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Abstract. Oceanographic fields derived from the Geosat altimeter and atmospheric
fields from the European Centre for Medium-Range Weather Forecasts (ECMWF)
were examined for both the western North Pacific Ocean and the western North
Atlantic Ocean to determine the nature of the coupling. Despite the short data
records, approximately 2.5 years, correlation analyses of nonseasonal fluctuations
showed similar relationships for both oceans. Correlations between the height
difference across the jets (surface transport) and the path of the western boundary
currents suggested that there is a structural change of the recirculation gyres,
associated with a path change, with timescales of 5-9 months. Both wind stress and
wind stress curl were clearly correlated with the surface transport and path in each
ocean. Although net surface heat flux and wind stress were correlated, there was no
clear correlation between net surface heat flux from ECMWF and surface transport
over the entire study region. Additional regional analyses of the North Atlantic
showed a consistent relationship between cooling, sea surface temperature (ssT),
and surface transport west of 62°W; anomalous cooling (accompanied by cyclonic
wind anomalies) corresponds to a weaker sST gradient across the Gulf Stream and
decreasing surface transport. Because the surface transport fluctuations to the
west and east of 62°W in the western North Atlantic are not correlated, structural
changes in the recirculation gyres, which have their maximum variations east of

62°W, may not be related to surface heat flux variations.

1. Introduction

Observations of fluctuations in the surface transport
and path of the Gulf Stream (GS) [Kelly, 1991] and
the Kuroshio Extension (KE) [Qiu et al., 1991] from
2.5 years of Geosat altimetric height data suggested
similar large-scale patterns for both oceans: larger east-
ward surface transports corresponding to more northerly
paths in the region of recirculation gyres. Two can-
didates for forcing such fluctuations are surface heat
fluxes and wind stress. Large oceanic heat losses in win-
ter are observed over both the KE and the GS regions
[Isemer and Hasse, 1987; Hsiung, 1985]. To explain an
observed April maximum in GS volume transport and
path, Worthington [1976] postulated an “anticyclogen-
esis” model for the southern recirculation gyre in which
the thermocline deepens during the winter in response
to cooling by the atmosphere. The role of heat flux in
driving ocean circulation was reexamined by Cushman-
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Roisin [1987], who argued that the recirculation gyres
held GS waters until surface heat fluxes could adjust
the potential vorticity to that required for the water to
reenter the ocean interior. Huang [1990] used an an-
alytical model to show that atmospheric cooling could
cause an intensification of the eastward flow and create
northern and southern recirculation gyres. Behringer
et al. [1979] noted that the warm core of the GS could
amplify the effect of the local wind stress by increas-
ing the drag coefficient. In addition, an analysis of the
Geosat altimeter data by Wunsch [1991] showed strong
correlations between the local wind stress and sea sur-
face height (SSH) fluctuations; however, it is not clear
whether the fluctuations in the eastward transport of
the western boundary currents are equivalent to the
basin-scale fluctuations observed by Wunsch. A compli-
cating factor in examining the atmosphere-ocean cou-
pling is the expected high correlation of wind and hest
flux fields with each other [Cayan, 1992].

The path of the boundary current jet represents an-
other aspect of the atmosphere-ocean coupling. The
long-term mean location of both the KE and the GS
coincides roughly with the line of zero wind stress curl,
and fluctuations may also be correlated [Liu and Yang,
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1994]. However, because of the correlation between
path and transport seen in the altimetric data, it may
be difficult to distinguish path and transport correla-
tions with the wind field. There are some other pos-
sible sources of fluctuations in the path or transport,
which are beyond the scope of this work. Thompson
and Schmitz [1989] demonstrated that the addition of
a deep western boundary current in a numerical model
gave a more realistic mean GS path than wind forcing or
topographic steering alone. Also, the path of the KE,
in particular, may be sensitive to the upstream path
of the Kuroshio, which attained both its straight and
large-meander paths during the period [Qiu, 1992]. Fi-
nally, fluctuations in the surface transport may be due
to eddy-mean flow interactions in the western boundary
current itself [Qiu, 1995].

The large-areal coverage of ocean observations from
satellites and the improved atmospheric fields from gen-
eral circulation models (GCMs) allow a detailed inves-
tigation of the coupling between oceanographic and me-
teorological variables. This study examines the atmos-
phere—ocean coupling mechanisms through statistical
analyses of the fields. The analysis is limited by the
short data records from Geosat but has the advantage
of having several simultaneous synoptic data sets. Sec-
tion 2 is a description of the processing steps for the
data, and section 3 describes the analyses performed
on the data. A discussion of the results is contained
in section 4, followed by the conclusions in section 5.
The appendix contains a description of canonical corre-
lations as used here.

