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ABSTRACT

This dissertationconcerns thedevelopment of the MicroWave Radiometer (MWR)
brightness temperature (Tb) algorithm and #ssociated algorithmalidation usingon-orbit
MWR Tb measurements. This research is sponsored by the NASA Earth Sciences Aquarius
Mission, ajoint international science mission, between NASA and the Argentine Space Agency
(Comision Nacional de Actividades Espaciales, CONAE). VWegR is a CONAE developed
passive microwave instrument operating at 23.8 GHbdKd) Hpol and 36.5 GHz (Kd&and)
H- & V -pol designedo complanentthe Aquarius L-band radiometer/scatterometehich is the
prime sensofor measuring sea surface salin(§SS) MWR measures h e Elaightnds® s
temperature andetrieves simultaneous spatially collocated environmental measurements
(surface wind speed, rain rate, water vapor, and seacaoeentratioh to assist in the
measuremerdaf SSS

This dissertatn researctaddressed several areas including development of: 1) a signal
processing procedure for determining and correctirjonaeter system nelinearity; 2) an
empirical method to retrieve switch matrix loss coefficients during thevalum (T/V)
radiometric calibration test; and 3) an antenna pattern correction (APC) algorithm using Inter
satellite radiometric crossalibration of MWR with the WindSat satellite radiometer. The
validation of the MWR count®-Tb algorithm was performed using two yearf onorbit data,
which included special deep space calibration measurements and routine clear sky ocean/land

measurements.
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CHAPTER 1
INTRODUCTION

The Aquarius/SAGD is anEarthsciencesatellitemissionto obtain monthly, global, sea
surface salinity (SSS) measurements [1]. This program istamationalcollaborationbetween
the National Aeronautics and Space AdministraiNASA) and the Argentine Space Agency
(Comisbn Nacional de Actividades Espaciales, CONARASA developed the Aquarius
instrument (an tband salinity remote sens@mnd provided theatellitelaunchfrom Vandenberg
Air Force Base in Californjsand CONAE provide the SACD spacecraft, several instruments,

telecommunications control and command, and science data acquisition.

1.1 Aquarius Science Objectives

The measurement of ocean salinity will provide a key to better understand the interaction
betweenclimate, @ean circulation, and th& a r twatérscycle (land runoff, melting and
freezing of the sea ice, precipitation and evaporation over the oce@ae) oceans, the sea
surface bses the moisture (water vapor) into the atmosphere by evaporation, which bauses t
sea surface salt content (salinity) to increase. Conversely, the atmospheric circulation transports
the oceanbdés water vapor to form clouds that
enters the ocean to reduce the salinity. Thus, thend888 is a sensitive tracer of freshwater that
will providescientiss to better understand the Earth water cycle and the role of ocean circulation

on climate change.



The design of the AQ/SAD system is to provide a global SSS map every seven days
using apolarorbiting spaceéborne, and an active/passive remote sensor. Weekly observations are
combined to produce global measurements of SSS on a monthly basis with a required accuracy
of 0.2 psu (practical salinity unit) at a spatial resoluwéri50 km. Figire 1.1 shows a global
image of sea surface measurements provided by the Aquarius instrument during the time period
between August 25, 2011 and July 7, 2012. The color scale is chosen to cover the dynamic range
of SSS with red representing the highestsigliof 40 psu and the purple representing the lowest

salinity of 30 psu.

Aquariu

n

generated between
5 April and 9 July, 2012 40

38

ocean {37
surface
salinity 3

+35.5
£35
345
grams |34
per
kilogram
133
32

30
[Ono data

Aug. 25, 2011 -July 7, 2012

Figurel-1 Globalimage of sea surface temperature during the first 10 months of Aquarius

operation18].



1.2 Aquarius/ SAC-D

The SAGD spacecraft carries several instruments, but only two are relevant to this
dissertation, namely: Aquarius and the MicroWave Radiometer (MWR). Figure 1.2 illustrates the
Aquarius/SAGD in the stowed launch configuration (left hand side panel)imitkde deployed
on-orbit configuration (right hand side panel).

The primary SSS remote sensor is Aquarius [2], a combined passive/adbaedL
microwave instrument operating atbland (1.413 GHz, where the brightness temperature Tb is
sensitive to changas salinity). Because the observed brightness temperature also depends on
surface roughness (ocean waves), Aquarius also includes a scatterometer operating at 1.26 GHz
to provide a critical roughness correction for this effect.

The Aquarius SSS measureme are complemented by a CONAE sensor known as
MWR. This instrument, which operates at 23.8 GHzb@fd) and 36.5 GHz (Klband),
measures the ocean brightness temperature (Tb) and provides geophysical parameters such as
rain rate, water vapor, ocean sedavind speed, and sea ice that are used to derive accurate sea

surface salinity retrievals.
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Figure1-2 Stowed and deployed configurations of Aquarius instrument onSAC

1.3 Aquarius Measurement Geoméy

Since the Sun is an intense interference noise sourcebahd; he AQ/SAC-D was
designed to fly ira 98° inclined, swsynchronous polar orbit with a sensor viewing away from
the sun (dark side of the day/night terminator) as shown in Fig. 1.3oifthissatellite assures
that the Sumever crosses the orbit planeetébyreducing the unwanted effects of solar noise
causedby sun glint off the ocearfurther, this repeating ground track orbit results in a global

mapping of SSS in exactly 103 orbits/flays).
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The prime remote sensor of SSf, active (radar)/sasive (radiometer), is also named
Aquarius For the passive measurement, AQ consists of three Dicke radiometers that measure
microwave brightness temperature in vertical and horizontal polamzafi he three radiometers
are connected to three separate horn antennas that share a commomfaét parabolic
reflector to produce three spotams.These beams view the surfacehe crosdgrack direction
producingthree elliptical footprints at et incident angles (EIA) 029.3 38.4°, and46.3° for
inner (red), middle (green) and outgellow) beams respectively [2], and the corresponding
instantaneous field ofiew (IFOV) are: 79 x 941k, 84 x12Ckm, and 96 x 15&m, which results

in a mesurement swath of 390 km.

\\‘leena\ .

N
o

a

Figure1-3 Aquarius footprints and earbit geometry



1.4 Dissertation Objective

The objective of this dissertation the development of an improved version of the
countsto-Tb algorithm (V6.0) for the CONAE MWR Instrument. Thissearch began with the
comprehensive eorbit evaluation of the previous version of couttsIb algorithm (V5.0S),
which was found to produce anomalous results. Based upon our discoveries, a new algorithm
was developed and was successfully validated ustegsatellite radiometric calibration with
the WindSat satellite radiometer. Results are presemeddemonstrate that this new algorithm
(v6.0) is fully compliant with MWR requirements.

This dissertation is organized into six chapters. Chapter lodimttion, presents the
dissertation objective and an introduction to the Aquarius/BAG/Aission. Chapter 2:
MicroWave Radiometer (MWR), describes the MWR science objectives, the instrument design,
and the ororbit measurement geometry. Chapter 3: MWR Alpon Countsto-Th
Development, discusses the MWR algorithm (V5.0S) and presents anomalous Th measurement
performance related to the smear effect and to MWR systemlineanity. Chapter 4:
Development of Couri®-Th Algorithm (V6.0), is the focus of thidissertation that describes
innovative solutions to observed Th measurement anomalies. Chapter 5: MicroWave Radiometer
Post Launch Calibration and Validation, describes the post launch calibration and validation
using CFRSL XCAL approach for intesatellie radiometric comparison with the WindSat
satellite radiometer Chapter 6: Conclusion and Future Work, presents conclusions and

recommendations for the next generatdountsto-Tb V7.0 algorithm.



CHAPTER 2
MICROWAVE RADIOMETER (MWR)

2.1 MWR Science Objecties

CONAE developed the MWR science instrument to fly on AQ/SAGatellite to
provide the retrieval of relevant geophysical parameters that support the AQ SSS mission
objectives. Specifically, MWR measuresmultaneousand spatially collocatedbrightness
temperatures that are spatially and temporally collocated with the - A@&a m | FOV O s .
choice of radiometer channels (frequencies and polarizatioas)selected to retrieve the
following environmentalparameterspcean surface wind speed, oceanic rate, rantegrated
atmospheric water vapor, and sea ice concentrafioese geophysical measurements (and other
auxiliary data) are used by the AQ data processing system to derive an accurate sea surface

salinity (SSS).

2.2 The MWR Instrument Description

MWR is a threechannel, pusibroom, Dicke radiometer with noise injection for
radiometric calibrationwhich is similar to the AQ tband radiometer described bgnneret al.
[3] andthe details of MWRare found in[4]. A simplified block diagram, shown in Fi@.1,
consists ofive major subsystems, namely; antenna, antenna switch matrigmeigir receiver,
power detector, and analbgrdigital electronics. Other subsystems, such as electrical power,

thermal control and telemetry, are not germane to this dissertatitare therefore omitted.
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Figure2-1 MWR radiometer block diagram with two internal calibration

Antenna _Subsystem The MWR antenna subsystem comprises two parabolic torus reflectors

and associated feeds to produce two gusilom antennas, one looking forward {Kand) and

one looking aft (Kband),as shown in Fig2.2 (a). Eachreflector supports a different frequency

band anda set of eight feetorns arranged intworows The MWR | FOVdés are a
50 km resolution and lie on two conical arcs (odd beams with emittence angleEIA- of 52°

and even beams with EIA = 58°) in crdsack direction within the AQ measurement swath. As

shown in Fig. 2.2 (b), the 8 MWR beam footprints overlap the AQ beam swath, thereby

providing greater than Nyquist spatial sampling.
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Antenna Switch Matrix: Three antena switch matriceASM) are used to guide the polarized

Tb signals captured by the febdrns into the corresponding receivers. For each channel, the
ASM wasdivided into three layers for a total of seven switches. Four switches were located at
first layer (at the feed horns), two switches at the second layer, and one switch at the input to the
directional coupler, as shown in Fig. 2.3. The ferrite circulatatckes (magenta color) are
electronically switched to a particular port by sending positive or negative current pulses to
individual switch drivers to change the magnetic field polarity contained inside the switch. This
results in the microwave propagatideing either clockwise or counter clockwise within the
circulator ferritepuck.

Radiometer Receiver and Power DetectorA microwave radiometer antenna delivers a very

weak broadband noise to the receiver with the noise bandwidth higher than the receiver
bandwidth. To make measurements in the desiredhzasds in the receiver, a band pass filter is
used followed by an amplifier to increase the strength of the signal. Next, the desired signal is
extracted by a squataw detector. The squataw output vdtage follows the low frequency of

the input power (envelop) and is proportional to the input. Next, the signasghssugh an
integrator (lowpass filter) to remove the high frequency fluctuation of the rectified RF noise and
to estimate the mean noigewer. Thus, the mean value of the detector output voltage is linearly
proportional to the brightness temperature at the input ottiever

Analog-to-Digital Electronics: The first stage of the signal processing electroniesfisction

generatorwhich is a device that contains an oscillator to generate a waveform as an input to the
analog signal. Theman analog signal conditioning is performed to manipulate and make the

analog signal suitable at the input of the andtedigital converter wherthe signal is digitized.
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2.3 MWR Noise Injected Dicke Radiometer

The detailed block diagram of the MWR is shown in Fig. B¢ While the MWR
measures 4 polarization states, this dissertation is concerned with only the horizontal and vertical
polarizedTbh measurement. At each feed there i®dho-mode transducer (OMTihatseparate
the brightness temperature intbl-pol ard V-pol components,connected totwo Dicke
radiometes, which provide mitigation against the detrimental effects of receiver gain
fluctuations §]. Also, a two point radiometric calibration is providey using two internal noise
sources with different noise levels: 1) a blackbody waveguide termination at ambient physical

temperature and 2) an active noise diode that produces anlequindg fihot 0 bl ackbod
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Radiometer Theory: A microwave radiometer is a very sensitive receiver that makes an

absolute measurement of "blackbody emission” power fiE@mh's surface. The radiometer
avera@ noise power captured by the radiometer antenna is expressed as antenna brightness

temperature and is defined as:

Th= <P>/kB (2.2)

where<P> is the average noise power collected by the antd&rina Bol t zmannBs con:
is the receiver banddih.

