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ABSTRACT

The Hurricane Imaging Radiometer (HIRAD) is an airborne passive microwave remote
sensor, developed to measure wind speed and rain rate in hurricanes. This dissertation concerns
the development of signal processing algorithm to infer tropical rainfall from HIRAD radiance
(brightness temperature, Th) measurements.

The basis of tarain rate retrieval algorithm is an improved forward microwave radiative
transfer model (RTM) that incorporates the HIRAulti-antennabeam geometryand uses semi
empirical coefficients derived from an airborne experiment that occurred in the Gulf of Mexico
off Tampa Bay in 2013. During this flight, HIRAD observed a squall line of thunderstorms
simultaneously with an aidine meteorological radar (High Altitude Wind and Rain Profiler,
HIWRAP), located on the same airplane. Algoound base8IEXRAD radars from the National
Weather Service (located at Tampa and Tallahassee) provided high resolution simultaneous rain
rate measurements.

Using NEXRAD rainfall as the surface truth input to the HIRAD RTM, empirical rain microwave
absorption coefficients were tuned to match the measured brightness temperatures. Also, the
collocated HIWRAP radar reflectivity (dBZ) measurements weoss correlated with NEXRAD

to derive the empirical HIWRAP radar reflectivity to rain rate relationship. Finally, the HIRAD
measured Ths were input to the HIRAD rain retrieval algorithm to derive estimates of rain rate,

which were validated using the ieplendent HIWRAP measurements of rain.rate
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3D grid, where color scale is rain rate
are mirror images with right/left sides reversed (compared to Figure 4.7).Next, in Figure 4

10, we compared scatter diagramsnesn collocated (but not simultaneous) NX, HWF and

HWA rain measurements. For this purpose, wedivldled the atmosphere (from the

surface to 8 km) into 1 km cubes, which contained all the rain that was observed by HIRAD
upwelling and downwelling pathsh€& collocated NEXRAD and HIWRAP rain rates were
averaged in these cubes (pixels) and were plotted in scatter diagrams. The large variance in
these plots is indicative of spatial registration problems in the rain features, but overall the

mean statisticalamparison (linear regression) is reasonably good with ~ unity slopes and
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CHAPTER 1:
INTRODUCTION

1.1 Overviewof HIRAD science

This dissertation is a continuation of t he
(CFRSL) contribution toward the Hurricane Imaging Radiometer (HIRAD) research, and the goal
of this dissertatin focuses on the retrieval of rain rate in hurricanes using the-fnagjtiency
brightness temperatures (Tbs) measured by HIRAD. The HIRAD instrument is an airborne
multiple channel (4, 5, 6 and 6.6 GHz) passive microwave radiometer. Operating onkward of
different NASA highaltitude aircraft (WB57 and Global Hawk, at an altitude of ~ 20 km),
HIRAD provides microwave Th images over a swath of 60 km with high spatial resolution of 2
5 km. From these Th measurements, the hurricane ocean surface @indpécal rain fields are
inferred.

HIRAD was developed by the National Aeronautics and Space Administration (NASA)
Marshall Space Flight Center (MSFC) during the pef6&-2010, as a collaboration with the
National Oceanic and Atmospheric AdministratitNOAA) Hurricane Research Division (HRD),
the Central Florida Remote Sensing Laboratory (CFRSL) and the University of Michigan (UM).
This imaging microwave radiometer was developed as a prototype of the next generation hurricane
wind sensor, which opeeg on the HRD hurricane hunter aircraft. Its design was based on the
present sensor, the Stepped Frequéviityowave Radiometer (SFMR) [1While SFMR is the
only remote sensor presently capabl e ofe measu
surveillance is limited by the narrow measurement swath (< 1 km) along the aircraft ground track.

