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Progressin the scientific application of space-based scatterometer data over the past
two decades isreviewed. There has been continuous improvement in coverage, reso-
lution, and accuracy. Besides the traditional applications in weather and ocean-at-
mospher e interaction, which are based on ocean surface wind vectors, emerging ap-
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plications over land and ice are also described. Future missions and new technology

areintroduced.

1. Introduction

Ocean circulation islargely driven by wind. Prior to
the advent of spaceborne scatterometer, almost all ocean
wind measurements came from merchant ships. The dis-
tribution and quality of ship-based wind measurements
are far from satisfactory. Today, operational humerical
weather prediction (NWP) gives us a global wind field
every six hours, but NWP depends on models, which are
limited by our knowledge of the physical processes and
the availability of data. Spaceborne microwave
scatterometers are the only proven instruments that give
us measurements of ocean surface wind vectors (both
speed and direction) under clear and cloudy conditions,
day and night. They give us not only a near-synoptic glo-
bal view, but also a detail that cannot be achieved with
NWP models. Such coverage and resolution are crucial
to understanding and predicting changes in weather and
climate. The past decade has seen continuous improve-
ment to the coverage and resolution of ocean surface
winds. Although the primary objective of scatterometry
is to measure wind vectors over the ocean, new applica-
tions over ice and land have recently emerged.

This review of the scientific applications of a series
of scatterometer missions is not intended to be exhaus-
tive; rather, it represents the progress made in scientific
applications in the past two decades. The scope of this
paper does not allow a detailed review of the technique
of wind retrievals from scatterometer data.
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2. Principles of Scatterometry

During the Second World War, marine radar opera-
tors observed noises on their radar screens, which ob-
scured small boats and low-flying aircraft. They termed
this noise “sea clutter”. This clutter was the backscatter
of the radar pulses by the small waves on the ocean’s sur-
face (Moore and Fung, 1979). The radar operators at that
time were quite annoyed by these noises, not knowing
that, a few decades later, scientists would make impor-
tant applications.

The scatterometer sends microwave pulses to the
earth’s surface and measures the power backscattered
from the surface roughness. The roughness may describe
the characteristics of polar ice or vegetation over land.
Over the ocean, which covers over three-quarters of the
earth’s surface, the backscatter islargely due to the small
centimeter waves on the surface. Theidea of remote sens-
ing of ocean surface winds was based on the belief that
these surface ripples are in equilibrium with the local wind
stress. Based on measurementsin an aircraft experiment,
Jones et al. (1978) confirmed that, at incident angles
greater than 20°, the backscatter coefficient increases with
wind speed. They also demonstrated the anisotropic char-
acteristics of the scattering. The backscatter depends not
only on the magnitude of the wind stress but also thewind
direction relative to the direction of the radar beam (azi-
muth angle). The capability of measuring both wind speed
and direction is the major, unique characteristic of the
scatterometer.

Because the backscatter is symmetric about the mean
wind direction, observations at many azimuth angles are
needed to resolve the directional ambiguity. A
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scatterometer that measures only at two orthogonal azi-
muth angles, such as Seasat (see Section 3), will always
includes wind solutions of nearly equal magnitude and
180° apart. To select wind direction from Seasat data, a
subjective dealiasing technique was used by Wurtele et
al. (1982), and objective dealiasing methods were used
by Hoffman (1982) and Atlas et al. (1987). Because of
the uncertaintiesin thewind retrieval algorithm and noise
in the backscatter measurements, the problem with di-
rectional ambiguity was not entirely eliminated with ad-
ditional azimuthal looks in the scatterometers launched
after Seasat. A median filter iteration technique initial-
ized by the wind direction solution closest to NWP wind
field has been commonly used to remove the directional
ambiguity (e.g., Shaffer et al., 1991; Gonzales and L ong,
1999).

There is along history of theoretical studies of the
relationship between wind and backscatter (e.g., Wright,
1968; Plant, 1986; Donelan and Pierson, 1987), based on
laboratory data. However, these theoretical or dynamic-
based relationships (geophysical model functions, GMF)
were not sufficient for operational wind retrieval in open
oceans. The GMF, from which ocean surface wind vec-
torsareretrieved from the observed backscatter, islargely
based on empirical fits of data (e.g., Jones et al., 1978;
Freilich and Dunbar, 1993; Thiria et al., 1993; Stoffelen
and Anderson, 1997; Wentz and Smith, 1999).

Because the capillary waves, which determine
backscatter, are governed by stress, the approach of re-
lating backscatter observations directly to measurements

of surface stress have been made by Liu and Large (1981),
Weissman and Graber (1999), and others. The definition
of the geophysical data product of scatterometer as the
equivalent neutral wind (Liu and Tang, 1996) is based on
the same reasoning (see Subsection 5.3 for further dis-
cussion). Brown (2000) also presented an algorithm that
relates the backscatter to pressure gradient or geostrophic
winds, which may be more coherent over the scatterometer
footprint than surface winds.

3. Scatterometer Missions

Historically, scatterometers of the European Space
Agency (ESA) used the C-band (5 GHz), but the National
Aeronautics and Space Administration (NASA) prefers
the Ku-band (14 GHz). Shorter ocean surface waves have
stronger influence on backscatter at higher frequencies.
The Ku-band is more sensitive to wind variation at low
winds but is more subjective to rain contamination. Five
scatterometers have been launched on polar-orbiting sat-
ellites and their major characteristics are summarized in
Fig. 1.

