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Overview
1.  Air-sea interactions in mesoscale SST frontal regions.

2.  Mesoscale eddy influence on SST and wind speed.

3.  Eddy-induced SST influence on Ekman pumping.

4.  Eddy-induced surface current influence on Ekman pumping.
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Air-Sea Interaction in SST Frontal Regions



Tropical Instability Wave Effects on SST and Wind Stress
(from Chelton et al., 2001 J. Climate)



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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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, V
n
9, and T

s
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 T

s
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 T
s
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
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zero slopes of the phase spectra in the other three regions

indicate no significant zonal offset betweenENWandSST.
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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 T
s
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
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zero slopes of the phase spectra in the other three regions

indicate no significant zonal offset betweenENWandSST.
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0.56 over the Kuroshio Extension to 0.72 over the South
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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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June 2002 - May 2009
Averages

From O’Neill et al. (2012, J. Clim.)

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.
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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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respectively, where Ts is SST, overbars denote monthly

averages, and the primes represent spatially high-pass

filtered quantities. Thus, jtj9, V
n
9, and T

s
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 T

s
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 T
s
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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respectively, where Ts is SST, overbars denote monthly

averages, and the primes represent spatially high-pass

filtered quantities. Thus, jtj9, V
n
9, and T

s
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 T

s
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 T
s
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 T
s
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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Animation of Coupled Small-Scale Winds and SST
in the Gulf Stream Region

July 2002 - September 2009




Why the SST influence on surface winds matters.....



SST Effects on the Curl and Divergence of Surface Wind and Stress

Wind vorticity and curl of the 
wind stress associated with 
crosswind SST gradients

Wind divergence and wind 
stress divergence associated 
with downwind SST gradients

SST front



Coupling Between Wind Stress Divergence and Downwind SST Gradient

Coupling Between Wind Stress Curl and Crosswind SST Gradient

Note that divergence response is consistently stronger than curl response.



C.I.=0.03 N m-2, Heavy contour = 0.12 N m-2

o C/100 km

September 2004

A regional example:  The California Current System



C.I.=0.03 N m-2, Heavy contour = 0.12 N m-2

o C/100 km

September 2004

A regional example:  The California Current System



Mesoscale eddy influence on SST and wind speed



Merged TOPEX and ERS-1 High-Pass Filtered SSH
with contours of eddies with lifetimes ≥4 weeks

There are 2495 eddies in this mapThere are 2495 eddies in this map
(http://cioss.coas.oregonstate.edu/eddies/)

Merged TOPEX and ERS-1 Spatially High-Pass Filtered SSH
with contours of eddies with lifetimes ≥ 4 weeks



Trajectories	of	the	~22,000	Mesoscale	Eddies	with	Lifemes	≥16	Weeks	
During the 7.5 Years of Overlap of the Four Satellite Datasets

1 June 2002 - 30 November 2009 

1 June 2002 - 30 November 2009

http://cioss.coas.oregonstate.edu/eddies/



Trajectories	of	the	~22,000	Mesoscale	Eddies	with	Lifemes	≥16	Weeks	
During the 7.5 Years of Overlap of the Four Satellite Datasets

1 June 2002 - 30 November 2009 

1 June 2002 - 30 November 2009

http://cioss.coas.oregonstate.edu/eddies/



Schematic of Eddy Influence on SST Showing the Dependence
on Rotational Sense and the Large-Scale SST Gradient

From Gaube et al. (2015)



Global Composite Averages of SST in Eddy-Centric Coordinates
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Schematic of 
Horizontal Advection
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Global Composite Averages of Wind Speed in Eddy-Centric CoordinatesWind Speed Eddy Composites
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SST	and	Wind	Speed	Coupling	Over	Eddies

U �
wind = α SST �

α = 0.29 − 0.32

SST	and	Wind	Speed	Coupling	Over	Eddies

U �
wind = α SST �

α = 0.29 − 0.32

Coupling Coefficient Between Wind Speed and SST
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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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, V
n
9, and T

s
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 T

s
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 T
s
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
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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.
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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 T
s
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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The Coupling Between SST and Wind Speed in 4 Frontal Regions

(Gulf Stream, Kuroshio Extension, Agulhas Return Current and Brazil-Malvinas Current) 

June 2002 - May 2009
Averages

From O’Neill et al. (2012, J. Clim.)

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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Eddy-induced SST influence on Ekman pumping



Classical Ekman Pumping

In the classical view, the vertical velocity from wind-driven Ekman pumping is

wEk =
1

ρ0
∇×

(
�τ

f

)
≈ 1

ρ0f
∇× �τ ,

where ρ0 is the water density, f is the planetary vorticity and �τ is the wind stress.

