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consistent with the spatially lagged cross correlations
between spatially high-pass-filtered ENW and SST shown
in O’Neill et al. (2005) over the Agulhas region. The near-
zero slopes of the phase spectra in the other three regions
indicate no significant zonal offset betweenENWandSST.

b. Empirical relationships derived from satellite
observations

Contours of the spatially high-pass-filtered SST overlaid
onto maps of the spatially high-pass-filtered ENW and
wind stress magnitude averaged over the 7-yr period June
2002 to May 2009 are shown in Figs. 4–7 for each of the
four regions considered here. As in previous studies
summarized in the introduction, the wind stress mag-
nitude and ENW perturbations exhibit strong, positive
correlations with the SST perturbations, where both

increase over warm SST perturbations and decrease over
cool ones. The cross-correlation coefficients between
the monthly averaged ENW and SST fields range from
0.56 over the Kuroshio Extension to 0.72 over the South
Atlantic (Table 1), while for stress and SST, they are be-
tween 0.45 over the Kuroshio and 0.67 over the Agulhas
Return Current.
Binned scatterplots of the wind stress and ENW per-

turbations as a function of the perturbation SST for the
7-yr analysis period (right column of panels, Figs. 4–7)
show that both depend approximately linearly on the
SST perturbations, such that
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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consistent with the spatially lagged cross correlations
between spatially high-pass-filtered ENW and SST shown
in O’Neill et al. (2005) over the Agulhas region. The near-
zero slopes of the phase spectra in the other three regions
indicate no significant zonal offset betweenENWandSST.

b. Empirical relationships derived from satellite
observations

Contours of the spatially high-pass-filtered SST overlaid
onto maps of the spatially high-pass-filtered ENW and
wind stress magnitude averaged over the 7-yr period June
2002 to May 2009 are shown in Figs. 4–7 for each of the
four regions considered here. As in previous studies
summarized in the introduction, the wind stress mag-
nitude and ENW perturbations exhibit strong, positive
correlations with the SST perturbations, where both

increase over warm SST perturbations and decrease over
cool ones. The cross-correlation coefficients between
the monthly averaged ENW and SST fields range from
0.56 over the Kuroshio Extension to 0.72 over the South
Atlantic (Table 1), while for stress and SST, they are be-
tween 0.45 over the Kuroshio and 0.67 over the Agulhas
Return Current.
Binned scatterplots of the wind stress and ENW per-

turbations as a function of the perturbation SST for the
7-yr analysis period (right column of panels, Figs. 4–7)
show that both depend approximately linearly on the
SST perturbations, such that
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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respectively, where Ts is SST, overbars denote monthly
averages, and the primes represent spatially high-pass
filtered quantities. Thus, jtj9, Vn

9, and Ts
9 represent the

monthly averaged and spatially high-pass-filtered wind
stress magnitude, ENW, and SST, respectively. The
coupling coefficients at 5 ›jtj9/›Ts

9 and ayn 5 ›Vn
9/›Ts

9

are the linear slopes computed from regression fits to the
binned averages, and provide the means for quantifying
the SST influence on surface winds in this analysis. The
slopes at and ayn and their 95% confidence intervals, are
summarized in Table 1; at and ayn are statistically sig-
nificant over all regions.
Since the QuikSCATwind stress was computed solely

as a function of the QuikSCAT ENW using Eq. (3), it is
not surprising that the stress response to SST varies in
a manner similar to the ENW response. However, it is
surprising that the stress and ENW are both related
linearly to the perturbation SST even though the stress is
a nonlinear function of the ENW per Eq. (3). This par-
adox is reconciled in section 4. In appendix A, we show
that the at estimates found here do not depend strongly
on specification of the neutral drag coefficient or surface
air density.

A consistent feature evident in the binned scatterplots
is an apparent flattening of the stress and ENW binned
averages for SSTperturbations greater than about11.258C.
At Ts

95 1 28C, this leads to a discrepancy between the
binned averages and the regression line of roughly
0.2 m s21. The significance of this apparent flattening is
difficult to assess, however, since there are few obser-
vations in the tails of themonthly-averaged perturbation
SST distributions, as shown by histograms of Ts

9 (Figs.
4–7). This flattening may just be a statistical artefact of
insufficient sampling in the tails of the Ts

9 distribution.
The values of ayn are relatively insensitive to the

choice of filter cutoff wavelengths used to spatially high-
pass filter the satellite wind and SST fields. To show this,
ayn was computed as a function of the zonal and me-
ridional filter cutoff wavelengths (referred to as SPAN_X
and SPAN_Y, respectively) for the 2-yr period June
2002–May 2004 (Fig. 8, top row). We chose this shorter
period because of the large computational expense of
spatially filtering the global ENW and SST fields at
monthly intervals. Over all four regions, ayn varies by
less than;25% over the broad range of smoothing half-
spans shown here. Halving the filter cutoff wavelengths

FIG. 5. As in Fig. 4, but for the South Atlantic.
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consistent with the spatially lagged cross correlations
between spatially high-pass-filtered ENW and SST shown
in O’Neill et al. (2005) over the Agulhas region. The near-
zero slopes of the phase spectra in the other three regions
indicate no significant zonal offset betweenENWandSST.

b. Empirical relationships derived from satellite
observations

Contours of the spatially high-pass-filtered SST overlaid
onto maps of the spatially high-pass-filtered ENW and
wind stress magnitude averaged over the 7-yr period June
2002 to May 2009 are shown in Figs. 4–7 for each of the
four regions considered here. As in previous studies
summarized in the introduction, the wind stress mag-
nitude and ENW perturbations exhibit strong, positive
correlations with the SST perturbations, where both

increase over warm SST perturbations and decrease over
cool ones. The cross-correlation coefficients between
the monthly averaged ENW and SST fields range from
0.56 over the Kuroshio Extension to 0.72 over the South
Atlantic (Table 1), while for stress and SST, they are be-
tween 0.45 over the Kuroshio and 0.67 over the Agulhas
Return Current.
Binned scatterplots of the wind stress and ENW per-

turbations as a function of the perturbation SST for the
7-yr analysis period (right column of panels, Figs. 4–7)
show that both depend approximately linearly on the
SST perturbations, such that
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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from the 208 longitude by 108 latitude used throughout
this analysis to 108 longitude by 58 latitude only changes
the ayn estimates by less than 10%. Because of the sharp
meridional gradients of SST in these regions, most of the
sensitivity of ayn to spatial filtering occurs from the
specification of SPAN_Y for SPAN_Y & 108 latitude,
while ayn is relatively insensitive to the full range of
SPAN_X considered here. Note that the cross-correlation
coefficients between ENW and SST as a function of
smoothing parameter (Fig. 8, bottom row) exhibit sim-
ilar trends to those of ayn, with rapidly decreasing cor-
relations for SPAN_Y & 108 latitude.
The linear response of the ENW on SST on oceanic

mesoscales is consistent with numerous independent
analysis methods and observational sources. First, the
cross-spectral transfer functions shown in Fig. 3 between
the unfiltered ENW and SST fields express the linear
response coefficients of ENW and SST as a function of
zonal wavenumber independent of spatial high-pass fil-
tering. The ayn estimates computed from the binned
scatterplots in Figs. 4–7 agree well with these transfer
functions for zonal wavelengths shorter than the filter
cutoff wavelength of 208 longitude used here, as shown

by the black dashed lines in Fig. 3 (middle row). Second,
we show in appendix A estimates of ayn obtained from
combinations of other satellite datasets, including the
AMSR-E ENW and SST, the WindSat ENW and SST,
and the QuikSCAT ENW and Reynolds optimum in-
terpolation (OI) v2 SST fields. These estimates agree to
within 10% of those derived from the QuikSCAT ENW
and AMSR-E SST fields shown here. Third, the esti-
mates of ayn are relatively insensitive to large changes in
spatial-filtering parameters, as shown in Fig. 8. Finally,
the response of the ENW to SST has also been estimated
from in situ buoy observations (O’Neill 2012), which
show essentially the same linear relationship between
the ENW and SST as in the satellite observations ana-
lyzed here. The buoy-derived coupling coefficients for
the linear ENW response to SST were found to be in
good agreement with satellite-derived values. Each anal-
ysis thus produces consistent quantitative estimates of ayn

independent of observational platform, spatial high-pass
filtering, and analysis procedure.
The remainder of this section is devoted to describ-

ing the spatiotemporal variability of the stress and
ENW responses to SST, which also reveals two other

FIG. 6. As in Fig. 4, but for the North Atlantic.
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paradoxes regarding the covariability of the stress and
ENW responses to SST.

c. Temporal variability of the stress and ENW
responses to SST

Time series of at and ayn reveal significant differences
in the wind stress and ENW responses to SST (Fig. 9).
During winter, at increases by a factor of 2–5 over the
Kuroshio and North Atlantic and by 50%–75% over the
South Atlantic and Agulhas Return Current compared

to summer (black curves). In contrast, seasonal vari-
ability of ayn is much less pronounced (gray curves).
There is thus a large seasonal pulsing of the wind stress
response to SST that is nearly absent in the ENW re-
sponse to SST. A similar seasonal pulsing of the SST-
induced wind stress response, and lack thereof in the
ENW response, has also been observed from buoy obser-
vations over theGulf Stream(O’Neill 2012). In appendixA,
we show qualitatively similar seasonal variations of at

using two other neutral drag coefficient parameterizations

FIG. 7. As in Fig. 4, but for the Kuroshio Extension.

TABLE 1. Statistics of the mesoscale stress and ENW responses to SST, including the following: the cross-correlation coefficients
between the monthly averaged wind stress magnitude jtj9 and SST Ts

9 and between the ENW Vn
9 and SST; estimates of the coupling

coefficients (at, ayn, and bt); the ratio at/ayn 3 100; and the medians of the ENW distributions computed from the monthly-averaged
QuikSCATENWandAMSR-E SST fields over the 7-yr period June 2002–May 2009. Estimates of the 95% confidence intervals are listed
for each of the coupling coefficients.

