VALIDATION OF QUICKSCAT RADIOMETER (QRAD) MICROWAVE
BRIGHTNESS TEMPERTURE MEASURMENTS

by

RAFIK HANNA
B.S. Banha Higher Institute of Technology, 1994
M.S. University of Central Florida, 2007

A dissertation submitted in partial fulfilment ofeélmequirements
for the degree of Doctor of Philosophy
in the School of Electrical Engineering and Computer Science
in the College of Computer Engineering and Computer Science
at the University of Central Florida
Orlando, Florida

Summer Term
2009

Major Professor: W. Linwood Jones



© 2009 Rafik Hanna



ABSTRACT

After the | aunch of NASAOGs SeaWinds scatter
implemented in the Science Ground Data Processing Systems tatfadlomeasurement

of the earthdés microwave brightness tempera
comprehensive validation to assess the quality of QRad brightness temperature
measurements using neamultaneous ocean Th comparisons between th@/#els on

QuUikSCAT (QRad) and WindSat polarimetric radiometer on Coriolis. WindSat was

selected because it is a well calibrated radiometer that has many suitable collocations

with QuUikSCAT; and it has a 10.7 GHz channel, which is close to QRad frequency of

13.4 GHz. Brightness temperature normalizations were made for WindSat before
comparison to account for expected difference¥brwith QRad because of incidence

angle and channel frequency differences.

Brightness temperatures for nine months during 20062006 were spatially collocated

for rain-free homogeneous ocean scenes (mapd) within 1° latitude x longitude boxes
and within a £ 60 minute window. To ensure high quality comparison, these collocations
were quality controlled and edited to removermomogenous ocean scenes and/or
transient environmental conditions, including rain contamination. WindSat and QRad
T b Gvere averaged within 1° boxes and these were used for the radiometric inter
calibration analysis on a monthly basis. Results showQRad calibrations are stable in

the mean within £ 2K over the yearly seasonal cycle.



To my Wife
Gina Hanna



ACKNOWLEDGMENTS

This dissertation would not be possible without the guidance and assistance from many
peope. First and foremost, | would like to extend my deepest appreciation to Professor
W. Linwood Jones, my professor and advisor who has patiently mentored and provided
me guidance throughout my graduate study. Dr. Jones provided me with the invaluable
oppotunity of sharing in his teaching experiences. Through this experience, he taught
me how to combine research into teaching. In addition, | am thankful for the financial

assistance he provided me throughout my tenure in the program. | would not bé where

am today without him. | also want to thank Mr. James Johnson for editing my

dissertation and my colleagues at the Central Florida Remote Sensing Lab, especially
Pete, Salem, Suleiman and Ruba. Their help, support, and friendship will never be

forgotten



TABLE OF CONTENTS

LIST OF FIGURES........iiiiiiiiiiiiitieeeiestereaeeeeeee e e e e ee e s snessseeeeeeeeaeeaaaaeaaeesssammmnaeess Viii
LIST OF TABLES. ..o oottt eees e Xiii
LIST OF ACRONYMS/ABBREVIATIONS........oooiiiiiiiiiiiiiee e Xiv
CHAPTER 1: INTRODUCTION....ccttiiiiiiieeiee et eees e 1
1.1 BACKQIOUNG... ..ot e et e e e e e e e e e e e e ammr e e e e aeeas 1
1.2 QRAd Calibration........ccoeceiiiiiiiie s ieeee e eeeee e et e e e e aa e 3
1.2.1  WINASat COMPATISONS......ccttiiiiiieeeeaiiiiiire e e e e e e e e rees e 4
1.2.2 Performance DUring ECHPSE...........ovvvvuiiiiiiiieeeeecee e 4
1.2.3  Algorithm Error ANalySES.......ccccuuuuiiiiiiiiiiieeeiiiiiieieeeee e eeeee e 5

1.3 Dissertation Organization.............ccceeeiiiiiiieeeiii e eeeeeeeeeeeeviveene e e e e eeeeeesenennnnn i

CHAPTER 2: QUIKSCA RADIOMETER APPARENT BRIGHTNESS

TEMPERATURE ALGORITHM.....utiiiiiiiiiiiiiie et emmme e 8
2.1 Microwave Brightness Temperature.............oooooiiiemee e eeeeecieeeeeeeeaas 10
2.2 Total POwWer RAaGIOMELEL........ccciiiiiiiiiieieee it ee e eeeaae e s 11
2.3 QUIkSCAT Radiometric Measurements. ............ouuuuuruerneeeeeeeeeeiinnnneeneeeens 15
2.4 QRad Transfer FUNCLION..........cooii e 18
2.5 QRad Inverse Transfer FUNCLON..............uuuvuiiiireeeeeeiiiiisee e eeeeeeennee 22

CHAPTER 3: INTERSATELLITE RADIOMETRIC CALIBRATION METHOD......30

3.1  Previous Approackor QRad Calibration..............cccc.ovvvviieiiieeeeeeeiiiie 30
3.1.1 External Radiometric Calibration Approach..............cooooiiiiieen e 30
3.1.2 QRad Radiometric Calibration ReSUILS.........ccooeeviiiiiiicceiiiee e, 31

3.2  QRad Brightness Temperature Validation Using WindSat..................... 34

3.3 Data Sets and Mat@Ps..........ouiiiiiiiii e 38
GG T RO ] - To I - | = 38
3.3. 2 WiINASAL DALA.......evviieiiiiiiiiiei et rrmmne e 39
3.3.3 GDAS DAl@...uueeiiiiiiiiiiiie e aeenas 39
3.3, 4 MALCRUPS. ...ceee e anna e 40

3.4 Radiative Transfer MOAEL...........ooveviiiiiiei e 43
3.3.1L RTM DESCHIPLION....ceieiiiiie et ceeei e et e e e e e e e ee e e eeeeees 43
3.3. 2 RTM ValidAtION........uueeiiiiiiiee e e e ss s s e e e e e e e e e e e eanness s s e e e e eeeeaeeeeeeennnnn 46

3.5 WindSat oés ..T.b...No.r.ma.l.i.z.a.t.i.0.N........ 57

Vi



CHAPTER 4: QRAD CALIBRATION RESULTS. ... 60

4.1 Primary Calibration during Continuous Sunlit Orbits.................eeeeviieeeiinnnnnd 60
4.1.1 Orbital Pattern of QRad Radiometric Biases.........cccocevvvvviicceinnnnl) 65
4.2 Dynamic QRad Biases during EClPSE.........ccoovviiiiiiiiieeee 83
4.3 QRad Transfer Function ANalySes..........ccoovviiiiiiiieeee e 89
4.3.1 QRad transfer function analysis during eclipse..............ccoceiiiemreiiieens 89
4.3.2 QRad transfer function analysis during the sunlit orbit......................... 93
4.4 QRadEvaluation OVer Land..............ueiiiiiiiiiceeeiiiiisee e eeeieene e 97
4.5 Antenna Pattern Effects on Ocean Brightness Temperature..................... 110
4.6 Noise Equivalent Differential Tem@aure..............cccccuvvvmiiiimemriiiiiiiieeeeee 113
CHAPTER 5: SUMMARY AND CONCLUSIONS........ccoiiiiiiiiiieiieeeiveeeeeee 119
5.1 Summary of QRad Evaluation................ccciiiiiieeeeiiiicieee e eeee 119
5.1.2 QRad Evaluation during EClipPSe..........coooiiiiiiiieee e 121
5.1.4 QRad Evaluation over the land.............cccoooeviiimemeieiiiie e, 122
S0 IS T N 1 5 0 SO 123
5.2 CONCIUSION. ...ttt ceeei bttt e e s seet et e et e e e e e e e e e e e e e e e s ammmeaeeeeens 123
5.3 FULUIE WOTK ...t eee ettt e e e e e emmrnnnnes 123

