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Abstract.

Seasonal change of velocity and transport in the Labrador Current is studied

using 3.5 years of TOPEX/Poseidon altimeter data, in conjunction with concurrent wind
data and climatological density data. A method based on the linearized momentum
equation is developed, in which vertically averaged velocities and volume transports
normal to selected sections across the Labrador Sea are computed with the sea surface
being the level of known motion measured by the altimeter. The three data sources have
significantly different temporal and spatial scales, and thus a smoothing technique has
been applied to ensure their consistency. Error analyses are performed to estimate the
uncertainty in altimetric measurements and geophysical corrections and in density data.
The seasonal range of the Labrador Current transport from the 300-m isobath seaward to
the deepest ocean varies from 17 Sv at the Nain Section to 10 Sv at the Hamilton Section
and 5 Sv at the northern Newfoundland Section, with a maximum in winter or fall and a
minimum in spring. The barotropic effect associated with sea surface slope is most
important over the shelf break and upper continental slope at the Nain and Hamilton
Sections. At the northern Newfoundland Section the baroclinic effect associated with
density gradients has a magnitude comparable with that of the barotropic effect. The
largest baroclinic variability occurs offshore of the main density front over the lower
continental slope of the Hamilton Section. The Ekman transport variability forced by local

wind stress is negligible.

1. Introduction

The Labrador Sea is a region of the North Atlantic of in-
creasing interest to oceanographers in recent years because of
the important role it plays in water mass formation, thermo-
haline circulation, and possibly climate change. The circulation
of and the main current in the Labrador Sea, the Labrador
Current, have been studied by many investigators over the past
20 years. The residual circulation in the western Labrador Sea
was studied by LeBlond et al. [1981] using moored measure-
ments, satellite-tracked surface buoys, and geostrophic calcu-
lations. Clarke [1984], using density data, current observations,
and various ad hoc assumptions, estimated that the westward
transport into the Labrador Sea south of Cape Farewell was
~34 Sv (Sv = 10° m> s~ ). Thompson et al. [1986], using the
topographic Sverdrup relationship and climatological monthly-
mean wind data, found that the Sverdrup transport in the
Labrador Sea (mainly trapped in the lower continental slope)
has a mean value of 37 Sv and an annual range of ~6 Sy,
maximum in February and minimum in November. A wind-
driven barotropic model of the North Atlantic by Greatbatch
and Goulding [1989] indicated that the transport from the coast
to the 3000-m isobath had the maximum in January and the
minimum in July, with a difference of ~5 Sv. Lazier and Wright
[1993], using long-term current meter measurements, conduc-
tivity-temperature-depth (CTD) data, and certain assumptions
about the deep currents, estimated the mean summer transport
shoreward of the 3000-m isobath at the Hamilton Bank at 11
Sv, with an annual range of 4 Sv. A diagnostic calculation by
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Reynaud et al. [1995] gave a basin-scale transport of the La-
brador Sea of 49 Sv and a Labrador Current transport of 19 Sv
in summer. Tang et al. [1996], using a diagnostic model and
surface currents data derived from ice beacon, found a winter
transport of 53 Sv in the Labrador Sea circulation.

The major uncertainty in transport estimates using hydro-
graphic data is the specification of the level of no motion.
Long-term current meter data help to reduce the uncertainty,
but the number of current meter moorings in the Labrador Sea
were too few to allow an accurate determination of the spatial
variation of deep currents. Regional numerical models can
produce both sea surface elevation and three-dimensional cur-
rent fields, but the results are boundary-condition dependent,
and the accuracy of transport estimates from models depends
critically on the amount of current data available for model
calibration. In this study, we develop a method based on data
only to calculate currents and transports without using a priori
assumptions such as the level of no motion. This is possible
because sea surface slope, a missing component in the tradi-
tional methods of calculations, can now be calculated directly
from satellite altimetry such as that from TOPEX/Poseidon.

Applications of satellite altimeter data, in general, fall into
two categories: (1) temporal analysis of variability of the sea
surface height and (2) absolute height determination refer-
enced to an ocean geoid. Although both require accurate al-
timetric measurements, the former is independent of the
geoid. The accuracy of altimetric sea surface height above a
reference ocean geoid depends on altimeter measurements
and their corrections, the reference ocean geoid model, and
the satellite orbit measurements. While many of the correc-
tions have been made on the basis of models, the largest errors
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Figure 1. Map showing the study area. The dotted lines de-
note the ascending (up eastward) and descending (down east-
ward) TOPEX/Poseidon ground tracks. Three transects (thick
lines) across the Labrador Sea are selected for analysis in this
study: the Hamilton (HA), Nain (NA), and northern New-
foundland (NF) Sections. The 200-m, 1000-m, 3000-m, and
4000-m isobaths (thin lines) and the location of the Labrador
Current (thick arrows) are also shown.

are associated with the geoid and ocean tides. For application
of altimeter data in the Labrador Sea, Han and lkeda [1996]
studied annual variability of the sea surface topography using
the TOPEX/Poseidon and Geosat altimeter data. Their results
indicated predominance of the steric height effect over the
wind-driven barotropic response in the altimetric height vari-
ability in the deep Labrador Sea.