CONAE MWR is a 3state Dicke radiometer, andsamplified block diagram othe
instruments presente@bovein Fig. 2.1. The scene brightness temperature is captured by a feed
horn and sequentially routed through the switch matrix to a directiongleroand then to the
radiometer receiver input (antenna port of the Dicke switch). The directional coupler allows a
Gaussian noise signal (noise diode of known brightness temperature) to be periodically turned
on/off and then inject noise into the recejvior radiometric calibration purposeBhe Dicke
switch is used to alternately sample the noise collected from the antenna (Dicke switch in
antenna position), the antenna plus noise (Dicke switch in antenna position and noise diode is
on), and the wavedde terminatedn a matched load (Dicke switch in reference load position).
After the signal passes through the receiver subsystem, it is detected by thdasqypmver)
detector, and thianalogoutput voltages digitized (using the voltage to frequgnconverter and
a frequency counter) to produce the digifahd_counts out put .

Consideringan ideal(total power)adiometef 6], the MWR radiometic transfer function

that relateghe outputRad counts to the radiometer inpbtightness temperature i{J'is linear

15



(Fig. 2.6). The slope of the linear regression reprds the receiver power gain, which

independent of the input powdihus,for the 3Dicke radiometer stase the output countsre:

C, =Gain* T, +offset (2.2
C, =Gain* (T, +T,) +offset (2.3
C, = Gain* T, + offset (2.9

whereC,isthe r adi omet er di gi t &}i so utthpeu ti ainatnet nennan ap | cuost
Cois the nAr ef erTginthephysicakteamperatue ofrthe seference Idads the
injected noise diode temperature (constant and known)Tamsl the bightness tempeture at

the antenna port of the Dicke switch.

By subtractingeq. 22 fromEq. 2.3, the gain is derived as:

Gain={En - Ca)

= (2.5)

whereC, - C, is defined aghe noise diodeeflection (deflection counts).

For a linear radiometer, the noise diode deifbecand noise injection noise are constant
and independent of the scene brightness temperature. From Eq. 2.5, it is concluded that the gain
for a linear radiometer is also constant and independent of the scene brightness temperature.

Using Eqg. 2.5 andubtactingEq. 24 fromEq. 22, the brightness temperatwaethe input of the

Dicke switch at the antenna port is
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" (Cy- C.)

*Ty + 1, (2.6)

The next chapter applies the above radiometer theory to a discussion of thet@dimts
algorithm V5.0S.
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CHAPTER 3
EVALUATION OF MWR ALGORITHM COUNTS -TO-TB (V5.0S)

A satellitemicrowaveradiometelis a very simpleinstrumenthat measurepower.It has
no knowledgeof the radiometricbrightnessof the earthscene,nor of which antennabeamis
being sampled,nor of the satellite position in its orbit. In other words, the radiometeronly
respondsto the magnitudemicrowave power presentedat its input, and its transferfunction
(input powerto outputvoltage)is independentf all externalfactorsexceptthe ambientphysical
temperatureandthe appliedelectricalpower supply (voltage/current) Thus,a reasonableestis
to examinethe radiometeroutputvoltage (digital counts)undera variety of on-orbit conditions
to assurghatthis fundamentahypothesiss satisfied.

The initial (prelaunch) MWR countgo-Tb algorithm wa developed in 2011 by Biswas
[7]. This research effort included the analysis of the-lpuach laboratory testing, the
development of a statistical regression algorithm (version 2.0) using MWR thermal vacuum
radiometric calibration data, and limited pt¢minch Tb algorithm calibration/validation
(CAL/VAL) using ~ 90 days of omrbit data. At the end of this period, a miceti Th algorithm
(V2.1) resulted, and within the next 6 months, an improved V5.0 was developed and was used to
provide MWR Tb data for engineering and scientific utilization. It is important to note that the
development of V5.0 is not part of this disaéidn; but the Tb validation and the associated
algorithm improvements resulting in V6.0 is. To provide background information, a brief

overview of the development of V5.0 follows.
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3.1 MWR Algorithm Counts-To-Th (V5.0)

The V5.0 algorithm was the result of the on-orbit calibration/validation(CAL/VAL)
analysisthat occurredduring the first 6 monthsfollowing MWR turn-on (September2011thru
February,2012). A critical part of this processwas the inter-satellite radiometric calibration
(XCAL) [8] with the well calibratedWindSatpolarimetricradiomete{9] thatwasdevelopedy
theNavalResearch.aboratoryandoperate®n boardthe USAF Coriolis satellite.

Fortunatelythe MWR channelfrequencieandpolarizationsarea subsebf the WindSat
radiometerchannels,and the AQ/SAC-D and Coriolis fly in similar sunsynchronousorbits.
Thus,on a weekly basis,the orbits drift with respecto oneanothersuchthaton average~ 60%
of MWR datacanbe collocatedwith WindSatdata,within +1hrasdescribedy Kahn[10].

Since the scientific objectivesof MWR supportthose of the AQ seasurfacesalinity
mission, the primary MWR Tb validation was for oceanscenesThe polarized(V- & H-pol)
ocean brightness temperature depends on the atmospheric and oceanic environmetal
parameterspn the earthincidentangle(EIA), andon the channelfrequencyBecauseMWR and
WindSathavedifferent earthincidentangles,a theoreical radiativetransfermodel[8] wasused
to adjustthe WindSatbrightnesgsemperatureat EIA = 53° to the correspondingaluesof MWR
oddbeamgEIA =52°) andevenbeamgqEIA = 58°) beforeXCAL comparisonsvereperformed.

Further,the designof MWR is a puskhbroom systemwith 8 antennaspotbeamswhich
are time multiplexed into a single receiver (for each of 3 radiometerchannels).This time-
division multiplexingis achievedoy a 1 x 8 antennawitchmatrix (ASM, seeFig. 2.2). Because
the lossesin eachpath are not matchedthe radiometriccalibrationis equivalentto 3 x 8 = 24

separateadiometers.
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The V2.0 Tb algorithm employeda statisticalregressiorusing MWR thermalvacuum
radiometric calibration data to find the ASM losses (b-coefficients). The scenebrightness

temperatur€Tb) receivedoy eachMWR feedis calculatedusingtheinversemodel:

Ty = by + b,Top + b T2 + b, T, + b, T,, (3.1)

n
where T, is the physical temperatureof the internal calibration referenceload of the
correspondingMWR receiver, Ty, = (T1+T2+T3+T4)/4, where T1, T2, T3 are the physical
temperaturesf the 3 switchlevelsin the ASM and T4 is the physicaltenperatureof the antenna
feedthorns. The quadraticterm bsTi? is an ad hoc correctionfor the radiometersystemnon
linearity, andT;, is the MWR antennaemperaturet the antenngort of the Dicke switch,which
is computedfrom thedigital counts(Eq. 2.6).

For V5.0, the coefficientsin (Eq. 3.1) werederivedfrom the on-orbit XCAL data.Since
Tin, To, Tay are measuredthe WindsSatThb's adjustedto the MWR EIAQ were usedin the
equation to obtain the regression coefficients b1l through b5. The WindSat brightness
temperaturegicludethe antenngatterncorrection(APC); therefore no explicit APC correction
to convertT,n to Th is necessaryn this versionof the calibrationalgorithm.All the coeffiagents
aretabulatedn AppendixA.

After collectingseveralmonthsof on-orbit data,the detailedevaluationof V5.0 revealed
two majoranomaliespnamely;the csmeareffec€ andthe MWR systemnortlinearity, which are

describedn thefollowing sections.
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3.2 MWR Smear Effect

While the MWR smear correctios not a part of this dissertation, it is very relevant; thus
a brief discussion is given below and more details are providép@andix¢ B.

Based upon an analysis of MWR @b(V5.0), it was observed that the brightness
temperature of all channels wereoaralous at high contrast radiometric scenes (e.g., land/water
crossings). Th@b transitions from land to water appear to be displaced relative to thdineast
map that caused a fismearingodo of the ratdi omet:r
side panel of Fig. 3.1. Further, this effect can be better seen in the corresponding Tb time series
of beams #1 and #7 shown in Fig. 3.2. Here the Tb for each beam has an anomalous step
function change, which precedes (beam #1) and lags (beam #7))lssathdFOV passes over
the land/water boundary. The initial evaluation suggested an antenna sidelobe issue; but
subsequent angis by CONAE [1], revealed that the cause is a crosgpling of signals from
different beams.

CONAE developed an empirical nhed to correct the smear effect, and the performance
of this algorithm is excellent, as illustrated in Fig. 3.1 (right hand panel) and its corresponding
time series (Fig. 3.2). When applying the smear correction, it can be seen that the effect is
mitigatedfor all the beams, and the step function change was removed. After a comprehensive
onorbit evaluation, the smear correction was adopted and the subsequent@dim#gorithm
was named V5.0S, where "S" stands for smear correction. These are théidatares used in

this dissertation.
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Figure3-1 MWR Tb measurements for 8 beams of the 23 GHmoHchannel during a
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Figure 3-2 Corresponding MWR Tb time series for beam # 1 and beam # 7 of the MWR 23.8
GHz channel shown in Fig. 3.1. Red and black curves are before smear correction and blue and

magenta curves are after smear correction
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3.3 MWR SystemNon-L inearity

The MWR instrumentwasdesignedo belinear, andthis wasa fundamentarequirement
to obtain accuratebrightnesstemperatureneasurementef the variable earthscene.However,
basedupon pre-launch calibrationtest of noise diode deflection(NDD), it was discovered 7]
that the gain compressioroccursfor sceneTb's approaching300K. Thus,an empiricalsecond
order term was included in the countsto-Tb algorithm to compensategor the MWR gain
compression.

The starting point for the presentdissertationwas after the smeareffects have been
removed;therefore this dissertatiorperformedan evaluationof the MWR linearity basedupon
Tb V5.0S.A specialemphasisvasplacedon verifying thatthe empiricalnon-linearity correction
of Biswas[7] wasnot adequatdo producea linearradiometertransferfunction. Specifically, a
studywas conductedo characterizeéhe NDD counts(C, - C,) asa function of the radiometer
input brightnesstemperaturg(i.e., output of the ASM, Ti,), and the resultsof that study are
presentedbelow.

For an ideal linear radiometerreceiver with constantgain, the simulated NDD are
constantand independentf the scenebrightnesstemperatureThis is illustratedin Fig. 3.3 as
simulatedglobal imagesof MWR NDD for 14 orbits (~ one day) separatedy ascading and
descendingassesNote thatthewidth of the MWR measuremergwathis 380km for 8 antenna
beams.

However,undertypical on-orbit conditions,the orbital receiverphysicaltemperatur€T,)
changesand this producesa correspondindinear variaion in the systemgain. On orbit, the
MWR baseplatephysicaltemperaturenvas controlled by an active thermal control subsystem,

which resultedin a highly repeatablepatternof < 1 K peakto-peak (Fig. 3.4). Further, this
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produceda correspondinghangeof the NDD (systemgain) asshownin the scatterdiagramFig.
3.5, wherethe % changein NDD ~ -1.0 %/K (increasingphysicaltemperatureof the receivers
causeheNDD to decrease).

