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Abstract—The QuikSCAT radar measurements of several trop- Japanese Advanced Earth Observation Satellite (ADEOS-1)
ical cyclones in 1999 have been studied to develop the geophysicafrom September 1996 to June 1997 [15] and the first NASA
model function (GMF) of Ku-band radar s for extreme high  gea\winds scatterometer on the QuikSCAT spacecraft [8] oper-
wind conditions. To account for the effects of precipitation, we - .
analyze the co-located rain rates from the Special Sensor Mi- ating since June 199_9 haYe been launched for the measurgment
crowave/lmager (SSM/I) and propose the rain rate as a parameter Of ocean surface wind fields. The second NASA SeaWinds
of the GMF. The analysis indicates the deficiency of the NSCAT2 scatterometer together with the Japanese Advanced Microwave
GMF developed for the NASA scatterometer, which overestimates Scanning Radiometer (AMSR) is planned for launch on the
the oceanoy for tropical cyclones and ignores the influence of ADEOS-2 in November 20012.

rain. It is suggested that the QuikSCAT o is sensitive to the wind . . .
speed of up to about 40-50 ms~. We introduce modifications to The relationship between the oceanand the surface wind

the NSCAT2 GMF and apply the modified GMF to the QuikSCAT ~ Velocity is usually described by a geophysical model function
observations of Hurricane Floyd. The QuikSCAT wind estimates (GMF). An approach for deriving the scatterometer GMF for

for Hurricane Floyd in 1999 was improved with the maximum  gcean surfaces is to empirically correlate the radar measure-
wind speed reaching above 60 m/s. We perform an error analysis ments with the numerical weather model wind fields [7], [23]
by comparing the QuikSCAT winds with the analyses fields from - . .

the National Oceanic and Atmospheric Administration (NOAA) and has been utilized to obtain the_ NSCAT2 model function [24]
Hurricane Research Division (HRD). The reasonable agreement for the NASA scatterometers. This approach appears effective
between the improved QuikSCAT winds and the HRD analyses for light and moderate winds, but the resulting GMFs for high
supports the applications of scatterometer wind retrievals for winds (> 20 m/s) are inaccurate due to the problematic accu-
hurricanes. racy of numerical wind analyses for high winds [13].

Index Terms—Radar, remote sensing, sea surface, wind. Similar deficiency is present in the wind estimates from the
European Earth Remote Sensing Satellite (ERS-1 and -2) scat-
terometers operating at C-band (5.3 Ghz) frequency. Several
ERS-1 scatterometer passes of the Western Pacific TCs [21]

KILLFUL forecasts of the tropical cyclone (TC) track andsuggest that the ERS scatterometer computed maximum wind
intensity depend on a proper depiction of the initial air angbeeds are lower than expected by about 20—4@Th. It has
sea states in TC forecast models [1]. A primary source of difeen postulated by [21] that three major error sources are lim-
ficulty in past efforts for TC forecasting has been the inabilititing the high wind measurement performance of spaceborne
to make direct observations of the surface wind field, which igatterometers:
one of the key driving forces for the heat and moisture exchangey) geficiencies of the geophysical model function for high
between the air and sea surfaces [5], [11], [12], [14]. winds:

The spaceborne scatterometers, designed to measure 0ceay effects of rain in terms of volume scattering from rain
surface winds, have a potential to provide the needed data set  grops, rain-generated sea surface roughness [2], [3], and
for hurricane monitoring and research. Scatterometers are a mjicrowave attenuation of sea surface scattering;
microwave radar specifically designed to make high precision 3) wind gradient in the sensor footprint near the eyewall
measurements of the normalized radar cross sectigh df where the maximum wind speeds are expected.
ocean surfaces. Because of the sensitivityto ocean surface 1o make a direct assessment of the ocegsifor high winds,
roughness, which is influenced by the surface wind velociffymerous aircraft scatterometer flights have been conducted
it is feasible to estimate the ocean surface wind velocity froByer tropical cyclones. The aircraft experiment carried out by
microwave scatterometer observations. The NASA satellifge University of Massachusetts, Amherst, using a vertically
scatterometers operating at Ku-band frequeneyl GHz), polarized scatterometer [4] demonstrated that there were wind
including the NASA scatterometer (NSCAT) onboard thgpeed signals in radaps of TCs. Further, vertically polarized

radar measurements [6], [27] support the postulation by [21] that
the NSCAT2 GMF overestimates the ocean The dual-polar-
. . . _ ized observations [27] indicate that the Ku-band radar signature

