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[11 Thedeep variability in two areas of the Atlantic Western Boundary is studied. One site is
located at 38°N, inshore of the Gulf Stream. The other is at 8°S, off the Brazilian coast.
Analyses are centered on current time series estimated by a method that uses expendable
bathythermograph derived dynamic heights to remove the near-surface signal from
altimetric sea surface height. Both series are approximately 6 years long. Currents are
compared to scatterometer derived alongshore wind stress and basin-wide wind stress curl.
In both areas, current variability is correlated to basin-averaged wind stress curl and also to
alongshore wind stress. The relationship between currents and wind curl is coherent with
the western boundary currents response to interior Sverdrup flow. We propose that
alongshore wind stress exerts control over the flow by divergence of the Ekman flow at the
coast. In the north, the variability is dominated by interannual oscillations of the wind curl.
The effects of the alongshore stress are secondary and have annual frequency. In the
southern site, the alongshore effect appears to be the dominant forcing. The main observed

results are confirmed by data from a numerical model with 1/6° horizontal resolution.

Citation: Montenegro, A., and G. L. Weatherly (2007), Deep variability in the Atlantic Western Boundary Current based on
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1. Introduction

[2] Western boundary currents (WBC) are conspicuous
features of the ocean circulation. They are important in
determining ocean heat, salt and freshwater transports
[Ganachaud, 2003; Bryden and Beal, 2001; Fillenbaum
et al., 1997], and also influence biological parameters such
as nutrient availability and primary production [Oke and
Middleton, 2001; Campos et al., 2000; Brandini et al., 2000].

[3] The present work deals with WBC variability in the
annual to interannaul range. Three main forcing mecha-
nisms have been associated in the literature to WBC
temporal variability at these frequencies. Two are related
to wind-forcing, and the third are related to changing rates
of deep water formation.

[4] Linear wave theory predicts that the oceanic
response to large scale stochastic winds for periods
between 30 and 300 days is in the form of a wind stress
curl forced (Sverdrup like) interior flow compensated by a
return in the WBC. Wind stress curl forcing with periods
above 300 days generates large-scale baroclinic Rossby
waves [Willebrand et al., 1980; Pierini, 1998]. Both of
these relationships between the wind stress curl and WBC
flow have been confirmed by observations [Moore and
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Wilkin, 1998; Sturges and Hong, 2001; Lee et al., 1996;
Kutsuwada, 1988].

[5] Sea surface slopes generated by the divergence of
Ekman transport at the coast have been proposed as a
mechanism that relates alongshore wind stress to WBC
transport [Lee and Williams, 1988; Greatbatch and
Goulding, 1990; Kubota et al., 1995; Lee et al., 2001].
A third mode of WBC variability has been suggested on
the basis of numerical experiments that show a correlation
between the rate of Antarctic Bottom Water formation
and Deep Western Boundary Current (DWBC) transport
at the equatorial region [Choboter and Swaters, 2004].

[6] Most WBC Eulerian measurements span periods of a
few months to no more than 2 years. Such records have no
information about the interannual variation and many are
too short to capture even the annual signal. Here we use
expendable bathythermograph (XBT) and satellite altimetry
data to generate longer records (~6 years) of deep WBC
variability in two Atlantic sites.

[7] These time series are used to examine the deep WBC
response to two types of wind-forcing, (1) basin-wide wind
stress curl, in which the WBC variability is the response to a
Sverdrup like interior flow and (2) along shore wind stress,
where the WBC is influenced by cross-shelf surface slopes
generated by the divergence of Ekman flow at the shore.

