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ABSTRACT

Over the last three decades, microwave remote sensing has played a significant role in ocean
surface wind measurement, and several scatterometer missions have flown in space since early
19906s. Al t hough tyBuecessfl fovneeasbriageoneanesyrtaage evimds with

high accuracy for the vast majority of marine weather conditiom®rtunately, the conventional

scatterometer cannot measure extreme winds condition such as hurricane.

The SeaWinds scatterometanboa d t he Qui KSCAT satellite i
scatterometer at present. Like its predecessors, it measures global ocean vector winds; however,
for a number of reasons, thguality of the measurements in hurricanes are significantly
degraded.The mostpressing issugeare associated with the presence of precipitationl Ku-

band saturation effectsespecially in extreme wind speed regime such as tropical cyclones

(hurricanes and typhoons).

Under this dissertatioran improved hurricane ocean vector wirglrieval approachnamed as
Q-Winds, was developed using existing SeaWinds scatterometer data. This unique data
processing algorithm use®mbined SeaWinds active and passive measurertertdend the

use of SeaWindfor tropical cyclonesip to approximtely 50 m/s (Hurricane CategeBy.

Results show that @/inds wind speeds are consistently superior to dfamdard SeaWinds

Project Level 2Bwind speeds for hurricane wind speed measurement, and a#md3



provides more reliable rain flagging algonithfor quality assurance purposes. By comparing to
H*Wind, Q-Winds achieves ~9% of error, while LZE2.5km exhibits wind speed saturation at

~30 m/s with error of ~31% for high wind speed (> 40 m/s).
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CHAPTERI: INTRODUCTION

Tropical cycloneghurricanes and typhoonaye one of the greatest natural threatssfups at
sea, inhabitedoastal areasd island. Oncethey make landfalltheycancausesevere wind and
flood damage, which can result icatastrophic loss in both human lives and property.
Unfortunately, there is currently no human interventibat hasdemonstratedny significant
mitigation to lessen thie impact excepfor civil hurricane preparedness, which inclusegning

and evacuation.Therefore, accurate observational information on the extent and magnitude of

hurricane surface winds i s cr iotecastadnmunitynro t he
predict storm path and intensity and to 1ssu
Uni t ed St at es, tropical cy c | ofaderal golern@éntal) ar e

organizations with the National Oceanic and Atmosphadministration (NOAA) taking the

lead.

Since hurricanes spawn in tbeean and usually are distant from latid, use of satellite remote

sensing plays an important role in their monitoring; and microvsawnsors are especially vital

for this purpose becas e t hey fAseeo0 through <cl| outthespast o0 me a
two decadesspaceborne active microwave remote sensing (using scatterometry) has been an
effective method to acquire ocean surface (vector) winds information by interpretingradaan
backscatterScatterometers have achieved high accuracy for synoptic ocean wind conditions and
have providedhese measurements unddirweather, day/nightonditionswith high spatial and

temporal samplingind global coverage over iekeee oceansThe ocean (surface) vector winds



(Ovw) data from NASAOGs SeaWinds scatterometer

nearreal time and are incorporated in operational marine weather forecasts worldwide. In
regards to tropical cyclones, the QuikSCAT W\data have become an important tool for storm
analysis and diagnostics at all of federal agencies responsible for tropical cyclone forecasting and
warning, including the Tropical Prediction Center/National Hurricane Center (TPC/NHC),
Central Pacific Hurgane Center (CPHC), the Weather Forecast Office (WFO) Guam, and Joint

Typhoon Warning Center (JTWC).

For tropical cyclones in the North Atlantic and eastern North Pacific basins, the NHC is
responsible for tracking and warnings. The QuikSCAT wind spedddaection retrieval are
utilized in TC analysis; the use of QuikSCAT has been steadily increased since 2000. For
example, during the period 20032006, QuikSCAT data were used 17% of the time to
determine storm radii, 21% of the time to identify stoim &nd 62% of the time to estimate

storm intensity1, 2]; and their impact (and limitations) have been well documdnt&gl

1.1 History of Active Microwave Wind Vector Retrieval

Theidea of using radar to estimateean surface windonditionsoriginated during World War

1 (1940 06 s heinteredtvears primarily to understand hoacean backscatténterference,
referredasseafi c | ut t e impedethe aetdctibn ofships and sbbmarine periscopesat
incidence angles near grazirguring thisperiod it was recognized that there was a cause and
effect relationshigpetween ocean cluttevind speecand sea statevave height); but it was not

until the 1960sthat the clutter was sentifically understood. In 1963, Richard Moore and

2



Willard Pierson6, 7] first proposedhat the ocean wind speed could be inferredaolar remote

sensing techniques ligterpreting the magnitude die¢ ocean backscatter

During the 196006s and 7006s, ocean remote sen
Aeronautics and Space Administration (NASA) and US Navy research communities. There were

a number of groups who were engaged in researchefinedthe fundamental physics and

develop the technology of microwave scatterometry for the measurement of oceanic wind vector

[8-11].

From the collection oftheoreticaland experiment results, it was diseoad that a robust
relationship exists between the ocean normalized radar cross section@sifthand the wind
stress at the air/sea interface. ®feis the result of the resonant Bragg backscatter fiioen
smalls cal e ocean 0 c a pedawavelangtiisoof the ander of a tevh @ntimdmesv
ocean surfaceurther capillary wave amplitudes are proportional to the surface wind atréss
therebycarry the information of the magnitude and direction of lteal nearsurfacewinds

[12].

Numerous airborne exgerme nt s wer e conducted during the |
established the empirical relationship betwe8nand the neutral stability local wind vector.
These experiments lay the foundatimm the feasibility of the remote sensing of ocean wind

vector from spacgl3].



The discussion that follows pesstis an abbreviated history of satellite OVW scatterometer
instrumentssponsoredoy NASA and the European Space Agency (ESA). An illustration of
satellite scatterometers from Skylab (1974) to present (2009) is given in Fig. 1.1 and key

instrument charactistics are summarized in Table 1.1.
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Fig. 1.1 Spaceborne wind measuringasterometeysponsored by NASA and ESA



Table 1.1 Characteristics of spad®mrne wind scatterometers.

SASS ESCAT NECAT SeaWinds ASCAT

Frequency (GHz) 14.6 53 14.0 13.4 53
Antenna Azimuth

Orientations

Polarizations V-H, V-H VvV V,V-H V H(Inner), v(Outer) VvV
Resolution (km) 507100 25/50 25/30 25/6=25 25/50

— 1400 —3»
00 200 200 500 338 600 175 175 600 S50 33 385 550
Swath (km)
< 1500 *

Incidence Angles 0=-70° 18°-39° 17°-60° 467,547 25°-65°




1.2 Spaceborn8catterometers

Satellite scatterometers angaseborne remote sensing instruments that are designed to measure
ocean surface wind speeds and directions on a global scale. Scatterometers transmit
electromagnetic (EM) pulses to the Earth's surface and measure the radar backscatter response or
the powerof the return pulse backscattered to the antenna. The ocean surface wind speed and
direction are inferred from the scatterometer geophysical model function (GMF), which relates
oceans’ towind magni tude at a given azi mutBecaudd ook 0
scatterometers are designed to measure synoptic scale ocean winds, their spatial resolution is not
high; and their measurement grids are typically Z0 km resolution. On the other hand, they

do provide wide swath coverage (> 1,000 km) and-g&dryal sampling (75 90%) on a daily

basis.

To present, spaceborne scatterometers of 5 different designs have been deployed, and this

subsection provides a brief overview of these scatterometer systems.

1.2.1 Skylab 893

The firstspacéornedemonstation ofocean wind vector measurement cur r ed dur i ng
Skylab mission in May, 1973 (Fig. 1.214], whenthe combined Kuband (13.9 GHz) radar

altimeter/scatterometer/radiometer known as Earth ResourcesgBaekperimens-193 flew



The major objective of 393, the first NASA scatterometer in space, was to demonstrate that
microwave radars could operate in space, to obtaintdatamonstrate the feasibiliof making
oceanographic measurements (waves, wiradsl topographyyemotely from spageand to

obtain information fothefuture design of higiesolution altimeters

The S193 was equipped with a mechanically scanned -ometer parabolic antenna with dual
linear polarizations. The instrument could bthei operated in altimeter mode while looking at
nadir (perpendicular to the surface) or in the radiometer/scatterometer (RadScat) mode with
variable antenna scanning. The scanning was provided by-gicuzdled mount (elevation over
azimuth), which allowd the RadScat to sample the ocean in different m@oes the ocean, the
primary operating modeasan alongtrack scan at fixed multiple angles fromt® 48, which
resulted in a measurement of sigth&ersus incidence angle. Also, there was anothetenfior

theacrosstrack scanning each selected aldragk scanning incidence angle.

Because 993 operation was astronaut attended, the operation times were limited. Further,
during the second maedmission, there was a failure of one gehlwhich limted the scanning
ability. As a result the total RadScat datase
S-193 did not followon to the next scatterometer in spaSegSaA Satellite Scatterometer);
nevertheless, the mission was successfuhdhieving its major objectives, which indirectly

contributed scatterometer (and altimeter) technology that was utiliZzsebifafA.



Fig. 1.2 S-193 on the Skylab space station.



1.2.2SASS on SeaSat

In Junel978 NASA launched its first ocemo g r a p h i SeaSato &ify I1.B with fivié
primary microwave instruments: anBand synthetic aperture radar (SAR), a radar altimeter
(ALT), a scanning multfrequency microwave radiometer (SMMR), an ocean wind
scatterometer (SASS), and a visibled infrared radiometer (VIRR). The missionSdaSaiA

wasa proof of concept fosatellite oceanographwhich was to demonstrate thatnas feasible

to obtain scientifically useful ocean measurements using remote sensing technologies from
space. Unfornately, the lifetime oSeaSatA was only about 100 days becauseadfatellite

power subsystem failure; but in this short tjinsaifficient datawere obtained hat clearly
demonstrate the proof of concept for microwave active remote sensing of wavedswamd

ocean topographySeaSa®A providedthe justification for a number of satellite missions that

followed.

The SeaSa®A Satellite Scatterometer (SASS) was the first satellite scatterometer specifically
designed to measutbe ocean surface wind vecatoand as a proedf-concept instrument, the

first to demonstrate that ocean surface wind scatterometry could be achieved frorfil4pace
SASSoperated at 14.6 GHz arthd four farbeam dualinear (H and V) polaged antennas
(°45 and° 135 relative to the flight direction), as shown in §id.3 and 1.4 The fan beams
were subdivided using twelve fixed analog Doppler filters to provide contiguous footprints along
the beamsRadar measurements were performed setipley beam to beam was such that ocean

was sampled approximately every 8 seconds (50 km along the track). The two beams on each

10



side were designed to yield two orthogonal azimuthal radar backscatter observationssé&t each
km fAwi nd wichtwaerused ® Inferdahe speed and direction. This geometry provided

two 506km wind vector swaths, offset +200 km from the orbit-snaigk.

11



Seasat-A Satellite |
Scatterometer (SASS) | -5

Fig. 1.3 SeaSafA Satellite Scatterometer (SAS&) SeaSah.

12



FULL OVERLAF

SWATHS

ANTENNA 4
ANTENNA 3
~————T00 km
LEFT SIDE
SWATH

|-l—~5l:H:I ki ——=

SUBSATELLITE

\\ TRACK

-—

- -
400 kim

135°

- 500 km —]

RIGHT SIDE
SWATH

ANTENNA 1

| _. INNER SWATH

NOT USED)

ANTEMNNA 2

Fig. 1.4 SASS beam configuration and athr coverage (Courtesy of Grantham ¢t 4l).

13



1.2.3ESCAT on ER& and ER&

After almost one and a half decades followihg success of the SASS, a series of satellite
scatterometers were launchescatteromir coverage continues through present times as
illustrated in Fig. 1.1The firstwast he | aunch of t he ESAHEupEan Spac
Remote Sensing Satellite (ER$in 1991. t was equipped withseveral microwave sensors

including: the Active Mcrowave Instrument (AMI)- a combined &band (5.3 GHz)
SAR/scatterometera radar altimeter, an infrared radiometer (IRR), a Microwave Sounder
(MWS), and an ultraviolet and visible spectrometer Global Ozone Monitoring Experiments

(GOME).

The AMI [15], also referred as tHeRS Scatterometer (ESCAT), employed a vertically polarized
threebeam antenna and operated ababd (5.3 GHz). The ESA selectedb@nd primarily
because of the SAR operation; but i tbanda| so p
scatterometer becauseb@nd suffers less rain attenuation and rain volume backscatter effects

than does Kiband[16]. Other than this, the overall wind vector measurement performance is

compar abl e tbhand SdattSometsrs. K u

In contrast with the SAS$he ESCAT provided only a singided 500 km swath offs885km
from the ground track (Fig. 1.5); but it increased the number of azimuth looks to three to

improve the wind direction measurement performance. This idea was originated by NASA

14



Langley duringtheir postSeaSa#A design activities for the NASA followan scatterometer

mission on the National Ocean Observing System (NQODG)

Another difference between AMI and SASS was the method usedbtdivide the farbeam
antenna into wind vector cells. For SASS, Doppler filters were used; but for AMI, short pulses

were transmitted and range gatesgessing was used.

The successor of ERBEwas ERS, a nearly identical spacecraft including an identical AMI
scatterometer, which was launched in same orbital plane in April, 1995 and was operated in
tandem and passed the same location one day lateER&1. They both operated successfully

until 2000 when ERS failed;the ERS2 missioncontinued for another three years untivis

terminated in 2003. Both AMI&s operated succe
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Fig. 1.5 ESCAT on ERSL (singke blue swath) and ER& (dual swathjneasuremergeometry.
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1.2.4 NSCAT on ADEOS

During the 1980s, the NASA Office of Applications began the development of the improved
NASA Scatterometer (NSCAT) at the Jet Propulsion Laboratory ([R) This instrument to

be flown on the Naval Ocean Remote Sensing Satellite (NORSS) provided an imprevaddu
scatterometer that was based upon lessons learned from SASS. Unfortatdbedytime of the

NROSS Program caellation, the instrument was at the critical design review milestone and
(without spacecraft interface definition) could not proceed to flight hardware build. Later in
19881989, the NSCAT was selected for fsatdlight on

and the instrument flight hardware development was subsequently completed.