NASA launched a scatterometer on the Seasat Mis-
sion in June 1978. Four fan-beam, dual-polarized anten-
nas, oriented at 45° and 135° to the spacecraft subtrack,
illuminated two 500-km swaths, one on each side of the
spacecraft, providing wind vectors at 50-km resolution.
However, only one side wasin operation most of the time,
covering less than 40% of the global ocean daily. The
incident angle varies from 25° to 55°. The accuracy of
the backscatter is about 0.7 db. The two orthogonal azi-
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SEASAT ERS-1/2 NSCAT QuikSCAT

Frequency 14.6 GHz 5.3 GHz 13.995 GHz 13.402 GHz
Scan Pattern X < X
Polarization V-H, V-H V ONLY V, V-H, V V., H
Inc. Angle 22°-55° 18°-47°, 24°-57° 18°-57°, 22°-63° 46°, 54°
Beam Resolution Fixed Doppler RANGE GATE Variable Doppler Spot
Resolution 50 km 50 km 25 km 25 km

500 km 500 km 500 km 600 km 600 km 1800 km
Daily Coverage Variable 41% 7% 93%
Dates 6/78 - 10/78 8/91-1/01 8/96 — 6/97 6/99 +

Fig. 1. Characteristics of spaceborne scatterometers.




muth angles were not able to resolve the wind direction
unambiguously. Seasat failed in October 1978.

A scatterometer was launched by ESA on the first
European Remote Sensing (ERS-1) Satellite in August,
1991, and it was followed by an identical instrument on
the ERS-2, which was launched in April 1995 and put
into operation in 1996. The ERS scatterometers scan a
500-km swath on one side of the satellite, and measure at
three azimuth angles, 45°, 90°, and 115°, with vertical
polarization only. They provided winds over only 41% of
the global ocean daily. The incident angle varies from
22° 1o 59° for the fore and aft beams and from 18° to 51°
for the mid-beam. The backscatters have 50-km spatial
resolution but are sampled at 25 km.

The NASA Scatterometer (NSCAT) was launched in
August 1996 on the first Japanese Advanced Earth Ob-
serving Satellite (ADEOS), which was later renamed
Midori. The six fan-beam antennas provide 600-km
swaths on both sides of the spacecraft, covering 77% of
the global ocean at 25-km resolution daily. The accuracy
of backscatter is0.2 db. The antennas made observations
at 45°, 115°, and 135° azimuth angles. The fore and aft
beams measure only at vertical polarization, with inci-
dent angle varies from 22° to 63°, while the midbeam
measures at both vertical and horizontal polarization with
incident angle varies from 18° to 51°. The unexpected
destruction of the solar array caused the early demise of
NSCAT, after it had returned nine months of data.

NASA launched QuikSCAT, aKu-band scatterometer
with anew design, in 1999. It uses pencil-beam antennas
in a conical scan and has a continuous 1,800-km swath
that covers 93% of the global ocean in a single day. The
standard wind product has 25-km spatial resolution, but
special products with 12.5-km resolution have been pro-
duced for selected regions (further discussion in Subsec-
tion 4.3). It measures horizontally and vertically polar-
ized backscatter at 46° and 54° incident angles respec-
tively.

4. Accuracy

4.1 Moderate conditions

Seasat wind vectors were found to meet instrument
specifications in a number of studies (e.g., Jones et al .,
1982; Schroeder et al., 1982; Brown, 1982). Bentamy et
al. (1998) found good agreement between the interpo-
lated wind fields derived from ERS-1 data and weekly
and monthly averaged NWP wind fields. Ebuchi and
Graber (1998) examined the distribution of wind direc-
tion derived from ERS scatterometers. The quality of
NSCAT windswas shown to be above expectation through
comparison with in situ measurements (e.g., Bourassa et
al., 1997; Freilich and Dunbar, 1999), and through com-
parison with winds from the analysis of NWP models (e.g.,

Liu et al., 1998b; Atlas et al., 1999; Ebuchi, 1999).

In examining over 5000 collocated QuikSCAT and
buoy measurements, Wentz et al. (2001) found that there
is amost no mean difference (bias) in wind speed and
only 6° in wind direction. The root-mean-square differ-
ences are 0.7 m/s and 13°. The accuracy of QuikSCAT
wind measurements exceeds i nstrument specification, and
is better than NSCAT.

4.2 Extreme conditions

Theoretical studies (e.g., Donelan and Pierson, 1987)
suggest a low-wind cut-off and high-wind saturation in
deriving winds from backscatter. Such limitations have
not been clearly observed. The accuracy of wind retrieval
under weak winds (<3 m/s), strong winds (>15 m/s), and
high precipitation is uncertain because of the lack of in
situ standards for validation. Austin and Pierson (1999)
expounded the difficulty of finding appropriate standards
for validation under extreme conditions. Plant (2000),
using NSCAT data, showed that the low-wind cut-off is
lower than predicted, and the accuracy at low wind speeds
depends on the variability of winds within the footprint.
There are clear indications that rain affects wind retrieval
but there is no indication of the level of rain at which
wind retrieval becomesinvalid using existing algorithms.
Useful information will be lost if all winds retrieved un-
der rainy conditions are discarded.

Thereis agreat deal of interest in the feasibility of
using scatterometersto measure the strong windsin tropi-
cal cyclones (TC). Quilfen et al. (1998), using ERS data,
demonstrated the potential of scatterometer winds in
monitoring TCs, but indicated that the coarse resolution
of ERS scatterometers limited their usefulness. Jones et
al. (1999) showed that the NSCAT algorithm underesti-
mates wind speed in TCs and proposed a new method of
wind retrieval. Donnelly et al. (1999), using measure-
ments by scatterometers on aircraft, also exposed the de-
ficiencies of existing scatterometer algorithms for high
winds.