APPENDIX: ANTENNA BRIGHTNESS TEMPERAURE APPENDIX: ANTENNA

BRIGHTNESS TEMPERATURE.........coo i 125
APPENDIX: ANTENNA BRIGHTNESS TEMPERATURE..........coovviiiiieee, 126
LIST OF REFERENCES........cco e 129

vii



LIST OF FIGURES

Fig 2.2: WVC sampling by duglolarized forward and aft looking antenna beams...9
Fig 2.3: Total POwer RA0IOMELEN...........coeviiiiiiiiiicmmre ettt 13
Fig 2.4: The Radiometer calibration............ccccooeeiiiiiieeeiiii e 14
Fig 2.5: The equivalent simplified block diagram for the QuikSCAT Radiometer.17
Fig 2.6: The received power spectrum for Eahd Noise channels........................ 19
Fig 2.7: The fANoise channel 06 received noi se
NOISE CRANNEIS.... .ot reea bbb e e e e e e e eeee e e 21
Fig 3.1: Tb comparisons betweeg da1derived from TMI and QRad for 3 day averages.
Solid line is best fit linear regression and dashed ididB?................cccoeevvviinen 32
Fig 3.2: Brightness temperature déwna from the mean over the Pacific Ocean repeat
OIOUNG TrACKS. ...ttt 33
Fig 3.3: WindSat PayLoad Configuration from Gaiser [15]...........ccccccuuvivimmmnnnnnnns 36

Fig 3.4: A typical onemonth collocation between QRad and WindSat (February 2006).

Fig. 3.5: Simplified block diagram for the mataps.............ccccviiiiiiiiiiceciieee 41
Fig.3.6: Typical onelay matchups between QRad and WindSat for £ 60 minutes
WINAOW (12/31/05 ) uteeeiiee ettt eeeetee e see et e et e et eemme e e e ssaaesnseeeenseeesanan 42
Fig 3.7: Radiative Transfer MOAEl..........ccuuviiiiiiiiie e 44
Fig 3.8: WindSat =zonal averaged measured and

boxes during February 2006...........cuuuiiiiiiiiiiieeeiieiieee e 47

viii



Fig 3.9: Number of the collocated points in each ¥ dharing February 2006.......... 48
Fig 3.10: Standard deviation for each 1° box during February 2006................... 48
Fig 3.11: WindSat zonalavegl measur ed and model ed
DoXes during AUGUSE 2005.........ueeiiiiiiiiiiieie e 49
Fig 3.12: Number of the collocated points in each 1° box during August.2005...50
Fig 3.13: Standard deviation for each one degree box, (August 2005)................ 50
Fig 3.14: RTM_bias with respect to WindSat measurements at 10.7 Gpid),V
FeDruary2006...........oooiiiiiiiiiiiiii e 51
Fig 3.15: RTM_bias with respect to WindSat at 10.7 GHp@H, February 2006.....52
Fig 3.16: Histogram of RTM_bias for-KPol with mean value 60.29 K and standard
deViation Of L.0L... ... e 53
Fig 3.17: Histogram of RTM_bias for-Hol with mean value 60.59 K and standard

AEVIAION OF 1.4 .. e aeamens 53

Tbos

Fig 3.18: RTM bias validation using cloud liquid water and water vapor using month of

FEbruary 2008..........ccooiiiiieieiiiimme et eereren e e e e e e e e annnr s 55

Fig 3.19: RTM validation using SST and wispeed using month of February 20066

Fig 3.20a: The delta Tp aeYfbr 1° latitude zonal averages..........ccccoeeeeveeeiiicceeennn. 58
Fig 3.20b: WindSat normalization for-pbl @ 13.4 GHz and 54° incidence............ 59
Fig. 3:20c:WindSat normalization for ol @ 13.4 GHz and 46° incidence........... 59

Fig. 41a: Histogram of 1° box average brightness temperatures for QRad and WindSat

(before the normalization) for AUQUSE 2005............uuuuiiiiiiiiiieeeiieiiiiieeeeeeeeeeens 63

Fig. 41b Histogram of 1° box average brightness temperatures for QRad and WindSat

(after the normalization) for August 2005.........cccoiiiiiiieiiiiiieeeie e 63

r



Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-2a: Histogram of 1° box average brightness temperatures for QRad and WindSat
(before the normalization) for February 20086...............ccccuvvviimmmnniiciiiiiieeee 64

4-2b: Histogram of 1° box average brightnesspgeratures for QRad and WindSat

(after the normalization) for February 2006..............ccoooeeiiiieeeeeciiiee e, 64
4-3a: QRad/WindSart, comparison for August 2005 (WPOI)........cceeeeeiivriiiiennnnd 67
4-3b: QRad/WindSat, comparison for August 2005 (HPOI)...........cceevvrrrriinnind 67
4-4a: QRad/WindSat, comparison for February 2006 ®0l)...............oooeiineee 68
4-4b: QRad/WindSat, comparison for February 2006 (ROl)...............cceveereeen. 68
4-5a: QRadry, bias for August 2005 (WPOI).....covviiiiiiiieiiieee e 70
4-5b: QRadT} bias for August 2005 (FPOI).........coooveeiiiiiiii e 70
4-6a: QRad Th bias for February 2006-R0I). ..........cooiiiiiiiiiiiiieee 71
4-6b: QRad Tb bias for February 2006 PDI).........cuuummmmimiiiiiiiiiiieerieeeieeeeeeeeeees 71

4-7: Ocean brightness temperature comparisons in 1° boxes between QRad and
WindSat (normalized) for February20Q86...............ooooiiiiiiceeee e 72
4-8: Ocean brightness temperature comparisons in 1° boxes between QRad and
WindSat (normalized) for March 2006.............coooiiiiiiiimmen e 73
4-9: Ocean brightres temperature comparisons in 1° boxes between QRad and
WindSat (normalized) for April 20086............uuuuiiiiiiiiiiieeeiiiiie e 74
4-10: Ocean brightness temperature comparisons in 1° boxes between QRad and
WindSat (normated) for May 20086............ccccuuviiiiirrireeiiiieieieee e 75
4-11: Ocean brightness temperature comparisons in 1° boxes between QRad and

WindSat (normalized) for June 2006............ccuuvviiiiiiireeiiiiiiiieee e 76



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-12: Ocean brightness temperature comparisons in 1° boxes between QRad and
WindSat (normalized) for July 2005...........uuuuiiiiiiii e eeeee 77
4-13: Ocean brightness temperature comparisonslixés between QRad and
WindSat (normalized) for August 2005............cooeeiiiiiimiimmneeeeeeeiiiiii e 78
4-14: Ocean brightness temperature comparisons in 1° boxes between QRad and
WindSat (normalized) for September 2005............ciiiiiiiii e 79
4-15: Ocean brightness temperature comparisons in 1° boxes between QRad and

WindSat (normalized) for October 2005.............ccoooiiiiiimeer e 80

4-16: Ocean brightness temperature biases for nine months during Sunlight between

QRad and WindSat (normalized) for 2006.............uuuueeeeiiiimeeiiiieiieieeeeeeeeeeeeae 81
4-17a: QuUikSCAT orbit eclipse duration between 1Niovember andhe end of