Thus, the survellnce aircraftigunedaapayt éddmeshnmodfagh t he



shown inFigurel-1), to sample the winds in 4 quadrantghe storm which takes betweenil12
hours to completeOn the other hand, the potential of HIRAD is to image the entire hurregene
wall region that contain the peaknds in a single pass from a high altitude aircraft. Thus, HIRAD

offer the potentiato improve hurricane surveillance for the future

2

<«— HIRAD

Hurricane
eye

Storm relative latitude
[

-2 -1.5 -1 0.5 ] 0.5 1 15 2
Storm relative longitude

Figurel-1: Typi cal Hur r i Kgareded Hfulnitgehrt ap atctrearfrt  viii t h
measuremergwaths shown

1.2 Rainlmpacton HurricaneRetrievals

The HIRAD concept was based upon simultaneously obtaining images of the hurricane at
several widely spaced microwave frequencies, which allows the retrieval of both ocean wind speed
(WS) and rain rate (RR). Before the hardware development and flight testifiRAD,
theoretical studies were performed that demonstrated that accurate WS and RR retrievals were
possible in the presence of expected random instrument Th measueementdeltarb) [2]-[6].

For a number of reasons, the promise of hurricane W&R&ncktrievals has yet to come

to fruition. Based upon early HIRAD measurements over hurricanes, the hurricane measurement



requirement was relaxed to measure only WS in the presence of rain (i.e., ignore the rain rate
measurement). Unfortunately, the expece has been shown that even moderate rain dominated
the retrieval, and as a result, the WS measurement is usually severely compromised. However,
when rainfall is light, it is possible to measure WS, but the issue has been to reliably identify (flag)
where it was raining. Thidissertation addresses this issue and seeks to peolodeard Radiative
Transfer Model (RTM)which is necessary first step toward developirguantitative rain rate
retrieval algorithnfor moderate to strong tropical rainfdt this way,simultaneous retrievals of
both WS and RR may be possible; or at a minimum, WS can be reliably flagged as rain
contaminated and a realistic WS measurement error estimate can be provided.

To perform rain rate retrievals, a crucial factor isdbdity to theoretically model the rain
Tb over the ocean as a function of earth incidence angle (EIA) and radiometer frequency. Prior to
this dissertation, this Tb model was strictly theoretical and not validated by experimental evidence,
but this resea@h takes advantage of a unique observation opportinatyccurred during a strong
tropical rainfall, whereby the HIRAD instrument measured Tb simultaneously with two
meteorological radar measurements. This event known as the Tampa Bay Rain Experiment,
provided empirical data, which allowed the HIRAD forward RTM to be tuned to match the

independent rain rate observations of the two radar remote sensors [7].

1.3 DissertatiorResearclObjectives

The objective of this researchs to lay the foundation for the gelopment a rain rate
retrieval algorithm for HIRAD. This is a tedious process that involves the following tasks, which

are described in the subsequent chapters:



1. Process airborne and groubdsed meteorological radar reflectivity to provide
estimatesofth At rueo ocean scene 3D rai.n vol ume
2. Development of a theoretical forward RTM that accurately models HIRAD oceanic
scene brightness temperatures using the geometry for a singléraobsscan and at
5,6 &6.6 GHz

3. Investigatepreliminary RR retrieval algorithms using the HIRAD forward RTM.

1.4 Descriptionof TampaBay Rain Experiment

The Tampa Bay Experiment was part of the Hurricane and Severe Storm Sentinel (HS3)
mission; a5-year airborne hurricane measurement conducted by NA®Aprovide a better
understanding of hurricane formation and intenpitycessesg]. This flight research program
flew 21 missions with a total of 670 hbBurs of
aircraft; however, for this dissertation, otilyited observations fronthe floverstorm payload
were applicable, whicincluded HIRAD andthe High-Altitude ImagingWind and RairmAirborne
Profiler HIWRAP - conically scanning Doppler raddhat provided 3D imagingf rainfall within
the atmosphere.

On September 16, 2013 (GMT: Sept. 16 @ 01:37), a tropical doqueabf thunderstorms
was observed simultaneously by the HIRAD, HIWRAP and the grbbaisdd NOAA National
Weather Service Nexgeneration Radar (NEXRAD) at Tampa and Tallahassee, FloridawHsi
a serendipitous event that provided the important tropical precipitation observation dataset, which
is the basis for this dissertation. While unplanned, the HIRAD scientist (in the mission control

room) recognized the potential of this opportunity eequested a reéilme deviation to the flight



pl an, which was i mplemented and became the
more details). What was unique in this experiment was the combination of the HIWRAP airborne
radar (see Section 2.8nd calibrated grounbased radars (see Section 2.4) that simultaneously

viewed the intense rain event and provided a 3D rain volume, which was viewed by HIRAD.