2. Method Description

[s] Motivation for developing the method came from
empirical orthogonal function (EOF) analysis of monthly,
1° x 1° gridded altimetric sea surface height anomaly
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(SSH) [4VISO, 1992] and sea surface temperature (SST)
fields [Reynolds et al., 2002] in the Brazil Basin. The SSH
and SST EOFs showed marked differences in annual spatial
patterns, an indication that in this frequency range, regional
SSH is not predominantly dictated by thermal steric effects.
The slope and phase of the first SSH EOF over the
continental shelf break around 18°S agreed qualitatively
with observed DWBC transport and with modeled seasonal
patterns of the global bottom pressure [Weatherly et al.,
2000; Ponte, 1999], suggesting that the annual deep varia-
bility in the WB could have a surface signature above the
noise level of the instrument aboard Topex Poseidon (TP).
This initial inquiry was of an exploratory nature. The
possible effects of aliasing and spatial gridding on the
SSH data were not considered.

[¢9] Given the well-documented correlation between alti-
metric slopes and above thermocline velocity fields [4rnault
et al., 1999; Garzoli et al., 1997, Imawaki et al., 2001],
estimates of deep variability from SSH data must first
remove the effects of near-surface phenomena from the
SSH values. This is the goal of the method described and
tested below (see Appendix for tests).

[10] The procedure is based on “adjusted height” slopes
across the western boundary. Adjusted height (AJH) is
operationally defined by the local difference:

AJH = SSH — DYH (1)

with DYH being the dynamic height anomaly given by:

DYH(s, ) = é ( /p 0 5(s, 1) dp — /,, 0 5(s) dp) 2)

where ¢ is the specific volume anomaly, g is gravity, and
prur is the pressure at a reference level (RL) depth. The over
bar denotes time mean (substituting for the symbols in
Figure 1, DYH =14 — ¢).

[11] Given AJH values in two distinct points in space, one
can estimate the mean adjusted geostrophic velocity per-
pendicular to the line that connects the two points (V) by:

g OaTH
foos

V= 3)

where f'is the Coriolis and s is the spatial coordinate parallel
to the line connecting the two points. The spatial derivatives
of AJH calculated for the present application of the method
are in the cross-shelf slope, basically E-W direction. The
adopted sign convention has positive slopes to the offshore
(essentially east) generating positive currents in the North-
ern Hemisphere.

[12] Equation (1) is solved using along-track SSH
[Subrahmanyam, 1998] based on the AVISO [1992] data.
DYHs are calculated using XBT temperature profiles from
which density is estimated by a temperature density relation-
ship. The XBT data comes from the World Ocean Circulation
Experiment (WOCE) Upper Ocean Thermal Data Assembly
Center [WOCE Data Products Committee, 2002].

[13] Geoid uncertainties in the SSH data render impossi-
ble the use of AJH slopes in absolute current estimations,
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Figure 1. Definition of AJH. RL, reference level; @, geoid;
¢ time mean dynamic height; 7,, altimetric sea surface; 7,
instantaneous dynamic height; ©’s, isopycnals. SSH is the
satellite-derived sea surface height anomaly, DYH is the
XBT-based dynamic height anomaly divided by gravity,
and AJH is the defined “adjusted height,” given by AJH =
SSH — DYH. The thin dotted line under the DYH indicates
this value depends on the integral of 6 from RL to the surface.

and results are restrained to temporal variability. We have
then, from equation (3):

Ay g AR

A7 A @)

where ¢ is time and A indicates use of discrete values.
Equation (4) makes the procedure not only independent
from the geoid (®) but also from the mean dynamic height
(¢). Consecutive values of can be summed to generate a
time series of current anomaly in relation to the first
unknown value of V).

Ay

Van+ 1) =3 20 (5)
k=1 4

Where V(1) is set to zero. For simplicity, in the text below,
references to “estimated current” in fact refer to estimated
current anomaly.

[14] As defined by equation (1), AJH slopes provide the
mean geostrophic current at the RL, which in our case is
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about 400 m, the maximum depth sampled by XBT casts. If
the density field below RL is constant in time, the currents
based on AJH slopes will also provide a good representation
of the variability below the RL. That is, AJH slopes will
capture the depth-independent component of the DWBC,
which contains a large portion of its variability [Lee ef al.,
1996; Weatherly et al., 2000; Fischer and Schott, 1997,
Owens and Warren, 2001].