2. Data Fields

Collinear height profiles for the 2.5-year Geosat Exact
Repeat Mission (ERM) (November 1986 to April 1989)
were processed using programs described by Caruso et
al. [1990] to obtain a series of residual SSH. The mean
SSH was estimated using the method of Kelly and Gille
[1990], as modified by Qiu et al. [1991]. The estimate
of the mean SSH was combined with the residual SSH
to produce profiles of total SSH. Time series of the jet
path and surface transport (height difference across the
jet) were obtained from altimeter data for both the GS
and the KE by fitting an error function across the east-
ward flowing current. Time series of height difference
across the core of the jet were used in place of gridded
SSH fields to separate the effects of current intensity
from changes in the path. The height difference across
the jet, unlike velocity, does not depend on the orien-
tation of the jet with respect to the satellite subtrack.
In addition, because the height difference is centered on
the jet location in “stream coordinates” it is also in-
dependent of meridional path changes. Although the
mean SSH was subsequently removed from the surface
transport and path time series, it was an essential part
of the analysis, in that it allowed us to locate the center
of the jet. It also allowed us to distinguish the jet from
rings and to isolate changes in jet strength from SSH
fluctuations due to meandering.
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Wind stress fields were derived from the 2.5°x 2.5°
European Centre for Medium-Range Weather Forecasts
(EcMWF) 1000-mbar, twice-daily model winds for Oc-
tober 1986 — December 1989. Winds were converted
to wind stress using a wind-speed-dependent drag co-
efficient [Large and Pond, 1981] and were decimated to
a semimonthly frequency. Some analyses of the 1000-
mbar wind suggest that they are too strong and may
produce stresses in error by as much as 50% [Mestas-
Nunez et al, 1994]. This may enhance strong wind
events relative to weaker fluctuations and somewhat al-
ter the correlations; however, the errors in stress mag-
nitude do not otherwise affect the results here.

Net ocean surface heat flux estimates were obtained
from the ECMWF model for September 1986 — Decem-
ber 1989 on a 1.125 x 1.125° grid for both oceans. Es-
timates of incoming shortwave radiation, outgoing in-
frared radiation, and latent and sensible surface heat
fluxes, based on the accumulated values for two 6-hour
periods per day, were modified as described by Qiu and
Kelly [1993] to produce daily averages of net ocean sur-
face heat flux, which were then decimated to a semi-
monthly frequency.

Two additional fields were available for the North At-
lantic only. Sea surface temperature (SST) data from
the advanced very high resolution radiometer (AVHRR)
was processed as described by Kelly and Qiu [1995a] to
obtain biweekly averages. An additional estimate of the
net surface heat flux was obtained by assimilating tem-
perature tendency into a mixed layer model [Kelly and
Qiu, 1995ab)] (hereinafter referred to as KQa and KQb,
respectively).

The mean annual variations were removed from all
of the variables, in order to examine the correlations
of the nonseasonal signals. While important physically,
the annual signal obscures statistical analyses because
all inphase annual signals of the variables are corre-
lated, regardless of any dynamical connection. Signals
in quadrature will not contribute to these correlations.
The latter is the expected dominant relationship be-
tween, for example, SST and heat flux; that is, one
expects a relationship of the form 7/0t = @), where T
is SST and @ is the surface flux [Cayan, 1992]. The an-
nual signal in wind stress, net surface surface heat flux,
and SST was removed by least squares fits to the annual
and semiannual harmonics at each grid point. Only the
harmonics which accounted for at least 10% of the re-
maining data variance were removed, which meant gen-
erally that only the first harmonics were removed. For
the jet path and transport the harmonics were removed
from the original profiles for each satellite subtrack. Af-
ter the annual signal was removed, the altimeter data
were splined to a regular grid in increments of 2° lon-
gitude and the same semimonthly frequency as for the
other variables. The annual signal accounted for only
a relatively small amount of variance (9-12%) in the
path and transport series, which represent the oceanic
circulation. The amount of variance in the atmospheric
fields was much larger, 22-56% in the wind stress com-
ponents and 91-96% in the ECMWF surface flux fields.
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A) Gulf Stream
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B) Kuroshio Extension
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Figure 1. Mean surface transport from the Geosat altimeter. Temporally averaged sea surface
height (SSH) difference for the (a) Gulf Stream (GS) and for the (b) Kuroshio Extension (KE).
The height difference in the Gulf Stream at 70°W was underestimated by the method used to
reconstruct the mean SSH from the altimetric data.

The annual signal was also the dominant component of
North Atlantic SST, with 98% of the variance.

The mean surface transport (Figure 1) indicates the
relative strength of the eastward flow in the boundary
current; regions with large surface transport are regions
of large recirculating flows. The KE has a local mini-
mum in surface transport at 155°E (Figure 1b), which
may indicate two regions of recirculation. At 70°W in
the GS (Figure la) there is also a local minimum in
surface transport, which is apparently an artifact of the
method used to estimate the mean SSH difference. This
minimum was erroneously attributed by Kelly [1991] to
spatial structure in the recirculation gyre; however, ad-
ditional analyses of the path fluctuations suggested that
the jet did not meander enough for an estimate of the
mean to converge properly. Although the standard de-
viation of the paths at 70°W formally met the criterion
for convergence found by Qiu [1992], the distribution of
paths was not Gaussian, and eliminating two outliers
caused the path fluctuations to fail the criterion. None
of the other subtracks in either the GS or the KE had
this problem. The transports from this subtrack were
included in the analyses here because the problematic
temporal mean was removed.

Extrema of the ECMWF mean atmospheric fields (not
shown) were generally north of the mean axis of the
western boundary currents. The core of the westerlies
in the North Atlantic is at the same latitude as the GS
west of 60°W but is north of the GS to the east of 60°W.
The core of the westerlies in the western North Pacific
is everywhere north of the KE by at least 3° latitude.
The mean wind is toward the northeast in both oceans.
The minima of the mean net surface heat flux fields
(maximum heat loss from the ocean) correspond to the
longitude of maximum surface transport; however, the
minimum heat flux in the Pacific, like the maximum
wind speed, is displaced north of the KE, here by about
2-3° latitude.

All of the variables, with the annual signal removed,
were subsequently low-passed filtered temporally with
a half-power point of about six cycles per year. This
removed approximately 50% of the remaining variance
in the wind stress and 40% of the variance in the other
variables for both the KE and the GS, except for the

KE path, for which the filtering removed only about
20% of the remaining variance.