Region

Correlation coefficient with Ts
9 Median

at 3 100 ayn at/ayn ENW bt 3 100
jtj9 Vn

9 N m22 8C21 m s21 8C21 3100 m s21 N m22 8C21

Kuroshio 0.45 0.56 1.4 6 0.2 0.34 6 0.05 4.1 8.3 0.19 6 0.03
North Atlantic 0.50 0.62 1.2 6 0.2 0.30 6 0.05 4.0 8.3 0.18 6 0.03
South Atlantic 0.66 0.72 1.8 6 0.1 0.43 6 0.03 4.2 8.9 0.29 6 0.03
Agulhas 0.67 0.71 2.2 6 0.1 0.44 6 0.03 4.9 9.9 0.30 6 0.02
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consistent with the spatially lagged cross correlations
between spatially high-pass-filtered ENW and SST shown
in O’Neill et al. (2005) over the Agulhas region. The near-
zero slopes of the phase spectra in the other three regions
indicate no significant zonal offset betweenENWandSST.

b. Empirical relationships derived from satellite
observations

Contours of the spatially high-pass-filtered SST overlaid
onto maps of the spatially high-pass-filtered ENW and
wind stress magnitude averaged over the 7-yr period June
2002 to May 2009 are shown in Figs. 4–7 for each of the
four regions considered here. As in previous studies
summarized in the introduction, the wind stress mag-
nitude and ENW perturbations exhibit strong, positive
correlations with the SST perturbations, where both

increase over warm SST perturbations and decrease over
cool ones. The cross-correlation coefficients between
the monthly averaged ENW and SST fields range from
0.56 over the Kuroshio Extension to 0.72 over the South
Atlantic (Table 1), while for stress and SST, they are be-
tween 0.45 over the Kuroshio and 0.67 over the Agulhas
Return Current.
Binned scatterplots of the wind stress and ENW per-

turbations as a function of the perturbation SST for the
7-yr analysis period (right column of panels, Figs. 4–7)
show that both depend approximately linearly on the
SST perturbations, such that
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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The Coupling Between SST and Wind Stress in 4 Frontal Regions
(Gulf Stream, Kuroshio Extension, Agulhas Return Current and Brazil-Malvinas Current) 

consistent with the spatially lagged cross correlations
between spatially high-pass-filtered ENW and SST shown
in O’Neill et al. (2005) over the Agulhas region. The near-
zero slopes of the phase spectra in the other three regions
indicate no significant zonal offset betweenENWandSST.

b. Empirical relationships derived from satellite
observations

Contours of the spatially high-pass-filtered SST overlaid
onto maps of the spatially high-pass-filtered ENW and
wind stress magnitude averaged over the 7-yr period June
2002 to May 2009 are shown in Figs. 4–7 for each of the
four regions considered here. As in previous studies
summarized in the introduction, the wind stress mag-
nitude and ENW perturbations exhibit strong, positive
correlations with the SST perturbations, where both

increase over warm SST perturbations and decrease over
cool ones. The cross-correlation coefficients between
the monthly averaged ENW and SST fields range from
0.56 over the Kuroshio Extension to 0.72 over the South
Atlantic (Table 1), while for stress and SST, they are be-
tween 0.45 over the Kuroshio and 0.67 over the Agulhas
Return Current.
Binned scatterplots of the wind stress and ENW per-

turbations as a function of the perturbation SST for the
7-yr analysis period (right column of panels, Figs. 4–7)
show that both depend approximately linearly on the
SST perturbations, such that
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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from the 208 longitude by 108 latitude used throughout
this analysis to 108 longitude by 58 latitude only changes
the ayn estimates by less than 10%. Because of the sharp
meridional gradients of SST in these regions, most of the
sensitivity of ayn to spatial filtering occurs from the
specification of SPAN_Y for SPAN_Y & 108 latitude,
while ayn is relatively insensitive to the full range of
SPAN_X considered here. Note that the cross-correlation
coefficients between ENW and SST as a function of
smoothing parameter (Fig. 8, bottom row) exhibit sim-
ilar trends to those of ayn, with rapidly decreasing cor-
relations for SPAN_Y & 108 latitude.
The linear response of the ENW on SST on oceanic

mesoscales is consistent with numerous independent
analysis methods and observational sources. First, the
cross-spectral transfer functions shown in Fig. 3 between
the unfiltered ENW and SST fields express the linear
response coefficients of ENW and SST as a function of
zonal wavenumber independent of spatial high-pass fil-
tering. The ayn estimates computed from the binned
scatterplots in Figs. 4–7 agree well with these transfer
functions for zonal wavelengths shorter than the filter
cutoff wavelength of 208 longitude used here, as shown

by the black dashed lines in Fig. 3 (middle row). Second,
we show in appendix A estimates of ayn obtained from
combinations of other satellite datasets, including the
AMSR-E ENW and SST, the WindSat ENW and SST,
and the QuikSCAT ENW and Reynolds optimum in-
terpolation (OI) v2 SST fields. These estimates agree to
within 10% of those derived from the QuikSCAT ENW
and AMSR-E SST fields shown here. Third, the esti-
mates of ayn are relatively insensitive to large changes in
spatial-filtering parameters, as shown in Fig. 8. Finally,
the response of the ENW to SST has also been estimated
from in situ buoy observations (O’Neill 2012), which
show essentially the same linear relationship between
the ENW and SST as in the satellite observations ana-
lyzed here. The buoy-derived coupling coefficients for
the linear ENW response to SST were found to be in
good agreement with satellite-derived values. Each anal-
ysis thus produces consistent quantitative estimates of ayn

independent of observational platform, spatial high-pass
filtering, and analysis procedure.
The remainder of this section is devoted to describ-

ing the spatiotemporal variability of the stress and
ENW responses to SST, which also reveals two other

FIG. 6. As in Fig. 4, but for the North Atlantic.
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paradoxes regarding the covariability of the stress and
ENW responses to SST.

c. Temporal variability of the stress and ENW
responses to SST

Time series of at and ayn reveal significant differences
in the wind stress and ENW responses to SST (Fig. 9).
During winter, at increases by a factor of 2–5 over the
Kuroshio and North Atlantic and by 50%–75% over the
South Atlantic and Agulhas Return Current compared

to summer (black curves). In contrast, seasonal vari-
ability of ayn is much less pronounced (gray curves).
There is thus a large seasonal pulsing of the wind stress
response to SST that is nearly absent in the ENW re-
sponse to SST. A similar seasonal pulsing of the SST-
induced wind stress response, and lack thereof in the
ENW response, has also been observed from buoy obser-
vations over theGulf Stream(O’Neill 2012). In appendixA,
we show qualitatively similar seasonal variations of at

using two other neutral drag coefficient parameterizations

FIG. 7. As in Fig. 4, but for the Kuroshio Extension.

TABLE 1. Statistics of the mesoscale stress and ENW responses to SST, including the following: the cross-correlation coefficients
between the monthly averaged wind stress magnitude jtj9 and SST Ts

9 and between the ENW Vn
9 and SST; estimates of the coupling

coefficients (at, ayn, and bt); the ratio at/ayn 3 100; and the medians of the ENW distributions computed from the monthly-averaged
QuikSCATENWandAMSR-E SST fields over the 7-yr period June 2002–May 2009. Estimates of the 95% confidence intervals are listed
for each of the coupling coefficients.

Region

Correlation coefficient with Ts
9 Median

at 3 100 ayn at/ayn ENW bt 3 100
jtj9 Vn

9 N m22 8C21 m s21 8C21 3100 m s21 N m22 8C21

Kuroshio 0.45 0.56 1.4 6 0.2 0.34 6 0.05 4.1 8.3 0.19 6 0.03
North Atlantic 0.50 0.62 1.2 6 0.2 0.30 6 0.05 4.0 8.3 0.18 6 0.03
South Atlantic 0.66 0.72 1.8 6 0.1 0.43 6 0.03 4.2 8.9 0.29 6 0.03
Agulhas 0.67 0.71 2.2 6 0.1 0.44 6 0.03 4.9 9.9 0.30 6 0.02
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consistent with the spatially lagged cross correlations
between spatially high-pass-filtered ENW and SST shown
in O’Neill et al. (2005) over the Agulhas region. The near-
zero slopes of the phase spectra in the other three regions
indicate no significant zonal offset betweenENWandSST.

b. Empirical relationships derived from satellite
observations

Contours of the spatially high-pass-filtered SST overlaid
onto maps of the spatially high-pass-filtered ENW and
wind stress magnitude averaged over the 7-yr period June
2002 to May 2009 are shown in Figs. 4–7 for each of the
four regions considered here. As in previous studies
summarized in the introduction, the wind stress mag-
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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that the at estimates found here do not depend strongly
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
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with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
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shown, also computed from the monthly-averaged perturbation SST fields.
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respectively, where Ts is SST, overbars denote monthly
averages, and the primes represent spatially high-pass
filtered quantities. Thus, jtj9, Vn

9, and Ts
9 represent the

monthly averaged and spatially high-pass-filtered wind
stress magnitude, ENW, and SST, respectively. The
coupling coefficients at 5 ›jtj9/›Ts

9 and ayn 5 ›Vn
9/›Ts

9

are the linear slopes computed from regression fits to the
binned averages, and provide the means for quantifying
the SST influence on surface winds in this analysis. The
slopes at and ayn and their 95% confidence intervals, are
summarized in Table 1; at and ayn are statistically sig-
nificant over all regions.
Since the QuikSCATwind stress was computed solely

as a function of the QuikSCAT ENW using Eq. (3), it is
not surprising that the stress response to SST varies in
a manner similar to the ENW response. However, it is
surprising that the stress and ENW are both related
linearly to the perturbation SST even though the stress is
a nonlinear function of the ENW per Eq. (3). This par-
adox is reconciled in section 4. In appendix A, we show
that the at estimates found here do not depend strongly
on specification of the neutral drag coefficient or surface
air density.

A consistent feature evident in the binned scatterplots
is an apparent flattening of the stress and ENW binned
averages for SSTperturbations greater than about11.258C.
At Ts

95 1 28C, this leads to a discrepancy between the
binned averages and the regression line of roughly
0.2 m s21. The significance of this apparent flattening is
difficult to assess, however, since there are few obser-
vations in the tails of themonthly-averaged perturbation
SST distributions, as shown by histograms of Ts

9 (Figs.
4–7). This flattening may just be a statistical artefact of
insufficient sampling in the tails of the Ts

9 distribution.
The values of ayn are relatively insensitive to the

choice of filter cutoff wavelengths used to spatially high-
pass filter the satellite wind and SST fields. To show this,
ayn was computed as a function of the zonal and me-
ridional filter cutoff wavelengths (referred to as SPAN_X
and SPAN_Y, respectively) for the 2-yr period June
2002–May 2004 (Fig. 8, top row). We chose this shorter
period because of the large computational expense of
spatially filtering the global ENW and SST fields at
monthly intervals. Over all four regions, ayn varies by
less than;25% over the broad range of smoothing half-
spans shown here. Halving the filter cutoff wavelengths

FIG. 5. As in Fig. 4, but for the South Atlantic.

1 SEPTEMBER 2012 O’ NE I L L ET AL . 5923

respectively, where Ts is SST, overbars denote monthly
averages, and the primes represent spatially high-pass
filtered quantities. Thus, jtj9, Vn

9, and Ts
9 represent the

monthly averaged and spatially high-pass-filtered wind
stress magnitude, ENW, and SST, respectively. The
coupling coefficients at 5 ›jtj9/›Ts

9 and ayn 5 ›Vn
9/›Ts

9

are the linear slopes computed from regression fits to the
binned averages, and provide the means for quantifying
the SST influence on surface winds in this analysis. The
slopes at and ayn and their 95% confidence intervals, are
summarized in Table 1; at and ayn are statistically sig-
nificant over all regions.
Since the QuikSCATwind stress was computed solely

as a function of the QuikSCAT ENW using Eq. (3), it is
not surprising that the stress response to SST varies in
a manner similar to the ENW response. However, it is
surprising that the stress and ENW are both related
linearly to the perturbation SST even though the stress is
a nonlinear function of the ENW per Eq. (3). This par-
adox is reconciled in section 4. In appendix A, we show
that the at estimates found here do not depend strongly
on specification of the neutral drag coefficient or surface
air density.

A consistent feature evident in the binned scatterplots
is an apparent flattening of the stress and ENW binned
averages for SSTperturbations greater than about11.258C.
At Ts

95 1 28C, this leads to a discrepancy between the
binned averages and the regression line of roughly
0.2 m s21. The significance of this apparent flattening is
difficult to assess, however, since there are few obser-
vations in the tails of themonthly-averaged perturbation
SST distributions, as shown by histograms of Ts

9 (Figs.
4–7). This flattening may just be a statistical artefact of
insufficient sampling in the tails of the Ts

9 distribution.
The values of ayn are relatively insensitive to the

choice of filter cutoff wavelengths used to spatially high-
pass filter the satellite wind and SST fields. To show this,
ayn was computed as a function of the zonal and me-
ridional filter cutoff wavelengths (referred to as SPAN_X
and SPAN_Y, respectively) for the 2-yr period June
2002–May 2004 (Fig. 8, top row). We chose this shorter
period because of the large computational expense of
spatially filtering the global ENW and SST fields at
monthly intervals. Over all four regions, ayn varies by
less than;25% over the broad range of smoothing half-
spans shown here. Halving the filter cutoff wavelengths

FIG. 5. As in Fig. 4, but for the South Atlantic.