Manuscript received June 12, 2001; revised August 7, 2001. This work was . . L. .

polarized for hurricane conditions and the horizontal polar-

supported in part by the SeaWinds Scatterometer Project and the Jet Propul§o e - } .
Laboratory, Pasadena, CA, under a contract with the National Aeronautics aaation is more sensitive to the wind speed than the vertical po-

I. INTRODUCTION

Space Administration, Washington, DC. __larization. With these sets of aircraft data, modified model func-
The authors are with the Jet Propulsion Laboratory, California Institute ?f 131 1271 h b d. but th . il

Technology, Pasadena, CA 91109 USA. |o_ns [13], [ .] ave et_'-:n proposed, but there is sti a_ system-
Publisher Item Identifier S 0196-2892(01)10244-5. atic underestimate of wind speeds for above 30 m/s winds ([13,

0196-2892/01$10.00 © 2001 IEEE



2602 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 39, NO. 12, DECEMBER 2001

Figs. 12 and 15]). The effects of rain and wind gradient have ap- TABLE |

; HE NUMBER OF QUIKSCAT PASSESOVER THE PACIFIC AND ATLANTIC
parently not yet been properly considered for the ScatteromeJ[e-FHURRwANEs IN1999FOR THE ANALYSIS OF COLLOCATED QUIKSCAT

wind retrievals. AND SSM/I DATA
We suggest that the first step toward developing the scat- . .
terometer wind retrieval algorithms for tropical cyclones is t Name Date Location | Number of QuikSCAT Passes

improve our understanding of the relationship between the s¢ 2t August | Gulf of Mexico 3

terometelry and ocean wind speed for extreme high wind corgg;iyis ﬁﬁgﬁ:ﬁ ig:ﬁ:ig ig
ditions. We have explored the effects of rain on the scatteroigioyd | September Atlantic 8
eteroy measurements for high wind speeds30 m/s) through Gert | September Atlantic 2
the analysis of QUikSCAT data, and the rain rate estimates frcEugene | August Pacific 5
the passive microwave brightness temperatures acquired by Pora August Pacific 18

Special Sensor Microwave/lImager (SSM/I) deployed on the De-
fense Meteorological Satellite Program (DMSP) [10]. One ob-

jective is to determine whether the scatterometsris sensitive proven effective by [26] used the wind fields f_rom Holland S
hurricane model [9] for the development of a high wind model

to the wind speed for high winds, even under precipitating co Inction for GeoSat altimeter. This technique is similar to that

ditions. The other objective is to determine whether the effec(fs

of rain can be reduced by using the collocated scatterometer ﬁﬁgcnbed by [7], [24] with the numerical weather products for

radiometer data set for wind speed estimates. € development of a geophysical model function, except with

Section Il describes the observed dependence of QuikSC%‘fgore accurate surface wind model for wind speeds above 30
oo on wind speed and SSM/I rain rate for several hurricanes’in _’ . , . ,
Following Young's approach, we applied Holland’s model

1999. An empirical relationship between thgand the rain rate for the analysis of QuUikSCAT data. It is recognized that Hol-

is derived. As a consistency check, we applied the empirical re- . . .
) . . ) . Jland’s model is a parametric model and is not expected to cap-
lationship to the QuUikSCAT observations of Hurricane Floyd |p : . o
ure all the features of various hurricane wind fields. We con-

1999. We also examined the effects of wind gradient by pros- : ) :
. ) . .~ Sidered our analysis as a first step toward understanding the fea-
cessing the QuikSCAT/Floyd data at two gridded resolutions, ..
. . : . ._Sibility of spaceborne scatterometers for the measurements of
The results are described in Section Ill. Section IV summarizes : . :
. cean surface winds for hurricanes. As will be shown, the re-
the results of our analysis and suggests areas for further studies. S
sults from our analysis justify our approach. Nevertheless, fu-
ture work should consider the use of operational wind analyses
II. QUIKSCAT ¢y FORHIGH WIND SPEEDS for tropical cyclones, such as that from NOAA HRD, instead of

. . Holland’s model, for further improvement.
The SeaWinds scatterometer is a Ku-band (13.402 GHz)The gradient wind of Holland’s model is expressed as

radar with a conical scanning antenna [8]. There are two feed
horns illuminating a parabolic reflector to produce two antenna AB (p, — po)exp (—A/rB) 522 0.5
beams at 46 and 54 incidence angles on the earth surface. Uy = B + 4

