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ABSTRACT

The surface wind and stress responses to sea surface temperature (SST) are examined using collocated

moored buoy and satellite observations in the Gulf Stream and the eastern equatorial Pacific. Using 17 buoy

pairs, differences in the wind speed, 10-m equivalent neutral wind speed (ENW), and surface wind stress

magnitude between two buoys separated by between 150 and 350 km were all found to be highly correlated

to, and satisfy linear relations with, the SST difference on time scales longer than 10 days. This wind–SST

coupling is consistent with previous analyses of spatially high-pass-filtered satellite ENW and SST fields. For

all buoy pairs, the ENW and wind speed responses to SST differ by only 10%–30%, indicating that the ENW

and stress responses to SST are attributable primarily to the response of the actual surface wind speed to SST

rather than to stability. This result clarifies the dynamical pathway of the wind–SST coupling on the oceanic

mesoscale.

This buoy-pair methodology is used further to evaluate the ENW–SST coupling derived from collocated

satellite observations of ENW by the Quick Scatterometer (QuikSCAT) and SST by the Advanced Micro-

wave Scanning Radiometer for Earth Observing System (AMSR-E) on board the Aqua satellite. Overall, the

satellite and buoy ENW responses to SST compare well, with normalized mean differences (satellite minus

buoy) of 17% over the Gulf Stream and 231% and 2% over the southern and northern sides of the equatorial

Pacific, respectively.

Finally, seasonal variability of the large-scale ENW is shown to modulate the wind stress response to SST,

whereby stronger winter wind enhances the stress response by a factor of ;2 relative to the ENW response.

1. Introduction

In situ observations and numerical model studies

have clearly shown wind changes near the surface and

throughout the depth of the marine atmospheric bound-

ary layer (MABL) across well-defined SST frontal zones

with cross-frontal length scales of O(50–1000 km), which

loosely defines the oceanic mesoscale (see Small et al.

2008 for a detailed review). On these scales, near-surface

winds are stronger over the warmer sides of the SST

fronts compared to the cooler sides. Features along SST

fronts that have been shown to generate these wind per-

turbations are meanders in ocean currents, ocean eddies,

and instability waves. While in situ observations and nu-

merical simulations have been of enormous benefit in

characterizing these interactions, in situ observations are

generally limited to localized case studies over relatively

short time scales (&1 week), while numerical models

only offer approximations of the atmospheric response

to SST fronts that are sensitive to specifications of the

SST boundary conditions, model spatial resolution, and

subgrid-scale mixing parameterization (Warner et al. 1990;

Song et al. 2009).

Many of these limitations can be overcome through

investigation of the wind–SST coupling using satellite

observations. Satellite surface wind stress and 10-m

equivalent neutral wind (ENW; as defined in sec-

tion 2c) measurements from the Quick Scatterometer

(QuikSCAT) and SST and ENW measurements from

the Advanced Microwave Scanning Radiometer for

Earth Observing System (AMSR-E) on board the Aqua

satellite have the advantage of long accumulated geo-

physical data records (over 10 complete years’ worth

of surface vector winds from QuikSCAT and currently

9 years’ worth of SST and ENW data from AMSR-E),

frequent sampling (1 ; 3 times daily in midlatitudes and

0 ; 2 times daily in the tropics), and broad spatial cov-

erage over most of the ice- and precipitation-free global
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oceans. Many studies have documented the effects of

SST on the QuikSCAT surface wind stress on the oce-

anic mesoscale (e.g., Xie et al. 1998; Chelton et al. 2001;

O’Neill et al. 2003; White and Annis 2003; Chelton et al.

2004; Vecchi et al. 2004; Tokinaga et al. 2005; O’Neill

et al. 2005; Song et al. 2006; Chelton et al. 2007; Haack

et al. 2008; O’Neill et al. 2011, manuscript submitted to

J. Climate, hereafter OCE). However, because of large

variations in near-surface atmospheric stability and sur-

face ocean currents near SST frontal zones, SST-induced

changes in the actual surface wind speed cannot tech-

nically be inferred from QuikSCAT surface wind stress

and ENW observations alone since scatterometers fun-

damentally estimate surface wind stress rather than the

actual surface wind speed over the ocean (e.g., Ross

et al. 1985; Liu and Tang 1996). One objective of this

study is to quantify the responses of the satellite ENW

and surface wind stress magnitude to SST-induced

changes in surface wind speed and surface layer stability

near strong, well-defined SST frontal zones using sur-

face meteorological and SST observations from moored

buoys near the Gulf Stream and the eastern equatorial

Pacific regions. Long data records, ancillary meteoro-

logical observations, and fixed positioning of the moored

buoys allow a quantitative assessment of the influence

of surface wind speed and surface layer stability on the

coupling of scatterometer-estimated winds to SST fronts.

Using these collocated moored buoy and QuikSCAT

estimates of ENW and surface wind stress, it is shown

that the QuikSCAT ENW and wind stress responses to

mesoscale SST perturbations are consistent with an SST-

induced response of the actual surface wind speed rather

than to cross-frontal variations of surface layer stability.

The mesoscale wind–SST coupling described here

has dynamically important repercussions for the ocean–

atmosphere system (for a recent review, see Chelton and

Xie 2010). Minobe et al. (2008) has shown a strong cor-

respondence between the surface convergence associ-

ated with the SST-induced wind perturbations and the

upward vertical motion over the Gulf Stream, which

significantly affects clouds (Minobe et al. 2010), precipi-

tation (Minobe et al. 2008; Kuwano-Yoshida et al. 2010;

Minobe et al. 2010), and lightning flash rate (Minobe et al.

2010). Similar interactions between the boundary layer

and free atmosphere have also been shown to occur over

the Kuroshio extension (Tokinaga et al. 2009) and the

Agulhas Return Current (Liu et al. 2007). Additionally,

Sampe and Xie (2007) have shown from scatterometer

ENW observations that high-wind events are much more

frequent over warm SST perturbations over midlatitudes.

Furthermore, satellite observations of the surface wind

response to mesoscale SST perturbations have been used

as an important diagnostic tool to evaluate mesoscale

ocean–atmosphere interactions in numerical weather pre-

diction models, including climate, operational, mesoscale,

reanalysis, and fully two-way coupled ocean–atmosphere

models, and to evaluate improvements in the model

formulations (e.g., Small et al. 2005; Chelton 2005; Song

et al. 2006; Maloney and Chelton 2006; Seo et al. 2007;

Haack et al. 2008; Song et al. 2009; O’Neill et al. 2010b;

Minobe et al. 2010).

Spatial variability of the SST-induced wind stress

can generate wind stress curl perturbations related to

the local crosswind SST gradient (Chelton et al. 2001;

O’Neill et al. 2003; Chelton et al. 2004; O’Neill et al.

2005). Since the wind stress curl drives Ekman upwelling

in the ocean over midlatitudes, there are potentially sig-

nificant feedbacks onto the ocean from the wind stress

perturbations coupled to the mesoscale SST field. SST-

induced features in the wind stress field are expected to

create significant perturbations in the upper-ocean ver-

tical mixing and Ekman upwelling. Evidence is beginning

to emerge from ocean modeling studies suggesting sig-

nificant effects of the SST-induced wind stress field on

local and large-scale ocean circulation. Specifically, SST-

induced feedbacks can modify the pathway and transport

of gyre circulations (Milliff et al. 1996; Hogg et al. 2009),

the growth rate of baroclinic instabilities associated with

oceanic frontal zones (Spall 2007), and the upwelling and

dynamics of eastern boundary current systems (Jin et al.

2009). These feedbacks occur primarily through modu-

lation of Ekman upwelling, wind-driven basin-scale vol-

ume transports, surface heat and momentum fluxes, and

modification of baroclinic instabilities in ocean currents.

Because of the dynamical implications of the mesoscale

wind–SST coupling, an evaluation of the satellite-derived

mesoscale wind–SST coupling is needed since these ob-

servations have played a large role in motivating the dy-

namical studies.

The influence of SST-induced wind stress perturba-

tions on the ocean does not depend on whether the

surface wind stress response to SST is derived from wind

speed, atmospheric surface layer stability, or surface

ocean currents. In contrast, however, the SST influence

on the free troposphere does depend on these factors,

since vertical motion induced by surface mass conver-

gence or divergence depends on the SST influence on

the actual surface winds relative to a geographically

fixed coordinate system. Linking a free-tropospheric

response to mesoscale SST fronts via vertical motion

(e.g., Liu et al. 2007) implies that the surface mass con-

vergence, and hence the actual surface wind, responds to

SST. In this analysis, it is established from moored buoy

observations that the mesoscale SST influence on the

scatterometer-derived wind is attributable mainly to the

response of the actual surface wind to mesoscale SST
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fronts. This conclusion clarifies the interpretation of the

wind–SST coupling derived from scatterometer obser-

vations, and supports the continued use of scatterometer

winds for study of the deep tropospheric response to

SST-induced surface wind perturbations.

One challenge when evaluating the wind–SST cou-

pling from discrete in situ observations is to define the

ambient large-scale state of the wind and SST fields

unrelated directly to the mesoscale wind–SST coupling.

In this analysis, pairs of moored buoys near SST frontal

zones are used to test the hypothesis that cross-frontal

variations in wind speed are related to those of SST;

while confirming this hypothesis, it is shown that this

method also yields estimates of the mesoscale wind–SST

coupling that are consistent with those derived from

the spatially filtered satellite ENW and SST fields. This

simple methodology is furthermore used to quantita-

tively assess the ENW response to SST from satellite

observations collocated to the buoy locations.

The buoy meteorological and SST observations used

here are described next in section 2a. In section 2b,

the methodology for evaluating the surface wind re-

sponse to SST from 17 pairs of moored buoys located

near the Gulf Stream and the eastern equatorial Pacific

is described. The wind–SST coupling is investigated on

periods longer than 10 days, which is consistent with the

time averaging applied to satellite and model wind and

SST fields in previous studies of mesoscale wind–SST

coupling. With these buoy observations, the influence

of surface-layer stability on the responses of the ENW

and surface wind stress magnitude are investigated

quantitatively in sections 2c and 2d, respectively. The

QuikSCAT and AMSR-E satellite wind and SST ob-

servations are described in detail in section 3. After

collocating the gridded satellite observations in space

and time with those from the buoy pairs, it is then

shown that the satellite-derived coupling agrees well

with that obtained from the buoys over most locations.