Using theseresults,the simulatedorbital patternof expectedNDD was calcdated (Fig.
3.6)andoverasingleday, eachorbit revolution(rev) hada nearlyidenticalphysicaltemperature
cycle. Thus,the patternof simulatedNDD wasthe sameanddid not exhibit any dependencen

the radiometricscenesi.e., samevalue for radionetrically hot land and radiometrically cold

ocean.
100, 100,
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Figure3-3 Simulated image of noise deflection counts for a limadrometer with constant gain.
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Figure3-4 Time series of the reference load temperature (To) over a typical orbital period.
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Figure 3-6 Simulaed image of an expected noise deflection counts for a linear radiometer with

sinusoidal physical temperature changes, where colors represent the noise diode deflection.

Next, the differential noise diode deflection image was producedby subtractingthe
observedpatternof MWR NDD (Fig. 3.7) from the simulatedpattern(Fig. 3.6). Resultsare
shownin Fig. 3.8, where the color bar is the differential NDD (after subtractingthe mean
difference that was calculatedseparatelyfor ascendingand descendingrevs). Note that the
simulatedandobservedatternshadmuchsimilarity overoceansput overland, theresignificant
stepwise NDD decreasesit land/waterboundaries.This anomalywas observedin all MWR

receiverq37V, 37H, 23H), which wascorrelatedwith theantennascenerlb.
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Figure 3-7 Image of observed noise deflection (€rCa) for 36.5GHz Kpol. Warm colors

indicate higher than average noise deflection and cool colors indicate less than average counts.

Further, to illustrate that the NDD stepsoccur wheneverthe scenechangesthe noise
diodedeflectiontime serieswasplottedfor one particularorbit, wherethe spacecrafts pitched
up to cause¢he MWR antennao view radiometricallycold spaceduring oneportion of the orbit
(seeFig. 3.9). This maneuver,known as a fiDeepSpaceCalibratiord (DSC) [9, 12], provideda
wide dynamicrangeof scenebrightnessemperaturegor the MWR channelsin this figure, the
observedNDD for 36.5 GHz H-pol channeldecreasedabruptly wheneverthe antennaTb
transitionedrom radiometricallycold to hot scenesndvice versa.

Obviously, the observednversecorrelationof the NDD with the geophysicalkceneTb
was anomalousandthe empirical correctionprovidedin V5.0S was not adequateThe solution

for thisissueis disaussedext.
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3.4 Characterization of MWR Gain Non-linearity

As described above, the changes in MWR gain (NDD) with the radiorse#&re Tb was
indicative of norlinear (anomalous) system response, which was most likely from the square
law detector. To characterize this effect, it was necessary to measure the total power radiometer
transfer functiorj6] on-orbit, which presented severdlatlenges

First, it was necessary to remove the effect of a time variable radiometer gain that was the
result of the orbital cycle of receiver physical temperaflgé¢see Fig. 3.4). In the Counts-Tb
algorithm, the instantaneous gain was deteediusing the NDD; however, this was shown
(section 3.3) to exhibit anomalous changes with the antenna scene Tb. Therefore, the gain
normalizing procedure was developed using the reference load cGdné( the measuren,

and the instantaneous norrzalll reference count€{ nomi) were:

Co_nom =G, * <§:in ~ (3.2)
where
Coi =(Tg + <Trec>)* Gain;
To is the instantaneous reénce load physical temperaturekialvin
<Trec> is the orbit average receiver noise tempeea
Gain is the instantaneous system gain
<Gain> is the orbit average gain
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To evaluate the effectivenessof the gain normalization procedure (Eq. 3.2), an
experimentwas performedto examinethe referencecountsbeforeand after gain normalization.
First, thetime seriesof the referencdoad counts(coloredcurve)andreferencdoad temperature
T, (black color) were plotted over an orbital period as shownin Fig. 3.10 (a). For easeof
presentationthe meanswvereremovedto comparethe patternsof thesevariables.The changen
Coi was the resultto two effects, namely: 1) the changein systemgain with T,, and 2) the
blackbodyemissionof thereferencdoad (beingproportionalto To).

Next, the gain normalizationprocedurewas applied to the referencecounts and the
correspondingime serieswasplottedin Fig. 3.10(b). Beforethe countsnormalization(Fig. 3.10
a), the referencdoad counts(C,) and T, were out of phaseandthe effectsof variablesystem
gaindominated On the otherhand,after gain normalization(Fig. 3.10b), the effectsof variable
gain wereremoved,andthe peakto-peakchangeof C, wasreducedby an orderof magnitude.
However thereferencecountswerenot constanbecausehe referenceload physicaltemperature

andtheblackbod emissionwerechangingoverthe orbit suchthat:

DC =DI* <Gain> (3.3)

0_norm

where
ﬂCo_norm: Co_normi -< Co_norm >

NTo=(Tg +Trec)- < To+Trec>
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Given that this procedure, worked well in removing the tiragable system gain for
reference counts, it was generalized for the other MWR Rad_counts, namely: ant_counts and
ant +noi se_count s, whoircnha | pzedlu cReadd _tclbeainfigai n ha

observed if the system gain wamnstant over the orbit. The generalized formula was:

(<C, > I(<T,>+<T,. >))

Cx norm = Xi
- (Coi /(Toi +< Trec >))

(3.4)

where Cy norm are the normalized Rad_counts(i.e., ant, ant+noise,and ref) and Cy; are the

instantaneouRad_counts.

Thenextstepin determiningthe MWR transferfunctionwasto developa model[13] for
thesystemgainexpresseas:

Gy, =G, * o(T,)* h(T,,) 5

where G, is the meanof long term gain, g(T,) is the orbital gain changesdue to the physical

temperatureandh(T,) is the gain compressiordueto variablescenebrightnessemperatureAs

aresult,theinstantaneougainfor anonlinearradiometeis differentfor eachof thethreeDicke

states,andbecome:

Gant = Go * g(Tref ) * h(Tm ant) (3.6)

Gy =G, * 9(T,o ) * (T, n) (3.7)
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C-:'ref = Go * g(rref ) * h(Tin- ref) (3.8)

whereGan, Gy and Gt arethe gainscorespondingo the antennaantennat noiseandreference
statesandTin-ant Tin-n, @NdTin-rer arethereceivennput temperaturegespectively.

To characterizethe MWR system nonlinearity, a deepspace calibration orbit was
selectedhatincludeda widerangeof scenel b incgludingdeepspacg2.7 K), ocean (10071 200
K), andland (300 K). After gain normalizing,a total power radiometertransferfunction was
constructedy performinga secondorderregressiorof thenormalizedRad_countyersusthe Tip
for asingleorbit. An exampleof this procedurdor 37 GHz VV-pol channelfor oneorbit is shown
in Fig. 3.11, wherethe y-axis is the Rad_countsand the x-axis is the full dynamicrangethat
includesTin-ant (Dicke switchin antenngpositionandnoisediodeis off) and Ti,.n (Dicke switch
in antennaposition and noise diode is on). The quadraticregressionequationfor this orbit is

definedas:

Rad_counts=-7.719*10**T_? +16.61* T, +32729 (3.9)
The existenceof a negative quadraticterm "-7.719*10% T;,*" demonstrateghat the
systemis nonlinearandcompressiveThe normalizedgain compressiom(Ti,) is setequalto the
first derivativeof (Eq. 3.9) afternormalizingby the peakvalue,anda plot is shownin Fig. 3.12.
Fromthis figure, it canbe seenthatthe normalizedgain compressiomlecreasewith theincrease
of Tin, andthe correspondingadiometesystemnontlinearity is about4%.
Oneadditionalanalysiswasperformedio demonstratéghe MWR systemnoninearity. In

this approactthe NDD (usinggain normalizedcouns) wascrosscorrelatedwith the radiometer

34



input brightnesstemperatureT, in a scatterdiagram (Fig. 3.13). After performing a linear
regressionthe NDD decreasesnonotonicallywith the increaseof Ti,, verifying thatthe MWR
systemgainis nonlinearandcompressive.

In conclusion, based upon the empiricalarbit results presented herein, the MWR
systemis slighttynoh i near ( ~4 %) , and as such accurate T

development of a MWR nelnearity correction algorithm ipresented in the next chapter.
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CHAPTER 4
DEVELOPMENT OF COUNT-TO-TB ALGORITHM V6.0

The primaryobjective of this dissertation is to develop a new version (V6.0)e@oMWR
countsto-Tb algorithm. This chapter describes the new algorithm, which corrects observed Th
anomalies for version V5.0S that includes the following new featjescorrectionfor system
nortlinearity, 2) a running average technique to reduce gain fluctuati@sa temperature
correction forthe noise diode injection noise, 4) amdproved antenna switch matrix loss

coefficients.

4.1 Radiometer System NonLinearity Correction

As discussed in the previous chaptee MWR transfer function was discovered to be
slightly nonlinear (compressive) during tle-orbit Cal/Val investigatior{14]. While it is not
possible to determine the root cause, it is most likely a deviation fronnedguacharacteristic
of the power detector. Regardless of the source, it is believed that the systkneagty occurs
in the receiver and is therefore common to all channels.

Initially the forward radiometer transfer function was obtained without gain
normalization, and this approach proved to be unstable and ineffectiegeioping a procedure
for consistently removing the system rlamearity for all orbits.On the other handy first gain
normalizing the counts, the ndinearity was successfullgorrected for every orbit of the many
evaluated.Thus to establish a universalonlinearity correction procedure (rather than each

orbit individually), s even -sipdeep cal i brati ondurmg BOlLl2Zwsré t hat
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analyzed. These special radionetalibration test which included deep space, ocean and land
observations, provided a wide range of the brightness temperatures (from approximately 3 to 300
K). The analysis procedure was performed separately by channel (radiometer receiver) for each
orbit and each beam; but because the nonlineassy/not orbit nor beam dependent, results for
each channel were averalg@&he analysis procedure for a single orbit is described next.