The inner antenna beam @mhcidence) transmits and receives r
horizontal polarization, while the outer beam operates ahere
vertical polarization. The antenna footprint size is about 30 km/,  gradient wind at radius from the center of the storm;
on the surface. A linear frequency-modulated chirp designedp air density;

for the transmit pulse enables an improvement of the rangep,  central pressure;

resolution to about 5 km. The swath width of the inner beamyp,,  ambient pressure far from the storm;

is about 1400 km, comparable to that of SSM/I. The outer f Coriolis parameter.

antenna beam provides a swath coverage of 1800 km, yieldinige parameters and B are related to the radius of maximum

-

more than 90% global coverage within a day. wind (R,..x) and the central pressure

To quantify the impact of rain on scatterometer observations,
we examined the collocated QuikSCAJ data and the rain rate A=RE. (2)
estimates from three SSM/I instruments deployed on the DMSP B =1.5+4 (980 — pg) /120 3)

satellites, F11, F13, and F14. The SSM/I rain retrievals, pro-
duced by Remote Sensing Systems [25], were registered to Wieerep, is expressed in millibarsk,,... and B define the size
QUIKSCAT grids by Freilich and Vanhoff of the Oregon Statef the storm and the shape of the wind field.
University, Corvallis, for the QuikSCAT calibration and valida- We follow Young's description of the wind direction model
tion. [26] and derive the vector wind field from the gradient wind
We examine the dependence of QuikSCAF on wind speed. It is assumed that the radial winds spiral in toward the
speed for tropical cyclones with an empirical approach. Thltorm with a constant inflow angle of 226]. The 1-min av-
QUuikSCAT oy’s with the collocated SSM/I rain rate have beerraged surface wind speed at 10 m height is obtained from the
analyzed for 58 QUIkSCAT passes of seven hurricanes in 199@dient wind speed by the application of a factor of 0.8 [16]. A
(Table ). The past difficulty of developing a scatterometer GMforward motion vecto¥;,,, of the storm is added linearly to the
for high winds was due to the lack of-situ measurements that azimuthally symmetric wind flow, resulting in an axially asym-
could be paired with the satellite microwave data. A techniqumeetric wind field. We also rotate the maximum wind speed to
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Fig. 1. QuikSCATo,s along two cuts through the center of the Hurricane Floyd on September 13, 1999. The two left panels illustrgdeatbag the cut
parallel to the spacecraft ground track, and the right panels illustrate the across-track cut. The center of the cyclone is located approdifalatiate?and
—71.5 longitude. Ther,s from the inner antenna beam (horizontal polarization,id6idence) and the outer antenna beam (vertical polarizationinsidence)
are plotted in the upper and lower panels, respectively. The data include both fore- and aft-look observations.

an angle of 70to the direction oﬂ7fm (to the right in northern 200 km off the center. We estimate the radius of maximum wind
hemisphere and to the left in southern hemisphere) accordinddde the distance from the center to the location of the maximum
[22], [26]. An example of the wind field model is illustrated inoy. Here we have neglected the effects of wind direction mod-
[26]. ulation onog. This should not result in a significant error in the
The parameters of Holland’s model include the location @&stimates of the radius of maximum wind because the direction
the center, central pressure, radius of maximum wind and tbitangential wind does not vary dramatically along a radial cut
velocity of forward motion. For our analysis, the ambient presiear the eye.
sure is assumed to be 1000 mb. The only parameter not availabl&he Holland’s hurricane model is used to generate the sur-
from the National Hurricane Center (NHC) best track analysiace wind velocity at the center of scatterometer footprint. The
is the radius of maximum wind, but it can be estimated frormyclones considered in our analysis are summarized in Table I.
the scatterometer data in terms of the radius of maximay®o We obtain a total of about 47 000 QuikSCAf and SSM/I rain
the center. An example is given in Fig. 1, which illustrates thate pairs for above 20 m/s wind speed with a 3-h time window.
QuikSCAT #gs along two cuts through the center of Hurrican# the time window is reduced to 1 and 2 h of each QuikSCAT
Floyd on September 13, 1999. The upper (lower) left panel ipass, the number of coregistrations reduces to about 37 000 and
dicates thery from the QuikSCAT inner (outer) antenna beard0 000, respectively. The QuikSCAms are grouped into 4 m/s
along the cut parallel to the spacecraft ground track and the righind speed and 2 mm/h SSM/I rain rate bins. The avesage
panels indicate the data from the across track cut. The cergach bin is illustrated as a function of wind speed for a range of
of the cyclone is located approximately at Z3l&titude and rain rate in Fig. 2 for a QuikSCAT and SSM/I time difference of
—71.5° longitude, consistent with the NHC best track analysigess than 2 h. Because the wind direction distributior«f in
Theoq peak is about-10.5 dB located at about 40 km from themost bins is quite uniform and the wind direction modulation of
center and the decreases by about 3 dB along the cut to abowy appears quite small (less than 1-2 dB for above 30-40 m/s
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Fig. 2. Average QuikSCAB, in dB versus wind speed for a range of collocated SSM/I rain rate. The QuikSCAT data were grouped into 4 m/s wind speed and