3. Analyses of Nonseasonal Variations

The first step in the analysis was the computation of
the time domain empirical orthogonal functions (EQFs)
(see, for example, Davis, [1976]). The EOFs of the wind
stress were computed using a complex variable for the z
and y components, that is, 7*+i7Y. The fraction of vari-
ance in each of the first four EOF's for each variable is
shown in Table 1, where variables in the western North
Atlantic are designated by GS and those in the western
North Pacific are designated by KE. The only variable
which did not contain at least 40% of its variance in the
lowest mode was SST (for the Atlantic). Surface heat
flux has the largest amount of variance (>60%) in the
first EOF. The KE path had about equal variance in its
lowest two EOF's. In an analysis of the same data, Qiu
et al. [1991] found similar modes and suggested that
they represented propagation of the path fluctuations
along the jet. This splitting of variance between two
EOFs is not seen in the KE transport.

The coupling between the variables was determined
using canonical correlation analysis, which is a decom-
position of the data fields for two variables [Preisendor-
fer, 1988]. Canonical modes are analogous to EOFs for
a single field in that the modes maximize the amount
of cross-covariance between the two fields contained in
the lowest modes, compared with maximizing the au-
tocovariance of a single field in EOFs. A more detailed
description of the procedure for computing the canon-
ical modes is contained in the appendix. The canoni-
cal modes were computed from a truncated expansion
in the EOFs of each variable using only the first four
EOFs.

The canonical correlations give the covarying pat-
terns and corresponding time series of the two fields;
it is then necessary to evaluate the significance of the
modes. For each canonical mode the correlation be-
tween the amplitudes of the time series for the two
variables, the fraction of covariance explained, and an
estimate of the correlation which would be significant
at the 95% confidence level were computed. The num-
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Table 1. Empirical Orthogonal Functions

Percent of Variance

Gulf Stream Kuroshio Extension

Variable 1 2 3 4 1 2 3 4
Transport 54 17 14 10 43 23 13 10
Path 47 23 15 10 42 37 8.4 7.3
Wind stress 58 19 8.9 3.6 57 13 6.5 45
Surface heat flux 80 6.6 4.8 2.5 65 15 6.5 4.5
KQa surface flux 62 28 3.5 3.2

SST 17 15 6.0 5.3

Numbers 1-4 represent the first four EOFs in both regions. Gulf Stream is the
western North Atlantic, Kuroshio Extension is the western North Pacific. KQa is
Kelly and Qiu [1995a). SST is sea surface temperature.

ber of degrees of freedom for each canonical analysis
was estimated as the average of the degrees of free-
dom for the two variables. Only the statistics for those
modes which had correlations above the estimated 95%
confidence levels are shown in the tables below. As
discussed by Cayan [1992], another test of the signifi-
cance of the coupling of the fields is whether the lowest
canonical modes correspond to the lowest EOFs of the
two variables. Therefore, in each mode discussed below,
the dominant EOF's for each variable in each canonical
mode are listed in parentheses after the variable, in the
order of their contribution to the canonical mode. For
example, in Table 2 the first canonical mode of GS sur-
face transport and path consisted primarily of the first
EOF of transport and both the third and first EOFs
of the GS path. The fraction of covariance described
by this mode was 57%, with a correlation of 0.57, rela-
tive to a correlation of 0.43 required for a 95% level of
confidence.

Oceanographic Modes

The statistics of the canonical modes of surface trans-
port and path fluctuations, which we will call “oceano-
graphic modes,” are shown in Table 2. Both the first
and second modes in the KE had statistically significant
correlations; however, the first mode has a substantially
larger amount of the covariance and represents lower
transport and path EOFs, which contribute more to
the variance of the fields. Only the first canonical mode
in the GS was significant.

The first canonical oceanographic modes (Figure 2),
which describe about half of the covariance, are remark-
ably similar in both oceans. Both have relatively high
frequency fluctuations, with periods of approximately
5-9 months, and similar spatial structure: maximum
amplitudes of the transport and path modes are down-
stream from the maximum mean transport, which is
at 64°W in the GS and at 149°E in the KE. There
are also trends in the modes, of opposite signs, so that
the KE is tending toward a maximum in transport and
more northerly position, while the GS is tending to-
ward a minimum in transport and a more southerly po-
sition. The canonical correlation analysis, as described
in the appendix, does not use spatial information in
the calculation of the modes, and thus the similarity
in structure between path and transport reinforces the
significance of the coupling. The similarity in spatial
structure was not apparent in the second KE modes.
The first correlated modes show more clearly the rela-
tionship described in the previous Geosat analyses by
Kelly [1991] and Qiu et al. [1991]: positive anomalies
in surface transport are correlated with more northerly
paths. The first canonical modes of the Gulf Stream
were previously discussed by Kelly and Watts [1994].

Atmospheric Modes

One problem in distinguishing whether surface heat
flux or wind stress is coupled with the nonseasonal fluc-
tuations in recirculation is the possibility that the at-
mospheric fields are highly correlated with each other.