When the backscatter coefficients in dB (logarith-
mic scale) are plotted against wind speed, the curve be-
comes flat at wind speeds above 20 m/s. The results ap-
pear to support the theoretical postulation of backscatter
saturation at high winds. However, sensitivity can still
be observed in linear plots. In a similar aircraft experi-
ment, Yueh et al. (2000) demonstrated that horizontal
polarization is more sensitive than vertical polarization
at high winds; there was still significant variation of
backscatter as a function of wind at wind speeds higher
than 35 m/s. Wentz et al. (2001) showed that the
backscatter measured by QuikSCAT is sensitive to wind
variation at wind speeds as high as 50 m/s, under clear-
sky conditions. Yueh et al. (2001) showed that the
backscatter measured by QuikSCAT over TC is sensitive
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to the variation of hurricane-scale (up to 50 m/s) winds
at various rain rates.

4.3 With high spatial resolution

The current standard 25-km resolution wind product
of QUiIkSCAT is derived from an ellipsoidal instantane-
ous antenna footprint with characteristic dimension of
25 x 35 km (so-called “egg”). Using onboard filtering,
the egg can be divided into smaller, contiguous “slices”
having characteristic dimensions of about 6 x 25 km
(Spencer et al., 2000). The computation of backscatter
and wind from the sliceswill, in principle, provide higher
spatial resolution. A limited amount of surface wind data
at 12.5 km resol ution has been produced from QuikSCAT
and successfully applied in studies of tropical cyclones
and coastal eddies (e.g., Liu et al., 2001a).

Long et al. (1993) devel oped a technique to produce
resolution-enhanced backscatter (with 8 km resolution)
by combining multipass data, and successfully applied
this to land and ice studies, when temporal resolution is
not critical (see Subsections 8.2 and 8.3). The dense sam-
pling in QuUikSCAT slice data makes it possible to apply
the resol ution-enhancement technique to a single pass of
data, thus increasing the spatial resolution of ocean sur-
face winds without sacrificing the temporal resolution
(David Long, personal communication, 2001). However,
the amount of accuracy degradation, if any, caused by
the gaining spatial resolution, in using slices, has not been
adequately evaluated.

5. Secondary Factors

While wind is the primary factor in the changes of
backscatter measured by a scatterometer, other second-
ary factors, such as sea surface temperature (SST) (Sub-
section 5.1), surface film (Subsection 5.2), atmospheric
stability (Subsection 5.3), and surface current (Subsec-
tion 5.4) may also affect scatterometer measurement, and
may cause errors in wind retrieval. With the increasing
accuracy of scatterometer wind measurement, understand-
ing and quantifying such effectsis becoming increasingly
important and have become scientific fieldsin their own
right.

5.1 Sea surface temperature

SST may affect capillary waves and backscatter
through viscosity (Lleonart and Blackman, 1980). Liu
(1984) showed that the difference between collocated
wind speed measured by Seasat scatterometer and buoys
isafunction of SST, particularly at low wind speeds (<6
m/s). The dependence was confirmed by Freilich (1986).
Zheng et al. (1997a) found that wind errors have a much
stronger dependence on SST, but with atrend opposite to
those previously observed in the open ocean. Instead of
examining wind errors, Ebuchi (1997) found that the
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backscatter measured by ERS scatterometers is a func-
tion of SST, but concluded that the dependence is not
caused by the temperature dependence of viscosity or at-
mospheric stability.

5.2 Natural surfactants

The backscatter attenuation caused by accidental oil-
spillsin the ocean has long been observed. The effects of
the more ubiquitous natural surface film caused by bio-
logical productivity areless established. The surface films
damp surface short waves through surface tension, affect-
ing microwave backscatter (e.g., Barger et al., 1970;
Alpers and Huhnerfuss, 1989). Such an effect has been
widely inferred in synthetic aperture radar observations
(e.g., Clemente-Colon and Yan, 1999; Lin et al., 2001).
But, since Huhnerfuss et al. (1978) measured such an ef-
fect by an airborne Ku-band scatterometer during the 1975
Joint North SeaWave Project (JONSWAP 75) experiment,
and Gade et al. (1998) performed a similar experiment,
no clear effects of surface films on space-based
scatterometer observations have been reported.

5.3 Atmospheric density stratification

The geophysical product of a scatterometer is the
equivalent neutral wind (ENW), atheoretical parameter,
because ENW is uniquely related to the surface stress
measured by the scatterometer (Liu and Tang, 1996). The
relation between ocean surface stress and actual wind at
areference height depends on atmospheric stability (den-
sity stratification). Liu (1984) found that the error (com-
pared with collocated buoy measurements) of ENW from
the Seasat scatterometer isafunction of atmospheric sta-
bility, even after the effect of SST isremoved. The error
may be caused by residual stability effects that are not
effectively removed in computing the ENW used in the
calibration. The cause of error may also be that the main-
tenance of surface capillary waves depends on atmos-
pheric stability, as suggested by Wu (1991).

5.4 Surface current

Wind stress depends on wind shear, or the difference
between the wind vector at one level and the surface cur-
rent; surface current has been included in the formula-
tion of bulk parameterization of stress (e.g., Liu et al.,
1979). Theimportance of surface current feedback on the
determination of stressin thetropical ocean was also stud-
ied by simulation using ocean general circulation models
(e.g., Pacanowski, 1987). However, the ocean current is
assumed to be negligible compared with wind in devel-
oping the wind retrieval algorithm. The effect of ocean
surface current on the accuracy of scatterometer winds
has been studied by Cornillon and Park (2001), Polito et
al. (2001), and Kelly et al. (2001).