2 mm/h rain rate bins and the data in each bin were averaged. The upper left panel plots the data from the inner antenna beam opemtingmatelangle
with horizontal polarization and the upper right panel plots the data from the outer antenna beam operatimgcidédce angle with vertical polarization. Also
included in each panel is the prediction by the NSCAT2 GMF. The two lower panels indicate the number of collocations in each bin.

wind speed), the residual wind direction effects in the averagath rain rate at 20 m/s, but has an opposite behavior at 40 m/s
oo IS expected to be much less than 1 dB. The total numberarid above. Note that the curves corresponding to different rain
QuikSCAT-SSM/I pairs in each wind speed and rain rate bimate in Fig. 2 cross each other at near 32 m/s for the inner beam
illustrated in the two lower panels, is about fifty to a few hundata and at a lower wind speed of about 25 m/s for the outer
dreds for 20—40 m/s wind speed and reduces with increasiogam data. This could be a result of the competition between
wind speeds; therefore the average of #hdllustrated in the the radar scattering from the rain drops and an attenuation of
upper panels is more noisy for above 40 m/s wind speed. the surface scattering by rain: An increase in rain rate will
Over the range of SSM/I rain rate<( 25 mm/h), the increase the scattering from rain drops and rain-roughened
QuikSCAT o appears to increase with increasing wind speedater surfaces, but reduces the wind-induced surface scattering
of up to 40-50 m/s. The data are quite noisy for above 50 nifgough attenuation. At near 20 m/s wind speed, rain drops have
wind speeds due to a limited number of collocations. For ttaelded substantial contributions to the radar scattering, but have
lowest rain rate bin (0—2 mm/h), the QuikSCALs from the not attenuated the wind-induced surface scattering by as much.
inner beam increases by about 4 dB from 20 to 40 m/s, amtie net effect is that the radar signal appears to increase with
those from the outer antenna beam change by about 3 dB. Tihisreasing rain rate at about 20 m/s wind speed. At above 40
is consistent with the aircraft scatterometer observations ttmats wind speeds, the wind-induced surface scattering appears
the horizontally polarized, has a larger wind speed sensitivityto be stronger than the rain scattering and the rain-generated
than the vertically polarized, [27]. volume and surface scattering did not offset the reduction of
With an increase of rain rate, the wind speed sensitivityind-induced surface scattering through attenuation.
of QUIKSCAT & decreases, apparently due to an increase ofWe have investigated the sensitivity of our results to the time
volume scattering by rain drops, rain attenuation and scatteridifference between the QuikSCAT and SSM/I passes. Figs. 3
from rain roughened sea surfaces [2], [3]. Thg increases and 4 plot the average QuikSCAT, for each bin versus the
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) ) . ) Fig. 4. Average QuikSCA®, from the outer antenna beam versus wind speed
Fig. 3. Average QUIkSCAF, from the inner antenna beam versus wind speeg "5 range of collocated SSMII rain rate. The QUikSCAT data were grouped
for a range of collocated SSM/I rain rate. The QuikSCAT data were groupgt, 4 m/s wind speed and 2 mm/h rain rate bins and the data in each bin
into 4 m/s wind speed and 2 mm/h rain rate bins, and the data in each Qe ayeraged. Three curves were illustrated in each panel with 1-, 2- and 3-h
were averaged. Three curves were illustrated in each panel with 1-, 2- and 3=

- ; 3 sholds for the time difference between QuikSCAT and SSM/I passes. The
thresholds for the time difference between QuIkSCAT and SSMII passes. i jinear line represents the linear regression of the data with 1-h threshold.
thick linear line represents the linear regression of the data with 1-h threshold.