The satellite-derived wind–SST coupling is shown to be

consistent with a response of the actual surface wind

speed to SST.

2. Wind–SST coupling from moored buoys

a. Description of moored buoy observations

Multiyear records of in situ meteorological and SST

data central to this analysis were obtained from moored

buoys collected and distributed by the National Data

Buoy Service (NDBC), the Canadian Department of

Fisheries and Oceans (CDFO), and the National Oce-

anic and Atmospheric Administration/Pacific Marine

Environmental Laboratory (NOAA/PMEL) Tropical

Atmosphere Ocean (TAO) array. As shown in Fig. 1,

these sites consist of a set of 3 NDBC and 6 CDFO

buoys straddling the northern Gulf Stream in the North

Atlantic and 15 TAO buoys along the northern and

southern sides of the equatorial Pacific cold tongue

between 28S–28N and 958–1558W. Descriptions of the

moored buoys used here are summarized in Table 1,

including the location, observational period, measure-

ment frequency, instrument measurement heights, and

SST measurement depth. As further summarized in

Table 1, the observations used here were collected

during the period 1 August 1999–31 July 2009 at most

sites. A small number of the CDFO and NDBC buoys

were relocated during the course of their deployment, so

only buoy data records collected within a 50-km radius

of their position on 31 July 2009 were used. For the

NDBC buoys, the historical standard meteorological

data were analyzed; these data contain wind, air and

dewpoint temperature, and barometric pressure obser-

vations averaged over an 8-min interval once per hour.

For the TAO buoys, the high-resolution observations at

10-min intervals were used, which represent 2-min av-

erages during each 10-min interval. For the Canadian

buoys, observations are reported as 10-min averages at

hourly intervals. Listed in Table 1 are the numbers of

independent observations where valid wind speed, air

temperature, and SST were measured simultaneously

and used here.

Buoy pairs were chosen near sharp, well-defined SST

frontal zones, as shown by the mean SST field for the

period 1 June 2002–31 May 2009 from the AMSR-E

satellite in Fig. 1. The lines connecting individual buoys

represent the buoy pairs used in this analysis; overall,

there are 7 buoy pairs over the Gulf Stream and 10 buoy

pairs over the equatorial Pacific. For each buoy pair, the

buoys were required to be relatively close (separation

distances dL are listed in Table 2, which range from

155.6 to 343.0 km), to have several years of overlapping

wind, SST, and air temperature records, and to have

identical wind and air temperature measurement heights

(listed in Table 1). The buoy pairs listed in Table 2 satisfy

these requirements. The TAO buoys along 28N are just

far enough south to be minimally affected by the in-

tertropical convergence zone.

For this analysis, all buoy observations were carefully

quality controlled by visual inspection and by removing

outliers that exceeded three standard deviations from

a detrended 1-month running mean, where the standard

deviations were computed from a detrended running

1-month mean. Measurements at times when the dif-

ferences in wind speed, SST, or air temperature between

the buoys in each pair exceeded three standard de-

viations from the mean difference were also removed.
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These steps were especially important for the CDFO

buoys, whose measurements were not quality controlled

as extensively as those from NDBC or TAO. Observa-

tions from the CDFO buoys are thus noisier than the

NDBC and TAO buoys. Finally, the time series of wind

speed Vzw
and SST Ts between buoy pairs were smoothed

using a 10-day running mean, denoted using overbars as

Vzw
and Ts; this smoothing minimizes the effects of ob-

servational errors and transient synoptic weather distur-

bances unrelated to the wind–SST coupling of interest

here. The time smoothing used here is consistent with

previous studies investigating the wind–SST coupling

using in situ, satellite, and model data.

b. SST-induced response of the actual wind speed

To quantitatively assess the influence of SST fronts

on surface wind speed, differences in wind speed Vzw

measured at height zw were computed as a function of

SST Ts differences for each of the buoy pairs. In the

following, d refers to the difference between two buoys

in a pair, so that dV
zw

5 V
zwA

2 V
zwB

and dTs 5 TsA 2 TsB

refer to the wind speed and SST differences for a buoy

pair, respectively, containing two arbitrary buoys des-

ignated by the subscripts A and B. For each buoy pair,

dVzw
was bin averaged as a function of dTs for the Gulf

Stream (Fig. 2a), and the north and south sides of the

FIG. 1. Maps of the (top) north Atlantic and (bottom) eastern equatorial Pacific with the locations of moored buoys used in this study

marked. The solid black lines connect the buoy pairs used here, which are listed in Table 1. The gray contours are the AMSR-E satellite

SST averaged over the period 1 Jun 2002–31 May 2010 with a contour interval of 18C. The solid black SST contours represent (top) the

188C isotherm and (bottom) the 258C isotherm. The gray vectors show the vector-averaged QuikSCAT surface wind over the period 1 Jun

2002–31 May 2009. Abbreviations used in the key include the Canadian Department of Fisheries and Oceans (CDFO), National Data

Buoy Center (NDBC), and Tropical Atmosphere Ocean (TAO).
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equatorial Pacific cold tongue (Figs. 3a and 4a, re-

spectively). In these figures, the overall averages within

each bin are shown by the points and the error bars

represent 61 standard deviations within each bin com-

puted from the dV
zw

and dT
s

time series. The wind speed

observations used to compute these binned scatterplots

were not adjusted for height or stability and represent

the measured wind speed at the anemometer height.

These scatterplots show a positive correlation between

dVzw
and dTs, consistent with previous observations;

correlation coefficients range from 0.28 to 0.72 over the

Gulf Stream (Fig. 2a), 0.47 to 0.72 over the north equa-

torial Pacific (Fig. 3a), and 0.42 to 0.78 over the south

equatorial Pacific (Fig. 4a). Hayes et al. (1989) have

shown a similar correlation between TAO buoy differ-

ences of wind speed and SST between 28S, the equator,

and 28N along 1108W for the period November 1987–

April 1988.

These binned scatterplots also show that for all buoy

pairs, dVzw
satisfies an approximately linear relation

with dT
s
, so that dVzw

5 a
dVzw

dT
s
, where a

dVzw

is the

slope of the linear least squares regressions to the

binned averages in Figs. 2a, 3a, and 4a. The coupling

coefficient a
dVzw

5 ›dVzw
/›dTs

represents the sensitivity

of the wind speed to SST and is used here to quantify the

response.

As summarized in Table 2, a
dVzw

is smallest over

the Gulf Stream, with values between 0.14 and 0.29

m s21 8C21, and is mostly more than a factor of 2 larger

over the equatorial Pacific, with values between 0.56

and 0.72 m s21 8C21over the north equatorial Pacific

and between 0.27 and 0.91 m s21 8C21 over the south

equatorial Pacific. The nonzero y intercept of the re-

gression lines evident for some buoy pairs reflects a

mean wind speed difference between the buoys in the

pair unrelated to the wind–SST coupling of interest

here. Also listed in Table 2 are the 95% confidence

intervals for the slopes a
dVzw

, which were computed

using an effective number of degrees of freedom that

adjusts for the nonindependence of the individual ob-

servations. These confidence intervals, which are be-

tween 0.02 and 0.12 m s21 8C21 for all buoy pairs, are

substantially smaller than the regression slopes, indi-

cating that the slopes are statistically different from

zero above the 95% confidence level. These scatter-

plots illustrate a striking coupling between the actual

TABLE 1. Description of the moored buoys used in this study, including location coordinates, time periods of data used, numbers of

observations, measurement frequencies, anemometer heights, air temperature Ta and humidity qa measurement heights, and SST Ts

measurement depths. The numbers of observations reported here are the total numbers of observations where wind speed, SST, and air

temperature were available simultaneously. The measurement frequency is the frequency and duration of recorded observations; for

instance, the NDBC buoys average and record observations for an 8-min period once per hour while the TAO buoys average and record

observations for a 2-min period once every 10 min.

Buoy ID Lat (8N) Lon (8E) Period No. of obs.

Measurement

frequency

Measurement height (m)

V Ta, qa Ts

c44137 42.23 297.98 9 Jun 2003–31 Jul 2009 40 879 10 min h21 5.2 4.7 20.8

c44138 44.25 306.37 1 Aug 1999–31 Jul 2009 37 275 10 min h21 5.2 4.7 20.8

c44139 44.24 302.90 1 Aug 1999–31 Jul 2009 38 566 10 min h21 5.2 4.7 20.8

c44140 42.87 308.53 9 Aug 2006–31 Jul 2009 18 061 10 min h21 5.2 4.7 20.8

c44141 43.00 302.04 9 Jun 2003–31 Jul 2009 34 172 10 min h21 5.2 4.7 20.8

c44150 42.51 295.98 1 Mar 2006–31 Jul 2009 26 102 10 min h21 5.2 4.7 20.8

44004 38.48 289.57 1 Aug 1999–31 Jul 2009 53 894 8 min h21 5 4 21

44008 40.50 290.75 1 Aug 1999–31 Jul 2009 69 716 8 min h21 5 4 20.6

44011 41.12 293.42 1 Aug 1999–31 Jul 2009 67 790 8 min h21 5 4 21

2s95w 22 265 1 Aug 1999–31 Jul 2009 56 274 2 min (10 min)21 4 3 21

0n95w 0 265 1 Aug 1999–31 Jul 2009 199 725 2 min (10 min)21 4 3 21

2n95w 2 265 1 Aug 1999–31 Jul 2009 107 546 2 min (10 min)21 4 3 21

2s110w 22 250 1 Aug 1999–31 Jul 2009 102 247 2 min (10 min)21 4 3 21

0n110w 0 250 1 Aug 1999–31 Jul 2009 178 277 2 min (10 min)21 4 3 21

2n110w 2 250 1 Aug 1999–31 Jul 2009 189 592 2 min (10 min)21 4 3 21

2s125w 22 235 1 Aug 1999–31 Jul 2009 333 086 2 min (10 min)21 4 3 21

0n125w 0 235 1 Aug 1999–31 Jul 2009 257 968 2 min (10 min)21 4 3 21

2n125w 2 235 1 Aug 1999–31 Jul 2009 151 949 2 min (10 min)21 4 3 21

2s140w 22 220 1 Aug 1999–31 Jul 2009 220 591 2 min (10 min)21 4 3 21

0n140w 0 220 1 Aug 1999–31 Jul 2009 308 420 2 min (10 min)21 4 3 21

2n140w 2 220 1 Aug 1999–31 Jul 2009 283 275 2 min (10 min)21 4 3 21

2s155w 22 205 1 Aug 1999–31 Jul 2009 284 382 2 min (10 min)21 4 3 21

0n155w 0 205 1 Aug 1999–31 Jul 2009 326 269 2 min (10 min)21 4 3 21

2n155w 2 205 1 Aug 1999–31 Jul 2009 368 999 2 min (10 min)21 4 3 21
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near-surface wind speed and SST over both the Gulf

Stream and eastern equatorial Pacific.