6. Weather and Marine Storm

Wind isair in motion. The most basic application of
scatterometer wind measurement is in understanding at-
mospheric processes and predicting weather. Although the
ERS-1 scatterometer was launched in 1991, the datawere
not operationally assimilated into NWP until 1994. All
major weather forecast centers in Europe, Japan, and the
U.S. started to implement the assimilation of ERS
scatterometer winds between 1994 and 1997. NSCAT had
only a short life span; the spacecraft failed before any
NWP center could set up the system to assimilateits data.
QUIkSCAT has been in operation for two years, and the
European Center for Medium Range Weather Forecast has
just begun operational assimilation of the data. Besides
the potential use in 4D assimilation by operational NWP,
scatterometer data have been widely used by marine
weather and hurricane centers in analyzing and predict-
ing marine storms. The two major functions, NWP and
tropical cyclone studies, are briefly described.

6.1 Impact on numerical weather forecast

While the scientific community was encouraged by
the study of Cane et al. (1981), which suggested signifi-
cant improvement in NWP using simul ated scatterometer
winds, a large number of impact studies on global mod-
els, performed later, using wind measured by the
scatterometer on Seasat (e.g., Baker et al., 1984; Duffy
et al., 1984; Yu and McPherson, 1984; Anderson et al.,
1991; Ingleby and Bromely, 1991) did not find a large
improvement in forecast results, although someimprove-
ments in analysis were found, particularly in the South-
ern Hemisphere. More significant impacts were found in
regional experiments and over storms (e.g., Duffy and
Atlas, 1986; Stoffelen and Cats, 1991). The errors in
scatterometer geophysical model function, poor bound-
ary layer parameterization in NWP models, and the fail-
ure to extend the influence of surface windsto upper lev-
els, were possible obstacles that hampered any signifi-
cant impact. The results of ERS impact studies were
mixed. Stoffelen and Anderson (1997) found an improve-
ment in analysis but not in forecast. Thepaut et al. (1993)
and Andrew and Bell (1998) found a stronger positive
impact. A comprehensive impact study of NSCAT data
was preformed by Atlas et al. (1999), who revealed an
approximately one-day extension of useful forecast skill
in the Southern Hemisphere. Chang et al. (1999) showed
that the assimilation of NSCAT dataimprovesthe numeri-
cal prediction of tropical mesoscale rainfall systems un-
der the influence of the mountains in Taiwan. The im-
provement of the methodology whereby NSCAT and
QUikSCAT dataare assimilated into NWP model wasdis-
cussed by Figaand Stoffelen (2000). Attemptsto improve
the description of mid-latitude marine storms through
surface pressure fields generated from scatterometer

winds have been successful (e.g., Levy and Brown, 1991;
Brown and Zeng, 1994; Hsu and Wurtele, 1997; Zierden
et al., 2000). Atlas et al. (2001) provided a review on
scatterometer impact on NWP recently.

6.2 Study of tropical cyclones

During its short life span in the summer of 1978, the
Seasat scatterometer did observe a large number of TC.
Hawkins and Black (1983) validated the accuracy of wind
retrieval at gale force (1520 m/s). They were able to
demonstrate that the advisory notices from hurricane
centers consistently overestimate the radius of gale-force
winds in TCs and wrongly portray the symmetry of the
wind distribution, as compared with the scatterometer
wind fields.

Using ERS-1 data, Hsu and Liu (1996) were able to
derive the geostrophic winds and, subsequently, the pres-
sure field from surface wind vectors measured by the ERS-
1 scatterometer in Typhoon Oliver, using aboundary layer
model and a gradient wind formula. The results contrib-
uted to the improved estimation of the intensity and the
location of the storm. ERS dataalso allowed Liu and Chan
(1999) to estimate the relative vorticity of TCs and com-
pare the climatological sizes of Pacific and Atlantic TC.
The positive impact in predicting and describing TCs by
assimilating ERS scatterometer windsin NWP modelswas
demonstrated in numerous studies (e.g., Tomassini et al .,
1998; Le Marshall et al., 2000; Isaksen and Stoffelen,
2000).

NSCAT winds, together with water vapor measured
by the Special Sensor Microwave/lmager (SSM/I) were
used by Liu et al. (1997) to monitor Typhoon Tom, which
started as a warm-core system, then merged with a mid-
latitude low-pressure trough to form a large baroclinic
storm. Chu et al. (1999) showed that NSCAT winds asso-
ciated with Typhoon Ernie generated morerealistic ocean
responses (sea surface temperature, ocean current, and
sealevel changes) in an ocean general circulation model
(OGCM) than winds from operational NWP winds in the
South China Sea in the fall of 1996.

Liu et al. (2000a) showed that the surface wind and
fresh water flux of the operational NWP model with the
highest spatial resolution (Eta) could not resolve therain
bands of Hurricane Floyd. By simply replacing the sur-
face level Etawind divergence with QuikSCAT data, the
fresh water flux computed from Eta data agree much bet-
ter with observations by the rain radar on the Tropical
Rain Measuring Mission (TRMM). The vertical profiles
of heating and rain rate computed with QuikSCAT data
reveal ed the eye and precipitation walls, in agreement with
TRMM observations.

