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Basin-scale variability in the Labrador Sea from 
TOPEX/POSEIDON and Geosat altimeter data 

Guoqi Han and Moto Ikeda • 
Coastal Ocean Sciences, Department of Fisheries and Oceans, Bedford Institute of Oceanography 
Dartmouth, Nova Scotia, Canada 

Abstract. The TOPEX/POSEIDON altimeter data and the Geosat altimeter data from 

the Exact Repeat Mission (ERM) have been analyzed to show the basin-scale features of 
annual sea surface height anomalies in the Labrador Sea. A complex empirical orthogonal 
function (CEOF) analysis is used to extract spatial and temporal patterns of altimetric sea 
surface height anomalies. The analysis of TOPEX/POSEIDON data has revealed that the 
first eigenmode has an annual variation with amplitudes of-5 cm, positive in summer and 
negative in winter. The Geosat data analysis implies similar results but shows only the sea 
surface height variabilities relative to those of the subtropical gyre circulation and the 
North Atlantic Current due to an orbit error correction. The steric height anomalies of 
the climatological monthly-mean Levitus data and the sea surface height anomalies of a 
wind-driven barotropic model are also analyzed using the CEOF technique. The annual 
cycle in the Levitus data, dominated by thermal expansion, has an amplitude of -4 cm 
and is nearly in phase with the TOPEX/POSEIDON data. The wind-driven annual signal 
is approximately in phase with the TOPEX/POSEIDON and Levitus data, but its 
amplitude is less than -1 cm. A correlation analysis suggests that the basin-scale features 
deduced from TOPEX/POSEIDON data are dominated by the steric height variability of 
the Levitus data, supplemented to much less extent by the wind-driven response of the 
barotropic model. The Geosat results are found to represent the steric effect only. It is 
modified by the orbit error correction so much that the phase changes by 180 ø . 

1. Introduction 

The Labrador Sea has a broad cyclonic gyre circulation 
bordered to the west by the Labrador Current, to the south by 
the most northerly branch of the North Atlantic Current, and 
to the east by the West Greenland Current [Lazier and Wright, 
1993]. The wind-driven Labrador Sea circulation from a baro- 
tropic model was found to be enhanced in January and Feb- 
ruary and weakened in July [Greatb.atch and Gouding, 1989; 
Greatbatch et al., 1990]. Greatbatch et al. [1990] pointed out 
that the annual variability of the model gyre circulation was 
related to the wind forcing over the entire North Atlantic. The 
observed winter gyre in the western Labrador Sea, first dis- 
cussed by Clarke and Gascard [1983], was generated by con- 
vection after intense surface cooling [Seung, 1987]. Both hy- 
drographic and current measurements suggest that the winter 
gyre is elongated in the alongshore direction with its center at 
-200 km from the shelf break. A study of surface circulation in 
the northwestern Labrador Sea [LeBlond et al., 1981] indicated 
the influences of relatively fresh and cold water from the Arctic 
archipelago and as runoff from the continent (also see Ikeda 
[1989]). However, only limited attention has been directed to 
the basin-scale variability in the Labrador Sea, compared with 
that to. shelf circulation to the west [e.g., Thompson et al., 1986; 
Lazier and Wright, 1993]. 
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Satellite altimetry such as from TOPEX/POSEIDON and 
Geosat is one of the newest tools that can be used to estimate 

the basin-scale variability in the deep ocean. Previous investi- 
gations have demonstrated the usefulness of TOPEX/ 
POSEIDON [e.g., Fu et al., 1994] and Geosat [e.g., Hah et al., 
1993] altimeter data in the study of mesoscale oceanic features. 
However, the altimetric signal in the Labrador Sea is relatively 
weak based on the previous understanding of the Labrador Sea 
circulation [e.g., Lazier, 1973; Clarke and Gascard, 1983]. This 
weaker signal presently makes altimetric analyses of the oce- 
anic features challenging. 

The principal goal of this paper is to examine basin-scale sea 
surface height variability from both TOPEX/POSEIDON and 
Geosat altimeter data in the Labrador Sea, using a mathemat- 
ical technique called complex empirical orthogonal function 
(CEOF) analysis. We had started this analysis with Geosat 
data. However, it is not realistic to derive the local sea level 
variability in the Labrador Sea because the long-wavelength 
satellite orbit error in the Geosat data is still greater than or at 
least comparable to the basin-scale variability of interest. In- 
stead, the along-track orbit error is removed by an empirical fit 
over a much longer orbit arc than the scales of interest. Such 
data not only contain the local sea level variability but also are 
influenced by that south of the Labrador Sea (see section 3.2). 
Hence particular attention has to be paid to this nonlocal effect 
in the interpretation of the Geosat results. After analyzing the 
Geosat data, we examined the local sea surface height variabil- 
ity from the first 2 years of TOPEX/POSEIDON data, which 
have a high measurement precision (-2 cm) and a low orbit 
error (-3 cm) [Fu et al., 1994]. The steric height anomalies 
from the climatological monthly-mean Levitus data [Levitus, 
1982], which may represent thermal expansion/contraction, 

28,325 



28,326 HAN AND IKEDA: BASIN-SCALE VARIABILITY IN THE LABRADOR SEA 

62 

6O 

58 

e 54 

' 52 

.... ß .. Greenland 

... 