Finally, the sensitivity of the correlation between

dVzw
and dTs to the temporal smoothing is assessed by

computing the cross-correlation coefficients between

dVzw
and dTs as a function of the running average period

(Fig. 5). The correlation in the case of no smoothing (as

represented by 0 on the x axis) is between about 0.1 and

0.5. The correlation coefficients rise fairly rapidly within

a smoothing period of 2–4 days, but are relatively in-

sensitive to smoothing periods longer than 6–12 days,

with correlation coefficients between about 0.3 and 0.85.

Synoptic weather variability and measurement uncer-

tainties unrelated to the wind–SST coupling thus ap-

pear to be adequately minimized with a 10-day running

average.

c. SST-induced response of the ENW

1) ENW DEFINITION AND SIGNIFICANCE

To deduce the effects of surface layer stability on

the wind–SST coupling, and to compare the wind–SST

coupling between the buoys and satellites, buoy mea-

surements of the actual wind speed Vz
w

need to be con-

verted to the equivalent neutral wind speed at 10-m

height (denoted as ENW and represented by V10n),

which is defined as

V10n 5
u*
k

ln
10

z0

� �
, (1)

where u* is the surface friction velocity, k 5 0.4 is the

von Kármán constant, and z0 is the momentum rough-

ness length. Further descriptions of these variables can

be found, for instance, in Liu et al. (1979), Stull (1988),

Fairall et al. (2003), and references therein. The ENW is

the wind at 10-m height that would exist over a current-

free surface if the surface layer were neutrally stable

given the observed stability-dependent u* and z0 (e.g.,

Ross et al. 1985; Liu and Tang 1996). Here, u* is related

to the observed stability-dependent surface wind stress

magnitude jtj by jtj5 r
a
u2

*, where ra is the surface air

density. This nuanced definition of the ENW is con-

sistent with the surface stress estimated from scatter-

ometer radar backscatter measurements (e.g., Ross et al.

1985; Weissman et al. 1994).

Conversion of the buoy wind to ENW is necessary

because scatterometers do not measure the actual near-

surface wind speed, but rather the backscattered mi-

crowave energy from wind-generated capillary-gravity

TABLE 2. Buoy-pair separation distances (dL), numbers of concurrent observations for each buoy pair (N) in which valid wind speed

and SST observations were available, cross-correlation coefficients between dV
zw

and dT
s
, and the coupling coefficients a

dVzw

, a
dV10n

, and

adjtj, along with estimates of their 95% confidence intervals. The confidence intervals were computed using an effective degrees of

freedom (N*) that takes into account the nonindependence of the individual observations, which were roughly two to three orders of

magnitude less than N for all locations. The overall mean coupling coefficients for all buoy pairs and for each region separately are listed as

indicated.

r a
dVzw

a
dV10n

adjtj 3 1022

Buoy pair dL (km) N dVzw
2 dTs (m s21 8C21) (m s21 8C21) (N m2 8C21)

c44140–c44138 232.0 8790 0.48 0.28 60.12 0.35 60.15 0.94 60.56

c44139–c44138 275.5 24 306 0.27 0.14 60.05 0.16 60.07 0.68 60.26

c44139–c44141 155.6 23 709 0.71 0.25 60.03 0.33 60.04 1.06 60.14

c44141–c44137 343.0 29 171 0.61 0.18 60.04 0.24 60.05 0.85 60.21

c44150–c44137 167.2 21 357 0.70 0.29 60.06 0.37 60.07 1.29 60.28

44011–44008 234.8 55 496 0.39 0.18 60.03 0.27 60.04 0.66 60.14

44008–44004 246.3 39 479 0.48 0.20 60.02 0.27 60.02 0.90 60.07

Gulf Stream mean 0.52 0.22 0.28 0.91

2s95w–0n95w 222.4 35 947 0.82 0.88 60.07 1.00 60.08 1.54 60.12

2s110w–0n110w 222.4 74 452 0.78 0.91 60.12 1.07 60.13 1.87 60.26

2s125w–0n125w 222.4 147 222 0.62 0.68 60.08 0.78 60.09 1.32 60.18

2s140w–0n140w 222.4 168 119 0.49 0.44 60.09 0.53 60.10 1.14 60.25

2s155w–0n155w 222.4 219 113 0.39 0.26 60.08 0.31 60.09 0.86 60.20

S equatorial Pacific mean 0.62 0.63 0.74 1.35

2n95w-0n95w 222.4 64 963 0.69 0.64 60.05 0.75 60.06 1.15 60.09

2n110w–0n110w 222.4 108 710 0.60 0.50 60.08 0.63 60.09 1.23 60.15

2n125w–0n125w 222.4 147 209 0.71 0.72 60.07 0.82 60.08 1.71 60.17

2n140w–0n140w 222.4 232 585 0.64 0.59 60.08 0.69 60.09 1.53 60.21

2n155w–0n155w 222.4 312 945 0.50 0.54 60.08 0.62 60.09 1.56 60.22

N equatorial Pacific mean 0.63 0.60 0.70 1.44

Mean of all buoy pairs 0.58 0.45 0.54 1.21
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waves, which are in near equilibrium with the local

surface wind stress. Scatterometers thus provide esti-

mates of surface wind stress over the ocean. The surface

wind speed and stress are not related uniquely to each

other because the surface wind stress also depends

on near-surface stability, surface ocean currents, sur-

face waves, and surface air density in addition to wind

speed. Computing the actual surface wind speed from

scatterometer-estimated surface wind stress thus re-

quires coincident surface measurements of stability (for

which air–sea temperature and specific humidity differ-

ences are needed), ocean currents, waves, and surface air

density, all of which are unfortunately impractical to make

on the time and space scales of the scatterometer stress

measurements. For this reason, scatterometer backscatter

measurements are calibrated to the vector ENW.

FIG. 2. (a) The actual wind speed difference between buoy pairs dVzw
bin averaged as a function of the SST difference dTs between them.

(b) As in (a), but for the ENW differences dV
10n

. (c) As in (a), but for the surface wind stress magnitude differences djtj multiplied by

a factor of 100. The points in these panels represent the means within each bin and the error bars represent 61 standard deviation of the

buoy wind differences within each bin. The total number of points N used are indicated in each panel, along with the correlation coefficient

r and slope of the least squares regression line, which is shown by the dashed lines in each panel. The bin averages were computed from

10-day running averages of the buoy wind and SST data as discussed in the text.
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Since significant air–sea temperature and humidity

differences are often present near strong SST fronts, and

since surface ocean currents are often most significant

near ocean frontal zones, it has been suggested that

ENW perturbations near SST fronts observed from

scatterometers are more strongly affected by cross-

frontal variations of surface layer stability and surface

ocean currents rather than the actual surface wind speed

(Liu et al. 2007; Liu and Xie 2008). In contrast to these

suggestions, however, the buoy wind speed analysis

above showed that SST fronts do significantly modify

the actual surface wind speed.

To quantify the significance of surface layer stability

in determining the ENW response to SST, the responses

of the ENW and actual wind speed to SST from the buoy

pairs is compared. As succinctly stated on page 53 of

Garratt (1992), ‘‘The effects of buoyancy can be in-

terpreted as a deviation of the wind speed from the

neutral value.’’ Motivated by the relative lack of long-

term in situ observations of the ENW response to SST

frontal zones, some characteristics of the buoy-derived

ENW near the Gulf Stream and equatorial Pacific cold

tongue are first described here. The analysis from the

previous subsection is then repeated for dV10n.

The ENW was computed according to Eq. (1), where

u* and z0 were estimated using the Coupled Ocean–

Atmosphere Research Experiment (COARE) bulk flux

algorithm version 3.0 (Fairall et al. 2003) using as inputs

buoy measurements of wind speed, SST, air tempera-

ture, air pressure, and specific humidity. No temporal

smoothing was applied to the input variables to the

COARE algorithm. Kara et al. (2008) has shown that the

ENW computed from the COARE algorithm is very close

to that computed from the Liu–Katsaros–Businger (Liu

et al. 1979) and Bourassa–Vincent–Wood (Bourassa et al.

1999) flux algorithms. When buoy measurements of air

pressure or specific humidity were unavailable, constant

values of 1013 hPa for pressure and 75% for relative hu-

midity were used; while these assumptions have no

qualitative impact on the results presented here, they

allow significantly more observations to be available for

this analysis. Additionally, humidity measurements were

FIG. 3. As in Fig. 2, but for the north equatorial Pacific cold tongue between the equator and 28N.
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not made routinely on the CDFO buoys used here and air

pressure measurements were not reported on the TAO

buoys used here. Liu (1990) and Geernaert and Larsen

(1993) have found that the computation of the ENW was

sensitive to the surface water vapor flux for very warm

SSTs and low relative humidities. These conditions were

rarely encountered at the CDFO buoys (which did not

measure humidity and are thus most influenced by this

assumption), however, since the SST rarely exceeded

158C and the relative humidity at nearby NDBC buoys

was relatively high (the mean was 76% and the stan-

dard deviation was 9%). Additionally, the ENW means

and variances for the CDFO buoys were relatively in-

sensitive to a range of specified relative humidities be-

tween 60% and 90%.

