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ABSTRACT

The differences between Tropical Atmosphere Ocean (TAO) anemometer and QuikSCAT scatterom-
eter winds are analyzed over a period of 3 yr. Systematic differences are expected owing to ocean currents
because the anemometer measures absolute air motion, whereas a radar measures the motion of the air
relative to the ocean. Monthly averaged collocated wind differences (CWDs) are compared with available
near-surface current data at 15-m depth from drifters, at 25-m depth from acoustic Doppler current profilers
(ADCPs), and at 10-m depth from current meters and with geostrophic currents at the surface from the
TOPEX/Poseidon radar altimeter. Because direct current observations are so sparse, comparisons are also
made with climatological currents from these same sources. Zonal CWDs are in good agreement with the
zonal current observations, particularly from 2°S to 2°N where there are strong currents and a robust
seasonal cycle, with the altimeter-derived anomalous currents giving the best match. At higher latitudes
there is qualitative agreement at buoys with relatively large currents. The overall variance of the zonal
component of the CWDs is reduced by approximately 25% by subtracting an estimate of the zonal currents.
The meridional CWDs are nearly as large as the zonal CWDs but are unpredictable. The mean CWDs show
a robust divergence pattern about the equator, which is suggestive of Ekman currents, but with unexpect-
edly large magnitudes.

Coefficients for estimating climatological zonal surface currents from the altimeter at the TAO buoys are
tabulated: the amplitudes and phases for the annual and semiannual harmonics, and a linear regression
against the Southern Oscillation index, are combined with the mean from the drifter currents. Examples are
shown of the application of these estimators to data from SeaWinds on the Midori satellite. These estima-
tors are also useful for deriving air—sea fluxes from TAO winds.

1. Introduction

The radar scatterometer measures backscatter from
centimeter-scale waves caused by the wind blowing
over the ocean; when ocean and atmosphere move to-
gether, no waves are generated and no wind is mea-
sured. An anemometer, on the other hand, measures
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the motion of the air relative to a fixed platform. When
the wind blows against (with) the surface currents, the
scatterometer will measure higher (lower) wind than an
anemometer on a buoy. If ocean currents are the dom-
inant source of discrepancies between the two wind
measurements, then the difference (anemometer minus
scatterometer) should agree with estimates of the ocean
surface currents. Differences between the wind vectors
from the Tropical Atmosphere Ocean (TAO) buoys
and from the SeaWinds scatterometer are compared
here with time-varying ocean surface currents over a
3-yr period beginning with the start of the QuikSCAT
mission in July 1999.

For purposes of computing air-sea fluxes, the mea-
surement of the relative motion by the scatterometer
has an advantage over an anemometer wind. In bulk
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parameterizations (e.g., Liu et al. 1979), surface stress 7
and all other air-sea fluxes are a function of the differ-
ence between the wind at a reference height U and the
current at the ocean surface U, as

7= pCp|U — U,|(U = U,). @

The wind derived from the scatterometer backscatter
represents the relative motion, U — U,. To derive stress
from an anemometer wind or from any other absolute
wind measurement, it is necessary to subtract an esti-
mate of the ocean surface current. The relative motion,
U - U,, is also needed for other bulk flux formulas. The
ocean currents are frequently neglected in the bulk for-
mula, because ocean surface currents are not readily
available; however, a combination of weak winds and
strong currents will give large errors in these flux esti-
mates.

Previous comparisons between TAO and scatterom-
eter winds with currents using relatively small amounts
of data suggested an important role for currents in the
difference. Collocated wind differences (CWDs) from
the National Aeronautics and Space Administration
(NASA) Scatterometer (NSCAT) and TAO anemom-
eters showed qualitative agreement with currents from
a single current meter on the equator over a 7-month
period, as currents reversed during the onset of the
1997 ENSO warm event (Dickinson et al. 2001). Simi-
larly, good agreement was found between QuikSCAT
winds and currents from an acoustic Doppler current
profiler (ADCP) mounted on a ship servicing the TAO
array, averaged over a 3-week period (Kelly et al.
2001). In the comparison with QuikSCAT winds, cur-
rents in the South Equatorial Current (SEC) were
about 1.2 ms™' westward and currents in the North
Equatorial Countercurrent (NECC) were about 0.6
ms~ ' eastward over the short period examined. Ne-
glect of these strong equatorial currents in this region of
relatively weak winds (5-7 ms™!) was estimated to
cause errors in stress of 25%-50% and even larger er-
rors in wind stress curl.