1 SEPTEMBER 2012 O’ NE I L L ET AL . 5923

consistent with the spatially lagged cross correlations
between spatially high-pass-filtered ENW and SST shown
in O’Neill et al. (2005) over the Agulhas region. The near-
zero slopes of the phase spectra in the other three regions
indicate no significant zonal offset betweenENWandSST.

b. Empirical relationships derived from satellite
observations

Contours of the spatially high-pass-filtered SST overlaid
onto maps of the spatially high-pass-filtered ENW and
wind stress magnitude averaged over the 7-yr period June
2002 to May 2009 are shown in Figs. 4–7 for each of the
four regions considered here. As in previous studies
summarized in the introduction, the wind stress mag-
nitude and ENW perturbations exhibit strong, positive
correlations with the SST perturbations, where both

increase over warm SST perturbations and decrease over
cool ones. The cross-correlation coefficients between
the monthly averaged ENW and SST fields range from
0.56 over the Kuroshio Extension to 0.72 over the South
Atlantic (Table 1), while for stress and SST, they are be-
tween 0.45 over the Kuroshio and 0.67 over the Agulhas
Return Current.
Binned scatterplots of the wind stress and ENW per-

turbations as a function of the perturbation SST for the
7-yr analysis period (right column of panels, Figs. 4–7)
show that both depend approximately linearly on the
SST perturbations, such that
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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from the 208 longitude by 108 latitude used throughout
this analysis to 108 longitude by 58 latitude only changes
the ayn estimates by less than 10%. Because of the sharp
meridional gradients of SST in these regions, most of the
sensitivity of ayn to spatial filtering occurs from the
specification of SPAN_Y for SPAN_Y & 108 latitude,
while ayn is relatively insensitive to the full range of
SPAN_X considered here. Note that the cross-correlation
coefficients between ENW and SST as a function of
smoothing parameter (Fig. 8, bottom row) exhibit sim-
ilar trends to those of ayn, with rapidly decreasing cor-
relations for SPAN_Y & 108 latitude.
The linear response of the ENW on SST on oceanic

mesoscales is consistent with numerous independent
analysis methods and observational sources. First, the
cross-spectral transfer functions shown in Fig. 3 between
the unfiltered ENW and SST fields express the linear
response coefficients of ENW and SST as a function of
zonal wavenumber independent of spatial high-pass fil-
tering. The ayn estimates computed from the binned
scatterplots in Figs. 4–7 agree well with these transfer
functions for zonal wavelengths shorter than the filter
cutoff wavelength of 208 longitude used here, as shown

by the black dashed lines in Fig. 3 (middle row). Second,
we show in appendix A estimates of ayn obtained from
combinations of other satellite datasets, including the
AMSR-E ENW and SST, the WindSat ENW and SST,
and the QuikSCAT ENW and Reynolds optimum in-
terpolation (OI) v2 SST fields. These estimates agree to
within 10% of those derived from the QuikSCAT ENW
and AMSR-E SST fields shown here. Third, the esti-
mates of ayn are relatively insensitive to large changes in
spatial-filtering parameters, as shown in Fig. 8. Finally,
the response of the ENW to SST has also been estimated
from in situ buoy observations (O’Neill 2012), which
show essentially the same linear relationship between
the ENW and SST as in the satellite observations ana-
lyzed here. The buoy-derived coupling coefficients for
the linear ENW response to SST were found to be in
good agreement with satellite-derived values. Each anal-
ysis thus produces consistent quantitative estimates of ayn

independent of observational platform, spatial high-pass
filtering, and analysis procedure.
The remainder of this section is devoted to describ-

ing the spatiotemporal variability of the stress and
ENW responses to SST, which also reveals two other

FIG. 6. As in Fig. 4, but for the North Atlantic.
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paradoxes regarding the covariability of the stress and
ENW responses to SST.

c. Temporal variability of the stress and ENW
responses to SST

Time series of at and ayn reveal significant differences
in the wind stress and ENW responses to SST (Fig. 9).
During winter, at increases by a factor of 2–5 over the
Kuroshio and North Atlantic and by 50%–75% over the
South Atlantic and Agulhas Return Current compared

to summer (black curves). In contrast, seasonal vari-
ability of ayn is much less pronounced (gray curves).
There is thus a large seasonal pulsing of the wind stress
response to SST that is nearly absent in the ENW re-
sponse to SST. A similar seasonal pulsing of the SST-
induced wind stress response, and lack thereof in the
ENW response, has also been observed from buoy obser-
vations over theGulf Stream(O’Neill 2012). In appendixA,
we show qualitatively similar seasonal variations of at

using two other neutral drag coefficient parameterizations

FIG. 7. As in Fig. 4, but for the Kuroshio Extension.

TABLE 1. Statistics of the mesoscale stress and ENW responses to SST, including the following: the cross-correlation coefficients
between the monthly averaged wind stress magnitude jtj9 and SST Ts

9 and between the ENW Vn
9 and SST; estimates of the coupling

coefficients (at, ayn, and bt); the ratio at/ayn 3 100; and the medians of the ENW distributions computed from the monthly-averaged
QuikSCATENWandAMSR-E SST fields over the 7-yr period June 2002–May 2009. Estimates of the 95% confidence intervals are listed
for each of the coupling coefficients.

Region

Correlation coefficient with Ts
9 Median

at 3 100 ayn at/ayn ENW bt 3 100
jtj9 Vn

9 N m22 8C21 m s21 8C21 3100 m s21 N m22 8C21

Kuroshio 0.45 0.56 1.4 6 0.2 0.34 6 0.05 4.1 8.3 0.19 6 0.03
North Atlantic 0.50 0.62 1.2 6 0.2 0.30 6 0.05 4.0 8.3 0.18 6 0.03
South Atlantic 0.66 0.72 1.8 6 0.1 0.43 6 0.03 4.2 8.9 0.29 6 0.03
Agulhas 0.67 0.71 2.2 6 0.1 0.44 6 0.03 4.9 9.9 0.30 6 0.02
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consistent with the spatially lagged cross correlations
between spatially high-pass-filtered ENW and SST shown
in O’Neill et al. (2005) over the Agulhas region. The near-
zero slopes of the phase spectra in the other three regions
indicate no significant zonal offset betweenENWandSST.

b. Empirical relationships derived from satellite
observations

Contours of the spatially high-pass-filtered SST overlaid
onto maps of the spatially high-pass-filtered ENW and
wind stress magnitude averaged over the 7-yr period June
2002 to May 2009 are shown in Figs. 4–7 for each of the
four regions considered here. As in previous studies
summarized in the introduction, the wind stress mag-
nitude and ENW perturbations exhibit strong, positive
correlations with the SST perturbations, where both

increase over warm SST perturbations and decrease over
cool ones. The cross-correlation coefficients between
the monthly averaged ENW and SST fields range from
0.56 over the Kuroshio Extension to 0.72 over the South
Atlantic (Table 1), while for stress and SST, they are be-
tween 0.45 over the Kuroshio and 0.67 over the Agulhas
Return Current.
Binned scatterplots of the wind stress and ENW per-

turbations as a function of the perturbation SST for the
7-yr analysis period (right column of panels, Figs. 4–7)
show that both depend approximately linearly on the
SST perturbations, such that
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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ABSTRACT

Small-scale variation in wind stress due to ocean–atmosphere interaction within the atmospheric boundary
layer alters the temporal and spatial scale of Ekman pumping driving the double-gyre circulation of the
ocean. A high-resolution quasigeostrophic (QG) ocean model, coupled to a dynamic atmospheric mixed
layer, is used to demonstrate that, despite the small spatial scale of the Ekman-pumping anomalies, this
phenomenon significantly modifies the large-scale ocean circulation. The primary effect is to decrease the
strength of the nonlinear component of the gyre circulation by approximately 30%–40%. This result is due to
the highest transient Ekman-pumping anomalies destabilizing the flow in a dynamically sensitive region close
to the western boundary current separation. The instability of the jet produces a flux of potential vorticity
between the two gyres that acts to weaken both gyres.

1. Introduction

Recent satellite observations have shown that the
stress on the surface of the ocean varies on the relatively
fine spatial scales governed by oceanic mesoscale dy-
namics. This spatial variability can be attributed pri-
marily to a combination of the dependence of stress
upon ocean velocity (Chelton et al. 2004; Park et al.
2006; Liu et al. 2007) and patterns of sea surface tem-
perature (SST) variations (Nonaka andXie 2003; Chelton

et al. 2004; Xie 2004). In this paper we focus upon the
latter of these two effects and, in particular, whether
mesoscale coupling of SST and wind stress can alter the
large-scale (i.e., basin scale) ocean circulation.
SST variations are greatest in regions of strong fronts

or where eddies cause rapid changes in SST in the along
wind direction (Spall 2007b). Prime candidate areas for
strong mesoscale coupling include the tropical Pacific
and Atlantic Oceans where tropical instability waves
occur and near western boundary-current (WBC) sep-
aration regions where eddies and fronts are most active.
These regions are analyzed in a recent review article
(Small et al. 2008) that summarizes the known processes
contributing to mesoscale wind stress variability. The
dynamics leading to correlations between the spatial
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variability of wind stress and SST is subtle, and there are
a number of possible contributing factors including
vertical mixing of momentum, changes in the plane-
tary boundary layer depth, a secondary atmospheric
response due to pressure gradients within the boundary
layer, and changes in cloud cover across the fronts.
When the sea surface is warmer than the atmospheric

boundary layer, excessive convective mixing will magnify
vertical eddy momentum flux and hence enhance stress
close to the sea surface (Sweet et al. 1981). Samelson
et al. (2006) argue, with support from analytical models,
that the convective mixing mechanism will result in
enhanced wind stress over warmer water, but that the
reverse situation requires an aphysical ‘‘upward un-
mixing.’’ They imply that the primary effect on stress is
therefore due to the effect of convective mixing upon
the depth of the atmospheric boundary layer. Spall
(2007b) uses an idealized model to confirm the role of
the boundary layer thickness in governing stress for the
case of equilibrium winds (i.e., far from fronts where
gradients of SST are large) but points out that the linear
relationship between the boundary layer thickness and
stress breaks down in the immediate vicinity of the front.
The horizontal momentum balance in these model sim-
ulations emphasizes the role of turbulent vertical mixing
as the rapid response mechanism to SST gradients.
An alternative hypothesis to explain mesoscale vari-

ations in wind stress is that of pressure gradients in-
duced by the SST patterns (Lindzen and Nigam 1987).
This hypothesis has been confirmed using recent ob-
servations (Cronin et al. 2003) and numerical simula-
tions (Small et al. 2003, 2005) in the tropical Pacific,
although the possibility of vertical mixing contributing
to the momentum balance in those cases has not been
ruled out. In addition, the drag coefficient itself can vary
with temperature, although this effect is expected to be
second order (O’Neill et al. 2005; Spall 2007b).
In their review article, Small et al. (2008) point out

that a single, universally acknowledged mechanism for
small-scale wind stress variations does not exist. In-
stead, it appears that a combination of different pro-
cesses contributes. For example, if strong winds cross a
sharp front, the air temperature does not have time to
respond to SST and thus vertical mixing of momentum
dominates over pressure gradients (Spall 2007b). Con-
versely, if winds are weak, then the air temperature has
time to equilibrate to SST, and the air pressure response
may dominate. Furthermore, the role of vertical tur-
bulent mixing is different for the case of a warm-to-cold
front, implying that either the Coriolis effect (Spall
2007b) or the boundary layer height reduction (Samelson
et al. 2006) is responsible for the reduction in stress near
the front.