[15] If large changes in the density field occur below the
RL, the technique will not furnish a reliable estimate of the
deep, depth-independent currents. In such cases, a fraction
of the observed variability is caused by deep steric changes
not removed from the SSH data because they were not
sampled by the XBTs. This can be seen as the “baroclinic
contamination” of the desired depth-independent signal.

[16] Two WBC sites were selected because of their good
XBT spatial and temporal coverage. One is in the South
Atlantic, where no DWBC measurements longer than
2 years exist. The other is near 38°N, to the north of the
Gulf Stream separation. This location presents a dynamical
setting different from the area sampled for almost 10 years
near 26° [Zantopp et al., 1998]. At both sites, especially at
the northern one, XBT casts sample approximately the same
cross-western boundary transects for more than 6 years with
somewhat constant frequency. The methodology performed
well in tests conducted with model data in both areas (see
Appendix).

3. South Atlantic Site
3.1. Methods and Data

[17] We select the XBT casts that sample the slope (from
800 and 4200 m) between 6°—10°S (rectangle in Figure 2).
The mean maximum profile depth of these XBTs is about
400 m. DYH values are calculated for each cast, with
density estimated using a temperature-density relationship
based on local historical conductivity-temperature-depth
(CTD) data from the National Oceanographic Data Center
(NODC). The temperature-density relationship is single
valued for all depths.

[18] On the basis of local depth, DYHs are divided into
shallow (800—2500 m) and deep (2500—4200 m) values.
These are then averaged into 40-day blocks (coinciding with
4 TP passes over the area). The results are two (one shallow,
one deep) DYH times series. Not all 40-day blocks
contained enough data. As a result, the intervals between
values in the DYH (and consequently current) time series
are irregular. The mean interval between estimates is around
2.5 months.

[19] The SSH data comes from TP orbit 252 along track
data (Figure 2, insert). The measurements for each orbit are
divided into deep and shallow values using the same depth
limits of the DYH. The SSH data are then averaged in space
and time so that there is a mean SSH for each value in the
DYH time series.

[20] Even though the DYH averaging interval corres-
ponds to the period of four satellite passes, the XBT casts
are not evenly distributed within the 40-day blocks. There-
fore, when calculating the mean SSHs, only the passes that
coincide in time with XBT casts are used. On average, each
SSH and DYH value is based on an ~30-day mean. The
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final result is a time series of along-slope ¥, containing
30 estimates from February 1993 to April 1999.

[21] The wind data come from the scatterometers on
board the European Remote Sensing satellite systems
(ERS) 1 and 2 and provide constant coverage during the
period of interest. The formats used are monthly mean 1° X
1° gridded wind stress and wind stress curl from the
WiNd Fields (WNF) product provided by the Centre ERS
d’Archivage et de Traitement (Center for Satellite Exploitation
and Research (CERSAT)-French Institute of Research for the
Exploitation of the Sea (IFREMER) [1999], www. ifremer.ft/
cersat/en/index.htm). This wind product had a problem in the
interpolation, but this had been identified and corrected by the
time the data were used in our project.

[22] These monthly data are filtered and interpolated to
the periods where AJH slopes are available. In the analysis,
WSC refers to the mean wind stress curl in the area between
6° and 10°S from the shelf to 15°W. The result is that, like
in the analyses by Lee et al. [1996] and Weatherly et al.
[2000], the WSC is averaged over a band from the shelf to
the mean position of the Mid-Atlantic Ridge. Alongshore
Wind Stress (AWS) is the mean alongshore component of
the wind stress in a area from 6°—10° extending zonally to
one barotropic Rossby radius of deformation. Given the
area’s latitude, this meant a band across the whole ocean.

3.2. Error Estimates

[23] Wind error is chosen as the larger value between two
estimates, the error provided by CERSAT and the root mean
square (RMS) difference between the ERS and the pseudo-
wind stress from the Servain wind field over the Tropical
Atlantic (the data is obtained at www.coaps.fsu.edu/woce/
SAC/atlantic). This results in a AWS error of £3 x 107> Pa
and WSC uncertainties of £10 x 10~ Pa/m.