Here, we compare 3 yr of CWDs with surface cur-
rents at most of the TAO buoys (Fig. 1). The CWDs,
which are computed from the difference of two obser-
vations, are likely to be noisier than either; in fact, if the
error variance for the anemometer is € and the error
variance for the scatterometer is €2, then the error vari-
ance for the current estimate is €2 + €2, assuming these
errors are uncorrelated. Therefore, it was necessary to
edit and temporally average the CWDs for the com-
parisons.

The goals of this analysis are 1) to demonstrate that
systematic differences between (zonal) TAO anemom-
eter and QuikSCAT winds are from time-varying ocean
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F1G. 1. Estimated mean currents. Difference between TAO and
QuikSCAT winds for (a) collocated pairs of vectors from Jul 1999
to Aug 2002 and (b) all daily TAO winds and QuikSCAT winds
from gridded fields for Jul 1999—-Aug 2003. (c) Mean currents
from 15-m-deep drifters at the TAO mooring locations.

currents, 2) to find (and provide) appropriate current
estimators to convert between the relative scatterom-
eter and absolute anemometer winds, and 3) to dem-
onstrate the need to include ocean currents in anemom-
eter/scatterometer validation studies.

Although TAO buoys are not used in the calibration
of the scatterometer model function (see, e.g., Wentz
and Smith 1999), which relates direction and speed to
radar backscatter, they are used to “validate” the
winds. The model function is based on global collocated
backscatter with several months of wind vectors from
numerical weather prediction models; the calibration is
a highly overdetermined problem with most of the
winds from regions of weak ocean currents. To illus-
trate the independence of the buoy and scatterometer
winds, we note that the European Remote Sensing Sat-
ellite-1 (ERS-1), NSCAT, and QuikSCAT scatterom-
eters all showed systematic direction biases to the right
of the TAO anemometers of approximately 9°-11°, a
remarkable consistency. Subsequent analyses of the ac-
curacy of the ATLAS anemometers revealed a 6.8° bias
to the left (Freitag et al. 2001), accounting for much of
what was observed by the scatterometers. (This direc-
tion error has been corrected in the TAO winds.)

Anemometer winds are used to check the scatterom-
eter speed and direction accuracy (“validation”), and,
therefore, it is critical that we understand the nature of
the differences in the measurements. In the validation
of the NSCAT model function, initial TAO buoy/
NSCAT comparisons suggested that the scatterometer
winds were too low by about 0.5 m s~!. However, after
equatorial currents reversed early in 1997, scatterom-
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eter winds appeared to be too high, as would be ex-
pected for a relative motion measurement, demonstrat-
ing the need to include ocean currents in the compari-
sons. In the QuikSCAT validation, after removing the
measured currents in the CWDs, the model function
bias was found to be a negligible 0.1 ms™! (Kelly et al.
2001).

The need for a conversion between buoy and scat-
terometer winds also arises in the evaluation of flux
products. In bulk formulas for estimating latent and
sensible heat fluxes, for example, the relative motion U
— U is also needed. At 140°W on the equator, where
current measurements are available, latent heat flux
estimated with and without these energetic ocean cur-
rents had a seasonally varying difference with ampli-
tude of about 7 W m 2 and a mean of 2 W m ? (M.
Cronin 2004, personal communication). To determine,
for example, whether the use of scatterometer winds
improves air-sea flux products, as in recent studies by
Yu et al. (2004), an accurate comparison with fluxes
from a bulk formula at a TAO buoy would also require
a current estimate (few TAO buoys have current
meters).

2. Collocated wind vectors

The TAO buoys used in this study are located in the
equatorial Pacific Ocean bounded by 8°S, 12°N, 165°E,
and 95°W. High-resolution TAO buoy data were col-
lected from the beginning of the QuikSCAT mission,
July 1999 through August 2002. The buoy data include
zonal and meridional wind components, air tempera-
ture, sea surface temperature, and relative humidity.
The sampling rate for all variables except the sea sur-
face temperature is 2 Hz, with a sampling period of 2
min. Data are recorded every 10 min. The sea surface
temperature data are instantaneous measurements
taken once every 10 min. The winds, which are mea-
sured at a height of 4 m above the ocean surface, are
converted to a 10-m height in a neutrally stratified at-
mosphere using the standard LKB algorithm (Liu et al.
1979). The 6.8° wind direction bias (Freitag et al. 2001)
has been removed from the TAO data. TAO winds are
temporally averaged to give hourly winds.