First, using smear corrected counts from V5.0S, the gain normalizedcdrends
(antenna C,, antenna + noiseCy and reference loadC,) were calculated using Eg. 3.2nd
then the radiometer input temperatufig,)(was calculated using Eq. 2.6. Next the forward
transfer functiorRad_counts f(T;,) wasestablishedy perbrming a secondrder least squares
regressior(see Fig. 4.1.a)t should be noted that a third order regression was also evaluated and
rejected because the observed transfer functionlinearity was predominately second order.
Also, because nelinear counts were used in V5.0S, the resultiRgvalues were progressively
too low. To evaluate the effect of this on the regression coefficients, an iterative procedure was
used to recalculate the forward radiometer transfer funefi@n correctingr;, for non-linearity.
This experiment showed that there was amlyninor change in the secomdder term, and for
simplicity this iterative approach was not followed

To correct the radiometer system Horearity, a procedure was developed to subtract the
guadrdic term from the Rad_counts. Because the eight beams of adfiganel are sequentially
integrated for 240 ms in the same receigegiven beam wasampledevery1.92s. Over this
short interval the mean radiometegain should beeffectively constantfor all the beams
Furthermore, the gainormalization procedure for Rad_counts adjusted the gain at each

sampling period to be equal to the mean gain for the entire dibiefore,all beams should
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have the same transfer function (i.e., slope and oéfsetild be equal). Thushe second order
coefficients of the quadratic regressiderived foreight beamsndseven deep space calibration

orbits,were averagednd presented in Tablel

Table4-1 Meanand std of the second order coefficients forttmeeMWR Channels

Channel 37V 37H 23H
Mean -7.46*10% -6.90*10* | -2.17*10%
STD 2.35%10° 4.44%10° 8.91*10°

Using these mean valyethe instantaneous counts linearization equation for the three

chanrels are:
for 37V
Cy inear =Cx - (-7.467710*)* T, > (4.1)
For 37H
Cy inear =Cy - (-6.906410*)* T, ? (4.2)
for 23H
Cy inear = Cx - (-2.170810*)* T, ? (4.3)

where Cx represents antenna, antenna + noise and reference load, and Tin is the input brightness

temperature to the Dicke switch (which is estimated using sooesected notinear counts).
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The performance of the ndmearity correction isllustratedin four different examples
that follow. The firstcompares radiometer forward transfer function&io 4.1 where panea
shows the transfer function before counts linearization and {bastedvs the same after counts
linearization In the left panel, the quadratioefficientis 6.9x10°* and dter the norlinearity
correction (Fig. 4.1.b), the quadratic coefficiemtduced bya factor of > 500, becomes
negligible

The second example of th&extiveness of the counts linearization is presentedgn F
4.2 as a global image of noise deflectimn 37GHz \tpol for one day (~14 orbitsyvherepanet
a is forvV5.0Sandpaneltb is V6.0 (after linearization). Note that for V5.08enoisedeflecton
counts change abruptly at the ocean/land crossing boundarigeenever the brightness
temperaturecontrastwas high. On the othelhand for V6.0 the noise deflection countsvere
independent othe scene TbAlso note thatas expectedoth images showlight latitudinal
dependence of noise deflectidne to theorbital receiver physical temperatucgcle

The third example shown in d¢:i 4.3 presents a scatter diagram between ribise
deflection counts andl, for 37GHz \‘pol for onedeep space calibiah orbit, where the color
is the scene Th. The left panel side (V5.0S) shows that the noise diode deflectioredepend
the input power; wherebincreasing inpufli, causedthe deflection countso monotonically
decreaseln the right paneb, dter applying the nonlinearity correctionn V6.0, the deflection
countswereindependents of the input power.

Finally, the last exampleF{g. 4.4) presents the time series of th@&diometergain,

0¢ OwT"¢, during one deep space calibration orlit. the kft panel (Fig. 4.4.a)as

expectedthe gain changkdue to theorbital physical temperature cycle of the receiver; however
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there were frequent anomalogain jumpsthat are correlated with significachangs of the
scene brightness temperatuxete thevery large gairchange®ccurred when the scene changed
from radiometrically hot land (red) to radiometrically cold space (bllieg. performance of the
MWR afternontlinearity correctionV6.0) is shown in the right panel (Fig. 4.4.b)ere he gain
varied cyclically over the orbit periodbecause ofthe change of the receiver physical

temperaturehowever there were no gain jumps with scene Tb changes.
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4.2 Running Average Technique

In the MWR, the Dicke radiometer state measurements (equatic@42.2re performed
during a short period time (U/3 = 80 ms for
considered constanBy subtracting Eq. 2.2 fromdgg2.3 and Eq. 2.4 from B.2.2 we can derive
the radiometer's observabl®" parameter[3, 15], which, in the mean, is independent of

radiometer parameters; system gain, receiver noise temperature and offset voltage:

R = Ca- Co

"~ Cn- Ca (449

However, instantaneously the Rad_counts have independent random errors during the 3

Dicke states, which combine to yield the radiometric resolution (NEDT):

1
DT = Jg AT 4T (T + T * (R D74 (T +T, + TR g

whereB is bandwidthand
U i Fbintepration time = 240 ms

Thesystemgainchanges inversely proportional to the recepleysical temperatureand
to minimize ths effect, the receivelbaseplatéemperaturdT,) is controlledon-orbit to within +

0.5 K In addition, Dicke radmetersmitigates the effect afadiometer receiver gain variation,
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by rapidly switching the receiver input between antenna and internal reference noise sources
(every 10 ms)

For the MWR receivers, the two noise references are: 1) a blackbody waveguide
termination at ambient physical temperature and 2) a reb#sed avalanche noise diode that
produces an equi val eThe Rad boants@re bskdarcHq.l2& tbyalcslateu r ¢ e
the average system gain on each measurement period (240 msgt Sysfemmatic gain
changes, that occur on the sampling interval 1.92 s, will not produce Tb errors. However, since
the individual counts have noise (NEDT), then the resulting calculated (estimated) gain will be
corrupted with Gaussian noise. So the gamles were passed through a recursivepags
digital (smoothing) filter to reduce the associated gain fluctuations and provide an improved gain
estimation for the calculation af,.

In the MWR countgo-Tb algorithm V6.0, a triangular moving averageised to reduce
the gain fluctuationswhile maintaining the longerm gain tracking capabilityThe recursive

filtering is defined by the equation:

gain_smoothed= g (gain,; *w,) (4.6

j=n

wherej =-n, € 0 ,n,@andw; are the gai weighting coefficients.

To cover the same number of samples of the smoothed gain as the original gain, the data
at both ends of the vector is reflected and extended by half length of triangular wikiaew.
length of the window is selected, so that theglterm stability of the gain can be achieved while
RMS noise in thegain estimationis reduced. This is determined loalculatingthe power
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spectrum of then-orbit gain and selectinthe desired filter frequency response to remove white
noise

To perfom thisFourieranalysisa time series of MWR calcuateghin for 8 beams from
15 orbits (one dayjvere combinedto produce a series length 481720 samples with the
sampling period of 240 man example of the power spectrum of ttedculatedyain for 37GHz
V-pol is shownin Fig. 4.5 The desired signal is the low frequency portion of this spectrum,
where there are 4 dominant spectral components corresponding to the fourier components of the
orbital receiver temperature. The undesired signal is the higluéncy white noise beyond a
cutoff frequency of approximately 2.7 x 161z, which corresponds to a digital filter window of
191 samples that has a triangular weighting applied and then a moving averageTkeken.

correspondingriangular moving averag&indow lengths for all channels are given in Tab 4.

Table4-2 Triangularmoving average length for thereeMWR channels.

Filter Window Length
37V 37H 23H
191 151 191

From the normalized cumulativaim of the powespectrum of the gain (Fig. 44, it
can be seen that the signal contained 90% of the white noise (dominant) and only 10% of the true
signal. By applyng the running average (Fig. 4% the noisecontributionis reduced to 10%,
and thetrue gain is increased to 90%.

The power spectra of the gain (green) and the smoothed gain (magenta) are illustrated in

Fig. 47. The blue color represents the true gain, wheredlmilatedgain and the smoothed gain
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match. The 1/f value is also notedtla¢ intersection of the black line and the red line (slope of
the true gain). From this figure, it can also be noted that the white noise performance is reduced
by about20 dBwhile the true gain remained the same.

Figure 4.8shows the time series of tigain (blue dots) and the smoothed gain (red line).
From this figure, it can be seen that the high frequency fluctuations (white noise) are reduced,

while keeping the low frequency fluctuations over an orbit (true gain).
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4.3 Injected Noise Temperature Characterization

It is noted thatthe values of the injected noise temperature used in the counts to Tb
algorithm versions .B to 5.0S (derived by Biswag]) were from the prd/V test (see section
4.4); howeverfor the new version (V6.0), the noise diode injection noisg {s charaatrized
on aper orbit basis, using eorbit datausing the following procedure.

First, the rad_counts were lineariz€d removeradiometer system nemearity) and
gainnormalized {0 removegain changesassociated withithe receiver physical temperature
cycle). Nextalinear regressiowas performed, between the antenna cou@ify &énd the antenna

temperatureT,) to define the total power transfer functidefined as:

C, =slope* T, +offset (4.7)

Using the measureffantenna + noisecounts C,), the C, wasreplaed byC, and Ti,
(noise diode is offreplacedby fiTi, + T,0 (noise diode is on)Solving for the noise diode

injection noiseyields

T =(C, - offse)/slope- T (4.9

A typical time series of the characteriz&gifor 37 GHz V-pol for oneorbit is illustrated
in Fig. 4.9 It can be sen from this figure thal, varies cyclically over an orbital period. Note

that the changes af, over an orbit igypically 0.5K peakto-peak
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After collecting one year of data, the meanwas characterized as a function of the
reference load (baseptgtphysical temperaturel). An example of this characterization is
shown inFig. 4.9for 37 GHz V-pol over the periodlanNov, 2013. After removing the outliers,

a linear regression was performeditive the injected noise temperature for 37 GHzoVas:

T =0.45107* T, +14559 (4.9)

Similar analyses were performed for 37 GHpél and 23 GHz Hpol are:

for 37 GHz Hpol :

T, =0.03974* T, +25905 (4.10)

for 23 GHz Hpol:

T, =0.14598" T, +34685 (4.11)
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4.4 Improved Antenna Switch Matrix Loss Coefficients and Injected Noise Temperature

Validation

The original analysi of the prdaunch radiomeic calibration tests (Biswas/]) were
performed before implementing the MWR nbnearity correction; therefore these testere
reanalyzed using linear counts with the objectivelpiverification of the noise diode injected

noise temperatur@nd 2)deriving improvedantenna switch matrix (ASMss coefficients.

4.4.1 Pre Thermal Vacuum Calibration Test

The objective of the preT/V calibration testwas to determine thenjected noise
temperature T, for the three MWR channel®uring this test, thé S M avere removed and
werereplaced by a lblckbody waveguide terminatidacatedat the calibration reference point
(input to the directional coupler), as shown in .KHgll Thus, theblackbody brightness
temperatre was equal to the measupégysical temperature of the terminatiowhich was
sequatly heated andhencooled using hot water and liquid nitrogesspectivelyto createthe
two temperaturesources hot load Ty and cold load T,. After propagatingthrough the
dissipative loss of thater-connecting testvaveguide to thelirectional oupler input the Th's
were modified as shown in Fig. 4.11

During the test, the receiver was maintained at constant tempergutey the MWR
thermal control subsystem, As shown in the Fig. 4.12, there was a small drit@f K about
the mean durig the interval of the test (~ 2 hours); so the resulting gain normalization of counts

was negligible. After collecting counts for the hot and cold loads, the rawli(re@rized) counts
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were used to estabilghcorresponding total power radiometeansferfunctionas shown in Fig.
4.13afor 37 GHz V-pol, where he known brightness references weteld load, referencend
hot load The noisediode injected noise 1) in this analysis wasbtainedfrom the previous
versionV5.0Sof MWR counts to Tb algatim, where it was assuméal beconstant T, = 274
for 37GHz \tpol). Finally a secongrder regression was performed, and the counts were
linearized (see section 3.4py subtracting the quadratic terror the 37 GHz V-pol the

relationships:

C =C, - (-0.00112)* T, > (4.10

X_linear
whereCy arethe nonlinear countghatrepresentcold load C), hot load Cy), reference @),
cold load + noise(c.+n) and hot load + nois€Z(.,) counts, and’in representthe corresponding
input brightness temperatures

The effectivenesf the nonlinearity correctionwas assessed in two wayde frst is
shown in Fig. 4.1®, where the radiometer transfer functisnconfirmed to be linear, when
using the lineazed rad_counts. Based upon theuadratic polynomial fjitthe nonlinearity
(second ordeterm)is reduced ta negligible value4.0492 x10).

The second methodf assessing theffectivenessof the nonlinearity correctionis
concerninghe measumentof the noise diode injected noise temperature at the hat@ddend
of the brightness temperature scale. For this analysis, we use a linear total power transfer

function (slope and offset) for V5.0S (rtinear counts) and V6.0 (linearized counts) to
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calcul ate the Dbrighness t eomip{@ r aatnudr e hfoar |tohaed

(Tc+n) given as.
T.., =(C_, - offse)/slope (4.11)

T.., =(C,.,, - offse)/slope (4.12

By subtractinghese equationghe noise diode injection noiseg is:

for the cold load

(Tn)cold = Tc+n - Tc (4.13

for the hot load
(Tn)hot = Th+n - Th (4-14)

Thetime series off, are showrfor V5.0S in Fig. 1.15a and V6shown in Fig. 4.1%5. In
Fig. 4.15a, because ahe radiometer system ndinearity, T, = 265 Kfor the hot load, whild,
= 272K for the cold loadObviously this is anomalous because the noise diode injected noise
temperature is constant.