The contribution from SST-induced perturbations of the wind stress field is

wSST = − α

ρf

∂T

∂n
,

where n is the local crosswind spatial coordinate oriented 90◦ counterclockwise from
the large-scale wind direction and α is the coupling coefficient between the wind
stress curl and the crosswind SST gradient.



Calculated SST-Induced Ekman Pumping for Westerly Winds 
over Northern Hemisphere Mesoscale Eddies
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Eddy-induced surface current influence on Ekman pumping



A Complete Analysis of Ekman Pumping (Stern, 1965)

Stern (1965, Deep-Sea Research) shows that the planetary vorticity f should be
replaced with the absolute vorticity (f + ζ), where ζ = ∂vo/∂x− ∂uo/∂y is the
relative vorticity.

The “Stern-Ekman pumping” velocity is

wSE =
1

ρ0
∇×

(
�τ

f + ζ

)
≈ 1

ρ0f
∇× �τ

︸ ︷︷ ︸
wSST + wc

+
1

ρ0f 2

(
τx

∂ζ

∂y
− τy

∂ζ

∂x

)

︸ ︷︷ ︸
wζ

where

wSST = − α

ρf

∂T

∂n

wc =
ρa CD

ρ0f
∇×

[
(�ua − �uo) |�ua − �uo|

]
(�ua − �uo is the relative wind)

wζ =
1

ρ0f 2

(
τx

∂ζ

∂y
− τy

∂ζ

∂x

)



Ekman Pumping for an Idealized Cyclone
(from Gaube et al., 2015, J. Phys. Oceanogr.)

SST-Induced Ekman Pumping Current-Induced Ekman Pumping

Schematic Summary of SST and Surface Current Effects 
on Ekman Pumping for an Idealized Gaussian Anticyclone

in the Northern Hemisphere
(from Gaube et al., 2014, J. Phys. Oceanogr.)

induced surface stress curl has been shown to exist that is linearly related to the local crosswind145

SST gradient in SST frontal regions (Chelton et al. 2004; O’Neill et al. 2012, and references146

therein). To estimate the eddy SST-induced Ekman pumping, we utilized the empirical linear147

relationship between the perturbation surface stress curl ∇×τττ ′ and the crosswind components of148

the SST gradient,149

∇×τττ ′SST =−αstrcrl
c

(
∂T
∂n

)′
, (4)

where αstrcrl
c is a coupling coefficient, ∂T/∂n is the crosswind SST gradient (see Sec. 2e), and the150

primes denote a spatial high-pass filtering with 6◦ ×6◦ half-power filter cutoffs.151

We decompose the total Ekman pumping (1) by separating the stress-curl term into components152

deriving from the eddy SST and the eddy surface current effects, to obtain an approximation W̃tot153

to Wtot :154

W̃tot = Wc +Wζ +WSST (5)

Wc =
∇× τ̃ττ

ρo ( f +ζ )
(6)

Wζ =
1

ρo ( f +ζ )2

(
τ̃x ∂ζ

∂y
− τ̃y ∂ζ

∂x

)
(7)

WSST =
∇×τττ ′SST
ρo ( f +ζ )

. (8)

Here Wc is the Ekman pumping induced by the local surface current effect on the relative wind.155

The latter may be conceived as the difference between a smooth, large-scale, ”background” wind156

field ubg and the eddy surface current uo, so that the stress on which Wc depends may be written157

as158

τ̃ττ = ρaCD
(
ubg −uo

)∣∣ubg −uo
∣∣ , (9)
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Eddies are segregated according to the meridional direction of the background SST gradient, either southward

or northward, and the rotational sense of the eddies, either clockwise (CW) or counterclockwise (CC). The

composite averages were constructed by rotating the coordinate system for each eddy realization to align the

background SST gradient to a polar angle of either ±90◦. The magnitude of the asymmetry between the primary

and secondary poles of the anomalies is labeled as the value r in each panel. The x and y coordinates of the

composite averages are normalized by the eddy radius scale Ls, defined in Sec. b. The contour intervals of the

SST and wind speed composites are 0.05 ◦C and 0.025 m s−1, respectively.
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SST gradient. This SST anomaly magnitude is characteristic of the mean SST anomalies within the cores of
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speed-based eddy scale computed from all of the midlatitude eddies considered in this study. The global average
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are unavoidably biased somewhat low. For simulation purposes, we therefore consider an amplitude of A = 10 cm

for the Gaussian approximation of the eddies. In all panels, the x and y axes have been normalized by the eddy radius
scale Ls = 90 km corresponding to the radius of maximum rotational speed.
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Ekman Pumping for an Idealized Cyclone
(from Gaube et al., 2015, J. Phys. Oceanogr.)

FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.

1097

1098

1099

1100

1101

1102

1103
57

SST-Induced Ekman Pumping Current-Induced Ekman Pumping

FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.

1097

1098

1099

1100

1101

1102

1103
57

FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.

1097

1098

1099

1100

1101

1102

1103
57

FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.

1097

1098

1099

1100

1101

1102

1103
57

FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.

1097

1098

1099

1100

1101

1102

1103
57

FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.

1097

1098

1099

1100

1101

1102

1103
57

FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.

1097

1098

1099

1100

1101

1102

1103
57

FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.

1097

1098

1099

1100

1101

1102

1103
57

Schematic Summary of SST and Surface Current Effects 
on Ekman Pumping for an Idealized Gaussian Anticyclone

in the Northern Hemisphere
(from Gaube et al., 2014, J. Phys. Oceanogr.)

induced surface stress curl has been shown to exist that is linearly related to the local crosswind145

SST gradient in SST frontal regions (Chelton et al. 2004; O’Neill et al. 2012, and references146

therein). To estimate the eddy SST-induced Ekman pumping, we utilized the empirical linear147

relationship between the perturbation surface stress curl ∇×τττ ′ and the crosswind components of148

the SST gradient,149

∇×τττ ′SST =−αstrcrl
c

(
∂T
∂n

)′
, (4)

where αstrcrl
c is a coupling coefficient, ∂T/∂n is the crosswind SST gradient (see Sec. 2e), and the150

primes denote a spatial high-pass filtering with 6◦ ×6◦ half-power filter cutoffs.151

We decompose the total Ekman pumping (1) by separating the stress-curl term into components152

deriving from the eddy SST and the eddy surface current effects, to obtain an approximation W̃tot153

to Wtot :154

W̃tot = Wc +Wζ +WSST (5)

Wc =
∇× τ̃ττ

ρo ( f +ζ )
(6)

Wζ =
1

ρo ( f +ζ )2

(
τ̃x ∂ζ

∂y
− τ̃y ∂ζ

∂x

)
(7)

WSST =
∇×τττ ′SST
ρo ( f +ζ )

. (8)

Here Wc is the Ekman pumping induced by the local surface current effect on the relative wind.155

The latter may be conceived as the difference between a smooth, large-scale, ”background” wind156

field ubg and the eddy surface current uo, so that the stress on which Wc depends may be written157

as158

τ̃ττ = ρaCD
(
ubg −uo

)∣∣ubg −uo
∣∣ , (9)
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FIG. 3. Composite averages of anomalies of SST (a and b) and wind speed (c and d) in midlatitude eddies.

Eddies are segregated according to the meridional direction of the background SST gradient, either southward

or northward, and the rotational sense of the eddies, either clockwise (CW) or counterclockwise (CC). The

composite averages were constructed by rotating the coordinate system for each eddy realization to align the

background SST gradient to a polar angle of either ±90◦. The magnitude of the asymmetry between the primary

and secondary poles of the anomalies is labeled as the value r in each panel. The x and y coordinates of the

composite averages are normalized by the eddy radius scale Ls, defined in Sec. b. The contour intervals of the

SST and wind speed composites are 0.05 ◦C and 0.025 m s−1, respectively.
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FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.
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FIG. 3. (Top) Idealized SST anomalies with a maximum magnitude of 0.3 ◦C for a northern hemisphere (left)
and southern hemisphere (right) anticyclone and cyclone at ±30◦N propagating through a southward (northward)
SST gradient. This SST anomaly magnitude is characteristic of the mean SST anomalies within the cores of
northern hemisphere midlatitude eddies. (Bottom) Geostrophic current vorticity overlaid with contours of SSH for
northern hemisphere (left) and southern hemisphere (right) anticyclonic and cyclonic Gaussian eddies at ±30◦N

with amplitudes of 10 cm and radius scales of Ls = 90 km. This value of Ls corresponds to the global average
speed-based eddy scale computed from all of the midlatitude eddies considered in this study. The global average
amplitude of midlatitude eddies estimated by the eddy identification procedure described in app endix B of Chelton
et al. (2011b) is 7.6 cm. As discussed in app endix C of Chelton et al. (2011b), however, eddy amplitude estimates
are unavoidably biased somewhat low. For simulation purposes, we therefore consider an amplitude of A = 10 cm

for the Gaussian approximation of the eddies. In all panels, the x and y axes have been normalized by the eddy radius
scale Ls = 90 km corresponding to the radius of maximum rotational speed.
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for a Gaussian eddy.
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Ekman Pumping for an Idealized Cyclone
(from Gaube et al., 2015, J. Phys. Oceanogr.)

FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.
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Schematic Summary of SST and Surface Current Effects 
on Ekman Pumping for an Idealized Gaussian Anticyclone

in the Northern Hemisphere
(from Gaube et al., 2014, J. Phys. Oceanogr.)

induced surface stress curl has been shown to exist that is linearly related to the local crosswind145

SST gradient in SST frontal regions (Chelton et al. 2004; O’Neill et al. 2012, and references146

therein). To estimate the eddy SST-induced Ekman pumping, we utilized the empirical linear147

relationship between the perturbation surface stress curl ∇×τττ ′ and the crosswind components of148

the SST gradient,149

∇×τττ ′SST =−αstrcrl
c

(
∂T
∂n

)′
, (4)

where αstrcrl
c is a coupling coefficient, ∂T/∂n is the crosswind SST gradient (see Sec. 2e), and the150

primes denote a spatial high-pass filtering with 6◦ ×6◦ half-power filter cutoffs.151

We decompose the total Ekman pumping (1) by separating the stress-curl term into components152

deriving from the eddy SST and the eddy surface current effects, to obtain an approximation W̃tot153

to Wtot :154

W̃tot = Wc +Wζ +WSST (5)

Wc =
∇× τ̃ττ

ρo ( f +ζ )
(6)

Wζ =
1

ρo ( f +ζ )2

(
τ̃x ∂ζ

∂y
− τ̃y ∂ζ

∂x

)
(7)

WSST =
∇×τττ ′SST
ρo ( f +ζ )

. (8)

Here Wc is the Ekman pumping induced by the local surface current effect on the relative wind.155

The latter may be conceived as the difference between a smooth, large-scale, ”background” wind156

field ubg and the eddy surface current uo, so that the stress on which Wc depends may be written157

as158

τ̃ττ = ρaCD
(
ubg −uo

)∣∣ubg −uo
∣∣ , (9)
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FIG. 3. Composite averages of anomalies of SST (a and b) and wind speed (c and d) in midlatitude eddies.

Eddies are segregated according to the meridional direction of the background SST gradient, either southward

or northward, and the rotational sense of the eddies, either clockwise (CW) or counterclockwise (CC). The

composite averages were constructed by rotating the coordinate system for each eddy realization to align the

background SST gradient to a polar angle of either ±90◦. The magnitude of the asymmetry between the primary

and secondary poles of the anomalies is labeled as the value r in each panel. The x and y coordinates of the

composite averages are normalized by the eddy radius scale Ls, defined in Sec. b. The contour intervals of the

SST and wind speed composites are 0.05 ◦C and 0.025 m s−1, respectively.
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FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.
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FIG. 3. (Top) Idealized SST anomalies with a maximum magnitude of 0.3 ◦C for a northern hemisphere (left)
and southern hemisphere (right) anticyclone and cyclone at ±30◦N propagating through a southward (northward)
SST gradient. This SST anomaly magnitude is characteristic of the mean SST anomalies within the cores of
northern hemisphere midlatitude eddies. (Bottom) Geostrophic current vorticity overlaid with contours of SSH for
northern hemisphere (left) and southern hemisphere (right) anticyclonic and cyclonic Gaussian eddies at ±30◦N

with amplitudes of 10 cm and radius scales of Ls = 90 km. This value of Ls corresponds to the global average
speed-based eddy scale computed from all of the midlatitude eddies considered in this study. The global average
amplitude of midlatitude eddies estimated by the eddy identification procedure described in app endix B of Chelton
et al. (2011b) is 7.6 cm. As discussed in app endix C of Chelton et al. (2011b), however, eddy amplitude estimates
are unavoidably biased somewhat low. For simulation purposes, we therefore consider an amplitude of A = 10 cm

for the Gaussian approximation of the eddies. In all panels, the x and y axes have been normalized by the eddy radius
scale Ls = 90 km corresponding to the radius of maximum rotational speed.
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for a Gaussian eddy.
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Schematic Summary of SST and Surface Current Effects 
on Ekman Pumping for an Idealized Gaussian Anticyclone

in the Northern Hemisphere
(from Gaube et al., 2014, J. Phys. Oceanogr.)
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relationship between the perturbation surface stress curl ∇×τττ ′ and the crosswind components of148

the SST gradient,149
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where αstrcrl
c is a coupling coefficient, ∂T/∂n is the crosswind SST gradient (see Sec. 2e), and the150

primes denote a spatial high-pass filtering with 6◦ ×6◦ half-power filter cutoffs.151