Thus, it appears likely that different mechanisms op-
erate in different regions, depending upon the strength of
the front and the strength and direction of the large-
scale winds. It is therefore surprising that satellite ob-
servations yield a simple statistical relationship between
wind stress and SST: namely, that wind stress diver-
gence is linearly proportional to the downwind SST
gradient, while wind stress curl is proportional to the
crosswind SST gradient (Chelton et al. 2004). This re-
lationship was initially observed in the eastern tropical
Pacific (Chelton et al. 2001), but also applies in the
Southern Ocean (O’Neill et al. 2003, 2005) as well as the
Kuroshio and Gulf Stream (Chelton et al. 2004). While
the constant of proportionality varies in each case (pre-
sumably owing to variations in the operating mech-
anisms), a universal pattern is that the constant is
approximately twice as large for the divergence as for
the curl. This covariation suggests that a relatively simple
parameterization may be able to capture the essential
dynamics of this process.
The dependence of wind stress curl upon crosswind

temperature gradients means that large values of tran-
sient, small-scale Ekman pumping are expected. Ekman
pumping plays a first-order role in driving ocean cur-
rents, and mesoscale coupling is therefore likely to have
an effect on local flow, raising the prospect of further
feedback onto ocean circulation. For example, it was
established by Dewar and Flierl (1987) that variations in
Ekman pumping may have small-scale local effects on
steering and dissipating Gulf Stream rings. Modeling of
the North Atlantic gyre system showed that high fre-
quency perturbations to the wind stress curl enhanced
both the mean and eddy kinetic energy in the eastern
part of the gyre (Milliff et al. 1996). Spall (2007a) pro-
poses that feedback between fronts and the atmospheric
boundary layer will enhance the growth rates of baro-
clinic instability on those fronts, thereby affecting the
ocean circulation. The possibility for dynamic feedback
with the ocean was demonstrated using a high-resolution
regional coupled model of the tropical Pacific (Seo et al.
2007). Here, the growth rate of tropical instability waves
was damped by this feedback process.
The results of Milliff et al. (1996) and Seo et al. (2007)

indicate that mesoscale coupling may feed back on the
ocean circulation to produce effects that are not merely
local. However, Milliff et al. (1996) used a forcing that
represented the wind stress variations statistically,
rather than dynamically, while Seo et al. (2007) con-
centrated on the tropical ocean dynamics. In this paper
we ask the question: can mesoscale coupled feedback
act to modify the large-scale midlatitude ocean gyre
circulation? To answer this question we use an idealized
coupled ocean–atmosphere model that resolves ocean
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This result leads to the obvious question: what ele-
ments of the temperature-dependent wind stress scheme
are responsible for the gross changes in behavior of the
double-gyre circulation?We now analyze this question in
the context of several different hypotheses to show that
the time-dependent small-scale forcing in the western
boundary current separation region is responsible for the
primary changes to the circulation.
In this model, a affects the ocean circulation through

modifications to the wind stress and ocean Ekman-
pumping velocity; see Eqs. (13) and (14). The time-mean
of both components of wind stress and the Ekman
pumping for the case with a5 0.1 are plotted in Figs. 6a–c.
The zonal wind stress (Fig. 6a) is enhanced over the
western boundary of the subtropical gyre and reduced
over the corresponding region of the subpolar gyre.
In addition, there are changes to wind stress in the
ocean interior, primarily along the core of the jet where
SST fronts are common. The meridional wind stress
(Fig. 6b) is due to atmospheric Ekman transport within
the atmospheric mixed layer [see Eq. (12) for the gen-
eration of meridional velocity within the atmospheric
mixed layer], and thus is directly proportional to zonal
stress and O(0.1tx) in magnitude. The stress changes
near the western boundary produce strongly positive
Ekman-pumping anomalies over western edge of the
subtropical/subpolar gyre (Fig. 6c). In the interior, gra-
dients in wind stress along the eastward jet generate
maxima in Ekman-pumping anomalies along the core of

the jet; these maxima are an order of magnitude larger
than the background Ekman pumping but are confined
to a small region. Finally, we also show the standard
deviation in Ekman-pumping velocity (Fig. 6d). This
shows that the standard deviation (with a maximum
of 1025 m s21) is a factor of 20 greater than the back-
ground maximumEkman pumping for the temperature-
independent stress case (see Fig. 3c), indicating that
extremely large instantaneous values of Ekman pump-
ing occur in this simulation.
The simplest explanation for the large-scale impact of

temperature-dependent wind stress would be the role of
changes to the time-mean forcing. However, the tur-
bulent double-gyre circulation is a nonlinear flow in
which interaction between small-scale eddies and the
large-scale flow controls the circulation. For example,
eddies alter the mean flow either by mixing quantities,
such as potential vorticity (PV), between the gyres or,
alternatively, act to sharpen gradients in PV between
the gyres through upgradient PV flux (see Berloff et al.
2007a). Furthermore, eddies are a product of instabil-
ities of the mean circulation. This eddy–mean flow in-
teraction implies that careful investigation of both the
eddy field and the mean flow is needed to determine the
controlling dynamics of this flow.
The spatial variation of the eddy field as a function of

a is shown in Fig. 7. Here we compare the zonal spatial
variation of mean kinetic energy along the jet with eddy
kinetic energy in the jet region. The mean kinetic en-
ergy in the jet monotonically reduces with a, consistent
with the data shown above. However, eddy kinetic en-
ergy increases with a near the western boundary current
separation region, with a much faster decay in the zonal
direction. In other words, very high eddy kinetic energy
is induced by the temperature-dependent wind stress,
but this is confined to the western boundary region.
The dynamical role of eddies in reducing the circula-

tion strength with a can be investigated using the gyre-
wide budget of PV. These are evaluated as an average
over the closed (mean) streamlines of the subtropical
gyre, following Berloff et al. (2007a), and yield the rela-
tive flux of PV into and out of the gyre from wind stress
curl, eddy fluxes, and diffusive flux. Here we do not dis-
criminate between diffusive flux of PV through the
boundary and diffusive intergyre flux, but Berloff et al.
(2007a) have shown that boundary fluxes dominate the
diffusive flux in this turbulent parameter regime.
The PV budgets for the a 5 0 and a 5 0.1 cases are

shown in Table 2. (Here our sign convention is such that a
positive PV flux equates to an input of PV into the sub-
tropical gyre.) Introduction of the temperature-dependent
wind stress both reduces the amplitude of the wind stress
curl (a positive PV input) and increases the eddy flux

FIG. 3. Forcing as a function of latitude for the case with tem-
perature-independent forcing (a 5 0): (a) prescribed atmospheric
wind field au1; (b) zonal component of stress in the atmospheric
mixed layer; (c) ocean Ekman-pumping velocity.
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is the mixed layer velocity and (otx, oty) the dynamic
stress at the ocean surface. Note the use of both
Laplacian and biharmonic diffusion with coefficients
8K2 and 8K4, respectively. Fluxes of heat at the surface
include a steady insolation FS9 and a time-dependent
ocean–atmosphere heat flux F0, which is calculated us-
ing a linearized radiation and heat flux scheme. The
heat fluxes are described in detail by Hogg et al. (2003a)
but are based primarily on the sensible and latent heat
flux l(oTm 2 aTm) due to the ocean–atmosphere tem-
perature difference. Boundary conditions are zero flux
on all boundaries, except for the southern boundary
where temperature is specified as a proxy for advection
of warm tropical water into that region.
The temperature evolution the atmospheric mixed

layer is given by
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Here Fm is the outgoing radiative flux (derived in full by
Hogg et al. 2003a), and other parameters are atmo-
spheric equivalents of the parameters in (9). North and
south boundary conditions on atmospheric temperature
are zero flux, while east–west boundaries are periodic.

c. Wind stress

The standard bulk formulation for calculating wind
stress in Q-GCM is

(at x, aty)5CDj
aumj(

aum,
aym),

which represents the quadratic effect of wind speed on
drag using a constant drag coefficient CD (Pedlosky
1987). In this study we investigate the role of small-scale
ocean–atmosphere coupling by allowing the wind stress
to depend upon the temperature difference between
ocean and atmosphere. This effect is parameterized in a
crude way, by writing

(atx, aty)5CD(11aDT)jaumj(
aum,

aym), (13)

where DT 5 oTm 2 aTm is the atmosphere–ocean tem-
perature difference. In this manuscript we refer to
this scheme as a temperature-dependent wind stress. We
then calculate ocean stress from ot 5 ar at/ or. Ocean
Ekman-pumping velocity is calculated from ocean stress
using

wEk 5
1

f 0
(otyx !

ot x
y ), (14)

which is the forcing term in (1).

d. Calibration and comparison with observations

The proposed parameterization for temperature-
dependent wind stress, Eq. (13), is designed to emulate
the role of convective instability driving the vertical
mixing of momentum within the atmospheric boundary
layer (Sweet et al. 1981; Spall 2007b). However, it is clear
that more than one mechanism contributes to mesoscale
wind stress variations (Samelson et al. 2006; Small et al.
2008): atmospheric boundary layer thickness and sec-
ondary pressure gradients may also play a major role.
The present study is concerned not with the mechanism
of stress variation but with the effect that it has on the
ocean circulation. For this reason, we aim to confirm
that the simple parameterization, Eq. (13), gives similar
results to observations.
The most complete and robust observations of me-

soscale wind stress variability come from satellite scat-
terometer measurements. A number of studies have
shown a linear correlation between downwind (cross-
wind) SST gradients and wind stress divergence (curl)
(Chelton et al. 2001; O’Neill et al. 2003; Chelton et al.
2004; O’Neill et al. 2005). These data provide a solid
metric to test whether the present model can reproduce
observations.
The procedure that we use is to spin up the model to

steady state (this takes 20 model years) using a 5 0.1
and then run 24 consecutive 90-day simulations. The
mean wind stress from each 90-day simulation has a
large-scale component that has to be filtered out; this is
achieved easily for these simulations by subtracting the
known large-scale imposed stress field (i.e., from the
case with a 5 0). This leaves just the small-scale con-
tributions to wind stress, which we denote t9. The mean
SST from each case also has a large-scale component,
but this is weak compared to local gradients and the
results are insensitive to whether the SST data is spa-
tially filtered. Thus, from each simulation we can calcu-
late the wind stress divergence ($ " t9) and curl ($ 3 t9)
as well as the SST gradients in the downwind (=oTm " t)
and crosswind (=oTm 3 t) directions. Then, following
the procedure established by Chelton et al. (2001), we
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include a steady insolation FS9 and a time-dependent
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perature difference. Boundary conditions are zero flux
on all boundaries, except for the southern boundary
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Here Fm is the outgoing radiative flux (derived in full by
Hogg et al. 2003a), and other parameters are atmo-
spheric equivalents of the parameters in (9). North and
south boundary conditions on atmospheric temperature
are zero flux, while east–west boundaries are periodic.

c. Wind stress

The standard bulk formulation for calculating wind
stress in Q-GCM is

(at x, aty)5CDj
aumj(

aum,
aym),

which represents the quadratic effect of wind speed on
drag using a constant drag coefficient CD (Pedlosky
1987). In this study we investigate the role of small-scale
ocean–atmosphere coupling by allowing the wind stress
to depend upon the temperature difference between
ocean and atmosphere. This effect is parameterized in a
crude way, by writing