Table 2. Oceanographic Canonical Correlation Statistics

Field 1 Field 2  Covariance, % Correlation 95% Level
GS transport (1) path (3,1) 57 0.57 0.43
KE transport (1) path (1,2) 50 0.61 0.56
KE transport (2) path (2,1) 37 0.57 0.44

Numbers in

GS is the Gulf Stream, KE is the Kuroshio Extension.
parentheses are the dominant empirical orthogonal functions in the order of
their contribution to the canonical mode. See text.
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B) KE transport/path amplitudes
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Figure 2. First canonical modes of transport and path. Time series for transport (solid line)
and path (dashed line) for (a) Gulf Stream and (b) the Kuroshio Extension. Spatial modes of
path (solid line) and transport (dashed line) for (c) Gulf Stream and (d) Kuroshio Extension.
Note that the transport time series were increased by a factor of 2 for the GS and by a factor of

4 for the KE for plotting.

Thus we first examined the correlations between the at-
mospheric fields. The statistics of the canonical modes
of wind stress and surface heat flux are shown in Ta-
ble 3. Correlations for both oceans were clearly signif-
icant, with a high level (83%, 69%) of the covariance
in the lowest modes. Correlations were larger for the
North Atlantic than for the North Pacific.

The nature of the correlation between wind stress and
surface heat flux (Figures 3 and 4) suggests a cooling
response to increasing wind stress or cyclone activity.
A positive value for the North Pacific flux mode (Fig-
ure 4c) in conjunction with the mean (not shown) gives
higher wind speeds. According to Cayan [1992], there
should be a negative surface heat flux anomaly (cool-
ing) due to the higher wind speeds, which is what is
shown by the surface flux mode (Figure 4b). A neg-

ative value of the North Atlantic mode (Figure 3c¢) in
conjunction with the mean (not shown) also gives higher
winds speeds over most of the region; however, the sig-
nificance of this mode may be that the circulation of
the negative anomaly is cyclonic, which is suggestive of
a storm in the region. The corresponding surface flux
anomaly is negative throughout the region, representing
a loss of heat from the ocean.

Wind Stress—Ocean Coupling

The following two forms of coupling between the
winds and the ocean were investigated: wind stress with
surface transport and wind stress curl with the bound-
ary current path. The statistics of the canonical modes
for each boundary current are shown in Table 4.

Table 3. Atmospheric Canonical Correlation Statistics

Field 1 Field 2 Covariance, % Correlation 95% Level
GS wind stress (1)  heat flux (1) 83 0.73 0.36
GS wind stress (2)  heat flux (2) 11 0.59 0.26
KE wind stress (1) heat flux (1) 69 0.57 0.35
KE wind stress (3) heat flux (2) 17 0.58 0.27

See Table 2 for description.
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A) North Atlantic wind stress/surface flux amplitudes B) surface flux mode for wind stress coupling
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Figure 3. Canonical modes of wind stress and net surface heat flux for the North Atlantic.
(a) Time series for wind stress (solid line) and surface flux (dashed line). Note that the surface
flux time series has been reduced by a factor of 103 for plotting. Spatial modes of (b) surface

flux and (c) wind stress.

Two GS modes and one KE mode for the wind
stress-transport analysis were statistically significant,
although the correlations are not as high as those for the
wind stress and the heat flux. The wind stress modes
are linear combinations of the first and second EOF's
of wind stress in the North Atlantic but only involve
the second wind stress EOF in the North Pacific, so
that the canonical modes represent substantially more
wind stress variance in the Atlantic than in the Pacific.
Regions of large wind stress anomalies generally cor-
respond to regions of large transport anomalies. The
first wind stress mode in the Atlantic (Figure 5e) is

virtually identical, with the reversed sign, to the wind
stress—flux mode (Figure 3c); the corresponding trans-
port mode has a negative anomaly in the west and a
positive anomaly east of 60°W (Figure 5¢). The sec-
ond modes have the largest amplitudes east of 60°W
for both the wind stress (Figure 5f) and the transport
(Figure 5d). In the Pacific the wind stress has a large
northward anomaly in the center of the region, near
155°E (Figure 6¢c), and the transport mode has a pos-
itive anomaly in the same region. However, there is
also a negative transport anomaly near 142°E, with no
corresponding corresponding wind stress anomaly.
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A) North Pacific wind stress/surface flux amplitudes
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Figure 4. Same as Figure 3, but for North Pacific.

The statistics of the canonical modes of wind stress
curl from ECMWF and path for each boundary current
are also shown in Table 4. In the North Atlantic,the
correlation is only with higher EOF's of path and curl;
however, in the North Pacific there are two significant
correlated modes which represent the lowest two EOF's
of both fields. The first curl mode (Figure 7c) repre-
sents a southward shift of the westerlies in the vicinity
of the KE, and the first path mode (Figure 7b) has a
corresponding southward shift between about 150°and

180°E.

Surface Heat Flux—Transport Modes

The statistics of the canonical modes of net surface
heat flux from ECMWF and surface transport for each
boundary current region are shown in Table 5. Only
one mode in each region was statistically significant,
and neither canonical mode included the first EOF of
heat flux. Again, the canonical correlations are not as
high as in the atmospheric modes. The heat flux mode
for the Atlantic (not shown) has its largest values in the
western part of the region, whereas the transport mode

Table 4. Wind Stress—-Transport Canonical Correlation Statistics

Field 1 Field 2 Covariance, % Correlation 95% Level
GS wind stress (1,2)  transport (2) 47 0.42 0.39
GS wind stress (2,1)  transport (1) 44 0.39 0.35
KE wind stress (2)  transport (2,1) 35 0.52 0.37
GS curl (3,4) path (3) 36 0.39 0.34
KE curl (1,2) path (1) 57 0.57 0.44
KE curl (2) path (2) 31 0.38 0.35

See Table 2 for description.
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A) Atlantic wind/transport amplitudes 1 B) Wind/transport amplitudes 2
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Figure 5. Canonical modes of wind stress and surface transport in the Gulf Stream. Time series
for wind stress (solid line) and surface transport (dashed line) for (a) mode 1 and (b).mode 2.
Note that the wind stress time series have been reduced by a factor of 3 for plotting. Spatial

modes of surface transport for (¢) mode 1 and (d) mode 2. Spatial modes of wind stress for (e)
mode 1 and (f) mode 2.
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F)Wind stress mode 2 for transport coupling
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Figure 5. (continued)

has its largest values in the eastern part of the region.
Although the Pacific (designated KE in Table 5) mode
includes the second EOF of heat flux, this mode (not
shown) probably reflects an artifact in the heat flux
estimates, as discussed in section 4; the correlation is
with the fourth EOF of transport.

