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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 a signal processing algorithm to infer tropical rainfall from HIRAD radiance 

(brightness temperature, Tb) measurements. 

The basis of the rain rate retrieval algorithm is an improved forward microwave radiative 

transfer model (RTM) that incorporates the HIRAD multi-antenna-beam geometry, and 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 airborne meteorological radar (High Altitude Wind and Rain Profiler, 

HIWRAP), located on the same airplane. Also, ground based NEXRAD 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 were cross correlated with NEXRAD 

to derive the empirical HIWRAP radar reflectivity to rain rate relationship. Finally, the HIRAD 

measured Tbs were input to the HIRAD rain retrieval algorithm to derive estimates of rain rate, 

which were validated using the independent HIWRAP measurements of rain rate. 

  



iv 

 

 

 

 

 

 

ACKNOWLEDGMENT  

First I would like to thank my family, without their support over the years none of this 

would have been possible. They have always been there for me and I am thankful for everything 

they have helped me achieve. 

Next, I would like to thank my advisor Professor Dr. Linwood Jones for the unlimited 

support and guidance he provided for me over the past four years. I am so fortunate to have such 

an advisor, thank you for the knowledge you have passed on and I will always be grateful for 

having the opportunity to do my research under your supervision. I would like to thank my 

dissertation committee Dr. Parveen Wahid, Dr. Wasfy Mikhael, Dr. Xun Gong and Dr. Josko Zec 

for their inputs and support 

I would also like to thank the CFRSL lab members for their continuous support and 

assistantship to pass every obstacle through my time in the lab, canôt ask for a better team and 

working environment. 

  



v 

 

TABLE OF CONT LENT 

LIST OF FIGURES ................................................................................................................... VIII  

LIST OF TABLES .................................................................................................................... XVII  

CHAPTER 1: INTRODUCTION ................................................................................................... 1 

1.1 Overview of HIRAD science .............................................................................. 1 

1.2 Rain Impact on Hurricane Retrievals .................................................................. 2 

1.3 Dissertation Research Objectives ....................................................................... 3 

1.4 Description of Tampa Bay Rain Experiment ...................................................... 4 

1.5 Dissertation outline ............................................................................................. 6 

CHAPTER 2: INSTRUMENT DESCRIPTION ............................................................................ 7 

2.1 Hurricane and Severe Storm Sentinel (HS3) Mission ........................................ 7 

2.2 HIRAD Overview ............................................................................................... 8 

2.2.1 HIRAD 1D STAR Measurements ................................................................ 10 

2.2.2 Antenna Description ..................................................................................... 11 

2.2.3 Data Format (Beams vs. Scan)...................................................................... 13 

2.3 HIWRAP Overview .......................................................................................... 13 

2.4 NEXRAD .......................................................................................................... 14 

CHAPTER 3: GEOLOCATION VALIDATION  ......................................................................... 17 

3.1 HIRAD 3D Grid ................................................................................................ 18 

3.2 HIWRAP Measurement Geometry ................................................................... 20 

3.3 Spatial Collocation of HIWRAP and HIRAD .................................................. 22 

3.4 HIWRAP Geolocation Analysis ....................................................................... 23 



vi 

 