'""'"" '"• •'• "< "•' "' 300• : ' .,e. x . •,•" x .&-' .. 
ß . .,,.' x'.. .,,.' <'.. .-' 

N. '"-.N N. :.. N .%.' '. ...•,•. ....... 

•, .''• ''.N ..' • '-.•. ' % ''.. .'' ' •.]i•......•.. • 
.• • x ..'",, . x .."".x. 

•; • •....x x,..+..-x 'x. .. 56• • • .. x BRAVO x ..<.. x .."'-. 
I w•. .•'-•...• •.. ,,. <-. .,,. '.. ' - 
I .•',•.• -. h,• '.: . x •,:' x x;': • ' g•,• 
I - ,•• " ".--'.'•..'x ' ..'•".• ,",•".. • .' I ':,: t ' < , , '::'. '-.--"' 
F • ..' '...• '! ".x.. .x-' '..x. ..•. I ""g"-,,-,'-" • " ' "." • '•'•' ' '" "" '""• 

.' • } ,•. '-. . 
ß • ,• . .,,• .. . 

•ewfoundland•. .'"" 

46 

44 .o o + 
DELTA 

42 -60 -5•5 -50 -45 -40 
Longitude 

Figure 1. A map showing study regions in the Labrador Sea, along with ocean weather stations (OWS) 
Bravo and Delta. The thick solid lines illustrate the region where the results from the TOPEX/POSEIDON 
data, Levitus data, and wind-driven model results are produced. The thick dashed lines illustrate the region 
where the Geosat results are presented. The TOPEX/POSEIDON and Geosat ground tracks are shown as 
dotted and dashed lines, respectively. 

freshwater input, and baroclinic wind-driven response, are an- 
alyzed to interpret the TOPEX/POSEIDON-observed basin- 
scale variability. Likewise, a barotropic wind-driven response is 
examined of a linear model (A. F. Fanning and R. J. Great- 
batch, personal communication, 1994). Both TOPEX/ 
POSEIDON and Geosat data revealed the consistent domi- 

nant features of the basin-scale sea surface height variability in 
the Labrador Sea, but with apparently striking discrepancies. 
These discrepancies are briefly explained, too. 

This paper is divided into four sections. The next section 
describes the Geosat and TOPEX/POSEIDON altimeter data- 

processing techniques, along with the procedures of the CEOF 
analysis. In section 3 the analysis results of TOPEX/ 
POSEIDON and Geosat altimeter data are presented and 
interpreted using the Levitus data and barotropic wind-driven 
model response. Section 4 summarizes the results. 

2. Data Processing and Analysis Methods 
2.1. Geosat Data 

The Geosat data in this study are from the Geosat Exact 
Repeat Mission (ERM) during the period from November 
1986 to December 1988. (The data in 1989 are not used due to 
quality deterioration.) The Geophysical Data Records (GDR) 
at the ERM repeat cycles over this period have been supplied 

by the National Oceanic and Atmospheric Administration Na- 
tional Geodetic Survey [Cheney et al., 1987]. The ERM was 
designed to repeat ground tracks to within 1 km with a fre- 
quency of 17.05 days [Born et al., 1987]. Following Vazquez et 
al. [1990], Le Traon et al. [1990], Kelly [1991], Le Traon [1991], 
and Ikeda [1993], only the ascending track data are used in this 
study, because some of the descending track data are missing 
from the south of Greenland to the North Atlantic Current 

region and the remainder are very noisy. The unavailability of 
the descending track data is unfortunate but does not have a 
significant impact on the results in the present study since we 
are interested in the annual basin-scale features. Because too 

many data cycles are missing, the ascending track data on the 
eastern Labrador Sea are not considered either. As a result, 

only the data on six ascending tracks (see Figure 1 for their 
locations within the dashed line region) are used. The track 
separation spacing at 55øN is about 90 km. 