-
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Figurel-2: Global Hawk flight path duringiS3flight on Sept. 162013 Note the locations of
the Tampa Bay Rain Experiment and the HIRAD taatibration.

Details of the Global Hawk flight lines, which collected Th and radar reflectivity

observations used in this dissgion, are shown in Figurke2. For this30-hourflight, the Global

Hawk aircraft flew to observe a hurricane in the western Caribbean Sea near the coast of Mexico.

On the return to the NASA Wallops Flight Facility, the aircraft passed over a tropical squall line
with intense rainand as a result three Global Hawk passes were conducted over this unplanned

event, which provided the data used in this dissertation.



1.5 Dissertatiomutline

The research performed under this dissertation is described in the following chapters:
Chapter 2 premts a description of the instruments that provided these Chasgter 3
presents a discussion of the measurement 3D grid used in the analysis; the measurement geometry
for HIRAD, HIWRAP and NEXRAD; and the geolocation validation for HIWRAP surface
refledivity image features as compared to Google Earth m@pspter 4 presents 3D rain
reflectivity measurements from HIWRAP and NEXRAChapter 5 presents the HIRAD forward
Radiative Transfer Model and discusses the sampling of NEXRAD 3D rain volume if@Nhe
layers. Also results of comparisons between measured and madtslace presented;hapter 6
presents a maximum likelihood estimation HIRAD rain rate retrieval algorithm and comparisons
with the independent NEXRAD rain rate measuremdtitgally, Chapter 7 presents conclusions

and recommendations for future studies.



CHAPTER 2:
INSTRUMENT DESCRIPTI ON

2.1 Hurricaneand Severe Storm Sentinél$3 Mission

The Hurricane and Severe Storm SentindS@) Mission [8] was a fiveyear airborne
observations prograomderNASA's Earth System Science Pathfinder Prograhich was one of
five large field campaigns operating under the Earth Venture proJiaenscience objectives of
HS3 wado investigate the processes that underlie hurricane formation and intensity chituege in
Atlantic Ocean basin. HS8as motivated by hypotheses related to the relative roles of the large
scale environment and stoisoale internal processes.

The Gl obal Hawk Unmanned Air Vehicle (UA\
suborbital remote sensirrgsearch, and it is adeal platform for investigations of hurricanes,
capable of flight altitudes greater than 19 km (55,000 ft) and flight durations of up to 30 hours
with roundtrip distances greater than0080 miles. HS3 usktwo Global Hawks, one h an
instrument suite geared toward measurement of the atmospheric enviroangetite other with
instruments suited to inneore hurricane structure and processes. Thesteemenvironmental
payload includd the High-Altitude Imaging Wind and RainAirborne Profiler HIWRAP -
conically scanning Doppler radar), tHerricane Imaging Radiometdd(RAD - multi-frequency
interferometric radiometer), and the High Altitude Monolithic Microwave integrated Circuit
(MMIC - Sounding Radiometédr not included inthis dissertatiopy and Figure2-1 shows the
location of HIRAD and HIWRAP on the Global Hawkuring 2014, flights from NASA's
Wallops Flight Facility in Virginia occurred between Aug. 26 and Sept. 29, during the peak of the

Atlantic hurricane seasoBeing an unmanned aircraft, the Global Hawk was operated by pilots



in a control room at the NASA Dryden Flight Center in California, withia@® communications
provided by redundant satellite links. The UAV used the Inertial Navigation System (INS) for
guidance navigation and control of the aircraft, and important flight parameters (e.g., altitude,
attitude: roll, pitch and yaw, engineering telemetry, etc.) where recorded 4timmeatiuring its

missions.

Figure2-1: Global Hawk UAV withmajorremote sensor instruments.

An example of the HS3 flight track, which provided the observations used in this
dissertation, is shown in Figufie2. For this30-hourflight, the Global Hawk flew to observe a
hurricane in the western Caribbean Sea near the coast of Mexico. On the return to the NASA
Wallops Flight Facility, the aircraft passed over a tropical squall line with intense rain, and as a
result three Global Hawk passes were conducted over this unplanned event, whidédpthe

data used in this dissertation.