N =0 11 = T /PPt 84
4-17b: Orbital eclipses for QRad on December 21, 2005-fewv@lutions. (courtesy
Satellite Tool Kit WWW.STK.COM).......coiiiiiiiiiiiiie e 84
4-18: Monthly average QRan, bias (during eclipse period) for January 2006 with
ascending revs shown as fcir.cl.eqd..8nd
419: QRad T, bias (during max eclipse period) December 28 for V & H-pol.,
where xaxis represents relative orbit time (from the start of the orbit at the South
Pole) in minutes and-gixis QRad bias in Kelvin............ccoevvvviviiiicccniveeeeiiiens 88
4-20: Transient physical temperature for the SeaWinds antenna reflector, feed horn,
and waveguides during the eclipse period, fromlguach thermal analysis [2781
4-6a: QRad Thb bias for February 2006-®0I) ... 93

4-22: QRad Thb bias for February 2006 R0I).........ccviiiiiiiiii 95

Xi

desce



Fig. 424: Echo engy for two typical revolutions................cccciiiiimmmn s 98
Fig. 425a: 5days (August5, 2005) averaged o0f..QR&MWO6s Thb
Fig. 425b: 5days (Aug15, 2005) averaged of .Wi.nd¥Bat ds
Fig. 425c: 5days (Aug1s, 2005) averaged of...QRaWds Tb
Fig. 425d: 5days (Augustl5, 2005) averaged of .. Wil Sat 6s
Fig. 4.26a: the difference between the QRad and WindSater the land (Fpol).... 102
Fig. 4.27a: Normalized radar cross section over the lafb(hl..............ccvvvvvnnneee. 105
Fig. 4.27b: Normalized radar target cross section over the lapdl(\..................... 105
Fig. 4.28a: Relationship between surface normalized radar cross section and QRad Tb

bias over the [and (0L.). .....uueeiiii 106

Fig. 4.28b: Relationship between surface normalized radar cross section and QRad Th

bias over the 1and (POL.). ....ueeeeeeieii e 107
Fig.4.29a: Beta optimization fOr-pol............cooooiiiiiiiiiii e 109
Fig.4.29b: Beta optimization fOr-Yol............ccccooriiiiiiiiiiice e 109

Fig. 4.30 a & c is the brightness temperature image for the west coast of America
observed by WindSat, (b) is the ghdtbrightness temperature observed by WindSat,

(d) is The error in brightness temperature measurement due to land contamination

in the SeaWinds antenna PatterNl............ceeiviiiiiiieeeiiieieieee e 112
Fig. 4.31a: Histogram of°Ilbox differencesdTb) for QRad..............cevvvvviiiiiiicennnen. 117
Typical orbit in August 2005 (VPOI).......ccooeiiiiiiii e 117
Fig. 4:31b: Histogram of 1° box differencel D) for QRad.............cccccoeeevviiiiicacnnnns 117
Typical orbit in August 2005 (FPOI).........coooiiiiiiiiee e 117

Xii

ov

T



LIST OF TABLES

Table 21: QRad Invers@ransfer Function: Constants and Instrument Parameter23
Table 31. WindSat CharacteriStiCs..........coeiiiiiiiiiii i ceeein e e 35
Table 41 QRad Global Ocean Thistogram Comparison with WindSat.................! 62

Table 42: MeadSTD Val ue of QRadoOos Brightness Temper

Table4-3: The standard deviation for QRagl.T.........ooovviiiiiiiiiireeeire e 118

Xiii



ADEOS
AMSR
DMSP
GDAS
GMF
JAXA

JPL
LEO
NASA
NASDA

NCEP
NESDIS

NWP
QUIKSCAT
SSMII
SST
WVC

LIST OF ACRONYMS/ABBREVIATIONS

Advanced Earth Observing Satellite (JAXA)
Advanced Microwave Scanning Radiometer
Defense Meteorological Satellite Pragr

Global Data Assimilation System

Geophysical Model Function

Japan Aerospace Exploration Agency (formerly
NASDA)

Jet Propulsion Laboratory

Low Earth Orbit

National Aeronautics and Space Administration
National Space Development Agency (currently
JAXA)

National Centers for Environmental Prediction
National Environmental Satellite, Data, and
Information Service

Numerical Weather Prediction

Quick Scatterometer

Special Sensor Microwave/Imager

Sea Surface Temperature

Wind Vector Cell

Xiv



CHAPTER 1: INTRODUCTION

1.1 Background

In 1999, NASA launched the QuikSCAT satellite with the SeaWinds Scatterometer on
board and began the mission to fill a wirettor measurements gap caused by the loss of
data from the NASA Scatterometer (NSCAT) on the ADED$atellite when ADEOS

power subsystem failed in June 1997. SeaWinds on QuikSCAT continues to provide the
only NASA scatterometer wind speed and directimasurements available today. Since
the launch of QuikSCAT, the Central Florida Remote Sensing Lab (CFRSL), at UCF, has
been developing SeaWinds algorithms for improving the identification of rain
contamination in wind measurements. This dissertatidheslatest extension of that

work.

There are major differences between NSCAT and SeaWinds that enabled the
identification of rain contaminated wind measurements for SeaWinds. First, NSCAT used
six stationary farbeam antennas, but SeaWinds employed twicatly scanning pencil
beams, one H polarization and the other V, from a rotating parabolic dish antenna. The
NSCAT fan beam systems used Doppler processing to resolve scatterometer
measurement cells on the surface, whereas SeaWinds illuminates distamot /imited
measurement cells. This allows for the use of a receiver noise measurement to estimate
surface brightness temperaturg, &nd the corresponding brightness temperature along

the lineof-sight of each wind vector cell, and therefore rain @ombation.



Second the SeaWinds receiver was designed with this noise measurement in mind,
providing 2 signal paths, or channels, so that the echo signal and noise signal could be
separated out of the received sigphisnoise. In 2001, after the launadf the
QUuIkSCAT satellite, a data processing algorithm was developed by CFRSL [1, 2] that
enabled SeaWinds to measure the ocean brightness temperature corresponding to each
wind vector cell. The motivation for this work was to provide a means of idemgjfor

Afl agging, 0 r aibpceltc Theitdea behindghe algorithmowad td use the
transfer functions of the two channels, each wglown gain and bandwidth, to separate
signal and noise and use neady to infer brightness temperaturéccording to the

CFRSL specifications, this radiometric measurement, known as the QUuUIkSCAT
Radiometer (QRad) was implemented by the Jet Propulsion Laboratory (JPL) in the
Science Ground Data Processing Systems, and brightness temperature was incorporated

into the L2A radar backscatter science data product.

In 2001, CFRSL developed the initial algorithm for inferring SeaWinds instantaneous
oceanic rain rate using microwave brightness temperatures measured by QRad. The
algorithm was based on the corredatiof QRad with the corresponding rain rates
retrieved from the Tropical RainfalleasuremenMission (TRMM) Microwave Imager

(TMI) [3, 4]. JPL has implemented this algorithm intbe Science Ground Data
Processing Systems and incorporated estimated ateninto the QuikSCAT L2B wind
vector data product This allows users of L2B data to both identify rain contamination

and to use quantified rain rate to evaluate rain effects on wind vector measurements [5].



Most recently CFRSL has improved the raineralgorithm by using the correlation
between the radar backscatter (active) with(pBssive measurementispm SeaWinds
and simultaneously rain rate retrievals for TMI [6, 7], which resulted in slight

improvement in estimating rain rate from SeaWinds memsents.

Since the rain rate algorithm is based on estimated microwave brightness temperatures, it

is very important to evalwuate and validate
focus of this dissertation is to evaluate, validate, and charactér&eaadiometric
performance of QRad. In particular, a method was developed to allowsatédiite

radiometric calibration of QRadyds by compari son to selected
provide a validated QRad radiometric transfer function. Also, preyicusterved time

dependent biases during eclipse were characterized, and antenna pattern effects on ocean

Ty at land/ocean boundaries were assessed.