KQa estimated the surface fluxes in the western North
Atlantic for the same period by assimilating both alti-
metric SsH and temperature tendency from AVHRR data
into a two-dimensional numerical mixed layer model.
Although the spatially averaged surface flux estimate
from this method agreed well with the ECMWF estimate,

there were considerable differences in the spatial struc-
ture. Canonical correlations between transport and the
KQ surface flux estimate showed significant modes rep-
resenting 55% and 14% of the covariance, respectively
(Table 5). The first canonical mode consisted primarily
of the second and first EOF's of surface flux, a substan-
tially different result from the ECMWF analysis. The
first KQ heat flux-transport modes (Figure 8) are more
consistent than the ECMWF modes, in that both the
flux and transport modes have their largest values in
the eastern part of the region. The amplitudes of the
modes show a trend from positive to negative values.

A) Pacific wind/transport amplitudes 1 B) Transport mode 1 for wind coupling
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Figure 6. Canonical modes of wind stress and surface transport in the Kuroshio Extension.
(a) Time series for wind stress (solid line) and surface transport (dashed line) for mode 1. Note
that the wind stress time series has been reduced by a factor of 2 for plotting. (b) Spatial mode
for surface transport, and (c) Spatial mode for wind stress.
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Table 5. Surface Heat Flux Canonical Correlation Statistics

Field 1 Field 2 Covariance, % Correlation 95% Level
GS surface flux (4,3)  transport (1) 27 0.48 0.45
KQ surface flux (2,1) transport (1,2) 55 0.54 0.48
KQ surface flux (4,3) transport (2,3) 14 0.63 0.38
KE surface flux (2) transport (4) 22 0.48 0.37

See Table 2 for description.

more likely due to changes in the eastward flow of the
recirculation gyres, which is as large as 150 Sv in this re-
gion, than to changes in the inflow, which is only about
about 50 Sv [Pierce and Joyce, 1988]. Consistent with
this argument, the dominant transport modes in each
boundary current have local maxima in the recircula-
tion regions (Figure 2), at about 55-58°W in the GS and
at about 154-160°E in the KE, whereas the magnitude
of each mode is relatively small at the most upstream
point. The fact that the maximum in transport fluctu-
ations occurs downstream of the maximum mean trans-
port suggests that there is an elongation/contraction of
the recirculation gyre(s), rather than a change in the

A) Model flux/transport
LILLL L L L ittt

-0.5 1

e N R n R N ARAR AR AR AR AN
ONDJFMAMJ JASONDJ FMAMJ J ASOND J FMAM
1986 1987 1988 1989

strength of the recirculation. If the entire gyre were
intensifying, one would expect maximum fluctuations
where the mean flow is a maximum. These surface
transport fluctuations are correlated with path changes,
in that a more northerly path accompanies the elonga-
tion of the gyre.

To illustrate these fluctuations, SSH maps correspond-
ing to both large and small values of the modes are
shown for both the North Atlantic and the North Pa-
cific (Figures 9 and 10). The extreme states of the SSH
show the changes in the structure of the the recircula-
tion gyre(s) between what we will call a “short gyre,”
when the surface transport mode is negative, and an

B) Surface transport mode
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Figure 8. Canonical modes of net surface heat flux and surface transport in the Gulf Stream.
(a) Time series for surface flux (solid line) and transport (dashed line) for mode 1. Note that the
surface flux series was reduced by a factor of 2000 for plotting. (b) Spatial mode for transport,
and (c) Spatial mode for surface flux (watts per square meter). The surface flux measurements
used for these modes were derived by assimilating data into a mixed layer model.
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Q) Elongated Gyre (December 1986)
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b) Short Gyre (October 1988)
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Figure 9. Changes in western North Atlantic surface
geostrophic circulation. Maps of the sea surface height
in the study area, averaged over 4 weeks, for (a) Decem-
ber 1986 and (b) October 1988. SSH anomalies larger
than 2.5 m are stippled to highlight the changes in the
recirculation gyre south of the Gulf Stream. Although
these fluctuations represent extreme conditions over the
2.5-year period, there was a trend from an elongated re-
circulation gyre, as in Figure 9a, to a short gyre, as in
Figure 9b.

“elongated gyre,” when the mode is positive. In the GS
region there are changes in the structure of both the
southern and the northern recirculation gyre (for a dis-
cussion of the northern gyre, see Hogg et al. [1986]).
The changes in the southern recirculation gyre have
been highlighted by shading in Figure 9. The changes
in the gyres in the KE are less obvious (the southern cir-
culation gyre has been shaded in Figure 10 also). How-
ever, a careful comparison of the number of contours in
the jet between 155°and 160°E reveals a SSH difference
for May 1987 that is nearly 0.2 m smaller than that for
July 1988. Much of this difference appears to be due
to differences in SSH on the northern side of the jet.