Analysis of altimetric sea surface height data begins with an 
application of various instrumental and environmental correc- 
tions in GDRs. They were explained in full detail by Cheney et 
al. [1987]. The supplied corrections for ionospheric, wet and 
dry tropospheric path delays, solid Earth tides, ocean tides, 
and an inverse barometer response of sea surface height to 
atmospheric pressure are all applied to each 1-s average 
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height. Correction of electromagnetic bias due to sea state is 
also applied using 2% of significant wave height. 

The corrected sea surface height data from 5øN to the north- 
ernmost ends of the tracks (57.6øN for the westernmost track 
and 59.6øN for the easternmost track; also see Figure 1) are 
interpolated and registered on a fixed latitudinal grid at 0.1 ø 
intervals. A mean sea surface height is computed at each grid 
point from all available data, and then the mean is removed 
from the individual height data, producing height anomalies. 
Both the geoid and mean dynamic topography are removed by 
this process. Because only the annual variability is of interest 
here, the removal of the mean sea surface from Geosat height 
data causes no loss of signal. Orbital errors are removed by 
subtracting from the individual tracks a quadratic fit over the 
range from 5øN to the northernmost ends of the tracks, ap- 
proximately 6000 km. This detrending scheme has the delete- 
rious side effect of removing long-wavelength signals in the 
ocean, such as basin-scale wind-driven circulation (see section 
3.2). The resulting altimetric sea surface height anomalies, 
which still contain small-scale variability, are smoothed tem- 
porally and spatially and subsampled at 0.4 ø latitudinal inter- 
vals using optimal linear interpolation [Bretherton et al., 1976]. 
The interpolation scheme is parameterized with a temporal 
correlation scale of 68 days and a spatial correlation scale of 
150 km. The missing data cycles (less than 8%) are thus filled, 
yielding complete time series of the sea surface height anom- 
alies. Although the temporal and spatial correlation scales are 
chosen somewhat arbitrarily, the temporal and spatial filtering 
within the interpolation does not affect our analysis of the 
annual basin-scale variability since the temporal correlation 
scale is much shorter than 1 year and the spatial correlation 
scale is much less than the basin scale of interest. 

2.2. TOPEX/POSEIDON Data 

The TOPEX/POSEIDON data used are from the joint 
TOPEX/POSEIDON mission launched on August 10, 1992, by 
the United States National Aeronautics and Space Adminis- 
tration (NASA) and the French space agency, Centre National 
d'Etudes Spatiales (CNES). The data are produced and dis- 
tributed as merged GDRs by the Physical Oceanography Dis- 
tributed Active Archive Center (PODAAC) of the NASA Jet 
Propulsion Laboratory. The TOPEX/POSEIDON altimetric 
measurements from both ascending and descending tracks 
within the period from December 1992 to December 1994 have 
been used. The satellite repeats its ground tracks every 9.9156 
days. The track separation spacing at 55øN is about 160 km (see 
Figure 1). 

Data are edited based on quality flags and parameter ranges 
as recommended in the user handbook [PODAAC, 1993] and 
corrected for various instrumental and environmental effects. 

The corrections supplied in the merged GDRs for wet and dry 
troposphere, ionosphere, electromagnetic bias, and an inverse 
barometric response of sea surface height to atmospheric pres- 
sure are all applied to each 1-s average height. The merged 
GDR ocean, Earth, and pole tides are also removed. The 
standard NASA Goddard Space Flight Center precise orbit 
based on the Joint Gravity Model-2 (JGM-2) has been used. 

The corrected sea surface height data on both ascending and 
descending tracks from 48øN to about 62øN and 38øW to 60øW 
are interpolated and registered on a fixed latitudinal grid at 
0.1 ø intervals. Mean sea surface heights are computed only at 
grid points where more than 40 data cycles are available. (As a 
result, about half of the data points over the region shallower 

than 3000-m isobath are eliminated, mostly in the northern 
area.) These means are then removed from the individual 
height data, producing height anomalies. The resulting height 
anomalies on both ascending and descending TOPEX/ 
POSEIDON ground tracks are interpolated onto ascending 
Geosat ground tracks (at 0.4 ø latitudinal intervals) within the 
solid-line domain (Figure 1) using optimal linear interpolation. 
The interpolation scheme is parameterized with a temporal 
correlation scale of 68 days and a spatial correlation scale of 
150 km, as in the Geosat data processing. 

2.3. Complex Empirical Orthogonal Function Analysis 

CEOF analysis (also referred to as principal component 
analysis) is discussed in detail by Barnett [1983] and White et al. 
[1987]. This technique has been applied successfully to ocean- 
ographic and meteorological data over the last decade [Barnett, 
1983; White et al., 1987, 1990; Shriver et al., 1991; Matthews et 
al., 1992]. CEOF analysis has the ability to extract physical 
information about both propagating and standing dynamic fea- 
tures, by using the fewest possible number of propagating 
spatial patterns of variability to represent a space-time data set. 