1.2 QRad Calibration

This dissertation presents the first comprehensive evaluation and characterifation
QRad radiometric performance. It includes an evaluation of QRad brightness
temperatures over the oceans for a-paar period to establish the lotgym accuracy

and stability of QRad. Theevaluation method that was used was based in- near
simultaneousnter-satellite ocean Tb comparisons between the SeaWinds on QuikSCAT
(QRad) and the WindSat polarimetric radiometer on Coriolis. The Tb comparisons were

made during both the continuously sunlit and the eclipse orbits. Studies were also



conducted to detsrine antenna pattern effects on measurements near land/ocean

boundaries, and to identify error sources in the QRad algorithm.

1.2.1 WindSat Comparisons

The primary QRad Tb calibration was conducted over oceans during continuous sunlit

orbits (February throughmid-November). The purpose of this calibration was to
establish absol ute QRag éceurady,rto estmate thesrmeant e mp e r
brightness temperatures biases relative to
radiometric precision (NED). Brightness temperatures during July 2005 through June

2006 were spatially collocated for redfiee homogeneous ocean scenes (mapd)

within 1° latitude x longitude boxes and within a £ 60 minute window. WindSat and

QRad Tb comparisons were perfornead a monthly basis. A radiative transfer model,

RTM, was used to normalize the WindSat measurements to the QRad frequency and
incidence angles, and this RTM is validated using WindSat measurements as part of the

normalization technique development.

1.2.2 Performance During Eclipse

Previous research shows that there are significant differences between radiometric
calibrations for identical SeaWinds instruments on ADEO&Rad) and on QuikSCAT
(QRad) [8, 9]. The SRad brightness temperatures varied systaeltyatvith orbital
position (latitude) with an average bias of approximately 6 Kelvin between ascending and

descending orbits. A hypothesis was developed that identified the most probable cause



for this discrepancy as the -anbit thermal environment ohé SeaWinds instrument.

The QuikScat satellite is usually in continuous illumination of sunlight (~97%), but
ADEOS2 6s orbit under went day (descending) and
subject to large (physical) temperature changes. The physogberature of the

SeaWinds frorend losses are not measured; thus, errors are introduced by the modeled

physical temperatures in the QRad Algorithm.

Each year from November 14th through January 30th, QuikSCAT experiences a short
solar eclipse on evgrorbit. For the duration of these periods, the rapid temperature
transient (from sunlight to night) will cause time varying radiometer biases. This data is
compared to WindSat and examined for similar effects to those experienced by SRad in

order to chareterize QRad performance during eclipse.

1.2.3 Algorithm Error Analyses

This dissertation investigates the cause of systematic Tb calibration biases and identifies
the reason within the QRad Tb algorithm. The eclipse results were analyzed to determine
probabé error sources due to the SeaWinds femd thermal environment and losses,

data near land/ocean boundaries were analyzed to quantify biases due to antenna pattern
effects, and measurements over land were used to tune a gain normalization factor in the

algorithm that affects the estimate of sigimaise.

The temperature of thBeaWindsreflector andfeed are not measured-orbit. In the

QRad transfer function, the physical temperature for the-godtloss is assumed to be



equal to themeasuredotary-joint temperature, althougthe rotaryjoint resides in a
thermally controlled environment. hiis, the large transient physical temperature swings
of the feed horns and platform waveguide are most likely underestimated durstdethe
eclipses causig the difficulty with QRad maintaining radiometric calibration during

eclipse.

The QRad measured brightness temperature is the result of the convolution of the
SeaWinds antenna radiation pattegd @, A) wi th the apparent brig
the scene over the sphere surrounding the anteRoa.ocean brightness temperatures

near land or sea ice, there may be significantdntributions due to sidelobes viewing
radiometrically hot land or iceQRad radiometric biases (QRadVindSat_normalized)

in 0.25° pixels over a teday period in August 2005 along the west coast of North

America were examined to assess antenna pattern effects as a function of distance from

shore.

Measurements over langere used to tune the value of a quantity called the gain
normalization factorb, used in the QRad algorithm. The algorithm basically returns an
estimate of observed, from a measurement of the differential energy between echo and
noise for SeaWinds,na b determines the amount of echo to be subtracted from noise.
Since the echo over land is approximately 5 times that over the ocean, the sensitivity of
estimated §to the value ob is magnified, so WindSat comparisons over land were used

to tuneb in the algorithm.



These calibration procedures and results are presented as described in the next section.

1.3 Dissertation Organization

This dissertation consists of 5 chapters, including this introduction. Chapter 2 discusses
the QUIkSCAT Radiometer pparent Brightness Temperature Algorithm. This includes

a full discription of SeaWinds instrument on QuikSCAT, an overview of mocrowave
radiometry, total power radiometer techniges, and the radiometeric transfer function for
QRad. Chapter three is thesddption of the results of previous QRad calibrations and
current intersattelite caliberation of QRad using the normalized WindSat measurements.
This includes a description of the Radiative Transfer Model (RTM) used for Tb
normalization for the WindSatata, and discussion of the normalization res@tgpter

4 includes all of the results of the QRad calibration exercises for sunlit and eclipse orbits,
for open ocean and near land, and for measurements strictly over land. Chapter 5
summarizes these mds and provides conclusions, as appropri&ieally, there are
recommendations for extending the research that has been accomplished in this

dissertation.



CHAPTER 2: QUIKSCAT RADIOMETER APPARENT
BRIGHTNESS TEMPERATURE ALGORITHM

Since June 1999, tifeeaWinds scatterometer has operated on the QuikSCAT satellite in
a sunsynchronougpolar orbit. SeaWinds has a wide swath that covers nearly 90% of the
earth daily, and the measurement geometry is shown in Fig 2.1. Two polarizations (H
pol, V-pol) are masured with a pencil beam, conically scanning antenna with two feeds,
each feed corresponding to a different polarization and incidence angl&fat #6pol

and 54.2 for V-pol. Because of its lower incidence anglep#i has a narrower swath
width (14® km) than does the-gol (1800 km). The conical scan with dual polarization
provides four independent backscatter measurements (forward and aft for-polia

V-pol) for wind vector cells (WVC) as shown in Fig 2.2.

The QuikSCAT radiometric (QRad) mmaements are implemented with ground signal
processing of SeaWinds received noise for bogbolVand Hpol, this signal processing

algorithm description is the subject of this chapter.
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Fig 2.1: Geometry of the SeaWinds Scatterometer on QuikSCAT.

H-pol forward

«—— V-pol aft

WVC

Fig 2.2: WVC sampling by dual polarized forward and aft looking antenna beams.



2.1 Microwave Brightness Temperature

The energy received by a microwave radiometer is due to natural noise emission by the
scene that is collected by the antenna. The powgrefnitted by a medium in the
microwave region is directly proportion to its physical temperaflyig) (as described by
the Rayleighleans radiation law. For an ideal blackbody scHre power received by
the antenna is

Palackbody= K TphyB (21

whereki s t he Bol t z mBisthesadiontetersbandwidth, and

For natural scenes, which are not blackbodies, the emid3i@n.Xis less than that of a
blackbody for the same physical temperature. For these cases we define the radiometric
emission efficiency or emissivity to be

€ = Predial Psiackbody O 1 (2-2)
andthe radiometric brightness temperatiiges defined

Tb =e Tphy (2-3)

Thus,t he brightness temperature is the effecti

results in the measured emission power.
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2.2 Total Power Radioner

A simplified block diagram of a total power radiometer consists of an antenna, RF
amplifier, squardaw detector and an integrator as shown in Fig Z13 apparent
brightness temperature collected by the antenna is input to the receiver and idmplifi
along with internally generated receiver noise. The receiver brightness temperature
(power) output is a function of the system noise temperalyyg, (receiver bandwidth
(B) and receiver gairQ):