[24] The SSH uncertainty, eg, = 4 cm, is determined by
the TOPEX system precision [Chelton et al., 2001]. This is
likely to be a conservative estimate as the scale of interest
(~300 km) is much smaller than the satellite’s orbital length
and the orbit error is very small [Marshall et al., 1995].
Also, given the aliasing error spatial scale, its value should
be very similar along the portion of track from which the
SSH data is extracted [Carrere and Lyard, 2003; Stammer
et al., 2000] and should not effect the surface slope. Further-
more, the aliasing errors tend to be small at low latitudes.

[25] DYH errors can arise from errors in the XBT
temperature and errors generated by the temperature-density
(T-D) conversion. The magnitude of the first is 0.1°C
(according to the WOCE-UOT). These errors are considered
insignificant compared to the latter effect and are not
analyzed.

[26] The errors in the T-D relationship depend on the
scatter of the T-D curves and are a function of temperature.
Using CTD data and assuming the T-D error to have normal
distribution for all temperatures, the DYH error caused by
the inaccuracy of the T-D relationship is estimated to be egyp
~1 cm.

[27] As defined, ez, and egyy, refer to individual measure-
ments. It is assumed that both errors have normal distribu-
tions and are independent in time and space from each other.
Noting that each AJH estimate is based on a average of
12 DYH and 25 SSH observations, the mean final errors are
given by feqyn = eqyn/ /N =0.42 cm where N is the number
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Figure 2. South Atlantic site. Black dots represent location of all available WOCE XBT profiles
between September 1992 and December 2000. Method was applied to data from area delineated in black
rectangle. Insert: example of data spatial distribution for one AJH calculation. Thick line is the satellite

track (SSH), diamonds are XBT casts (DYH).

of observations. The same expression applied to the SSH
error results in feg, = 1.1 cm. The estimated feqyy, and fegg,
are used to obtain the AJH slope error, which on the basis of
a spatial scale of 300 km, result in a velocity error for the
time series of e, £ 0.014 m/s.

[28] Analysis of temperature profiles from the XBT casts
and the climatological monthly temperatures at 400 m
[Levitus et al., 1994] show that in the deep area, the mean
temperature was 8.169°C with standard deviation of
0.560°C. In the shallow area, these values were 9.023°
and 0.393°C, respectively. On the basis of these results, we
conclude that the 400-m reference level is deep enough to
capture most of the baroclinic signal, and no effort is made
to quantify errors associated with baroclinic contamination
of the estimated currents.

[20] No mapping is involved in the calculation of the
mean shallow and deep SSH and DYH values, which are
obtained by direct averaging of all DYH and SSH available
at each (deep and shallow) region. The option to not map
these parameters was based on the sparsity of XBT casts and
introduces some uncertainty that we cannot quantify.

3.3. Results

[30] The number of XBT casts used in each current
estimation (Figure 3, bottom) serve as an indirect measure-
ment of ¥, reliability. Attention is called to the small

number of casts around January 1996. As ¥, values are a
sum in time, the impact of this lack of data should be lower
quality estimates from late 1995 to early 1996 and some
shift in the estimates that follow this period. The potentially
erroneous values are not considered in the quantitative
analysis, but the shifted ones are included. Because of the
irregular intervals between current estimates, the series is
linearly interpolated into daily values before filtering.
Interpolation to daily values allows subsampling of the
filtered series at the precise dates of each current estimate
(Figure 3).

[31] The V,; amplitude results in an estimated transport
variability of £9 Sv. Visual inspection of the time series
indicate a negative correlation, with near-annual frequency,
between V,; and WSC (Figure 3, top) which is consistent
with the boundary response to an interior in Sverdrup
balance. The positive correlation, also in the yearly range,
between AWS and ¥, (Figure 3, center) indicates a possible
AWS control mechanism for some of the depth-independent
variability.