(atx, aty)5CD(11aDT)jaumj(
aum,

aym), (13)

where DT 5 oTm 2 aTm is the atmosphere–ocean tem-
perature difference. In this manuscript we refer to
this scheme as a temperature-dependent wind stress. We
then calculate ocean stress from ot 5 ar at/ or. Ocean
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which is the forcing term in (1).

d. Calibration and comparison with observations

The proposed parameterization for temperature-
dependent wind stress, Eq. (13), is designed to emulate
the role of convective instability driving the vertical
mixing of momentum within the atmospheric boundary
layer (Sweet et al. 1981; Spall 2007b). However, it is clear
that more than one mechanism contributes to mesoscale
wind stress variations (Samelson et al. 2006; Small et al.
2008): atmospheric boundary layer thickness and sec-
ondary pressure gradients may also play a major role.
The present study is concerned not with the mechanism
of stress variation but with the effect that it has on the
ocean circulation. For this reason, we aim to confirm
that the simple parameterization, Eq. (13), gives similar
results to observations.
The most complete and robust observations of me-

soscale wind stress variability come from satellite scat-
terometer measurements. A number of studies have
shown a linear correlation between downwind (cross-
wind) SST gradients and wind stress divergence (curl)
(Chelton et al. 2001; O’Neill et al. 2003; Chelton et al.
2004; O’Neill et al. 2005). These data provide a solid
metric to test whether the present model can reproduce
observations.
The procedure that we use is to spin up the model to

steady state (this takes 20 model years) using a 5 0.1
and then run 24 consecutive 90-day simulations. The
mean wind stress from each 90-day simulation has a
large-scale component that has to be filtered out; this is
achieved easily for these simulations by subtracting the
known large-scale imposed stress field (i.e., from the
case with a 5 0). This leaves just the small-scale con-
tributions to wind stress, which we denote t9. The mean
SST from each case also has a large-scale component,
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Empirical SST-induced changes in the atmospheric wind stress:

The Ekman-pumping velocity from the ocean stress oĲ = (aȡ���oȡ) aĲ is

0HULGLRQDO�3UR¿OHV�RI�:LQG�)RUFLQJ

FRXSOLQJ�FRHI¿FLHQW�FKRVHQ�WR
match coupling deduced from 
QuikSCAT observations

where the subscript m denotes mixed layer and the superscripts a 
and o denote atmosphere and ocean.
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Fig. 4. Results for experiment with temperature-independent wind stress forcing. (a) Mean
SST field (relative to domain averaged temperature; Contour Interval 2◦C); (b) Mean upper
layer streamfunction (CI 2 Sv); (c) Instantaneous SST field at year 20; (d) Instantaneous
streamfunction at year 20. Negative contours are shown with a dashed line, zero contour
with a bold line.

43

/RQJLWXGH

/D
WLW
XG
H

0HDQ�667�)LHOG

���

�
��
�
�
�

�

�

� 
�� ���� �
��
����

�
��

����

�
��

�

����

���	

����

����

���

�

�

� 
�� ���� �
��

�

�

�

�

	




�

����
��

���

�����

�
��
�
�
�

� 
�� ���� �
��
����

�
��

����

�
��
���

�����

� 
�� ���� �
��
����

�
��

����

�
��

Fig. 6. Forcing fields for the temperature-dependent forcing case (α = 0.1) concentrating
on a small region of interest around the ocean jet. (a) Mean zonal wind stress field (CI 0.01
m2/s2); (b) time mean meridional wind stress field (CI 0.001 m2/s2); (c) time mean Ekman
pumping velocity (CI 4 × 10−7 m/s); and (d) standard deviation of ocean Ekman pumping
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α = 0.15. (d) Maximum zonal velocity as a function of x along the jet core for varying α.
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ABSTRACT

Observations, primarily from satellites, have shown a statistical relationship between the surface wind stress
and underlying sea surface temperature (SST) on intermediate space and time scales, in many regions in-
clusive of eastern boundary upwelling current systems. In this papeAU1 r, this empirical SST–wind stress rela-
tionship is utilized to provide a simple representation of mesoscale air–sea coupling for an oceanic model
forced by surface winds: namely, the Regional OceanicModeling System (ROMS). This model formulation is
applied to an idealized upwelling problem with prevailing equatorward winds to determine the coupling
consequences on flow, SST, stratification, andwind evolutions. The initially uniformwind field adjusts through
coupling to a cross-shore profile with weaker nearshore winds, similar to realistic ones. The modified wind
stress weakens the nearshore upwelling circulation and increases SST in the coastal zone. The SST-induced
wind stress curl strengthens offshore upwelling through Ekman suction. The total curl-driven upwelling ex-
ceeds the coastal upwelling. The SST-induced changes in the nearshore wind stress field also strengthen and
broaden the poleward undercurrent. The coupling also shows significant impact on the developing mesoscale
eddies by damaging cyclonic eddies more than anticyclonic eddies, which leads to dominance by the latter.
Dynamically, this is a consequence of cyclones with stronger SST gradients that induce stronger wind per-
turbations in this particular upwelling problem and that are generally more susceptible to disruption than
anticyclones at finite Rossby number. The net effect is a weakening of eddy kinetic energy.

1. Introduction

Analyses of observations have consistently demon-
strated a significant statistical relationship between the
curl and divergence of surface wind stress and the un-
derlying gradient of sea surface temperature (SST) where
it is relatively strong (see review by Small et al. 2008). The
proximate explanation is that SST gradients induce gra-
dients in lower-atmospheric stratification; hence, gra-
dients in vertical momentum flux in the atmospheric
boundary layer and gradients in the surface wind stress

beneath an otherwise more uniform midtropospheric
wind are induced. This yields apparently linear rela-
tionships between the wind stress curl and divergence
and the crosswind and downwind components of the
local SST gradient (Chelton et al. 2004). The relation-
ship was first shown clearly in the eastern tropical Pacific
Ocean with measurements of the surface wind stress
from the Quick Scatterometer (QuikSCAT) and SST
from the Tropical Rainfall Measuring Mission Micro-
wave Imager (Chelton et al. 2001); with particular rel-
evance to the present paper, it was further confirmed by
a recent study in the upwelling frontal zone along the
U.S. West Coast (Chelton et al. 2007a).
Ocean–atmosphere interaction involves two processes:

SST modification of the dynamics in the atmospheric
boundary layer and feedback of this modification to the
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applied to an idealized upwelling problem with prevailing equatorward winds to determine the coupling
consequences on flow, SST, stratification, andwind evolutions. The initially uniformwind field adjusts through
coupling to a cross-shore profile with weaker nearshore winds, similar to realistic ones. The modified wind
stress weakens the nearshore upwelling circulation and increases SST in the coastal zone. The SST-induced
wind stress curl strengthens offshore upwelling through Ekman suction. The total curl-driven upwelling ex-
ceeds the coastal upwelling. The SST-induced changes in the nearshore wind stress field also strengthen and
broaden the poleward undercurrent. The coupling also shows significant impact on the developing mesoscale
eddies by damaging cyclonic eddies more than anticyclonic eddies, which leads to dominance by the latter.
Dynamically, this is a consequence of cyclones with stronger SST gradients that induce stronger wind per-
turbations in this particular upwelling problem and that are generally more susceptible to disruption than
anticyclones at finite Rossby number. The net effect is a weakening of eddy kinetic energy.
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strated a significant statistical relationship between the
curl and divergence of surface wind stress and the un-
derlying gradient of sea surface temperature (SST) where
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boundary layer and gradients in the surface wind stress

beneath an otherwise more uniform midtropospheric
wind are induced. This yields apparently linear rela-
tionships between the wind stress curl and divergence
and the crosswind and downwind components of the
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ship was first shown clearly in the eastern tropical Pacific
Ocean with measurements of the surface wind stress
from the Quick Scatterometer (QuikSCAT) and SST
from the Tropical Rainfall Measuring Mission Micro-
wave Imager (Chelton et al. 2001); with particular rel-
evance to the present paper, it was further confirmed by
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Figure 5: Cross-shore sections of T [oC] and v [cm s−1], averaged alongshore and between days 40-80: (left) uncoupled, (middle)

coupled, and (right) their difference.
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Mesoscale eddy-induced wind stress curl feedback 
on the ocean circulation
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Synergy Between 4 Complimentary Satellite Datasets

�� Identify mesoscale eddies by altimetry from their SSH signatures. 

�� Composite average the other satellite datasets in an “eddy-centric” 
WUDQVODWLQJ�UHIHUHQFH�IUDPH�ZLWK��Ą[�Ą\� coordinates relative to the eddy 
centroid normalized by the radius Ls of maximum rotational speed at each 
location along its trajectory.

       -  AMSR+AVHRR measurements of SST (Reynolds OI2 analyses)

    -  QuikSCAT measurements of wind speed and wind stress

    -  6HD:L)6�estimates of oceanic chlorophyll

�� Because the dominant mechanism for eddy-induced SST variability is 
horizontal advection by the rotational velocity of the eddy, SST and wind 
speed must be composite averaged in a coordinate system that is rotated 
by an amount determined from the large-scale background SST gradient.
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over Globally Distributed Mesoscale Eddies

Slope ~0.32
This wind speed response 
to SST over eddies is 
consistent with the coupling 
deduced previously over 
frontal regions by O’Neill et 
al. (2010; 2012)



consistent with the spatially lagged cross correlations
between spatially high-pass-filtered ENW and SST shown
in O’Neill et al. (2005) over the Agulhas region. The near-
zero slopes of the phase spectra in the other three regions
indicate no significant zonal offset betweenENWandSST.

b. Empirical relationships derived from satellite
observations

Contours of the spatially high-pass-filtered SST overlaid
onto maps of the spatially high-pass-filtered ENW and
wind stress magnitude averaged over the 7-yr period June
2002 to May 2009 are shown in Figs. 4–7 for each of the
four regions considered here. As in previous studies
summarized in the introduction, the wind stress mag-
nitude and ENW perturbations exhibit strong, positive
correlations with the SST perturbations, where both

increase over warm SST perturbations and decrease over
cool ones. The cross-correlation coefficients between
the monthly averaged ENW and SST fields range from
0.56 over the Kuroshio Extension to 0.72 over the South
Atlantic (Table 1), while for stress and SST, they are be-
tween 0.45 over the Kuroshio and 0.67 over the Agulhas
Return Current.
Binned scatterplots of the wind stress and ENW per-

turbations as a function of the perturbation SST for the
7-yr analysis period (right column of panels, Figs. 4–7)
show that both depend approximately linearly on the
SST perturbations, such that
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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respectively, where Ts is SST, overbars denote monthly
averages, and the primes represent spatially high-pass
filtered quantities. Thus, jtj9, Vn

9, and Ts
9 represent the

monthly averaged and spatially high-pass-filtered wind
stress magnitude, ENW, and SST, respectively. The
coupling coefficients at 5 ›jtj9/›Ts

9 and ayn 5 ›Vn
9/›Ts

9

are the linear slopes computed from regression fits to the
binned averages, and provide the means for quantifying
the SST influence on surface winds in this analysis. The
slopes at and ayn and their 95% confidence intervals, are
summarized in Table 1; at and ayn are statistically sig-
nificant over all regions.
Since the QuikSCATwind stress was computed solely

as a function of the QuikSCAT ENW using Eq. (3), it is
not surprising that the stress response to SST varies in
a manner similar to the ENW response. However, it is
surprising that the stress and ENW are both related
linearly to the perturbation SST even though the stress is
a nonlinear function of the ENW per Eq. (3). This par-
adox is reconciled in section 4. In appendix A, we show
that the at estimates found here do not depend strongly
on specification of the neutral drag coefficient or surface
air density.