QuikSCAT scatterometer wind speed and direction
data [standard L2B product from Physical Oceanogra-
phy Distributed Active Archive Center (PO.DAAC)]
(Wentz and Smith 1999; Huddleston et al. 1996) were
collected over the 3-yr time period. The scatterometer
data are calibrated to approximate a wind at 10 m
above the ocean surface in a neutrally stratified atmo-
sphere and have a spatial resolution of 25 km. Data
pairs were considered collocated when the scatterom-
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eter cell center was within 25 km of a buoy and the time
difference was less than 30 min, giving a unique pairing
with the hourly TAO winds.

The collocated pairs were screened for rain, wind
direction, and wind speed. The rain screen was per-
formed using collocated rain estimates derived from the
Special Sensor Microwave Imager (SSM/I) (courtesy of
Remote Sensing Systems). The rain estimates consist of
a rain rate (or designation of “no rain”) and the time
difference between the SSM/I and the scatterometer
measurement (maximum of 3 h). Because we only used
CWDs for which there was a rain estimate indicating
“no rain detected within 50 km” of the scatterometer
vector, there was a trade-off between reducing rain
contamination (and therefore the variance of the
CWDs) by selecting a short time difference and the
amount of data available for our analysis. We examined
the variance of the CWDs for maximum time differ-
ences of 30, 60, 120, and 180 min; the CWD variance for
the less-stringent 180-min time window was only a few
percent higher than the variance for the 30-min time
window, but the number of CWDs was double that for
the 30-min window. The negligible increase in variance
suggests that using the less restrictive 3-h time window
does not degrade the scatterometer wind quality.
Therefore, to maximize the amount of data for analysis,
a collocated buoy-scatterometer pair was included if
there was an SSM/I estimate within 3 h of the scatter-
ometer measurement that indicated no rain was
present.

The scatterometer model function gives up to four
possible wind vectors, owing to the similarity of the
backscatter from different viewing geometries. To en-
sure that the correct scatterometer vector was selected,
the collocated pair was retained only if the difference in
the wind directions between buoy and scatterometer
was less than 60°. Last, if the buoy wind speed was 3
ms~! or less the pair was excluded owing to the diffi-
culty of both sensors in measuring directions for low
wind speeds. Of the initial collocations, 10% had buoy
wind speeds below the threshold, 6% had directional
differences that were too large, and 18% had no SSM/I
flag within 3 h or the SSM/I flag indicated rain. Overall,
74% of the pairs met the above requirements, resulting
in a dataset of 28 031 collocated wind pairs.

Tropical Pacific Ocean CWDs were estimated by
subtracting QuikSCAT scatterometer wind vectors
from collocated TAO vectors at 56 TAO buoys. Even
after the screening described above, the screened
CWDs were quite noisy. To reduce the noise, CWDs
with speeds of 2 ms™' or greater were removed, as
these represent unrealistically large values for ocean
currents and were suspected to be contaminated by a
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noise source, such as undetected rain. In addition, a
2-month running mean at monthly intervals was com-
puted for the zonal and meridional components and
three-standard-deviation outliers from these means
were removed. These criteria eliminated 15% of the
remaining data. The 2-month running mean was com-
puted on the remaining CWDs, and these monthly
means were used for comparisons with ocean currents.

3. Current observations

There are several sources of near-surface velocity
measurements available for comparisons: moored and
shipboard ADCPs, drifters, one current meter, and al-
timetric sea surface height. Moored ADCP data were
available at four equatorial buoys in our domain. A
single current meter at 110°W on the equator measured
10-m currents for a few months in 2001, allowing an-
other comparison.

Because so few direct current measurements were
available at the TAO buoys during our study period, we
used current estimates from the other data sources.
Currents at 15 m from the drogued drifters of the Glob-
al Drifter Program were daily averaged and fit to a
function in time and space (Johnson 2001). The mean,
annual, and semiannual harmonics, and an SOI regres-
sion coefficient for both zonal and meridional currents
were estimated at the TAO buoy locations from over
two decades of data. From the zonal coefficients we
constructed a climatological drifter current time series.

We also examined current estimates from shipboard
ADCP data from the shallowest depth at 25 m. Clima-
tological zonal velocities were constructed from 172
longitudinal transects of shipboard ADCP data from
1985 though 2001 based on a regression analysis
(Johnson et al. 2002). Meridional ADCP currents are
badly aliased by sparse sampling in the presence of
strong tropical instability waves (TIWs), and the result-
ing climatological meridional estimates may be weak.