[32] In the correlations between wind (both AWS and
WSC) and estimated currents, the highest coefficients occur
for the zero lag correlation and seem to indicate AWS
(raws = 0.79) as the main forcing. In fact, the correlation
between V,; and WSC (rwsc = —0.44) is just above the 95%
significance level of » = 0.41.
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Figure 3. South site estimated time series. Top: solid line, estimated V| time series for the South
Atlantic site; dot-dash line, mean cross-basin wind stress curl anomaly. Vertical lines on left and right are
current and wind error bars. Solid circles on the current line mark time of AJH slope estimates. Center:
same as top but with dot-dash line being the alongshore wind stress anomaly. All series smoothed with a
5-month Hanning filter. Plots are subsampled to show only dates where V,, was estimated. Bottom:
number of XBT casts used in each AJH slope estimate. Circles, casts in shallow area; asterisks, casts in

deep area.

[33] The above significance level of » = 0.41 is based on
the total number of V| estimates. A more stringent test uses
not all observations but only the ones that are independent
from each other. Samples are only considered independent
when separated in time by intervals that are larger than the
initial zero crossing of the current time series autocorrela-
tion function. On the basis of this procedure, there are 22
independent observations and the new 95% significance
level is » = 0.48, above the correlation value observed
between WSC and V.

[34] On the top panel of Figure 4, the estimated currents
are plotted together with the WBC transport anomaly
measured by Weatherly et al. [2000] at 18°S. As in the
original analysis of Weatherly et al. [2000], transport
anomaly and estimated series are filtered with a 6 months
running mean block filter. Given the differences in location,
method, spatial, and temporal resolution between the two
series, any comparison must be made with caution. This
being said, both series present the same general configura-
tion, with intensification of southern flows during the
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Figure 4. Analysis of measured DWBC variability. Top: solid line, transport anomaly at 18°S from the
work of Weatherly et al. [2000]; dot-dash line, estimated ¥, time series. Vertical line on left is current
error. Circles on ¥, line mark time of AJH slope estimates. Center: solid line, same as top; dot-dash line,
mean cross-basin wind stress curl anomaly. Vertical line on left is wind error. Bottom: same as center,
with dot-dash line being the alongshore wind stress anomaly.

Southern Hemisphere summer and more northerly fluxes
during winter and spring.

[35] Weatherly et al. [2000] did not observe a clear
correlation between WBC transport and basin wind stress
curl from National Center for Environmental Prediction
(NCEP) reanalysis data. Similar results are obtained when
the ERS winds are used (Figure 4, center). For most of the
record, the correlation has the wrong sign and currents tend
to precede the wind. Still, from the end of 1994 onward,
transport and WSC relate in a way that is coherent with
Sverdrup response. For this analysis, WSC and AWS refer
to spatial averages relevant to the location of the observed
transport estimate.

[36] The relationship between AWS and transport is
shown by the bottom plate of Figure 4. The positive

correlation is like the one detected by the estimated series
further north. Still, there are some phase differences, spe-
cially in beginning of 1994, with the AWS leading the
currents.

[37] The qualitative interpretation of the results in Figure 4
tends to confirm the prevalence of alongshore wind stress
over basin wind curl as a controlling mechanism of WBC
deep, depth-independent variability. These are inferences
about an annual signal being made upon the basis of
18 months of data and should be confirmed by other tests.
Moreover, it should be noted that WSC and AWS are
significantly correlated (= —0.64). The apparent dominance
of AWS over WSC as a forcing mechanism observed in the
V.| data set should also be further verified. This is done in the
next section with the use of a numerical model.
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Figure 5. Clipper time series for south site. Top: solid line, model DWBC anomaly; dot-dash line, wind
stress curl anomaly. Bottom: same as top, with dot-dash line being the alongshore wind stress anomaly.
All series are smoothed with a 6-month Hanning filter.