The first step in analyzing sea surface height anomalies is the 
transformation of a real data matrix into a complex data ma- 
trix, whose imaginary part is the Hilbert transform of the orig- 
inal data matrix. The second step is the formation of a covari- 
ance matrix for the new complex data matrix. The last step is 
the eigenmode decomposition of the covariance matrix. The 
low-order eigenmodes of the covariance matrix contain ampli- 
tude and phase information describing the principal compo- 
nents of the original data series. 

For each eigenmode, there are four empirical measures that 
characterize features in CEOFs, consisting of the spatial dis- 
tribution of amplitude and phase of the empirically derived 
orthogonal function and the corresponding time series. The 
spatial distribution of amplitude reveals the locations of local 
maxima and minima of the function, whereas the distribution 
of phase reveals the propagation direction. Also, the spatial 
gradient of phase is the local wavenumber. The time series of 
amplitude indicates when the stronger/weaker spatial ampli- 
tude pattern occurs. The time series of phase indicates instan- 
taneous frequencies of observed variability, and the dominant 
period is determined by the time required for the phase to 
change 360 ø . The combination of the above four measures 
gives a complete pattern of the eigenmode. 

3. Results 

CEOF analysis is carried out to extract spatial and temporal 
patterns of the altimetric sea surface height anomalies in the 
Labrador Sea. Only the first eigenmode will be presented and 
discussed, since this eigenmode dominates the variance of the 
sea surface height anomalies. Note that in the CEOF analysis, 
we arbitrarily choose a phase origin for the spatial phase pat- 
tern at the northeast corners of the study domains. The phase 
values in both the spatial and temporal phase patterns depend 
on this choice. But the phase for the height anomalies is the 
difference between the temporal and spatial phases and is 
independent of the choice. Hereafter the spatial pattern of 
amplitude is shown with a unit of centimeters, while its time 
series is dimensionless with a mean value of 1. 

3.1. TOPEX/POSEIDON 

The spatial and temporal patterns of the first CEOF eigen- 
mode are presented in Figure 2. The first CEOF eigenmode 
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Figure 2. First-eigenmode functions of CEOF analysis for TOPEX/POSEIDON sea surface height anom- 
alies in the Labrador Sea over the period from December 1992 to November 1994. They are spatial patterns 
of (a) amplitude and (b) phase and temporal patterns of (c) amplitude and (d) phase. The percentage of total 
variance explained by the first eigenmode is 85%. The contour intervals are 1 cm for amplitude and 20 ø for 
phase. The temporal amplitude is dimensionless. 

accounts for 85% of the variance of the sea surface height 
anomalies. The spatial pattern of amplitude (Figure 2a, in 
centimeters) shows some variations, stronger in the western 
Labrador Sea and weaker in the eastern Labrador Sea, super- 
imposed upon a uniform pattern. The maximum variability 
coincides with the place where the winter gyre in the western 
Labrador Sea was found by Clarke and Gascard [1983]. The 
increasing strength near the southern edge may represent the 
North Atlantic Current characterized by much stronger vari- 
ability. The phase of the spatial pattern (Figure 2b) is nearly 
uniform in the southern and central Labrador Sea. However, 
there is significant phase change in the northern area. We are 
not sure if this phase change represents nearby boundary cur- 
rents (Labrador Current to the west, Western Greenland Cur- 
rent to the east, which turns westward in Davis Strait) whose 
annual cycle may have different timing or is an artifact due to 
the data sparsity. In the temporal variability the amplitude 
(Figure 2c, dimensionless) in winter is slightly larger than in 
summer, while the phase (Figure 2d) progresses almost linearly 
with time at a 1-year period, indicating a dominant annual 
variation. 

The sea surface height anomalies can be obtained from a 
cosine function, whose amplitude is a product of the spatial 
amplitude (Figure 2a) and the time series (Figure 2c) and 
whose phase is a difference between the spatial phase (Figure 

2b) and the time series (Figure 2d). Therefore the height 
anomalies of the first eigenmode have an annual variation with 
amplitudes of-6 (-4) cm in the western (eastern) Labrador 
Sea. Positive anomalies occur in summer/fall and the negative 
ones in winter/spring. 