In August, 1996, th&u-band (14.0 GHzINASA Scatterometer (NSCAWas launchednboard
theJapanese Aerospace Exploration (JAX&vanced Earth Observing Satellite (ADBE), also

call ed AMidori 0. T h eswdthSsCattefometer to flytirhspacefsiB#SSt d u a l
Its primary science objective was to measure surface wind speed and direction over the global
oceans, with a requirement to provide > 90% coverageyewves days under all weather
conditions Unfortunately, theADEOS Missionsuffered a premature fatal power system (solar

array) failure, which terminated the mission after offyweekqSeptember, 1996 June, 1997)

[18]. During this periodthe NSCAT instrumentoperated continuously without any anomaly and

had produced approximately nine monthsvafluable global ocean surface wind vectiansthe

NASA ocean sciences community, whielad to many scientdiadvances in oceanographic and

climate researcfi9].
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The NSCAT was a 14 GHz (Kband) duakwath scatterometer, that provided-oé&dir ocean
sampling in two 600 km swaths on both sides of the satellitetraok, separated by an
approximmt el y 350 km fAnadir gapo. Unl i ke SASS wi
NSCAT inserted the two extra silfleoking fanbeam antennas, two a#5 relative to cross

track with vertical polarization and a third dymilarized (V & H-pol) beam at 20between

these directions, as shown in Figs. 1.6 and 1.7. This configuration improved the ambiguity
removal skill[20] and Gonzales and Long reported 99% success for wind speeds exceeding 4
m/s[21]. Another distinctive design feature for NSCAT (comparedA&S was an orboard

digital Doppler radar processor, ish was used to form higher spatial resolution (25 kfh)
resolution cells. Electronic Doppler filtering also allowed NSCAT to dynamically adjust center
frequencies to compensate for the earth rotation, thereby enabling excelesgistered

measurementst fixed crosdrack distancefl8].

Because of NSCATO6s 14. @°measaremént wag highly segsitive toh e 0
rain in the propagation path; hence, the retrieved surface wind data measuieg neg@ns

was likely be degraded. Unfortunately, without a microwave radiometer onboard this spacecraft,

it was not possible to reliably estimate the presence of rain in the scatterometer measurements,

which occurs globally about 5% of the time.

18



NASA
Scatterometer

(NSCAT)

Fig. 1.8 NASA Scatterometer (NSCAT) on ADEOS.

19



AMTEMNMA, &
BEAM BY

ANTEMNA 5
BEAM &H, 5V

ANTEMNA 4
BEAM 4V

457

65 o

LEFT WAND
WECTOR SWATH

SBSATELLITE

[ ]

GO0 km

175 175
km km

I--.-I-l-ﬂh--ﬂ

RGHT WAIND
VECTCR SWATH

600 km

AMNTENMA 1
BEAM 1Y

AMTEMMA, 2
BEAMS 2H, 2V

ANTENMA, 3
BEAM 3V

Fig. 1.7 NSCAT scanning geometry (Courtesy of Long and Drinkw{&2}).

20



1.2.5 SeaWinds on ADEOSand QuikSCAT

ADEOSII was the followon t o JAXAOGs e ar il missiorh buewith snewy A DE O
payload of sensors. The major change in the instruments was the addition of the JAXA
Advanced Microwave Scanning Radiometer (AMSR), which occupied the location previously

used by the NSCAT. Because of this, the NASA JPL designed a new conical scanning
scatterometer, which could be more easily accommodated because of the smaller compact
mechanical antenna design. This instrument, known as SeaWinds, was originally planned to
launch three years after ADEQSBut because of the premature failure of ADEDS8elays in

mission development postponed the launch to considerably later.

To mitigate the | oss of this flight opportuni
mission to fill the gap between the demise of ADEIG®d launch of ADEOSI. This mission,

named QuIikSCAT, was launched on Juné",18999. It carried exclusively the SeaWinds
scatterometer flight unif23], which wasoriginally built to fly on ADEOSII. QuikSCAT

operates in a 803 km altitude, 98.dclination (retrograde) orbit as shown in Fig. 1.8. The
satellite completes a full revolution (rev) [

the orbit results in a measurement gap created between orbits.
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The science objectives of the QuikSCAT missions are:

1 Acquire allweather measurements of nsarface winds over global idece oceans

1 Investigate aksea interaction mechanisms and ocean response on varioiz apdt
temporal scales

1 Study longterm rain forest vegetation changes

1 Study daily/seasonal séee edge movement and Arctic/Antarctic ice pack changes

During late 2002, JAXA launched its successor of the ADEQ@8idori), ADEOS-II (Midori-

I). Since theSeaWinds flight model originally intended for flight on this satellite was launched

on QuikSCAT, the refurbished engineering model ofSeaWinddecame the flight model for
ADEOSII. For approximately seven months, two SeaWinds scatterometers opertaadem
orbits to provide unprecedent ed hi gh tempor
Regrettably, due t@ solar panel malfunctioof the spacecrafthe missionwas prematurely

terminateden months after launatespite a fully functional scattereater.

SeaWinds is NASAG6s only pr es dhemdasurereptefrglaldali ng r
ocean surface wind vectors. The radar is a conical scanning system, which operatebane Ku

(13.46 GHz), measuring normalized ocean radar backscateraowide swath. It employs a
conically scanning-tneter antenna with two line@olarized beams (feeds): inner beanpd at

46 incidence angle and outer-pol at 54 incidence angle, as shown in Fig. 1.9. The outer

swath is approximately 1800 and owgpbed (inner) swath is 1400 km (not shown). The
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measurement of oceas’ with azimuthal diversity (multiple azimuth looks) enables the
scatterometer to infer corresponding ocean surface wind speeds and wind dir€uiisite of
this overlapping region, fwvard and aft Wpol measurements from the outer antenna beam

extend the swath by £ 200 km.

The SeaWinds has significant measurement geometry differences compared to the previous fan
beam scatterometers (SASS, NSCAT and HR-2), where antenna azimutimgles are fixed.

The over lapping scanning produces a variable azimuthal separation depending upon the cross
swath distance, which increases the complexity the OVW retrieval algorithm. On the other hand,
it is advantageous in that the conical scanningigesvsignificantly wider contiguous coverage

and eliminates the objectionable nadir gap in measurements.

Each transmitted pulse projects an ellipticedtantaneous field of view (IFO\Qn the earth
surface, whichs limited by the 3dB antenna power beawidth footprint of 24 31 km (inner

beam) or 26 x 36 km (outer beanfhe IFOV is subdividedusing range gate processing to
produce an approximatefitkm widths®fis | i ce o, andi shenowmbasedn

shown in Fig. 1.10.
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SeaWinds conical scan geometry (Fig. 1.11) was designed to provide overlapping measurements
for eachlatitude/longitude (25 x 25 kmbox, known as a wind vector cell (WVCThese

multiple observations dhe ocears6 are measureftom two beams (looking both forward and

aft); and this results in four azimuth look observations at ¥&¢lC. Consideringa given cross
swathWVC location(Fig. 1.12),ocean backscatter is first measured by the outer l{gapol)

during the forward scan portiaat timet; (red arc).This isshortly followed by the inner beam

(H-pol) forward scan at, (blue arc) Several minutes later, the measurement iderfeom the

inner beam from aft scan segmentta{magenta arc). Finally, the dfiok outer beam at;

(green arc) is measuretihesefour-azimuth lookoceans® areknown asi 4 | av o theyp an d

providean overlapping swath of approximately 1400 kmevitlhe scatterometer measurement

timing is such that t-bcandfreEtionbyg 30%,;andghe brdepna spm t h e

rate provides 50% overlap in the aletngck direction (scato-scan).
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1.2.6 ASCAT

The most recent scatterometer mission, the Advanced Scatterometer (ASCAT), was launched
2006 on the European Meteorological Operational (MetOp) satélhis. Gband scatterometer

is the sequel instrument to ERSand ER&2, and its mission is tmeasure OVW to study ocean
climate and tropical vegetatio The ASCAT system geometry is based on thebfam
configuration with incidence angle ranges from 26 65 providing two 556km separated
swaths.Each swath is made up of observations taken sequentially from) foir¢ and aft
antennasThe ASCAT measures oceafl from three different azimuth angles and determines

wind vector using a GMF.

ASCAT is a Gband real aperture radaperating at 5.255 GHaith two 3-m long antennswith

a fixed fAV-shaped positions at +135° with respect to the spacecraft flight direction.
subdivides the fatveams by using pulse compress range gatas.two sets of three tannas

allow simultaneous observations to be made from three directions in each of its two 550 km
wide swathsas shown in Fig. 1.13This geometryprovides better resolution and over twice the
coverage of its predecessoEESCAT on ERS1 and ERS?) and acleves near global coverage

in five days.
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Fig. 1.13 ASCAT scanning geometry
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1.3 Current Scatterometer Limitatidar Hurricane Measuremennd Requirement for Ocean
Surface Vector Winds

Satellite scatterometry has evolved considerably in thetpeest decades; and the most recent
JPL conically scanning pendieam design offers much higher sigt@hoise ratio (SNR) and

wider swath coverage with a lighter and smaller instrument than the previebsdanscanning
configuration[24]. This conical scanning technique also provides measurements at a constant
incidence angle that results in a constant IFOV at all scan positions. SeaWinds achieves wind
speed error accuracies ©f2 m/s and wind direction error < 1f5]. Presently, the SeaWinds

on QuikSCAT is the only peneleam conical scan scatterometer operating.

With regards to hurricane retrievals, QUikSCAT has three major iE3jues
1. Uncertainty in the measured ocean backscatter due to precipitation,
2. The measwed oceannormalized radar cross secti@ Kuband begins to severely
saturate beyond wind speeds of approximately 30 m/s, and
3. The instrument spatial resolution is not adequate to resolve-soaddl storm structure

associated with tropical cyclones.

Furthermore, the instrumentasdesigned for global synoptscale average wind measurements
and not especially tailored to the high spatial gradients of extreme wind events. Future
scatterometer designs will address this instrument design shortcd2ihg However, a

significant improvementan be accomplished with the existing SeaWindsungent namely a
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new special OVW retrieval algorithm thahproves the accuracy of thecean surface wind

vectors in extreme wind events.

The objective of this research is to improve the stétae-art for scatterometer wind retrieval
for hurricane mesurements (and other extreme wind eventf)s Hissertatiordocuments the
development of astandalone hurricane measurement algorithm usitige QuikSCAT
scatterometer n a m&d n @ ®e next subsection presents a brief history of ocean wind
vector retieval, which addresses the currestatterometer limitations amsbmmarizes ocean

surface vector windsequirementsgor scientific and operational users

1.4 Dissertation Objective

The purpose of this dissertation t® develop an improved OVW retrievallgorithm for

hurricans and to validate the algorithm with independent hurricane OSVW measureiiasts.
dissertation is organized into five chapters. Chapter 1: Introduction, has covered the history and
literature reviews of the spat®rne active micnwave wind retrieval and the requirement for
hurricaneOVW measurements. Chapter 2: Hurricane Wind Measurements, describes remote
sensing airborne and satellite wind measuring techniques and the surface truth ud&dhds Q

algorithm validation. Chapter Hur r i cane Wi nd Vect oWi rRega,i ewhil c
is the essence of this dissertation, describes an improved hurricane retrieval algorithm using
QUIKSCAT. Chapter 4: Results, presents results of performance evaluation and comparison to
surface tuth. Finally, Chapter 5: Discussion and Conclusion, summarizes conclusaiuts,

presents possible scope of future works.
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CHAPTER-II: HURRICANE WIND MEASUREMENTS

The objective of this chapter is to providdrief overview othe NOAAG sesponsibility forTC
surveillance and warningsncluding a discussiorof airbornemeasurementand surface wind

field analyses used in hurricaend the SeaWinds scatterometer data predlibe TC forecast
centers use these measurements for both operations and reseamdélyze and study the
characteristics of the storm. The primary data used in this dissertation are from the SeaWinds
scatterometer on QuUIkSCAT satellite (algorithm development) and the H*Wind sarfalyses
(algorithm validation), whickare availabledr Atlantic Ocean, Gulf of Mexico, and Caribbean

Sea

2.1 Tropical CycloneSurveillance and Warning Organization Responsibility

TC warnings and forecast services are the cooperative efforts of several departmésderahd
agencies. NOAAunder the Department of Commerce (DOC) is responsible to provide TC
warnings and forecasts for the Atlantic and Eastern and Central Pacific Oceans and the

Department of Defense (DOD) is responsible for Western Pacific and Indian Oceans.

Researches regarding to Tsudies are conducted in NOAA, the U.S. Navy, and NASA to
improve TC forecast accuracihe NOAA isone ofthe federal government agéesresponsible

forstudyi ng Earthoés e enwiiommenmahresourcesaOnd of thenmaprgasks g
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that NOAA undertakes ishe monitoring and issuingf warningsfor Atlantic hurricanes through
its operational organization, the Tropical Prediction Center anNakienal HurricaneCenterin

Miami, Florida Thearea ofresponsibilityfor TC is shown in Fig. 2.1.

k1

Fig.22Tropi cal Cyclone Forecast Center.

Regarding the TCGdfofi Mexict) .aridl.Caribbean rSeat agetisy DOC
(through NOAA) is charged with the overall responsibility to provide forecasts, warnings, and
necessary information to the appropriate agencies and the general public. DOC, with support
from DOD, Department of Transportation (DOT), and the Department of Homeland Security
(DHS)/U.S. Coast Guard (USCG), implements appropriate actions and utilizefediral
resources for storm forecastinighe arcraft reconnaissance is routinely used for TC monitoring.
Three different research aircraft (\AA30J, GIV, and NOAA R3 in Fig. 2.2) araledicatedor

TCs observatioroncethe stormsapproach landfall. Thegre weltequipped for hurricane wind
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and environmental parameters measuremehish include: flightlevel data sensors, airborne
radars (tail Doppler), cloud physics instrumentation, expendable wind sensors (dropwindsondes
and drifting buoys), and remosensors (Stepped Frequency Microwave Radiometer (SFMR)

and Gband scatterometej27].
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Fig. 2.2 Reconnaissance and surveillance aircraft used in TC operation. thep€-130J andat
bottom aregwo GulfstreamlV (front), and WR3D (back).

36



2.2 Hurricane Wind Speed Measurement Scale

When the storm intensity exceeds tropical stetrangth(33 m/s; 64 kts) wind speed exceeds 74
mph, it becomes a hurricane. Hurricaaed the oneninute sustained surfacetensities can be
classfied by he Saffir-Simpson Hurricane Scal&SHS) The SSHSdivides hurricane into five
categories (Categoty to Categoryp) distinguished by the intensity of the sustained winds. The

SSHS is presented in Table 2.1.