2.2 HIRAD Overview

The Hurricane Imaging Radiometer (HIRAD) is an airborne passive microwave radiometer

that measures-Band brightness temperatures, which are processed to retrieve images of oceanic

wind speed and narate for research purposesofteratdonboar d t wo of NASAGSs



57 and Global Hawk, which are manned anthanned aircrafts respectively, flying at an altitude
around ~ 20 km.

HIRAD was developed as a joint project between NASA Marshall Spkglet Center
(MSFC), the National Oceanic and Atmospheric Administration (NOAA) Hurricane Research
Division, the Central Florida Remote Sensing Laboratory (CFRSL) and the University of
Michigan. The objective was to develop a prototype of a microwavgentwapable of imaging a
typical hurricane in a single pass, which could significantly improve the wind speed measurements
provided by the nadir viewing Step Frequency Microwave Radiometer (SFMR).

The antenna on HIRAD captures microwave emissions fronodban surface, which is
used to produce a twadimensional image of the hurricane surface wind field ¢hat provide a
significantadvantage over the curremirrow swatfSFMR sensor. In addition, HIRAD provides
multi-frequency brightness temperatures thaables the retrieval of bothopical rainfalland
hurricane surface wind spe€ethe measurement swath of HIRAD compared to a typical hurricane

wind field is shown in Figure-2.



Figure2-2: HIRAD able toimagecompletehurricaneeyewall in a single pass.

2.2.1 HIRAD 1D STARMeasurements

HIRAD is designed to provide imagesthé retrieved ocean wind speed and rain rate over
a wide swath, using Synthetic Thinned Array Radiometer (STAR) technd@pghhle instrument
operates as a spectrometer that measures the Fourier transform of the ocean brightness temperature
(Tb) scemner aicrk fsccrhanssshanrels (4,46, 6(35.6 GHz). For each channel, the
individual spectral Tb components (known as visibgitiare created by complex crazsrelation
interferometers between pairs of the antenna arrays. A brightness temperature image of the earth
scene is produced every second (known as a scan) by an inverse Fourier transform of the
visibilities. From these Thmeasurements, it is possible to infer ocean surface winds (up to

hurricane force) even in the presence of strong tropical rains.
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Figure2-3: HIRAD block diagram.

The instrument block diagram (Figu2e3) comprises an integrated stacked patch antenna
array of 10 fan beam elements and corresponding analog radiometer receivers with integrated
calibration sources, a reame digital signal processor, and subsystems for command and data
handling (C&DH) and fopower distribution (PDU) and thermal control. The signals from each
of the 10 linear array elements (fan beam antenna patterns) are filtered, amplified, demodulated
and digitized by dedicated receivers. All possible pairs of the 10 radiometer signatessre c
correlated in the digital signal processor using complex multipliers to form the raalibrated,
visibility samples that make up lev@larchival data produced by the sensor. Data are recorded on
an onboard hard drive and downloaded after flight.

2.2.2 AntennaDescription

HIRAD antenngFigure2-4) is a phased array of 10 linear array antennas (Sticks) that used
electronic signal processing (correlation receivers) to synthesize the equivalent of multiple push
broom antennal9, 1J. The antenna was dgsied to measure horizontally polarized brightness

temperature, but also an unwanted cross polarization is captured, which is only significant at the
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edge of tle swathEach stick array is composed of stacked rmekionant radiators, operating at

4 C-bandfrequencies 4, 5, 6 and 6.6 GHzach linear arrayStick) is an individual fan beam
antenna element, that is placed in an optimum thinned array configuration to produce the
interferometer baselines needed for aperture syntisial[ the fan beams ov&p defining a

Abrightness temperature stripo on the earth

Elements of a
linear array

|.‘.t4\*

b

Along-Track

Figure2-4: HIRAD array antenna with 10 linearrayelements shown in bold symbd8j.