The sea surface height anomalies described above may be 
interpreted as a composite of steric effect and wind setup. The 
steric height relative to 500 dB is estimated from the 1 ø by 1 ø 
climatological monthly-mean Levitus data set for the region 
between 40øN and 64øN and 64øW and 40øW. A complete 
description of the Levitus data set was given by Levitus [1982]. 
Bilinear interpolation is used to deduce the steric height within 
the TOPEX/POSEIDON grid domain in the Labrador Sea. At 
each grid point a mean is calculated and subsequently removed 
from each individual height. The resulting monthly-mean steric 
height anomalies have been extended to the same duration as 
the TOPEX/POSEIDON data cover. The CEOF analysis is 
carried out following the procedures used for the altimeter 
data. 

The first eigenmode accounts for 99% of the variance of the 
steric height anomalies of the Levitus data. The spatial and 
temporal patterns of the first eigenmode are shown in Figure 3. 
The spatial pattern of amplitude (Figure 3a, in centimeters) 
shows little variations, except in the northern Labrador Sea 
where variability increases northward from 57øN. The phase of 
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Figure 3. Same as Figure 2 but for the steric height anomalies estimated from the climatological monthly- 
mean Levitus data. The first eigenmode accounts for 99% of the total variance. 

the spatial pattern (Figure 3b) is nearly uniform, with a shift of 
less than 1 month. In the temporal variability the amplitude 
(Figure 3c, dimensionless) has a substantial annual oscillation, 
stronger in winter and weaker in summer, superimposed upon 
a constant pattern. The phase (Figure 3d) progresses almost 
constantly with time at a 1-year period, suggesting that an 
annual cycle dominates. Altogether, this first eigenmode has an 
annual cycle with an amplitude of •-3 cm, positive in summer 
and negative in winter. The Levitus results are also supported 
by observations at ocean weather station (OWS) Bravo. Using 
the monthly average temperature and salinity over the top 500 
dB at OWS Bravo (56ø30'N, 5 lø00'W) in the central Labrador 
Sea [Shuhy, 1978], we obtain a steric height difference of 5 cm 
between summer and winter, i.e., an annual cycle with an 
amplitude of 2.5 cm. 

We have calculated zero-lag correlation coefficients (left 
panel, Figure 4a) between the first-eigenmode TOPEX/ 
POSEIDON and Levitus results and ratios (right panel, Figure 
4a) of their root-mean-square (RMS) differences to RMS val- 
ues of the TOPEX/POSEIDON results. The correlation coef- 

ficients generally decrease northwestward, with the difference 
ratios increasing. The correlation coefficients in the southern 
and central Labrador Sea are larger than 0.5, while the differ- 
ence ratios are less than 0.6, suggesting that the steric effect is 
a major contributor to the observed basin-scale variability in 
the study region. In contrast, the correlation coefficients are 
lower than 0.5 and the difference ratios are close to 1 in the 

northwestern corner. Here significant influences of fresher and 

colder water are expected [LeBlond et al., 1981; Ikeda, 1989], 
which may have smaller scales than and different timing from 
the annual cycle of thermal expansion. However, the low cor- 
relation and high difference ratio may be resulted from the 
TOPEX/POSEIDON data sparsity in this area. A close exam- 
ination suggests that the steric height field in the central and 
southern Labrador Sea (Figure 3), at the lowest order, is uni- 
form and can approximately account for the spatially uniform 
portion of the TOPEX/POSEIDON results (Figure 2). On the 
top of this the larger amplitude in the western part (Figure 2a) 
may be attributed to more intense wintertime cooling [Clarke 
and Gascard, 1983; Seung, 1987]. This smaller-scale feature, 
however, may have been averaged out in the Levitus data, since 
they are climatological monthly and one-degree-square means 
and subject to further smoothing using objective analysis [Levi- 
tus, 1982]. 

The wind setup is now discussed based upon a wind-driven 
numerical model. The sea surface height signals produced by a 
1 ø by 1 ø resolution model of the North Atlantic between 10øS 
and 65øN are analyzed using the CEOF analysis, similar to that 
for the TOPEX/POSEIDON altimetric data. A complete de- 
scription of the model has been given by Greatbatch et al. 
[1990]. The model is barotropic and has linear bottom friction. 
It is forced by monthly-mean wind stress anomalies (A. F. 
Fanning and R. J. Greatbatch, personal communication, 1994). 
Bilinear interpolation is used to deduce model-calculated sea 
surface height anomalies within the TOPEX/POSEIDON data 
domain of the Labrador Sea. The CEOF analysis is carried out 
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Figure 4. (left) Correlation coefficients and (right) ratios of the root-mean-square differences between the 
first-eigenmode TOPEX/POSEIDON results and (a) thermal expansion from the Levitus data, (b) wind- 
driven response from a barotropic model, and (c) sum of the thermal expansion and wind-driven response. 
The 3000-m isobath is also shown by the dotted line. 