Table 2.1. Saff#Simpson Hurricane de

Storm Class m/s mph kt km/h
Tropical depression 0-17 0-38 0-33 0-62
Tropical storm 18-33 3973 34-63 63117

1 34-43 74-95 64-82 119153

2 44-49 96-110 8395 154177

3 50-58 111-130 96-113 178209

4 59-69 131-155 114135 210249

5 270 2 156 2 135 2 250

37



2.3 Airborne Systems for Hurricane Wind Measurements

Several approaches have been used to melasureaneforcewi nd; but because of
surface conditions, some of the conventigaifacewind measuring techniques,g., buoys or

ships, are notuseful for operationalhurricanes measurement. Fortunately, a f@vborne
instruments arapplicable for extreme wind eventndtheyprovide very useful data for NOAA

hurricane forecasters

Airborne wind measurements che subcategorized as situ and remotly sengd Thein situ
wind instrumentq e.g., dropwindsonde dlight-level sens®) obtain datahrough direct contact
with the airstreamAlternatively, remotesensors such as tlseatterometer, cdometer, or tdi
Doppler radainfer surfacewind information by interpretingelectromagnetic signatures of the

ocean surfacge.g., ocean surfa@nd rain backscatter, Doppler and blackbody emission)

Because othe largespatialscale ofthe stormdtypically on orderof hundred of kilometers)

their ferocious conditions, and their remoteness from,|di@ observations are sparse. Also

because of the expense, reconnaissance aircraft are usually dispatched only when a storm
threatens landfallln situ data such as GP&opwindsondesave high accuracy and atiee
Astandardso for wind velocity measur enOnnt s; h

the other hand,emote sensors provida much wider area of coverage than time situ
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instruments; buboth techniges are widely used in hurricane observing systéims.following

subsections discuss the major hurricane observation techniques in more detail.

2.3.1Global Positioning System (GPS) Dropwindsondes

A global positioning system (GPS) dropwindsonde, oz aoft r ef erred as fAdropso
an in situ instrumentation package designed to monitor TC sysf@®8s A dropwindsonde
comprises a GPS receivergpsure, temperature, and humidity sensors and a radio transmission
system. A dropwindsonde is released from an aircraft at flight altitude at various locations
including the eyavall and in vicinity of the storm centéfheyare suspended by a parachiate
maximize the observation period before reaching the ocean surface:tiRealdata (latitude,
longitude, altitude, and environmental data) tsa@smittedto the monitoring systems with time
stamps every 0.5 secontypically, the lowest altitude of windheasurement occurs at a few
106s of met er s Wath speeds ahdndirections rare ghenecomputed from the
dropwindsondes displacements, which yields horizontal wind veleergusaltitude ata sample

rate of 2 Hz. Dropwindsondes provitdgh quality in situ measurements of surface wind speed

in extreme conditions; however, only approximately a dozen of GPS dropwindsondes are

deployed per a hurricane event; hence, the observation coverage is quite limited.
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Fig. 2.3 Global PositioningSystan (GPS)dropwindsondegcourtesy of AOML/NOAA/HRD).

2.3.2Aircraft Flight-Level Winds

Aircraft flight-level wind observationgypically obtainedat the 700 mb~10,000 ft) level, are
calculatedas the difference between ground vector motion and atowvewotion. The aircraft
speed within the flowing air mass is determinedabgynamic pressure anemometer and the
direction isrecorded ashe aircraft heading measured by the compass. The ground vector motion
is determined from the GPS or inertial navigatsystem (INS). The ocean surface wind speed is

thenestimatedy applying aeductionfactor to the aircraft flightevel wind speed.

This empirical relationship between fligHevel and surface wind has been establistiech

many aircraft flights in arricanes wherebyflight-level wind measurements and collocated GPS
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dropwindsonde and buoy observatievere obtained. Various surface attenuation ratios, defined
as a ratio of flighdevel wind speed over surface wind speed, are foutiteiliterature: aratio of

63% 73% fromreconnaissance flighevel wind observationss recommended by Powell and
Black [29]; while National Hurricane Center (NHC) suggested a ratio of 89886 of the flight

level wind foroperationalisags In view of studies such as Powell and Blatle uncertainty of

surface winds from flightevel wind measurements is relatively large.

2.3.3Stepped Frequency Microwave Radiometer (SFMR)

The Stepped FrequencyMicrowave Radiometer (SFMR)is a nadirviewing Gband multi
channel radiometer designeditder TC surface wind spesdand rain rate It simultaneously
measures microwavemission (brightness temperature) from the sea surface at multiple
frequencies between 4i57.2 GHz Hurricaneoneminute sistained wind speeds are retrieved

using the SFMRyeophysical algorithrfB0] over a wind speed rangé 10-85 m/s.

There are approximately a dozen SFMR instrusiéhat are flown on NOAA WRBD/G-IV
aircraft andthe US Air Force 53 Weather Reconnaissance SquadwiE-130J aircraft. A
typical installation in a wingpod is shown in Figs. 2.4 and 2.5. An exaenpf SFMR wind
speed and rain rate measurements along with flegial winds (4 km altitude) are shown in Fig.

2.6.
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SFMR
electronics

Fig. 2.4 SteppedFrequencyMicrowaveRadiometer (SFMR) on NOAA/HRBWVP-3D research aircraft
and SFMR electronics hardware (courteSAOML/NOAA/HRD).
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Fig. 2.5 SteppedFrequencyMicrowaveRadiometer (SFMR) on NOAA/HRBVP-3D research aircraft
wing-pod (courtesy of AOML/NOAA/HRD).
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Fig. 2.8 SFMR simultaneous wind speed and rain rate retrieval during Hurricane (Etaytey of
AOML/NOAA/HRD).
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2.3.4Tail Doppler Radar (TDR)

The tail Doppl er radar ( TDR) S Ws ar@l mVDP3) nst al |

hurricane hunter surveillance aircraft (Fig. 2.7), acquire tdmeensional (&) hurricane core

wind field data.

The radar antenna is rotated to map out two conical surfaces (one looking forward and the other
looking aft) about the aircraft flight path (see Figs. 2.7 and 2.8).In this manner, the radar can
measure radar backscatter from rain drops from the airdtifide (above and below) to the
surface. Because the rain drops are evicted
measure the-B wind structure in the max intensity eyall and the spiral rain bands which
surround the TCBy measuring ta raindrops Doppler frequency shift at forward and aft azimuth

directions, the horizontal component of wind velocity can be estimated.

An example ofeflectivity from the tail Doppler radars shown in the top panel in Fig. 2.8, and
the horizontal sectio of interpolated reflectivity datavith dualDoppler synthesized wind
vectorsin the bottom panel of Fig. 2.8he raw radar data is processed onboard the aircraft

throughquality control QC) software developed by NOAA/HRD.
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Fig. 2.7 TallDopple r adar system o n b-tWehurricandllDrtek drsraft Gourtds
of NOAA).
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Fig. 2.8 Tail Doppler radar (TDR) reflectivity and wind measurements. Top is TDR reflectivity ¢
bottom is interpolated data and horizontal wind (courteSAR).
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2.3.5Imaging Wind and Rain Airborne Profiler IWRAP)

The Imaging Wind and Rain Airborne Profiler (IWRAP] is the first highresolution dual
band airborndoppler radar designed to study the inner core of the TGs.alh experimental

sensorthab per at es f r o 48D arcrait Oulng inssiolgRhrough storms.

IWRAP is adownward viewingconical scan microwave Doppler radar opegat G and Ku

band that images the-B atmospheric boundary layer (ABL) winds, ocean surface winds, and
rain rates. The system was designed to protidé-resolution duapolarized reflectivity and
Doppler velocity profiles of the ABLas well asocean surface backscatt 30m resolution

within the inner core precipitation bands of TCs at four simultaneously separate incidence angles
(30, 35, 40, and 50, see Fig. 2 The ocean surface wind vectors are inferrad
scatterometry, the-B ABL wind field via Doppler measurements from precipitation, and rain

rate is estimated from dualavelength differential attenuation.
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Fig. 2.9 IWRAP measurement geometry (courtesy of FernandeZ &i]a).
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2.4H*Wind Surface Analysis

In 1996, an integrated near réghe hurricaneanalysis toolcalled H*Wind, wasdeveloped by

NOAA Hurricane Research Division (HRD). H*Winevolved from a series of pemviewed,
scientific publicatios [29, 3234] that analyz2d a numberf major hurricaneslt is designed to
improve the assessment of hurricane interaitgt to improve understandiraf the extent and
strength of thesurfacewind field. In this research, the H*Wind analysis is usedhasi s ur f ac e
t r ut hafgorithno tuning and independeatgorithm validation A detailed description of

H*Wind is providedat http://www.aoml.noaa.gov/hrd/

H*Wind assimilates hurricane wind measuremetdfiected over several hours peri@m
multiple platforms(aircraft and satellitejnto afi s t o r m nweng TC ¢oardinates system

and outputsa snapshot of the entire TGurface wind field at 6 km resolutioffhis wind
represents the orminute sustained wind velocity at -0 altitude reference.Wind
measurements used in H*Wind include: SFMR wind speeds, GPS dropwindsondes, tail Doppler
radar,geostationary operational armanmental satellite (GOES)loud track winds, and satellite

observations (such as QuUIkSCAT, WindSat, and ASCAT).

Because of satellite tremendogreundspeedand wide swath coverage, the entire view of storm
can be measured almost instantly. Unlike #ieraft sensors which require several hours to

gather adequate TC winds informatidinus, satellite observation is very useful fbtwWind to
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estimate pepheral winds of the hurricane and is usually included as an input. However, since
H*Wind is used ¢ validate an algorithm based on QuikSCAT in this dissertation; therefore,

H*Wind analyses used here are do not include any QuikSCAT measurements.

H*Wind accuracy is highly depends on the quality of the dataset and data covdtiagegh it

is imperfect,i t is the current best sur f sudaee wind ut h
comparison dataset f or atunigg andevatuation. An example off*Wind output is
presented as wind barbs and isotach (constant wind speed contour) plot during Hwarica

Fabian on Septembef?22003(Fig. 2.10 and Fig. 2.1).

The fiwind barb® plot in Fig. 2.11 is the correspondimpmpositewind measurements from
variousairborne and surfacgind sensorswhich were input to generate thaalysis outpuivind
isotach ot in Fig. 2.12. The orientation of theimd barbs showthe direction of the windhat

bl ows t owa 8Bhrt andleng liadh bnesdrepresent 5 and 10 b and 5 m/syind
sped increments respectively, aadolid triangularshaped barb repents a 50 kndt25 m/s)
wind speed increment. The colof the plot denotes the source of the wind measurement. The
Agreen squareo and Ared squareo r epTCeeyed nt

during the period of the analysis

A wind isaach plot in Fig. 2.12 shows a constanhd-speedcontour with 5 knot increment.

The isotach plot is equally divided into four quadrants: northeast (NE), northwest (NW),
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southeast (SE), and southwest (SW). The numbers displays at the upper left ctiradigoie
are the radii distance of storm class (based ors8i¢3. Wind speed (numbers in the second
row at the upper left corner) of 34 ks gale, 50 knatis storm, and 64 knsts hurricane; and
the numbers below are the corresponding radii Wigtan nautical mile. The white arrows are

the direction of the wind flow.
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W METAR 1-min marine

B zHIF 1-min marine

B CPEZOMDE_MEBEL 1-min marine
B DRIFTING_BUCY 1-min maring

W AFRC 1-rmin marine
Flagged observations

Fig. 2.10: H*Wind input wind vector observations feturricane Fabian on Septembéf, 2003.
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Hurricane Fabian 2149 UTC 02 SEP 2003

Max 1-min sustained surface winds (kt)

Valid for marine exposure over water, open terrain exposure over land
Analysis based on GPSS0ONDE_MBL from LB26 - 2300z, SHIP from LBLSE - 0000 z; AFRC from L1730 - 2008 z;
DRIFTING_BUDY from 1800 - 0000z METAR from 1755 - 0000 z;
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Observed Max. Surface Wind: 123 kts, 16 nm NW of center based on 1933 z GPS50NDE_MBL
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Experimental research product of NOAA / AOML / Hurricane Research Division

Fig. 2.11 H*Wind analysis outpuisotach wind fielcf Hurricane Fabiaon September", 2003
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2.5SeaWinds OVW Measurements for Hurricane

SeaWinds on QuikSCAT provides global ocean +ssemface wind speed and direction
measurement, which is vitedr NASA in oceanographic, meteorological and climate stufiies

and N OwamMedcal weather forecasting

Although, QuikSCAT OVW measurements are not optimal for extreme wind events (see
Chaptetl), they are routinely used in TC analy$gs2]. These QuikSCABcience data products

are processed and diswied by the NASAJPL Physical Oceanography Distributed Active
Archive Center (PO.DAAC)AIl QuikSCAT standard products are in the Hierarchical Data
Format(HDF) and referenced by WVC row and column indiceslata archive of QuUIkSCAT
productcan be obtaied fromthe Physical Oceanography Distributed Active Archive Center

(PODAAC) athttp://podaac.jpl.nasa.gov/DATA_CATALOG/quikscatinfo.html

2.5.1QuikSCAT Level 2A Data Product

The QIkSCAT Level 2A (L2A) data product containecean brightness temperature
measurementsnd radas’ acquired during a full orbital revolution (rev) by locatiomcEL2A
data element represents a 25 x 25 km resolution box, called a wind vector cell (BAGG).

WVC row of the L2A contains entire crefsmck cut of the SeaWinds measurement swath.

Because SeaWindso coni cal scan configuration,
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oncross rack | ocation in the swath m@moxichatemdxstd WV CDO
30 measuremen{85]. Thes® for each WVC iscomputed from the total echo energy of the ten

high resolutiors° slices.

SeaWinds softwarallocates 810 measurement pulses per each WVGaavsure that als® are
captured at the nominal ratéor each orbital rev, L2A data product contains 1624 eovas810
columns in he HDF and each cell is referred bpw and column indicesTo avoid abrupt
truncation of data, 39 additional WVC rows from the previous and after revs are included at the
beginning and the end of each rev. Thus, the nominal L2A dilgains a total of 1702 WVC

rows and 810 columns.