To isolate the effects of stability on the difference

between the actual wind speed and the ENW, the actual

wind speed V
zw

was adjusted to 10-m height V10 using

V10 5
u*
k

�
ln

10

z0

� �
2 C

10

L

� ��
, (2)

where C is the similarity theory profile function for

wind (defined as in Garratt 1992) and L is the Obukhov

length; these were computed from the COARE al-

gorithm.

2) OBSERVATIONS OF V10n 2 V10

Over the sharp SST frontal zones associated with

the Gulf Stream, V10n 2 V10, and thus stability, are

affected significantly by the wind direction relative to

the front; this directional sensitivity is shown by the

two-dimensional histograms in Fig. 6 for each of the Gulf

Stream buoys, which shows V10n 2 V10 along the y axis

and buoy wind direction along the x axis. To preserve

variations over all time scales, these histograms were

computed from the unsmoothed ENW and wind di-

rection. The dynamic ranges of the V10n 2 V10 distri-

butions are somewhat smaller using the 10-day running

averages of V10n 2 V10 compared to the unsmoothed

V10n 2 V10 shown here, although the means and me-

dians are similar (not shown).

FIG. 4. As in Fig. 2, but for the south equatorial Pacific cold tongue between 28S and the equator.
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Consistent with the mean QuikSCAT wind field shown

in Fig. 1, the winds are predominantly westerly in the

northwest Atlantic. Winds with a northerly component

(negative wind direction) are most prevalent and typi-

cally correspond to offshore surface flow from cool to

warm SST across the northern edge of the Gulf Stream.

These histograms show that V10n 2 V10 is mostly positive

for northerly winds, consistent with unstable conditions

generated by flow from cool to warm SST. Conversely,

winds with a southerly component (positive wind di-

rection) correspond to V10n 2 V10 that is mostly nega-

tive, consistent with stabilization of the surface layer as

air blows from warm to cool SST. The absolute differ-

ences in V10n 2 V10 between northerly and southerly

winds are not symmetric, as is evident from the smaller

jV10n 2 V10j in northerly flow than for southerly flow.

For instance, in southerly flow, V10n is as much as

1 m s21 smaller than V10, while for northerly flow, V10n

is less than 0.5 m s21 greater than V10. These histograms

show that southerly winds are much less common than

northerly winds and thus all of the V10n 2 V10 distribu-

tions over the Gulf Stream are centered over slightly

positive values of V10n 2 V10. Over the equatorial Pa-

cific, the wind has a mostly easterly component, and V10n

is only about 0.25 m s21 greater than V10 for all buoys

(Fig. 6). This represents slightly unstable conditions as

surface air blows westward from the equatorial cold

tongue to warmer waters (Fig. 1).

Seasonal variations of V10n 2 V10 are quite significant

over the Gulf Stream while nearly nonexistent over the

eastern equatorial Pacific, as shown by monthly medians

and interquartile ranges of V10n 2 V10 over the Gulf

Stream (Fig. 7a) and eastern equatorial Pacific (Fig. 7b)

buoys. In these plots, the black points represent the

medians and the colored bars represent the interquartile

ranges; like the histograms in Fig. 6, unsmoothed winds

were used. Over the Gulf Stream, the largest positive

values of V10n 2 V10 occur during December (with me-

dian values of ;0.25 m s21), and the largest negative

values occur during June (with median values between

about 0 and 20.75 m s21). Note that buoy 44004 has

a much smaller seasonal cycle of V10n 2 V10 compared to

the others. Additionally, little month-to-month vari-

ability exists at any of the Gulf Stream buoys for the 6

months between September and February. Unstable

conditions during winter over the Gulf Stream are also

likely exacerbated by cold continental air advecting off

the Eastern Seaboard. The intermonthly variability of

V10n 2 V10, as represented by the interquartile range,

shows counterintuitively that V10 2 V10, and thus sta-

bility, is most variable during the early summer rather

than winter. The reason for this result is explained be-

low. Over the equatorial Pacific, there is very little in-

termonthly variability of V10n 2 V10, which is mostly less

than 0.25 m s21 for all months.

It is clear from Figs. 6 and 7 that the seasonal vari-

ability of V10n 2 V10, and hence surface-layer stability,

over the Gulf Stream is associated mainly with the

seasonal evolution of the large-scale wind direction

relative to the Gulf Stream frontal zone. This point can

also be seen from maps of the mean ENW vectors from

QuikSCAT and SST from the AMSR-E averaged sep-

arately for June 2002–09 and December 2002–08 (Figs.

8a,b, respectively). Also shown by the gray contours in

these maps are mean sea level pressure fields from the

National Centers for Environmental Prediction (NCEP)

FIG. 5. Correlation coefficients between the actual wind speed differences dVzw
and SST

differences dTs as a function of the period of the running average for each of the 17 buoy pairs.

Note that in this analysis, we have chosen a 10-day running average.
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FIG. 6. Two-dimensional histograms of V10n 2 V10 (y axis) and wind direction (x axis) computed from each of the 24 buoys near the Gulf

Stream and eastern equatorial Pacific as indicated above each plot. Unsmoothed time series of V10n 2 V10 and wind direction were used in

the histogram computation to preserve variations over all time scales.
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FIG. 7. Monthly statistics of unsmoothed V10n 2 V10: median (black points) and interquartile

range (colored bars) for the (a) Gulf Stream and (b) eastern equatorial Pacific. Each buoy is

color coded according to the legend on the right for each month. These statistics were com-

puted for the time periods shown in Table 1. (c) Behavior of V10n 2 V10 (y axis) as a function of

V10n (x axis) for various air–sea temperature differences Ts 2 Ta shown by the key on the right

side of the panel. These curves were computed from the COARE flux algorithm using an RH of

75% and an air temperature (Ta) of 188C.

1 MARCH 2012 O ’ N E I L L 1555



FNL 4 times daily analyses. In December, winds blow

mainly offshore from the northwest from cooler to

warmer SST, generating an unstable surface layer.

Conversely, in June, the winds blow either along the

Gulf Stream or with a weak cross-isotherm component

from warmer to cooler SST, generating a stable surface

layer. Additionally, the winds are much weaker during

June compared to December. The seasonal changes in

the large-scale wind direction are consistent with the

seasonal progression of the mean large-scale sea level

pressure field, which ultimately has a large influence on

the seasonal variations of V10n 2 V10.

To aid in the interpretation of the histograms in Fig. 6

and the seasonal cycles in Figs. 7a,b, the behavior of

V10n 2 V10 computed from the COARE algorithm is

illustrated as a function of V10n for a range of air–sea

temperature differences (Ts 2 Ta) between 248 and 88C,

a fixed air temperature of 188C, and a relative humidity

of 75% (Fig. 7c). For the range of Ts 2 Ta considered

here, the absolute magnitude of V10n 2 V10 decreases

FIG. 8. Maps of the AMSR-E SST (colored), QuikSCAT vector-averaged ENW (vectors),

and the NCEP sea level pressure (gray contours) averaged for (a) June 2002–09 and

(b) December 2002–08 over the northwest Atlantic. The locations of the buoys are also

shown. The contour interval for the sea level pressure fields is 1 hPa.
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steadily as the wind speed increases. For unstable strati-

fication (Ts 2 Ta . 0), the differences are generally less

than 0.5 m s21 for the range of wind speeds considered

here. The differences are progressively more significant

for light winds and stable stratification, which accounts

for the larger V10n 2 V10 when southerly winds blow

across the north wall of the Gulf Stream from warm to

cool SST as shown in Fig. 6.

Figure 7c also shows that while stability determines

the sign of V10n 2 V10, its magnitude depends on both

V10n and stability, especially for wind speeds below

;5 m s21. As the wind speed increases for a given

Ts 2 Ta, V10n 2 V10 decreases while becoming less

sensitive to further increases in wind speed. Addition-

ally, the magnitude of V10n 2 V10 is not symmetric about

the air–sea temperature difference, with a much larger

amplitude response for stable Ts 2 Ta compared to an

equally unstable Ts 2 Ta (e.g., cf. V10n 2 V10 of about

0.25 and 20.4 m s21 for Ts 2 Ta 5 12 and 228C, re-

spectively, when V10n 5 8 m s21). During winter, while

Ts 2 Ta is positive and relatively large over the Gulf

Stream, so too is the wind speed, which compensates

the temperature-induced surface instability and reduces

its effect on V10n 2 V10. In contrast, during summer,

weak winds and stable stratification combine to am-

plify the negative V10n 2 V10, which results in the larger

jV10n 2 V10j encountered during the Gulf Stream sum-

mer shown in Fig. 7a. Two-dimensional histograms of

Ts 2 Ta and V10n shown for June (Fig. 9a) and December

(Fig. 9b) for all nine Gulf Stream buoys bear these sce-

narios: weak winds and marginally stable Ts 2 Ta during

June, and strong winds and mainly unstable Ts 2 Ta

during December. In these histograms, Ts 2 Ta is along

the y axis and V10n is along the x axis, and the unsmoothed

buoy wind and temperatures were used.