[38] The adopted WSC averaging area facilitates compar-
ison between the present analysis and previous studies [Lee
et al., 1996; Weatherly et al., 2000]. The overall features of
the curl time series (not shown) remain the same when the
wind stress curl is averaged over the same latitude band but
across the whole basin. The correlation between basin-wide
curl and V,, is lower (rwscy, = —0.31) and below the 95%
significance level.

[39] The barotropic Rossby radius of deformation is
selected as a nonarbitrary zonal limit for the AWS averag-
ing, as it is the expected spatial scale of the sea surface
height anomaly generated by divergence at the coast. The
use of a more local AWS, averaged over the area defined by
the rectangle in Figure 2, does not change results signifi-
cantly. As with WSC, the general behavior is the same, and

the correlation between the local AWS and estimated
currents drops to raws; = 0.69.

3.4. Model Results

[40] The response of the DWBC to WSC and AWS
forcing is verified using output from the CLIPPER Atlantic
Ocean circulation model, a project developed by a French
consortium that includes IFREMER and the universities of
Paris, Grenoble, and Toulouse [Treguier et al., 2001].
Results come from a version with 1/6° horizontal resolution
and 42 vertical levels. The data span the period between
January 1995 to December 2000 with outputs every 5 days.
The ocean is forced by European Centre for Medium-Range
Weather Forecasts (ECMWEF) reanalysis winds and fluxes.

[41] The comparisons use near-bottom flows in the
DWBC. In order to minimize topographic effects, near-
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Figure 6. Clipper spectral analysis for south site. Left-top: model DWBC x AWS cross-spectral
density, vertical lines are error estimates, p is the peak’s mean period and f its frequency. Left-center
model DWBC x AWS coherence, the dash-dot line marks the significant level. Left-bottom: model
DWBC x AWS phase. Right column: same as left but for DWBC x WSC cross spectrum.

bottom currents are taken as the velocities in the two grid
boxes lying immediately above the deepest bin which result
on average in a 400-m layer located 200 m above the
bottom. The AWS and WSC are calculated like before,
but on the basis of the ECMWF winds.

[42] The magnitude of model DWBC variability (Figure 5)
is similar to the amplitude of the estimated V, time series.
Anomalies tend to be to the south during the Austral Summer
and to the north during winter and fall, which agrees with the
annual phase of the V| and observed transport data. Visual
comparison with the wind data indicates, again in agreement

with the estimated currents, that the AWS seems more
important than WSC in controlling the deep variability.

[43] This AWS dominance is further demonstrated by
cross-spectral analysis of the synthetic data (Figure 6). Both
AWS and WSC are significantly correlated with the currents
at the annual frequency. Still, the coherence between the
AWS-DWB correlation (>0.8) is considerably larger than
the WSC-DWB one (~0.55).

[44] The phase relationship for the peak in coherence
between WSC and DWBC show that WSC lead currents by
~90 days. This interval, which is near the detection limit of
the estimated time series temporal resolution, is not appar-
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Figure 7. North Atlantic site. Black dots represent location of all available WOCE XBT profiles
between September 1992 and December 2000. Method was applied to data from area A, delineated in
black rectangle near 38°N. Model results come from area B, near 43°N. Insert: blowup of area A with an
example of data spatial distribution for one AJH calculation. Plus signs are satellite altimeter readings

(SSH), diamonds are XBT casts (DYH).

ent in the WSC-V,; comparison. The expected WB response
to wind stress curl generated interior Sverdrup flow would
not present lags of this magnitude. The annual cycle
reported by Lee et al. [1996, Figure 12], for example, either
shows no time lag between deep transport (below 800 m)
and basin-wide wind stress curl or a slight lead of transport
over curl.

[45] Cross-spectral analysis between WSC and AWS (not
shown) indicate both variables to be strongly anticorrelated
at annual frequencies (coherence ~0.7), with WSC leading
AWS by ~75 days. The observed lag between WSC and
DWRBC is probably not a delay between the interior forcing
and the WB response and is most likely a consequence of
AWS dominance over DWBC variability. That is, DWBC is
being forced by the AWS, but since AWS and WSC are
correlated, there also exists significant statistical, not phy-
sical, correlation between WSC and DWBC.