In Fig. 4.15b, #er the nonrlinearity correctim, theT, for both test are ~27R, as it was
expected. Thus, its concluded that thd, in V6.0 does not depends on teeeneTb's and
depends only othe noise doid@hysical temperaturd@ecausdhe preT/V calibration test was
conducted onlyat onereference load temperatyiieis not possible to extrapolate the results to
other physical temperatures experienceebdnt. Thus in the new version of counts b
algorithm V6.0, we decided to use th&, values determined on an orbit by orbit basis as

presented in sectiom 4,¥q. 4.8.
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Figure4-11 PreT/V calibration test. The matched termination (blue in the bottom picture) is heated and cooled t®,create
andT.. The temperatussare measured ugj a platinum temperature sensor attached to the termination. The receiver and the
termination are connected through the calibration waveguide. The equations are the three Dicke state for HOT and COLD

cases.
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4.42 Thermal Vacuum Calibration Test

The primary objectiveof the prelaunch MWRThermal Vacuun(T/V) Calibration Test
was to perform MWR radiometric calibration under simulateebinit conditions and thereby
develop a forward radioeter transfer function that related apparent brightness temperature input
at the antenna feed aperture to Rad_counts in the instrument science data output. A necessary
part of this objective was to empirically derive the antenna switch matrix lossexieost
Also, there were important secondary objectives; to validate the performance of the instrument's
thermal control over the expected range ofodoit temperatures and to verify engineering
telemetry, which includes physical temperature measuremehtghe key radiometer
components.

The 4day T/V test was conducted in September, 2009 in CONAE's environmental test
facility Tedfilo Tabanera Space Center or CEHlentro Espacial T&ilo Tabanera)n Cérdoba,
Argentina During this test, the MWR's antem reflectors were removed and replaced by
broadband microwave absorber targets (Fig 4.16.a). As a result, the microwave thermal emission
(apparent brightness temperature) from these blackbody targets were captured by the feeds and
resul t ed i hatwereequal toThb éomesponding target physical temperatures. Five
precision temperature sensors were mounted on the targets to measure the temperature in
different locations (one at the center and 4 at the corners) as shown in Fig. 40l€rmulate
the onorbit thermalenvironment, the MWR instrument was placed inside an aluminum box
(MWR coffin) that was covered with infrared absorbing paint as illustrated in Fig. 4.16.a. Then,
the MWR coffin was put inside the T/V chamber, which was heated bgrénfrheater and

cooled by liquid nitrogeiFig. 4.16.b).
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An example of the temperatures for the T/V calibration test is shown in Fig. 4.17, where
the black trace represents the average of the measured blackbody target temperature from the
five sensors. Wh the assumption of unity target emissivity, the brightness temperaiang.4J
was captured by the feed horns, and the received Tb signal from each feed was sequentially
routed inside the antenna switch matrix to the receiver. Because of dissipasigs of the feed
horn and switch matrix components, leakage through the switches, and reflections at the feed
horn apertures, theceived Tb signal at the radiometer input was modified. Thugritletness
temperatureT,) at the antenna port input thfe Dicke switch was calculated using linear counts
and is represented by the trace of magenta color, and the blue traces represent the physical
temperaturedl;, T,, T3, and T, for SW#1, SW#2, SW#3, and feed horn respectively, which
appear in the MWR sciee data output. To compute the brightness temperature at the feed horn,

the inverse radiative transfer model was Usgd

Tap: [T in'(bz*To'l‘bg*T 1+ b4*T2+b5*T3+b6*T4)]/b 1 (4.1

whereb;, by, bs, by, bs, and lyare the antenna switch matrix (ASM) loss cardints.

In this dissertation, the ASM loss coefficiem®re empirically derived. FirstTap in
Eq.4.5 was replacedby the measured target apparent brightn@sgneas and then a multi
variatelinear regressioanalysis was performed usitgmperature§Ti,, To, T1, T2, Tz, and T,) to
derive the ASM loss coefficientsNext, the apparent temperatunas calculatedising Eq.4.5,
and the resuis shown as the red trace in Fig. 4.1ReTtomputed apparent temperature matche

the measured apparent tempera during the entire time period ®fV test with a small residue,
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which meansthat the output of the regression model is an excellent estifioattdre ASM loss

coefficients
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(b) TV Chamber

Figure4-16 TV calibrationtest. a) MWR instrument with blackbody target and MWR coffin (aluminum box), b) MWR coffin inside

TV chamber, c) blackbody target with the five temperature sensors.
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Another objeave of the TV calibration testwas to characterize noise diode injection
noise (). For this analysis, two plateaus whdigwas stable were selecte@ihe first plateau
occurredduring the time periodetween 200 and 800 minutes, ahe second plateawas
between 2400 and 2900 minutes. For each plateau, the transfer function that relates the gain
normalized and linearized Rad_counts to Thewasestablished. Then, a linear regressias
performed to retrieve the slope, which is the radiometer syséam To calculatél,, Eq. 2.5 is

used:

_Cn- GCa
gain

Tn (4.15

By subtracting antenna counts from antenna + noise counts, thalimaiegnjected noise
temperature waestimded. Since over thes plateaughe receiver physical temperature was
constant, thgjain was expected to betableand any changes are attributed to variationghaf
T,. The resultsof this analysis over the tavplateaus, are shown in Fig.4,1#here the magenta
and green aors corresponds the first and second plateau respectively. From this figeire it
estimated that there is a small physical temperature dependence of the noise diode injected
temperaturef about 0.4K

As a conclusion of this chapter, it should be notext 1 MWR pre-launch calibration
tests were conducted without reflectcaadit was assumed that the fekdrns capture only the
signal coming from the absorbers with no spill over. Thereforgastnecessary to perform the
postlaunch calibration to @rive the Antenna Pattern CorrectiPRPC) coefficients, as will be

discussed in the next chapter.
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CHAPTER 5
MICROWAVE RADIOMETER POST LAUNCH CALIBRATION
VALIDATION

After a succedsl reanalysis préaunch radiometric calibration tests, there remained
several possible sources of Th biases in the V6.0 computed brightness temperature. For example,
the TV calibration test was performed without the reflectors being present, and assaned
that the emissivity of the absorber target was unity and that thentead captured only the
blackbody emission coming from them without spiMer. On-orbit, the MWR's aluminum
reflectorswere assumed to be nemissive put certainly thereverefeed spiltover and antenna
pattern (main beam efficiency) considerations that must be taken into account. Thiesrpost
radiometric calibration was necessary to complete the MWR V6.0 counts to Tb algorithm,
specifically in developing an antenna patteorrection algorithm and the removal of other
calibration biases.

Finally, the quantitative evpelfouneedby the ( v al
analysis of special Deep Space Calibration tests and by thesatédiite radiometric calibration
(XCAL) with the WindSat satellite radiometer. Results are presented that demonstrate that V6.0

fully meets theequirementsfor he MWR Tboés product L1B.

5.1 Dataset forMWR XCAL

5.1.1 WindSatComparison

TheNav al Re s e ar &VindSht4{WwS) satile cadiomeéter [2], on board the

Uni ted States Air Forcebds Coriolis satellite,
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standard for the MWR XCAL. First, WS is a well calibrated radiometer that has been used in a
number of intersatellite rali omet r i c cali brations for NASAOG
Program 8]. Secondthe 3 MWR channels2@ GHz H-pol and 37GHz V- & H-pol) are subset
of the WindSat frequencies, which is highly desirable for XCRibally, both the AQ/SAGD
and Coriolis sallites fly in sunsynchronous orbit with similar inclination angles drale the
same equatorial crossing time that frequently results in both radiometers viewing the same earth
scene at nearly the same time.

Before the AQ launch, a simulation was pemied to evaluate the feasibility of using
WS to perform XCALof MWR. In his thesis, KahnlD] used Satellite Tool Kit (STK)16] to
evaluate temporal and spatial collocation between MWR and Wiraifthtin example of his
results are shown in Fig. 5. 1. Becatise satellites fly at different altitudes, their orbits drift into
and out of phase (time coincidence and spatial collocation) with a period of approximately 45
hours. Thus, the overlapping swaths vary on a daily basis according to the orbits retesiag,ph
which results in an average of ~ 60% of MWR observatiogisg collocated with WihdSat

within a temporal window ot1hr.
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(a) (b)
Figure5-1SatelliteTool Kit (STK) simulation collocations between MWR (grg and WindSat (magenta) for ascending (a) and

descending (b) passes. The red color dots are the collocated 0.5° reguixési0].
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5.1.2 MWR Dataset

MWR's sciencedatawere multiplexedwith other instrumentson board of AQ/SAC-D
satellite and captued twice/day by the CONAE ground station. Thesedata were sorted and
processedy CONAE to provide an earthlocatedMWR datasetof engineeringdata (physical
temperaturessaw radiometercounts,IFOV centerlatitude and longitude,time, etc.) known as
L1A [4, 7]. Next, theseMWR data were usedas input to the V6.0 countsto-Tb algorithm
(suppliedby CFRSL) to producethe L1B Tb datasetwhich included MWR smearand non
linearity correctiondiscussedn Chapter3. TheseMWR T b a@vere binnedinto 1° boxesover
oceansandcollocatedwith WS andenvironmentatlatafrom a NOAA numericalweathemmodel

for usein the CAL/VAL process.

5.1.3 GDAS Data

GDAS (Global Data Assimilation System) is one of the operational, global, numerical
weather analyses produced by the tibleal Weather Service's National Centers for
Environmental Prediction (NCEP). The GDAS data are produced every six hours at 00, 06, 12,
and 18 UTC on a 1° latitude/longitude grid, which results in a matrix (181 x 360). A subset of
GDAS environmental paragters are the input to the CFRSL XCAL RTM, namely: sea surface
temperature, 10 meters wind speed, atmospheric (height) profiles of pressure, temperature,
specific humidity and cloud liquid water at 21 levels between pressures of 1000 mb and 100 mb.
The RTMout puts theoretical Tbés for both MWR an

below.
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5.2 Post LaunchMWR Antenna Pattern Correction and Radiometric Calibration

As mentioned above, there weareithertess nor analysisto correctfor the effect of the
MWR antenna patterand other radiometric biases on the antenna temperature. Therefore, a post
launch calibration using intesatellite radiometric comparison technigukeveloped byCentral
Florida Remote Sensing LEFRSL)[8], wasused in this dissertaticio providethe APC and
removeother radiometric biases.

To correct for the APC and other radiometric biases, a scatter diagram is performed
between The WS Tb's and MWR antenna temperatyriéadn a linear regression was applied to
retrieve the coefficiets (slope and offset). By tuning up The MWR t© match the WS Th, we
performed the APC and removed the undesired power captured by the feedhorns. Because t
WindSat frequenciesorrespond to the MWR channel®3(GHz and 37GHz), and WS and
MWR have difer ent EI A (EI A for WS is 53A, whereas
respectively for odd and even beams), it was
using simulated radiative transfer mode{RTM) values calculated using collocated GDAS

geophysical parameter3herefore, the adjusted WS TW&y)) is expressed as:

WSy =W+ (MWRim - W%im) (5.1)

whereWSsis the WS observed TOMWRsimis MWR simulated Ti{at 52° or 58°), andVSin is

WS simulated Tl{at 53°) Note that the second term inetlieq. 5.1 is the expected difference

bet ween the WS and MWR Tb's, due to different
In the countgo-Th algorithm V6.0, the brightness temperatures are computed based

upon the inverse transfer function (see ChagjerUnfortunately, this results imntenna
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temperatures that are biased because of uncorrected antenna pattern effects and other radiometric
cali bration errors. Fortunately, the simultan
data record (SDR) are the true scene apparent brgghtiéus, the linear regressibatween
observed MWR Tbos afwodacceaudtjfon EIA differendES) prbidéssthe
necessary MWR APC, which also removes MWR Hiitleam radiometric biases. This procedure

was performed separately for each channdl@ach beam, and an example for 37V for beam #1

is shown in Fig. 5.2.