3.4.1 Land/Water Boundary Location Procedure .................................................. 24 

3.4.2 Google Earth Comparison............................................................................. 25 

3.4.3 Selection of Geolocation Targets .................................................................. 28 

3.4.4 Accuracy Assessment ................................................................................... 31 

CHAPTER 4: HIWRAP REFLECTIVITY AND RAIN RATE TUNING WITH NEXRAD ..... 37 

4.1 Tallahassee NEXRAD Rain Coverage ............................................................. 37 

4.2 HIWRAP and NEXRAD collocation................................................................ 42 

4.2.1 Description of 3D rain volume ..................................................................... 44 

4.3 Radar Reflectivity (dBZ) Tuning ...................................................................... 45 

4.4 Rain Rate Tuning .............................................................................................. 47 

4.5 Cross-track Rain Rate Profile ........................................................................... 55 

CHAPTER 5: HIRAD RAIN BRIGHTNESS TEMPERATURE ................................................ 62 

5.1 HIRAD Measured Tb ........................................................................................ 63 

5.1.1 Radiometric Calibration ................................................................................ 63 

5.1.2 Tb Image Stripes ........................................................................................... 64 

5.2 HIRAD Modeled Tb ......................................................................................... 72 

5.2.1 Forward RTM ............................................................................................... 72 

5.2.2 Tampa Bay HIRAD Tb Modeling ................................................................ 76 

5.2.3 Atmospheric Rain Component of Brightness Temperature .......................... 81 

5.2.4 Comparison of Measured and Modeled Top of Atmosphere Tb .................. 84 

5.2.5 Comparison of Measured and Modeled Differential Rain Atmospheric Tb. 89 

CHAPTER 6: HIRAD RETRIEVAL ........................................................................................... 94 



vii  

 

6.1 MLE Algorithm ................................................................................................ 94 

6.2 Geophysical Retrieval Algorithm Evaluation using Modeled Tbs ................... 96 

6.3 Geophysical Retrieval Algorithm Evaluation using Measured Tbs ............... 103 

CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS .............................................. 108 

7.1 Dissertation Accomplishments ....................................................................... 108 

7.2 Significance of the Tampa Bay Rain Experiment........................................... 109 

7.3 Conclusions ..................................................................................................... 111 

APPENDIX: A HIWRAP GEOLOCATION ERROR ANALYSIS .......................................... 113 

LIST OF REFERENCES ............................................................................................................ 129 

  



viii  

 

LIST OF FIGURES 

Figure 1-1: Typical Hurricane Hunter aircraft ñFigure-4ò flight pattern with SFMR and HIRAD 

measurement swaths shown. ................................................................................................... 2 

Figure 1-2: Global Hawk flight path during HS3 flight on Sept. 16, 2013. Note the locations of 

the Tampa Bay Rain Experiment and the HIRAD land-calibration. ...................................... 5 

Figure 2-1: Global Hawk UAV with major remote sensor instruments. ........................................ 8 

Figure 2-2: HIRAD able to image complete hurricane eyewall in a single pass. ......................... 10 

Figure 2-3: HIRAD block diagram. .............................................................................................. 11 

Figure 2-4: HIRAD array antenna with 10 linear array elements shown in bold symbols [3]. .... 12 

Figure 2-5: HIRAD equivalent pushbroom radiometer. ............................................................... 13 

Figure 2-6: HIWRAP measurement geometry from [11]. ............................................................ 14 

Figure 2-7: NEXRAD volume scan showing 3 of multiple (typically 8) elevation scans. ........... 15 

Figure 3-1: HIRAD geolocation grid (decimated to show every 5th scan and only 5 beams). 

Matrix dimensions (661 x 321 x 39). .................................................................................... 19 

Figure 3-2: HIWRAP conical scanning geometry. ....................................................................... 20 

Figure 3-3: HIWRAP IFOV orientation for several HIRAD beam positions. ............................. 21 

Figure 3-4: Convolution of a theoretical ñknife-edgeò land/water boundary with an ideal 1-

dimensional Gaussian antenna pattern. The lower two panels are brightness temperature and 

brightness slope (figure from Clymer et al. [16]). ................................................................ 24 

Figure 3-5: Global Hawk pass over North FL (Google Earth ï left side) with the HIWRAP swath 

of surface reflectivity indicated in false color image (right side). ........................................ 26 



ix 

 

Figure 3-6: Comparison of HIWRAP surface reflectivity image in Native and HIRAD grid 

formats. ................................................................................................................................. 27 

Figure 3-7: Comparison of HIWRAP surface reflectivity image in Native and HIRAD grid 

formats. ................................................................................................................................. 28 

Figure 3-8: HIWRAP swath across north Florida (top), and expanded image for the water/land 

features using the high resolution HIWRAP surface reflectivity image (bottom-left) and 

corresponding Google map (bottom-right). .......................................................................... 29 

Figure 3-9: HIWRAP surface reflectivity (upper) and reflectivity-slope (lower) time series for 

multiple HIRAD beam positions. ......................................................................................... 30 