The HIRAD Tb image suipixels alongthe strip are resolved by interferometry, and the
strip is oriented cross track (x90°) to the direction of motion, so that the aircraft forward motion
creates an equi v a l(seenFigurdiZ), wshBdlroeedapping heanms gpaced
equally in tle nadir scan angle. By signal processing, the HIRAddantaneous field of view
(IFOV) is synthesized by summing beams to matchltteOVo6s f or t heThd our
effective beamwidth of the antenna beams is a few degrees that increases monoteitircally

crosstrack location, which results in 4ROV at nadir of ~ 2 km and ~ 6 km at edge of swath. The

12



HIRAD Tb image is limited to +60 degrees, and the resulting swath width is ~ 3 x Altitude (60

Km for a typical flightaltitude of20 km).

s

s
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Figure2-5: HIRAD equivalenfpushbroonradiometer

2.2.3 Data Format (Beams vScan)
HIRAD Th image comprise 321 beam positions in the et@gk direction by the number
of scans (time duration of the flight line), which described in detail in Chapter 3. The HIRAD
Tb data used in this dissertation were collectednd the HS3 flight on Sept. 12013. NASA
MSFC performed all HIRAD podtight data processing to produce these brightness temperatures

and associated geoldma parameters.

2.3 HIWRAP Overview

The HighAltitude Imaging Wind and Rain Airborne Profiler (HIWRAP) is a conical
scanning meteorological Doppler radar that operates on the Global Hawk [11]. As its name
implies, HIWRAP is designed tprovide calibrated redictivity (dBZ) andNyquist sampled

Doppler velocitymeasurementsr 250 m range gates from the aircraft to the surfacehe
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atmosphere, the radar backscatter is from precipitation, which is advected by the local atmospheric
winds; therefore, HIWRAP measments are used to retrie3«limensional tropospheric winds
andthe associatedrecipitation field Also, the surface echo can be used to retro®ean vector

surface winds.

HIWRAP Concept

16 m fhocane Byewal

km
,T-icrh:u..uya.ruu o
1

Figure2-6: HIWRAP measurema geometry from [1]L

HIWRAP is dual frequency radar that operates at Ku (13.5 GHz) and Ka band (34 GHz),
which transmits and receives with a spinning 0.5 m parabolic reflector that produces two pencil
beams at corresponding incident angles of 30 ancedfeds. As shown in Figure& thebeams
conically scarthrough the volume, while measuring the Doppler/reflectivity profiles foatn

beamssimultaneously. Fathis dissertation, only the Kand reflectivity data are applicable.

2.4 NEXRAD

The Next-Generabn (meteorological)Radar (NEXRAD) systemis operaéed by the

National Oceanic and Atmospheric Administratiohlational Weather Service (NOANWS)
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[12]. This national radar network 459 NEXRAD sites, within the continentalU.S, provides

continuousmeterological radar measurements at high spatial and tempmratage for the area.

Figure2-7: NEXRAD volume scan showing 3 of multiple (typically 8) elevation scans.

NEXRAD is a dual polarized Doppler radhiat operates at ~2.8 GHz (S band), with a conically
scanning 8.5 m diameter dish antenna (~ 1° beamwidth). The radar measurements are obtained in
volume scangsee Figure ), which corresponds to a series of conical antenna 360° rotations at
differentradar elevation angl€6.5 to 19 degrees) that are known as voksten levels. The radar

data products are supplied in data granules of individual volume scans that typically occur at a 4

5 minute refresh period.

TheNEXRAD system providea wide rangef radar data products, divided betweefiectivity-
basedoroduct (d interestfor this dissertationand radial velocity based products (not used for this
research). The base (LevEl reflectivity data aréinned and averaged into range cells thatlare
azimuth resolution by 1 km range resolutiaver a distance (range) of a few kmt to a max

range o#460km. All data products areviewables i ng t he Nati onal Weather
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Climate Tool kito (WCT), wediproductand level ansl towiewe r s

reflectivity images of the region of interest. The reflectivity data are sorted in polar coordinates

(range and azimuth), along with the time and the antenna elevation angle of each measurement.

For this dissertation, usirtge known altitude of the radar beam at a given range, we transform the
radar data into a Cartesian grid (longitude, latitude and altitude) whichcissdexl in detail in

Chapter 3.
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CHAPTER 3:
GEOLOCATION VALIDATION