KELLY ET AL.: ATMOSPHERE-OCEAN COUPLING IN BOUNDARY CURRENTS

Although the changes in the recirculation gyres are ap-
parent in the SSH maps themselves, the SSH maps were
not used for the EOFs because fluctuations in SSH are
dominated by smaller-scale changes in the position of
the jet, primarily due to meanders. We chose instead
to emphasize the large-scale fluctuations by using the
stream coordinate variable, the SSH difference across
the jet, centered on the location of the jet.

Fluctuations in the surface transport had statisti-
cally significant correlations with the lowest EOFs of
the wind stress fields for both oceans (Table 4). In the
Atlantic all of the first and second EOFs of each variable
were represented in significant canonical modes. In the
Pacific, only the second EOF of wind stress was repre-
sented in a significant canonical mode; however, the cor-
relation was relatively high (Table 4). There were also
significant coupled modes of wind stress curl and path
for both oceans, although the coupling was stronger
in the Pacific. The curl/path mode (Figure 7) was
straightforward in the North Pacific: a more southerly
path of the KE corresponded to a more southerly zero
wind stress curl line. The meridional shifts in the North
Pacific wind stress curl are likely related to changes in
the meridional winds (Figure 6¢), which are correlated
with KE transport changes. Because surface transport
and path are also significantly correlated (Table 2), we
examined the canonical correlations between curl and
KE transport and found one significant mode (correla-
tion of 0.39, relative to a significance level of 0.33, for
35% of the covariance), which represented the second
EOF of curl and the first and second EOF's of transport.
This is a somewhat less significant result than the path
correlation (0.57) and suggests that the curl may be
more coupled with the path than with the transport in
the North Pacific Ocean. Nevertheless, the high corre-
lations between all the variables precludes a conclusive
interpretation of the precise nature of the relationship
between wind and ocean circulation.

Differences in the structure of the recirculation gyres
due to changes in the wind field over the western bound-
ary current were seen in the numerical simulations of
Rhines and Schopp [1991]. Rhines and Schopp noted
that the more zonally oriented North Pacific wind stress
curl field produced an inertial jet that penetrated far-
ther into the model interior (an elongated gyre) and
that a curl field which had a southwest/northeast tilt in
the zero curl line produced a jet with less penetration (a
short gyre), similar to what is observed in the mean cir-
culation in the North Atlantic. To see whether changes
in the orientation of the curl field could be causing the
GS transport fluctuations, we estimated the slope of
the zero curl line in the Atlantic from the wind stress
curl maps. We found no significant correlation between
the gyre fluctuations and the nonseasonal curl line tilt
on timescales of months. However, there was a trend
over the 2.5-year period toward a more tilted curl line,
which coincided with a trend toward a shorter recircu-
lation gyre. However, it is impossible to establish such
a relationship on this longer timescale with the present
short data record.
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a) Short Gyre (May 1987)
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Figure 10. Changes in western North Pacific surface geostrophic circulation. Maps of the sea
surface height in the study area, averaged over 4 weeks, for (a) May 1987 and (b) July 1988.
SSH anomalies larger than 1.8 m are stippled to highlight the changes in the recirculation gyre
south of the Kuroshio Extension. Although these fluctuations represent extreme conditions over
the 2.5-year period, there was a trend from a short recirculation gyre, as in Figure 10a, to an

elongated gyre, as in Figure 10b.

Correlations between the transport and surface heat
flux fields from ECMWF showed significant correlations
only for higher EOFs. In the Atlantic the significant
mode consisted primarily of the fourth EOF of surface
flux, which represents only 2.5% of the flux variance. In
the Pacific the correlation is primarily with the second
EOF of the surface flux, and this EOF may be spurious
due to a problem in reconstructing the fluxes from the
available ECMWF data. As discussed by Qiu and Kelly
[1993], the available fluxes were the accumulated val-
ues over two 6-hour periods of each day, rather than a
daily average. Because the same 6-hour periods, rela-
tive to UTC, were used globally, temporal variations in
the estimates of incoming solar radiation were aliased
into zonal variations in the heat flux estimates. Al-
though Qiu and Kelly attempted to remove this artifact
by modeling the diurnal variations of the incoming solar
radiation, there was still a systematic zonal variation in
the corrected data.

An alternative estimate of the net surface flux was
available for the North Atlantic, derived from assimi-
lating SST and altimetric velocity into a mixed layer

model (KQa). The analysis of the heat budget in the
western North Atlantic (KQb) suggested that a trend
in the estimated net surface heat flux was due to cool-
ing by advection from Ekman transport; this trend was
also observed in the ECMWF fluxes and can be seen here
in the time series of the wind-heat flux coupled mode
in Figure 3a. However, the effects of Ekman transport
appear to have been exaggerated by the use of wind
stress estimates that were too large, as noted in section
2. Because the heat flux was estimated as the residual
of the mixed layer heat budget, errors in the calculated
terms would cause errors in the flux estimates. A fur-
ther complication in using this heat flux estimate is that
geostrophic advection in this two-dimensional model
was estimated from the same altimetric SSH fields used
for this analysis. Thus, in some sense, changes in sur-
face transport are incorporated in the KQ heat flux es-
timates. This effect, although not large, was discernible
in the advection terms of the heat budget, as discussed
in KQb.