Il n this analysis, 20 days of XCAL ocean Tb
combined with MWR Tbdés from the deep space ca
the Wind&t deep space calibrationd] [demonstratet hat t he observed WS T
identical to theoretical values; therefore the corresponding WS space measurements in this figure
were assumed equal to 2.73 K. Thus, space and clear sky ocean measureneetsnined to
perform the scatter diagram and linear regression, which converts 8\téRna temperatuiie
into copolarized brightness temperaturle dt the antenna boresigfithis characterization of the
APC removes theffect ofunwanted radiation thas captured in antenna paternal outside of the
main beam (spill over)This can be achieved using the following linear equation that rélates

and Tb [6]:

1
Tb = (Ta - Tspillover)* /7_ (5-2)
MB
wheredygis the main bam efficiency and defined as

MB

5.3
Slope 3)
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and Tspilover IS the brightness temperature contribution for side lobes outside the mairabdam

defined as:

Topitover =~ hyg * Offset (5.4)

Figure 52 shows a comparisobetween MWR observed Th and WS adjusted Tb for 37V
for beam # 1. Before correction (Figg®a), the slope and the offset of the linear regression are
0.92329 and 0.40928espectively. Note that the WS Tb includes the APC correction. This
means that the slope and the offset values are due to the APC and other radiometric biases
related to the MWR Tb's. After correcting the MWR observed Tb using Eq. 5.2, the slope and
the offset of the linear regression which is applied only on clear sky ocean and space data
(excluding land) became 0.99952 and 0.091 respectively. This demantteait¢the APC and
other radiometric biases were removed successfully by forcing the MWR obsdrtednatch
the WS adjusted Th. Note that the red color in Figjbbrepresents the land measurements of
MWR observed Tb and WS observed Nm adjustments of the Tb observations over land are
made because the incidence angle dependence of Adygiigible By holding the ocean and
space observation plot and perfamgn a scatter diagram of the land measurements of both
instruments, we can see that the linear regregssienspace and ocean points is a good fitHer
land measurementBespite the fact thaWR and WindSat share some similarities, the spatial
coverage causes the differences in Tb over land between the two sensors. The WindSat has a
mean spatial resolution of ~18nk whereas MWR has a mean spatial resolution ofkrd@~ 3
times the WindSat dotprint). This causes the MWR and WindSat observations to be

inconsistent, especially for complex terrain and heterogeneous landscapes. It is expected that the
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higher biases will be over large water bodies, such as coastal areas, Amazon River, and Great
Lakes.
Counts-to-Tb algorithm V6.0 Matlab code and ASM coefficients are giving in

Appendices C and D respectively.
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Figure 5-2 A comparison of MWR observed Tb (V6.0) and WS adjusted Tb for 37V Bedm a) before correction, b) after

correction

82



5.3 PostLaunch Validation

5.3.1 Deep Space Calibration

A fAdeep space calibrationo (DSC) maneuver
special ororbit test, whereby the spacecraft is reorientethftbe nominal eartpointing mode
to cause the microwave sensor antenna to view space. Space presents a known brightness
temperature scene that is ppolarized, homogenous and isotropic black body radiance of 2.73
K for a wide range of microwave frequeesiup to ~ 100 GHz. As such, space makes an
excellent target for radiometric calibration at the demd of the brightness temperature scale,
and the CFRSL has considerable experience in analysis of DSC starting with the WindSat
satellite radiometer in 2004, 12] and continuing through the present.

During the year of 2012, Aquarius/SAT performed several pitch maneuvers for the
calibration purposesf the L-band AQ radiometeMWR also benefited from these maneuvers to
obtain Tb measurements on all thidennels and 8 beams/channel at the cold end of the Th
scale Results from 7 DSC rewsere used in the petaunch CalVal campaign as discussed in
Chapter 4, and this section concentrates on validation of MWR V6.0 Tb at the cold end.

A cartoonof the DSC maneuver is shown in Fig.®.In normal science mode, the
satelliteflies clockwise around the Eartland slowly rotates in pitch (360°/orbit) to maintain
earth pointing for AQ and MWR to obsertiee earthbrightness temperatures. phase-1, the
satellte pitch changesfrom a normal nadipointing attitude until 180° pitehp attitudeis
achieved(phase?). Between phas2 & -3, the pitch remained constant forlO min where the
main reflectors were viewing the space, and thempitch reversesgmys down) to the nominal
0° pitch attitudeThe entire DSC occurs in less than -tradf an orbit (~ 3G 45 minutes).
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For the MWR frequencies, space is uaiform distributed target of a brightness
temperature 2.73KSince the black body radiance is homogenemgsisotropic, the brightness
temperature is constant regardless of where the antenna beam is pointing. Given this fact, all 8
antenna beams should see the sagpddring the entire time that the antenna \8epace. Thus,
acomparison of V5.0S and V6during DSC is indicative of intdseam radiometric biases that
may result because of improper characterization of the ASM losses and/or antenna pattern
effects. A comprehensive analysis of the MWR DSC is beyond the scope of this dissertation;
however seweral important results are presentedlaswn in Fig. 54 (and Appendix-F).

Consideringhe left sde panel of this figure (Fig4a), where the yaxis is Tb and the-x
axis is samples (relative timegt, approximately 1150 samples the spacecraft has pHeped
cause he forwardlooking Kaband beams to leave the earth, and between 1200 and 1300
samples the Tb are relatively stable, while the beams view space. Between 1300 and 1350, the
spacecraft reached its maximum pjtabn d t he Tb&és monot onnasté | y i n
antenna sidelobes progressively illuminate t
reverses and the Tb ti ma poerpiogd iion DY mréter iDS C
time series plots, it is obvious thiéae MWR V5.0S radiametic calibration isseriously flawed
and the radiometric biases range freé88 to-45 K. Further intebeam radiometric biases are ~
10 K.

On the other hand, ithe righthandside panel of Fig. 8.b, during the period of 1200 to
1300 s ampl sresultdioiRe.0arb idexcellent agreement with the expected scene Tb
of 2.7 K. After this time all beams exhibit very similar patterns as the sidelobes intercept the

radiometric hot earth, but unlike V5.0S, here all beams have smalbieden biases 4 K.
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Overall V6.0 has no apparent deficiencies at the cold end of the scene brightness temperatures,

which implies no APC problems nor issues with the ASM loss coefficients.
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Figure5-3 Cold Sky Calibration
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5.3.2 V6.0 Counts to Tb Validation

The final validation of the MWR V6.0 counts to Th was performed using the- inter
satellite radiometric comparison (XCAL) between MWR and WS Tb's over otharspecified
Tb stability for MWR is £ 1 K under all eorbit ocean sceneonditions that includes both
random and systematic variatio@sd this is the standard for mission success that is levied upon
the MWR.

To perform the XCAL between MWR and WindSat (WS matchup datasetwas
created using the steps illustratedthe flow diagram in Fig5.5. In this process, WS is the
radiometric calibration standard, which has been full vattesther NASA XCAL activities [$
and has been shown to be stable to < # @10.2 K over 1 year. In this dissertation, MWR is
theiit ar get satellite radiomet eThed MMRoOXCALewasc al i br
performed every 5 days for the period of ~ 2 years. In each 5 day period 24 radiometer beams
were compared to WS and Tb biases were estimated.

The first step in the XCAL procesis to grid the dat{MWR and WS data)n a 1°
resolution boxBecause the environmental files from GDAS are generated at 00, GdL28
hours Greenwich Mean Time (GMT), the closest file within £ 3hrs of the grid time is chosen for
collocation with MWR and WS Next, we performa spatial and temporal collocatitetween
MWR, WS and GDASwithin + onehour time window over the’boxes.A typical example of
this spatial/temporatollocationfor one daybetween MWR and W shown in Fig. %, which
resuls in ~ 60% of MWR measurements being collocated with WS.

Next, for each 1° box, we calculate the theoretical (expected Tb differences) between two
satellites with perfect radiometric calibration. This is accomplished by running theoretical ocean

Tb calcultions (RTM) usingthe environmental parameters from GDAS and rbspective
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radiometer parameter information (frequency, polarization and incidence dngie)both
instrument s. Af t er obtaining theoreti wal Tbo
calcubte the theoretical difference for the 24 beam sets of MWR.

Next, we average all Tbés for each MWR cha
the 1° box. We run conservative filters to eliminate-homogeneous cleaky ocean scenes,
and then after fiering, calculate the observed Tb differences.

Finallyyt he | ast step is to calculate the fidoub
step iIis important because it el i minates sever
very robust Th biagstimate that is mostly independent of the radiometer properties and the
ocean scene brightness. An example of the WS/MWR XCAL results teas reported by

SantosGarcia [T7].
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In this dissertation, MWR (V6.0) andS XCAL data from 2012 and 2@ were used to
validate the MWR TbBased upon thousands of 1° boxadive-day average double difference
radiometric biasvas calculated by MWR channel and beamverify the results of the MWR
countsto-Tb algorithm (V6.0).

Figure 5.7 shows the ressilof the five day average doulalgference for the 8 beanter
37 GHz V-pol for the year of 201,2and similar results for the othe®WR channels are presented
in AppendixE. Because WS is a very well calibrated instrument, any bias in the Fig. 5.7 is
related to MWR Tb'srror. Starting Jan 2012 until March 2012, it can be seen that all the beam
has a bias close tdK, which after all the beams became stable except beam # 7, which has
more fluctuation. The results of the double difference technique & @8fnonstrate that the
MWR calibration (V6.0) meets the £1K specification for the 37GHpdV channel for all the
beamsNote that he bars of this figure present the standard deviation of the double difference.

Figure 5.8 presents the five day averagebd® difference for all the beams for &Hz
V-pol for time period of JaiNov of 2013. From this figure, it can be seen that the even beams
have the same pattern, which is expected. At the beginning of the year, the even beams biases
were close to zero, t& which they start increasing until they reach their max (~ 1K), then they
start decreasing. Beam #1 & #3 look also stable during the entire year with a bias less than one,
and they have the same pattern, which is also expected. Beam #7 has moreofisctoatt kept
the specification of +1K bias. However, beam #5 has an anamald.5K drift. The mean and
standard deviation of figures 5.7 & 5.8 are presented in tables 5.1, 5.2, 5.3, and 5.4.

Another useful evaluation is to display the DD bias as atiom of latitude and time (5
day steps). In this manneseasonal variations may appear differently in ascending (latitudes 0°

T 180°) and descending (180360°).Figures 5.9 & 5.10 show five dawerage in 5° Lat Zones
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for 37 GHz \‘pol for odd and eve beams separately. Thus in this analyiseven (and odd)
beamswere averaged in latitude bins that separated ascending and descending orbit segments,
which ranged from 02 360° , whereé)®, 180°, and 36Qforrespondhe south, north, and south

poles espectively. Next, the dataereaveraged every five days every 5° latitude. The colors in

this image represent the MWR biasEsom these figures, we can conclude that there are no
observable anomalies and that the V6.0 cHibration meets the = 1 K spefgain similar

results for the two othé’WR channels are presented ipgendixE.