Katsaros et al. (2001) examined QuikSCAT data up-
stream of all the tropical cyclones in the Atlantic in the
1999 hurricane seasons, and found that, for the majority

Progress in Scatterometer Application 125



of them, closed circulation with intensity meeting the cri-
teriaof atropical depression were observed by QUikSCAT
up to a few days before their identifications by the Na-
tional Hurricane Center (NHC). NHC declared Floyd a
tropical depression on September 7, 1999 east of the West
Indies. QUikSCAT data were used to track the surface
vortex all the way back to the African coast on Septem-
ber 2, 1999 (Liu, 2001). Because such vortices, in their
early stages, are too small to be resolved by operational
numerical weather prediction products, and have no clear
cloud signal, the scatterometer, with its high spatial reso-
lution, is the best means (if not the only means) to study
these early vortices, their tracks across the Atlantic, and
their evolution into full-blown hurricanes (Ritchie et al .,
2002). The role of scatterometers in the monitoring, un-
derstanding, and prediction of tropical cyclones has been
well-recognized in the past decade (Veldon et al., 2002).

7. Ocean-Atmosphere Interaction

The surface wind shear governs the momentum ex-
changes between the ocean and the atmosphere. Ocea-
nographers, who were in great need of information on
wind forcing of ocean circulation, were the first group to
support space-based scatterometer missions. The classi-
cal application is to use scatterometer winds to force
OGCM (Subsection 7.1). Since scatterometer winds have
become continuously available, they have been used in
studies of seasonal phenomena like the Monsoon (Sub-
section 7.2) and interannual signals like El Nifio (Sub-
section 7.3). The high resolution allows studies of coastal
jets and eddies (Subsection 7.4) and derivative param-
eters, such as atmospheric convergence (Subsection 7.5).
The broad coverage reveal s new phenomenain data-poor
tropical (Subsection 7.6) and southern (Subsection 7.7)
oceans. The unique contribution that scatterometer data
can make to the estimation of turbulence fluxes of heat,
moisture, and gases still heeds to be developed (Subsec-
tion 7.8).

7.1 Forcing numerical ocean models

Scatterometers provide more realistic wind forcing
with better spatial resolution in forcing ocean models (Liu
et al., 1998b). The response of OGCM to scatterometer
wind forcing in tropical cyclonesis discussed in Subsec-
tion 6.2 and under El Nifio conditions in Subsection 7.3.
Many studies show that wind fields derived from ERS
scatterometers were superior to wind fieldsfrom NWPin
simulating the ocean circulation with an OGCM (e.g., Fu
and Chao, 1997; Grimaet al., 1999; Hackert et al., 2001).
The simulated upper ocean structure agrees better with
measurements by buoys or sea levels measured by
spaceborne altimeters. Barnier et al. (1994) studied the
impact of theimproved sampling of NSCAT over ERS-1,
as wind forcing, on the simulation of the ocean circula-
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tion in the Indian Ocean by an OGCM. Using NSCAT
data, Chen et al. (1999a) demonstrated the sensitivity of
tropical Pacific simulation to the temporal and spatial
resolution of winds. Kelly et al. (1999) examined the pre-
dicted ocean response by a reduced-gravity, linear
vorticity model and showed the greater skill of the NSCAT
winds than ECMWF winds. Veschell et al. (1999) com-
pared observed winds, NSCAT winds, and NSCAT
stresses, and showed that NSCAT stresses simulated more
realistic sealevel changes. Milliff et al. (1999b) revealed
the positive contribution of NSCAT windsin the study of
ocean heat balance with OGCM. Yu and Moore (2000)
examined the effect of possible rain-contaminated
QUikSCAT windsin the ITCZ on the simulation of North
Equatorial Counter Current.

7.2 Monsoon

Monsoons are the seasonal change of wind forced
by the temperature contrast between the continent and the
ocean. Liu and Xie (1999) computed the seasonal cycle
of curl of wind stress (CWS) and sealevel changes (SLC)
over the South China Sea using six years of ERS
scatterometer and Topex/Poseidon data. They show that
the significant negative correlation between SLC and
CWS in the central part of the basins is consistent with
seasonal changes of Ekman pumping following the mon-
soons. In the deep basin, positive CWS causes upwelling,
lower SLC, and cyclonic geostrophic current in winter,
and negative CWS causes higher SLC and anticyclonic
geostrophic current in summer.

The Somali Jet is closely linked to the Indian
Monsoon. Halpern and Woiceshyn (1999) described the
onset of the Jet, using observation from the NSCAT. They
related the Jet to Indian rainfall, ocean Ekman pumping
and decrease of the surface temperature of the Arabian
Sea. Using both the wind vectors from QuikSCAT and
rainfall from TRMM, Grodsky and Carton (2001) pro-
vided the first documentation of a biweekly oscillation in
rainfall and wind that precedes the onset of monsoon sea-
son in the West Africa. Yeh et al. (2001) used QuikSCAT
windsto study the Mei-yu front associated with the onset
of the summer monsoon in East Asia.

7.3 El Nifio

El Nifio and Southern Oscillation (ENSO), the
strongest interannual climatic signal, is believed to be
associated with the collapse of the Pacific trade winds.
Scatterometers have revealed, with unprecedented reso-
lution, the evolution of the tropical wind systems associ-
ated with ENSO. Liu et al. (1995) related the westerly
wind anomalies in the western Pacific observed by the
ERS scatterometer to the propagation of Kelvin waves
across the Pacific, as sea level changes observed by the
Topex/Poseidon altimeter, and the subsequent ocean



warming and increase in atmospheric water vapor ob-
served by spaceborne radiometers. Using ERSwind forc-
ing, they were able to simulate the sea level and sea sur-
face temperature changes using an OGCM.