We decompose the total Ekman pumping (1) by separating the stress-curl term into components152

deriving from the eddy SST and the eddy surface current effects, to obtain an approximation W̃tot153
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Here Wc is the Ekman pumping induced by the local surface current effect on the relative wind.155

The latter may be conceived as the difference between a smooth, large-scale, ”background” wind156

field ubg and the eddy surface current uo, so that the stress on which Wc depends may be written157

as158

τ̃ττ = ρaCD
(
ubg −uo

)∣∣ubg −uo
∣∣ , (9)
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Wc =
∇× τ̃ττ

ρo ( f +ζ )
(6)

Wζ =
1

ρo ( f +ζ )2

(
τ̃x ∂ζ

∂y
− τ̃y ∂ζ

∂x

)
(7)

WSST =
∇×τττ ′SST
ρo ( f +ζ )

. (8)

Here Wc is the Ekman pumping induced by the local surface current effect on the relative wind.155

The latter may be conceived as the difference between a smooth, large-scale, ”background” wind156

field ubg and the eddy surface current uo, so that the stress on which Wc depends may be written157

as158

τ̃ττ = ρaCD
(
ubg −uo

)∣∣ubg −uo
∣∣ , (9)
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FIG. 3. Composite averages of anomalies of SST (a and b) and wind speed (c and d) in midlatitude eddies.

Eddies are segregated according to the meridional direction of the background SST gradient, either southward

or northward, and the rotational sense of the eddies, either clockwise (CW) or counterclockwise (CC). The

composite averages were constructed by rotating the coordinate system for each eddy realization to align the

background SST gradient to a polar angle of either ±90◦. The magnitude of the asymmetry between the primary

and secondary poles of the anomalies is labeled as the value r in each panel. The x and y coordinates of the

composite averages are normalized by the eddy radius scale Ls, defined in Sec. b. The contour intervals of the

SST and wind speed composites are 0.05 ◦C and 0.025 m s−1, respectively.
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FIG. 6. The geographical structure of the various contributions to total eddy-induced Ekman pumping from

the idealized anticyclone (top) and cyclone (bottom) with SST shown in Fig. 3a and SSH shown in Fig. 5a,

rotating under uniform 7 m s−1 westerly (rows 1 and 3) and poleward (rows 2 and 4) winds. (a) SST-induced

Ekman pumping WSST , (b) surface stress curl-induced Ekman pumping Wc, (c) current vorticity gradient-induced

Ekman pumping Wζ and (d) the total current-induced Ekman pumping Wcur, defined as the sum of panels b and

c . The x and y axes have been normalized by Ls, which corresponds to the radius of maximum rotational speed

for a Gaussian eddy.
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Ekman Pumping for an Idealized Anticyclone
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Validation of Total Ekman Pumping
Calculated for N. Hemisphere Eddies from SST, SSH and Large-Scale Winds

(from Gaube et al., 2015, J. Phys. Oceanogr.)
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background wind direction to a polar angle of 08 and (right two columns) an unrotated, Cartesian coordinate system. (a) Observed total

eddy-induced Ekman pumping computed Wtot from the QuikSCAT surface stress curl. (b) The sum of (c) the total current-induced

Ekman pumping Wcur and (d) the SST-induced Ekman pumping WSST, computed using a constant coupling coefficient of

astrcrl
c 5 0:013Nm22 8C21 (Table 2). The x and y coordinates of the composite averages are normalized by the eddy scaleLs. The number of

individual eddy realizations is labeled as N at the top of each column.
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Large-Scale Context: 
Climatological Average Ekman pumping

(From Risien and Chelton, 2008, J. Phys. Oceanogr.)

on the surface wind stress field is poorly represented in
global numerical prediction and climate models, includ-
ing NCEP–NCAR (Fig. 6, bottom), resulting in an
overly smooth structure in the global wind fields in
these models (Chelton et al. 2004; Chelton and Wentz
2005; Maloney and Chelton 2006).

2) EKMAN PUMPING

The curl of the wind stress generates open ocean
upwelling and downwelling, often referred to as Ekman
pumping. The Ekman upwelling velocity at the base of
the surface Ekman layer is

w �
1
�

curl��

f� �
1
�f

curl��� �
�

f 2 �x,

where, � is the vector wind stress, �x is the eastward
component, f is the Coriolis parameter, and � is the
water density, assumed to be 1025 kg m�3. Figure 7
shows average global distributions of w, estimated from
SCOW wind stress curl fields for January (top left),
April (top right), July (bottom left), and October (bot-
tom right). Except near eastern boundaries, upwelling
and downwelling regions tend to be zonally oriented. In
association with the large-scale wind stress curl pat-
terns, subtropical regions tend to be associated with

downwelling, while the reverse is true of subpolar re-
gions. The Ekman model breaks down close to the
equator where f approaches zero, resulting in very
strong upwelling and downwelling. The upwelling esti-
mates in Fig. 7 are probably not valid closer than 5° to
the equator.