A consistent feature evident in the binned scatterplots
is an apparent flattening of the stress and ENW binned
averages for SSTperturbations greater than about11.258C.
At Ts

95 1 28C, this leads to a discrepancy between the
binned averages and the regression line of roughly
0.2 m s21. The significance of this apparent flattening is
difficult to assess, however, since there are few obser-
vations in the tails of themonthly-averaged perturbation
SST distributions, as shown by histograms of Ts

9 (Figs.
4–7). This flattening may just be a statistical artefact of
insufficient sampling in the tails of the Ts

9 distribution.
The values of ayn are relatively insensitive to the

choice of filter cutoff wavelengths used to spatially high-
pass filter the satellite wind and SST fields. To show this,
ayn was computed as a function of the zonal and me-
ridional filter cutoff wavelengths (referred to as SPAN_X
and SPAN_Y, respectively) for the 2-yr period June
2002–May 2004 (Fig. 8, top row). We chose this shorter
period because of the large computational expense of
spatially filtering the global ENW and SST fields at
monthly intervals. Over all four regions, ayn varies by
less than;25% over the broad range of smoothing half-
spans shown here. Halving the filter cutoff wavelengths

FIG. 5. As in Fig. 4, but for the South Atlantic.
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less than;25% over the broad range of smoothing half-
spans shown here. Halving the filter cutoff wavelengths

FIG. 5. As in Fig. 4, but for the South Atlantic.
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increase over warm SST perturbations and decrease over
cool ones. The cross-correlation coefficients between
the monthly averaged ENW and SST fields range from
0.56 over the Kuroshio Extension to 0.72 over the South
Atlantic (Table 1), while for stress and SST, they are be-
tween 0.45 over the Kuroshio and 0.67 over the Agulhas
Return Current.
Binned scatterplots of the wind stress and ENW per-

turbations as a function of the perturbation SST for the
7-yr analysis period (right column of panels, Figs. 4–7)
show that both depend approximately linearly on the
SST perturbations, such that
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FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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from the 208 longitude by 108 latitude used throughout
this analysis to 108 longitude by 58 latitude only changes
the ayn estimates by less than 10%. Because of the sharp
meridional gradients of SST in these regions, most of the
sensitivity of ayn to spatial filtering occurs from the
specification of SPAN_Y for SPAN_Y & 108 latitude,
while ayn is relatively insensitive to the full range of
SPAN_X considered here. Note that the cross-correlation
coefficients between ENW and SST as a function of
smoothing parameter (Fig. 8, bottom row) exhibit sim-
ilar trends to those of ayn, with rapidly decreasing cor-
relations for SPAN_Y & 108 latitude.
The linear response of the ENW on SST on oceanic

mesoscales is consistent with numerous independent
analysis methods and observational sources. First, the
cross-spectral transfer functions shown in Fig. 3 between
the unfiltered ENW and SST fields express the linear
response coefficients of ENW and SST as a function of
zonal wavenumber independent of spatial high-pass fil-
tering. The ayn estimates computed from the binned
scatterplots in Figs. 4–7 agree well with these transfer
functions for zonal wavelengths shorter than the filter
cutoff wavelength of 208 longitude used here, as shown

by the black dashed lines in Fig. 3 (middle row). Second,
we show in appendix A estimates of ayn obtained from
combinations of other satellite datasets, including the
AMSR-E ENW and SST, the WindSat ENW and SST,
and the QuikSCAT ENW and Reynolds optimum in-
terpolation (OI) v2 SST fields. These estimates agree to
within 10% of those derived from the QuikSCAT ENW
and AMSR-E SST fields shown here. Third, the esti-
mates of ayn are relatively insensitive to large changes in
spatial-filtering parameters, as shown in Fig. 8. Finally,
the response of the ENW to SST has also been estimated
from in situ buoy observations (O’Neill 2012), which
show essentially the same linear relationship between
the ENW and SST as in the satellite observations ana-
lyzed here. The buoy-derived coupling coefficients for
the linear ENW response to SST were found to be in
good agreement with satellite-derived values. Each anal-
ysis thus produces consistent quantitative estimates of ayn

independent of observational platform, spatial high-pass
filtering, and analysis procedure.
The remainder of this section is devoted to describ-

ing the spatiotemporal variability of the stress and
ENW responses to SST, which also reveals two other

FIG. 6. As in Fig. 4, but for the North Atlantic.
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paradoxes regarding the covariability of the stress and
ENW responses to SST.

c. Temporal variability of the stress and ENW
responses to SST

Time series of at and ayn reveal significant differences
in the wind stress and ENW responses to SST (Fig. 9).
During winter, at increases by a factor of 2–5 over the
Kuroshio and North Atlantic and by 50%–75% over the
South Atlantic and Agulhas Return Current compared

to summer (black curves). In contrast, seasonal vari-
ability of ayn is much less pronounced (gray curves).
There is thus a large seasonal pulsing of the wind stress
response to SST that is nearly absent in the ENW re-
sponse to SST. A similar seasonal pulsing of the SST-
induced wind stress response, and lack thereof in the
ENW response, has also been observed from buoy obser-
vations over theGulf Stream(O’Neill 2012). In appendixA,
we show qualitatively similar seasonal variations of at

using two other neutral drag coefficient parameterizations

FIG. 7. As in Fig. 4, but for the Kuroshio Extension.

TABLE 1. Statistics of the mesoscale stress and ENW responses to SST, including the following: the cross-correlation coefficients
between the monthly averaged wind stress magnitude jtj9 and SST Ts

9 and between the ENW Vn
9 and SST; estimates of the coupling

coefficients (at, ayn, and bt); the ratio at/ayn 3 100; and the medians of the ENW distributions computed from the monthly-averaged
QuikSCATENWandAMSR-E SST fields over the 7-yr period June 2002–May 2009. Estimates of the 95% confidence intervals are listed
for each of the coupling coefficients.

Region

Correlation coefficient with Ts
9 Median

at 3 100 ayn at/ayn ENW bt 3 100
jtj9 Vn

9 N m22 8C21 m s21 8C21 3100 m s21 N m22 8C21

Kuroshio 0.45 0.56 1.4 6 0.2 0.34 6 0.05 4.1 8.3 0.19 6 0.03
North Atlantic 0.50 0.62 1.2 6 0.2 0.30 6 0.05 4.0 8.3 0.18 6 0.03
South Atlantic 0.66 0.72 1.8 6 0.1 0.43 6 0.03 4.2 8.9 0.29 6 0.03
Agulhas 0.67 0.71 2.2 6 0.1 0.44 6 0.03 4.9 9.9 0.30 6 0.02
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consistent with the spatially lagged cross correlations
between spatially high-pass-filtered ENW and SST shown
in O’Neill et al. (2005) over the Agulhas region. The near-
zero slopes of the phase spectra in the other three regions
indicate no significant zonal offset betweenENWandSST.

b. Empirical relationships derived from satellite
observations

Contours of the spatially high-pass-filtered SST overlaid
onto maps of the spatially high-pass-filtered ENW and
wind stress magnitude averaged over the 7-yr period June
2002 to May 2009 are shown in Figs. 4–7 for each of the
four regions considered here. As in previous studies
summarized in the introduction, the wind stress mag-
nitude and ENW perturbations exhibit strong, positive
correlations with the SST perturbations, where both

increase over warm SST perturbations and decrease over
cool ones. The cross-correlation coefficients between
the monthly averaged ENW and SST fields range from
0.56 over the Kuroshio Extension to 0.72 over the South
Atlantic (Table 1), while for stress and SST, they are be-
tween 0.45 over the Kuroshio and 0.67 over the Agulhas
Return Current.
Binned scatterplots of the wind stress and ENW per-

turbations as a function of the perturbation SST for the
7-yr analysis period (right column of panels, Figs. 4–7)
show that both depend approximately linearly on the
SST perturbations, such that
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Vn
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9, (5)

FIG. 4. Maps of the spatially high-pass-filtered (top left) QuikSCAT ENW (colors) and (bottom left) surface wind
stress magnitude (colors) averaged over the period June 2002–May 2009 over the Agulhas Return Current region.
The contours overlaid in each map are the spatially high-pass-filtered AMSR-E SST averaged over the same period,
with dashed (solid) contours representing negative (positive) SST perturbations. The contour interval is 0.258C, and
the zero contour has been omitted for clarity. To the right of these maps are binned scatterplots of the perturbation
(top) ENW and (bottom) wind stress magnitude as functions of the perturbation SST computed from the monthly
averaged perturbation wind and SST fields over the same 7-yr period. Within each SST bin, the points represent the
means of the monthly averaged wind, and the error bars represent estimates of the 95% confidence intervals of the
means within each bin computed from a two-sided t interval using an effective degrees of freedom, which accounts for
the nonindependence of individual observations. The dashed line in each panel is a least squares fit of the points to
straight lines having a slope as indicated in the lower right. (middle right) A histogram of the perturbation SST is
shown, also computed from the monthly-averaged perturbation SST fields.
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Ekman Pumping from Gaussian Eddy Surface Currents 
and Idealized SST Anomalies
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FIG. 3. Ekman pumping velocities from SST and surface current effects for an idealized anticyclonic Gaussian
eddy. (a) SST -induced Ekman pumping for an idealized SST anomaly with a maximum magnitude of 0.3 ◦C at
30◦N propagating through a southward SST gradient. The SST anomaly magnitude of 0.3 ◦C is characteristic of
the median SST anomalies of midlatitude eddies. (b) SST -induced Ekman pumping for the idealized eddy SST
anomaly shown in panel (a) in a uniform westerly wind of 7 m s−1. (c) The same as panel (b) except for a uniform
southerly wind. (d) Geostrophic current vorticity overlaid with contours of SSH (contour interval 1 cm) for a
Gaussian eddy with an amplitude of 10 cm and an Gaussian eddy radial scale of 90 km at 30◦N characteristic of
the median amplitude and scale of midlatitude eddies. (e) Surface current-induced Ekman pumping for the Gaussian
eddy shown in panel (d) exposed to (e) uniform 7m s−1 westerly wind and (f) a uniform 7m s−1 southerly wind. In
all panels, the x and y axes have been normalized by the Gaussian eddy radial scale L = 90 km corresponding to the
radius of maximum rotational speed.

Eddy-Induced Ekman Pumping for an Idealized Anticyclone
)URP�667�LQÀXHQFH�RQ�6XUIDFH�:LQGV�DW����1

IRU�DQ�(GG\�,QGXFHG�667�$QRPDO\�RI�����&�DQG�D�:LQG�6SHHG�RI���P�V

MAY 2013 P. GAUBE ET AL. 57

Ekman Pumping from Gaussian Eddy Surface Currents 
and Idealized SST Anomalies

S
S

H
 a

n
d

 G
e

o
s

tr
o

p
h

ic
 

V
o

r
ti

c
it

y

C
u

r
r
e

n
t-

In
d

u
c

e
d

E
k

m
a

n
 P

u
m

p
in

g

fo
r
 a

 W
e

s
te

r
ly

 W
in

d

C
u

r
r
e

n
t-

In
d

u
c

e
d

E
k

m
a

n
 P

u
m

p
in

g

fo
r
 a

 S
o

u
th

e
r
ly

 W
in

d

! "#$%&'(
$))%*!