In this study, we use the TOPEX/Poseidon altimeter data,
coupled with density and wind data, to study the velocity and
transport in the Labrador Sea circulation with a focus on the
Labrador Current. Particular care is taken to match the tem-
poral and spatial scales in these data. The combined use of sea
surface elevation and density data allows a unique determina-
tion of the velocity and transport, in which the sea surface is
the level of known motion derived geostrophically from the
altimeter data. The scientific issues addressed in the paper
include the seasonal variation of the transport and velocity of
the Labrador Sea circulation, the individual contributions to
the transport from surface slope, density gradients, and local
winds, and the variation of the transport along the Labrador
continental slope. To achieve these objectives, an ascending
ground track of TOPEX/Poseidon from the Hamilton Bank to
Cape Farewell (henceforth referred to as the Hamilton Sec-
tion, Figure 1) was selected for detailed analysis since abun-
dant hydrographic data along the track including observations
from Ocean Weather Station Bravo (56.5°N, 51°W) were avail-
able. Analysis was also carried out for two other ascending
tracks as shown in Figure 1, which were designated as the Nain
Section and the northern Newfoundland Section. The advan-
tage of the along-track analysis over a two-dimensional analysis
[e.g., Han and Ikeda, 1996] is that no additional mapping errors
are introduced. Furthermore, the selected ascending tracks are

HAN AND TANG: VELOCITY AND TRANSPORT OF THE LABRADOR CURRENT

approximately perpendicular to the Labrador Current, so the
along-track analysis is an appropriate choice.

This paper is divided into six sections. Section 2 briefly
describes the preprocessing techniques of TOPEX/Poseidon
altimeter, density, and wind data. Mathematical details for the
computation of velocities, smoothing techniques, and error
estimates are given in section 3. Section 4 examines the sea-
sonal variability of velocity and transport of the Labrador Cur-
rent. A comparison of our results with other work is discussed
in section 5. Section 6 summarizes the findings of the study.

2. Data
2.1. TOPEX/Poseidon Altimeter Data

A subset of the TOPEX/Poseidon altimeter data of the
merged geophysical data records (MGDR) produced by the
Jet Propulsion Laboratory (JPL), from December 1992 to
April 1996, is used in this work. The satellite repeats its ground
tracks every 9.9156 days, thus giving ~120 cycles of data at
each location under ideal conditions. However, the actual
number of data points is smaller over the Labrador Shelf
mainly because of ice coverage during winter.

Raw altimeter data with an along-track resolution of 5.9 km
were edited using quality flags and parameter ranges recom-
mended by JPL [Benada, 1993]. Corrections were made to
account for various instrumental, atmospheric, and some
oceanographic effects using the values provided in the MGDR.
The atmospheric corrections include the ionospheric delay and
the wet and dry tropospheric delays. The sea state bias, the
inverse barometric response of the sea surface to the atmo-
spheric pressure change, and the ocean, Earth, and pole tides
were among the oceanographic corrections. The standard
Goddard Space Flight Center precise orbit based on the joint
gravity model-2 (JGM-2) were used.

Since the geoid is time-invariant, we separated time-varying
height anomalies from mean heights. The mean surface
heights were computed only at grid points where more than 40
cycles of the corrected sea surface height data were available,
and the sea surface height anomalies were then calculated with
the means removed. The data set for the altimetric height
anomalies was divided into four seasons: winter (January, Feb-
ruary, and March), spring (April, May, and June), summer
(July, August, and September), and fall (October, November,
and December). The altimetric seasonal height anomalies are
independent of the geoid and the associated errors, and the
errors in the oceanic tide correction are significantly reduced
by the seasonal multiyear averaging (see section 3).