Finally, the larger interquartile ranges of V10n 2 V10

during the summer months over the Gulf Stream can be

attributed to the increased sensitivity of V10n 2 V10 to

wind speed and stability at low wind speeds and stable

stratification, as shown in Fig. 7c. The increased vari-

ability of V10n 2 V10 during summer can be seen more

clearly from two-dimensional histograms of V10n 2 V10

as a function of month for each of the Gulf Stream

buoys, which are shown in Fig. 10. For all nine buoys, the

distributions of V10n 2 V10 all have negative skewness

(i.e., having longer tails for V10n 2 V10 , 0), which is

most apparent during summer; this skewness is consis-

tent with the increased sensitivity of V10n 2V10 to small

changes in wind speed and stability in the low wind

speed and stable conditions encountered during sum-

mer. Note that the histograms in Fig. 9 show qualita-

tively that the variabilities of the air–sea temperature

difference and wind speed are much larger during

winter; however, for the reasons noted above, the ENW

is much less sensitive to stability in the unstable strati-

fication and strong winds typical of winter.

3) RESULTS

To quantify the SST-induced responses of the ENW

V10n, binned scatterplots of dV10n are computed as a

function of dTs over the Gulf Stream (Fig. 2b) and the

north and south sides of the equatorial Pacific cold

tongue (Figs. 3b and 4b, respectively). The correlation

coefficients between dV
10n

and dT
s

are slightly higher

than for those between the actual wind speed differ-

ence dVzw
and dTs. Additionally, the binned scatterplots

of dV10n have slopes (denoted as a
dV10n

) that are only

10%–30% larger than a
dVzw

. The difference between

a
dVzw

and a
dV10n

is because dV10n is somewhat larger

than dVzw
in unstable stratification (typically when

winds blow from cool to warm water) and somewhat

smaller than dVzw
in stable stratification (typically when

winds blow from warm to cool water). The side-by-side

comparison of a
dV10n

and a
dV

zw

shown by the bar chart

in Fig. 11a illustrates that the magnitude of the re-

sponses of the ENW and the actual surface wind speed

from the buoys are very similar.

Since the magnitudes of the responses of the actual

wind speed and ENW to SST differ by only 10%–30%,

the SST-induced response of the ENW is thus attribut-

able mainly to the response of the actual wind speed

rather than to surface-layer stability. This result is con-

sistent with earlier conclusions based on numerical model

FIG. 9. Two-dimensional histograms of Ts 2 Ta (y axis) and V10n

(x axis) combined from all nine Gulf Stream buoys for (a) June and

(b) December. These histograms were computed from the un-

smoothed buoy wind and temperature observations.
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simulations (Wai and Stage 1989; Small et al. 2003;

O’Neill et al. 2010b) and sensitivity analyses (O’Neill

et al. 2005; Small et al. 2008).

In addition to this important result, the linear re-

sponse of the buoy dV10n to dTs independently confirms

the linear relationship between ENW and SST on the

oceanic mesoscale deduced from previous analyses of

spatially high-pass-filtered satellite ENW and SST fields

(Song et al. 2009; O’Neill et al. 2010a; OCE). The linear

surface wind response to SST on the oceanic mesoscale

is thus a robust feature of the surface wind field near SST

frontal zones.

d. SST-induced response of the surface wind stress
magnitude

In this section, the surface wind stress magnitude re-

sponse to SST is related to the ENW response to SST.

The surface wind stress magnitude was also computed

from the buoy observations using the COARE flux al-

gorithm and then smoothed with a 10-day running av-

erage. Binned scatterplots of djtj as a function of dTs

show that djtj varies linearly with dTs over all regions

(Figs. 2c, 3c, and 4c), with slopes denoted as adjtj. Just

as a
dV10n

is much larger over the equatorial Pacific, so too

FIG. 10. Two-dimensional histograms of V10n 2 V10 (y axis) and month (x axis) for each of the

nine Gulf Stream buoys during the entire period considered here. These histograms were

computed from the unsmoothed buoy winds.
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is adjtj. Also, the cross-correlation coefficients between

djtj and dTs are very similar to those between dV10n and

dTs, as shown in Figs. 2c–4c. Like the ENW shown

earlier, the linear response of the buoy djtj to dTs in-

dependently confirms the linear dependence between

surface wind stress and SST observed from spatially high-

pass-filtered satellite wind stress and SST fields (Maloney

and Chelton 2006; OCE).

Both djtj and dV
10n

depend linearly on dT
s

despite the

nonlinear relationship between the surface stress and

ENW, which is

jtj 5 raCd10nV2
10n, (3)

where Cd10n is the 10-m neutral stability drag coefficient.

To explain this puzzling result, the formulation for Cd10n

from appendix A of Large et al. (1994) is used:

Cd10n 5
a0

V10n

1 b0 1 c0V10n, (4)

where a0 5 2.70 3 1023 m s21, b0 5 0.142 3 1023, and

c0 5 0.0764 3 1023 m21 s. The Cd10n from this formu-

lation is about 10% larger than the Cd10n in the COARE

algorithm for wind speeds greater than about 4 m s21,

but otherwise has a very similar linear trend for the

range of wind speeds typically encountered in these re-

gions (e.g., Fig. B1 in Risien and Chelton 2008). The

simple analytic form of Eq. (4) is preferred, however, to

illustrate how both djtj and dV10n depend linearly on

dTs. With this formulation for Cd10n, jtj is a cubic poly-

nomial function of V10n:

jtj 5 ra(a0V10n 1 b0V2
10n 1 c0V3

10n). (5)

FIG. 11. Bar charts of the coupling coefficients from the buoy-pair differences for the (a) actual wind speed and ENW

(a
dVzw

and a
dV10n

, respectively) and (b) surface wind stress magnitude (adjtj).
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This equation is now used to form djtj 5 jtjA 2 jtjB by

denoting the average ENW in a buoy pair as ~V
10n

5

1/2(V
10nA

1 V
10nB

) and the difference as dV10n 5 V10nA 2

V10nB, where again, the subscripts A and B arbitrarily

denote each buoy in the buoy pair. Next, neglect small

air density differences between each buoy in a pair by

using the average density ~ra. After some simple ma-

nipulations, djtj can be expressed as

djtj5 ~ra

h
(a0 1 2b0

~V10n 1 3c0
~V

2
10n)dV10n 1

c0

4
(dV10n)3

i
.

The second term on the right-hand side involving (dV10n)3

is much smaller than the first term, which can be noted by

using values of ~V10n 5 7 m s21, dV10n 5 1 m s21, and

~ra 5 1:2 kg m23, which yields 0.019 N m22 for the first

term and 2 3 1025 N m22 for the second. Being about

three orders of magnitude smaller, the second term is thus

neglected, leaving

djtj ’ ~ra(a0 1 2b0
~V10n 1 3c0

~V
2
10n)dV10n. (6)

Equation (6) shows that djtj is directly proportional to

dV10n with a factor of proportionality containing a qua-

dratic function of ~V10n. Since dV10n was found earlier to

depend linearly on dTs, it follows that

a
djtj ’ ~ra(a0 1 2b0

~V10n 1 3c0
~V

2
10n)a

dV
10n

. (7)

Since the ENW responds linearly to SST, Eq. (7) shows

that the surface stress thus also responds linearly to SST,

but is modulated by a nonlinear factor of the ambient

ENW, as represented by ~V
10n

. Because of this nonlinear

factor, a dV10n 5 1 m s21 perturbation when the ambi-

ent ENW ~V
10n

is 10 m s21 will result in a surface stress

increase that is about a factor of 2 larger than that from

a dV10n 5 1 m s21 when the ambient ENW is 5 m s21.

An analogous analytical result to Eq. (7) is shown in

OCE for the case of the added complexity that spatial

high-pass filtering introduces when isolating the SST

influence on winds from satellite data.

It was shown earlier that the SST-induced response of

dV10n was caused mainly by the response of the actual

wind speed dVz
w
. Since Eq. (7) shows that the stress and

ENW responses to SST are coupled, it is also concluded

that the SST-induced response of djtj is primarily a

consequence of the SST-induced response of the actual

near-surface wind speed. This result is the primary con-

clusion of this paper.

e. Seasonal variability of the wind–SST coupling
over the North Atlantic

Histograms of dTs separated for November–April and

May–October for all buoy pairs in the North Atlantic

(Fig. 12a) show that the SST differences are very similar

for either 6-month period. In contrast, djtj has a much

broader dynamic range during winter, as shown by

comparing the blue and red curves in Fig. 12c. The large

seasonal variability of djtj and lack thereof in dT
s

leads

to seasonally varying stress coupling coefficients over

the North Atlantic. The seasonal variability is shown is

here by computing adjtj separately for both 6-month

periods for each of the seven buoy pairs over the North

Atlantic (Table 3). During the winter and early spring

(November–April), adjtj is larger than during the sum-

mer and early fall (May–October) by between 25% for

buoy pair c44150–c44137 to a factor of ;3 for buoy

pair c44139–c44138. These seasonal differences in the

surface stress, however, are not reflected in either of

the coupling coefficients a
dVzw

or a
dV10n

(Table 3) or in

the histograms of dV10n and dVzw
separated by sea-

son (Fig. 12b). Seasonal differences in surface layer sta-

bility alone thus cannot account for the seasonal pulsing

of the surface stress response to SST.

Since a
dV10n

exhibits little seasonal variability, then

Eq. (7) shows that the seasonal variability of either the

FIG. 12. Histograms derived from the seven buoy pairs over the

Gulf Stream for the 6-month periods November–April (blue

curves) and May–October (red curves): (a) dTs, (b) dV10n (solid)

and dVzw
(dashed), (c) djtj, and (d) ~V10n (solid) and ~Vzw

(dashed).
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ambient ENW ~V
10n

or surface air density ~r
a

must be

responsible for the seasonal variability of adjtj. Histo-

grams of ~V
10n

and ~Vzw
separated between these two

6-month periods for all seven Gulf Stream buoy pairs

(Fig. 12d) show that the winds are significantly stronger

during winter compared to summer; the median differ-

ences of the buoy ~V10n between the two 6-month periods

are between 2.7 and 3.4 m s21 (Table 3). In contrast, the

seasonal variability of the median buoy ~r
a

can only ac-

count for a few percent of the seasonal variability of adjtj
(Table 3). The seasonal pulsing of the surface wind stress

response to SST is thus attributable primarily to the

seasonal variability of the ambient ENW. This result is

consistent with the results of OCE using spatially filtered

satellite ENW and SST fields.