Sea surface height (SSH) data measured by the
TOPEX/Poseidon altimeter were used to compute
anomalous geostrophic ocean surface currents, with the
following set of equations:

g
& f ay

, )
g
& fox

where 7 is the SSH anomaly and f is the Coriolis pa-
rameter. At the equator, where fis zero, a revised for-
mulation was used for the zonal currents, as
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Bu, = —g y, 3)
where B = 9f/dy (Jerlov 1953).

We used SSH data with a resolution of 6° X 6° X 0
days, mapped to a 1° X 1° X 10 day grid, centered on
the half degree. The coarse spatial resolution is set by
the 3° altimeter track spacing. The computation of geo-
strophic velocity using (2) becomes quite sensitive to
noise in the SSH near the equator (as f approaches
zero). In addition, geostrophic velocities may exceed
the actual velocities (Lagerloef et al. 1999; Bonjean and
Lagerloef 2002), because the dynamical balances, even
as far as 2° from the equator, are not simple.

Therefore, to obtain velocity estimates we used the
following procedure. Geostrophic velocities were com-
puted using (2) and centered differences on the half-
degree grid down to a latitude of 2.5°. SSH was then
regridded to a 0.5° grid near the equator to allow a
computation of the velocity on the equator using (3)
and a centered difference. Then, at each 10-day interval
and at each longitude, the geostrophic velocities from
4.5°S to 4.5°N, combined with the estimate on the equa-
tor, were interpolated to the half-degree grid using
overdetermined biharmonic splines, which give a
smooth estimate without the problematic overshoot of
an unconstrained spline (Sandwell 1987). This proce-
dure resulted in slightly smaller geostrophic velocities
at 2°S and 2°N than the direct geostrophic calculation
using (2).

To compare with the winds at each TAO buoy, the
four velocity time series surrounding each buoy loca-
tion were averaged. Monthly velocity estimates were
smoothed using a 2-month running mean. We used the
entire record of the altimeter data (10 yr) to compute
the climatological current estimates as described below.

An equivalent relationship to (3) can be derived for
the meridional component, which includes higher de-
rivatives of the SSH data and is therefore noisy. How-
ever, it was not used because, as discussed below, me-
ridional currents do not appear to be geostrophic.

4. Comparisons of the means

The 3-yr mean CWDs (Fig. 1a) have a similar pattern
to that found by Quilfen et al. (2001). To determine to
what extent this CWD pattern was affected by using a
relatively small subset of the wind data (collocated
pairs), we compared the difference of the TAO daily
winds and the QuikSCAT daily winds derived from
gridded maps (Fig. 1b) (Kelly et al. 1999). In both
cases, the annual and semiannual harmonics were first
removed before computing the mean to prevent the
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seasonal cycle for partial years from biasing the esti-
mate. The mean wind difference maps are quite similar
overall, suggesting that the set of CWDs is sufficiently
large to give a robust estimate of the difference field.

The CWDs are compared with the means from the
climatological drifter estimates in Fig. 1c. The zonal
CWD and drifter mean currents are similar: predomi-
nantly westward along the equator (South Equatorial
Current) and predominantly eastward at 5° and 8°N
(North Equatorial Countercurrent), with magnitudes of
about 0.5 ms~'. However, there are much larger me-
ridional components in the CWDs than in the drifter
means. Both are, in the sense of an Ekman divergence,
driven by easterly trade winds. The mean CWDs are far
more divergent about the equator than the mean drifter
currents. Given the differences in the mean compo-
nents, we discuss the comparisons of each component
separately below.

5. Zonal comparisons

We present the time series of zonal CWDs and the
zonal velocity observations described above at each
buoy location, with plots laid out geographically (upper
panels of Fig. 2). Plots from a buoy are shown if the
CWDs are available for at least two-thirds of the 3-yr
record. Missing buoy winds generally limit the number
of collocations. At most buoys only the geostrophic cur-
rent anomalies are available. Geostrophic velocity esti-
mates have zero mean and are therefore offset from the
CWDs because they are derived from SSH anomalies
relative to a 10-yr record mean. The CWD and geo-
strophic velocity amplitudes are quite similar for 2°S—
2°N. The CWDs show good agreement, particularly in
the seasonal cycle, with all the observed zonal veloci-
ties. At 170°, 140°, and 110°W on the equator, where
some moored ADCP data are also available, all of the
velocity estimates are quite similar in phase and in mag-
nitude. There is also good agreement with the 10-m
currents at 110°W on the equator. The comparison at
140°W is enlarged (Fig. 3) to highlight the long ADCP
record.