Seasonal changes in Ekman pumping are clearly evi-
dent in the North Pacific and Atlantic Oceans, where
upwelling velocities exceed 20 cm day�1 in January but
are reduced to less than 5 cm day�1 in July. In the
North Indian Ocean, intense downwelling associated
with the southwest monsoon is observed in July. While
not as marked, seasonal changes in the Southern Hemi-
sphere are also observed in Fig. 7. This is particularly
true of the South Indian Ocean where downwelling val-
ues of approximately 5 and 10 cm day�1 are observed
for January and July, respectively.

3) WIND STRESS DIVERGENCE

While wind stress divergence has no effect on ocean
currents, it is a clear indicator of the ocean–atmosphere
interaction discussed above. Figure 8 shows the wind
stress divergence fields for January (left) and July
(right) for SCOW (top) and NCEP99 (bottom). SCOW
shows parallel zonal bands of strong divergence just

FIG. 7. Average SCOW Ekman upwelling velocity (w) maps for (a) January, (b) April, (c) July, and (d) October. Given that curl(�/f )
is undefined at the equator, values of w are not plotted between 3°S and 3°N. Contours of w with an interval of 5 cm day�1 are overlaid
to aid interpretation. Dashed and solid contours correspond to negative and positive upwelling velocities, respectively. The zero contour
is omitted for clarity.

NOVEMBER 2008 R I S I E N A N D C H E L T O N 2393

Fig 7 live 4/C

on the surface wind stress field is poorly represented in
global numerical prediction and climate models, includ-
ing NCEP–NCAR (Fig. 6, bottom), resulting in an
overly smooth structure in the global wind fields in
these models (Chelton et al. 2004; Chelton and Wentz
2005; Maloney and Chelton 2006).

2) EKMAN PUMPING

The curl of the wind stress generates open ocean
upwelling and downwelling, often referred to as Ekman
pumping. The Ekman upwelling velocity at the base of
the surface Ekman layer is

w �
1
�

curl��

f� �
1
�f

curl��� �
�

f 2 �x,

where, � is the vector wind stress, �x is the eastward
component, f is the Coriolis parameter, and � is the
water density, assumed to be 1025 kg m�3. Figure 7
shows average global distributions of w, estimated from
SCOW wind stress curl fields for January (top left),
April (top right), July (bottom left), and October (bot-
tom right). Except near eastern boundaries, upwelling
and downwelling regions tend to be zonally oriented. In
association with the large-scale wind stress curl pat-
terns, subtropical regions tend to be associated with

downwelling, while the reverse is true of subpolar re-
gions. The Ekman model breaks down close to the
equator where f approaches zero, resulting in very
strong upwelling and downwelling. The upwelling esti-
mates in Fig. 7 are probably not valid closer than 5° to
the equator.

Seasonal changes in Ekman pumping are clearly evi-
dent in the North Pacific and Atlantic Oceans, where
upwelling velocities exceed 20 cm day�1 in January but
are reduced to less than 5 cm day�1 in July. In the
North Indian Ocean, intense downwelling associated
with the southwest monsoon is observed in July. While
not as marked, seasonal changes in the Southern Hemi-
sphere are also observed in Fig. 7. This is particularly
true of the South Indian Ocean where downwelling val-
ues of approximately 5 and 10 cm day�1 are observed
for January and July, respectively.

3) WIND STRESS DIVERGENCE

While wind stress divergence has no effect on ocean
currents, it is a clear indicator of the ocean–atmosphere
interaction discussed above. Figure 8 shows the wind
stress divergence fields for January (left) and July
(right) for SCOW (top) and NCEP99 (bottom). SCOW
shows parallel zonal bands of strong divergence just

FIG. 7. Average SCOW Ekman upwelling velocity (w) maps for (a) January, (b) April, (c) July, and (d) October. Given that curl(�/f )
is undefined at the equator, values of w are not plotted between 3°S and 3°N. Contours of w with an interval of 5 cm day�1 are overlaid
to aid interpretation. Dashed and solid contours correspond to negative and positive upwelling velocities, respectively. The zero contour
is omitted for clarity.