In addition, the vaidation of Tb V6.0 over land are presented in Appendix-G

92



-213 412 7121 10/29 -:1"!3 412 7121 10/29 -%f 3 412 7/21 10/29 -%!3 4/12 7121 10/29
Jan - Dec Jan - Dec Jan - Dec Jan - Dec
B5 B6 B7 B8

-213 412 7121 10/29 -%13 412 7121 10/29 -%I 3 412 7/21 10/29 -%13 4/12 7121 10/29
Jan - Dec Jan - Dec Jan - Dec Jan - Dec

Figure5-7 37 GHz \*pol five day average double difference for 8 beams, from 2012.
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Figure5-8 37 GHz \tpol five day average double difference for 8 beams, from 2013.
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Table5-1 Monthly averagef double differences per beam fggar2012

Beam| Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1 -0.492 | -0.467 | -0.038 | -0.247 | -0.169 | -0.497 | -0.442 | -0.292 | -0.193 | 0.047 | -0.227 | -0.314
2 -0.970 | -0.966 | -0.511 | -0.237 | 0.034 | -0.030 | 0.067 | 0.158 | -0.112 | -0.124 | -0.048 | -0.044
3 -0.290 | -0.491 | 0.042 | -0.167 | -0.171 | -0.502 | -0.453 | -0.237 | -0.068 | -0.052 | -0.199 | -0.186
4 -0.582 | -0.674 | -0.182 | -0.058 | 0.140 | 0.123 | 0.184 | 0.215 | -0.032 | -0.079 | -0.094 | -0.035
5 -0.136 | -0.265 | 0.274 | 0.302 | 0.340 | 0.047 | 0.115 | 0.175 | 0.215 | -0.040 | -0.106 | -0.477
6 -0.350 | -0.485 | -0.097 | 0.039 | 0.211 | 0.107 | 0.108 | 0.069 | 0.000 | -0.064 | -0.039 | -0.009
7 -0.398 | -0.434 | 0.150 | 0.581 | 0.646 | 0.317 | 0.434 | 0.615 | 0.207 | -0.198 | -0.203 | -0.068
8 -0.857 | -0.922 | -0.445 | -0.303 | -0.046 | -0.147 | -0.149 | -0.089 | -0.089 | -0.111 | -0.033 | -0.011
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Table 5-2 Standard deviation dhe double differences per beam for each month of 2012

Beam| Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1 0.369 | 0.330 | 0.228 | 0.175 | 0.242 | 0.304 | 0.189 | 0.159 | 0.170 | 0.170 | 0.153 | 0.249
2 0.381 0.281 0.149 0.216 0.177 0.217 0.145 0.134 0.140 0.097 0.146 | 0.2
3 0.454 0.389 0.221 0.187 0.284 0.316 0.155 0.185 0.167 0.200 0.147 | 0.227
4 0.432 0.281 0.126 0.342 0.201 0.215 0.151 0.152 0.123 0.110 0.169 | 0.206
5 0.496 0.376 0.178 0.210 0.263 0.258 0.142 0.183 0.109 0.232 0.165 | 0.325
6 0.420 0.191 0.128 0.224 0.334 0.183 0.128 0.123 0.106 0.100 0.173 | 0.154
7 0.663 0.504 0.236 0.291 0.290 0.340 0.311 0.162 0.211 0.213 0.211 | 0.367
8 0.341 0.182 0.164 0.164 0.266 0.158 0.145 0.140 0.130 0.110 0.206 | 0.143
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Table5-3 Monthly averagef double differences per beam ferar2013

Beam

4 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

1 -0.144 | -0.011 | 0.161 | -0.022 | 0.060 | -0.001 | 0.092 | 0.139 | 0.292 | 0.530 | 0.345
2 -0.024 | -0.028 | 0.270 0.447 0.712 0.760 0.896 0.876 0.711 0.773 0.691
3 -0.093 | -0.082 0.270 0.076 0.080 -0.003 0.137 0.262 0.491 0.523 0.423
4 -0.055 | -0.061 0.205 0.384 0.686 0.668 0.746 0.686 0.471 0.480 0.362
5 -1.008 | -1.571 | -1.359 | -1.376 | -1.271 | -1.422 | -1.295 | -1.325 | -1.261 | -1.492 | -1.542
6 0.039 0.043 0.287 0.394 0.665 0.663 0.755 0.600 0.558 0.497 0.427
7 -0.129 | -0.234 | 0.104 0.457 0.574 0.318 0.470 0.635 0.317 -0.053 | -0.044
8 0.074 | 0.116 | 0.364 | 0.494 | 0.697 | 0.750 | 0.893 | 0.732 | 0.673 | 0.683 | 0.640
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Table5-4 Standard dewationof the double differences per beam for each month of 2013

Beam | Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
1 0.273 0.350 0.224 0.201 0.243 0.181 0.206 0.156 0.155 0.157 0.152
2 0.238 0.299 0.170 0.235 0.179 0.180 0.207 0.147 0.139 0.146 0.161
3 0.297 0.395 0.288 0.235 0.195 0.180 0.201 0.144 0.193 0.180 0.115
4 0.230 0.280 0.176 0.240 0.228 0.186 0.184 0.147 0.147 0.105 0.125
5 0.280 0.452 0.255 0.216 0.273 0.207 0.204 0.157 0.164 0.191 0.117
6 0.132 0.176 0.147 0.158 0.316 0.142 0.140 0.111 0.114 0.099 0.085
I 0.462 0.528 0.302 0.252 0.332 0.293 0.274 0.165 0.198 0.178 0.158
8 0.137 0.148 0.162 0.174 0.187 0.106 0.124 0.147 0.122 0.120 0.097
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Figure5-9 Five days Average in 3%t Zones fol37 GHz \tpol, everbeams for the year of 2012he colors represent the DD.
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Figure5-10 Five days Average in 3°at Zones for 37 GHz \pol, oddbeams for the year of 201Phe colors represent the DD.
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CHAPTER 6
CONCLUSION AND FUTUR E WORK

6.1 Conclusion

The main objecive of this dissertation is the development of a new MWR coetmih
algorithm (V6.0), which corrects all known anomalies and deficiencies observed in the previous
version V5.0S. Also, thisincludéesh e v al i dati on of the Tbbés gen
more than two years of esrbit measurements, to determine the accuracy and stability of the
MWR radiometric calibration individually for all 24 channel/beam combinations for the duration
of on-orbit operations (~ 2.5 years).

The research started withetton-orbit evaluation of V5.0S using the irteatellite
radiometric calibration (XCAL) with the WindSat satellite radiometer. For this evaluation, which
started approximately 6 months after laurdhyR and WindSat observations of clear sky ocean
scenes were collocated in 1° latitude/longitude boxes and within a £ 1 hr time window for
comparison. The MWR channels were a subset of the WindSat channels, which matched the
center frequency and polarigats; but there were significant differences in the earth incidence
angles (EI AG0s) .

Therefore, before comparing the observed radiances of these two radiometers, it was
necessary to make all owances for the differe
purpose, an ocean radiative transfer model (RTM) was run (using environmental parameters
from NOAA NCEP Global Data Assimilation System) for both MWR and WS; and theoretical
di fferences for the ocean Tbds at edlifdrehoer ent
(for the 1A box) between the observed Tbos we

set equal to the double difference of the single differences (observed minus simulated).
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Statistics were calculated on the XCAL set of 1° box Isidkat were sorted by channels
and beams and time (5 day averaged time series). Based upon this and edheit on
measurements, the following V5.0S conclusions were reached: 1) the counts to Th algorithm
exhibited a compressive ndinearity, which yieldd a variable radiometric bias that was a
function of the scene brightness temperature, 2) there was significant drift in the radiometric
calibration over monthly periods, and 3) there were large-beam biases, with significant time
variability.

The V60 counts to Tb algorithm developed a rad_counts linearization proceduich
remove the V5.0S radiometer system neimearity. Afterwards, all préaunch radiometric
calibration testing was revisited and the analysis performed using linear countsesTittisd in
an improved forward radiometer transfer function that significantly reduced the test residuals
(measured minus maorbieXCALIdcompdridoas)with WinelSat were nsed to
develop a robust antenna pattern correction algorithm fd.\Fanally the new V6.0 algorithm
was extensively evaluated using about 2.5 years of WindSat XCAL. Based upon this and other
onorbit measurements (e.g., deep space calibration), the following conclusions were reached: 1)
all known anomalies for V5.0S wemtiminated, 2) the stability of radiometric calibration was
improved, but calibration drift for a given beam was not eliminated, 3) there were smaller inter
beam biases, but there remained systematic calibration drifts (£1 K to + 2 K) over yearly periods,
and 4) the dependence of radiometric biases on scene brightness was removed and there were no

indications of the nonlinearity exhibited in V5.0S.
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6.2 Future Work

6.2.1 MWR Anomalies

For the next countto-Tb algorithm, there arseveral changes recomnued, which
address minor irregularitiethat were discovered based upon T/V calibration test ararlon
measurements

Careful analysis of the T/V calibration test led to the discovery ofnaansistent
behavior of the noise diode deflection for @Hz V-pol for 2 of 8 beamsSince the MWR
receiver is a time shatdetween the 8 beantbe noise diode deflection for all the beams should
be the same. However, the time series of the noise diode deflection during the T/V calibration
test (Fig 6.1.a), showbhat the beams #& #4 have an offset of 11 and 15 counts respectigely
corresponds to ~ 0.5 KJhe cause is unknown, but the ad hoc fix isubtract 11 and 15 counts
respectivelyfrom thesebeamsAfter this adjustment is performed, all beams areigeal within
a few counts, which are negligible differencisis recommended that the next version V7.0

includes this fix.
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6.2.2 Development of MWR Tb Dataset V7

Since the XCAL DD biases discussed in Chapter 5 are believed to be almost entirely
caused by changes in the MWR radiometric calibration, it is recommended that the next
geneation counts to Tb algorithm V7.0 be normalized to WindSat to remove the slowly
changing XCAL 5 day double difference biases of V6.0. To limit the changes to the slowly
changing mean values, a triangular moving average will be applied on the 5 day aVehage
DD time series to smooth the correction. An example of the time series and the smoothed data
are presented in Fig 6.2 for 23GHz for 8 beams, where the red color is the time series of the DD,
and the black color is the smoothed data. The resulthi®fcorrection (after normalizing to
WindSat) are shown in Fig. 6.3 as a new time series of the 5 day average DD. From this figure,
we can see that this technique is very effective in removing the slowly changing biases, and it
totally eliminates intebean biases for all channels.

Results for channel 37GHz H-pol are presented in Appendix-H.
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APPENDIX A
MWR INVERSE MODEL COEFFICIENTS (V5.0S)
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In MWR countsto-Tb algorithm version 5.0She regression model is tuned up using

collocated WS and MWR observations. Because the MWR and WS have diffdéent

Radiative transfer model was used to translate Ws Tb's to corresponding incident angle of

individual MWR beamsthe coefficients in (Eq. 3.1) were derived from theoobit XCAL data.