The altimetric sea surface height anomalies on the Hamilton
Section are shown in Figure 2. The ascending-track data show
horizontal gradient anomalies, upward in winter and fall and
downward in spring and summer toward the Labrador coast.
Relatively less data are available over the Labrador Shelf and
upper slope in winter and spring, causing an increase of the
standard errors. The standard errors are typically ~2 cm but
increase to 6 cm over the shelf break and upper slope in winter,
where the data were obtained mainly in early January before
the water was covered by ice. Although the data shortage in the
shelf region is severe for winter, the results presented in sec-
tions 4 and 5 are not gravely biased, since we are interested in
the currents and transports offshore of the shelf break and the
bulk of the transport of the Labrador Current is contributed by
currents over the continental slope. Also presented in Figure 2
are sea surface height anomalies on the descending tracks



HAN AND TANG: VELOCITY AND TRANSPORT OF THE LABRADOR CURRENT

a)
20 ‘ ‘
= 10
e
o
2 0
-
2 ) g
CD_10 o

]
N
o

200 400 600 800 1000

Distance (km)

Sea Level (cm)
o

0 200 400 600 800 1000
Distance (km)

18,049

b)

—
(=)

Sea Level (cm)
o

-10

0O 200 400 600 800 1000
Distance (km)
d)
20
€ 10 o
§ oMe 2 o ©
Q
3 0
-
o
1]
@ _10
-20
0 200 400 600 800 1000

Distance (km)

Figure 2. Seasonal sea surface height anomalies on the Hamilton Section in (a) winter, (b) spring, (c)
summer, and (d) fall. The thick lines are the ascending-track data. The thick circles are the descending-track
data at crossover locations (see Figure 1), with standard errors shown in thin circles. The thin lines indicate
the standard errors of the seasonal-mean anomalies on the ascending track. The vertical lines indicate the
locations of the 300-m (left), 1400-m (middle), and 2500-m (right) isobaths.

crossing the Hamilton Section. These crossover points provide
a check on the quality of the altimetric height anomalies.
Assuming that errors in the ascending-track data are indepen-
dent of those in the descending-track data, we estimate a
standard measurement error of ~2 c¢m, consistent with the
value from the analysis of the ascending-track data. The ran-
dom measurement and small-scale features in the altimetric
data were removed by smoothing with a Cartwright filter (see
section 3).

The mean sea surface elevation was calculated relative to the
OSU91A geoid model in the MGDR. A Canadian geoid model
GSD95 [Veronneau, 1995] was also used in order to examine
the sensitivity of the mean transport to geoid models (see
section 5).

2.2. Density Data

Density was computed from a seasonal data set of temper-
ature and salinity for the northwest Atlantic of Tang and Wang
[1996]. This data set was compiled using an iterative differ-
ence-correction procedure and a depth dependent domain of
averaging. The data source is the Atlantic Fisheries Adjust-
ment Program (AFAP) historical temperature and salinity da-
tabase archived at the Bedford Institute of Oceanography. The
database covers an area from northern Baffin Bay to Cape
Hatteras and from the coast to 42°W and includes data from a
variety of sources dating back to 1910. The data are divided
into the same four seasons as the altimeter data are. Ideally,
seasonal density data over the same three and a half years
period as that for the altimeter data should be used, but the
amount of hydrographic data is far from sufficient for such a
calculation. Figure 3 shows the summer surface temperature
and salinity. Note that the Hamilton Section has particularly
dense data. For winter and fall the data are sparser but still

adequate for this study. Bilinear interpolation was used to
interpolate the density onto the selected transects. The density
distribution on the Hamilton Section (Figure 4) clearly shows
large horizontal density gradients over the shelf break and
upper slope where the core of the traditional Labrador Cur-
rent is located. Stratification of the upper water column is
strongest in summer and weakest in winter.

2.3. Wind Data

Wind data from December 1992 to April 1996 were obtained
from the National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-NCAR)
reanalysis project [Kalnay et al., 1996], which produced
6-hourly 10-m wind velocity with a spatial resolution of 1.875°
in longitude by 1.904° in latitude. The quadratic stress law of
Large and Pond [1981] was used to compute wind stresses from
the wind velocities. The computed wind stresses were averaged
over the same period as the TOPEX/Poseidon data was to
obtain the seasonal-mean values and interpolated bilinearly
onto the selected sections.

3. Velocity and Transport Computation Method

In this section, we show how the altimetric data can be used
in conjunction with the density and wind data to compute the
depth-averaged normal velocity and transport from the mo-
mentum equation. With the nonlinear, local acceleration and
horizontal friction terms neglected, the equation for velocity v,
perpendicular to a vertical transect, reads

1 ap
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Figure 3. Summer conditions in the northwest Atlantic: (a) sea surface temperature (in °C) and (b) sea
surface salinity. The dots indicate data points in a 5’ by 5' grid. The Hamilton, Nain, and northern New-

foundland Sections are shown as solid lines.