NOVEMBER 2008 R I S I E N A N D C H E L T O N 2393

Fig 7 live 4/C

on the surface wind stress field is poorly represented in
global numerical prediction and climate models, includ-
ing NCEP–NCAR (Fig. 6, bottom), resulting in an
overly smooth structure in the global wind fields in
these models (Chelton et al. 2004; Chelton and Wentz
2005; Maloney and Chelton 2006).

2) EKMAN PUMPING

The curl of the wind stress generates open ocean
upwelling and downwelling, often referred to as Ekman
pumping. The Ekman upwelling velocity at the base of
the surface Ekman layer is

w �
1
�

curl��

f� �
1
�f

curl��� �
�

f 2 �x,

where, � is the vector wind stress, �x is the eastward
component, f is the Coriolis parameter, and � is the
water density, assumed to be 1025 kg m�3. Figure 7
shows average global distributions of w, estimated from
SCOW wind stress curl fields for January (top left),
April (top right), July (bottom left), and October (bot-
tom right). Except near eastern boundaries, upwelling
and downwelling regions tend to be zonally oriented. In
association with the large-scale wind stress curl pat-
terns, subtropical regions tend to be associated with

downwelling, while the reverse is true of subpolar re-
gions. The Ekman model breaks down close to the
equator where f approaches zero, resulting in very
strong upwelling and downwelling. The upwelling esti-
mates in Fig. 7 are probably not valid closer than 5° to
the equator.

Seasonal changes in Ekman pumping are clearly evi-
dent in the North Pacific and Atlantic Oceans, where
upwelling velocities exceed 20 cm day�1 in January but
are reduced to less than 5 cm day�1 in July. In the
North Indian Ocean, intense downwelling associated
with the southwest monsoon is observed in July. While
not as marked, seasonal changes in the Southern Hemi-
sphere are also observed in Fig. 7. This is particularly
true of the South Indian Ocean where downwelling val-
ues of approximately 5 and 10 cm day�1 are observed
for January and July, respectively.

3) WIND STRESS DIVERGENCE

While wind stress divergence has no effect on ocean
currents, it is a clear indicator of the ocean–atmosphere
interaction discussed above. Figure 8 shows the wind
stress divergence fields for January (left) and July
(right) for SCOW (top) and NCEP99 (bottom). SCOW
shows parallel zonal bands of strong divergence just

FIG. 7. Average SCOW Ekman upwelling velocity (w) maps for (a) January, (b) April, (c) July, and (d) October. Given that curl(�/f )
is undefined at the equator, values of w are not plotted between 3°S and 3°N. Contours of w with an interval of 5 cm day�1 are overlaid
to aid interpretation. Dashed and solid contours correspond to negative and positive upwelling velocities, respectively. The zero contour
is omitted for clarity.

NOVEMBER 2008 R I S I E N A N D C H E L T O N 2393

Fig 7 live 4/C

A typical Ekman upwelling velocity on
these large scales is ~0.2 m/day

January July

A typical Ekman upwelling velocity on 
these large scales is ~20 cm/day



Eddy Kinetic Energy at 10 m from ROMS Simulations
With and Without SST and Current Feedbacks
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Extra Figures



This is similar to diurnal variation of the 
atmospheric boundary layer over land:
   -  nocturnal stable boundary layer
      from radiative cooling
   -  daytime unstable boundary layer
      from solar heating of the land
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Stabilized Note that vertical turbulent mixing is 
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Schematic Summary of SST Influence on the Wind Speed Profile 
in the Marine Atmospheric Boundary Layer

This coupling between SST and winds on scales smaller than ~1000 km is 
opposite the negative correlation that occurs on basin scales:

- surface winds are positively correlated with SST on oceanic mesoscales. 



along the periphery of the ZapiolaGyre and downstream

of Drake Passage.

3. Surface wind stress and ENW responses to SST

a. Cross-spectral statistics between ENW and SST

The dependence of the interactions between the

ENW and SST on spatial scale is shown here through

investigation of cross-spectral statistics (squared coherence,

transfer function, and spectral phase) of the unfiltered

QuikSCAT ENW and AMSR-E SST as a function of

zonal wavenumber for each region (Fig. 3). These were

computed from the 7 years of monthly-averaged ENW

and SST fields along continuous zonal transects in each

region using spectral ENW and SST estimates obtained

from a first-difference filter.

The squared coherences are highest for wavenumbers

larger than 0.1 cpd (cycles per degree longitude), peaking

at zonal wavelengths of roughly 48 longitude. Maximum

squared coherences in each region range from;0.55 over

theKuroshio to;0.75over the SouthAtlantic andAgulhas

regions.