The WindsSat Tbh's adjusted to the MWR ElAwere used in the edi@an to obtain the

regression coefficientsl throughb5 for each channel each horn and are tabulated below

Table A1 Channel 36.5 GHz, Vertical polarization

Horn #

Bl

B2

B3

B4

B5

1

00O ~NO Ol W N

-51.632418002728194
-5.098274451922471e+0z

-1.617618203245264e+0z
-1.468017059179357e+0z
-2.434332028131630e+0z
-2.271820755429545e+0z
-1.644264635544842e+0z
-2.433544099976945e+0z

2.151260529101236
5.792868675746081

2.992715963981955
2.882980872823312
3.559590094577231
3.407004642085678
2.937568433972628
3.566165069863248

-9.348280894604559%4

-0.007623334011861

-0.002668043434178
-0.001984863634392
-0.003952189785950
-0.003352775390451
-0.002659715213569
-0.003651835414043

-0.01196037938107
-0.155467385418551

0.013827018575412
-0.078508168267743
-0.043761179762434
-0.07689980199798

-0.184041152366778
-0.103285358104578

-0.646326514915267
-0.628202957435299

-0.628440406282809
-0.683033344756797
-0.511039932790668
-0.536026973262781
-0.393606158218554
-0.526141914129374

Table A2 Chanrel 36.5 GHz, Hdeontal polarization

Horn #

Bl

B2

B3

B4

BS

1

00O ~NO Ol D WN

-1.006995204475407e+0z
-1.131137282387518e+0z

-31.08523280190370
-5.484395957297707

-77.651754836155650

-22.987960915918550

-1.4427171772719%9-02

-44.276720850041090

3.242294449131145
3.521678723840673
2.479377275918045
2.476219887621540
2.776836513101550
2.588206691902331
3.468538157323713
2.74458453202874

-0.004005094589420
0.004377224544759
-0.002155869308547
-0.002110201106920
-0.002874769348302
-0.002272201898491
-0.004289888076808
-0.002593814665025

0.020727030919678
-0.216184045189491
0.059963878631665
-0.192801169106149
0.1852682117413

-0.289431447995206
0.142435796600126
-0.261658562575962

-0.820386098474569
-0.681992431814899
-0.816873735276818
-0.669003180435575
-0.891778052317215
-0.583972145369877
-0.916956306639033
-0.607476416583968

109



Table A3 Channel 23.8 GHz, Horizontal polarization

Horn Bl B2 B3 B4 BS

#

1 -1.893790365375965 1.38259637384228¢ 5.416265027122371@4 0.317503847726502  -0.805407242211549
2 -76.40421928043670 1.806342217412257 -3.948624500746702@4 0.063787416324712  -0.439534106963413
3 -33.628013894112830 1.589936133143321 -1.522831659766916@4 0.212333613809162  -0.587045971853559
4 -15.382361138133993 1.36210142302991¢ 1.542278870371555@4 0.15481856672028 -0.457739132282796
5 -22.804115269682153 1.589112728412167 -2.184125410002666@4 0.180359419461031  -0.578004809294857
6 -14.591737887138047 1.403989251863432 1.209084357883729%4 0.173833008714543  -0.516842142948622
7 -99.253149156408850 1.710178715845812 -2.355368320401603@4 -0.423876139254538  0.144745896538417
8 -11.493797162854282 1.39932337658410< 7.484693118049984@5 0.184490428741517  -0.520544958758505
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APPENDIX B
SMEAR CORRECTION
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This Appendix isfrom CONAE and thereference #11.

Mathematical Approach to Bean Coupling

The following equation (Eq. Bl) establishes theelationship between digitalounts at
the output ofMWR, C, which are assumed couplednd the corresponding digitabunts

without coupling (theoreticallC. Both vectorsC and C, represent thenformation organized in

atemporarily increasg order,according tadhe sampling sequence falt the feedhorns

¢ 4 g & 6 6 6 6 6 6 6 gg (: 1)’3

e ~ u

6 Clk)y & asa 0o 0o 0 o0 6 % (E: ) u

5Ce (k +1)u 1ej6 0 a 8a 0 0 0 6U. (Ek+1)“
gc:E(k+2)3:§§ 0O 0 a 8a 0 0 6 “ugCE(k+2)ld (B-1)
&C.(k+3u "& 0 0 0 a 8-a 0 6UWF" U

ex u € UeCE(k+3)u
&L.k+dy & 0 0 0 0 a 8-a 6 (i + )0

€ 4 4§ & 6 6 6 6 6 6 6{1}8 . s Y

where the subscript E defines the 3 MWR stad@senna, Antenna + Noise and Reference Load.

The parametea in Eq. B-1 is the contribution from the preceding cohtwith values
[0,..8]. From the eight analogic measurements (for every single state E) that are later integrated,
a represats the number of integrations from the previous feedlr n t ha't are Mncou|
present feedhorn. The term coupling is used in this research due to the fact that the system of
equations that represent the problem are mathematically coupled and ecalvdsk (or de

coupled) in a recursive way, if only one measurement is not smeared (is not anonmalous).

summary, 6(]):C(j) for some valug is needed. But in this problerall the measurements
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present the smear effect. Nonetheless, the syrynoé the problem allows a solution to be

found.

Equation B1 can be rewritten in terms of coupling percentage as follows:

& 4 g & 6 6 6 6 6 6o (:_1)'3
¢Clk)y & pt-p 0O 0 0 o0 6 ‘Jug c () 3

k+)u 6 0 p 1-p 0O 0O 0 6 Ug (Ek+ )t
g@e(k+2)3=§ O 0 p 1-p 0O O 6 UUSCE(k+2)3 (B-2)
é&C.(k+3u & 0 0 0 p 1-p 0 6U E(k+3)g
Lk+aly & 0 0 0 0 p 1-p6 UUSCCE(kM)ﬂ
& 4 4 & 6 6 6 6 6 6 6 Hg : A H

wherep represents the coupling percentage, with va[@es,l]. By simple inspectiontican be

noted that the matrix that is presented in E@ B bidiagonal (lower diagonal), for this reason

its inverse will also be lower triangular. Ontyis unknown, and this is due to the fact that the

contribution from a previous fedwbrn is constat for every feeeéhorn and channel. This
assumption is based on the symmetry of the problem.
Solving the system of equation, leads to:
c.k)=a (1 i pp)i+1 Cc(k- i) cuando 0< p<% (B-3)
i=0 -

The mathematical seg@resented in E®, converges ifp < %

Error Ana lysis
To beable to apply the correctiongsented in the previous sectiorgua off of the series

is needed, and then analyzed the introduced error. In this wayrutheation errorDC.",
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introduced in the estimation @, whenonly the first n terms of the series are considered, can

bebounded from abovas:

max{C_J& g—@ cuando 0< p <}é

max{C }£_8 cuando ¥ <p<1

(B-4)

— =) === (D:

The terms%Lg and %L_pg in Eq. B4 are related to the number of n terms needed
¢t-P= ¢ P~
to limit theerror, i.e., the greater the coupling { }/2) the greater the number of terms.

Inthecasethap:%t he error candét be | imited, s
this is not the case of this problem, as is showerfaHowing section.
Determining the Coupling Percentage

Baseon the hypothesis presented in previous sectiand assumingai Z in Eq. B1,

the values op are:
p:% con a=12 8 (B-5)

where, as it is mention befora, repreentsthe number of numerical integrations from the

previous feeehorn that are coupled with the- a numerical integrations of the fedwrn of

interest.

Through a qualitative analysis of MWR measurements, it was possible to find the

possble values, i.e., the possible coupling pa(EBs a, a) are:
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80) = p=0

(71) = p=0125

62) @ p=025 (B-6)
(53) @ p=0375

Then the correction presented in B33 was applied to the four cases from Ee6 Bnd
the results found in the previous section were applied termdete the minimum number of
terms () needed. Due to the fact thais p dependent, the determination of this value will be

presented after the estimationpah the following paragraphs.

By inspection, it was determined that=2 ( p=0.25) is not only the best of the four
possibilities, presented in Eq.-@ but also the only one that corrects the problem almost

completely.

In the following section the results obtained in the estimatioa arfidp are presented,

analyzirg the MWR measurements.
Statistical Estimation of the Coupling Percentage, using On Board Measurements

Before continuing is important to note that, as was expected, the count measurements
from the reference load do not showed the anomalous smear effecto dine fact that the
reference is the same forthe 8fded r n s ; but this doesnot mean tF

this reason the measurements from the reference load are not analyzed in this section.

Figure B1 presents an example of the Tb aatous behavior, that also correspond to an

anomalous behavior of the courta and Cn.
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Figure B-1.

One way to estimate the coupling parameters is focus the analysis in the anomalous
jumpsin Tb, especially irareasclose to the coast, and with this pose a relation to be able to

determinep.

Let analyze that 2 points that are related to the same anomalous jump in, tanels, ,

with count valuesé1 and 52, respectably. Figure-B shows an example of this, whefrfa(t) is

plotted for beam 2 (green) and 7 (grey, for the 37V channel.
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Figure B-2.
I f t he an o ment thenGaG ,iwbereC, @amd€ sare the corrected counts for

61 and 62 respectiely. To estimate the coupling parameteit can be assumed th&, =C,

and then appl¥g. B-3 to both sides. Solving this equation:

-, exat, .§ zat, .09 p
g &£&%-io- Caet-igqy=0 con -1<g=—""-<0 (B-7)
A9 &' 'Y p- 1

where C is the same vector that was defined at the beginning of this Appendix inEcaril

for this reasonDt represents the time between 2 MWR consecutives measurements,the

0.24 s integration timdt is important to note that the term in brackets represents the ju@p in

betweenwo consecutive measurements for the samelieed, for aeveryi .

Next 1 tds nec aeswstrancationeroiorehe seaeb, Which resulés in:
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e(")<max{ o(it 12)}| 7 (B-8)

where e represents the error introduced by replacing the series forstkfierms (grade
k - 1 polynomial) andDé(i,tl,tz) is the bracket term in E&-7.
Due to the fact that a jump area is being analyzed, is expected thaiajd{léé(i,tl,tz)}

could be replaced bﬁatz - j8- 5at1 - j8 for j=i+1 orj=i, since it was hypothesized
Gy 10 Copy 10

that the anomalous jump is due to a jump in the previous measuremehbfaed
Analyzing several cases, it was establishedkka®, and then the estimation @fis

reduced to solving the root of, I A such that-1<g, <0, in each of the 8th grade

polynomials given by the first 9 terms of Eg-7Band the corresponding consecutives pair of

points of an anomalous point.

Analyzing the bbkavior of C near the anomalous jumps, it was determined the relations
between the numerical derivatives of the #edns measurements and its corresponding
previous measurement feddrn for the 3 MWR channels. Taking into accouns tbiiteria a
search algorithm was implemented to the 200 orbits, differentiating between channel and feed

horns.

Due to the errors introduced in the estimatiornp,oit is inconvenient to use an arithmetic
estimator fomp, and instead the statistic modeswesed.
The next figures present the results obtained for the coupling percemtage its

correspondin@ parameter.
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The results presented aayl agreement with the vaé p=0.25 (a=2), establish by

inspection but justified by the hypothesis. Although the estimation method requires improvement
or a more efficient way of estimating the plots from figures 8 to B-8 showed a good

symmety, substantiated in the similarities between the statistical mode and arithmetic mean.

In the following figures, results considering the data for all the 8eeds together are

presented.
mode p = 0.261 mode p = 0.257 mode p = 0.250
mean p = 0.252 mean p = 0.247 mean p = 0.254
23H - 16488 pts. 37V - 4250 pts. 37H - 27042 pts.
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Figure B9.
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In the following section it was assied a constant p value for each féwuin and the 3

channels, and equal ta28.

Truncation Error and its Effect in Tb

Based on the explanation of the truncation error, presented in previous sections,

introducedn the implementation of Eq.-B, it was neessary to determine the minimum number

of terms () to limit this error. It was then an error propagation was implemented, considering the

calibration equation developed by CFRSL, which relates digital counts and its corresponding

brightness temperature.

The next three figures show the worst cases from the 200 orbits of MWR data available at

the time.
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