0
p=gpo£+ngdz (2)

where v is positive northward, / is the horizontal coordinate
along the section with / = 0 at the Labrador coast increasing
offshore, f is the Coriolis parameter, p is the pressure, z is the
vertical coordinate positive upward with z = 0 at the still water
level, g is the gravity acceleration, p is the density of water, p,
is the reference density, T is the along-transect component of
the shear stress, and { is the sea surface height referenced to an
ocean geoid, adjusted for the local atmospheric pressure.
Integrating (1) and (2) over the depth and neglecting the
bottom stress term, we get the vertically averaged velocity:

V=%%+§%+J%%—WLHTO 3)
1(° 1[0

¢1=§J_Hbdz ¢2—§JHbzdz (4)
b = (g/pilp(l, 2) — p(2)] (5)

where I is the depth-averaged velocity normal to the transect,
b is the buoyancy parameter, H is the local water depth, 7, is
the along-track component of surface wind stress, and p(z) is
a reference density obtained by averaging p at a given depth
across the transect. We group the terms on the right-hand side
of (3) into three components, V; (the first term), V, (the
second and third terms), and V. (the fourth term), corre-
sponding to the contributions from sea surface slope, density,
and local wind stress, respectively.

By definition, the surface current (not including the Ekman
current) is also given by V. An integration of HV, over the
horizontal distance along the section is the contribution of the
currents relative to the surface current to the total transport.
Hereinafter, we refer to V as the barotropic flow, V, as the
baroclinic flow, and V. as the Ekman flow. We note that the
designation of barotropic and baroclinic flows is a matter of
definition. Some authors [e.g., Mellor et al., 1982] define the
current just above the bottom boundary layer as barotropic
flow, which is called bottom current in this paper. The bottom
current can be calculated from

_gaL 1 [°ab
v(—H)—?ﬁ'i‘fJ_Hﬁdl (6)

Equation (6) shows that a part of the density effect is reflected
on the bottom current.

The advantage of the present definition of the barotropic
and baroclinic flows is that the effects due to sea surface slope
and density can be discussed in a more satisfactory way. V,
involves only density and thus is mainly controlled by thermo-
dynamic processes and advection. Sea surface slope at the
boundaries of the Labrador Sea is set up by the large-scale
circulation and wind field. As the water moves around the
basin, the sea surface slope adjusts itself in such a way that all
conservation laws are satisfied. Sea surface slope and thus V,
are indirectly related to but not explicit functions of density.

The altimeter, density, wind, and bottom depth data have
different spatial resolutions (see section 2). To ensure their
consistency in the spatial scales, {, &,, ¢,, and H were
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Figure 4. Potential density (in kg m™~>) distribution across the Hamilton Section for (a) winter, (b) spring,

(c) summer, and (d) fall. The contour intervals are 0.5
density above 27.6 kg m™%, and 0.2 kg m™> otherwise.

smoothed by a Cartwright filter with a 200-km cutoff wave-
length in the along-section direction. Filtering reduces high
wave number random noises but, at the same time, decreases
the horizontal resolution of the calculated currents. The ba-
roclinic Labrador Current over the shelf break and upper slope
has an instantaneous width of ~50 km [Lazier and Wright,
1993], but its seasonal-mean signature is expected to be wider
because of the shifting of the axis of the current. With the
half-cutoff wavelength of 100 km we expect that the baroclinic
Labrador Current obtained from the filtered data would be
much broader than its instantaneous width. The horizontally
integrated transport, however, is less sensitive to the cutoff
wavelength as long as the bounds for the calculation are suf-
ficiently broad. A spectral analysis of the altimetric sea surface
height indicates that the seasonal variability is dominant at
wavelength 200 km or longer. Another aspect of filtering is that
it shortens the data at the two ends of the section. As a con-
sequence, there are no data at locations shoreward of the
300-m isobath after filtering with the cutoff wavelength of 200
km. Previous studies [e.g., Lazier and Wright, 1993] indicated
that the core of the baroclinic Labrador Current was located at
the 1000-m isobath and that the transport from the 400-m to

kg m~? for density below 27.0 kg m~3, 0.1 kg m ™ for

1200-m isobath accounted for 85% of the transport over the
shelf and upper slope. Hence the shortening of data would not
significantly affect the robustness of the results in this study.