2.5.2 QuikSCAT Level 2B Data Product

The QuikSCAT Level 2B (L2B) Processor data processes QuikSCAT L2A normalized radar
cross section measurements and produces wind vector data for each WVC in aligiimérg w
spacecraft grid oélongtrack and crossrack pixels of the measurements swatbne complete

satellite orbital rev contains 1624 WVC rows in the alnagk direction and 76 WVCs per row

in the crosdrack direction.The L2B wind vector ambiguitee(possible solutionsare retrieved

from an empirically based model function using MLE method. The ambiguity removal algorithm

is then used to determine tAgest solution e st i mat e of t. Whe dafatnrL2Be 0 wi n

data are contains various gégpical parameters, e.g., retrieved wind speeds and wind directions
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(aliases) numerical weathemodel wind speeds and wind directio@Rad retrievedain rate.

Every L2B data el ement c antratkandalenrack iedtesed by t

Since July 2006L2A and L2B data were reprocessed to improve the measurement spatial
resolutions. Themproved spatial resolutiohevel 2 producs (L2A-12.5km and L2BL2.5km)
areavailable on a 4x WVC grid at a resolution of 12.5rom 25km)Bot h BB A6 & 2BO6 s
data products are provided from NASA PODAAC, JPL; and further information can bedbund

ftp://podaac.jpl.nasa.gov/ocean_wind/quikscat/L2B/doc/QSUG_v.3.pdf
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CHAPTER-III: Q -WINDS HURRICANE RETRIEVAL ALGORITHM

3.1 Introduction

This chapter describes a unique technique to infer hurricane oceanic surface wind vector, known
as thWEa nd®o al gorithm, devel oped at the Cent |
(CFRSL) ufng solely the SeaWinds scatterometer on QuikSCAT, which is the topic of this
dissertation. This algorithm is based on the conventional scatterometer wind vector retrieval with

the following notable unique aspects. First,-Whds uses combined active/passi
measurements to estimate rain-correctedocean surfacs® from the scatterometeneasured

radar backscatter at the Atop of the atmosphe
is no rain correction in the conventional scatterometer wawatov retrievals. Second, unlike the
traditional scatterometer algorithms that retrieve #ymoptic-scale spatial average wind
speedsover the WVC, this algorithm is designed to infer eime-minute sustained wind speed

in hurricanes. Moreover, this algthm is highly specialized in purpose to be used for extreme

wind events; and as such it augments the conventional QuikSCAT project OVW products. Also

for the final quality assurance (QC) process, rain flags are provided to identify low confidence

(suspedtretrieved elements.
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3.2 Satellite Microwave Wind Scatterometry

Satllite microwave scatterometers are waliited for the task of global measurements of ocean
surface winds. First, mi crowaves easily pene
capable of making measurements during day/night under nearly all weather conditions. Second,
their wide swath coverage provides global measurenvetttsfrequent revisit time from polar

orbiting satellites. Third, the scatterometer GMF has been provee tobust, i.e., the ocean
normalized radar cross section responds only to the speed and direction of the surface wind and

is independent of other ocean surface parameters, such as sea surface temperature (SST), wave

height, fetch, salinity, etc.

The fundamental concept afsingmicrowave scatterometry to infer ocean wind vecgébes on

the interpretition of the ocean surface smaktale roghness from the measured ocean
normalized radar cross section or ocean radar backscatteFhe ocears® dependson the

power spectrum of these smatlale waves (radar scatters) driven by ocean surface amd.
nearnadir (normal incidence angle) measurements, the ocean radar backscatter is primarily from
specular reflections from the tilted surface that is rougtidsy ocean waves in the illuminated

area. Here the oceaf depends on theootmeansquare (RMS) slope that is determined by
ocean waves that are significantly greater than the electromagnetic wavelength. However, for
off-nadir measurements (incidencegkm greater than approximately 30the backscatter is
primarily due to Bragg scattering that occurs when the ocean wavelengths are comparable to the

radiation wavelength[36]. This phenomenonis caused by periodic ocean waves with
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wavelengths on the order of a few centimeters, which are named capillary waves. The local wind
drag force per unit area, known as wind stress, transfers momentum to ocean surface by forming
and sustaining these smattale capillary waves. Further, these capillary waves are also

anisotropic with angular characteristics caused by azimuthal spreading of the wave spectrum

about the average wind direction.

To illustrate thescatterometer measurement, consider an oce&mcsuwvith smakscale ocean
waves generated by wind. The scatterometer transmits an EM pulse to the ocean surface at an
off-nadir angle and measures the returned echo energy as illustrated in Fig. 3.1. The ocean radar

cross sections®, is determined usinthe radar equation,

o_ 43V .

A T (3.1)

where R = distance from antenna to the ocean surface (m)
P; = transmitted power (W)
G = antenna gain
/ = operating wavelength (m)

IFOV = antenna instantaneousldi®f view, i.e., the effective area

of the illuminated ocean surface (antenna footprinf), m

P, = received power (W)
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Wind

Fig. 3.1 Off-nadir scatterometer backscatter measurements from the ocean.surface

At the scatterometer cffadir incidence angleh¢ Bragg resonance results in an augmented

radar backscatter caused by the constructive combination of the coherent electromagnetic fields
scattered from the crests of these Bragg waves. The measured radar echo amplitude is directly
proportional to the anipude of the Bragg capillary wave spectrum, which is in vespuilibrium

with the local wind stress (friction velocityBy obtaining s® measurements from multiple

azimuth anglethe nearocean surface wind vector canib&erredusingtherelationship baveen

radar Al ooko geometry (\wirdiveotort(dpeedhand directior) iardle n c e
oceans’, known aghe geophysical model function (GM37, 38] The ocears® also depends

on many radar observation parameters, e.g., incidence angle, frequency, polarization, and

azimuth angleelative to wind direction
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In radar scatterometry, the GMF is tpirical relationship that relates radar backscatter to the

radar measurement geometry and the ocean surface wind vector. In practice, GMF is the ocean
normalized radar cross section expressed as a power ratio that is tabulated in@atldo& as a

function of the speed of the neutral stability wind atmialtitude and the observed relative
azimuth | ook angle (relative to wind directio

frequencies, beam polarizations, and incidence angles.

The modelfunctions for satellite scatterometers are usually empirically derived from large
collection of scatterometer measurementsddit) collocated with known Xén wind speeds

and relative wind directions. In the conventional GMF training process, milliowsdfvectors

from numerical weather models are used to provide an adequate database. Because ocean wind
speeds have an approximately Rayleigh probability distribution with mean valuds bin@'s,

the occurrences of high wind speeds are extremely raperimentally, the GMF is well defined

over all relative wind directions; but only for wind speed up to ~ 20 m/s; and beyond this point,
the GMF is extrapolated to a maximum value of ~50 rite general formula of GMF is

defined as:

.0 ="®"qo,..,—N"Q (3.2)

where u = neutral stability wind speed at a height of 10 m (m/s)

¢ =the relative wind directio(deq)
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g =the incidence angl@eq)
p =the EM polarizatior{vertical or horizontal)

f = the operating frequency (Hz)

The GMFis an even function, whicéxhibits a strong bharmonic characteristiwith the largest

s® response occurring at Qupwind) and a secondary maximumcat 180 (downwind). The
minimum s° responses occur when wind blows perpendicular to the swatteer observation
azimuth at 90 or 270 (crosswind). Because of the harmonic nature of the GMF, there are

multiple combinations of wind speed and relative azimuth that can result in idsfécsal

When expressed in dB? may be approximated in a tlereerm Fourier series

,,0: 60"‘ 61&i+ 62&i2 (33)

whereCy, C;, andC; are coefficients expressed in dB that are functions of wind speed, incidence
angle, polarization and frequency. It should be noted that this simple apptmx is not used

for conventional scatterometer GMF; rat her

t

averageso from the experimental observations.
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Figure 3.2illustrates the QuikSCAT GMF (Q6MF) for H-pol responsdtop panel) and \pol
response (ktom panel)at variouswind speed (from 10 to 50 m/s in 10 m/s increment) for all
relative wind directionsAlthough both polarizations have similar azimuthal response patterns,
i.e., upwind, downwind, and cr os areudiffarens For b ut
example, at the low wind speed region, the upwind to downwind response opthieadyreater

than the Vpol. As wind speed strengthens, the GMF peageak response (upwind to
crosswind) for the two polarizations decreases and becsimédar; but, the isotropic responses
(average value over all directions) are different e.g., note that at high wind speedspdhe V
saturates at a lowsf value than does the-pol. The magnitude of the three Fourier coefficients

of the GMFversusthelog; of wind speed is shown in Fig. 3.3.
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Fig. 3.2 QuikSCAT GMF response where the top panel ipdl and bottom panel is-yol.
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Fig. 3.3 GMF coefficients for Hpol (top panels) and-yol (bottom panels). Symbols are derivexuifter coefficients from empirical
regression analyses using binned H*Wind speed averages.
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For a given wind vector cell (WVC) to solve for the wind vector, the scatterometer must make
multiple s° observations of the ocean surface from different azimogtea; and an algorithm
called wind vector retrieval is performed.raditionally, scatterometersuse a maximum
likelihood estimabn (MLE) algorithmto determine all possible wind speed and direction pairs
for each WVCthat best matches tl#® measurementand maximizes the likelihood probability

of a cost function oan objective functior{see AppendibA & -B).

The wind vector solutiaare obtained through an iterative search routine to optimize the
objective functioni.e., to minimize the measquaree r r or bet ween the Atrue
esti mat ed A Bécause ofvteocunlmowssd(speed and directia)least twos®
measurements from two different azimuthal looks are required to determine a wind vector
solution [18]. Because ofthe harmonic natureof the GMF andthe s° variabiity due to
instrumentnoise, the objective function generally produces two to fwincipal minima and

results in nofrunigue solutionsThesewind vector solution setsare knavn aswind vector
ambiguities or aliasesThese aliases are then ranked according to the magnitude of the
accumulative residue from the MLE where tiferdnk alias has the minimum residue value, the

2" rank as the next lowest residue, and so on. In biserece of measurement error and for an
idealized GMF, the *lranked alias is always the correct wind vector; however in practice, this is
not always the case. Nevertheless, there is skill intmarking, and on average th&ranked is

the correct wid direction solution. Further, in practical situations, either ther12" ranked

alias is most likely the correct solution. Therefore, in order to select a single unambiguous wind

di r e ct icarract splutionevectord),@n ambiguity removalgarithm is must beused
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Ambiguity removal routing are typicallyad ha andmainly rely on the spatial filtering (median
filtering) concept. This procedure involves iterative median filtering processes begins with using
1% rank solutions only and for eadteration the next ranked alias is added to determine new
direction. After the MLE retrieval is performeghedian filteringwith a fixed window sizeq{ x 7

(175 km x 175 km) for SeaWinds processiiglised to select a unique wind vector from a wind
vector solutions setBecause the®*1rank solutions are correct > 50% of the times, therefore,
median filter of the fr ank can provide a figood guesso of
direction is selected from the closest direction from tHerid 29 rank aliases. This process
(median filtering and alias selection) is repeated with next ranked alias included until all aliases

are considered.

3.3 GWinds Hurricane Retrieval

The functionalblock diagram of the @Vinds windvector retrievalalgorithm isillustrated in

Figs. 3.4a and 3.4brhis algorithm comprises four major steps: rain effects correction, wind

vector retrieval, alias removal, and QC rain flaggifigst, the measures®’c o1 | ocat ed i n V
(from L2A-12.5km data product) is adjusted i@n attenuation and rain volume backscatter

using thesimultaneouuikSCAT Radiometer(Rag brightness temperaturesh) to estimate

the winddriven ocean surfacg’. Second, the MLE wind vector retrieval is performed using a

special empiricalGMF tuned br hurricanes. Thirdwe usea priori knowledge of the TC wind

direction ¢counterclockwise CCW) in the northern hemisphere) for improved wind direction
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ambiguity selectionFinally, the QRad Ths usedto provide an improed excessiveain quality

flag.

Active Passive
Measurements Measurements
() (I'b)
MLE Wind Vector
Retrieval

& Alias Selection

Q-Winds OVW
Product

Fig. 3.4a: Simplified functional block diagram of the/inds algorithm.
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3.3.1QRad Brightness Temperature

Previously CFRSL developed an algorithm to irgassive ocean Tthat wasderived from the
SeaWinds antenna noise measuremgB®41]. This technique known as the QuikSCAT
Radi ometer ( QRad) aperinoldedanettse LZPEmd LA 12.5kim pradics.
The QRadmthel@Ahavd bean validated by direct comparisons with Tropical Rainfall
Measuring Mission (TRMM) Microwave Imager (TMI39]; howevera similar prodct in L2A-
12.5kmhas not. Further, it has been observed that the additional Tb variance associated with this
higher spatial resolution product causes poorer performance in-iven@ OVW retrieval,
therefore, the QRad Tb used in thissertations extiacted from L2A at 25 km resolutiofhe
procedure involves resampling (smoothing) the 25 km Tb to 12.5 km, and then usitm this
compute tweway raintransmissivitycorrection for the measurexdés, which is described in the
following subsection. ko,the passi ve Qdedtadprovide @ quality comtraxcess

rain flagas described in subsection 3.3.5.

3.3.2 Rain Effects Correction

The SeaWinds scatterometer has remarkable accuracy for inferring ocean winds, over the range
of 2- 20 m/s, in raiAfree conditions. Unfortunately, radar backscatter at 13.4 GHz is sensitive to
rain and the resulting OVW retrieval performance can be adversely degraded; therefore, a rain

correction is crucial in order to retrieve wind vectors accurately in the TC amermt.
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Rain interferes wittocean surface® measurements in three waj?, 43] First, atmospheric
propagation throughain attenuates radar energy and reduces the apandate echoRain
attenuation is an integratedo-way effect of both forward rad return directions and is the
dominant factorin atmospheric degradatiorSecond, rain volumdackscatter increases the
observeds® and his effect issignificant at lowwind speedwhere rain volume backscatter
becomes dominate even for light ralfartunately, in hurricane applicatienvhere wind speeds

are relatively strongthe rain volume backscattes insignificantcompared to rain attenuation
except, where ice (grauple) scattering becomes an issue. This occurs in the convective rain cells
with high rain rates in the hurricane eyall region Finally, rain splash alters tleeean surface

s® by rain dropsstriking the ocean surface attterebymadifying the reflection characteristics

[16, 44, 45] However, his splash effect is implicit in the hurricane GMF, because at high wind
speeds the ocean surface characteristics are altered by flying spray generated from strong wind
shearing of the ocean wave crest; therefore the additional effect of rain drops asplasit

significant.