As describedn Section 13, the objectiveof thisresearchs to:
1. develop of a theoretical forward radiative model that accurately models the HIRAD
oceanic scene brightness temperatures (watdvy rain for a crosgrack scan,
2. provide empirical validation of the forward RTM for the Tampa Bay RaireErgent,
3.and investigate an inverse retrieval- algor
track scan.
This chapter provides details concerning geolocation of the HIRAD, HIWRAP and
NEXRAD data sets, which are a crucial qudrt of these tasks.dtethat these research objectives
uses the 3D rain imagery provided by the National Weather Service NEXRAD weather radar at
Tallahassee, FL and the 3D rain imagery provided by the HIWRAP. Because of the transient nature
of a propagating tropical squalln® of thunderstorms, it is crucial that these two radar
measurements be aligned spatially and temporally. Therefore, an important part of this research is
to perform a detailed evaluation of HIWRAP radar pixel geolocation (latitude, longitude), which
is acomplished using HIWRAP surface reflectivity images of hightrast land/water
boundari es. I n this chapter, we discuss metho
geolocation accuracy, and results are presented to provide quantitative pieeagen errors

compared to highesolution Google Earth maps.
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3.1 HIRAD 3D Grid

The selection of the commonddmensional (3D) grid was an important decision that was
made earlyon during the dissertation research. Both HIWRAP and NEXRAD were conical scan
geometries, and HIRAD was a cresack scanning geometry. Both HIRAD and HIWRAP shared
a geometry coordinate system (with a moving origin at the Global Hawk 3D location); but
NEXRAD was fixed (groundbased) with the origin at the radar antenna. Sincerak tatasets
had to be collocated, the selection of the HIRAD grid became the most advantageous choice, which
is described next.

The HIRAD data are organized into tlhierarchical Data FormafHDF5) [13]. This
format creates a multlimensional flecompsie d of fAstackedod 2D matri ce
a different parameter (e.g., Tb (5, 6 & 6.6 GHz), time, EIA, latitude, longitude, etc.), all of which
are |l ocated on the earthodés surface. A data ve
rowi ndex and col ums oiwmde ¥ harodi gihd rt ihlel imud t i pl e |
of interest.

For HIRAD, the matrix rowsare thei HI RAD scanso andargdthee matr
HI RAD b eBhroughodt ghis dissertation, images of parameterg.(&b) are presented
using the MatlLab command Ai magesc(par)o, wher
noted that the geolocation of the HIRAD surface pixels are the intersection of line of sight vectors
from the aircraft in the crogsack plane with the earth sphere. It is important to note that the
distance from the nadir point to a given beam surface pixel are arc lengths, which are not linear
with beam#. Therefore, the matrix image displayed is NOT a true geometric project of the surfac

parameter such is seen in a photograph. The distortion is small over the central portion about the
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matrix center (separation between beams ~ 0.1 km) and becomes increasing greater at the swath
edges (separation between beams ~ 0.15 km). There is ndialisto the alongrack direction
with the separation between scans ~ 0.15 km. Where geometric fidelity is important, the images
are produced -suwsaitntgert hped ofttoyur bachi ch uses the |
location and color for a regsentation of the parameter value.
Since the geolocation of the HIRAD, HIWRAP and NEXRAD datasets arg/8Dse the
HIRAD grid to collocate these data spatiallfhe HIRAD grid(right-hand coordinate systens)
shown in Figure &, whereX corresponds télIRAD beams, Y corresponds to HIRAD scans and
Z is altitude, which corresponds to the center of the HIRAD radiative transfer motse)e39
(0.25 to 19.75 km with a step of 0.5 krdr illustrative purposeshe grid points in the Yzplane
are shown foevery %' scan and for onlybeams. For the Global Hawk second pass, the matrix
size was 321 beamsx 661 scanxk. 39 RTM | ayers), and NEXRAD

(interpolated) to fill the respective matrix before analysis was performed.

N
@
]

(0:0.5:8) km

Figure3-1: HIRAD geolocation grid (decimated showevery ' scan ananly 5 beams).
Matrix dimensions (661 x 321 x 39)
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3.2 HIWRAP Measurementzeometry

The HIWRAP usd a single (Kuband) conical scanning pentitam (3°) pabolic
reflector antenna thatroduceda circular patterron the surface, as shown in Fig@. As the
UAV flewalong a straight and level flight line at a nominal altitude of 18 km, the distance to the
surface (slant range = 23.5 kmgs constant, andhé antenna cone anghes 30° that resudtdin
approximately an earth incidence anglElA = 30°) andan fAef f e avay) anteina ( t wo
instantaneous field of view (IFOV =81 km crosstrack x1.09km alongtrack). The orientation
of the IFOV changed withazimuthscan angle as seen in Figur8,3out thelFOV dimensions

were constant.