: : ; TABLE I
wind speed for 1 2- a_md 3-h time windows. The changes ar€ o ADRATIC POLYNOMIAL EXPANSION COEFFICIENTS OFcr AND 3 AS A
small when the time window is reduced from 3 to 2 h, and the FUNCTION OF RAIN RATE FOR QUIK SCAT
results are essentially the same with 1- and 2-h thresholds.

Note that thes, is plotted in real number, instead of dB, in Parameter g, Bo ay, B @z, B

Figs. 3 and 4. There appears a quasilinear relationship between ~ Inner Beam o | 0.035 2'35“0': '8‘361“0__65
. . . Inner Beam $ | 0.00227 | -2.292x10 8.977x10

th.e QUuikSCAT &g and wind spe.ed |n.the range of 20f50 m/s Outer Beam o | 0.041 | 7.89x10-% | -4.479%10-5

wind speeds. The slope of the linear increasing trend is smaller  (yter Beam 8 | 0.0015 | -1.452x10~* | 5.71x10

for higher rain rate, which is expected from the effects of rain.

The 0o might have saturated and perhaps even decreased at

above 50 m/s wind speed, but the limited number of observighere R is the SSM/I rain rate in mm/h. The coefficients are

tion for such extreme wind conditions prevent us from drawingrovided in Table II.

a definitive conclusion.

The illustrations indicate that a linear wind-dependence
model will be fairly accurate for QUIkSCAR, for up to about Il QUIKSCAT WIND ESTIMATES FORHURRICANE FLOYD

50 m/s wind speed Although the QuikSCAT data indicate a wind speed sensi-
tivity of the Ku-band radaegs for hurricane winds, it remains
to be shown on how well the wind speed can be retrieved from
oo = o+ B(W — 20) (4) SPaceborne scatterometer data for tropical cyclones. The data il-
lustrated in Figs. 3 and 4 represent an ensemble average of the

wherea and 3 are functions of rain rate. We estimate the cqdata over a variety of environmental conditions (Table I). Partic-
efficients with a linear regression model from the data for eatt@rly, the precipitation associated with tropical storms typically
rain rate bin plotted in Figs. 3 and 4. Fig. 5 illustratéupper has to be characterized by many parameters, including columnar
panels),3 (middle panels) and the correlation coefficient of th&eight, vertical profile and rain drop size distribution, in addi-
linear regression model (lower panels) versus rain rate. The cbph t0 rain rate. If not taken into account, these parameters will

relation coefficients are high, mostly above 0.8. We furthe fit introduce geophysical noise in the retrieval algorithm and hence
and 3 with a quadratic polynomial errors in wind speed and direction estimates.

This section describes the application of an improved geo-
physical model function to Hurricane Floyd in 1999. We focus
on Hurricane Floyd because we have obtained two analysis

a =ap+ a1 R+ ar R? (5) fields from the NOAA HRD for Hurricane Floyd, which will
B =00+ LR+ o R? (6) be used to evaluate the accuracy of the retrieval algorithm.
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Fig. 5. Slopes and intercepts at 20 m/s wind speed of the limgaegression model versus rain rate. The upper left panel plots for the QuikSCAT data from
the inner antenna beam operating at horizontal polarization and the upper right panel plots the QuikSCAT data from the outer antenna beamvepticating at
polarization. The lower panels plot the correlation coefficients of the linear regression model, (4).

We modified the NSCAT2 GMF with the linear regression The modified GMF, denoted as NSCAT-TC GMF, was used
model (Table I1) to retrieve the winds from the QuikSCAT meaogether with the collocated SSM/I rain rate to process the
surements of hurricanes. The NSCAT2 GMF is expanded byQaikSCAT data for the 1999 Hurricane Floyd. The QuikSCAT

cosine series of wind directiof oo data were grouped into Wind Vector Cells (WVC) on a
5 rectangular grid with a resolution of 25 km for QuikSCAT
o9 = ZAn cos(n) (7) standard products. Under the assistance of the QuikSCAT