Thus, raincorrectionsin this dissertatiorare madeexplicitly for the first two phenomena only

The corrected surface sigea, %; -, for a wind vector cell with raifs described as:

L Q= e ice (3.4)

72



where, %, = the corrected surface

. Qi = the measured tepf-atmosphers®

. 2 = equivalent rain volume backscatter

| = two-way atmospheric transmissivity

The QRad Tb is sensitive totharain rate and high wind speeds associated with the TC; hence, it
is not possible to reliably separate the wind and rain signals. In a similar manner, the influences
of rain attenuation and rain volume backscatter cannot be differentiated; thus batmehan

are modeled as a single ragffect correction. Consequently, for our algorithm Eq. (3.4)

simplifies to:

»{0i"Q = - "y (35)

where the effective atmospheric transmissivityin the presence of rain, is empirically derived

using the procedure described below.

We estimate the effectivatmospheric transmissivitysing the simullmae ous QRad Tbds
measureds® scollocated with the associated H*Wind surface truth. From above, the
transmissivity is model ed signaQ 4f.e (deteaminedfrom f t he
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H*Wind surface wind vectors and the X&MF) and the masured sigm® (at the top of the

atmosphere) as a function of the measured QRad Tb for each polarization as follows:

Y= fai [ Qs (3.6)

The derivation of the transmissivity ratio model was difficult to obtain because of the relatively
small number of observations and high variability in the dataset that comprisedt2.2m
measureds®, QRad V and Hp o | Tboés and immae sastivad curfacé wind o n e
vector s. These data were extracted from rain
QUIkSCAT and collocated H*Winds surface truth. Because of the noisy data, we derived the
mean tansmissivity ratio model using least square regressions between the-dwenage
transmissivity (black #Ax0 in Fig. 3.5) and th
(clear sky), the transmissivity is approximately 0.98.18 dB); and in theresence of strong

rain, it monotonically decreases to 0.68.8 dB) as Tb approaches ~ 285 K. The sigmoid
function is selected because of iIits ASO0 shape
function of Tb; and the coefficients of theabatmospheric transmissivity model are tabulated in

Table 3.1.
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Table3.1: Total twoway atmospheritransmissivity T)

a=0%
Ty b=12
c= 33 09594 1
a=009 Lo 1+ exp éYB @
Tv b=195
c=2%

Unfortunately, the radar signal in the TC rain bands will be frequently highly attenuated whereby
the surface echo cannot be acteisaestimated. In such situations, reasonable rain correction
and accurate wind vector retrieval cannot be achieliedrefore, in practice, the transmissivity
correction is limited to Hp o | Tbdés < ~250 Krabh @Cfmgsgdescribed int h e
subsection 3.3.5From the user point of view, it is important to identify such low confidence

data as unreliable surface wind retrievals.

3.3.3 Extreme Winds GMF (X&MF)

As previously discussed in section 3.2, the QuikSCAT GMF was empirically defored
synoptiescale winds up to 20 m/s, and beyond this point it was extrapolated to 50 m/s. As a
result, Kuband scatterometers are shown to be accurate for most ocean wind applidélions
but are not suitable for hurricanes. Previous studies by CaigglWentz[47], and Zec et al.

[48] indicated the orset ofs® saturation at surface wind speeds of approximat@lyn& and
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hard limits approaching 5070 m/s. Furthermore, since conventional GMFs were trained using

gl obal synoptic scale winds, they are not app
gust o wind speed of the e¥suegilange Thadh a dpecial G5 i r e d
known as the Extreme Winds GMF (X®MF), was developed using SeaWinds L2A5km

s® and the collocated HRD H*Wind estimates of the-amiaute sustained surface winds from
eighteen hurricane events. In the training psscét is desirable to use all available data; but in

TC conditions, high wind speeds are often associated with strong rain contamination, which is
suspicious. Unfortunately, eliminating rainy pixels will also remove most high wind speed data;
therefore, lhe data used in the GMF training procedure included bothfregnand light
precipitation regions, where reasonable rain correction could be achieved. These data provided
an adequate coefficient training set for wind speeds up to 35 m/s. For each \eitdispehes®

data (magenta points in Figs. 3.8.17) are collected from all relative wind directions. The wind

speed bin sizes (used for averaging) were selected at £ 2 m/s for wind speed bins lower than 30
m/s, and bin size is increased to + 3 m/sdblect an adequate number of points for regression
analysis for wind speed above 30 m/s. Since the GMF is symmetrical aboutHB8@ata were

mirrored about 180to increase the number of points available for the regression analysis.
Beyond 35 m/s, th&GMF was extrapolated to approximately 70 m/s using the procedure

described below.

As discussed previously, the ocestresponse (in the dB domain) with wind speed and relative

wind direction,.., is modeled as a thréerm Fourier series (an isotropic mean pltfsatd 2
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harmonics of relative wind direction) for -Hand \‘polarizations, The XWGMF is

mathematically modeled as:

6% -"® "0, ..,) = 8(6,7) + 8,(6,7) COS ... + By(6,A)cos2...  (3.7)

The C coefficients are obtained by least square regressions of the l@Amesfe data (red
circles in Figs. 3.6/ 3.17) from all available wind speed bins for each polarization. The
characteristics of the GMF are governed by ¢hesefficients, which are: the isotropic mesth
(averaged from all relative wind directions) is represented by ti& upwinddownwind
characteristics are governed bya&hd the upwingrosswind characteristics are governed by C
Further, all of these @dficients exhibit a wind speed dependence as well an incidence angle and

polarization dependence.
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Fig. 3.6 H-poloceans®s r esponse t o raewindspeedlsins of tthnds d i
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Wind Speed Bin: 15+2m/s
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Fig. 3.7 H-polcceans®® s r e s p o n s ad direotionsaewind speed lains of 12 m/s
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Wind Speed Bin: 20+2m/s
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Fig. 3.8 H-poloceans®s r esponse t o raewindspeed lgins of 2hnds d i
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Wind Speed Bin: 25+2m/s
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Fig. 3.9 H-poloceans®®s r esponse t o raewindspeed lgins of 22hnds d i
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Wind Speed Bin: 30 3m/s
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Fig. 3.10H-poloceans®® s response t o raewind$peedeins of 8Gnuds d i
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Wind Speed Bin: 3% 3m/s
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Fig. 3.1t H-poloceans®® s r esponse t o raewind$peedeinsof 83nads d i
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Wind Speed Bin: 10+2m/s
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Fig. 3.12V-poloceans® s r e s p o n sied directionsaewind $peed leins of 1@ m/s
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Wind Speed Bin: 15+2m/s
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Fig. 3.13V-poloceans®® s response t o raewind$peedeinsofitthnds d i
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Wind Speed Bin: 20+2m/s
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Fig. 3.14V-poloceans® s response t o raewind$peedeinsof 2thnds d i

87



Wind Speed Bin: 25+2m/s
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Fig. 3.15V-poloceans®® s response t o raewind$peedeinsof 2hnds d i
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Wind Speed Bin: 30 2m/s
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Fig. 3.16 V-poloceans®® s response t o raewind$peedeins of 8Gnads d i
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Wind Speed Bin: 3% 3m/s
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Fig. 3.17V-poloceans® s r e s p o resviad direstionmewind $peed bins of 38 m/s
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To extrapolate the GMF to higher wind speeds (> 35 m/s), we rely on airborne scatterometer
measurements in hurricanes to provide guidance os‘tsaturation31, 46} For airborne Ku

band scatterometers, the ocesthincreases mportionally to wind speed up to ~ 30 m/s and
thereafter rapidly saturates at hurricdoce wind speeds. However, because of differences
between airborne and satellite scatterometer absolute radar calibrations as well as antenna
footprints (spatial sca®, thes®®s do no't directly apply; but,
similar oceans® saturation characteristics is valid. Given this, the JOMF is modeled to
asymptotically approach a maximum value at similar wind speeds {®0m/s) as airborne
scaterometers. Thus, to develop this GMF, the model coefficients dependences on wind speed

were monotonically extrapolated up to approximately 70 m/s (see Figg. 3.28).

The principle effect of saturation is seen in thg c@efficient, which is modeledsaa
monotonically increasing logarithmic function that is extrapolated for the wind speeds in excess
of 35 m/s (see Figs. 3.18-pbl & 3.21 V-pol). On the other hand,;@nitially increases at low

wind speeds and after wind speeds + 2® m/s it asymptatally approaches zero at high wind
speeds. To capture this dependence,i€Cmodeled as a rational function (ratio of two
polynomials) and assumed to gradually diminish at high wind speed (Figs. $a0&8H3.22 V-

pol). This rational function providesraasonable fit to the data, i.e., it offers a smooth transition

and is representative of the qualitative dependence of EM theory. Finallyadually decreases

with wind speed and asymptotically approaches zero as the ocean surface becomes more
isotropic(exhibits less wind directional anisotropy) in extreme wind conditions (Figs. 3jai H

& 3.23 V-pol). The XW-GMF coefficients are tabulated in Table 3.2.
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Fig. 3.18 XW-GMF G, coefficient for Hpol.
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Extreme Winds GMF C1 H-pol Coefficient
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Fig. 3.19 XW-GMF C, coefficient for Hpol.
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Extreme Winds GMF C2 H-pol Coefficient
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Fig. 3.20 XW-GMF G, coefficient for Hpol.
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Fig. 3.21 XW-GMF G, coefficient for \tpol.
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Extreme Winds GMF C1 V-pol Coefficient
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Fig. 3.22 XW-GMF C, coefficient for \tpol.
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Extreme Winds GMF C2 V-pol Coefficient
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Fig. 3.23 XW-GMF C,coefficient for \Apol.
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Table3.2 Extreme Winds GMF coefficients

a =-45.3813 .
Co b = 4.4945 6o = ®O+ w(In(Vi))?
a=04136
H-pol C1 P =-0.4207 6, = or ool _ 2
c =-0.0229 1+ Q@LI + Q@Li 2
d =0.0041
a=-3.7990 &
© b=13.3217 2= ©OF g
a =-35.7483 .
Co b =31166 6o = @+ (In(0i))?
a = 00249
b =-0.1477 o
Vpo “ ¢ =9.6550 5= — Droeoi F
1+ wgdi + Q@02
d =0.0057
a=1.6451 &
© b =-0.0207 02 = OF o

The X\W.GMF i s compared wi t IQukSGAT GBI @QSABMR) dts/aripus 0 ] e c t
wind speeds ranges as shownFig. 3.24 For wind speeds < 15%n/s, bothG MF @ quite

similar; however, at higher wind speettsey are noticeably different. The €EBMF assigns

highers® than XW-GMF, which results in lower retrieved wind speeds during the MLE wind
vector retrievaprocessFor example, consider measured® = -12 dB: for ¢ at 100, QSGMF

corresponds to a wind speed of 26 m/s; whex&8sGMF corresponds t82 m/s.
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Extreme Winds GMF H-pol Response
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3.3.4 Hurricane Wind Vector Retrieval

Onces® measurements are corrected for rain effects, they are grouped into an assigned WVC
and input © the wind vector retrieval process to determine the possible wind vector solutions.

The wind vector retrieval algorithm is based on the traditional MLE wind vector retrieval
approach[49], which minimizes the mean square difference betwe&®measurements and
modeleds®© s f or imdspeedseant directions. Because of the periodicity of the GMF

and noise corruptonaf®measur ements, multiple solutions k
Hence, a post estimation procedure callegldesing or ambiguity removal algorithm is applied

in order to select a Asingle wind vectoro sol

A unique ambiguity removal algorithm is developed fekM@hds hurricane retrieval. Whereas

the Qui kSCAT ambiguity removal procedure requ
[50], Q-Winds is envisioned as a staalbne hurricane retrieval algorithm. Hence, a special de
aliasing scheme was developed to exploit the unique characteristics of the TC, which has a

known CCW otation inthe northern hemisphere (CWtime southern hemisphere).

The alias selection or ambiguity removal algorithm fevWghds is an iterative procedure, which
is performed on a WVC basis and involves nea
wind directionso amdl dheesel eodb tbe fibestgi we

known as -aflsipaisrianilgode operates on the output o]
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comprises the field of Aal l possible aliases
procedure begins by superim i ng an A CGW tvantg tegregblpisward spiral

wind direction model field about thea priori st or m cent er provided by
location[52]. An example of this is shown in Fig. 3.25, where for each WVC, the improbable

wind direction aliases are identified and eliminated from consideration if their directions differ

by more tharx75° from thespiral modelwind direction.This procedure usuallgtiminates about

half of the Apossible solutionso and the Asol

initial CCW reference filtering process (see Fig. 3.26).

The next step performs a scalar wind directiooqulo 360) average of the (two) awable
aliases in each WVC,; after which, this is subjected to a median filter with a window sizesof 5

to become the Afirst guesso wind direction fi

The final step of alias selecti onieldwithte comp
initial solution candidates (after spiral-del i asi ng shown in Fig. 3. 3¢
direction for the WVC (see Fig.3.28) iI's the &
wind field.

An example wind direction seleot for a SeaWinds hurricane overpass is shown in Fig. 3.29.
Although, the development of this algorithmaid ho¢ nevertheless, the final selections are very

realistic and compare well with the H*Wind directions to be shown in Chépter
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Fig. 3.2: Solution candidates after spiral-diasing.
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Fig. 3.Z: First guess wind direction field after scalar mod8&® deg wind directio averaging and median filtering using a windc
size of 5x 5 wind vector cells.
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Wind Direction Ambiguities before Spiral De-aliasing

Wind Direction Ambiguities after Spiral De-aliasing
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Once the ambiguous hurricane wind vector field has beatiased, ten a wind speed median
filtering process is applied over a 3 I 3 wi
variance of the wind speed retrieval. In th&\@ds hurricane retrieval algorithm, the size of the
smoothing window is selected for an optimtend of variance reduction and maintaining

spatial resolution.

3.3.5Quality Flagging

As afinal quality assurancetep in QWinds hurricane retrieval, Q€ e x c e s s flagsearer ai n 0
producedto identify low confidence pixelsThese flags are derived eirically from the QRad
Tb (preferably Hpol except at the outer swath edges where onpoMexists), which is very

effective in distinguishing between rain and clear atmospheric conditions.