Using wind measurements from NSCAT, Liu et al.
(1998a) reveal ed that the westerly wind anomaliesin the
western Pacific at the start of the 1997 ENSO was con-
nected to a northeastward flow of warm and moist air
from the equatorial Pacific. This air stream moved past
Hawaii, toward the west coast of the U.S. (it has been
called the “ Pineapple Express”). They postul ated that the
tropical air suppressed evaporative cooling and was as-
sociated with the anomal ous warm water near the Ameri-
can west coast. The postulation was confirmed by the
study of Brown and Fu (2000) who also used NSCAT data.
The flow is part of the displaced cyclonic circulation,
which shifts an ocean temperature dipole towards the
coast; the dipole had been present in the North Pacific
for aimost a decade. This teleconnection hypothesis was
supported in a long-term simulation (over 50 years) by
the UCLA coupled ocean-atmosphere model (Yu et al.,
2000). Chen et al. (1999b) showed that using NSCAT
windsfor initialization has greatly improved the Lamont-
Doherty Earth Observatory model forecasts of the 1997/
1998 El Nifio.

Crull ol Tehoaniepse:

7.4 Coastal jets and eddies

Strong wind jets through the gaps of coastal moun-
tains are known to excite strong response in the coastal
oceans. Because of the narrow width, their structures are
not well revealed either by operational NWP or in situ
measurements. Theimproved spatial resolution of NSCAT
helped to identify these wind jets. Kawamura and Wu
(1998) used NSCAT datato demonstrate that the wind jet
enhanced by the topographic effect around Vladivostok
causes large turbulent heat flux, which in turn generates
cold SST and a dense water mass, called the Japan Sea
Proper Water. Bourassa et al. (1999) used NSCAT winds
to examine the wind jet over the Gulf of Tehuantepec in
Central America and its deflection by Hurricane Marco.
The samejet was studied in detail by Chelton et al. (2000).
The detailed wind forcing by QuikSCAT over this area,
as shown in Fig. 2, provided sufficient spatial resolution
torealistically simulate ocean upwelling in an OGCM and
the consequent SST changes in the Gulf of Tehuantepec
that agree with spaceborne observations (e.g., Liu et al.,
2001a).

When the normal winds from the northwest along
the Southern California coast are stronger than normal,
particularly during spring and summer, they interact with
the local coastal topography to form an atmospheric cy-
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Fig. 2. Daily mean wind vectors superimposed on color image of wind speed derived from QuikSCAT measured by QuikSCAT

showing wind jets through Central America.
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Fig. 3. Catalina Eddy revealed by wind field derived from QuikSCAT.
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Fig. 4. Map of ocean surface wind divergence for July 2000
(upper), and latitudinal-time variation of surface wind di-
vergence averaged over 30°-35°W (lower), derived form
QuikSCAT.
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clonic vortex off Los Angeles, called the Catalina Eddy
(Liu et al., 2001a). The gentle winds of the Eddy may
direct the offshore marine layer toward the Los Angeles
Basin, providing the cooling oceanic influence that is so
welcome in this area. The Eddy is only 100200 km in
diameter; it is actually too small to appear in the present
NWP models and is too shallow to have a strong influ-
ence on the cloud structure viewed by weather satellites.
The high resolution (12.5 km) capability of QuikSCAT
allowsthe visualization of the complete circulation of this
“elusive” eddy (Fig. 3).

7.5 Convergence zone

The high quality and high resolution of scatterometer
observations allow better representation of surface wind
divergence. Using ERS-1 scatterometer data, Zheng et al.
(1997b) described the variation of the Intertropical Con-
vergence Zone (ITCZ), just north of the equator in the
Pacific, the South Pacific Convergence Zone (SPCZ),
running in an east-southeast direction from New Guinea.
They also identified aconvergence zone parallel to ITCZ,
just south of the equator in the eastern Pacific (double
ITCZ).

In the Atlantic, the QuikSCAT wind divergence
clearly shows the ITCZ lying in an east-west direction,
north of the equator, and South Atlantic Convergence
Zone (SACZ) running southeast from the Brazilian coast
at 20°S (Fig. 4). These features are well known. The new
featurethat QUikSCAT datareveal isthe south ITCZ run-
ning eastward from the Recife, Brazil at 8°S, during the
Austral winter. The convergence zone is collocated with
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of data.

high SST and cloud liquid water, as observed by the
TRMM Microwave Imager (TMI). Semyon Grodsky (per-
sonal communication, 2001) has also observed this con-
vergence zone recently, using the same set of satellite data;
there have been no other studies of this convergence zone.
The time-latitude section in Fig. 4 shows that the three
convergence zonesin the Atlantic have different seasonal
cycles. The ITCZ north of the equator has seasonal me-
ridional migration. The ITCZ south of the equator is strong
inwinter (Austral) but almost disappearsin summer, while
the SACZ is strongest in the Austral summer.

7.6 New observations in tropical Pacific

The subtropical Pacific should be monotonous. The
trade winds blow steadily from east to west, and so flows
the North Equatorial Current. Only the Hawaiian Islands
break this steady flow. After removing the large-scale
meridional gradient, TMI reveals a warm water ridge
stretching a few thousand kilometers from the Hawaii
Islands to the western Pacific at 19°N (Fig. 5). The posi-
tion of this warm water ridge coincides with the
climatological-mean eastward current derived from eight

years of Lagrangian drifter data (Peter Niiler, personal
communication, 2001). The Topex/Poseidon altimeter
shows, in Fig. 5, bands of positive and negative sealevel
changes, implying cyclonic and anticyclonic current gyres
with an eastward geostrophic current deviation between
them at 19°N. The position of the positive zonal compo-
nent of the geostropic current coincides with the position
of the warm water. The warm water ridge is likely to be
the result of advection from the western Pacific by a nar-
row eastward current. TM1 also revealsabelt of high cloud
liquid water overlying the warm water, probably as are-
sult of atmospheric convection. The detailed wind fields
provided by QuikSCAT reveals surface convergence and
wind rotation (Fig. 5), which creates a zonal belt of posi-
tive wind stress curl. The wind forcing may provide a
positive feedback to the eastward current. The eastward
countercurrent and the wind patterns that stretch more
than 3000 km east of Hawaii are likely to be triggered by
the wind wake of the islands and sustained by positive
ocean-atmosphere feedback. This narrow gap amid the
westward flowing wind and current, which may have
aided the ancient eastward migration of Polynesians
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across half of the Pacific, had never been viewed asingle
system until QUikSCAT data were combined with two
other microwave sensors by Xie et al. (2001) and Liu
(2001).