Figure 3-10: Geolocation estimation for beam #140 over St. Johns River. .................................. 31 

Figure 3-11: Time series of HIWRAP fore- and aft-looking reflectivity slopes for beam # 180. 32 

Figure 3-12: HIWRAP geolocation analysis for Lake Sampson. Yellow markers are the location 

of the maximum reflectivity slopes....................................................................................... 33 

Figure 3-13: HIWRAP geolocation analysis for St Johns River. Yellow markers are the location 

of the maximum reflectivity slopes....................................................................................... 34 

Figure 3-14: HIWRAP geolocation analysis for Atlantic Coastline. Yellow markers are the 

location of the maximum reflectivity slopes. ........................................................................ 35 

Figure 3-15: Histogram of combined lake, river and ocean geolocation offsets (errors) for various 

HIWRAP azimuth looks. ...................................................................................................... 36 

Figure 4-1: Tallahassee NEXRAD (KTHL) base-scan radar reflectivity CAPI image for the 

tropical squall-line rain event (Tampa Bay Rain Experiment). ............................................ 39 



x 

 

Figure 4-2: Expanded view of NEXRAD/HIWRAP geolocation over the tropical squall-line for 

level-1 of volume scan-14. White dashed box is the HIWRAP swath, and the direction of 

the squall-line motion (NW) is indicated by the yellow arrow. ............................................ 39 

Figure 4-3: NEXRAD level-1 radar reflectivity patterns (imagesc format & color scale in dBz) 

for volume scan V-14 (bottom), volume scan V-16 (center) and differential image of (V-14 

minus V-16) (top image). The arrow in the top panel indicates the direction of the squall-

line motion, and note that the horizontal axis is HIRAD scans and the vertical axis is 

HIRAD beams. ...................................................................................................................... 40 

Figure 4-4: HIWRAP forward-look reflectivity images over the three GH passes. Note different 

latitude and longitude scales for each panel. ........................................................................ 41 

Figure 4-5: HIWRAP rain radar reflectivity @ altitude =1.5 km (volume scan level-1) and 

corresponding NEXRAD reflectivity contours for second Global Hawk pass (North to 

South). Note: at the beginning of leg-2 (right panel) corresponds to NEXRAD volume scans 

#14 and at the end of leg-2 (left panel) corresponds to volume scan #16, which provides 

best temporal alignment. ....................................................................................................... 43 

Figure 4-6: Density scatter plot of HIWRAP and NEXRAD reflectivity measurements (dBZ) 

with linear regression. Color is the number of measurements (warm colors being greater). 46 

Figure 4-7: NEXRAD rain rate CAPI-1.5 km (volume scan #14) using the default National 

Weather Service Z-R relationship. The HIWRAP swath is indicated in the red rectangle 

(flight direction indicated), and the color bar is rain rate in units of mm/h. ......................... 48 

Figure 4-8: Corresponding NEXRAD (bottom) and HIWRAP (middle is forward-looking and 

top if aft-looking) radar rain rate CAPIôs @ 1.5 km altitude and resampled to the HIRAD 



xi 

 

3D grid, where color scale is rain rate in mm/h. Note that these panels (MatLab ñimagescò) 

are mirror images with right/left sides reversed (compared to Figure 4.7).Next, in Figure 4-

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

HWA rain measurements. For this purpose, we sub-divided 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 paths. The 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 statistical comparison (linear regression) is reasonably good with ~ unity slopes and 

small offsets. ......................................................................................................................... 49 

Figure 4-9: Comparison of HIWRAP-Fore, -Af t, & NEXRAD CAPI-1.5km with rain features as 

colored ellipses (fore = red & aft = orange) and color scale is rain rate (mm/h). ................. 50 

Figure 4-10: HIWRAP rain rate cross-correlation with NEXRAD for CAPI-1.5km. .................. 51 

Figure 4-11: NEXRAD and HIWRAP CAPI-3.0km corresponding 2D Rain Images (MatLab 

imagesc), where color scale is rain rate in mm/h. ................................................................. 53 