[46] In the AWS-DWBC case, the phase indicates that
winds lead currents by ~20 days, a lag that cannot be
detected by the estimate series temporal resolution. Inspec-
tion of the CLIPPER time series (Figure 5, bottom) show
that the lag between AWS and current tend to be smaller
during negative anomalies.

4. North Atlantic Site
4.1. Methods and Data

[47] AJHs are calculated for the area lying between
37.7°-39.2°N and 70.6°-73.1°W (Figure 7, area A). For
the DYHs, XBT profiles are truncated at 450 m. The SSH
data comes from TP orbit 50. The shallow area includes

depths from 1000 to 2800 m, and the deep area includes
depths from 2800 to 3800 m. XBT availability results in
AJH values that represent, on average, a 10-day mean. The
resulting V| time series is composed of 82 estimates with
nearly monthly resolution from May 1993 to July 1999.

[48] Area A is relatively small when compared to the ERS
data 1° x 1° grid. As a result, AWS values are averaged
over an area of slightly larger meridional extent than the one
used for the current estimation. Its limits are from 36° to
40°N, extending from the coast to ~2100 km to the east.
The WSC band has the same meridional boundaries and
goes from the coast to 40°W. Again, the zonal limits of the
AWS and WSC means are determined by the barotropic
Rossby radius and the mid-ocean ridge, respectively. Like in
the southern site, changes in these averaging areas did not
alter the wind time series significantly.

4.2. Error Estimates

[49] On the basis of the same procedures described for the

south site, the north errors are:
o V, error — eye £+ 0.09 m/s
e AWS error — ey + 10 x 1072 Pa/m
e WSC error — ey + 18 x 107% Pa/m

[so] The AWS error is given by CERSAT, and the WSC
error is the RMS between the ERS and NCEP reanalysis
wind fields.

[51] Analysis of the NODC CTD data in this area (not
shown) indicate that, differently from the south site, there is
considerable temporal variability in the temperature field
below the maximum XBT profile depth (probably associ-
ated with passage of Gulf-Stream rings [Richardson et al.,
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1978]). This means that part of the signal in ¥ is not related
to deep variability and is caused by steric changes that have
not been removed from the SSH data because they were not
sampled by the XBTs. We use estimates of the amplitude of
the baroclinic current variability immediately below 450 m
in order to estimate the magnitude of this effect.

[52] This is done by projecting current meter derived
velocity profiles on estimates of the first two baroclinic
dynamic modes obtained through EOF analysis of local
CTD density profiles. The CTD data come from NODC.
Velocity values are from the NODC Coastal Ocean Time
Series Database and come from a mooring located inside
area A (38.65°N and 72.5°W) at 2650-m depth. There are
five instruments positioned at 196, 294, 587, 1824, and
2417 m. The current time series is 6 months long (November
1990 to June 1991). Original hourly values are smoothed
with a 30 day Hanning filter and interpolated to daily
profiles. Velocity values are projected into the modes by
multiplying the current value at each depth by the valued of
the EOF derived estimates of the dynamic mode at the
equivalent depth.

[53] The sum of first and second mode standard deviations
at 500 m is 0.018 m/s for the U projection and 0.026 m/s
for V. The standard deviation of the ¥, data is 0.11. This
would indicate that the baroclinic contamination of the
estimated depth-independent signal varies from 16—24%.
Taking into account the lack of vertical resolution, and
especially the restricted spatial and temporal scope of the
current meter data, this is considered to be a rough estimate.

4.3. Results

[s4] The top two panels on Figure 8 show V; and wind
anomalies. All values are smoothed with a 7-month (half
period of the cosine) Hanning filter. The V, amplitude
results in estimated transport variability of £40 Sv. Visual
inspection does not indicate a clear relationship between
currents and AWS. In the WSC case, an inverse, interannual
correlation is apparent.