30° incident
angle

Flight
direction .

i irection ‘-‘;;iii;iiiiiiiiiiiiiiiiiiiiiiiiz\;\_\\ |
ranorn (] ﬁ (PATNANIE)

\ .J‘I‘!‘I‘I‘I‘I*l‘l‘l”/}/}

NN

2% 5

Figure3-2: HIWRAP conicalscanning geometry
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For each radar transmitted pulse, the rain backscatter peasecaptured in 751 range
gates (RG) from the aircraft to the surface, and multiple puleesaveraged to provide estimates

of the volumetri @ riard au And)lr Bhesadofe,samfixed islanh ranes
(constantaltitudes),planar 2D images of echo refitivity were produced with a sergircular

rasterscan pattern (note that forward andlatiking measurementsere separated into different

208 - A
_.._.._..__.<>..__.._..EE?W#_SQ,

2976

data sets

®
T

¢ Beam#
....... .- 054 - ‘st- ’
T —> 1.99 km [€—

Latitude, deg

I
\‘V/ -837 8385 838

Longitude, deg

Figure3-3: HIWRAP IFQV orientationfor several HIRA beam positions.

However, this idealized geometmarely happeed because the Global Hawk UAV
continuously experiendeattitude changes in roll, pitch and yaw during flight, and as a result, the
antenna spin axidid not alwayspoint in the nadir directin that producg small but significant
perturbations in the idealized circular scan surface locus. Fortunately, the UBdaashinertial

navigation system continually measditee altitude, heading, and attitude, whigére input the
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geolocation softwargrovided by the NASA GSFQ], to calculate the instantaneous slant range
of the surface echo and the corresponding surface pixel geolocation centroid. Thegerelata
mer ged into t he HI WRAP dat a product -(Ahs3_

0 2 4 6 @ provjde the necessary parters for analysis (see TablelB

Table3-1: HIRAD Parameters

Variable Description

Year Year the data was collocated
Freq Frequency of the radar
Tilt Antenna conangle
Gatesp Range gate spacing
Roll Aircraft roll angle
Pitch Aircraft pitch angle
Head Aircraft heading
Sgate Surface range gate
Rang Radial distance of pulse center fromaad
azi Azimuth position of the beam

3.3 SpatialCollocationof HIWRAP and HIRAD

The HWRAP data ame in polar coordinates, where measurements (pixetsg
represented by range and antenna rotation angle (azimuth), but since the obgsctoveombine
HIWRAP and HIRAD observations, these datxe reshaped to the HIRABD gridspatial fomat
(see Section 3.1) in tavo-stepprocess First, using the HIWRAP flight geometry (altitude, tilt,
roll, pitch, heading, and aircraft syioint geolocation), dataere extracted for fixed RG locations
(representing a constant altitude surface)wace converted into Cartesian coordinates, where a

measured radar backscattess represented by longitude, latitude and fixed altit{ksi®wn as
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Arawo or A n Adxt theseoraddr mmeasuaemntse optimaly interpolated intadhe
3D spatialHIRAD grid, whichresuledin a HIWRAP reflectivity matrixused for analysis

For the geolocation error analysis, we chose the HIWRMHAace RG (where the
maximum reflection occurred), which wasminally RG# 277. Further, since HIWRARas a
conical scanning radawe generated forwar(fore-) and rearwardaft-) looking datasets for
analysis, which were separated based on the rotation angle, where foragatdfined as the
measurements between azimuth < 90° and > 270° and reatatardasthe measurement within
radar azimuth > 90° degrees and < 270°.

Further, ;nce theHIWRAP rain reflectivity comparisons with NEXRAMasperformed
at a spatial resolution of 6.5 km, we gridledand averag® theseHIWRAP data onconstant

altitude layers (surface to 10 km altitude) comparison.

3.4 HIWRAP GeolocationPAnalysis

For satellite anchirborne microwave radiometanaging knowledge ofantenna pointing
plays a significantale, therefoe analysistechniqueshave been developed by the microwave
remote sensing community mantaina high level of accuracsatellite abit (aircraft flight path)
uncertainties, antenna pointing misalignment and aircraft att#tres®mme of the factarthat play
a role in the geolocation accuracy,iafhcan cause differences in water/land bouigdabetween
the measuremegeolocatiorcompared to high resolution mapordinatesOne common method
to determine the gocation accuracyis to use the surface microwaveneasurement images and
to calculate thecorrespondinglerivative (rate of changef intensity)at the water/land regions.