Tout= K*Tsys*B *G (2-4)
wherekisBolzmaan 6 s constant.
The system brightness temperature is the sum of apparent (antenna) brighigess (
temperature and internal receiver noiggJ,

Tsys= Tap+ Trec (2-5)
The dc output of the squalaw detector is linearly proportional to its irtporightness
temperature (power); and this is followed by aJp&ss filter (integrator) to remove the
ac noise component in the output. The integrator output voltage is a scaled version of the
receiver output brightness temperaturg,§

Vout= Cd*Tout (2-6)
whereCy is the detector constant.
The total power radiometer calibration procedure for establishing the receiver transfer
function is usually completed in two steps (see Fig. 2.4):

1. The antenna is replaced by a calibration noise source witwrknnoise

temperatur@cq

11



2. Since the output voltage is linearly related to the calibration temperature, it

suffices to measung,,; at two known noise temperaturdsd4 andTco\q)
The squardaw (power) detector yields a linear equation for the calibmatransfer
function as shown in Fig. 2.4:

Vout= Co*G (Tcar+ Treo) (2.7)
The integrator reduces the level of the ac component of noise to yield a standard
deviation equal to:

&=Tgys! (B* 0) (2.8)
whereUis the integration time anaT is the standard deviation of the integrator output,

which is known as the precision of the total power radiometer measurement.

12
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2.3 QuikSCAT Radiometric Measuremsnt

Radars sensors ypicaly make only relative power measurements; but microwave
scatterometers make absolute received power measurements (similar to total power
radiometers). Because of this, it was possible to implement the QuikSCAT radiometer
(QRad) funtion, and shortly after launch, the measurement functions were expanded to
include brightness temperature of the oceans [1]. This change involved no new
hardware, only additional signal processing of available data in the JPL Science Data
Processing Syste LevellA and LevellB science data records. The QuikSCAT
radiometer (QRad) simplified block diagram (shown in Fig 2.5) is used to develop the
QRad transfer function. For simplicity, n@ssential hardware components (e.g., the
transmitter) are omitted dnother details changed to create an equivalent functional

signal flow diagram.

For the SeaWinds scatterometer, there are two parallel receiver channels: wideband (1

MH z , onoi se channel 6) and narrow band (250
echo) plus blackbody noise are received from the target (i.e., the ocean surface) and
measured in the echo channel. Also, simultaneously both blackbody noise and radar echo

are received and measured in the overlapping noise channel. This resiblsiir6 dB

reduction in thesignatto-n oi se rati o iIin the fAnoise chann
channel 0. For scatterometer signal processi
received powers to remove the noise power and solve for the echo received power. Thus,

the normalized difference of these measurements from the two channels is equivalent the

signal (surface backscatter) without the noise. For the QRad processing, the procedure is

15



reversed to yield the antenna noise without the signal present [1, 2], whiche

discussed later in this chapter.

From a functional stand point, QRad is configured as a total power radiometer with four
major parts: an antenna, a microwave switch assembly, a receiver and a power
detector/integrator. The simplified block diagrgFig. 2.5) illustrates these components

with their internal dissipative losses identified.

The radiometer Antenna Subsystem consists of anwter diameter parabolic dish
reflector, with two offset feeds for conical beams and a spin motor assembhe In
antenna assembly there are three dissipative losses modeled:
1. Lf, feed assembly losses (horn and waveguide)
2. Lrj, microwave rotary joint loss
3. Lwg, platform waveguide loss between the antenna and the SeaWinds
Electronic Subsystem (SES), which contathe switch assembly and the
receiver electronics.
In Fig. 2.5, the fronend loss I(1) is the sum of £, Lrj, andLwg, andA andB refer to

the inner and outer beam respectively.
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Fig 2.5: The equivalent simplified block diagram for the QuikSCAT &adier.

The switch assembly comprises three microwave circulator switches:
2. L4, beam select switch loss
3. L5, transmit/receive switch loss

4. L6, receiver protect switch loss

The receiver consists of a low noise amplifier, frequency doswniverter and an IF
frequency amplifier, followed by a power splitter with two parallel receiver channels. The
echo and noise channels are connected to the SeaWinds Digital Subsystem, where they

are converted into digital counts using an A/D converter and passed througth digit
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filters. The filter outputs are power detected using a Fast Fourier Transform and the

squaring of the spectral components.

2.4 QRad Transfer Function

For scatterometer ocean backscatter measurements, the received echo signal plus noise is
measuredimultaneously in two overlapping channels as shown in Fig 2.6: a narrow band
(echo) channel with a bandwidth of 250 KHz and a wlukerd (noise) channel with a
bandwidth of 1 MHz. The output power of the echo channel (Pe) and noise channel (Pn)

are:

Pe gre* Ps* Leﬁ + gre* Teff* Be* k

Pn = gm * Ps* Leff + gm *Teff* Bn* k
where

(2-9)

Om is the noise channel power gain

Ore IS the echo channel power gain

B, is the noise channel bandwidth

Be is the echo channel bandwidth

Psis the radar echo signal power

Leris the total loss between the antenna anddbeiver input
ki s boltzmands constant

Ter IS the system noise temperature at the receiver input

18



In (2-9), the first term is the echo signal power at the receiver output, and the second term
is the noise power at the receiver output. The ratio of #melwidths and gains of the

noise and echo channels are respectively defined as

2-B andp= I (2-10)
B. g,

It should be noted that the majority of the receiver gain is common to both the echo and
noise channels andidt the differential gain is determined by the insertion loss of digital

filters, following the power splitter.

Received Spectrum

Be Echo Channel (B,=~250KHz)
@ -—
% Noise Channel (B,=~1 MHz)
-t Bn -

Frequency
Fig 2.6: The received power spectrum for Echo and Noise channels.

Also note that both channels have the same radar echo and the naesaleosity input,

but the output noise powers differ because of different receiver gains and bandwidths. To

estimate the signal power, the echo channel is used; and the noise (in the echo channel) is

19



estimated and subtracting to improve the sigoaloise ratio. The output noise power of

the echo channel, after suitable weighting by the gain and bandwidth ratios, is

N:b*pe- pn:é 1 0,
" b-a*b &l-a=

%pe- L. ¥ (2-11)

For the radiometer measurement, the excess nbigeis defined as the output noise
power in the noise @mnel contributed by the input noise density outside of the

overlapping echo channel bandwidth (see Fig. 2.7). In teriNs ,ahis is

Nx= (@ - )*b*Ne (2-12)
andNy in terms of measured receiver outpsandP, , is

Ny= Pn- b*Pe= N *(B, - Be)* 0, (2-13)

where
N is the input noise power densityk®T g

Solving for the effective temperature yields

- N (2-14)
Teff K * gn * (Bn _ &)
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Fortunately, SeaWinds incorporated a periodic receiver gain calibration into its design.

Once per antenna revolution, the input to the receiver was switched to an ambient

temperature matched load (blackbody), and the echo and noise receiver chaipugls ou

energies were measured. Thus, the noise channel gain is

where

gﬂ -— En_cal
k*T_*B *t

(2-15)

En_calis the noise channel energy during the calibrate interval

Tca IS the system noise temperature when connected to the matched load

t is the integration time (1.8 msec)
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2.5 QRad Inverse Transfer Function

The QRad transfer function and its inverse were developed by CFRSL during two master
theses by Mehershahi [1] and Susanj [2]. In this section we summarize their work and
explain theQRadT,, algorithm, which is used to process JPL QuikSCAT lavel(L1A)

and levellB (L1B) data into polarized microwave brightness temperature collocated in

wind vector cells in the levelA (L2A) science data product.