The accuracy of the calculated currents depends on the
accuracy of the sea surface slope. For seasonal anomalies,
which are independent of the geoid, the error in sea surface
slope was estimated using an ad hoc method in analogy to the
linear regression theory. We assumed that the errors as shown
in Figure 2 at each location in the scasonal altimetric height
anomalies were uncorrelated, and we calculated the standard
errors of slope over a data segment. Since we are only inter-
ested in features of length scales greater than 100 km (the
half-cutoff wavelength), we used data segments of 100 km in
the error estimates. The calculated standard errors represent
the maximum errors, which vary with location and season. The
largest errors are found at the shelf break and upper slope in
winter, around 6 cm/100 km, which is equivalent to a standard
error in the geostrophic surface current of 5 cm s~ " at 55°N.
The errors in velocity in summer and fall and in the central
Labrador Sea are smaller, typically 1-2 cm s~

The above error values are probably underestimates for the
barotropic current error since there are spatially correlated
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Figure 5. Vertical profiles showing (a) the climatological seasonal-mean density structure averaged over a
small shelf area centered at 55°W and 54°N in summer, (b) the standard error measuring the uncertainty of
density introduced from the interannual variability in the climatological data, and (c) the standard error
measuring the uncertainty from the interannual variability in the 1993-1996 data.

errors associated with the atmospheric and oceanographic cor-
rections to altimeter height measurements. These errors occur
primarily at scales of ~1000 km. Fu et al. [1994] and Tsaoussi
and Koblinsky [1994] discussed in detail errors in the altimeter
measurements, the atmospheric and oceanographic correc-
tions, and the orbit determination. Here we present an error
estimate of the sea surface slope due to these correlated errors,
based mainly on the values from the two studies. According to
Fu et al, the error induced by the skewness of the ocean
surface is estimated to be 1.2 cm, and that due to the electro-
magnetic bias is estimated to be 2.0 cm. The accuracies of the
ionospheric, dry tropospheric, and wet tropospheric correc-
tions are 0.5, 0.7, and 1.1 cm, respectively. The inverse baro-
metric effect is estimated to be 2.8 cm [Tsaoussi and Koblinsky,
1994]. The error in the Cartwright and Ray [1990] ocean tide
model has a global value of ~5 cm and is significantly reduced
by the 3-month multiyear seasonal averaging since major se-
midiurnal and diurnal tidal constituents have aliasing periods
less than 3 months. An exception is for the K, tide, which has
an aliasing period of 173 days and a global error of 2.0 cm. The
present seasonal averaging can reduce the K; error to less than
1.0 cm. The systematic component of the orbit error which is
correlated geographically and which cannot be reduced by time
averaging is estimated to be less than 2 cm. In consideration of
its primary spatial scale of ~10,000 km, the orbit error is
negligible in the present error estimation. The root-sum-
square value of the above contributing error estimates gives a
total error of 4.0 cm ((1.22 + 2.0> + 0.52 + 0.7 + 1.1 + 2.8> +
1.0%)%3 = 4.0 cm). With the dominant half wavelength of ~500
km the error in the sea surface slope is calculated to be 0.8
cm/100 km, equivalent to a current error of 0.7 cm s~. The

total error associated with altimeter data may be given in terms
of root-sum-square of the uncorrelated error estimated in the
preceding paragraph and the correlated error. As we can see,
the former dominates in the total error over the shelf break
and upper continental slope in winter, while the latter may be
a considerable part of the total error in summer and fall and in
the central Labrador Sea.

The density data [Tang and Wang, 1996] were obtained from
a nonlinear procedure based on the methods of Levitus [1982]
and Reynaud et al. [1995], and hence a quantitative estimation
of the velocity error associated with the density data is difficult.
Here we make an order of magnitude estimation using raw
data archived at the Bedford Institute. We have chosen a shelf
location near the Hamilton Section (a 20 km by 20 km square
centered at 55°W and 54°N) where there are sufficient data in
summer for the error estimation. We first considered the un-
certainty resulted from nonconcurrent density data. The pe-
riod from 1925 to 1996 was divided into 18 4-year subperiods.
The last subperiod is approximately coincident with the dura-
tion of the TOPEX/Poseidon and the NCEP-NCAR wind data
used in this study. The 4-year means (not shown) and the
climatological (entire period) mean (Figure 5a) were com-
puted using available density data in this square area. Standard
errors of density (Figure 5b) were estimated from deviations of
the 4-year mean about the climatological mean. The standard
error calculated in this way is due to interannual variability and
an approximate measure of the error introduced by the use of
climatological data. By using these standard errors of density
we estimated standard errors in ¢, and ¢, from (4) and asso-
ciated current errors over the 100-km segment. Their root-
sum-square is the estimated current error due to the use of the