The tropical instability waves (TIW) were best ob-
served as meanders of the temperature front between the
cold upwelling water of the Pacific equatorial cold tongue
and the warm water to the north. Xie et al. (1998) first
identified TIW in the wind variations observed by the
ERS-1 scatterometer. The high-quality winds derived from
QuikSCAT and coincident all weather SST measurements
by TMI reveal the coherent propagation of atmospheric
and oceanic parameters associated with TIW. The phase
differences imply that the wind-SST coupling is caused
by buoyancy instability and mixing in the atmospheric
boundary layer, which has been confirmed by wind pro-
files measured on aresearch ship (Liu et al., 2000b). The
analysis was extended to the south of the equator and to
the Atlantic Ocean by Hashizume et al. (2001). Datafrom
the scatterometer and the altimeter were also combined
to study temperature advection in TIW by Polito et al.
(2001). Chelton et al. (2001) provided further detailed
analysis of the coupling of wind and SST in TIW.

7.7 Southern oceans

The deficiencies of NWP models, which are caused
by alack of knowledge and data, are most evident in the
remote oceans around Antarctica. Here, scatterometer
winds would have the strongest impact. NSCAT and
QUiIkSCAT reveal three groups of intense storms surround-
ing Antarctica and they are associated with three maxima
of sea ice extent (SIE) (Yuan et al., 1999; Liu, 2001).
NSCAT observations have revealed positive feedback
between wind pattern and the SIE maxima, and the SIE
maxima provide favorable conditions for cyclogenesisin
the open ocean. The quasi-stationary waves in the atmos-
phere around Antarcticawere also examined by Milliff et
al. (1999a), using NSCAT data. Using ERS-1
scatterometer and other space-based data, Gille et al.
(2001) studied the relation between the transport by the
Antarctic Circumpolar Current and wind forcing.

7.8 Turbulence flux

Wind shear facilitates the turbulent transfer of heat,
moisture and gas between the ocean and the atmosphere.
The transport is mostly parameterized in terms of wind
speed (e.g., Liu et al., 1979; Liss and Merlivat, 1986).
While scatterometer wind speed may improve the deter-
mination of the flux of carbon dioxide as demonstrated
by Boutin et al. (1999), wind speed from other spacebased
sensors, such as SSM/I and altimeters, can also be used.
There are suggestions that the backscatter measured by
the scatterometer containsinformation on secondary fac-
tors, such as small-scale wave fields, on ocean-atmos-
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phere gastransfer, in additional to theinformation on wind
speed. Wanninkhof and Bliven (1991) found an empiri-
cal relationship between backscatter and gastransfer in a
wind tunnel. The additional advantage of using
backscatter over using wind speed alone still has to be
demonstrated in the open ocean with space-based obser-
vations.

The unique contribution of the scatterometer to the
study of ocean-atmosphere exchanges is likely to be in
estimating the transport terms in the conservation equa-
tion, whether it is the ocean biological pumping driven
by the curl of wind stress or the atmospheric moisture
advection in the hydrologic balance (e.g., Liu, 1993; Hsu
et al., 1997).

8. Emerging Applications

From the vantage point of space, geophysical
boundaries are not tall obstacles. The scatterometers mea-
sured backscatter from land and ice as well asfrom ocean.
The geophysical interpretations of backscatter from land
were more ambiguous but many new applications have
recently emerged.

8.1 Flood index

Scatterometers are capable of monitoring not only
the ocean winds, which feed moisture towards land, but
the consequent flooding of the land. Both scattering and
reflection from the surface contribute to the backscatter
energy received by the scatterometer. Over dry land, scat-
tering dominates and the horizontal polarization return
(H) islessthan the vertical polarization return (V). When
theland getsflooded, however, the reflectivity of the sur-
face increases greatly, and H becomes larger than V. The
difference between reflectivity in H and V increases with
incident angle, up to 80°. Over flooded land, the V/H ra-
tioislessthan 1 inthelinear scale, or negative in the db
scale. The opposite istrue in the dry case.

QUuikSCAT measures H at a constant incident angle
of 54° over aswath of 1800 km and H at 46° over a 1400-
km swath, providing alarge differencein reflectivity. This
is better suited to the monitoring of flooding than previ-
ous scatterometers, which had varying incidence angles.
QUIikSCAT data were used to depict the monsoons and
tropical cyclones which brought excessive moisture into
the Asian continent and to monitor the subsequent flood-
ing over land, during summer and fall of 1999 (Liu et al .,
2001b). The mapsin Fig. 6 show that the flooding in the
Yangtze Valley of China (30°N), represented by blue
patches, is clearly visible in July, following strong sum-
mer monsoons. The flooding extent observed by
QUIikSCAT agrees with reports by the International Fed-
eration of the Red Cross. The flooding recedes in Sep-
tember, with the retreat of the summer monsoon and the
advance of the winter monsoon. Theintensity of the flood-
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Fig. 6. Three-day average wind vectors over ocean and flood indexes over land derived from QuikSCAT observations, for four
months in 1999. Topographic map for areas over 5-m elevation is plotted over flood indexes.

ing increases again in October, after the landfall of aty-
phoon.