3. Comparison of satellite and buoy wind–SST
coupling

The mesoscale wind–SST coupling observed by

QuikSCAT and AMSR-E is now assessed using the buoy

observations. Most previous studies investigating this

coupling using satellites have relied on spatial high-pass

filtering to isolate the mesoscale SST influence on surface

winds. It is difficult to objectively assess these spatially

high-pass-filtered satellite wind and SST fields using

buoys since it is not possible to spatially filter the buoy

data in the same manner. This shortcoming is overcome

here using the simple methodology developed in section

2, whereby the wind and SST differences between pairs of

buoys are compared to those from the spatially unfiltered

satellite observations collocated in space and time.

a. Satellite data description

1) QUIKSCAT SCATTEROMETER WIND DATA

In nonprecipitating, ice-free oceans, the QuikSCAT

instrument infers surface vector winds from Ku-band

microwave radar measurements of backscattered power

from the wind-roughened ocean surface. Over the ocean,

surface roughness has been found to be related to the

surface wind stress rather than the near-surface wind

speed (e.g., Weissman et al. 1994; Bourassa 2006). Since

there are few direct observations of surface stress over

the ocean, and since a fundamental physical relation-

ship between microwave radar backscatter and surface

wind stress does not yet exist, scatterometer backscatter

measurements are calibrated empirically to buoy mea-

surements of V10n (e.g., Freilich and Dunbar 1999).

For this analysis, we use the complete QuikSCAT data

record, which spans the 101 year period 19 July 1999–19

November 2009. Processed QuikSCAT swath data were

provided by the Remote Sensing Systems (version 3) and

were gridded here onto a 0.258 spatial grid by fitting in-

swath wind measurements to a quadratic surface using

locally weighted regression [‘‘loess’’ smoothing; Cleveland

and Devlin (1988)] with a half span of 80 km. Based on the

filtering properties of the loess smoother (Schlax et al.

2001; Chelton and Schlax 2003), the resulting gridded

fields have a spatial resolution of approximately 50 km.

QuikSCAT ENWs are collocated spatially to the buoy

locations through bilinear interpolation of the four closest

satellite grid cells within 630 min of the buoy observa-

tion time. Rain-contaminated observations were not used

here, as determined by the standard QuikSCAT multi-

dimensional histogram rain flag (MUDH; Huddleston and

Stiles 2001) and by contemporaneous radiometer rain

estimates from a combination of the Special Sensor Mi-

crowave Imager (SSM/I) F13, F14, and F15 satellites.

Since QuikSCAT is in a sun-synchronous polar orbit, it

crosses the equator at nearly the same local solar time

each day: ascending orbits (traversing south to north)

cross the equator at about 0600 LST and descending or-

bits at about 1800 LST, and these times vary relatively

little over the duration of the QuikSCAT mission.

TABLE 3. Seasonal variations of the responses of the actual wind speed dVzw
, ENW dV

10n
, and surface wind stress magnitude djtj to SST

over the Gulf Stream, separated for the 6-month periods May–October and November–April: coupling coefficients for the actual wind

speed (a
dVzw

), ENW (a
dV10n

), and surface wind stress magnitude (adjtj3 1022); and medians of the ENW ~V and surface air density ~ra for

each buoy pair. The units for a
dVzw

and a
dV10n

are m s21 8C21, for adjtj are N m22 8C21, for ~V10n are m s21, and for ~ra are kg m23. The last

row shows the mean of each column, which was computed simply from the values listed.

Buoy pair

a
dVzw

a
dV10n

adjtj 3 1022 Median ~V10n Median ~ra

May–Oct Nov–Apr May–Oct Nov–Apr May–Oct Nov–Apr May–Oct Nov–Apr May–Oct Nov–Apr

c44140–c44138 0.18 0.26 0.21 0.29 0.50 0.90 6.4 8.8 1.22 1.26

c44139–c44138 0.20 0.25 0.24 0.31 0.47 1.22 6.3 9.1 1.22 1.26

c44139–c44141 0.23 0.23 0.37 0.30 0.98 1.28 6.3 9.0 1.22 1.27

c44141–c44137 0.21 0.19 0.27 0.25 0.55 1.12 6.2 9.1 1.21 1.27

c44150–c44137 0.33 0.29 0.41 0.34 1.07 1.32 5.6 8.6 1.22 1.27

44011–44008 0.17 0.18 0.27 0.25 0.44 0.72 4.7 8.3 1.22 1.27

44008–44004 0.21 0.24 0.29 0.29 0.67 1.14 5.7 8.7 1.20 1.25

Mean 0.22 0.23 0.29 0.29 0.67 1.10 5.9 8.8 1.22 1.26
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The accuracy of QuikSCAT ENW measurements has

been quantified previously in terms of vector component

errors in the alongwind and crosswind directions (Freilich

and Dunbar 1999); for QuikSCAT, these accuracies

have been determined to be 0.75 m s21 in the along-

wind component and 1.5 m s21 in the crosswind com-

ponent, with a total ENW accuracy of about 1.7 m s21

(Chelton and Freilich 2005). The wind direction accu-

racy at low ENWs increases rapidly with increasing

ENW, and is about 148 for ENWs greater than 6 m s21.

Additionally, there is no evidence of systematic SST-

dependent errors in the ENW from SeaWinds on

QuikSCAT (e.g., Ebuchi et al. 2002) or from a nearly

identical SeaWinds scatterometer on the Advanced Earth

Observing Satellite 2 (ADEOS-II; Ebuchi 2006).

One objective of this analysis is to compare satellite

measurements of the coupling between surface winds

and SST with moored buoy measurements. It is thus

of interest to assess the quality of the QuikSCAT ENW

near SST frontal zones, as wind measurements from

moored buoys are the primary means for determining the

accuracy of satellite surface winds. Comparison statistics

of collocated QuikSCAT and buoy V10n measurements

are shown in Table 4. For all buoys, the correlation co-

efficients between the collocated QuikSCAT and buoy

V10n measurements range from 0.83 to 0.97, with the

overall correlation of 0.96 over the North Atlantic and

0.91 over the equatorial Pacific. The RMS differences

are between 0.73 and 1.42 m s21, with overall RMS

differences of 1.22 m s21 over the North Atlantic and

0.88 m s21 over the equatorial Pacific. These correlations

and RMS differences are consistent with previous eval-

uations of the QuikSCAT winds using moored buoys

(e.g., Ebuchi et al. 2002; Pickett et al. 2003; Chelton and

Freilich 2005; Portabella and Stoffelen 2009). QuikSCAT

winds near land have been found to be more uncertain

(Pickett et al. 2003), which may explain the higher RMS

differences for the Gulf Stream buoys. The biases in V10n

(defined as satellite minus buoy) are between 20.13 and

10.47 m s21 over the North Atlantic, while over the

equatorial Pacific, they are about 20.2 m s21 for the

buoys along the equator and 28S and between 20.30 and

20.63 m s21 along 28N. Overall biases are 0.13 m s21 over

the North Atlantic and 20.38 m s21 over the equatorial

TABLE 4. Satellite–buoy comparison statistics of the ENW V10n from QuikSCAT and AMSR-E, and of the SST Ts from AMSR-E at

each individual buoy location, including the number of concurrent observations N used in the satellite–buoy comparisons, correlation

coefficient, RMS difference, and bias. The biases were computed as satellite minus buoy. Units for the V10n and Ts bias and RMS statistics

are m s21 and 8C, respectively.

QuikSCAT–buoy V10n AMSR-E–buoy V10n AMSR-E–buoy SST

Buoy N Correlation coef Bias RMS N Correlation coef Bias RMS N Correlation coef Bias RMS

c44137 2255 0.96 0.22 1.33 2359 0.94 0.06 1.39 2333 0.98 0.51 1.35

c44138 2131 0.96 0.21 1.25 1777 0.92 0.14 1.54 1750 0.98 0.04 0.94

c44139 2280 0.95 0.26 1.31 1841 0.93 0.20 1.46 2099 0.98 0.36 1.16

c44140 915 0.94 0.47 1.42 963 0.89 0.50 1.79 966 0.96 0.16 1.57

c44141 1882 0.95 0.07 1.38 1888 0.94 0.02 1.38 1929 0.98 0.41 1.49

c44150 1460 0.96 20.13 1.19 1467 0.94 20.25 1.32 1459 0.98 0.06 1.06

44004 2780 0.96 0.11 1.10 1885 0.95 0.05 1.16 2324 0.97 0.31 1.43

44008 3723 0.96 20.05 1.16 2856 0.95 20.25 1.31 3249 0.97 0.31 1.30

44011 3430 0.97 0.17 1.09 2508 0.95 0.01 1.22 2722 0.97 1.15 1.67

Total 20 856 0.96 0.13 1.22 17 544 0.94 0.02 1.37 18 831 0.97 0.42 1.36

2s95w 475 0.87 20.11 0.86 283 0.87 0.00 0.81 1434 0.99 20.27 0.43

0n95w 1611 0.93 20.42 0.82 950 0.91 20.18 0.78 1420 0.96 20.12 0.57

2n95w 782 0.91 20.30 0.87 610 0.92 20.13 0.80 1328 0.94 20.11 0.51

2s110w 824 0.89 20.11 0.76 626 0.88 0.06 0.75 881 0.99 20.26 0.34

0n110w 1403 0.88 20.42 1.02 1250 0.87 20.11 0.95 1630 0.96 20.19 0.47

2n110w 1427 0.92 20.62 0.96 1087 0.92 20.45 0.89 1719 0.98 20.16 0.36

2s125w 2677 0.91 20.25 0.77 2201 0.91 20.08 0.72 2610 0.98 20.25 0.36

0n125w 2162 0.86 20.21 0.96 1413 0.86 0.03 0.92 1545 0.95 20.10 0.44

2n125w 1227 0.91 20.63 0.98 1083 0.91 20.41 0.83 1531 0.95 20.10 0.44

2s140w 1782 0.92 20.26 0.73 1614 0.92 20.17 0.65 2072 0.96 20.16 0.30

0n140w 2524 0.91 20.31 0.78 2172 0.89 20.12 0.74 2172 0.97 20.21 0.32

2n140w 2232 0.90 20.61 1.00 1816 0.89 20.40 0.90 1954 0.96 20.14 0.31

2s155w 2306 0.93 20.45 0.82 1866 0.94 20.32 0.73 1978 0.97 20.11 0.28

0n155w 2660 0.90 20.29 0.85 2195 0.90 20.11 0.80 2704 0.98 20.20 0.31

2n155w 2850 0.91 20.50 0.93 2117 0.91 20.33 0.90 2247 0.97 20.15 0.31

Total 26 942 0.91 20.38 0.88 21 283 0.90 20.20 0.81 27 225 0.97 20.17 0.40
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Pacific. The consistent negative biases in V10n over the

eastern equatorial Pacific are very similar to other sat-

ellite wind comparisons from the European Remote

Sensing Satellite-1 and -2 (ERS-1 and -2) scatterometers

(Quilfen et al. 2001) and from passive microwave im-

agers (e.g., Plate 1 in Mears et al. 2001). Additionally, as

shown in the next subsection, there are very similar biases

in the AMSR-E wind measurements in this region.