[55] The temperature profiles on the two lower panels of
Figure 8, like the number of XBT casts from Figure 3, offer
a qualitative indication of V7, reliability. The error analysis
from the last section provides a mean value, but the
baroclinic contamination varies in time. It should be larger
for periods of rapid temperature change near 450 m.

[s6] Cross-spectral analysis between the V; and wind
data (Figure 9) indicate a clear annual correlation between
currents and AWS (for the spectrum calculations, V| values
are linearly interpolated to the ERS wind dates). According
to the phase diagram, the alongshore winds lead the currents
by 28 days. This is near the 30-day resolution of the input
data series and indistinguishable from a zero lag as the
phase error for this frequency is of £31 days [Hartmann,
1974]. The WSC x V| cross-spectrum presents two signi-
ficant peaks, a dominant one in the interannual range and a
less energetic peak with yearly period. In both cases, the
phase is coherent with interior Sverdrup forcing [Lee et al.,
1996].

4.4. Model Results

[57] All analyses based on observations are repeated
using output from the CLIPPER model and ECMWF winds.
Here, however, model and wind data do not come from the
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same site used in the ¥, estimation, but from a region
further north (B in Figure 7). In the real ocean, area A lies
inshore of the mean Gulf Stream path. In the model,
however, this region is occupied by the Gulf Stream, which
separates too far upstream. Apart from this spatial displace-
ment, data sources and treatment are the same as in the
south.

[58] No correlations are evident in the model DWBC and
AWS or WSC time series (Figure 10). If any parallel can be
drawn between model and estimated currents, it is the
absence of a clear annual signal with constant phase.

[59] Some similarities though arise in the model cross-
spectrum (Figure 11). As observed for the estimated V),
there is a significant positive correlation between AWS and
model DWBC in the yearly range. Also present in both
cases is the negative correlation between currents and WSC
over interannual frequencies. Model currents and WSC are
not significantly correlated over a 1-year period. Not present
in the observed values but very prominent in both AWS and
WSC for the model data are the correlation peaks near
90 days.

[0] As can be noted by comparing Figures 8 and 10,
CLIPPER currents are nearly one order of magnitude
smaller than the northern V,s. The first explanation would
be that results come from geographically distinct areas.
Area B is only chosen as the southernmost area after the
model Gulf Stream separation. No attempt is made to verify
if it is similar to area A in other ways.

[61] A second possible cause is the difference in spatial
averaging. The model currents represent means over a
larger area. The segment of the western boundary covered
by area B is much longer than the one in area A. Adding to
this difference is the disposition of the XBT casts and TP
track inside area A. This ends up producing many V
measurements that are better described as transects than as
along-slope means.

[62] Another possibility is the already mentioned pres-
ence of near-surface variability in the V, values. Still,
assuming our estimate of such impact is correct, this would
be too small to explain the observed differences.

[63] While the CLIPPER and estimated current magni-
tudes do not agree, the CLIPPER currents, like the estimated
values, show a negative correlation in interannual timescales
with WSC and a positive annual correlation with AWS.
Unlike the V| values, CLIPPER currents are not correlated
to WSC in the annual frequency.

5. Discussion and Conclusions

[64] There is a growing amount of evidence supporting a
time-dependent Sverdrup-like response of the flow in por-
tions of the Pacific and Indian oceans [Niiler and Koblinsky,
1985; Isoguchi and Kawamura, 2006; Guinehut et al.,
2006]. In the Atlantic, the picture is not so clear with some
studies suggesting that this relationship is not valid [Fu
and Davidson, 1995; Guinehut et al., 2006; Wunsch and
Roemmich, 1985]. For the Sverdrup relationship to hold, the
deep vertical velocities must be null, and in the Atlantic,
there are significant vertical velocities associated with the
overturning circulation flowing over complex bottom
topography [Wunsch and Roemmich, 1985]. Nonetheless,
correlations between interior winds stress curl and western
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