To allow comparisons with the sparse drifter and
shipboard ADCP data, climatological current estimates
were computed (lower panels of Figs. 2 and 3). The
drifter estimator (Johnson 2001) consists of a mean, an
annual and a semiannual harmonic, and a factor corre-
lated with the Southern Oscillation index (SOI). The
ADCP estimator has only a mean and an annual har-
monic. The advantage of using estimators is that a cur-
rent estimate can readily be derived for any TAO buoy
at any time, if there are no concurrent velocity obser-
vations.
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A similar estimator is derived from the geostrophic
currents by regressions, using

UJt) = a, cosmt/T + ¢y) + a, cos(dmt/T + ¢b,)
+ b SOI + ¢, 4)

where the coefficients a;, ¢y, a,, and ¢, are the ampli-
tude and phase for the annual and semiannual harmon-
ics, b is derived from a linear regression against the
SOI, and c is the mean. The time ¢ is in days (t = 0
corresponds to the start of any given year), T = 365.25,
and the SOI is interpolated to the times . We use SSH
data for nearly 10 yr (November 1992 through the
middle of 2002) to derive the coefficients. Because the
geostrophic currents lack a mean, the drifter mean is
used in the altimeter estimator.

The CWDs and the velocity data tend to be larger
than the climatological estimators, which are derived
from regressions. Of the three estimators, the one de-
rived from the altimeter (a surface velocity estimate
with a long and complete record) generally has the larg-
est amplitudes, followed by the drifter, with the ADCP
estimates having the smallest amplitudes. The reduc-
tion in amplitudes for the ADCP and drifter estimators
is due in part to the need to fit the sparse data to a
spatial function.

Statistics of the comparisons between CWDs and
currents are included in Table 1, which gives the frac-
tion of the variance (“skill”) in zonal CWDs described
by three different current estimators. Skill is defined
here as

2
skill =1 — <€—2> , )
o

where the error ¢ is the estimated current minus the
CWD, o¢? is the variance of the CWD, and () is the
ensemble average. In this context, the skill represents
the reduction in CWD variance that results from sub-
tracting a given ocean current estimator. The skill, or
variance reduction, is given instead of a correlation be-
cause it is a more stringent test, penalizing errors in
both the mean of the estimator and its amplitude; an
estimator that is much too small, for example, can have
a high correlation, but it will have a low skill (a small
reduction in CWD variance).

Skill is 23% for the drifters overall and 17% for the
altimeter (with the drifter mean). The ADCP estimator
has no significant skill. Although the skill of the drifter
estimator is larger than that for the altimeter, the am-
plitudes of the altimeter estimates are much closer to
the amplitudes of the CWDs. The skill is quite sensitive
to the mean difference between the CWDs and the
estimator. The drifter means are more westward than
the means of the CWDs by an average of 0.09 ms™".
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Fi1G. 2. Zonal wind differences and velocities at TAO buoys. Panels are laid out geographically to represent TAO buoy locations.
(top) Monthly CWDs (red dots), geostrophic current anomalies (green), ADCP (blue), and current meter (magenta) on the equator
at 110° and 140°W. Geostrophic currents have zero mean. (bottom) Monthly CWDs (repeated), current estimators from ADCP (blue

dashed), drifters (cyan dashed), and geostrophic with drifter mean (black). Units: ms™'.
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FIG. 3. As in Fig. 2, for just the TAO buoy at 140°W on the
equator.

Adding 0.1 m s~ everywhere to the altimeter estimates
increases the skill to 30% (Table 1). Despite the strong
qualitative resemblance between CWDs and altimeter
estimators from 2°S to 2°N, skill (28%) is not higher
there than for the overall average because two buoys
(2°N, 180° and 2°N, 125°W) have large biases between
the CWDs and the drifter mean.

The biases between the CWDs and the current esti-
mators may result from an error in the scatterometer or
TAO wind speed, interannual variations in currents
(not parameterized by the SOI), or vertical shear in the
water column. Because winds in the TAO array are
predominantly westward, the bias would correspond to
QuikSCAT wind speeds, being on average 0.1 ms™'
higher than the TAO winds, after accounting for cur-
rents, a relatively small error and well within the ex-
pected measurement errors of either. Alternatively, if
the bias is from vertical shear, then the zonal surface
currents are more eastward (generally, weaker) than
the currents at 15 m.