According to Mehershahi, the QRagparent brightness temperatures for the inner and

outer beams (Taph and Tapv respectively) are

8T o Toot T T, g
ClA*SS - ;h "D YA8
Tom— < “+Cop, K (2-16a)
A
AT T T T, 0
Cis % : ; " De- Ysg
Tan=— X “1+C,, K (2-16b)
B

Referring to Fig. 2.5, all constants and instrument parameters are provided in Table 1.
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Table 21: QRad Inverse Transfer Function: Constants and Instrument Paramet

Name

Cos
deITA
de'TB
14
1A
1B
14

15

Tnf—ref
Tx

Description

mean noise channel to echo channel gain ratio
mod-on to modoff noise energy ratio

2" order coefficienfor calculating L6

1* order coefficient for calculating L6

0™ order coefficient for calculating L6

1* order coefficient for calculating noise figure
0™ order coeficient for calculating noise figure
noise channel bandwidth, Hz
"effective_load_cal factor"

inner bearvA correlation slope

inner beamA offset, Kelvin

outer beanrB correlation slope

outer beanB offset, Kelvin

vertical to horizontal differential brightness, K
horizontal to vertical differential brightness, K
beamselect switch isolation ratio

inner bearA feed, rotaryjoint & platform wg loss ratio
outer beanB feed, rotanjoint & platform wg loss ratio
beamselect switch loss ratio

transmit/receive switch loss ratio

noise Fig reference temperature, K

transmitter leakage bias, K

23

Value

2.917427
0.0617
1.4413e6
-1.8054€3
1.1213
5.333e4
0.21226
9.8994e+05
0.952
1.0
0.0
1.0
0.0
70.0
-70.0
7.8886€e03
0.7730
0.7842
0.9772
0.9772
290.0
2.0



In the remainder of this chapteve define each variable in the inverse trangiection

given in equations (26a) and (2L6b) respectively for Hbol and \¢pol.

1. Receiver Noise (Radiometric) Temperature (J)
Prior to launch, the SeaWinds instrument was characterized during thermal vacuum
testing at JPL. The receiver noise figure wasasured over operating temperature from 0
C to +35 C, and based upon these test, the receiver noise figure (expressed as dB) is
modeled as a linear function of the receiver physical temperdigye (
NF=[a,3T, +a,] ,dB (2-17)
where:
polynamial coefficients are given in Table 1

To is the physical temperature of the receiver derived from the L1A data record.

The receiver noise temperatufg, is
T=0f-*T . ..K (2-18)
where:
Thtret IS the noise figure referencenperature given in Table 1 (= 290 K)
ifo is the noise figure™®pressed as a

For a typical orbit, the receiver noise temperaturesg7 K.
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2. Waveguide Radiometric Bias Temperature
The variable T, is the radiometric biasngperature contributed by the dissipative losses
between the antenna aperture and the receiver input. For receivinghAbéspol:

1.7 L6 [( L) T L4* L5+ (- L4 T L5+ (- L9)*T]
+(@-L6)*T., K

(2-19)
where
losses: L1, L4, L5 and L6 are given in Table 1.
For receiving beanB, V-pol:
T v mL64 (- LIBPT *L4*L5+(1- LAPT *L5+(- LST | .20

+(- L6 T . K

where:

T, is the measured rotafgint physical temperature from the L1A data record that is
assumed as the physical temperaturthefloss L1 given in Fig.-8. Over a typical orbit,

T, is very stable with mean value of 309.5 +0.5 K.

L6 is the receiveprotect switch loss, which was also measured duringlaomch
thermal vacuum testing. Results show théis a function of the sweh matrix physical

temperaturds
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When expressed as a power ratio

L6 = a.*Te+ta.*T.+a., ratio
(2-21)

where

Coefficients for the polynomial are input constants in Table 1

Lossed 1AandL1B are frontend losses for the inner and outer beam

L4 is the beanselect switchdss

L5is the transmit/receive switch loss.
These four losses are constants given in Table ITarglthe measured transmit/receive
switch physical temperature frorhet JPL 1A data record. For a typical orbilg is ~

3125+ 0.5 K.

3. Transmitter Leakage Radiometric Temperature (T)

Ty is a constant radiometric temperature that characterizes the broadband noise leakage
from the traveling wave tube transmitter into the receiver input. Its value is estimated to

be 2 K and is provided as a constant in Tdble

4. Effective System Noise Temperatured, e,

The effective (system) radiometric temperature calculafigg s

L= (N, *Tw) K
= )

(2-22)

where

Ny is the excess noise defined as the weighted difference between the noise

channel and echo chanrmltput energies
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N« = (E.- 6*E.)* 2 _a , digital numbe

L+e
(2-23)
where
Encai S the noise channel energy measured u
L1A data product
i = Aho for inner beam and i = fivo for outer

Alpha () is the mean noise channel to echo channel bitiowatio (calculated in L1B
processing)

Beta ) is the mean noise channel to echo channel gain ratio given in Table 1
Epsilon () is the moeon to modoff noise energy ratio given in Table 1

Echo energy Ke) is the sum of the 12 slice echo energieswgr_dn), which is

calculated in L1B processing.

E.= 51:12 powe r_dnj , digital number
(2-24)

where
i B fdor i nAkaenrd e aFo i= ouB er beam =
Tcal IS the system noise temperature, when the receiver is connected to the matched load

for the radiometric gain calibration

where
Ctfi S t he fieffective | o4d4d _cal factor", gi ven
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Ts is the measured transmit/receive switch physical temperature

T, is receiver noise temperature calculated i 72

5. Other Terms Ka, Xg, Ya, Ya, Za, Z, andZ)
X-factor
There arefaeparabefdK each antenna beam cal c

=L1ASL4+L1B*1 4, ratio 2-26a)
A

X g=L1B*L4+L1A1 4, ratio (2-26Db)

where parameters are given in Talble
D-factor
Ther e ar e-f aep aeashtastdnimideam calculated as

=DT *L1B*14, K 2-27a
A A

=DT *L1A14, K (2-27h)
D:=DT,

where parameters are given in Talble
Y -factor
There arefaeparabefd¥Y each antenna beam.

Y =1 LIByT*14, K (2-28a)

Y, =1 LIA}T*14, K (2-28b)

where parameters are given in Talble
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Z-factor

Z=L5*L6, ratio (2-29)

where parameters are given in Talble

In Chapter3, we will discuss the validation of the QRag algorithm using external

inter-satelliteradiometric calibrations.
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CHAPTER 3: INTER -SATELLITE RADIOMETRIC CALIBRATION
METHOD

3.1 Previous Approach for QRad Calibration

As mentioned previously, SeaWinds was designed as an active microwave scatterometer
to measure wind speed and direction; flad does not have provisions for the usual
two-point, hot and cold, absolute brightness temperature calibration [1, 2]. Fortunately, a
single radiometric calibration is accommodated using an internal ambient temperature
load at the receiver input, whiclmables the radiometric transfer function gain (slope) to

be determined but not the absolute offset. The radiometric offset was established during a
series of external earbit calibrations in 1999, 2000 & 2001, using selected-fraie

oceanl, measuremercomparisons with the TRMM Microwave Imager (TMI).

3.1.1 External Radiometric Calibration Approach

Since QRad and TMI operate at different incident angles and frequerniges,
normalizations were required before comparisons are me@wdacerning channel
frequencies used for the calibrati@iMIl operates at 10.7 and 19 GHz and QRad operates
at 13.4 GHz. Also, the TMI incidence angle is 52.8° for all channels, whereas for QRad,
the inner (Hpol) beam is 46° and the outer-pol) beam is 54°. To accomplish the

normalization, a UCF radiative transfer model (RTM) was used to translate the
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equivalent measurements from TMI to QRad. TIyb were interpolated over frequency
and extrapolated over incidence angle to create QRad equivia@ersising a spectral

ratio (Sr) defined as

Sr= Ttl34 - TQQ?
Ttl94 - TQQ?