As summarized in Ross et al. (1985), there are es-

sentially three different factors that can contribute to

differences in wind measurements from satellites and

in situ platforms: ‘‘These effects are 1) actual errors in

the measurements of the winds by the satellite, 2) actual

errors in the measurement of the winds by the ane-

mometers, and 3) real differences between the two mea-

surements that result from differing averaging times, the

finite areas sampled by the radar, lack of homogeneity

within the footprint, and the lack of space-time coin-

cidence of the two measurements.’’ Besides these sources

of uncertainty, there are at least two others that can

contribute to wind measurement differences between

moored buoys and satellites. The first effect is the rela-

tive motion between the air–sea interface caused by

surface ocean currents (e.g., Kelly et al. 2001, 2005; Park

et al. 2006; Kara et al. 2007; Liu et al. 2007). Over the

tropical Pacific, Kelly et al. (2005) showed that differ-

ences in scatterometer and moored buoy winds were

well correlated with estimates and direct observations

of near-surface ocean currents, particularly between

28S and 28N where surface currents are typically strong.

This can account for the consistent biases of V10n in the

equatorial Pacific from the various satellite datasets as

described above. The second effect is the state of the

surface wave field, which decouples the surface wind

from the surface wind stress (e.g., Geernaert 1990). Sea

state effects are usually not taken into account when

converting the actual buoy wind speed to ENW, but are

naturally part of the surface roughness that scatter-

ometers measure. Buoy wind measurements have been

observed to be affected by surface wave distortion of the

near-surface wind profile by a factor of about 40% for

wind speeds exceeding 10 m s21 (e.g., Large et al. 1995).

Since most of the buoys used here do not routinely

measure ocean surface currents or the wave state, these

effects are usually unavoidable sources of uncertainty

in wind comparisons between buoys and satellites.

2) AMSR-E WIND AND SST DATA

The satellite SST fields used in this study were mea-

sured over most of the global oceans in nonprecipitating

and ice-free conditions by AMSR-E. ENW measure-

ments made by AMSR-E are also utilized and com-

pared with those from QuikSCAT. The AMSR-E SST

and wind fields used here were also processed by Remote

Sensing Systems (version 5). One of the main capabilities

of AMSR-E is its ability to measure winds and SST

through clouds and atmospheric aerosols, which are

essentially transparent to the particular microwave fre-

quencies used by AMSR-E. The spatial resolutions of

individual AMSR-E SST and wind measurements are

about 58 and 37 km, respectively, and were gridded

onto the same 0.258 spatial grid as the QuikSCAT

wind measurements. AMSR-E is in a sun-synchronous

polar orbit, with equatorial crossing times of ascend-

ing orbits at about 1330 LST and descending orbits at

about 0130 LST, and to date these times have varied

little over the course of the AMSR-E mission. The

AMSR-E data record used here spans the 7-yr period

1 June 2002–19 November 2009. For comparisons with

the buoys, the AMSR-E SST and wind fields were bili-

nearly interpolated to each buoy location using gridded

measurements from the four closest grid points within

630 min. While QuikSCAT infers vector ENW from

measurements by an active microwave radar, AMSR-E

infers the scalar ENW using a passive multichannel mi-

crowave radiometer based on changes of surface emis-

sivity induced by surface wind stress.

The AMSR-E and buoy SSTs are highly correlated,

with cross-correlation coefficients for all buoys between

0.94 and 0.99 (Table 4). The RMS SST differences are

largest for the buoys near the Gulf Stream, which are

between 0.948 and 1.678C and have an overall RMS

difference of 1.368C. These RMS uncertainties are con-

sistent with those previously reported in this region

(Hosoda et al. 2006), although they are larger than the

previously reported 0.48C by Chelton and Wentz (2005),

whose results were based on global buoy–satellite

comparisons. The RMS differences over the equatorial

Pacific are much smaller, between 0.288 and 0.578C with

an overall RMS difference of 0.408C, and decrease

westward where the SST fronts are more diffuse on av-

erage (see Fig. 1). Over the Gulf Stream, the AMSR-E

SST is biased warm relative to the buoy SST, between

0.048 and 1.158C with an overall bias of 0.428C for all

buoys. Hosoda et al. (2006) has previously shown similar

warm biases in multiyear comparisons of the AMSR-E

SST measurements relative to infrared SST measure-

ments just north of the Gulf Stream. In contrast, there is

a consistent but slight cool bias in the AMSR-E SST

relative to the buoy SST of 20.178C over the equatorial

Pacific.

The larger differences between the AMSR-E and

buoy SST measurements in the Gulf Stream region are

likely due at least in part to the relatively coarse 58-km

spatial resolution of the AMSR-E 6.9-GHz footprint.

Since the SST can change by as much as ;88C across the
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width of the Gulf Stream, which can be as narrow as

50 km, AMSR-E will blur these sharp frontal features

over a broader distance compared to the moored buoys,

thus resulting in a mismatch with the buoy point mea-

surements. In contrast, the SST gradients are usually

much smaller in the equatorial Pacific, with typical SST

changes of ;38–48C associated with TIWs over simi-

lar distances. Additionally, there are some differences

between the buoy bulk SST, which is measured be-

tween 0.6- and 1-m depth, and the subskin tempera-

ture measured by AMSR-E, which represents the water

temperature within the O(1 mm) attenuation depth of

microwave radiation. The differences will be most ap-

parent during the daytime in low wind speed conditions

(e.g., Gentemann et al. 2004). A comparison of the

wind–SST coupling between satellites and buoys that

was codified for day and night and for various wind

speed regimes did not show any consistent differences

in the wind–SST coupling (not shown).

Biases and RMS differences of the AMSR-E V10n

measurements relative to the buoy V10n are similar

to those from QuikSCAT, as shown in Table 4. The

largest RMS differences are in the Gulf Stream region,

and nearly all of these are somewhat larger than the

QuikSCAT RMS differences. Over the equatorial

Pacific, the RMS differences of the AMSR-E and

QuikSCAT V10n relative to the buoys are of very similar

magnitude, all differing by less than 0.15 m s21. Addi-

tionally, the biases of the QuikSCAT and AMSR-E V10n

relative to the buoys are correlated. For instance, the

same large negative biases in the QuikSCAT ENW for

the buoys along 28N also occur in the AMSR-E ENW.

It is not presently known what causes these consistent

biases in the satellite wind measurements compared to

the buoy. It may be an indication of a combination of

surface ocean currents, spatial variations in the surface

wave field, or biases in the buoy measurements.

b. Results

Since the QuikSCAT and AMSR-E observation times

differ by several hours, the AMSR-E SST was linearly

interpolated to the QuikSCAT observation times. After

interpolation, the satellite and buoy dV10n and dTs time

series were smoothed with a 10-day running average and

are denoted as before with an overbar. The coupling

coefficients a
dV10n

were then computed from the slopes

of the linear least squares fits of binned scatterplots

of dV10n as functions of dTs. The resulting a
dV10n

esti-

mates are shown by the bar chart in Fig. 13a, with the

buoy estimates shown in green and satellite estimates in

red, and listed in Table 5.

The a
dV10n

coefficients computed from the satellites

agree reasonably well with the buoy-derived values for

most buoy pairs. Exceptions are the buoy pairs south of the

equatorial Pacific cold tongue, where the satellite-derived

a
dV10n

values are about 10%–50% smaller than the buoy-

derived values. These differences are likely related to the

biases in the satellite ENW relative to the buoy ENW

near the equator as discussed earlier. For comparison,

the buoy estimates of a
dVzw

are also shown by the gray

bars in Fig. 13a from the same subset of buoy observa-

tions concurrent with the QuikSCAT observations. These

a
dVzw

estimates are very similar to those computed using

the complete time series of buoy wind and SST mea-

surements as shown in Fig. 11a. Over all locations,

a
dV

zw

is about 10%–30% smaller than the buoy a
dV10n

.

Because of this, it can be inferred that the response of

the QuikSCAT ENW to SST on time scales longer than

10 days is attributable primarily to the response of the

actual surface wind speed to SST rather than to surface-

layer stability. Moreover, it can be inferred that the

combination of the QuikSCAT ENW and AMSR-E SST

accurately depicts the wind–SST coupling globally since

the range of conditions spanned by the multiple years of

buoy measurements analyzed here is representative of

conditions found throughout most of the World Ocean.

This is the second primary conclusion of this study.