+! %,-.#$

contour interval 0.5 cm day-1 contour interval 0.5 cm day-1contour interval 1 cm

a)

d)

b)

e)

c)

f)

S
S

T

S
S

T
-I

n
d

u
c

e
d

E
k

m
a

n
 P

u
m

p
in

g

fo
r
 a

 W
e

s
te

r
ly

 W
in

d

S
S

T
-I

n
d

u
c

e
d

E
k

m
a

n
 P

u
m

p
in

g

fo
r
 a

 S
o

u
th

e
r
ly

 W
in

d

°/
contour interval 0.5 cm day-1 contour interval 0.5 cm day-1contour interval 0.1 °C

FIG. 3. Ekman pumping velocities from SST and surface current effects for an idealized anticyclonic Gaussian
eddy. (a) SST -induced Ekman pumping for an idealized SST anomaly with a maximum magnitude of 0.3 ◦C at
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Figure 7: Meridional wind stress (left) in the coupled simulations and the SST differences

(right) between the coupled and uncoupled simulations, averaged alongshore and between days

40-80. The solid line is the standard case, and the dashed and dotted lines are the DBL and

HALF coupling coefficient sensitivity cases. The background meridional wind stress is -0.07 N

m−2.
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ABSTRACT

Observations, primarily from satellites, have shown a statistical relationship between the surface wind stress
and underlying sea surface temperature (SST) on intermediate space and time scales, in many regions in-
clusive of eastern boundary upwelling current systems. In this papeAU1 r, this empirical SST–wind stress rela-
tionship is utilized to provide a simple representation of mesoscale air–sea coupling for an oceanic model
forced by surface winds: namely, the Regional OceanicModeling System (ROMS). This model formulation is
applied to an idealized upwelling problem with prevailing equatorward winds to determine the coupling
consequences on flow, SST, stratification, andwind evolutions. The initially uniformwind field adjusts through
coupling to a cross-shore profile with weaker nearshore winds, similar to realistic ones. The modified wind
stress weakens the nearshore upwelling circulation and increases SST in the coastal zone. The SST-induced
wind stress curl strengthens offshore upwelling through Ekman suction. The total curl-driven upwelling ex-
ceeds the coastal upwelling. The SST-induced changes in the nearshore wind stress field also strengthen and
broaden the poleward undercurrent. The coupling also shows significant impact on the developing mesoscale
eddies by damaging cyclonic eddies more than anticyclonic eddies, which leads to dominance by the latter.
Dynamically, this is a consequence of cyclones with stronger SST gradients that induce stronger wind per-
turbations in this particular upwelling problem and that are generally more susceptible to disruption than
anticyclones at finite Rossby number. The net effect is a weakening of eddy kinetic energy.

1. Introduction

Analyses of observations have consistently demon-
strated a significant statistical relationship between the
curl and divergence of surface wind stress and the un-
derlying gradient of sea surface temperature (SST) where
it is relatively strong (see review by Small et al. 2008). The
proximate explanation is that SST gradients induce gra-
dients in lower-atmospheric stratification; hence, gra-
dients in vertical momentum flux in the atmospheric
boundary layer and gradients in the surface wind stress

beneath an otherwise more uniform midtropospheric
wind are induced. This yields apparently linear rela-
tionships between the wind stress curl and divergence
and the crosswind and downwind components of the
local SST gradient (Chelton et al. 2004). The relation-
ship was first shown clearly in the eastern tropical Pacific
Ocean with measurements of the surface wind stress
from the Quick Scatterometer (QuikSCAT) and SST
from the Tropical Rainfall Measuring Mission Micro-
wave Imager (Chelton et al. 2001); with particular rel-
evance to the present paper, it was further confirmed by
a recent study in the upwelling frontal zone along the
U.S. West Coast (Chelton et al. 2007a).
Ocean–atmosphere interaction involves two processes:

SST modification of the dynamics in the atmospheric
boundary layer and feedback of this modification to the
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ABSTRACT

Observations, primarily from satellites, have shown a statistical relationship between the surface wind stress
and underlying sea surface temperature (SST) on intermediate space and time scales, in many regions in-
clusive of eastern boundary upwelling current systems. In this papeAU1 r, this empirical SST–wind stress rela-
tionship is utilized to provide a simple representation of mesoscale air–sea coupling for an oceanic model
forced by surface winds: namely, the Regional OceanicModeling System (ROMS). This model formulation is
applied to an idealized upwelling problem with prevailing equatorward winds to determine the coupling
consequences on flow, SST, stratification, andwind evolutions. The initially uniformwind field adjusts through
coupling to a cross-shore profile with weaker nearshore winds, similar to realistic ones. The modified wind
stress weakens the nearshore upwelling circulation and increases SST in the coastal zone. The SST-induced
wind stress curl strengthens offshore upwelling through Ekman suction. The total curl-driven upwelling ex-
ceeds the coastal upwelling. The SST-induced changes in the nearshore wind stress field also strengthen and
broaden the poleward undercurrent. The coupling also shows significant impact on the developing mesoscale
eddies by damaging cyclonic eddies more than anticyclonic eddies, which leads to dominance by the latter.
Dynamically, this is a consequence of cyclones with stronger SST gradients that induce stronger wind per-
turbations in this particular upwelling problem and that are generally more susceptible to disruption than
anticyclones at finite Rossby number. The net effect is a weakening of eddy kinetic energy.

1. Introduction

Analyses of observations have consistently demon-
strated a significant statistical relationship between the
curl and divergence of surface wind stress and the un-
derlying gradient of sea surface temperature (SST) where
it is relatively strong (see review by Small et al. 2008). The
proximate explanation is that SST gradients induce gra-
dients in lower-atmospheric stratification; hence, gra-
dients in vertical momentum flux in the atmospheric
boundary layer and gradients in the surface wind stress

beneath an otherwise more uniform midtropospheric
wind are induced. This yields apparently linear rela-
tionships between the wind stress curl and divergence
and the crosswind and downwind components of the
local SST gradient (Chelton et al. 2004). The relation-
ship was first shown clearly in the eastern tropical Pacific
Ocean with measurements of the surface wind stress
from the Quick Scatterometer (QuikSCAT) and SST
from the Tropical Rainfall Measuring Mission Micro-
wave Imager (Chelton et al. 2001); with particular rel-
evance to the present paper, it was further confirmed by
a recent study in the upwelling frontal zone along the
U.S. West Coast (Chelton et al. 2007a).
Ocean–atmosphere interaction involves two processes:

SST modification of the dynamics in the atmospheric
boundary layer and feedback of this modification to the
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Figure 5: Cross-shore sections of T [oC] and v [cm s−1], averaged alongshore and between days 40-80: (left) uncoupled, (middle)

coupled, and (right) their difference.
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FIG. 3. Ekman pumping velocities from SST and surface current effects for an idealized anticyclonic Gaussian
eddy. (a) SST -induced Ekman pumping for an idealized SST anomaly with a maximum magnitude of 0.3 ◦C at
30◦N propagating through a southward SST gradient. The SST anomaly magnitude of 0.3 ◦C is characteristic of
the median SST anomalies of midlatitude eddies. (b) SST -induced Ekman pumping for the idealized eddy SST
anomaly shown in panel (a) in a uniform westerly wind of 7 m s−1. (c) The same as panel (b) except for a uniform
southerly wind. (d) Geostrophic current vorticity overlaid with contours of SSH (contour interval 1 cm) for a
Gaussian eddy with an amplitude of 10 cm and an Gaussian eddy radial scale of 90 km at 30◦N characteristic of
the median amplitude and scale of midlatitude eddies. (e) Surface current-induced Ekman pumping for the Gaussian
eddy shown in panel (d) exposed to (e) uniform 7m s−1 westerly wind and (f) a uniform 7m s−1 southerly wind. In
all panels, the x and y axes have been normalized by the Gaussian eddy radial scale L = 90 km corresponding to the
radius of maximum rotational speed.
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FIG. 3. Ekman pumping velocities from SST and surface current effects for an idealized anticyclonic Gaussian
eddy. (a) SST -induced Ekman pumping for an idealized SST anomaly with a maximum magnitude of 0.3 ◦C at
30◦N propagating through a southward SST gradient. The SST anomaly magnitude of 0.3 ◦C is characteristic of
the median SST anomalies of midlatitude eddies. (b) SST -induced Ekman pumping for the idealized eddy SST
anomaly shown in panel (a) in a uniform westerly wind of 7 m s−1. (c) The same as panel (b) except for a uniform
southerly wind. (d) Geostrophic current vorticity overlaid with contours of SSH (contour interval 1 cm) for a
Gaussian eddy with an amplitude of 10 cm and an Gaussian eddy radial scale of 90 km at 30◦N characteristic of
the median amplitude and scale of midlatitude eddies. (e) Surface current-induced Ekman pumping for the Gaussian
eddy shown in panel (d) exposed to (e) uniform 7m s−1 westerly wind and (f) a uniform 7m s−1 southerly wind. In
all panels, the x and y axes have been normalized by the Gaussian eddy radial scale L = 90 km corresponding to the
radius of maximum rotational speed.
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FIG. 3. Ekman pumping velocities from SST and surface current effects for an idealized anticyclonic Gaussian
eddy. (a) SST -induced Ekman pumping for an idealized SST anomaly with a maximum magnitude of 0.3 ◦C at
30◦N propagating through a southward SST gradient. The SST anomaly magnitude of 0.3 ◦C is characteristic of
the median SST anomalies of midlatitude eddies. (b) SST -induced Ekman pumping for the idealized eddy SST
anomaly shown in panel (a) in a uniform westerly wind of 7 m s−1. (c) The same as panel (b) except for a uniform
southerly wind. (d) Geostrophic current vorticity overlaid with contours of SSH (contour interval 1 cm) for a
Gaussian eddy with an amplitude of 10 cm and an Gaussian eddy radial scale of 90 km at 30◦N characteristic of
the median amplitude and scale of midlatitude eddies. (e) Surface current-induced Ekman pumping for the Gaussian
eddy shown in panel (d) exposed to (e) uniform 7m s−1 westerly wind and (f) a uniform 7m s−1 southerly wind. In
all panels, the x and y axes have been normalized by the Gaussian eddy radial scale L = 90 km corresponding to the
radius of maximum rotational speed.
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FIG. 3. Ekman pumping velocities from SST and surface current effects for an idealized anticyclonic Gaussian
eddy. (a) SST -induced Ekman pumping for an idealized SST anomaly with a maximum magnitude of 0.3 ◦C at
30◦N propagating through a southward SST gradient. The SST anomaly magnitude of 0.3 ◦C is characteristic of
the median SST anomalies of midlatitude eddies. (b) SST -induced Ekman pumping for the idealized eddy SST
anomaly shown in panel (a) in a uniform westerly wind of 7 m s−1. (c) The same as panel (b) except for a uniform
southerly wind. (d) Geostrophic current vorticity overlaid with contours of SSH (contour interval 1 cm) for a
Gaussian eddy with an amplitude of 10 cm and an Gaussian eddy radial scale of 90 km at 30◦N characteristic of
the median amplitude and scale of midlatitude eddies. (e) Surface current-induced Ekman pumping for the Gaussian
eddy shown in panel (d) exposed to (e) uniform 7m s−1 westerly wind and (f) a uniform 7m s−1 southerly wind. In
all panels, the x and y axes have been normalized by the Gaussian eddy radial scale L = 90 km corresponding to the
radius of maximum rotational speed.
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FIG. 3. Ekman pumping velocities from SST and surface current effects for an idealized anticyclonic Gaussian
eddy. (a) SST -induced Ekman pumping for an idealized SST anomaly with a maximum magnitude of 0.3 ◦C at
30◦N propagating through a southward SST gradient. The SST anomaly magnitude of 0.3 ◦C is characteristic of
the median SST anomalies of midlatitude eddies. (b) SST -induced Ekman pumping for the idealized eddy SST
anomaly shown in panel (a) in a uniform westerly wind of 7 m s−1. (c) The same as panel (b) except for a uniform
southerly wind. (d) Geostrophic current vorticity overlaid with contours of SSH (contour interval 1 cm) for a
Gaussian eddy with an amplitude of 10 cm and an Gaussian eddy radial scale of 90 km at 30◦N characteristic of
the median amplitude and scale of midlatitude eddies. (e) Surface current-induced Ekman pumping for the Gaussian
eddy shown in panel (d) exposed to (e) uniform 7m s−1 westerly wind and (f) a uniform 7m s−1 southerly wind. In
all panels, the x and y axes have been normalized by the Gaussian eddy radial scale L = 90 km corresponding to the
radius of maximum rotational speed.
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FIG. 3. Ekman pumping velocities from SST and surface current effects for an idealized anticyclonic Gaussian
eddy. (a) SST -induced Ekman pumping for an idealized SST anomaly with a maximum magnitude of 0.3 ◦C at
30◦N propagating through a southward SST gradient. The SST anomaly magnitude of 0.3 ◦C is characteristic of
the median SST anomalies of midlatitude eddies. (b) SST -induced Ekman pumping for the idealized eddy SST
anomaly shown in panel (a) in a uniform westerly wind of 7 m s−1. (c) The same as panel (b) except for a uniform
southerly wind. (d) Geostrophic current vorticity overlaid with contours of SSH (contour interval 1 cm) for a
Gaussian eddy with an amplitude of 10 cm and an Gaussian eddy radial scale of 90 km at 30◦N characteristic of
the median amplitude and scale of midlatitude eddies. (e) Surface current-induced Ekman pumping for the Gaussian
eddy shown in panel (d) exposed to (e) uniform 7m s−1 westerly wind and (f) a uniform 7m s−1 southerly wind. In
all panels, the x and y axes have been normalized by the Gaussian eddy radial scale L = 90 km corresponding to the
radius of maximum rotational speed.
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FIG. 3. Ekman pumping velocities from SST and surface current effects for an idealized anticyclonic Gaussian
eddy. (a) SST -induced Ekman pumping for an idealized SST anomaly with a maximum magnitude of 0.3 ◦C at
30◦N propagating through a southward SST gradient. The SST anomaly magnitude of 0.3 ◦C is characteristic of
the median SST anomalies of midlatitude eddies. (b) SST -induced Ekman pumping for the idealized eddy SST
anomaly shown in panel (a) in a uniform westerly wind of 7 m s−1. (c) The same as panel (b) except for a uniform
southerly wind. (d) Geostrophic current vorticity overlaid with contours of SSH (contour interval 1 cm) for a
Gaussian eddy with an amplitude of 10 cm and an Gaussian eddy radial scale of 90 km at 30◦N characteristic of
the median amplitude and scale of midlatitude eddies. (e) Surface current-induced Ekman pumping for the Gaussian
eddy shown in panel (d) exposed to (e) uniform 7m s−1 westerly wind and (f) a uniform 7m s−1 southerly wind. In
all panels, the x and y axes have been normalized by the Gaussian eddy radial scale L = 90 km corresponding to the
radius of maximum rotational speed.