Ground Processing System, one rev of QuikSCAT data over
where the coefficienti,, is a function of wind speed, incidenceqyrricane Floyd on September 13, 1999 was gridded at a higher
angle and polarization. We replace tHg terms by the linear spatial resolution of 12.5 km, enabling us to investigate the
regression model (Table II) for wind speed above 20 m/s. It égfects of wind gradient. The data within each WVC contain
known that the NSCAT%n coefficients also overestimate thethe observations from antenna fore- and aft-look measure-
wind direction modulation of [6], [27]. We use the empirical ments. We used the maximum-likelihood estimator (MLE)
model described in [27] to adjust thi, coefficients so that the jmplemented for the QuikSCAT ground data processing system
ratio 4,,/Aq is consistent with the aircraft observations. It is nog estimate the wind speed and direction from the grideed

ticed that there is a discontinuity between the linear regressignsimple modification is made to include the SSM/I rain rate
model and the NSCAT2 GMF at 20 m/s wind speed. To obtaing an additional input for the evaluation of moadgb for the

smooth transition, we linearly extrapolated the linear model @ g optimization

a lower wind speed where it meets the NSCAT2 GMF at about

15 m/s. Theyy adjustment for 15-20 m/s wind speeds is about [00i — 0b, (W, ¢, R)]?
a few tenths of a dB. Because the NSCAT2 GMF is in tabular MLE = Z var(cg;)
form, likewise the modified GMF, it is not possible to provide a

closed-form representation. whereoy; is the radar measurement, asfg is from the model.

(8)
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Fig. 6. NOAA HRD wind analyses and the QuikSCAT wind estimates for Hurricane Floyd on September 13, 1999. The HRD analyses are shown in the two
upper panels. The QuikSCAT wind estimates from NSCAT2 GMF are plotted in the two middle panels, respectively, for 25 km and 12.5 km gridded resolution.
The QuikSCAT winds estimated using the NSCAT-TC GMF and the SSM/I rain rate are plotted in the two lower panels for 25 km and 12.5 km resolution.

There are typically three to four local minima in the MLEpiguity selection procedure is applied to the QuikSCAT obser-
corresponding to multiple wind vector estimates (ambiguitiesations of Hurricane Floyd with the NSCAT2 and NSCAT-TC
for each WVC. Depending on the noise level and structure, theodel functions.
global minimum may not be the closest to the actual wind direc- Hurricane Floyd on September 13, 1999 was a category four
tion. Following a procedure suggested by [13], we select the almrricane on the Saffir/Simpson Hurricane Scale with a max-
biguity with the direction closest to Holland’s model wind fieldmum sustained wind speed of about 140 knots (70 m/s) ac-
as the output. This procedure is not expected to be error-free, boitding to the NHC best track analysis. QuikSCAT made a pass
should be effective in areas not far from the eyewall. This arover Floyd at about 10:48 UT on September 13 when Floyd was
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Fig. 7. Wind speed profiles of Hurricane Floyd on September 13, 1999. The left panel illustrates the along track cut through the center and tleé right pan

illustrates the across-track cut. The wind vector cell resolution is 25 km. The QuikSCAT wind fields retrieved with the NSCAT2 (QS/NSCAT?2) anifitice mod
GMF without rain correction (QS/TC) are illustrated. The Holland's model wind and the HRD analyses at 13:30 UT are included for comparison.