The optimum flagging algorithm is designed to eliminate susp&®iC elements while
preserving the high wind speed pixels. Unfortunately, high wind speed is almost always
associated with intense rain rate (brightness temperature). Its correlation is presented in Fig.
3.30, where QWinds retrieved wind speeds are congghragainst collocated H*Wind surface

truth speed using colored symbols (QRad TipdH color bar). The vertical lines represent
hurricane wind speed categories B, respectively, left to right. This figure shows that for wind
speeds less than hurricafeece (< ~35 m/s), the results generally correspond to FolHbf <

150 K (dark and light blue dots). Extreme wind speeds (e.g., hurricane force wind) are typically
plotted in warm colors where the Thptl exceeds 150 K, which corresponds to strong r&e ra
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Further, note that for wind speeds > 40 m/s mo#WiQds retrievals badly und&stimate the

true

wi nd

speeds,

and

t hese

ar e

al so

col ored

rain. Therefore, eliminating strong rain with a QC flag basedh dpmalso removes most of the

desirable high wind speeds pixels.
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Fig. 3.30 Wind speed comparisons with corresponding FpdHdependence. Colorbar is Thpdl in K.
The vertical lines are hurricane categories 1 to 5.
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To derive the optimal QC exca@sge rain flag cutoff (Tb kpol threshold), a tradeoff between
retrieval accuracy and number of flagged elements were assessed and this is displayed in Fig.
3.31. The normalized rosheansquare error (RMSE) of the wind retrieval (RMSE/m&and-

speed) andlag percentage were plots as function of Hpdl. The Tb Hpol threshold of 190 K

was selected to restrict the normalized RMSE of the retrieval accuracy under 25% and flagging
percentage of ~15%. This flagging threshold preserves wind speeds of 42lea/st (hurricane
category2) and limits the wind speed error compared to H*Wind within 10% of hurricane

category5 (70 m/s).

Retrieval Accuracy & Tb H-pol Dependence
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Fig. 3.31 Wind speed retrieval accuracy and flagged area tradeoff evaluation. The vertical line i
selected cutoff thhold.
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3.4 Summary

The CFRSL QWinds hurricane retrieval algorithm is unique in several aspects. First, the
contribution from the passive QRad Tbbés are u
and also in providigg. aTRICs irxicresscsdo vieecataion fp
partially resolve the typical observed underestimation of actual hurricane wind speed by
scatterometer wind retrieval. Second, the XAMF is especially trained to measure hurricane

peak wind speeds, whichgsificantly raises the scatterometer maximum retrieved wind speed.
Finally, the use of wind direction nudging from a spiral TC wind model improves the alias

removal process.

In the next Chapter, the results of algorithm assessments will be present€@dWihds output
will be evaluated against other independence measurements and the current standard OVW

product.
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CHAPTER-IV: EVALUATION OF Q -WINDS HURRICANE WIND

VECTOR RETRIEVAL ALG ORITHM

4.1 Introduction

This chapteris devoted tathe evaliation ofthe performance of the -@/inds hurricane wind
vector retrieval algorithmThe Q-Winds performance evaluation sssessethy comparng Q-
Winds retrievalswith independent surface wind fieldsurthermore, a thre@ay comparison of
CFRSL QWinds, PL QuikSCAT L2B12.5km winds, and the HRD H*Wind surface analysis is

performed.

The results presented include comparisons of wind speed, wind direction, and hurricane wind
threshold radii. Also examined are the effect of the GMF and rain correction drretiirevals,

and QC flags assessments. Among all these criteria, the wind speed is considered the most
important. Statistical performancenetricsare assessed amtdimmarized; and hurricane OVW
image comparisons aralso presentedThe overall OVW retrieVastatistics presented in this
chapter are based on a composite eighteen hurricane events from year220%1 Because of

the distinctiveness of each hurricane event, they were analyzed individually; but only results for
four representative hurricane exg are presented for pegv basis. The hurricane events used in

the research are summarized in Table 4.1.
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Table4.1: Hurricane information

Name Category* Rev Asc/Desc  Date Time  Center( N, W)
Humberto C1l 11805 D 09/24/01 23:04 (36.63,64.44)
Lili C1 17094 D 09/30/02 23:16 (20.45,80.98)
Lili C3 17116 A 10/02/02 11:39 (24.36,88.26)
**Eabian C4 21898 D 09/02/03 21:49 (20.75,61.11)
Fabian C3 21927 D 09/04/03 22:36 (26.84,64.50)
Isabel C5 22041 D 09/12/03 22:30  (21.77,58.88)
**|sabel C5 22055 D 09/13/8 22:04 (22.74,62.90)
Ivan C5 27210 A 09/09/04 10:22 (14.11,70.33)
Ivan C4 27217 D 09/09/04 22:51 (15.12,72.63)
**lvan C4 27253 A 09/12/04  10:45 (18.73,81.03)
lvan C5 27260 D 09/12/04 23:12  (19.44,82.70)
Ivan C4 27289 D 09/14/04  23:59 (24.70,87.00)
Jeanne Cc2 27431 D 09/24/04  22:59 (26.35,74.04)
Cindy TS 31481 D 07/05/05 23:48 (28.49,90.32)
Dennis C1l 31531 A 07/09/05 11:21 (24.06,83.28)
Katrina C3 32230 A 08/27/05 11:52 (24.40,84.59)
**Katrina C3 32237 D 08/28/05 00:16 (24.85,85.90)
Katrina C5 3251 D 08/28/05 23:50  (27.18,89.12)

*: Hurricane category is based on tigaffir-Simpson Hurricane Scale (SSHS) provided in T2l

Chapterll.

**. Selected case presented in tGhapterlV.
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4.2 Hurricane Surface Truth

Previously,HRD H*Wind surfaceanalyses were used to evaluate WindSat surface wind vectors
in hurricanes[53]; and in a similar manner, H*Wind analyses ased here to validatthe
QUIkSCAT retrieved ocean wind vectors from theWgnds aml L2B-12.5km OVW data

products.

To achieve best estimate of the TC surface winds, the H*\Afadlysis time was the time of the
QUuIkSCAT overpass, and a subjective meteorological assessment was performed to assure that
the storm intensity wam a reasonablgteadystatecondition over thetime period from which

aircraft and satellit@bservations are included. Furthdére validation sets are carefultjosa

such that only QuikSCAT overpasses with ample storm coverage were used. Further, for high
quality H*Wind analyses only cases withamsimultaneous andensedatasampling from one

or more reconnaissance aircrafere used These multaircraft flights produced a wealth of
AFRC, SFMR and GPS dropsondes data, giving us confidence that the uncertainties in our
H*Wind analyses were on thew end ofa 10% to 20% uncertainty ran@®@4], which have been

shown to be the most accurate OVW observations in a hurricane environment.

Despite of the merits of H* Wi nd andlayxse &€,r ud au
for scatterometer validation. First, the accuracy of H*Wind is strongly depends on the quality of

the observations, their temporal/spatial coverage relative to the satellite overpass, and the skills
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and judgment of the analyst in selecting tyeplicable aircraft and satellite observations.
Furthermore, due to the large spatial extent of hurricanes (typically > 800 km diameter), high
quality surface winds are usually not available for the entire storm domain. Because, the H*Wind
procedure utilizs interpolation to fill the analysis window, as a result, it often exhibits an
unrealistic fAisymmetrical o wind field structul

regions of the storm.

4.3 OWinds Wind Speeds Evaluation

In this sulsectionQ-Winds wind speeds are evaluated and statistical results are presented. The
study was based on the collection of eight€ankSCAT hurricaneoverpassesluring years

20017 2005 with neassimultaneous aircraft underflights with high quality measurements, e.g
SMFR and GPS dropwindsondesVnds and L2B12.5km OVW wind speed intensities and
spatial distributions are compared to H*Wind. A gualitative assessment was performed through
storm images comparison {@inds, L2B12.5km, and H*Wind); andh statisticalevaluation

was performed using mean binraderage wind speed®mparisons irscatter plots. At the end

of this subsection, results are summarized in a table of the composite statistics determined from
the eighteen revs. The mean wind speed error andasthil@viation (STD) for each binned

wind speed range are used as metrics for evaluation -@fif@ds hurricane wind vector

measurement performance.
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For illustrative purposeQ-Winds and JPL L2BL.2.5km wind speeds are compared with the
HRD H*Wind surfacewind speeds for four representative hurricane events. These are presented
below in Figs. 4.1 4.4 as TC image comparisonsaadh subpanel is a hurricane image oba

by 5° latitudelongitude box with the hurricane eye centerededdtive coordinates (2020),

where the relative distance scale is 0.2825(km) increments. Wind speeds are presented in a
color scale ranges from 0 to 50 mthe arrowsare the decimated wind direction quiver plots,
which plot only one vector for two pixels. Furthére whiteregions (missing data) are the

regions wheréand maks or quality excesgin flags are applied
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Fig. 4.1: Hurricane images for Hurricane Fabian (C4) rev#21898 on Septefi2803, 21:49 UTC. H*Wind (upper left),-@¥inds (upper
right), L2B-12.5km (lower left), and @Vinds with rain flags (lower right).
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Although each OVW product shares sommikirities, they are distinctive in detail. H*Wind
tends to have a circular symmetric storm structure and smooth wind direction flow. In contrast,
Q-Winds and L2B12.5km wind fields, composed of retrieved wind vectors from independent
12.5 km WVtGonore asymntetridoshape. Furthermore, for H*Wind the low wind
speed hurricane eye is clearly visibt®wever for QWinds and L2B12.5km, because of their

coarser instrument spatial resolutitime hurricane eye regions are more difficult to locate.

Overall, Q-Winds retrieves considerably higher wind speeds and agrees better with the H*Wind
surface truth than does the LAR.5km product; which frequently severely underestimates the

peak hurricane wind speed (especially when the wind speed exceedsnieuioica). The poor
performance of L2BL2.5km can be attributed to bdtite QSGMF and lack of rain (attenuation)
correction. Because the ¢@&MF was designed to measure the 7
exhibitss® saturation for wind speeds above 32 8], it is not weltsuited for TC conditions.
Conversely,the @Vi nd s &GMX W whi ch was t un-midutetsustainethvendi p e a k

speed from H*Wind, yields improved wind speed comparisons.

Because the peak wind intensity, size and the shape of theadlyearies for each hurricane

event, each storm was analyzed separatehndgiaverage wind speeds for\Winds and L2B

12.5km retrievals are compared to H*Wind surface wind analyses for the four representative
hurricanes and results are shown in Figs.1448. These wind speed results are shaten

scatter diagrams between\V@inds (L2B1 2 . 5 k m) and H* Wi nd, with de

colors representing dense (large #) populations. Symbols are the -average wind speed
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values for @QWinds with rain flags applied (blue) araf the corresponding values fo2B-

12.5km (red).
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Q-Winds and L2B-12.5km Wind Speed Retrieval Comparison Revi#21898
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Fig. 4.5 Binnedaverage wind speed comparisons éiMhds and L2B12.5km with H*Wind surface
truth for Hurricane Fabian rev#21898. The blue symbols afdiri@ls with rain flags applied and the re
symbols are the binned average wind speeds of12Bkm
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Q-Winds and L2B-12.5km Wind Speed Retrieval Comparison Revi#220355
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Fig. 4.8 Binnedaverage wind speed comparisons eéiMhds and L2B12.5km with H*Wind surface
truth for Hurricane Isabel rev#22055. The blue symbols aveials with rain flags applied and the re:
symbols are the binned average wind speeds of12Bkm
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Q-Winds and L2BE-12.5km Wind Speed Retrieval Comparison Rev#272353
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Fig. 4.7 Binnedaverage wind speed comparisons é\Mhds and L2B12.5km with H*Wind surface

truth for Hurricane Ivan rev#27253. The blue symbols ak¥i@ds with rain flags applied and the rec
symbols are the binned average wind speeds of12Bkm
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Q-Winds and L2B-12.5km Wind Speed Retrieval Comparison Rev#32237
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These results show that the mean wind speed\Wi@ls and L2B12.5km both agree quite well

with H*Wind surface truth for low to moderate wind speeds (< ~20 m/s). On the other hand, for
H*Wind wind speed exceeding tropical storm force > 245 (55 mph), the L2B2.5km
product significantly underestimates the peak wind speed whili@s maintains good
agreement (within ~10% error). The overall wind speed statistics (18 revs) for duthdl and
L2B-12.5km with H*Wind (with and without QCain flags) are shown in Fig. 4.9, and their

error statistics for each binned wind speed ranges are summarized shown in Table 4.2.
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Fig. 4.9 Wind speed comparisons with H*Wind for eighteen hurricane revs. Upper left pan®isd3 without excesrain flags, upper right
panel is L2B12.5km, lower left is @Vinds with excessain flags applied, and lower right is LZE2.5km with MUDH rain flags. Color is humbe
of measurements in log scale

127



Table4.2 Composite Wind Speefomparisons to H*Wind foEighteen Revs

Q-Winds minus H*Wind

JPL L2B-12.5km minus H*Wind

Wind speed
All Rain Flagged All Rain Flagged
(m/s)
Mean (STD) Mean (STD) # points: (flagged/all) Mean (STD) Mean (STD) # points: (flagged/all)

10-15 -1.95 (2.06) -1.96 (2.06) 24/2216 -3.18 (2.53) -2.49 (1.98) 1012/1526
1520 -0.98 (2.59) -1.02 (2.56) 9/4118 -2.64 (2.29) -3.48 (2.19) 205/5001
20-25 0.51 (3.15) 0.22(2.94) 244/3656 -3.23 (3.13) -3.96 (2.89) 2418/4761
25-30 1.43(3.38) 0.98 (3.19) 326/2647 -3.35(3.54) -4.66 (3.54) 29308800
30-35 1.32(3.14) 0.79 (2.95) 569/1842 -5.08 (4.20) -6.20 (4.67) 1407/1717
3540 -0.33 (3.76) -1.33(3.11) 495/896 -8.12 (5.78) N/A 803
40-45 -4.27 (5.30) N/A 371/371 N/A N/A N/A
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According to results from Fig. 4.9 afiédble4.2, the mean wind sg& agreements @-Winds

and H*Wind are superior td_-2B-12.5kmf o r both Awitho and dAwitho
However, it i's noted that both OVW prForduct s
example, for the H*Windvind speed birange of 30° 35 m/s, QWinds statistics are: mean =

1.32m/s and STD =3.14m/s compared to L2B2.5km mean =5.08 m/s and STD = 20 m/s.

After applying the quality control rain flagapproximately ~31% of elements in thisM@nds

bin were flagged and the mean wisgdeed improves to 0.79 m/s; and L2B.5km flagged

~82% and the mean wind speed slightly degrade®.20 m/s.