HAN AND TANG: VELOCITY AND TRANSPORT OF THE LABRADOR CURRENT

a)

-
o

n

Normal Velocity (cm/s)
=
i
1
1
1

400 600

c)

Normal Velocity (cr/s)
h o

400
Distance (km})

600

Normal Velocity (cm/s)
[=]

Normal Velocity (cm/s)
o

18,053

b)

-
[=]

om

|
[3))

L
s
]
3

600

e
o

w

200 400
Distance (km)

600

Figure 6. Normal velocity anomalies (in cm s~ ') on the Hamilton Section in (a) winter, (b) spring, (c)
summer, and (d) fall. The total velocity anomalies (thick lines) are the sum of the barotropic flow ¥V (thin
lines), depth-averaged baroclinic flow V, (open circles) relative to the surface current, and depth-averaged
flow due to local winds (dashed lines). The bottom currents are shown as dotted lines. The standard errors
(vertical bars) associated with the altimetric sea surface slope are also displayed. Note that the standard error
of the baroclinic flow is 0.8 cm s~ '. The vertical lines indicate the locations of the 300-m (left), 1400-m

(middle), and 2500-m (right) isobaths.

climatology. We then calculated a standard error of density
due to interannual variability for the 1993-1996 period con-
current with the T/P and NCEP-NCAR data (Figure 5c), from
which a current error is also estimated. Finally, the root-sum-
square of the two error components gives a total error of ~0.8
cm s~ ! over the 100-km segment.

4. Seasonal Variation in the Labrador Current
4.1. Hamilton Section

Figure 6 shows the seasonal anomalies of the depth-
averaged velocity on the Hamilton Section. The velocity anom-
alies were calculated relative to the mean velocities computed
using the spring, summer, and fall velocities. The winter data
were excluded from the calculation of mean velocities to avoid
contamination of the results by large errors associated with the
winter data. Since only relative velocities are considered here,
the choice of the reference season(s) is not important. For
instance, we could use summer as the reference season. The
computed anomalies would then be all relative to summer.

The areas of large current anomalies are limited to within
400 km from the coast. Seasonal variability in the deep central
Labrador Sea is small, consistent with Han and Tkeda’s [1996]
finding. Compared to the contributions from sea surface slope
and density gradient, the local wind stresses have very small
effects on the seasonal variability, a result also found in nu-
merical models [e.g., Reynaud et al., 1995; Tang et al., 1996].
The southward anomaly of the Labrador Current shoreward of
the 1400-m isobath is largest in winter (note the large standard
error, 5 cm s7') and fall and smallest in spring. Since the
Labrador Current is a southward flowing current (negative
velocity), a negative anomaly indicates enhancement and a
positive anomaly indicates reduction of the current.

The barotropic flow exhibits a strong seasonal variation over
the shelf break and upper continental slope (300-1400 m). The
winter and fall anomalies have large negative values, indicating
a strong surface current in these seasons. In contrast, the
baroclinic flows have maximum magnitudes over the lower
slope (1400-2500 m) and are negative in spring and summer
(enhancement) and positive in winter and fall (reduction). The
largest baroclinic variability over the lower slope offshore of
the main density front (though the mean baroclinic current is
largest across the density front [Lazier and Wright, 1993]) is
interesting. On one hand, the main density front over the
upper slope does not have a strong seasonal variation in the
horizontal gradient (Figure 4). On the other hand, in the upper
ocean just offshore the main density front the horizontal gra-
dient is much larger in fall and winter than it is in spring and
summer. In the lower water column the isopycnals in the op-
posite direction are steeper in spring and summer than they are
in fall and winter. The net effect is much larger horizontal
gradients in fall and winter than in spring and summer over the
lower continental slope.

The transport anomalies over the shelf break and upper
continental slope have a seasonal range of 5 Sv (Figure 7a).
Note that a negative anomaly indicates an enhancement of the
southward Labrador Current transport and that a positive
anomaly indicates a reduction. Hence the result shows a larger
transport in winter and fall and a smaller transport in spring.
Because of the large barotropic error (3.7 Sv), we are less
certain about the winter transport than we are about the trans-
ports in the other seasons. The contribution from the baro-
tropic flow is much greater than that from the baroclinic flow.
Over the lower continental slope, the transport has a smaller
seasonal range, 3 Sv (Figure 7b). The baroclinic effect in-
creases the transport in spring and summer and decreases the
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Figure 7. Volume transport anomalies for the Hamilton Section over (a) the upper slope from 300 to
1400 m, (b) the lower slope from 1400 to 2500 m, and (c) the upper and lower slopes from 300 to 2500 m. The
total transport (thick lines) is the sum of the barotropic (crosses), baroclinic (open circles), and wind-driven
(dashed lines) components. The standard errors associated with the altimetric sea surface height anomaly
(vertical bars) and with the density (vertical lines in the upper right corner) are also shown.