8.2 \egetation, soil moisture, snow cover, and freeze-

thaw transition

Long and Hardin (1994) first showed that the
backscatter observed by the scatterometer on Seasat, nor-
malized to the same incident angle, and with enhanced
spatial resolution, is highly correlated with the type of
vegetation in the Amazon Basin. ERS scatterometer data
were used by Wagner et al. (1999) to examine the effects
of the seasonal changes of soil moisture on vegetation
over the Iberian Peninsula. The same data set was used
for regional mapping of soil moisture (Wagner, 2000;
Woodhouse and Hoekman, 2000). Schmullius (1997)
found agood correlation between ERS-1 observations and
Siberian forest canopy; ERS-1 data were used to identify
the freeze/thaw transition. Running et al. (1999) and
Frolking et al. (1999) successfully monitored the transi-

tion of the boreal forest in Alaska from a frozen to a
thawed condition using NSCAT. They related the obser-
vationsto carbon flux dynamics. Wismann (2000) exam-
ined the freeze-thaw transition in Siberia between 1992
and 1999. Nghiem and Tsai (2001) demonstrated the sen-
sitivity of NSCAT backscatter to snow conditions and the
feasibility of monitoring global snow cover. Because the
backscatter from land depends on surface roughness, veg-
etation, and soil moisture, a great deal of study is still
required to distinguish the individual effects, if possible.

8.3 High-latitude studies

Scatterometer data have been used in three types of
studies in the polar regions: sea-ice mapping, sea-ice dy-
namics, and change in the continental ice sheet. Yueh et
al. (1997) devel oped atechnique to discriminate between
sea-ice and open ocean using scatterometer observations.
The Arctic sea-ice extents observed by ERS, NSCAT,
Radarsat, and SSM/I were compared in a number of stud-
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ies (Yueh and Kwok, 1998; Ezraty and Cavanie, 1999).
Kwok et al. (1999) studied the ice balance in the peren-
nial ice zone of the Arctic Ocean, using NSCAT data.
Remund and Long (1999) produced a detailed mapping
of Antarctica using enhanced-resolution NSCAT data.

Liu, A. et al. (1998, 1999) used wavelet analysis of
NSCAT backscatter to obtain daily sea-ice drift informa-
tion. The ice motion derived from space-based data com-
pared well with the existing array of Arctic Ocean buoys.
Long and Drinkwater (1999), using the correlation be-
tween ice features detected by NSCAT, also computed
ice motions in both the Arctic and the Antarctic.

Using Seasat scatterometer data with enhanced spa-
tial resolution, Long and Drinkwater (1994) demonstrated
atechnique to monitor the firn line and the zones of vari-
ous facies of snow and ice accumulation. Using ERS
scatterometer and NSCAT data, Long and Drinkwater
(1999) examined seasonal to decadal variations of Green-
land ice zones, with an implication for climate change.
Nghiem et al. (2001) made use of the high resolution and
broad coverage of QuUikSCAT to study snow-melt regions
in Greenland. Their new approach does not require abso-
lute calibration, which permits long-term monitoring of
daily changes. Surface melting of Antarctica was also
studied by Drinkwater and Liu (2000), using a combina-
tion of ERS scatterometer, Radarsat synthetic aperture
radar, and SSM/I.

9. Future Mission and Technology

Quikscat will be followed by an identical
scatterometer on board ADEOS-2, which is scheduled to
belaunched in 2002. If thereis sufficient overlap between
the operations of the two identical scatterometers, the
importance of high frequency and high wave-number wind
forcing on the ocean can be demonstrated (Milliff et al.,
2001). ESA isscheduling the launch of a series of C-band
dual-swath advance scatterometers (ASCAT) on their
operational platform METOR, starting in December 2005.
NASA is planning to launch a polarimetric scatterometer
on the Japanese Global Change Observation Mission
(GCOM), so that two wide-swath scatterometerswill pro-
vide continuous time series of high frequency wind forc-
ing.

One of the drawbacks to scatterometry is the wind-
direction ambiguity. The backscatter is a cosine function
of the azimuth angle. In arecent experiment, it was dem-
onstrated the correlation between copolarized and cross-
polarized backscatter is a sine function of azimuth angle.
Adding a cross polarizied backscatter receiver to the
scatterometer on QUikSCAT can mitigate the directional
ambiguity problem (Tsai et al., 2000). Although
QUIikSCAT has a continuous scan, the azimuth angles are
too close together at the outer swath and too far apart
near nadir, hampering selection of wind direction. With
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polarimetric scatterometry we may achieve more uniform
retrieval accuracy across the entire swath. Polarimetic
scatterometry can separate rain effectsin the atmosphere
from those at the surface, and can perhaps improve the
accuracy of retrieving wind under rain. A polarimetric
scatterometer does not require a full circular scan to get
the azimuth angles, and will ease accommodation prob-
lems on spacecraft. We are striving to infuse new tech-
nology so as to extend applications and to ease the tran-
sition into operational spacecraft, while preserving the
continuity of high-quality wind-vector measurements.

10. DataAvailability

Twice-daily maps of surface winds over global
oceans, derived from objective interpolation of the ob-
servations by QuikSCAT, are displayed at http://airsea-
www.jpl.nasa.gov. Digital datacan be downloaded online.
Near-real -time scatterometer wind maps in swath format
are displayed at http://manati.wwb.noaa.gov/quikscat.
Standard NSCAT and QuikSCAT data can be requested
through http://podaac.jpl.nasa.gov
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