on the model results following the procedures used for the 
altimetric data. The first eigenmode accounts for 76% of the 
variance of the sea surface height anomalies produced by the 
model. The spatial and temporal patterns of the first eigen- 
mode are shown in Figure 5. The spatial pattern of amplitude 
(Figure 5a, in centimeters) shows some variations, stronger in 
the northwestern Labrador Sea and weaker in the southeastern 

Labrador Sea. The phase of the spatial pattern (Figure 5b) is 
nearly uniform. In the temporal variability the amplitude (Fig- 
ure 5c, dimensionless) exhibits an annual oscillation stronger in 
winter and weaker in summer, superimposed upon a constant 
pattern. The phase (Figure 5d) progresses almost constantly 
with time at a 1-year period, indicating a dominant annual 
variability. Altogether, this first eigenmode has an annual cycle 
with an amplitude less than 1 cm, positive in summer and 
negative in winter. 

The zero-lag correlation coefficients (left panel, Figure 4b) 
and RMS difference ratios (right panel, Figure 4b) between the 
first-eigenmode TOPEX/POSEIDON and wind-driven model 

results are also calculated. Compared to the steric effect, the 
wind-driven sea surface height variability shows generally 
lower correlation with the TOPEX/POSEIDON observations. 

The high correlation occurs only near the central Labrador 
Sea, but the difference ratios are larger than 0.8 all over the 
domain, indicating that the wind-driven portion in the 
TOPEX/POSEIDON observations is at best minor relative to 
the steric effect. This is further verified by examining the cor- 
relation coefficients (left panel, Figure 4c) and the difference 
ratios (right panel, Figure 4c) between the TOPEX/POSEI- 
DON data and the Levitus data plus wind-driven model re- 
sults. The addition of the wind-driven model response to the 
steric effect leads to an overall but slight increase of the cor- 
relation coefficients and a similar decrease of the difference 

ratios. Hence the improvement is marginal. 
In summary, the steric effect (dominated by thermal expan- 

sion) in the Levitus data, supplemented by the barotropic 
wind-driven setup, can account for the majority of the basin- 
scale sea level variability in the Labrador Sea deduced from 
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Figure 5. Same as Figure 2 but for the monthly-mean sea surface height anomalies from a wind-driven 
barotropic model. The first eigenmode accounts for 76% of the total variance. The modeled data are produced 
with a 1 ø by 1 ø resolution numerical model of the North Atlantic between 10øS and 65øN. The contour intervals 
are 0.1 cm for amplitude and 20 ø for phase. The temporal amplitude is dimensionless. 

TOPEX/POSEIDON altimeter data. The sea surface height 
anomalies in the TOPEX/POSEIDON data have an annual 

amplitude of ---5 cm, with positive anomalies in summer and 
negative ones in winter. We have also noticed that the tempo- 
ral amplitude is stronger in winter than in summer (see Figures 
2c, 3c, and 5c) from the TOPEX/POSEIDON, Levitus, and 
wind-driven results; that is, the amplitude of the negative 
anomaly in winter is larger than that of the positive anomaly in 
summer. The larger amplitude in winter may be attributed to 
two factors. One is the warming and cooling phase shift from 
the sea surface to deeper layers during the period from spring 
to fall [see Shuhy, 1978], which makes the steric height have a 
reduced but broader distribution in summer than in winter. 

The other is the larger amplitude of the southeastward wind 
stress anomaly in winter than that of the northwestward wind 
stress anomaly in summer [see Gmatbatch et al., 1990]. 

3.2. Geosat 

The spatial and temporal patterns of the first CEOF eigen- 
mode from Geosat data are presented in Figure 6. The first 
CEOF eigenmode accounts for 65% of the variance of the sea 
surface height anomalies. The spatial pattern of amplitude 
(Figure 6a, in centimeters) shows relatively strong signal at 
high latitudes and toward the western and eastern boundaries. 
The temporal pattern of amplitude (Figure 6c) has no explicit 
indication of wintertime intensification. The phase of the spa- 

tial pattern (Figure 6b) increases from north to south on the 
western side, with a phase difference of about 60 degrees. In 
contrast, the phase decreases to the south on the eastern side, 
with a phase difference of---120 degrees. The temporal pattern 
of phase (Figure 6d), which is dimensionless, varies nearly 
constantly with time and indicates dominant annual variability. 
The combination of these four patterns in Figure 6 has re- 
vealed that the first eigenmode has an annual variation with a 
---2-cm amplitude increasing toward the Labrador coast on the 
western side and toward the Greenland coast on the eastern 

side. Positive anomalies occur in winter/spring and the negative 
ones in summer/fall. 