The coefficients used for the altimeter estimator are
given in Table 2 for each TAO buoy. The coefficients
include the drifter mean plus 0.1 ms~'. An estimator
for the zonal surface currents, U,, needed to correct
zonal anemometer winds U in air-sea flux bulk formu-
las or for scatterometer—buoy comparisons, can be con-
structed for any time using (4) and these coefficients.

TaBLE 1. Skill of estimators.

Data for estimator Skill
Drifters 0.23
Altimeter + drifter mean 0.17
Altimeter + drifter mean + 0.1 ms™! 0.30
Altimeter (2°S-2°N) 0.28
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To obtain relative zonal motion, U — U,, the estimate
of U, must be subtracted from the absolute (zonal)
wind U (e.g., anemometer wind). The meridional com-
ponent would be unchanged because, as discussed be-
low, no meridional current estimator has significant
skill.

6. Meridional velocities

Meridional CWDs are less predictable than their
zonal counterparts but equally energetic. The overall
rms values for the zonal and meridional CWDs are 0.41
and 0.43 m s~ !, respectively. The meridional analysis is
difficult because the TIWs are probably overwhelming
the mean, seasonal, or interannual components of the
velocity. Geostrophic currents tend to be predomi-
nantly zonal, as are winds in the equatorial Pacific; thus,
the Ekman component of the currents would be ex-
pected to be relatively large in this region. However,
Ekman drift transitions to downwind drift approaching
the equator, and this dynamical shift starts poleward of
2°N and 2°S. The meridional geostrophic current
anomalies, in fact, are small and have no skill in esti-
mating the meridional CWDs. The skill of the drifter
estimates (which include an Ekman current compo-
nent) is also quite small.

The means of the meridional CWDs for each buoy,
plotted against the meridional drifter means (Fig. 4),
show considerable scatter. Bin averaging the means by
latitude reveals that meridional CWD means generally
exceed drifter means by about a factor of 2 and that
both estimates of mean currents are poleward, creating
a mean divergence about the equator, as seen in Fig. 1.
Ekman dynamics suggest that the surface velocities
(corresponding to the CWDs) should be larger than
those at 15 m (the drifter velocity depth); however, the
magnitudes of the CWD vectors are larger than might
be expected from an oceanic Ekman response (Ralph
and Niiler 1999). We were unable to find systematic
correlations between the time series of CWDs and wind
stress that would indicate that they are in fact an Ek-
man response.

7. Application to scatterometer validation

In situ wind observations are routinely used to vali-
date the empirical model function used to convert radar
backscatter to wind vectors. Buoy winds have been
used extensively in these efforts, and the TAO array
contributes a large fraction of available buoy winds.
Without a current correction, TAO buoy wind com-
parisons suggest that the QuikSCAT winds are too
weak in the 3-10 ms™! range, by the amount of the
mean differences shown in Fig. 1a. This apparent bias
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TABLE 2. Coefficients for zonal surface currents. Angles ¢, and ¢, are in radians. (Table is available online at
http://ultrasat.apl.washington.edu/kkelly/ovwst.)