at its maximum strength. The estimated QuikSCAT wind fieldsrocessing resolution with the maximum wind speed in the
of Hurricane Floyd are illustrated together with the NOAA HRDange of 30-40 m/s, much lower than the intensity of Hurricane
analyses in Fig. 6. The two upper panels illustrate the NOARloyd. The QuikSCAT wind estimates using the NSCAT-TC
HRD analyses at 0:33 UT and 13:30 UT. The NOAA HROGMF illustrated in the two lower panels are in better agreement
approach to hurricane wind analyses evolved from a seriesvdth the HRD analyses than the wind estimates with the
studies of major landfalling hurricanes [17]—[19]. An HRD windANSCAT2 GMF.
analysis requires the input of all available surface weather ob-The effects of rain are explored by processing the QUikSCAT
servations (e.g., ships, buoys, coastal platforms, surface awata with the NSCAT-TC GMF, but with the rain rate set to zero
tion reports, reconnaissance aircraft data adjusted to the surfacehe MLE. Fig. 7 plots the wind speed along and across the
etc.). Observational data are downloaded on a regular schedygacecraft track through the center of cyclone. The correction of
and then processed to fit the analysis framework. This include®del function does make some improvement to the wind speed
the data sent by NOAA P3 and G4 research aircraft during thstimates, but the strength of the cyclone is still underestimated
HRD hurricane field program as well as U.S. Air Force Reservey up to about 20 m/s in comparison with the HRD analyses
C-130 reconnaissance aircraft, remotely sensed winds from thieen the rain contamination is ignored.
polar orbiting SSM/I and ERS satellite platforms and cloud drift With the SSM/I rain rate included in the wind retrievals, the
winds derived from tracking low level visible cloud imageryalong and across track profiles of QuikSCAT wind speed are
from geostationary satellites. These data are composited réllastrated in Fig. 8 for 25 km gridded resolution. The compar-
tive to the storm over a 4-6 h period. All data are quality comson with the HRD analyses is very well although the QuikSCAT
trolled and processed to conform to a common framework faiind speed is slightly lower near the eyewall. In addition, the 25
height (10 m), exposure (marine or open terrain over land) akoh gridded resolution is barely adequate to resolve the eye of the
averaging period (maximum sustained 1 minute wind speda)rricane. The QuikSCAT wind retrievals at 12.5 km gridded
using accepted methods from micrometeorology and wind enesolution are compared with the HRD analyses in Fig. 9. There
gineering [18]. We notice that the maximum wind speed in the a sharper wind gradient in the 12.5 km resolution wind than
HRD analyses is about 60 m/s, which is about 10 m/s low#lte 25 km resolution wind, the eye of the cyclone becomes
than the NHC best track analysis. The difference could repmaore well-defined at a spatial gridded resolution of 12.5 km. In
sent the accuracy limitation of present techniques for specifyiagy case, the change of QuikSCAT wind speed along both cuts
the strength of tropical cyclones. seems to correspond to the changegfllustrated in Fig. 1.

The middle panels in Fig. 6 were the QuikSCAT wind re- The HRD wind analyses are provided on a latitude and lon-
trievals from the NSCAT2 GMF at 25 km and 12.5 km griddeditude grid with a spatial resolution of about 2.7 km, which is
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Fig. 8. Wind speed profiles of Hurricane Floyd on September 13, 1999. The left panel illustrates the along track cut through the center and tleé right pan
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00:33 UT and 13:30 UT are indicated by HRD0033 and HRD1330, respectively.
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Fig. 10. Comparison of QuikSCAT wind speed estimates with the HRD wind analyses for Hurricane Floyd on September 13, 1999. The upper left pasiel compare
the 25 km QuikSCAT wind with the HRD wind analyses at 00:33 UT and the upper right panel compares the 25 km QuikSCAT wind with the HRD wind analyses
at 13:30 UT. The two lower panels compare the 12.5 km QuikSCAT wind with the HRD analyses. Lines with error bars indicate the QuikSCAT data.

significantly higher than the resolution of QuUikSCAY, and a positive impact on the QuikSCAT wind retrievals for tropical
WVC. The HRD wind analysis on the grid point closest to theyclones.

center of each QuikSCAT WVC is used for comparison with We make comparison of the QuikSCAT wind speed and HRD
the QuikSCAT wind. We have neglected the effects of windnalyses at every QuikSCAT WVC location. The QuikSCAT
gradient in this comparison. In principle, the QuikSCAT windswvind retrievals are binned as a function of HRD wind speed with
represent some sort of spatial average over an area of al®uat/s bin size. The average QuikSCAT wind speed is evaluated
50 to 100% larger than the size of the WVC, depending dar each bin, so is the HRD wind speed. The standard deviation
the portion of collocated scatterometey cells falling outside of the difference between QuikSCAT and HRD wind speeds is
of the WVC. It is not straightforward to quantify the resultingalso evaluated. Four panels in Fig. 10 illustrate the QuikSCAT
smoothing effect because the wind retrieval is a nonlinear optind speed versus HRD wind speed for four cases: QuikSCAT
mization process and the smoothing effect depends on the sizind retrievals at two resolutions in comparison with two HRD
shape and exact geometry of collocatgctells with respectto wind analyses. The QuikSCAT wind agrees very well with the
the wind vector cell. For simplicity, we use Holland’s model ttHRD analyses at 00:33 UT, but not as well with the 13:30 UT
estimate the effects of spatial averaging. We average Hollandisalyses. The error bars indicate the standard deviation of wind
hurricane winds with a 25 knx 25 km moving window for speed differences in each wind speed bin. The standard devia-
cyclones with various central pressure (920-970 mbar) and ti@n is about 3 m/s at near 20 m/s wind speeds at 25 km gridded
dius of maximum wind (20—40 km). We find that the spatialesolution and increases with wind speed, reaching about 5-7
averaging has negligible effects (less than 1 sn! bias) for m/s at 50 m/s wind speed. Although the 12.5 km gridded wind
cells located more than 50 km off the eye, but can reduce thas a better definition of the eye, its standard deviation is about
maximum wind speed by about 10 to 15% and can increase th@ times that of the 25 km gridded QuikSCAT wind.