(2.30)

TQ34 :TQCW + Sr(Tth - TQQ?) (2 31)

whereTpiz4 S t he QR a dydérigeg framviisllimeasurednents.

Using the RTM, the spectral ratio is calculated using approximately 70,000
ocean/atmosphere environmantases for both horizontal and vertical polarization. The
spectral ratio was a function of the environmental parameters water vapor and wind

speed, which were determined by matgds of numerical weather models.

To perform radiometric calibration, gldbaceanT, for QRad were compared with the
equivalentTy;3 4derived fromTMI. QRad polarizedl,6 sere averaged for-8ays and a

rain mask was applied to prevent any contamination caused by rain. Each dataset was
earth gridded and averaged, and corresjpgnpixels (QRadlMI) were compared and a

statistical analysis performed.

3.1.2 QRad Radiometric Calibration Results

The following is a summary of the work previously performed at CFRSL [4, 8n®,
10]. An example of the linear regression scatteigdiens for QRad andy;34derived

from TMI measurements is shown in Fig 3.1. Data are rain free, combined horizontal and
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vertical polarization, threday averaged ocean brightness temperatures. The symbols are
binned and averaged QRad and TWJ0 sand theerror bars denote one standard
deviation The dashed line (the 45 degree line) is the perfect agreement (offset equal to

zero and slope equal to unity) and the solid line shows thefibéstist square linear

regression.
200
V-pol -~
180 ; T
1 4\ .
Sf 160
= o
g
&
= 140
S .
é; 120 %}7
O v
[Lare____ Hpol
100 } . 3373
80
t;() lé)() 1 ?O !/.l() 1 (;0 H:IO ?(')()

TMI Brightness Temperature (K)

Ty13 4 brightness temperature (K)
Fig 3.1: Tb comparisons betweé 3 4derived fromTMI and QRad for 3 day averages.

Solid line is best fit linear regression and dashed idiAb?
An example of the QRadl, stability is illustrated in Fig 3.2, where the QRad average

polarized T, deviation (from the polarized timesges mean) is displayed for Pacific

Ocean repeating ground tracks. Over this-ywar period, the rms difference about the
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mean is 1.4 K for both polarizations, which demonstrates consistent and repeatable QRad

Tb b

Th-Mean [K]

430 2450 4450 6450 8450 10430
Jul. 1999  Jan.2000  May. 2000Rev. #Oct. 2000 Feb. 2001  Aug. 2001

Fig 3.2: Brightness temperagéudeviation from the mean over the Pacific Ocean repeat

ground tracks.

While these intesatellite radiometricomparisos are encouraging, they have significant
limitations and restrictions. First, TMI has coverage only exists between + 35° latitude, so
the calibration is not global in spatial extent. Aldte inter-comparisons have used only
3-day averagdpd from TMI and QRad (instead of near simultaneous comparisons), so
there are questions about the temporal stability and the stationary of igteestdtinally,

it has not been possible to evaluate QRad measurements during the eclipse periods, which
occur during the winter season at latitudes above 60° and which are subjected to

significant instrument physical temperature transients. Therefors, dissertation
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provides the first comprehensive radiometric evaluation using near simultaneous

radiometric comparisons with the WindSat satellite radiometer.

3.2 QRad Brightness Temperature Validation Using WindSat

Following the approach of Hong [112] and modifications by Gopalan [13, 14], we
validate the QRad brightness temperature algorithm and the QuikSCATJ_gfduct

using an intesatellite radiometric calibration technique. This approach involves the
inte-comparison of two satellite radieters (with different design characteristics) using

near simultaneous brightness temperature observations of the same homogeneous earth
scene. To assess the quality of the QRad instrument, we compare the QRagWisA

the near simultaneous and collamhtocean brightness temperature observations from

WindSat, which serves as the calibration standard.

WindSat is a polarimetric radiometer that operates at multiple frequencies at 6.8, 10.7,
18.7, 23.8 and 37 GHz, which was launched in January 2003 @ovtldis Satellite into

a SunSynchronous orbit [15]. WindSat has a total of 22 channels comprising five widely
spaced frequenciethree frequencies (10.7, 18.7 and 37 GHz) are fully polarimetric (six
Stokes polarizations) and two frequencies (6.8 GHi 2518 GHz) are vertical (yol)

and horizontal (Hpol) polarizations. In this dissertation, we are only concerned with

10.7V and 10.7H channels.
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The WindSat conical spinning antenna has a 1.8m reflector with a cluster of 11 dual
polarized feedhorns proding 22 channel beams, which haweident angles ranging
from 50° to 55°. WindSat channel characteristics are given in Table 1 and the physical

configuration is shown in Fig 3.3.

Table 31. WindSat Characteristics
Channel | Polarization B.W Earth Incidence | Spatial resolutiorf NEDT
(GHz) (MHz) angle (degree) (km)

6.8 V, H pol 125 53.5 40 x 60 0.48

10.7 V, H pol, 300 50.3 25 x 38 0.37
+/-45,L, R

18.7 V, H pol, 750 55.3 16 x 27 0.39
+/-45, L, R

23.8 V, H pol 500 53.0 12 x 20 0.55

37.0 V, H pol, 2000 53.0 8x13 0.45
+/-45, L, R
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Fig 3.3:WindSat PayLoad Configuration from Gaiser [15].

The Coriolis satellite orbits the Earth at an altitude of 830 km in &guchronous orbit
(similar to QuikSCAT) and completesrer 14 orbits per dayVindSat observations are
made at 6 am and 6 pm local time (same as the local time for QRad). The main data
products for WindSat are:

1. NRL Optimal Estimation EDRs

2. NOAA/NESDIS EDRs

3. WindSat SDRs (Brightness Temperatures)

4. Level 1C (L1C)

The Level 1C data are produced from the Sensor Data Record (SDR) and are used in the

QRad Cali bration. The WindSat 10.7 GHz Tbods

are extracted from WindSat level 1C data set.
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WindSat was selected in this calibratibacause it is a well calibrated radiometer [16]
that has many suitable collocations with QUiIkSCAT (over ~ 400,000 oceanic collocations

permonth)and has a 10.7 GHz channel, which is close to QRad frequency of 13.4 GHz.

An example for a typical month ébruary 2006) collocation between QRad and WindSat

is shown in Fig 3.4.

Latitude, (degree)

50 100 150 200 250 300 350

Longitude, {degree)

Fig 3.4: A typical onanonth collocation between QRad and WindSat (February 2006).

The QRad operates at 13. 4 pGH2Z vairuh) ahiérec i (dHe n c
the closes WindSat channel is 10.7 GHz at an incidence angle of 50.3°. Since these
radiometers are differenfl, normalizations(i.e. compensation for the difference in

frequency and the incident angle between the QRad and WindSat) were required before

comparisonsvere made. To accomplish this, a Radiative Transfer Model (RTM) for non
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raining oceanic scenes was used to transform the WindSat 10.7 GHz measurements to the

equivalent at 13.4 GHz and the corresponding QRad incidence angles.

3.3 Data Sets and Matalps

In this section, we describe the ocean brightness temperature dataset that has been used in
the QRad calibration procedure. This comprises combined QRad, WindSat, and GDAS

data for one year, July 2005 through June 2006.