Lat Lon c a, oY) a, b, b Lat Lon c a, o a, b, b
0° 137°E 0 0 0 0 0 0.46 8°S  155°W 0.01 0.06 159 0 0 —-0.05
2°N  137°E 0.09 0.34 142 017 -041 -033 5°S 155°W 014 0 0 0 0 —0.11
5°N  137°E 048 018 -1.14 0 0 0.02 2°S  155°W  —-0.15 020 244 020 144 -0.15
8°N 137°E  —-0.03 0.09 -1.07 0.07 2.82 0.06 0° 155°W  —-0.04 023 -278 029 140 —-025
0° 147°E 0.10 0.15 1.99 013 -029 -0.12 2°N  155°W  —0.24 045 -2.09 034 121 —0.26
2°N  147°E 012 0.19 210 014 -0.15 -017 S5°N - 155°W 018 0 0 0 0 —-0.19
5°N  147°E 035 0.19 016 0 0 —0.07 8°N  155°W 031 034 011 101 -237 -0.01
5°S  156°E 0.01  0.09 112 0 0 —-0.10 8°S  140°W  —-0.05 0 0 005 -0.51 -0.07
2°S  156°E  —0.08 027 1.92 020 -0.14 -0.20 5°S 140°W 016 O 0 0.08 1.89 -0.12
0° 156°E 013 0.23 240 0.24 020 -0.17 2°S  140°W 0.02 0.18 274 021 1.75 -0.10
2°N  156°E 0.05 0.23 252 021 025 -0.22 0° 140°W 0.01 026 -233 034 1.81 -024
5°N  156°E 030 0.18 052 0 0 -0.07 2°N  140°W  -0.30 050 -1.83 0.37 1.80 —0.26
8°N  156°E 0.09 0.9 -0.19 0.08 2.54 0.01 5°N  140°W 012 0 0 016 —0.15 -0.16
9°N  140°W 019 0.27 1.04  0.06 314  —0.03
8°S  165°E 011 017 -072 0 0 0 8°S  125°W  —-0.05 0.04 015 0 0 —-0.07
5°S  165°E 0.02 0.14 154 0 0 —0.15 5°S 125°W 021  0.09 0.09 0 0 —0.11
2°S  165°E —0.09 032 221 025 024 —0.19 2°S  125°W 003 017 -3.10 0.19 173  -0.11
0° 165°E 0.08 0.27 282 028 040 —0.21 0° 125°W  —0.02 030 —1.99 028 212 —0.26
2°N  165°E 0.05 0.30 3.06 0.22 025 —0.29 2°N  125°W  —=0.50 054 —1.55 030 245  —0.27
5°N  165°E 026 0.16 1.07 0 0 —-0.10 5°N - 125°W 0.08 0 0 0 0 —-0.16
8°N  165°E 0.09 0.21 011  0.05 2.90 0.04 8°N  125°W 0.38 036 011 011 -024 -0.02
8°S  180° 0.06 0.12 017 0 0 —0.06 8°S  110°W  —-0.08 0.08 0.06 0.05 -1.07 -—0.06
5°S  180° -0.05 0.11 192 0 0 -0.12 5°S 110°W  —0.22  0.08 048 0 0 —-0.10
2°S  180° —-0.10 0.31 231 0.20 0.77 —0.18 2°S  110°W 0.07 017 -247 021 172 -0.15
0° 180° -0.13 0.29 3.02 023 0.78 —0.26 0° 110°W  —-0.06 040 -1.71 025 219 —-0.28
2°N  180° -0.19 038 —-273 025 038 —0.31 2°N  110°W  —0.44 054 —-129 0.18 246 —0.24
5°N - 180° 025 0.15 094 010 -026 —0.14 5°N  110°W 023  0.19 018 021 -012 -0.12
8°N  180° 0.18 0.27 0.55  0.09 2.82 0.04 8°N  110°W 012 031 157 0 0 —0.04
8°S  170°W 0.04 0.10 077 0 0 -0.07 8°S 95°W  —0.02  0.05 034  0.05 015 -0.03
5°S 170°W  —-0.11 0.10 217  0.08 1.09 -0.11 5°S 95°W =011 0.06 —0.84 0.06 233 —0.08
2°S 170°W  —0.15 024 239  0.20 090 —0.14 2°S 95°W 001 0 0 0.16 207 -0.16
0° 170°wW  -0.11 021 -—3.06 027 090 -0.24 0° 95°W  —0.09 029 -122 0 0 -0.23
2°N  170°W  —-0.25 037 —234 029 071 —0.27 2°N 95°W  —0.27 043 —-098 O 0 -0.14
5°N  170°W 022 0 0 0 0 -0.15 3.5°N 95°W 0.07 029 -087 0 0 —-0.09
8°N  170°W 027 033 0.76  0.08 —3.13 0 5°N 95°W 039 0 0 0.11 0.56 —0.07
8°N 95°W 017 028 1.94 0.10 1.01  -0.01
10°N 95°W 0.05 0.07 1.19 0 0 0.02

12°N 95°W 0.03 0.16 -1.08 0.05 -2.87 0

could be even larger if a period of only a few months is
used for the comparison; ocean currents can be as large
as 1 ms~! at many of the TAO buoy locations over a
period of several months.

To illustrate the importance of removing the cur-
rents, we compared daily TAO winds with wind vectors
from the SeaWinds scatterometer on the Japanese Mi-
dori (ADEOS-II) satellite. Calibration and preliminary
validation of the SeaWinds instrument was based on
only a few months of data (F. Wentz and D. Smith 2003,
personal communication) (Fig. 5). These efforts require
a timely comparison, which may preclude the availabil-
ity of simultaneous current measurements. Therefore,
the climatological estimators are particularly relevant
for this application.