See AppendpbA for further details.
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3.4.1 Land/Water Boundary Location Procedure

For HIRAD, Sahawnelp15] applieda similar methodnd compared the GHzTb images
of land/water crossings to higksolution maps to detaine thegedocation accuracyHis
analysis used the approachQiymeret al. [L6], which estimated the beam pointing error ttoe

8-beam antenna of thdicrowaveRadiometer (MWR) on the AQ/SAD satellite
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Figure3-4: Convolution of aheoreticafi k n-¢ d @ end/wateraboundary with an ideal 1
dimensional Gaussian antenna pattern. [diver two panels are brightness temperature and
brightness slopéigure from Clymer et al. [1]6.

Clymer s anal ysi s wa perfdrmaedusidg auGaussian anteneda mu | a
pattern to model the observed brightness temperature \When passng over a step function
water/land boundargs shown in Figure-8. The first panel shows the modeled water/land feature
where lowerTb level represent water (130) and the higherb level represent the land (360.

The second panel shows the normatizeaussian antenna patteand he third panel shosthe

24



result of the convolution between the antenna pattern and the simulated Tb (step function). Last
panel shows the derivative (sE)mf the modeled Tb, where the maximum absolutecsippears

where the antenna beanléili equally by water and lanid should be noted that this approach is
robust and insensitive to the antenna beamwidth. Thissgeolocation techniqusompares the
location ofthe maximum absolute slepvith thecorresponding land/water boundary location of a
high-resolution map.

3.4.2 GoogleEarthComparison

Based upon the above section discussiarevaluation of the geolocation of the HIWRAP
surface echo pixelwith a high-resolution Google Earth Map was performed. Specificaily
performed an analysis tfe HIWRAP surface reflectivity image of the northern Florida peninsula
as the Global Hawk flew from the Gulf of Mexico to the Atlantic Ocean exiting over the city of
Jacksonville which is shown in Figure-8. The HIWRAP surface reflectivity image (dB in the
resampled HIRAD grid formaghowedseveralwater/land boundaries (lakes, rivers and ocean
coastling where the gdocation comparisons were made.

Consider now, té differences between HIWRAP surface reflectivity in the native and
HIRAD grid formats presented in Figures63and 37. In Figure 36, the reflectivity contrast
between land and water are improved in the HIRAD format, which is an advantage that enhances
the intensity slope (derivative). The reason is more evident as illustrated in Fgunehich
shows an expanded view of the pass over Lake Sampson. Note that each radar measurement is
color coded using the dB scale on the dighnd side. In the upper age (native format), we can
see a reduced density of radar measurements (pixels) that occur along conical arcs as compared to

the resampled HIRAD grid along straight scan lines. At thehlefid side of the figure, the locus
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of 3 scan arcs are shown in tingper panel, and the corresponding locus of 6 HIRAD scans are
shown in the lower panel. Also shown are the HIWRIAFE O Vaé a red ellipses about the
measurement pixels (native format), which show continuous radar spatial sampling in both the
alongtrack aadcrosss r ack di mensi ons. Al so shown as the
boundary for Lake Simpson. Note that the diameteriigt3 F O Vwihigeh allows the lake to be

readily resolved in the radar reflectivity image.
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Figure3-5: Global Hawk pass over North FL (Google Eartleft side) with the HIWRAP swath
of surface reflectivity indicated ifalsecolor image (right side).
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Figure3-6: Comparson of HIWRAP surfaceeflectivityimage in Native and HIRAD grid
formats.
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Figure3-7: Comparison oHIWRAP surface reflectivity image in Native and HIRAD grid
formats.

3.4.3 Selectionof Geolocation Targets
Next, The HWRAP data, resampled to the HIRAD grid and smoothed using @&ss
filter, were analyzed using the time series along a fixed beam position for the transition over

land/water boundaries that occurred during the transit of the Global Hawk across tHa Flori

peninsula from the Gulf coast to the Atlantic Ocean.
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