The cross-spectral transfer functions (middle row of

Fig. 3) show an ENW response to SST that is relatively

constant with zonal wavenumber for wavelengths be-

tween roughly 38 and 208 longitude. For wavenumbers

smaller than about 0.05 cpd (corresponding to zonal

wavelengths longer than 208 longitude) where resolved,

the squared coherences and transfer functions generally

decrease. The transfer functions show that the ENW re-

sponse to SST is stronger for the South Atlantic and

Agulhas regions than for the North Atlantic and Kur-

oshio regions. These transfer function and squared co-

herence estimates are consistent with the cross-spectral

analysis of satellite wind and SST fields by Small et al.

(2005a).

Cross-spectral phases are near zero for all zonal wave-

numbers over all regions, as shown in the bottom row of

Fig. 3. Over the Agulhas Return Current, there is a small

linear trend in the phase, which indicates a zonal offset

between ENW and SST over the range of resolved

wavenumbers. The zonal offset inferred from the slope of

the phase spectra over the Agulhas corresponds to ;0.28
longitude, or about one grid point. This zonal offset is

FIG. 3. Cross-spectral statistics of the QuikSCAT ENW and AMSR-E SST as functions of

zonal wavenumber: (top) squared coherence, (middle) transfer function, and (bottom) spectral

phase. The four regions of interest here are noted above each column of panels. These statistics

were computed from monthly averaged QuikSCAT ENW and AMSR-E SST fields over the

period June 2002–May 2009. Only cross-spectral statistics where the squared coherences are

statistically significant above the 95% confidence level are shown, and 95% confidence in-

tervals of the statistics are shown by the gray shading in each panel (estimated according to

p. 317 in Bendat and Piersol 1986). Estimates of the equivalent degrees of freedom (EDOF) of

the cross-spectral estimates are shown in each column of panels. The corresponding zonal

wavelengths in degrees longitude are shown at the top of the figure. The dashed horizontal lines

in the middle row of panels are the slopes of the regression lines for the binned scatterplots in

Figs. 4–7 for the spatially high-pass-filtered ENW and SST.
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and using a seasonally and spatially varying surface air

density.

The seasonal pulsing of the SST-induced wind stress

response also exhibits significant interannual variability

over all four regions during this 7-yr data record. For

instance, the wintertime enhancement of at is reduced

by roughly 20% in the winters after 2006/07 over the

Kuroshio and is about 25% larger during the winters of

2005/06 and 2006/07 over the North Atlantic.

The wind stress magnitude and ENW perturbations

are both well correlated with the SST perturbations year-

round, as shown by their cross-correlation time series in

Fig. 10 computed at monthly intervals. The cross corre-

lations between the wind stress and SST are slightly lower

than those for ENW and SST over all regions. The latter

is ;0.6 over the Kuroshio and North Atlantic and ;0.7

over the South Atlantic and Agulhas regions. The cor-

relations are most variable month-to-month over the

North Atlantic and least variable over the Southern

Hemisphere regions.

Further insight into the covariability between at and

ayn is gained by plotting the ratio at/ayn 3 100 as a func-

tion of the median unfiltered ENW in each region for

each month during the 7-yr analysis record, yielding 84

points for each region (Fig. 11a). There is a strong cor-

respondence between at/ayn and the median ENWwith

the ratio ranging between ;1.5 for a median ENW of

5 m s21 to;7.5 for a median ENWof 12 m s21, a nearly

fourfold increase. For reasons that will become clear in

the next section, the ambient large-scale ENW modu-

lates the covariability between at and ayn as implied by

this figure.

FIG. 8. (top) The coupling coefficientayn and (bottom) cross-correlation coefficient between theENWand SST perturbations computed

from the monthly-averaged QuikSCAT ENW and AMSR-E SST as a function of the zonal and meridional half-spans of the loess spatial

high-pass filter (denoted as SPAN_X and SPAN_Y, respectively; the loess filter was discussed briefly in section 2b). The y axis represents

the meridional half-span and the x axis represents the zonal half-span. Because of the computational expense of computing the spatially

high-pass-filtered fields, the coupling coefficients were computed only for the 2-yr period June 2002–May 2004 at monthly intervals. The

ayn estimates and cross-correlation coefficients were computed from spatially high-pass-filteredENWand SST fields using an interval of 48
longitude for SPAN_Xand 38 latitude for SPAN_Y. The contour interval is 0.01 m s21 8C21 in the top row and 0.01 in the bottom row, and

every other contour is dashed–dotted to improve clarity. The SPAN_X of 208 longitude and SPAN_Y of 108 latitude used in this analysis

are shown in each panel by the square.
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