To assess the robustness of the a
dV10n

estimates from

the QuikSCAT ENW and AMSR-E SST, the above

analysis was repeated using the AMSR-E ENW in place

of the QuikSCAT ENW. The AMSR-E ENW is mea-

sured simultaneously with the AMSR-E SST, thus re-

moving possible uncertainties in the a
dV10n

estimates

from the QuikSCAT ENW and AMSR-E SST attrib-

utable to the interpolation of the AMSR-E SST mea-

surements to the QuikSCAT measurement times. The

a
dV10n

estimates computed from the AMSR-E ENW and

SST are shown by the bar chart in Fig. 13b. To evaluate

the accuracy of the AMSR-E a
dV10n

, the buoy-derived

estimates of a
dV10n

and a
dV

zw

computed from the subset

of buoy wind and SST measurements concurrent with

the AMSR-E observation times are also shown here. As

summarized in Table 5, the AMSR-E a
dV10n

are very

similar to those computed from the QuikSCAT ENW,

although smaller in magnitude, particularly over the

Gulf Stream. The buoy-derived values of a
dV10n

and

a
dVzw

coincident with the AMSR-E observation times

shown in Fig. 13b also differ by less than 30%.

It is noteworthy that the a
dV10n

computed for the south

equatorial Pacific buoys are significantly smaller using

both the QuikSCAT and AMSR-E ENWs relative to

the buoy-derived values, as shown by the mean a
dV10n

in

Table 5. These biases are unlikely to be related to the

AMSR-E SST, which was shown here to have similar

biases and RMS uncertainties for all buoys both north

and south of the equatorial Pacific cold tongue (Table 4).
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To summarize the evaluation of the satellite-derived

a
dV10n

relative to the buoys, the mean, RMS, and nor-

malized mean differences (satellite minus buoy) of a
dV10n

between the satellites and buoys are shown in Table 6.

The statistics are shown for all 17 buoy pairs, and sep-

arated between the Gulf Stream and north and south

equatorial Pacific regions. The normalized mean dif-

ferences were normalized by the corresponding buoy-

mean a
dV10n

, as shown in Table 5, which is 0.52 m s21

8C21 for all 17 buoy pairs collocated with QuikSCAT,

0.24 m s21 8C21 over the Gulf Stream, and 0.75 and

0.68 m s21 8C21, respectively, over the south and north

equatorial Pacific cold tongue regions. These values are

very close to those computed from the full set of buoy

measurements shown in Table 2. The QuikSCAT and

AMSR-E RMS differences are between 0.07 and

0.08 m s21 8C21 over the Gulf Stream and north equatorial

Pacific and 0.26 and 0.20 m s21 8C21, respectively, for the

south equatorial Pacific. The normalized differences

for QuikSCAT are between 231% and 17%, while

AMSR-E consistently underestimates a
dV10n

relative

to the buoy-derived values over all three regions by

9%–28%. The underestimations for both QuikSCAT

and AMSR-E are largest over the south equatorial Pacific

cold tongue. The overall normalized mean differences

for all buoy pairs are 210% for QuikSCAT and 219%

for AMSR-E, indicating that, on average, the satellites

slightly underestimate the strength of the ENW–SST

coupling.

4. Summary and conclusions

The response of the surface wind to mesoscale SST

fronts associated with the Gulf Stream and equatorial

FIG. 13. Bar chart showing the coupling coefficients a
dVzw

and a
dV10n

from the buoy pairs collocated spatially and

temporally with the (a) QuikSCAT ENW and AMSR-E SST and (b) AMSR-E ENW and SST.
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Pacific cold tongue were investigated using buoy and

satellite observations. This study was motivated by sat-

ellite observations and modeling studies showing large

spatial variations of the surface wind stress near SST

fronts, with enhanced stress over warmer SSTs and re-

duced stress over cooler SSTs. Two main questions were

addressed in this analysis. The first was the relative roles

that surface wind speed and surface layer stability play

in determining the responses of the surface wind stress

and 10-m equivalent neutral wind (ENW, as defined in

section 2c) to SST. The second was the accuracy of the

ENW–SST coupling derived from satellites. Both of

these questions were addressed using buoy observations

of surface wind and SST and collocated satellite obser-

vations of ENW and SST, from which the following

major conclusions were reached:

d In sections 2b and 2c, analysis of 17 buoy pairs near the

Gulf Stream and eastern equatorial Pacific showed

that the actual surface wind speed, ENW, and surface

wind stress magnitude differences between two buoys

in each pair satisfy linear relationships with the SST

difference on time scales longer than 10 days. The

slopes of these linear relationships from the buoys

(denoted as a
dVzw

for the actual wind speed and a
dV10n

for the ENW) are consistent with those obtained in

earlier studies using spatially high-pass-filtered satel-

lite ENW and SST fields on weekly and longer time

scales.
d Overall, the buoy observations show that the response

of the actual surface wind speed to SST on time scales

longer than 10 days is not significantly different from

the ENW response to SST, given that a
dVzw

is only

about 10%–30% smaller than a
dV10n

, as shown in

sections 2b and 2c and summarized by the bar chart

in Fig. 11a. Since the difference between the actual

surface wind speed and ENW is a function of surface

layer stability, it is concluded that surface layer

stability does not appear to strongly affect the ENW

and surface wind stress responses to mesoscale SST

variability.
d The QuikSCAT ENW and AMSR-E SST fields accu-

rately depict the ENW response to SST compared

with that inferred from the buoy observations, as

shown in section 3b and summarized by the bar chart

of a
dV10n

in Fig. 13a. The overall normalized mean

TABLE 5. Comparisons of a
dV10n

estimated from the QuikSCAT and AMSR-E wind measurements with those from the buoy pairs

concurrent in time. The buoy a
dV10n

estimates listed in the QuikSCAT and AMSR-E columns are different from each other because the

two satellites have different overpass times. As discussed in the text, the AMSR-E SST was interpolated to the QuikSCAT measurement

times for the estimates of a
dV10n

from the QuikSCAT ENW. Also listed are the correlation coefficients between dV10n and dTs computed

from the satellite and buoy wind and SST fields. The units of a
dV10n

are m s21 8C21.

QuikSCAT–buoy comparison AMSR-E–buoy comparison

a
dV10n

Correlation coef a
dV10n

Correlation coef

Buoy pair N Satellite Buoy Satellite Buoy N Satellite Buoy Satellite Buoy

c44140–c44138 463 0.25 0.29 0.43 0.35 535 0.23 0.34 0.42 0.47

c44139–c44138 938 0.33 0.26 0.34 0.31 1041 0.13 0.23 0.20 0.24

c44139–c44141 1288 0.31 0.26 0.55 0.62 1500 0.25 0.32 0.47 0.59

c44141–c44137 1126 0.19 0.16 0.40 0.41 1183 0.17 0.20 0.37 0.44

c44150–c44137 898 0.29 0.29 0.48 0.53 1022 0.27 0.40 0.55 0.65

44011–44008 1506 0.22 0.18 0.24 0.20 1948 0.15 0.22 0.17 0.25

44008–44004 1176 0.40 0.25 0.50 0.45 1871 0.22 0.23 0.36 0.39

Gulf Stream mean 0.28 0.24 0.20 0.28

2s95w–0n95w 159 0.75 0.83 0.78 0.76 705 0.60 0.71 0.80 0.72

2s110w–0n110w 479 0.74 0.99 0.72 0.75 547 0.73 0.99 0.75 0.69

2s125w–0n125w 1106 0.51 0.91 0.56 0.68 1275 0.48 0.75 0.60 0.58

2s140w–0n140w 1225 0.33 0.64 0.38 0.49 1473 0.36 0.52 0.38 0.41

2s155w–0n155w 1502 0.27 0.36 0.27 0.32 1801 0.31 0.44 0.36 0.35

S equatorial Pacific mean 0.52 0.75 0.50 0.68

2n95w–0n95w 438 0.63 0.50 0.68 0.55 669 0.58 0.70 0.64 0.63

2n110w–0n110w 645 0.81 0.74 0.69 0.59 1095 0.70 0.70 0.68 0.62

2n125w–0n125w 1084 0.73 0.76 0.67 0.64 1375 0.68 0.72 0.74 0.62

2n140w–0n140w 1549 0.62 0.67 0.57 0.57 1393 0.58 0.67 0.61 0.55

2n155w–0n155w 2126 0.64 0.71 0.41 0.45 1970 0.55 0.62 0.48 0.42

N equatorial Pacific mean 0.69 0.68 0.62 0.68

All 17 buoy pairs 0.47 0.52 0.41 0.52
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difference of the ENW response to SST between the

collocated buoy and satellite observations is 10% for

all 17 buoy pairs over the Gulf Stream and equatorial

Pacific, with the satellites slightly underestimating the

strength of the coupling relative to the buoys. The

underestimation is most apparent over the southern

equatorial Pacific cold tongue, where the satellites

underestimate the ENW–SST coupling by 31% rela-

tive to the buoys. Over the Gulf Stream, the satellites

overestimate the strength of the coupling by 17%

relative to the buoys. A similar underestimation of the

ENW–SST coupling is also apparent using ENW from

AMSR-E instead of QuikSCAT.

These results are significant for several reasons. First,

they clarify that the responses of the ENW and surface

wind stress to mesoscale SST variability primarily in-

volve a dynamical response of the actual surface wind

rather than surface layer stability. The spatially high-

pass-filtered satellite ENW perturbations associated

with SST investigated previously can thus be attributable

mainly to a response of the actual surface wind speed.

This result supports, for instance, the interpretation that

the SST-induced response of the scatterometer-derived

ENW convergence is related closely to surface mass

convergence, which appears to force vertical motion in

the deep troposphere over SST frontal zones (Liu et al.

2007; Minobe et al. 2008; Tokinaga et al. 2009; Minobe

et al. 2010); if the ENW response to SST were primarily

a consequence of stability effects alone and not the

actual surface winds, scatterometer ENW convergence

would not be related to the actual surface mass con-

vergence and thus could not directly explain the vertical

motion over SST fronts through mass conservation. Sec-

ond, the magnitude of the ENW response to SST derived

from satellites is in fairly close agreement with that de-

rived from the buoys, although biased slightly low, par-

ticularly over the south side of the equatorial Pacific cold

tongue. Finally, the linear wind response to mesoscale

SST variability is a feature common to both the satellite

and buoy datasets.
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