transport in fall. The total transport on the Hamilton Section
from the 300- to 2500-m isobath has a seasonal range of 6.5 Sv
(Figure 7c). A similar calculation indicates that the seasonal
range from the 300-m isobath to the deepest sea is 10 Sv (not
shown). Overall, the barotropic contribution from sea surface
slope dominates the seasonal transport variability. The ba-
roclinic effect is more important over the lower slope than it is
over the upper slope.

4.2, Nain and Northern Newfoundland Sections

The calculations for the Hamilton Section were repeated for
the Nain and northern Newfoundland Sections (see Figure 1).
The results for the horizontally integrated transports are
shown in Figures 8 and 9. Comparing the results of the three
sections, we find that the seasonal variations of the total trans-
port are similar, largest in winter and fall and smallest in spring.
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Same as Figure 6 but for the Nain Section.
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Figure 9. Same as Figure 6 but for the northern Newfoundland Section.

The most prominent difference among the three sections is
the significant reduction in the seasonal range from 17 Sv at
the Nain Section to 6.5 Sv at the Hamilton Section (300- to
2500-m isobath). Considering that the transport variability may
not be limited to the 2500-m isobath, we extended the integra-
tion of transport seaward to the deepest ocean and found that
the transports at the Nain and northern Newfoundland Sec-
tions (5 Sv) changed little but that the transport at the Ham-
ilton Section was increased from 6.5 to 10 Sv. The decreasing
transport from north to south can be related to the circulation
pattern in the southwestern Labrador Sea. Observations and
numerical models [Lazier, 1994; Tang et al., 1996] indicate that
the Labrador Current branches off the continental slope north
of the Hamilton Section (56°N, 52°W) and recirculates in the
northwestern Labrador Sea and that a northward countercur-
rent originating from the North Atlantic Current exists off the
Newfoundland slope (52°N, 46°W). These currents act to re-
duce the longshore transport of the seasonal-mean gyre circu-
lation and the associated seasonal transport variation.

Comparing the barotropic and baroclinic effects, we find
that the barotropic effect is dominant at the two northern
sections from 300 to 1400 m, suggesting that this effect weak-
ens seaward and southward. The baroclinic effect enhances the
southward flow at Nain in spring, at Hamilton in spring and
summer, and at northern Newfoundland Section in fall, indi-
cating a southward propagation of the density effect (Figures
7b, 8b, and 9b). The propagation speed (estimated to be ~10
cm s~') has an order of magnitude comparable to the mean
current speed from moored measurements of Lazier and
Wright [1993].

The largest negative anomalies in the barotropic transport
occur in winter for all three sections, which are associated with
the large upward sea surface slope onshore. The increased sea
surface slope in winter is also obtained from numerical models
of the Labrador Sea [Tang et al., 1996]. The barotropic contri-
bution to the transport variability as reflected in sea surface
slope is not only determined by large-scale meteorological
forcing but is also influenced by density gradient. This influ-

ence is due to an inherent relation between the sea surface
elevation and the density gradient, though not apparent in the
linear equation used in the present transport calculation. At
the northern Newfoundland Section the magnitude of the total
transport anomaly in winter is much smaller than that of either
the barotropic or baroclinic transport anomaly, suggesting that
the large negative anomaly in the barotropic flow is mainly
contributed by the local density gradient. At the Hamilton and
Nain Sections the magnitude of the total transport anomaly in
winter is very close to that of the barotropic anomaly, indicat-
ing that the contribution of the local density gradient to the
barotropic transport anomaly is minor.

5. Discussion

From the diagnostic calculations presented in section 4 we
have found that the seasonal variation of the transport across
the Hamilton Section (Figure 7) has a range of 5 Sv to the
1400-m isobath and 6.5 Sv to the 2500-m isobath, that the
maximum transport occurs in winter and fall, and that the
minimum transport occurs in spring. Both the magnitude and
phase of the seasonal variation are compatible with observa-
tions over both the upper and lower continental slopes of the
Hamilton Section [Lazier and Wright, 1993]. Their current
measurements show maximum currents in fall and winter and
minimum currents in early spring and a transport range of 4 Sv
from the coast to the 1400-m isobath.