wind in the eye by 5 to 20 m/s. The QuikSCAT wind velocity of
about 20 m s~ in the eye of Hurricane Floyd in Figs. 8 and 9,
much higher than the forward motion of storm, reflects the wind
gradient effects. Because we use Holland’s model wind at theThe radar measurements acquired for numerous tropical
center ofs cell for the development of the NSCAT-TC modelcyclones in 1999 by the NASA SeaWinds scatterometer were
part of the wind gradient effects has been included in the modwlalyzed to improve the geophysical modeling of Ku-band
function. The residual wind gradient effects on the reduction oteancgs and wind retrieval algorithm. The SeaWinds Scat-
maximum wind speed should be less than 10% in the QuikSCAdrometer were deployed on the QuikSCAT spacecraft bus and
wind retrievals, which is small enough and will not alter our corias been operating since July 1999. We analyze the collocated
clusion that including the rain rate in the model function bringQuikSCAT oy and SSM/I rain rates and propose an improved

IV. SUMMARY
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QuikSCAT GMF for tropical cyclones. The surface wind fields

for analysis were generated using the empirical Holland model 1
The QuikSCAT oys were binned as a function of Hollnad's
model wind speed and SSM/I rain rate. The averageithin 2
each wind speed and rain rate bin was illustrated to indicate
the wind speed and rain rate dependence. Our results suggest
that the oceam(s have a nonnegligible monotonic increasing [
dependence on wind speed from 20 to about 50 m/s for a large
range of rain rate. The results were also used to improve thd4]
NSCAT2 GMF for extreme high wind speeds (20 m/s). To
account for the effects of rain, we include the rain rate as a
parameter of the improved GMF.

We applied the improved GMF to the QuikSCAT wind re-
trievals for Hurricane Floyd at 12.5 km and 25 km gridded res- [6]
olution. It is shown that the 12.5 km resolution can provide a
better definition of the eye and can reduce the wind gradient er-
rors, while the 25 km wind estimates have a smaller standards,
deviation. We demonstrate that the effects of rain have to be
corrected to improve the wind retrievals. The inclusion of the
SSM/l rain rates in the retrieval process greatly improve the re-[8]
trieval accuracy. To assess the validity of our results, we make
comparison of the QuikSCAT wind estimates and two wind [©]
analyses obtained from the NOAA HRD. The favorable com 10]
parison lends support to the possibility of obtaining useful win
fields from Ku-band spaceborne scatterometers.

We recommend three major areas for further study to im
prove the GMF and retrieval algorithms for tropical cyclones.
In this article we did not address the wind direction dependenci2]
of oy for tropical cyclones. Our preliminary analysis based on
the present collocated data set suggests that the wind directiqiy)
variation ofo, (about 1-2 dB) decreases with increasing wind
speed and rain rate. However, the present data set is not lar
enough to make an accurate assessment of the wind direction
modulations. The other area concerns the rain correction algo-
rithm for the wind retrieval. Although the results of application [15]
to Hurricane Floyd is positive, we have to be cautious and do
not want to extrapolate the results to other storms. We do ndt6]
anticipate that the rain rate alone can enable an accurate Wirﬂfin
retrieval for all types of storms because the precipitation is typi-
cally characterized by many parameters, including rain columfis]
height, vertical profile of rain and drop size distribution. We are
in the process of applying our algorithms to a variety of TCsj;g)
to evaluate the effectiveness and limitations of our algorithms
for TCs at various stages. Finally, we recommend the use i%ol
more accurate operational analyses of tropical cyclones, su
as those performed by the NOAA HRD, for the development
of scatterometer GMF for extreme high winds. This will reducel21]
the errors induced by the empirical Holland model.

(5]
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