Figure 4-12: NEXRAD and HIWRAP CAPI-3.0km corresponding 2D Rain Images (MatLab 

imagesc), and scatter diagrams (bottom right) Fore-looking and (upper right) Aft-looking. 54 

Figure 4-13: HIWRAP and NEXRAD scatter diagrams for CAPI-4.5km. .................................. 55 

Figure 4-14: HIWRAP and NEXRAD scatter diagrams for CAPI-6.0km. .................................. 55 

Figure 4-15: NEXRAD 2D CAPI-4.5km rain rate image (left panel) and vertical rain rate profiles 

(right panel) in the HIRAD cross-track plane for scan 100 (imagesc format). ..................... 56 

Figure 4-16: NEXRAD and HIWRAP-Fore CAPI-4.5km. .......................................................... 57 



xii  

 

Figure 4-17: HIWRAP-Fore 2D rain rate vertical profile for HIRAD scan 100. ......................... 57 

Figure 4-18: Rain rate vertical profiles for: NX (left), HWF (middle) and NX/HWF ratio 

expressed as dB (right). HIWRAP rain rates at the surface are significantly attenuated. .... 58 

Figure 4-19: NEXRAD measured rain rate @ 1.5 km altitude (upper panel) and corresponding 

HIWRAP-Fore rain attenuation in dB (lower panel). ........................................................... 59 

Figure 4-20: Rain rate profiles for NX (left), HWF (middle) and HWF with inverse rain 

attenuation correction applied. .............................................................................................. 60 

Figure 4-21: Rain rate profiles for NX (left), HWA (middle) and HWA with inverse rain 

attenuation correction applied. .............................................................................................. 60 

Figure 5-1: HIRAD Tb 5 GHz Tb images for ocean (left) and land (right) with ñTb stripesò 

occurring in the along-track direction. Note that the mean value has been subtracted from 

each image, and the color represents Tb from radiometrically cold (blue) to hot (red). ...... 65 

Figure 5-2: Total power radiometer transfer function for HIRAD 5 GHz channel for beam # 80. 

Calibration uses linear regression of clear-sky ocean scenes (cold point) and land (hot 

point). .................................................................................................................................... 66 

Figure 5-3: Total power radiometer calibration linear regression: Slope (left panel) and Offset 

(right panel) for HIRAD 5 GHz channel and all Beam #ôs. ................................................. 67 

Figure 5-4: HIRAD Tb measurements for 5 GHz in (a) raw Tbs; (b) recalibrated Tbs; (c) 

difference between Raw and Adjusted Tbs; and (d) average ocean Tb in ñclear-sky boxò for 

raw (dashed) & calib (solid). ................................................................................................ 68 



xiii  

 

Figure 5-5: HIRAD Tb measurements for 6 GHz in (a) raw Tbs; (b) recalibrated Tbs; (c) 

difference between Raw and Adjusted Tbs; and (d) average ocean Tb in ñclear-sky boxò for 

raw (dashed) & calib (solid). ................................................................................................ 69 

Figure 5-6: HIRAD Tb measurements for 6.6 GHz in (a) raw Tbs; (b) recalibrated Tbs; (c) 

difference between Raw and Adjusted Tbs; and (d) average ocean Tb in ñclear-sky boxò for 

raw (dashed) & calib (solid). ................................................................................................ 70 

Figure 5-7: HIRAD raw (uncorrected) land Tb image at 5 GHz (upper) and adjusted Tb image 

(middle) after applying the TPRTF to calibrate the Tbs. The average Tbs by beam #ôs are 

presented in the lower panel and note that the stripes were removed during this process. .. 71 

Figure 5-8: RTM upwelling and downwelling geometry in the HIRAD cross-track plane from 

Amarin [6]. ............................................................................................................................ 73 

Figure 5-9: Theoretical clear-sky, TOA, Ocean Tb for HIRAD at 5 GHz (solid curves) and 6 

GHz (dashed curves) for fixed WS of 10 (blue), 20 (red) & 30 (black) m/s. ....................... 75 

Figure 5-10: Theoretical HIRAD TOA, Ocean Tb for uniform rain rates @ 5 & 6 GHz and three 

EIAs. ...................................................................................................................................... 76 

Figure 5-11: Example of HIRAD upwelling and downwelling LOS paths through the rain rate 

vertical profile in a selected HIRAD scan (upper panel). The lower panel shows the up- and 

downwelling paths (red symbols and connecting lines) for a surface beam position of 155. 