QuikSCAT validation of the dominance of surface current effects 
over SST effects on Ekman pumping inferred from idealized eddies

Global composite averages of SSH and the total eddy Ekman pumping
measured by QuikSCAT

The monopole structures of eddy-induced 
Ekman pumping indicates the dominance of 
surface current effects.



QuikSCAT validation of the dominance of surface current effects 
over SST effects on Ekman pumping inferred from idealized eddies

Global composite averages of SSH and the total eddy Ekman pumping
measured by QuikSCAT

10-Year Average Ekman Pumping from QuikSCAT

The magnitudes of eddy-induced Ekman pumping 
are at least half as large as the Ekman pumping 
IURP�WKH�ODUJH�VFDOH�ZLQG�¿HOG�

The monopole structures of eddy-induced 
Ekman pumping indicates the dominance of 
surface current effects.



The 1/e attenuation time scale of this Ekman pumping
is about 1 year
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Eddy Kinetic Energy With and Without Surface Current Effects 
on the Surface Stress Field
Eden et al. (2009) J. Geophys. Res.

between both for the year 2001. Besides a small eddy signal
in the Gulf Stream/North Atlantic Current system, there are
only minor systematic changes in the mean circulation of
the model. This applies for the subsequent years as well
(Figure 4). The only systematic effect of including the ocean
currents in the formulation of the wind stress forcing is a
reduction of the mean South Equatorial Current (SEC) and
Equatorial Under Current (EUC) in the tropical Atlantic
Ocean, coming along with a slight decrease of the depth
level of the EUC (not shown) and a decrease of the
equatorial upwelling as discussed below. This effect is
consistent with the results of Pacanowski [1987], who
found a similar response in a non-eddy-resolving model
of the tropical Atlantic and a better agreement between their
model results and situ current meter observations after
including the effect of ocean currents on wind stress in
their model.
[26] The near-surface eddy kinetic energy (EKE,

u02o
2 where

the prime denotes deviation from a seasonal mean), on the
other hand, is significantly different in the reference exper-
iment and WINDFEED. Figure 3 shows the EKE in both
experiments for the year 2001. Note that we have estimated
the EKE (and the other correlations discussed in sections 3.3
and 3.4) as deviations from the seasonal mean of velocity
(and other quantities) to exclude the seasonal cycle from the
analysis. Note also that we have used the individual
seasonal means for 2001–2006 in both experiments to
obtain the perturbation quantities. Clearly, the effect of
including the ocean currents in the wind stress is to damp
EKE. This effect is large in the tropical Atlantic, decreases
toward higher latitudes and has a second peak where the
Gulf Stream separates from the American coast. The sub-
sequent years are similar with respect to the reduction of
EKE (Figure 4).

3.3. Eddy Kinetic Energy Budget

[27] To identify the mechanisms behind the large differ-
ences in the eddy activity of the reference experiment and

WINDFEED, we consider the budget of EKE, !e ¼ u02o
2 as

given by the standard Reynolds averaging procedure

@t!eþrh # ðuoeþ u0op
0Þ þ @zw0p0 ¼ !S þ b0w0 & e; ð3Þ

where p0 denotes pressure fluctuations, b0 buoyancy
fluctuations and w0 fluctuations of the vertical velocity.
The EKE budget equation (3) is derived by taking the
average of the scalar product of the horizontal momentum
perturbation u0o with the horizontal momentum budget of
the primitive equations. The terms on the l.h.s of equation
(3) describe changes of EKE (@t!e) due to advective and
radiative processes which cancel out in the domain integral
while the terms on the r.h.s of equation (3) can be
interpreted as production of EKE due to lateral shear,
!S ¼ &u0ou

0
o #ruo, production by baroclinic instability, b0w0,

and dissipative processes, e [Beckmann et al., 1994]. Note
that e includes also the surface forcing of EKE arising from
the wind acting on the ocean, u0o # t 0.
[28] We define two pathways via which changes in the

EKE can be affected by changes in the parameterization of
the wind stress, a direct one and an indirect one. The
indirect pathway refers to changes in wind stress acting
on the ocean, driving changes in the mean circulation and
mean available potential energy which in turn will affect the
EKE production terms !S and b0w0. The direct pathway, on
the other hand, is the drag effect by a modified wind stress
on the EKE budget (entering equation (3) via e), as
explained later.
[29] First we quantify the indirect pathway: Figures 4c

and 4d show the zonal averages of the production terms of
EKE in the reference experiment and WINDFEED. While
differences in b0w0 are only small, the production terms !S
show similar differences as the EKE itself in the two
experiments. The reduction of !S in experiment WINDFEED
relative to the reference is both due to a reduction in the
lateral shear of the mean flow, ruo, and a decreased
magnitude of the tensor u0ou

0
o. The decrease in lateral shear

is in particular large in the tropical Atlantic.
[30] Second, we continue with a quantification of the

direct drag effect (of the revised wind stress formulation) on
the total kinetic energy of the ocean and in particular to the
EKE following Duhaut and Straub [2006] and Zhai and
Greatbatch [2007]. The work P done by the wind stress t is
forcing the ocean’s total kinetic energy uo

2/2 and is given by

r0P ¼ t # uo ¼ racDjua & uojðua & uoÞ # uo; ð4Þ

Figure 3. Eddy kinetic energy (EKE) (average of the upper 50 m) in 2001 in log10(EKE cm&2 s&2) for
(a) the reference experiment, (b) WINDFEED, and (c) difference (WINDFEED – reference experiment)
in cm2 s&2.
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where r0 denotes the reference density of sea water, ra the
density of air, cD the drag coefficient and ua and uo the
velocity of air and sea water, respectively. The difference in
wind work due to the formulations for t is (assuming
identical uo in both cases)

r0ðPrev " PstdÞ ¼ "racDjua " uojjuoj2

" racDðjuaj" jua " uojÞua % uo; ð5Þ

where Prev and Pstd denote the wind work in the revised and
the standard wind stress formulation, respectively. The first
term is negative and is believed to dominate [Duhaut and
Straub, 2006; Zhai and Greatbatch, 2007]. Since for ua % uo
> 0, we find juaj " jua " uoj > 0 and vice versa, the second
term is also sign definite and the effect of the revised
formulation of wind stress is to remove energy, i.e., to apply
a surface drag on the circulation. However, note that in
general uo will change by applying a different wind stress,
but it is reasonable to assume that the change will not
reverse the sign of the effect. Another reasonable assump-
tion is that the difference in atmospheric winds and oceanic
currents does not significantly affect the amplitude of the
wind stress since surface winds are usually at least an order
of magnitude faster than surface currents, i.e., jua " uoj &
juaj such that the difference in the wind work P between
both formulation simply becomes to leading order

r0ðPrev " PstdÞ & "racDjuajjuoj
2: ð6Þ

The difference in wind work for the eddy kinetic energy,
u02o
2

is thus given by

r0ðP0
rev " P0

stdÞ & "racDjuaju02o ; ð7Þ

neglecting, for simplicity, any correlation between wind
speed and ocean current fluctuations which should be
similar in both formulations of t . The perturbation velocity
u0 is again a deviation from the seasonal mean as throughout
this study.
[31] To conclude with a quantitative comparison of the

direct and indirect effect of the revised wind stress param-
eterization, Figure 5 shows zonally integrated EKE produc-
tion terms within the upper 50 m of the ocean which
reveals: The direct drag by the eddy/wind interaction as
given by equation (7), is predominantly driving the reduc-
tion of the EKE, while the indirect effect of a reduction in !S
due to the reduced strength of EKE and lateral shear of the
mean flow is of secondary importance.

3.4. Equatorial Upwelling

[32] Figures 6a and 6d shows the Eulerian mean merid-
ional stream function defined by

@zymðy; zÞ ¼
Z

!vðx; y; zÞ dx ð8Þ

for the reference experiment and WINDFEED. v denotes
meridional velocity, and !v the temporal average of v (over
year 2001). The zonal integral is taken over the whole basin.

Figure 4. Annual mean, zonally integrated (a) EKE and (b) MKE for the reference experiment (blue
lines) and WINDFEED (red lines) (average of the upper 50 m) in 106 m3 s"2 for the years 2001 to 2005
and total average over these years (bold lines). Also shown are zonal integrals of EKE production due to
(c) lateral shear of the mean current (!S ¼ "u0ou

0
o %ruo) and (d) baroclinic instability (b0w0) in m2 s"3

(average of the upper 50 m) in the same color coding.
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