The seasonal variation of the transport has been studied
with models by several investigators. Thompson et al. [1986],
using the topographic Sverdrup relationship and a climatolog-
ical monthly wind field, found an annual range of ~6 Sv in the
Sverdrup transport of the Labrador Sea (mainly trapped in the
lower continental slope), maximum in February and minimum
in November. Greatbatch and Goulding [1989] from a linear
barotropic model driven by the Hellerman and Rosenstein
climatological monthly wind stresses obtained a transport dif-
ference of ~5 Sv (from the coast to the 3000-m isobath),
maximum in January and minimum in July. The differences
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between the model results and this investigation can be caused
by a variety of factors in model forcing: low spatial resolution
of the wind field, lack of density variation in the model, and use
of climatological wind fields.

We and other authors [Reynaud et al., 1995] have shown that
local winds play an insignificant role in the basin-scale trans-
port of the Labrador Sea. The controlling factor of the sea-
sonal transport variation is most likely the boundary inflow
south of Greenland where the Eastern Greenland Current and
Irminger Current in the upper and middle water column and
the Denmark Strait overflow at the bottom flow westward to
feed the Labrador Sea.

While the results presented in this study demonstrate the
feasibility of the combined use of altimeter, hydrographic, and
wind data to determine the currents and transports in the
Labrador Sea, the exercise also reveals some limitations asso-
ciated with data quality, availability, and processing procedure.
Insufficient altimetric data over the Labrador Shelf and the
upper continental slope in winter due to ice coverage limits the
accuracy of seasonal transport calculations in winter. Given the
substantial interannual variability of this region [e.g., Deser and
Blackmon, 1993], the limited duration (~3.5 years) of altimet-
ric observations could introduce considerable uncertainty in
the calculated seasonal barotropic currents (reflected in their
standard errors in Figure 2 and Figures 6-9). Furthermore, the
use of climatological density data, instead of data concurrent
with the T/P data period, introduces additional errors to the
computed seasonal-mean density and therefore to the ba-
roclinic flow component (section 3).

The method presented in this paper can also be used to
compute the absolute seasonal-mean velocity and transport
from altimetric, density, and wind data. A preliminary analysis
in this study has indicated that the geoid error is a major factor
of uncertainty in the determination of the absolute sea surface
slope and surface currents at the scales of interest.

6. Conclusions

We have developed a method to compute currents and
transports using altimeter data, density data, and wind data.
The method allows a unique determination of the velocities
and transports, for which the sea surface is the level of known
motion measured by the altimeter. We have used the method
to examine the Labrador Current and the Labrador Sea circu-
lation, from TOPEX/Poseidon altimeter data, NCEP-NCAR
wind data, and climatological AFAP density data. Special care
has been taken to match the scales of the three data sources in
a realistic way, and error analyses are performed to estimate
the uncertainty associated with the TOPEX/Poseidon and den-
sity data. While the present study confirms many known fea-
tures of the Labrador Current and the Labrador Sea circula-
tion, it also reveals new features of interest.

The seasonal change of the depth-averaged current mainly
occurs over the continental slope. The current variability in the
deep central Labrador Sea is very weak. The results clearly
indicate an enhancement of the Labrador Current in fall and a
reduction in spring. For the Hamilton Section the barotropic
flow has a strong seasonal cycle over the shelf break and upper
continental slope, while the baroclinic variability is largest off-
shore of the main density front over the lower continental
slope.

The ranges of the seasonal transport of the Labrador Sea
gyre are 17, 10, and 5 Sv at the Nain Section, the Hamilton
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Bank Section, and the northern Newfoundland Section, re-
spectively. The decreasing variability from north to south is
attributed to the influence of the circulation pattern in the
southwestern Labrador Sea in which an eastward current off
the slope of the Hamilton Bank and a northward countercur-
rent off the slope of the northeast Newfoundland Shelf carry
the water away from the Labrador Current. The Labrador
Current transport from the 300- to 1400-m isobaths at the
Hamilton Section has a seasonal range of 5 Sv, consistent with
moored measurements. The southward transports in the La-
brador Current and the basin-scale circulation are largest in
winter and fall and smallest in spring, in agreement with avail-
able direct current observations and model results.
Variability of the transport is dominated by the barotropic
(associated with sea surface slope) effect on the northern sec-
tions. For the northern Newfoundland Section the baroclinic
(associated with density gradient) effect and barotropic effect
have comparable magnitudes. The transport variability in the
surface Ekman layer induced by local wind stress is insignifi-
cant compared with the barotropic and baroclinic components.
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