Canonical correlations between surface transport and
the KQ surface flux estimates showed two significant
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modes, one (correlation of 0.54, relative to a signifi-
cance level of 0.48, for 54% of the covariance) represent-
ing the lowest EOFs (Table 5), a substantially different
result from the ECMWF analysis. The first heat flux
mode (Figure 8¢) shows a predominantly positive value
corresponding to a positive value of surface transport
downstream of 60°W. A physical interpretation of this
result (using the negative amplitude) is that anoma-
lous surface cooling weakens the temperature gradient
across the GS, which in turn weakens the baroclinic
flow through the thermal wind relationship and there-
fore decreases surface transport. However, there is also
a large anomaly of the opposite sign centered on 52°W,
42°N (Figure 8c) in the region where the large Ekman
transport created unrealistically large positive heat flux
values (KQb). To check whether the higher correlation
of the KQ flux and surface transport was due to the
wind, we removed that part of the flux variations which
was correlated with the wind and recalculated the cor-
relation. To do this, we first found which of the EOFs
were contributing the most to the canonical modes. The
largest and only significant single correlation (—0.52,
relative to a significance level of 0.41) of the individ-
ual EOFs was between the first EOF of transport and
the second EOF of surface flux. We next computed the
linear regression coefficients a; between the second flux
amplitude ¢z and each wind stress amplitude 7;

_ <qeTi >

= Ci=12
: <T52> ’

(1)

and then subtracted to obtain the flux amplitude resid-
ual 62)
)

where angle brackets denote the expected value. The
correlation between the residual flux amplitude §, and
the first transport mode was nearly the same (—0.51,
relative to a significance level of 0.40). This suggests
that there is a coupling between the transport fluctua-
tions and the KQ surface flux, as derived from the mixed
layer model, which is independent of (linear variations
of) wind stress. The higher correlation with the KQ
fluxes suggests that the ECMWF heat fluxes may lack
the necessary spatial resolution for this analysis. This
result should be viewed with caution, however, because
of the use of the SSH in the mixed layer model.

For the North Atlantic we also analyzed SST, a fre-
quently used variable in climatological studies of atmos-
phere—ocean interaction (e.g., Kushnir, 1994; Deser and
Blackmon, 1993]). Using the SST maps produced for
the KQ analyses of the heat budget, we found a cou-
pling of SST with wind stress and with surface trans-
port. The first wind stress—SST mode has a correlation
of 0.67, relative to a significance level of 0.39, for 81%
of the covariance. This mode has a time series (Fig-
ure 11a) and a wind stress spatial mode (not shown)
which strongly resemble the wind stress-surface flux
(EcMWF) coupling (Figures 3a and 3c, respectively).
This mode shows a decrease in the SST gradient across
the GS (negative amplitude of the mode in Figure 11b)

Go = qa — a1 — ATy
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corresponding to a cyclonic wind stress anomaly. The
first mode (Figure 12b) of the canonical SST-transport
has a correlation of 0.70, relative to a significance level
of 0.45, for 46% of the covariance. This mode shows
a decrease in the GS surface transport in the western
part of the region and a strengthening in the eastern
part, accompanied by a weakening of the SST gradi-
ent across the GS (Figure 12¢). Combining the results
of these highly coupled SST-wind-transport modes, we
find a consistent picture of the GS response to win-
tertime storm conditions for the region west of about
60°W: cyclonic wind events correspond to a weakening
of the SST gradient (cooling) and a weakening of the
surface geostrophic current. The SST-transport cou-
pling east of 60°W is less intuitive, in that it shows a
warming of the slope water and a cooling of the GS
water, accompanied by a larger surface transport.

If fluctuations in GS transport are due to surface
heat flux, then one would expect anomalous cooling of
the ocean to weaken the temperature gradients and the
baroclinic flow field, consistent with the SST-transport
modes west of about 60°W. To see whether the ECMWF
fluxes agree with this model, spatially averaged values of
the ECMWF heat flux were compared with spatially av-
eraged values of surface transport west of about 60°W.
The mean and annual signal were first removed from
each time series, and a correlation (0.44) was found be-
tween them, which was not significant at the 95% level
(approximately 0.53). However, if the height difference
across the GS actually measures the heat content (dif-
ference), then the two times series should be phase-
lagged; that is, 0An/dt = @, where Ap is the surface
transport. For the region west of 62°W a positive corre-
lation between these (nonseasonal) variables was found
(0.52, relative to 0.45); that is, anomalous cooling pro-
duces a decreasing surface transport. Including surface
transport fluctuations east of 62°W degraded the cor-
relations. Because the correlated path-transport mode
(Figure 2c¢) has its maximum amplitude east of 62°W,
this simple response to cooling is not necessarily related
to the recirculation gyre fluctuations (Figure 10).

According to the Worthington [1976] model, winter-
time cooling should be accompanied by a steepening
of the thermocline, which increases the strength of the
recirculation gyre and therefore of the eastward GS vol-
ume transport. To be consistent with the relation-
ships observed here, where surface transport weakens
with anomalous cooling, the effects of seasonal heat-
ing/cooling would have to be relatively shallow, so
that fluctuations in the thermocline would be anticor-
related with SSH fluctuations. This was not what was
observed in a comparison between changes in surface
transport and changes in the depth of the thermo-
cline across the GS. Using measurements from inverted
echo sounders (IESs) for the Synoptic Ocean Prediction
program (SYNOP) in the GS, Kelly and Watts [1994]
showed that the surface transport fluctuations at 68°W
were positively correlated with transport fluctuations
above the thermocline; that is, a larger surface trans-
port was positively correlated with a larger transport
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Figure 11. Canonical modes of wind stress and sea surface temperature (SST) for the North
Atlantic. (a) Time series for wind stress (solid line) and SST (dashed line) for the Gulf Stream
for mode 1 and (b) spatial mode of SST. Note that the wind stress time series was increased
by a factor of 5 for plotting. The spatial mode of wind stress was nearly identical to the wind

stress—surface flux mode in Figure 3c.

above the thermocline. This correlation may, however,
reflect the importance of large meanders, which domi-
nate the dynamics at this location, relative to the heat-
ing/cooling cycle. The fluctuations in surface transport
at 68°W were as large as 0.60 m on timescales of a few
weeks, in comparison with the fluctuations of less than
0.20 m here on timescales of several months. In the
atmosphere—ocean coupling analysis here we attempted
to filter out fluctuations with short spatial scales.