For three TAO buoys along 155°W (Fig. 5), Sea-
Winds data within 25 km were screened for rain and
data from the problematic outer swath edges were
eliminated. Nearby screened data from a single swath
(up to four vectors) were averaged, and then the time
series of vectors were filtered using the 5-day running
mean. The TAO anemometer winds were also filtered
using a 5-day running mean. Zonal scatterometer winds
were subtracted from zonal TAO winds, and the CWDs
were filtered using a 2-month running mean. At each
buoy we used the coefficients in Table 2 and Eq. (4) to
compute an estimate of the zonal current. The SOI
(available from ftp:/ftp.bom.gov.au/anon/home/ncc/
www/sco/soi/soiplaintext.html, divided by 10) is cus-
tomarily boxcar averaged over 5 months; for this ex-
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F1G. 4. Meridional wind differences vs drifters. Temporal aver-
age at each buoy (dots). Means binned by latitude at 8° (tri-
angles), 5° (squares), 2° (stars), and at the equator (circle). Me-
ridional velocities are generally poleward, with wind differences
exceeding drifter means by a factor of 2.

ample, we averaged the SOI over the 5-month period
spanning the observations. For each buoy the smoothed
CWDs are shown (solid) along with the climatological
current estimate (dashed). In all cases the mean west-
ward current and its seasonal variations reproduce
qualitatively the smoothed CWDs.

8. Conclusions

We compared 3-yr mean and monthly zonal surface
currents in the tropical Pacific Ocean with collocated
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F1G. 5. Example of estimator for SeaWinds on the Midori sat-
ellite. Zonal component of daily TAO buoy wind minus scatter-
ometer wind (solid) from SeaWinds on Midori and altimeter es-
timator (dashed) along 155°W at (a) 2°N, (b) the equator, and
(c) 2°S.
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differences between absolute winds measured from an-
emometers on TAO buoys and relative winds measured
by the satellite-based QuikSCAT scatterometer. Mean
zonal CWDs resemble the mean currents from 15-m
deep drifters; however, mean meridional CWDs are
much larger than mean meridional drifter currents. The
divergence of the mean CWDs (Fig. 1) about the equa-
tor is suggestive of an Ekman response.

Between 2°S and 2°N, where currents are relatively
large, collocated wind differences (CWDs) agree quali-
tatively with near-surface currents from ADCP, current
meters, and monthly surface geostrophic current
anomalies from the TOPEX/Poseidon altimeter. At
higher latitudes, the agreement is less clear.

The CWDs are also compared with climatological
current estimators from drifters at 15-m depth, ship-
board ADCP, and the geostrophic currents. Climato-
logical estimators are used for drifter and ADCP data,
owing to relatively sparse spatial and temporal sam-
pling. The estimators consist (where available) of a
mean, an annual, and a semiannual harmonic, and a
factor related to the Southern Oscillation index (SOI).
The drifter and ADCP magnitudes are considerably
smaller than those of the altimeter and the CWDs, ap-
parently the result of spatial smoothing. There is a sig-
nificant reduction in CWD variance (skill) by subtract-
ing either the altimeter or drifter estimators. However,
the ADCP estimator does not significantly reduce the
variance. There is a mean bias between the drifters and
the CWDs, with drifters approximately 0.1 m's~' more
westward. It cannot be determined from these data
whether this bias is from the winds or from the currents.

Meridional wind data and estimators show poor
agreement with the meridional CWDs, consistent with
previous unsuccessful attempts by Johnson et al. (2002)
to characterize the meridional currents. Large, but un-
predictable, currents have been attributed primarily to
tropical instability waves. The meridional CWDs here
have magnitudes nearly as large as the zonal compo-
nent.

We provide (Table 2) the coefficients necessary to
construct time-varying zonal current estimates at most
TAO buoy locations: amplitudes and phases of the an-
nual and semiannual harmonics, as well as the SOI re-
gression coefficient from the altimeter data and the
mean from the drifter data. When subtracted from an
absolute (zonal) wind measurement, these time-varying
surface current estimators give an estimate of relative
motion, comparable to a scatterometer wind. The rela-
tive motion can be used to correctly implement bulk
formulas (e.g., Liu et al. 1979) for computing air-sea
fluxes, as well as to improve comparisons between scat-
terometer and buoy winds. This procedure could be
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extended to buoys in other regions in a straightforward
fashion, provided altimetric SSH and an estimate of the
mean current are available.
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