Compared with the TOPEX/POSEIDON results in Figure 2, 
we can find striking basin-wide and local discrepancies in Fig- 
ure 6. Although the latter are expected, the basin-wide reversal 
of the sea surface height anomalies is surprising at the first 
look. Why do the Geosat results (Figure 6) show opposite 
anomalies to the TOPEX/POSEIDON observations (Figure 
2)? Here we give an interpretation of the Geosat results with 
reference to the TOPEX/POSEIDON ones. At OWS Bravo we 

have shown the annual amplitude of---2.5 cm for the steric 
height anomalies. In contrast, the steric height anomalies over 
the top 500 dB at OWS Delta (44ø00'N, 41ø00'W) [Jones, 1979] 
south of the North Atlantic Current are estimated to have an 

annual amplitude of---8 cm, based on the OWS observations. 
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Figure 6. First-eigenmode functions of CEOF analysis for Geosat sea surface height anomalies in the 
Labrador Sea over the period from November 1986 to December 1988. They are spatial patterns of (a) 
amplitude and (b) phase and temporal patterns of (c) amplitude and (d) phase. The percentage of total 
variance explained by the first eigenmode is 65%. The contour intervals are 1 cm for amplitude and 20 ø for 
phase. The temporal amplitude is dimensionless. 

The contribution of the layers below this top layer is negligible 
to the sea surface height anomalies. At both stations the steric 
height anomalies are positive in summer and negative in win- 
ter, being dominated by an annual variation in temperature. 
The north-south structure of the steric heights has a sharp 
gradient across the North Atlantic Current. 

The wintertime steric height anomalies along the western- 

most Geosat ground track from 5øN to 58øN, estimated over 
the top 500 dB from the Levitus [1982] data, are presented in 
Figure 7a (solid line). The steric height anomalies from the 
Levitus data are consistent with those from the OWS observa- 

tions. An along-track quadratic fit from 5øN to 58øN (dashed 
line in Figure 7a) is estimated and subsequently removed from 
the steric height anomalies, as done for the Geosat altimeter 
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Figure 7. Diagram illustrating the wintertime steric height anomalies over the top 500 dB along a Geosat 
ground track (a) before and (b) after the quadratic-fit removal. The dashed line in Figure 7a represents the 
quadratic fit to the original data. It is obvious that the quadratic-fit removal results in the reversal of the steric 
height anomalies in the Labrador Sea. NAC is North Atlantic Current. 
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height data. It can be seen that the resulting height anomalies 
(Figure 7b) in the Labrador Sea b'ecome positive in winter, 
with a magnitude of--•3 cm. Likewise, the summertime height 
anomalies (not shown) after the quadratic-fit removal become 
negative in this region. It is obvious that the quadratic-fit re- 
moval is responsible for the reversal of the anomalies in the 
Labrador Sea. We can infer therefore that the a!6ng-track 
quadratic-fit removal for the orbit error correction results in 
the reversal of the Geosat-observed sea surface height anom- 
alies in the Labrador Sea. It is thus suggested that the Geosat- 
observed height anomalies at the lowest order represent the 
steric height anomalies in the Labrador Sea. However, this 
representation, influenced by the sea surface height variability 
south of the Labrador Sea, is implicit. 

Now we examine what role the wind-driven sea surface 

height vaiiabilit• plays in the Geosat results (Figure 5). In 
order to answersthis question, we analyzed the detrended wind- 
driven model results using CEOF analysis, wherein the along- 
track quadratic fit from 5øN to about,58øN is estimated and 
subsequently removed from the model output, as done for the 
Geosat height•data. The first eigenmode accounts for 74% of 
the variance of the detrended sea surface height anomalies. 
Only the spatial amplitude pattern of the first eigenmode (Fig- 
ure 8)' is shown. The first eigenmode (Figure 8) is extremely 
weak and •hegligible compared with original model results (Fig- 
ure 6a). Since an external deformation radius is large (over 
1000 km);' the barotroPic wind-driven model responds only to 
large,•cale wind stress patterns. As a result the basin-scale sea 
surf•'e height variability from this barotropic model is signif- 
icantly reduced by the removal of the along-track quadratic fit. 
We can infer therefore that the wind-driven basin-scale re- 

sponse in the Labrador Sea shows'•no signal in the Geosat 
results due to the along-track orbit error removal. . 