4.4 Extreme Winds GMF (XWGMF) Assessment

To understand the reason for differences betwedkifgls and L2bl12.5km wind retrievals, we

examinet he t wo GMFO&s. Consi der t {GMF (dweragedfromalot r op
360 relative wind directions) compared with the correspondiega Wi nds pr oj ect 6s
QS GMF for H and \:pols shown in Figs. 4.10 4.11, respectively. Folow wind geeds

regions (~10 m/s)both modelsare almost identical; howevert &igher wind speeds, theW-

GMF exhibits smallers® values than the QE&MF, which in turn, results inhigher retrieved

wind speeds.
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The contribution of the GMF on wind speed retrieval is evaluated by repeating identical wind
vector retrieval processing (i.e., applying the sami@ effect correction and ambiguity
selections) wusing t RGVFand QSGWMF. THe eesuttingtwindsdddedss : XV
using the XWGMF (Fig. 4.12 upper left panel) are greater than those of th&IQIS (lower left

panel), and they also have better agnent with the H*Wind surface truth (upper right panel) as

shown in the scatter diagram (lower right panel). TheG)]& wind speeds exhibit saturation

with increasing hurricane wind speed, which grows to ~ 8 m/s a#85m/s.

Although the XWGMF is awilable for wind speed up to 70 m/s, the use beyond 50 m/s is not
recommended for following reasons. First, only data with maximum wind speeds of 35 m/s are
adequate for model training; beyond this point the model was extrapolated. Setandu

band beomes more isotropic (appears identical from all directions) at higher wind speeds and
responds more weakly. Finally, high wind speeds are almost always contaminated by heavy rain
and is the limiting factor in the retrieval; the uncertainty in rain cameatould be too large to

achieve a reliable retrieval even with a perfect GMF.
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Q-Winds Rev#21898
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4.5 Rain Correction Effectiveness

The effectiveness of the rain correctits assessed based eighteen hurricanevens by

comparing @QWinds retrievali wi t ho and Awi t lagplied withH*"\&indrwindt or r e ¢ t
speedswithout any constraint onrain rate. The improvement due to rain correction can be
evaluated by comparing the difference between the bianece r age v al ues HAwi t h

and Awithout o ( blviathe chttetr daranin kig. 4#.13c orr ecti on

Becausesevererain conditionsare usually associated with high wind speeds observe that
rain correctiorhas negligible effect on wind retrieval performanceword speeds < 25 m/s; but
for higher wind speeds the rain correction becomes progrgssiage significant. Without the
correction, the binnedverage wind speedshibit saturation resulting inwind speeds that are
too low (denoted by red circlesplternatively, Q-Winds retrieval withthe correctionapplied

matchlesH*Wind surface wind speds wellin the mean up to ~45 m/s.
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adjusted QNinds retrieved wind speeds. Black stars denote bianedage wind speed with rain
correction. Red ctles denote binnedverage wind speed without rain correction.
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Unfortunately, the rain correction has to be used with caution. When implemented properly, this
correction considerably improves the performance-0WiQds OVW,; otherwise, it can introduce
large uncertainty in the retrieval. In order to limit the error from correcting rain and imperfect
rain retrieval, an empirically derived excesi flagging algorithm was developed, which will

be described in quality flagging section 4.7.

4.6 QWinds Directions Evaluation

Because the wind speeds for the various retrieval aliases are not the same, it is necessary to select
the correct wind direction in order to retrieve the correct wind speed. In this sé€giWwmds

and L2B12.5km wind direction retrieat performance was assessed by compgatiem with

H*Wind directions forcombinedeighteerhurricanes as presented in Fig. 4. O4erall, QWinds

and L2B12.5km directions agresell with H*Wind in nonraining regionsand outside the eye

wall regions. Howeer, in the presence of raih2B-12.5km retrievedwind directionspoint
crossswath (perpendicular to flight directionfp5], where thel’ is dominated by isotropic rain
volume backsat t er (see Ared AboXxkughermare)theFLPBR.5km4 . 1 4
product also occasionally miscates the storm center because of incorrect ambiguity selections
due to rain contamination andetimigh wind speed gradient. Unfortunately, these errors tend to
propagate over the area and magnify the erroneous ambiguity selection. In cGrWhaRtS

wind directions are in good agreement with H*Wind regasltdsrain intensity, as presented in

thebottom panel of Fig. 4.14
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Fig. 4.14 Wind directions scatter plots compared to H*Wind directions for eighteen hurricane re
without rain flagging. Top panel I2B-12.5km wind directions and bottom panel i8Ajnds wind
directions.
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4.7 Qualiy Control Rain Flagging Comparison

As the finalquality assurancprocess, quality flags are applied to discard low confidé€need/

retrievals An accurate estimate of surface ocedncannot be achieved when intense rain is
involved; therefore, it is nessary to identify (flag) suspect wind vectors derived using rain
contaminateds® data The optimal rain flagging algorithm is designed to eliminate only bogus

data while preserving the high wind speed pixels. Unfortunately, wind and rain are difficult to

di scriminate using only QRad Tbdés, which are

practice often discards desirable high wind speed measurements.

It is important to compare the-@inds excessain flags with theMultidimensional Histogram

(MUDH) rain flags used in L2B2.5km OVW products. The recommend®dtlUDH rain

probability of 0.1 was usedas rain flags thresholg$iowever, for hurricane conditions, this

MUDH level has difficulty in discrirmating rainfrom legitimate high wind speedAs a result,

MUDH frequently is too conservative and flags most of TC wind vectors as being rain
contaminatedOn the other handhe QWindsrain flagging algorithrusesQRa d Tb 6 s, wh i
are more sensitive to rain and less affected by high wind speeddedtivefy screen rain
contaminated pixels. ThHellowing threshold was selected foptimalflagging: Tb H-pol = 190

K (Tb V-pol = 265 K where Fpol is not availableps described in Chaptdi. The QWinds

quality flag is appended to the OVW retrievalather than deleting pixels); thereforine

decision to use the f-Wiadgand BIUDH lywalitydlagetmstgedarec h oi c e
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summarized below in Table 4.8n a per rev basis,-@/inds flags ~11% and MUDH discards

~36% of the storm.

Table4.3: Rain flagging percentage evaluation

Name#Rev (Category) Q-Winds MUDH Name/Rev (Category) Q-Winds MUDH

Humberto#11805 (C1) 2.94 23.38 Ivan#27253 (C4) 14.69 42.75
Lili#17094 (C1) 4.12 28.12 Ilvan#27260 (C5) 17.19 32.44
Lili#17116 (C3) 6.75 52.06 Ilvan#27289 (C4) 24.06 52.25

Fabian#21898 (C4) 7.19 34.50 Jeanne#27431 (C2) 5.44 23.31
Fabian#21927 (C3) 9.44 36.12 Cindy#31481 (TS) 7.62 20.62
Isabel#22041 (C5) 9.44 25.00 Dennis#31531 (C1) 4.75 28.25
Isabel#22055 (C5) 13.44 29.25 Katrina#32230 (C3) 3.06 1294
Ivan#27210 (C5) 17.19 56.69 Katrina#32237 (C3) 14.31 46.06
Ivan#27217 (C4) 11.44 54.00 Katrina#32251 (C5) 25.38 49.69

4.8 Hurricane Radii Measurement

For hurricane analysts, the measurement of t
force winds are important for operational foresaatd warnings, anslich information can be

conveniently derived frm scatterometer OVW retrievals.

The radial wind profiles are averaged by quad(@@t sector of the TC)o determine these radii
with respect to the storm centéfhe comparisons dhe storm quadrantaverage wind speeds
profiles of H*Wind surface wind speedsnd QWinds are shown in Figs. 4.16 4.18 and the

statistics are presented in Table 4.4. Thaial profilesare calculated on thé5 deg diagonal
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through the stornfrom northwesto-southeast and northedstsouthwestas shown in the left
and right panels in Figs. 4.144.18, respectively. Theohnizontal lines correspon wind speed
thresholds for galéorce (17.5 m/s) tropicalstormforce (25.7 m/s)and hurricane forcé33 m/s)

wind speeds. For these cases, which are typical, the various wind radii derived-iNMimd€)

agrees well with those derived from H*Wind.
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Fig. 4.15 Quadrant average wind speeds comparisons tioni¢dne Fabian (rev#21898). Left panels are diagonal penetration fr

northwest to southeast. Right panels are diagonal penetration from northeast to southwest. Solid red lines are H*Wérithahd |

lines are @QVinds with quality flags applied. Thehoz o nt a | |l ines are the figal eod, Atro
bottom to top.
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Fig. 4.16 Quadrant average wind speeds comparisons for Hurricane Isabel (rev#22055). Left panels are diagonal penetratir
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linesare@QVi nds with quality flags applied. The horizont al [
bottam to top.

142



(o))
o
(o))
o

H*Wind  Q-Winds H*Wind  Q-Winds
/ Gale -290 261 -263 299 gale -242 268 NaN 221

50 Storm-182-155—-168-187 50 orm-152-150—234-138
@ / H(r -122 98 -119 132 @ / ﬁ‘\(r -99 95 -143 71
E 40 “ E 40 , \
© / \ © // _\&
o 30 1 o 30 " \
U) ---"---, ---------¥::-----' U) ---"-J-/--------- F T —————
220 '/,4' \\-"\ £ 20 ‘ / s:\
; L ol \\ ; // -_\\

10 10

-200 -300-200-100 O 100 200 300 400 -200 -300-200-100 O 100 200 300 400

NW Relative Distance (km) SE NE Relative Distance (km) SW

Fig. 4.17 Quadrant average wind speeds comparisons for Hurricane Ivan (rev#27253). Left panels are diagonal penetratio
northwest to southeast. Right panels are diagonal penetration from northeast to southwest. Solid reHtWisdamd blue dash
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Table 4.4: H*Wind and Vinds storm radii comparison

Northwest Northeast Southwest Southeast
H(UF;;IS;;]e Storm Class H*Wind  Q-Winds H*Wind Q-Winds H*Wind Q-Winds H*Wind Q-Winds
km (nmi)  km (nmi) km (nmi) km (nmi) km (nmi) km (nmi) km (nmi) km (nmi)
| Gale 246 (133) 228 (123) 276 (149) 256 (138) 202 (109) 159 (86) 220 (119) 195 (105)
(;;fézg) Storm 163 (88) 170 (92) 196 (106) 160 (86) 111 (60) 101 (55 119 (64) 136 (73)
Huricane 112 (60) 128 (69) 136 (73) 102 (55) 73(39) 67 (36) 74 (40) 83 (45)
Gale 222 (120) 248 (134) 258 (139) 253 (137) 274 (148) 182 (98) 298 (161) 258 (139)
(#Sgg:'l) Storm 150 (81) 154 (83) 184 (99) 171(92) 129 (70) 121 (65) 218 (118) 171 (92)
Huricane 124 (67) 96 (52) 127 (69) 132 (71) 107 (58) 69 (37) 125(67) 123 (66)
Gale 290 (157) 263 (142) 242 (131) N/A 268 (145) 221 (119) 261 (141) 299 (161)
(#'2\’7"12”53) Storm 182 (98) 168(91) 152(82) 234 (126) 150 (81) 138 (75) 155 (84) 187 (101)
Huricane 122 (66) 119 (64) 99 (53) 143 (77) 95(51) 71(38) 98(53) 132 (71)
| Gale N/A 300 (162) 285 (154) 276 (149) 298 (161) 188 (102) 285 (154) 264 (143)
(:;gga;) Storm 223 (120) 162 (87) 219 (118) 194 (105) 178(96) 120 (65) 200 (108) 171 (92)
Hurricane 125 (67) 96 (52) 146(79) 130(70) 97 (52) 72(39) 121(65) 105 (57)
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Because of the symmetrical nature of H*Wind surface wind analysis, the radial wind speed
profiles are wusually Bami da r(nerthwestmeosti@asttandi st o r |
northeasto-southwest) For exampleshown in Fig. 4.19, considéturricane Fabian rev#21898

The cloud pattern viewed from the GOES cloud track satellite (Fig. 4.19 (left)) reveals the
asymmetrical structuref Hurricane Fabian; the densest region of clouds are clustered in the
northeastern quadrant. However, the radial wind speed profile determined from H*Wind (red

lines in Fig. 4.15) are almost identical for both penetrations, but some differences caigdzk not

for Q-Winds radial wind speed profile (blue lines in Fig. 4.15).
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Fig. 4.19 Hurricane Fabian. Left is cloud pattern from GOEXSvisible imagery, center is H*Wind, and right isQinds
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4.9 Implementation Considerations

Even though QNinds significantly improves the current QuikSCAT wind retrieval algorithm for
hurricane measurement, the use eMihds has been validated only up to 45 m/s. Extending the

wind speed range beyond this point is suspect for the following reasons:

1. SigmaO saturéion of Ku-band scatterometer GMF. As the wind condition grows
stronger, the ocean surface becomes more isotropic (i.e., less sensitive to wind direction),
andthe ocan radar backscatter becomes less responsive to ocean roughness (i.e., less
sensitive tovind speed).

2. Sigma0 measurements error. Because of the uncertainty oftheeasurement, this
GMF saturation effect magnifies wind speed retrieval errors at wind speeds > ~45 m/s.

3. Imperfect rain correctionDesigned as a scatterometer, the QuikSCAT Ruaeier
(QRad) is not an optimum radiometer. The QRad brightness temperature measurements
have | arge standard deviations (NEDTOs),
Also, because of the antenna limited spatial resolution in the measureri2ntkn),

partial beam filled rain cannot be estimated accurately
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CHAPTER-V: CONCLUSIONS

The SeaWindsscatterometeon QuikSCAThas been demonstrated to accurately measure global
synoptic ocean surface wind vecton®wever, it exhibits significant shedmings for hurricane
applications Specifically, SeaWinds is highly sensitive to rain and the model function saturates
at high wind speed regime, which leadsignificant underestimasef the peak wind speeds

extreme wind events e.g., tropical cyus.

Although SeaWinds was not designed for tropical cyclone wind vector retrieval applitiaison,
dissertation explores a signal processing algorithm that was implemented to improve this
capability. This research expands the utility of SeaWinds bygusatEcollocated active and
passive measurements ofean radar backscatter and brightness temperature in a novel
active/passive OVW retrieval algorithm (known as\@nds) for hurricane measurements. This
researclalso develops an atmospheric transmissmmection for raina special hurrican€MF,

andan effective rain flaggin@C algorithm.