The statistical analysis does not yield a conclusive
statement about the relevant mechanisms, particularly
when several of the fields are highly correlated. What
is clear from the analysis is that fluctuations in sur-
face transport/path are correlated with fluctuations in
the wind stress/curl in both oceans. In the North At-
lantic west of 62°W there appears to be a consistent
relationship between cooling, SST, and surface trans-
port: anomalous cooling (accompanied by cyclonic wind
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B) GS canonical transport mode 1
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Figure 12. Canonical modes of SST and transport for the North Atlantic. (a) Time series for
SST (solid line) and transport (dashed line) for the Gulf Stream for mode 1. Note that the SST
time series was reduced by a factor of 20 for plotting. Spatial modes of (b) SST and (c) Transport.

anomalies) corresponds to a weaker SST gradient across
the GS and weakening surface transport. Looking at the
trends in the variables, one sees that the winter/spring
of 1986-1987 was more severe than that of 1988-1989,
with accompanying stronger (cyclonic) wind stress and
more negative surface heat fluxes. Over this time pe-
riod the KE strengthened and moved farther north. The
GS appears to have done the opposite (weakened and
moved farther south) over the same period. However, a
closer examination reveals that while the recirculation
gyre contracted (weaker surface transport in the east-
ern region), the surface transport in the western region
became stronger (KQb, Figure 8). A longer time series
is needed to allow resolution of these longer timescales.
Longer and more accurate time series will be available in
the future, in particular, from the TOPEX/POSEIDON

altimeter.

5. Conclusions

Canonical correlation analyses were performed on
oceanographic fields from the Geosat altimeter and at-
mospheric fields from the ECMWF for both the western
North Atlantic and the western North Pacific Oceans.
The analysis of the surface transport and the path of
the western boundary currents suggested that the dom-

inant mode of variability in both oceans is a contraction
and expansion of the recirculation gyres, which is asso-
ciated with a large-scale path change, with periods of
5-9 months.

Fluctuations in the surface transport of the west-
ern boundary current were significantly correlated with
wind stress fluctuations for both the Atlantic and the
Pacific, whereas the correlations between transport and
surface heat flux from ECMWF did not appear to be sig-
nificant over the entire region in either ocean. There
were also significant correlations of wind stress curl
and the path of the eastward flowing current; however,
the high correlations between all the variables preclude
a conclusive interpretation of the nature of the wind
stress—ocean circulation coupling.

Additional analyses in the North Atlantic showed dif-
fering results in the regions west and east of about
62°W. An alternative estimate of the surface flux for
the North Atlantic was significantly correlated with the
surface transport to the east of 62°W; however, this es-
timate may have its largest errors in this region. West
of 62°W, a simple oceanic response to wintertime cool-
ing was apparent: anomalously negative heat fluxes (ac-
companied by cyclonic winds) corresponded to a weaker
SST gradient across the GS and decreasing surface
transport. However, because the surface transport fluc-
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tuations east and west of 62°W are uncorrelated, this
simple response is not necessarily related to the recir-
culation gyre fluctuations, which have their maximum
- variations east of 62°W.

Appendix: Canonical Correlations

To compute the canonical modes, we start with the
EOFs of each field, which was done using singular value
decomposition (SVD) as in the work by Kelly [1988]. An
M x N data matrix D, which contains in each row a
time series of length N for M spatial points, is factored
into orthogonal spatial functions U by

D = UsV7” (A1)
where the superscript indicates the transpose of a ma-
trix and the spatial modes are the columns of U. The
time-varying amplitudes of the spatial functions are the
columns of A, which is given by

A=vsT (A2)
where ATA =1. The number of functions is deter-
mined by P = min(M,N), and S is an M x N ma-
trix, which contains a P x P diagonal submatrix and
the remainder consists of zeros. The eigenvalues in the
usual formulation for EOF's are the squares the diagonal
elements of S, also known as the “singular” values.

After each field has been decomposed separately us-
ing SVD, an additional SVD decomposition is per-
formed on the amplitude matrices of the two fields,
which have been truncated to contain only those modes
which described a significant portion of the data vari-
ance,

ATA, =C,LCT (A3)

These coefficient matrices C; are used to form the
canonical modes,

F; =U;C;, i=1,2 (A4)
which are simply linear combinations of the original
functions U;. This relationship can be clarified by for-

mulating the cross-covariance matrix,

D;D] = U;ATA,U7 (A5)
which, using the decomposition (A3) becomes
D,DT = U;C,LcTu? = F,LFY (A6)

Thus the covariance has been factored into the canon-
ical modes F;, with the diagonal matrix L’ giving the
relative contribution of each canonical mode to the co-
variance. The amplitudes B; of these canonical modes
are given by

B; = A;C; (AT)

The correlation and its statistical significance for each
canonical mode is computed from the amplitudes B; for
each mode.
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