As disctissed above, we have shown that the Geosat results 
contain th• steric effect (relative to the variability of the North 
Atlantic Current and subtropical gyre circulation) only, while 
the' ba•ot•'opic wind-driven portion has been remqyed along 
With the long-wavelength orbit error. Although .lhey agree at 
the lowest order for the basin-scale thermal expansion pat- 
terns•-s0me detailed discrepancies have been observed 'be- 
t•..e•h TOPE :X/POSEIDON and Geosat data. TheS• discrep- 
ancies could possibly be induced by interannuals'Variability 
(1.986-!988 for the Geosat data and' !•99_.2•1994 for the 
TOPEX/POSEIDON data), data quality differences (discussed 
in s6•ti6n 4), and processing techniques (e.g., the along-track 
d?trending for the Geosat data). 

ß 

ß 

4. Discussion and Summary 
•The•CEOF analyses of the 2-year TOPEX/POSEIDON and 

2-year Geosat altimeter data in this study have improved our 
Understanding of the annual variation of the Labrador Sea 
di'rculation.:The results herein suppo rt the conventional Wis. 
dom regarding the basin-scale variability of the sea surface 
height anomalies in the Labrador Sea and provide additional 
insight through the intercomparison among satellite altimetry, 
the Levitus data, and a wind,driven barotropic model. These 
results show that the sea surface height anomaly from the 
TOPEX/POSEIDON data has an annual amplitude of--•5 cm, 
with a positive anomaly in summer/fall and a negative one in 
winter/spring. The annual cycle in the Levitus data, dominated 
by •thermal expansion, has an amplitude of --4 cm and is nearly 
in phase with the TOPEX/POSEIDON data. The wind-driven 
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Figure 8. Same as Figure 6a but for the model-calculated sea 
surface height anomalies with the along-track quadratic fit 
removed. The first elgenmode accounts for 74% of the total 
variance. The contour interval is 0.1 cm for amplitude. 

annual signal is approximately in phase with the TOPEX/ 
POSEIDON and Levitus data, but its amp!itude is less than --• 1 
cm. The correlation analysis thus suggests that the annual cycle 
of thermal expansion can explain the majority of that in the 
TOPEX/POSEIDON dat•9, while the wind-driven contribution 
is minor. Th e present study has also shown that the long- 
wavelength orbit error correction (i.e., the along-track de- 
trending) obscures the annual basin-scale variability in the 
Geosat data. It is found that the annual cycle in the Geosat 
data is modified by the orbit error removal so much that the 
phase changes by 180 ø and the wind-driven portion is removed. 

For the annual basin-scale variability, major deficiencies in 
the Geosat data include the long-wavelength orbit and ocean 
fide errors. The required along-track orbit error correction 
removes the large-scale wind-driven circulation in the Labra- 
dor Sea. The resulting Geosat results become the sea surface 
height anomalies relative to those of the subtropical gyre cir- 
culation and of the Nc•rth Atlantic Current and therefore have 
been obscured. This explains not only the reversal of the Geo5 
sat-observed height anomalies in the Labrador Sea but also 
detailed discrepancies in the spatial patterns between the 
TOPEX/POSEIDON and Geosat results. The dominant M2 
tide is aliased bY the Geosat sub-Nyquist sampling to have an 
apparent period of 317 days, and so the M2 tidal error may 
contaminate the annual cycle. In addition, the detailed discrep- 
ancies between the TOPEX/POSEIDON and Geosat results 

may be attributed to differe:ht accuracies in the altimetric mea- 
surements and various environmental corrections such as for 
ionospheric and wet tropospheric effects. 

TOPEX/POSEIDON altimeter data, with an accuracy of--•5 
cm (RMS) for a single-pass sea level measurement [Fu eta h, 
1994], are much superior to Geosat data in terms of data 
quality. The accuracy for the temporally varying component of 
the TOPEX/POSEIDON measurement is certainly better than 
5 cm since the time-invariant systematic error component is 
removed (e.g., Morris and Gill [1994] found an overall RMS 
difference of 3 cm between the TOPEX/POSEIDO N and si- 
multaneous tide-gauge measurements around the Great 
Lakes). The aliased periods of major tidal constituent s (e.g., 
about 2 months for the M2 constituent) are far awaf from the 
annual cycle so that the tidal errors can be separated from the 
annual cycle of interest. TherefOre the TOPE.X/POSEIDON- 
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observed basin-scale signals of-5 cm in the Labrador Sea are 
above marginal. Finally, the general consistency and high cor- 
relation between the basin-scale altimetric results and the sum 

of the Levitus hydrographic data and wind-driven model re- 
sponse demonstrate that the signals are of oceanographic or- 
igin. Sensitivity studies also indicate that the annual basin-scale 
variability in the Labrador Sea as deduced from TOPEX/ 
POSEIDON data is insensitive to all the environmental and 

tidal corrections (see section 2.2), suggesting the robustness of 
the results. 
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