Q-Winds OVW retrievals are presented for eighteen hurric@u&xSCAT overpasses during

2001- 2005, where simultaneous NOAA HRD aircraft flights occurred and csands were
produced using the H*Wind analysis procedure. Comparisons are presented between H*Wind
Asurface trutho and SeaWi nWisds €0/ WL L28p2.3kinev al s

products. Results show that the 1-2B.5km productcannotreliably measurepeak hurricane
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wind speed > 30 m/s, whereda3-Winds compares well with H*Wind for wind speeds > 40 m/s
(equivalent to a strong hurrica@ategoryl). Further, @QWinds wind directiong@greement with

H*Wind is superiotto L2B-12.5km directions, especialiy the presence of rain.

Unfortunately, this @Vinds algorithm is not able to measure the hurricane peak wind speed
because of severe rain contamination; however, it can provide reliable hurricane radii
information up to hurricanérce wind. The abilityto measure wind radii for storm, gale, and
hurricane force winds are valuable and provide critical information used in TC scientific analysis
and operational warnings and forecasting. Furthermore, t#én@s QC rain flags provide a
reliable method to iddify low confidence OVW retrievals and thereby provide high quality data

for scientific research and potentially neaal time storm analysis in operational application.

Although, the results in this dissertation are from hurricanes in the AtlanticnOGadf of
Mexico, and Caribbean Sea;\Winds algorithm does not have geographical location restriction;
therefore, this algorithm can be used worldwide. This capability extends-Wimd3 usage for
other type of storms such as typhoon in the Pacific ®eea midlatitude cyclones such as

extratropical cyclones.

The usage of QVinds algorithm for extrdropical cyclones, which are larger and dryer than
TCOs, i . e., |l ess rain contami nat-12kkm produttf er s s

Becauseextratropical cyclones still have similar cyclonic wind rotations, the algorithm should
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work exceedingly well, and with the QRad Tbos
provided in tropical cyclones where there is more rain of greater itywemB®@cause of our

improved XW.GMF, the QWinds will much higher wind speeds which will provide valuable
scientific and operational data not presently available. In summary, the algorithm is expected to

perform even better than it does in TCo6s.

As far asthe concerns for @Vinds improvement and future applications, there are still
opportunities for further advancement. Given more SeaWinds observations of tropical cyclones
and associated fAsurface trutho fromfunler e ai-r
improved by GMF refinement and to refinement of the rain correction algorithm. But the
ultimate limitation of this technique is the saturation of the ocean surface roughness, which will

restrict the retrieved wind speed to approximately 50 mk.

Furthermore, the accuracy of the atmospheric transmission correction due to rain may be
improved through a more sophisticated model. The current rain correction coefficient is mainly
relies on the QRad brightness temperature and unfortunately thenedidmprecision of QRad

is rather inadequate for this application. The correction model may be refined using other

parameters, e.g., ocean radar backscatter (wind) to Tb (rain) ratio.

For future operational application usage, recently, tfi@ds hurri@ane retrieval algorithm was

selected to be incorporated in Joint Hurricane Testbed (JHT) program for hurricane season 2009
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- 2010. The proposed future works involves tdevelopmenand operational implementation of
an improved neareal time estimate ofutricane wind vector using-&/inds algorithmusing the

NOAA NESDIS realtime SeaWinds L2B.2.5km productPrimary tasks include:

1. Development and testing of prototype algorithm during the 2009 hurricane season.

2. Algorithm validation and refinement based @ewational user feedback and 2009 season

observations.

3. Transition of the operational-@/inds software system and integration at the TPC/NHC

and JTWC operations centers for the 2010 hurricane season.

4. Development of appropriate training materials to fadditaroper operational utilization

of new QuikSCAT product

Once the validation phase is completed, all QuikSCAT hurricane passes will be processed in
nearreal time manner using the improv@awinds algorithm.Q-Winds will output OVW in the
BUFR format, Merged Geophysical Data Record, the so called MGDR Lite, which is presently

being used by forecasters at TPC/NHC and JTWC.

As this neareal time application is advanced, there will be undoubtedly useful scientific spin
off as well. In the future the JPIcaterometer project, will certainly performs reprocessing of
the entire SeaWinds dataset, and the opportunity exists for usiogn@s to provide an extreme

winds data set for weather and climate research.
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APPENDIX A: MAXIMUM LIKELIHOOD E STIMATION
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Maximum likelihood (MLE) is a welknown statistical method to estimate parameters using a
mathematical model and applying this to an empirical dataset with random errors af know
probability distribution. The principle behind maximum likelihood estimation is to determine the
variables that maximize the likelihood probability of the sample data. The advantages of this

method are its robustness and its efficient method to deteth@maean of the process.

Considerxis a continuous random variable with PDF

,Q(‘q I 8 1_1',) (Ala)

where—,—, 8 ,—are k unknown constant parameters. For an experiment Mithdependent

observationsy; x;, By, The likelihood function is defined as follows:

0 de%S !%%T!_Z!S 1_79 = ,L‘) = 5%1"Q%_1',_2',8 ,_"d (Alb)

Assuming Gaussian distribution with identical standard deviajahe PDF of the distribution

is given by:
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where afdenotes the mean value, asds the standard deviation of the process. MLE of the

process is compute by (A.1) and yields:

. 1, 1ogd?
L = ‘—T'Q 2, (A3a)
aq Y
1 . lBU Wo (*1_2
= " 5 Q27el (A.3b)
., I/|2u
For convenience is usually expressed in logarithmic domain as:
0
¥=In(®) =In In"Qwy—,——8 ,—0) (A.4a)
@1
: 17 ey ap?
= —In 2¢ OIn, = —_ (A.4b)
2 2"@1 ”

The ML EB-58 ,edare determined by maximiziig(or L). Taking the partial derivatives

of ¥ with respect to each parameter and equates to zero yields:
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Solving (A.5a) and (A.5b) simultaneously, solutions are:

G (A.6a)

Gy G2 (A.6b)

This implies that by minimizin@%, cx 6f? will also maximizsL (or ¥).
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APPENDIX B: WIND VEC TOR RETRIEVAL USING MLE
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The objective functionJ(u,c), is a convex function of the accumulative residue between the
measurements and the model formed from the available measurements in a given WVC is

expressed as follows

‘ 0 . . 0, .2
((é,) - BgQ:]_ Qi Q »a€Q,Q (Bl)

170
where , 845 = the measuremesf
» .0 = the modek® from the GMF(,c)
d= the estimated standard deviation of $leneasurement
u=wind speed (m/s)
¢ = relative wind direction |

k = # measurements in a particular WVC

The normalized standard deviation of measurersénbften denoted by(p(so), indicates the
accuracy of ths® measurement and is used to weightrésdue of the objective function. The
Kp(so) is a combination of uncertainty in the GM&,n, signal noise due to fading and thermal

noise,Ky.. TheK,(s%) is defined as:
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). 0 = 524 02 + 0202
Up » = Unt Uda + UAaVRs
_ oG L 8y
- L0
whereKp. is expressed §24]
o, Qa

@ 0o, ...

(B.29

(B.2b)

(B.3)

The coefficientsa, b, andg characterize the surface scatters, sigoatoise ratio (SNR) at the

receiver, and the receiver desi@d, 56} andst is the truesO without communication noise.

159



[1]

[2]

[3]

[4]

[5]

[6]
[7]

[8]

[9]
[10]

[11]
[12]
[13]
[14]

[15]

LIST OF REFERENCES

M. J. Brennan, H. D. I. Cobb, and R. D. Knabb, "Observations of gulf of Tehuantepec
gap wind events from QkECAT: An updated event climatology and operational model
evaluation," inPreprints, 22nd Conference on Weather Analysis and Forecast/18th
Conference on Numerical Weather PredictiBark City, UT: Amer. Meteor. Soc., 2007.

Z. Jelenak and P. S. Chan@uikSCAT Follow-On Mission: User Impact Study," i. N.
report, Ed., 2008.

NOAA Operational Satellite Surface Vector Winds Requirements Workshop, Tropical
Prediction Center, Miami, 2006,
http//manati.orbit.nesdis.noaa.gov/SVW_nextgen/SVW_workshoprtrépal. pdf.

M. J. Brennan and R. D. Knabb, "Operational evaluation of QuikSCAT ocean surface
vector winds in TC at the Tropical Prediction Center/National Hurricane Centdrlthn
Symposium on Integrated Observing and Assimilation Systems fortriesphere,
Oceans, and Land Surfacgan Antonio, TX: Amer. Meteor. Soc., 2007.

M. J. Brennan, J. R. Rhome, and R. D. Knabb, "The extratropical transition of Hurricane
Helene (2006): Observation of structural evolution and operational model evaluation
using QUikSCAT," inPreprint, 22nd Conference on Weather Analysis and Forecast/18th
Conference on Numerical Weather PredictiBark City, UT: Amer. Meteor. Soc., 2007.

R. K. Moore, "Satellite radar and oceanograph#n introduction,"Oceanography fsm
Spacepp. 355366, 1965.

R. K. Moore and W. J. Pierson, "Measuring sea state and estimating surface winds from a
polar orbiting satellite,"Inter. Symp. on Electromagnetic Sensing of the Earth from
Satellites, Miami Beach, FL, 1965

W. L. JonesW. L. Grantham, L. C. Schroeder, J. W. Johnson, C. T. Swift, and J. L.
Mitchell, "Microwave scattering from the ocean surfacksEE Trans. on MT]T pp.
10531058, 1975.

W. L. Jones and L. C. Schroeder, "Radar backscatter from the ocean dependence on
surface friction velocity,'Boundary Layer Meteorology 1Bp. 133149, 1978.

W. L. Jones, L. C. Schroeder, and J. L. Mitchell, "Aircraft measurements of the
microwave scattering signature of the ocedBEE Trans. Antennas Propagation/IEEE

J. OceanicEng. (Special Issue on Radio Oceanographg). AP-25, pp. 5261, 1977.

W. L. Jones, F. J. Wentz, and L. C. Schroeder, "Algorithm for inferring wind stress from
SeasatA," AIAA J. of Spacecraft and Rocketsl. 15, pp. 36874, 1978.

J. W. Wrght, "Backscattering from capillary waves with application to sea clutieEE
Trans. Ant. Prop.vol. AP-14, pp. 749754, 1966.

R. K. Moore and W. L. Jones, "Satellite scatterometer wind vector measureihent
legacy of the Seasat Satellite Seaitmeter," INEEE GeoSci Rem Sens News|et?©04.

W. L. Grantham, E. M. Bracalente, W. L. Jones, and J. W. Johnson, "The-8easat
satellite scatterometedEEE J. Oceanic Engvol. OE2, No. 2, pp. 2006, 1977.

D. J. Carter and S. J. Austi"European Space Agency's remote sensing satellite-{ERS
Active Microwave Instrumentation (AMI) flight model performance,'Digest IGARSS

90, vol. 3. College Park, MD, 1990, pp. 208084.

160



[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

L. F. Blivens and J. P. Giovanangeli, "An experimentatg of microwave scattering
from rain and windroughened seadlfit'l J. Rem. Sensvol. 14, pp. 85869, 1993.

W. L. Grantham, E. M. Bracelente, C. L. Britt, F. J. Wentz, W. L. Jones, and L. C.
Schroeder, "Performance evaluation of an operatispateborne scatterometelffEE
Trans. Geosci. Rem. Sensl. GE20, pp. 25254, 1982.

F. M. Naderi, M. H. Freilich, and D. G. Long, "Spaceborne radar measurement of wind
velocity over the oceanAn overview of the NSCAT scatterometer systeRrdc. IEEE

vol. 79, pp. 856866, 1991.

M. H. Freilich and R. S. Dunbar, "The accuracy of the NSCAT 1 vector winds:
Comparison with National Data Buoy Center buoyk,'Geophys. Resvol. 104, pp.
1123111246, 1999.

S. J. Shaffer, "A Mediafilter-Based ambiguity algorithm for NSCAT|EEE Trans.
Geosci. Remote Sengol. 29, pp. 167174, 1991.

A. E. Gonzales and D. G. Long, "An assessment of NSCAT ambiguity remdval,"
Geophys. Resvol. 104, pp. 114491457, 1999.

D. G. Long and M. RDrinkwater, "Azimuth variation in microwave scatterometer and
radiometer data over AntarcticdEEE Trans. Geosci. Rem. Sengl. 38, pp. 1857
1870, 2000.

C. L. Wu, Y. Liu, H. Kellogg, K. S. Pak, and R. L. Glenister, "Design and calibration of
the SeaWinds scatterometelEEE Trans. Aero. and Elec. Sysol. 39, pp. 94109,
2003.

D. G. Long and M. W. Spencer, "Radar Backscatter Measurement Accuracy for a
Spaceborne Penddeam Wind Scatterometer with Transmit ModulatiolitEE Trans.
GeosciRem. Sengvol. 35, pp. 102014, 1997.

N. Ebuchi, H. C. Graber, and M. J. Caruso, "Evaluation of wind vectors observed by
QuikSCAT/SeaWinds using ocean buoy dath,Atmos. Oceanic Technoliol. 19, pp.
20492062, 2002.

R. Gaston and E. Roduiez, "QuikSCAT FollonOn Concept Study,” Jet Propulsion
Laboratory, Pasadena, California JPL Publicatior1®3April, 2008 2008.

M. D. Powell, S. H. Houston, L. R. Amat, and N. Morisséaunoy, "The HRD reatime
hurricane wind analysis systend,"Wind Eng. Indust. Aerodyynvol. 77 & 78, pp. 534,
1998.

T. F. Hock and J. L. Franklin, "The NCAR GPS dropwindsondeBut. Amer. Meteor.
Soc, vol. 80, 1999, pp. 40420.

M. D. Powell and P. G. Black, "The relationship of hurricane recesaace flightevel

wind measurements to winds measured by NOAA's oceanic platfodm8yind Eng.
Indust. Aerodynamvol. 36, pp. 384392, 1990.

E. W. Uhlhorn, P. G. Black, J. L. Franklin, M. Goodberlet, J. R. Carswell, and A. S.
Goldstein, "Hurricae surface wind measurements from an operational stepped frequency
microwave radiometerMon. Weather Rewol. 135, pp. 3073085, 2007.

D. E. Fernandez, "IWRAP: the imaging wind and rain airborne profiler for remote
sensing of the ocean and thenaspheric boundary layer within tropical cyclond&EE
Trans. Geosci. Rem. Sengol. 43, pp. 1778787, 2005.

M. D. Powell and S. H. Houston, "Surface wind fields of 1995 Hurricane Erin, Opal,
Luis, Marilyn, and Roxanne at landfallMon. WeatheRev, vol. 126, pp. 1259273,
1998.

161