3.3.1 QRad Data

Time ordered L2Aand L2B QuikSCAT data products by orbit (provided by the Jet
Propulsion Laboratory) are utilized in the QRad assessment. Each day has slightly greater
than 14 orbits, which starts with an ascending pass, from the South Pole to the North
Pole, followed bythe descending pass. The Brightness temperatures (Horizontal and
Vertical polarization) and the time of measurements are extracted from L2A data, while
the location (latitude and longitude) for each measurements and QRad rain rate were

obtained from L2B.
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3.3.2 WindSat Data

The time ordered L1C data by orbits is produced by the Colorado State University. These
L1C data were derived from the Sensor Data Record (SDR), which is a standard product

for WindSat. The following parameters are inputs to QRadredion:

1. The Brightness temperatures (Horizontal and Vertical polarization) at 10.7GHz
channels

2. Time of measurements (day, hour, minute and second)

3. Location, latitude and longitude

4. Quality flags.

3.3.3 GDAS Data

All the environmental data needed in tREM for T, normalization purposes was
provided by the NOAA global numerical weather model Global Data Assimilation
System (GDAS) [17]. GDAS data is available every six hours (0000, 0600, 1200 and
1800 GMT) with spatial resolution of 1° (latitude/longitWd&DAS data provide sea
surface temperature (SST), surface wind speed and direction, atmospheric temperature
profile, relative humidity profile, cloud liquid water profile and geopotential heights for

26 constant pressure layers (between 1000 mb and hpfbneach 1° x 1° grid point.
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3.3.4 Matchups

Brightness temperaturder one year between July 2005 and June 2006 were spatially
collocated for raiffree homogeneous ocean scenes, within 1° latitude x longitude boxes,

and within az 60 minute windowA simplified block diagram illustrating this process

of creating the matehp datasets is shown in Fig 3.5. A typical daily set of maphfor

ascending and descending passes provided wide geographic coverage as shown in Fig

3.6. To ensure high qualityomparison, the standard deviation for Winddsi s wer e
computed for each 1° box. Since high standard deviations are indicative of non
homogenous and/or transient environmental conditions, including rain contamitiaion,
boxes were removedhenstandad deviations exceed 2 K for vertical polarization pol
and 3 K for horizontal polarization. Also, to ensure good quality match ups (boxes),
QRad rain retrievals from L2B were used to remove any 1° box with rain rate higher than
zero. Further, individual °1boxes were eliminated using a conservative land mask or
when the collocated numerical weather model (GDAS) indicated high water vapor (> 60
mm) . WindSat and QRad Tbds were averaged
radiometric intercalibration analysis on a monthly basis as a function of latitude and

separately for ascending and descending QRad passes.
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Fig. 3.5: Simplified block diagram for the mataps.
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Fig.3.6: Typical onalay matchups between QRad and WindSat for £ 60 migute

window (12/31/05).
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3.4 Radiative Transfer Model

This section describes the radiative transfer model (RTM) [13, 14], which is used
in this dissertation to estimates brightness temperature for a specific operating
frequency and incidence angle given a match-up set of environmental

parameters.

3.3.1 RTM Description

In general, radiative transfer theory states that the Tbh measured by a space-
borne radiometer is the linear sum of individual contributions from the
atmosphere and surface [18]. Given that there is a high degree of homogeneity
for the 1° match-up oceanic scenes, the radiative transfer model is a good fit for

WindSat normalization.

The principal components that contribute to the apparent brightness temperature
capturedby typical radiometer antenna in space are shown in Fig 3.7. This
apparent temperature is the sum of the 3 components which are Ty yp, Ty surface

and Tiefiection @S given in Equation 3.1 and illustrated in Fig 3.7.

apparent = Tb_up + [ * (-rb_surface + -I_reflection) (3-1)
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Fig 3.7: Radiative flansfer Model.

Below are the calculations for each of these components in the RTM:

1. The ocean surface reflects the sky brightness.

T = - O*T,, @12
where, Uis the ocean surface emissivity arid () is Fresnel power reflectivity. Sky
brightness temperaturdlsky is defined as a sum of atmosphere dewalling and
attenuated cold space brightness temperature.

T,= 0T AT, (3-3)

w h e r ehe &tmdspheri¢ power transmissivity.
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2. The ocean brightness temperature is obtained from the product between the

surface emissivityl] and the sea surface temperature (SST) in Kelvin.

= e SST (37 4)

b- surface

3. The upwardly_y, traveling atmospéric microwave radiatian

The microwave radiation is attenuated while propagating through the atmosphere. In the
absence of rain, atmospheric emissand absorption are governed by three physical
processefl9-23]:

1. Oxygen (Q) absorpibn

2. Water vapor (WV) absorption

3. Rayleigh absorption by cloud liquid water (CLW) droplets
For sea surface emissivity, the Elsaesser model [24] was used to derive the ocean
isotropic emissivity, and the sea water dielectric constant was based on theofodel

Meissner and Wentz [25].

All the environmental (geophysical) parameters needed to run the Radiative transfer
model were obtained from the NOAA Global Data Assimilation System (GDAS) archive
[17], which provides global information every six hours.(i0000, 0600, 1200 and 1800
GMT) with 1° spatial resolution. The RTM provides atmospheric profiles of temperature,

water vapor and pressure at twenty one levels in altitude; plus columnar cloud liquid

water, sea surface temperature and ocean wind speed 10 met er hei ght .

at mospheric profiles are interpolated to

linear piecewise distribution for temperature and exponential pigise distribution for
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both water vapor and pressure. A uniformtrasition is utilized for cloud liquid water.
The heights of the clouds are obtained from ocean climatology. The monthly averaged
salinity values were obtained from the National Oceanographic Data Center World Ocean

Atlas salinity [26].

Finally, The mainoutput for the RTM is the estimated brightness temperature at the

defined operating frequency and incidence angle.

3.3.2 RTM Validation

To assess the ability of the RTM to accurately predict the WindSat brightness
temperatures for normalization purpssee compared measured and modeled WindSat

T,0 #or both polarizations; and o n a | averages were performed (
using 1° latitude bins. An example of zonal avera@gil $s given for February 2006

(typical month in winter season) in Fig 3.6, and results indicate excellent agreement over

all latitudes between50°, which is important to consider QRad biases as a function of

orbit position.

The total number o f Wi ndSat 6s observation
measurements (before the zonal average). The number of collocation points for each one
degree birand its standard deviation are shown in Figs 3.7 and 3.8. These Figs show that

there are more than 80,000 comparisons over + 50° latitude with relatively few points

(less than 200 points per degree bin) at higher latitudes (higher than 50 degree) which
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cause poorer agreement as shown in Fig 3.8. Standard deviation for all the bins is less

than 2 Kelvin as shown in Fig 3.10.

Tb, (Kelvin)

measured'“E

a0 Ng” =0

Wi

Latitude, {(degree)

ndSat zonal averaged

February 2006.
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Fig 3.9: Numbenof the collocated points in eact box during February 2006.
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Fig 3.10: Standard deviation for eachbox during February 2006.
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To gain more confidence with the RTM, the same comparison was repeated for a
different set of data (August 2005) fronddferent season (summer). The results were
very consistent with the pervious one shown in month of February (winter season) and

they illustrated in Figs 3.13.13.
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Fig 3.11: WindSat zonal averaged mea

boxesduring August 2005.
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To estimate the magnitude of the RTM_bias (or Tb difference) in these comgariso
215, 000 o fTb MeasuckiBemts @1 sthe month of February 2006 data were
compared with the correspondiii@ estimated by the RTM. The differences between the
measurement and the simulated (modeled) were zonal averaged over 1° latitude bins to
detemine the average value of RTM_bias, which is < £ 0.5 Kelvin as shown in Figs 3.14

and 3.15 for vertical and horizontal polarization, respectively.

, (Kelvin)

RTM_bias

Latitude, (deg.)
Fig 3.14: RTM_bias with respect to WindSat measurements at 10.7 Gptad)V

February 2006.
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