6.13 and 6.14).

The current structure of the northwestem Atlantic ocean was also studied by

Provost and Salmon (1986, hereafter P&S). Their analysis was based on data from 11

sections occupied hetween March 12 and May 12 1966. The main differences between

P&S and the results presented in this thesis (Figs. 6.9), concem the cross-isobath f10w and

the NAC. The cross-isobath f10w in the Labrador Sea did not seem to he observed

consistently throughout the water column in their spring analysis (perhaps due to

unresolved dynamics in their diagnostic model). In sorne of their figures (e.g., Figs. 7 and

16), the NAC appeared only in the upper SOOm of the water column. This contradicts the

results presented in Chapter 6 (see Figs. 6.ge-f), which show a deep NAC f10wing

northward along the eastem edge of Flemish Cap and then tuming eastward. This deep

NAC is also seen in Bogden el al (1993) (see their Figs. 22 and 23). Notice that P&S did

show a deep NAC (see their Fig. 8) but their circulation in the Labrador Sea at 2000m

tlowed in the wrong direction. Figure 6.9 shows an NAC which extends throughout all
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the water column whereas Bogden et al (1993) analysis shows currents reversing direction

between 2000 and 3500m (compare their Figs. 23 and 25 at 400 W and 500 N). Il is

possible that the barotropic component of the NAC shown in Fig. 6.9 may he

overestimated so that it deep component (> 2000m) nows in opposite direction to that of

Bogden et al (1993) and P&S (1986), but in the same direction as that of Mcllor et al

(1982, see their Fig.15). It thus appears that further work is still needed to bettcr represent

the deep northwestem Atlantic current characteristics as the results from diffcrent analysis

differ slightly. Furtherrnore, at a depth of 1000m in the Labrador Sea. the Bogdcn et al

(1993) current field looks suspicious as the LC nows poleward (sec their Fig. 22).

Il should be noted that P&S used only data from within the Labrador Sea, so that

their analysis did not take into account dynamics extemal to the region of interest (at least

explicitly), which was found to be important. Their best solution was obtained whitc

adding the conservation of potential density (see their Eq. 4.21) as a constraint to their

inverse method (see their Figs. 13 and 16). Their circulation pattern (sec thcir Figs. 16)

shows no sign reversaI for the current direction in thc Labrador Sca and is in good

agreement with my Figs. 6.9. It seems that adding this constraint is somchow cquivalcnt

to infer the transport through the eastem boundary. One important conclusion of this thesis

is that my results tend to show the importance of the extemal forcing (sec sections 6.2 and

6.5) in comparison with the internai forcings (local JEBAR and wind).

ln this analysis the method of Mellor et al (1982) is followed by neglecting the
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bollom friction in Eq. 5.9. The circulation obtained around the Grand Banks is not

consistent with observations e.g. see the poleward currents on Fig. 6.9b. Perhaps bollom

friction could be of importance in shallow regions with strong currents. Note that adding

bollom friction to Eq. 5.9 would preclude the use of the Mellor et al (1982) method. A

study of the circulation in the Grand Banks area is currently undertaken by de Young and

Greatbatch using a model which explicitly takes into account the bollom friction.

Furtherrnore, adding friction perrnits solving circulation for the planetary pot~'ltial

vorticity islands (closed f/H contours).

The Bernoulli method (Killworth, 1986) was also used on the data set described

in section 3. The results obtained were not satifying as they showed a sign reversai in

rnuch of the deep current structure (Le, WGC and EGC). The currents derived frorn the

Bernoulli method were similar to those obtained assuming a bollom level of no motion

(both show deep currents f10wing in the wrong way, see Figs. 4.2c and 4.4c) which seems

to indicate that the Bernoulli method cannot resolve the barotropic transport properly. This

is most Iikely due to the small difference in potential density between the surface and

botlom waters (see Figs. 3.6 and 3.9) in the domain of interest. Killworth and Bigg (1988)

also stated that the Bernoulli method failed in weakly stratified regions. Nevertheless, this

calculation was undertaken as it was suggested (Killworth and Bigg, 1988) that this

technique was useful in regions of strong currents. Indeed, the surface current structure

obtained using the Bernoulli method was quite reasonable
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• It was found, from this analysis, that neither the local wind stress field nor the

local JEBAR could explain the mean strength of the volume transport streamfunction in

the Labrador Sea, the reference boundary used largely determined the mean magnitude of

the interior transport. This analysis also suggests that the seasonal and inlerdecadal

transport variability is largely driven by the local JEBAR lerm. Furthermore it was shown

that the magnitude of both seasonal and interdecadal transport variability was about 2-6

Sv. But this thesis does not answer the question as to how much of this JEBAR is real.

For the seasonal analysis, it was found that the local JEBAR variability field for the top

l500m was smooth with values of 1-3 Sv (warm-cold), whereas the total JEBAR field

(Fig. 6.15a) was more noisy. This shows that that the local JEBAR variability of the deep

ocean is important for estimating the total seasonal variability of the volume transport,

which is contrary to the fact that the seasonal cycle is mostly a near surface even!.

Throughout ail thesis the local wind stress contribution to the tolal volume

transport streamfunction has been presented as uncoupled from the local JEBAR

contribution (Eqs. 5.16). Perhaps one should consider the possibility that the wind couId

push away the isopycnals at the surface from the isobaths which then feeds back on the

transport through the local JEBAR. This could be the case for the nearly 12 Sv seasonal

variability found in the northeast of Newfoundland (Fig. 6.15a), which was attributed to

the local JEBAR (Fig. 6.15b), as the wind blows perpendicular to the isobaths in a region

where strong horizontal density gradients are found (Fig. 1.1. Figs. 3.11. Figs. 3.12 and

Figs.6.7).
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Analyses like those of Kushnir (1994) and Deser and Blackmon (1993) restrict

their attention to the ocean surface. The results presented in Levitus (1989a) and in this

thesis tend to show that the surface trends (warming, cooling, freshning, etc) are not

necessarly representative of the situation that occurs in deeper waters (sections 7.2 and

7.4). For example, the sign change between the surface and deeper waters (see Figs 7.10,

7.11 and 7.12) during the G.S.A. years shows that while a freshning and cooling occured

in near surface waters, the opposite is found in deeper waters. The mechanism for

explaining this situation is the disappearance of deep water jonnation during the G.S.A.

years (Lazier, 1980). This disappearance (weakening) implies that the fresh and cold

surface waters are not mixed with the warmer and saltier deep waters, such that these

deep waters appear to be warmer and saltier during the G.S.A. years. The subregion

analysis (section 7.4) reveals that variability at time scales smaller than those studied in

section 7.2 and 7.3 exist but their associated transport variablity cannot be diagnosed due

to a lack of data.

The collapse of the fisheries industry in eastern Canada is d;e to a drarnatic

decrease of the cod stock in this region. The interdecadal analysis shows that the water

rnass properties vary from one pentad to another. Dunbar (1993) suggested that the

observed decrease in the cod stock is perhaps Iinked with natural climate cycles in such

a way that the cod population decreases when colder than normal temperature conditions

occur in near surface waters. The reason for this is that cod eggs and young cod cannot

develop below a temperature of 2°C (Dunbar, 1993). Negative surface ternperature trends
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• can be found during the G.S.A. years during which the deep water formation was

suppressed. Recent data from the coastal regions off Newfoundland also show a dmmatic

decrease in SST during the 1990s.

One of the most important characteristics of my diagnosed c1imatological mean

circulations (1910-1989 summer, warm and cold seasons) is the JEBAR driven cross­

isobath flow. Associated with this flow is the transport of relativcly cold. fresh West

Greenland and Labrador shelf waters into the central Labrador Sea. Based on this analysis.

1 suggest that the path by which the fresh G.S.A. anomaly entered the centml Labrador

Sea was via the cross-shelf flow off Labrador. In addition, 1 further suggest that any future

variations in this cross-shelf flow or the temperature and salinity properties associated

with it, may once more alter the properties of the Labrador Sea deep convection and

hence the climate of the North Atlantic.
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b) 500m for the F1emish Cap subregion.
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Figure A1.14: Warm season in situ temperature (oC), for the 1983-88 period, at a) Om and
b) SOOm for the F1emish Cap subregion.
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