The black symbols are the corresponding HIRAD grid (NEXRAD RR) and dashed ellipses 

denote corresponding rain rate pairings. ............................................................................... 78 

Figure 5-12: NEXRAD upwelling and downwelling paths (left panel), and the selected rain rates 

in the HIRAD RTM layers (right panel) for scan 110 and beam 225................................... 79 



xiv 

 

Figure 5-13: Theoretical TOA Tb for 5 GHz (upper panel) and 6 GHz (lower panel) for the pass-

2 of the Tampa Bay Rain Experiment. Note that except for the color bar scales, these 

images are identical............................................................................................................... 80 

Figure 5-14: ЎὝὥὸάέίὶͅὥὭὲ for 5 GHz (imagesc format) for Global Hawk pass-2. Also shown 

in the lower panel is the 3D atmospheric component of rain brightness temperature. ......... 83 

Figure 5-15: ЎὝὥὸάέίὶͅὥὭὲ for 5, 6 & 6.6 GHz (imagesc format) for Global Hawk pass-2. .... 84 

Figure 5-16: Comparison of 5 GHz modeled (left) and measured (right) HIRAD TOA Tb images 

of the tropical squall-line for the upper half of Global Hawk path-2. .................................. 85 

Figure 5-17: Comparison of HIRAD measured and modeled (with APCv applied) Tb images for 

the flight pass-2 from 5 GHz (left) and 6 GHz (right), where the color represents the relative 

number of points. .................................................................................................................. 86 

Figure 5-18: Matrix of HIRAD measured minus modeled (with APCv applied) Tb images for the 

flight pass-2, where the color represents the Tb difference in K. ......................................... 87 

Figure 5-19: Comparison of measured and modeled Tbs for the clear-sky region of pass-2 for 5 

and 6 GHz. ............................................................................................................................ 88 

Figure 5-20: Comparison of measured and modeled Tbs for the rainy regions (1 & 2 combined) 

of pass-2 for 5 GHz. .............................................................................................................. 89 

Figure 5-21: Differential atmosphere brightness component because of rain (matrix format) for 5 

GHz. Upper panel is HIRAD measured and lower panel is modeled with APCv applied. .. 90 

Figure 5-22: Comparisons of the small-scale rain features in the cross-track differential rain 

atmosphere brightness components for scan 110 for: (a) 5 GHz and (b) 6 GHz. ................. 91 



xv 

 

Figure 5-23: Correlation of measured and modeled differential rain atmosphere brightness 

components for Global Hawk pass-2 for: (a) 5 GHz and (b) 6 GHz. ................................... 91 

Figure 6-1: HIRAD MLE geophysical retrieval algorithm. Note that the 4 GHz channel was 

inoperative for this dataset. ................................................................................................... 94 

Figure 6-2: HIRAD forward radiative transfer model from Amarin [6]. ..................................... 95 

Figure 6-3: HIRAD Retrieved wind speed (left) and rain rate (right) using the modeled Tbs 

generated using NEXRAD measured RR into separate up and downwelling paths. ............ 97 

Figure 6-4: HIRAD (model Tb) Retrieved RR (left panel) and the path average NEXRAD RR 

surface truth (right panel). ..................................................................................................... 98 

Figure 6-5: 4-color diagrams (imagesc format) between HIRAD (model Tb) retrieved RR and the 

path average NEXRAD RR (along the up and down welling paths) for Ro thresholds: 

5mm/h (upper left), 10mm/h (upper right), 15mm/h (lower left) and  20mm/h (lower right).

............................................................................................................................................... 99 

Figure 6-6: Comparison of NEXRAD surface truth rain rates and HIRAD retrieved rain rates 

(sanity case). The right panel is the histogram of the rain rate differences and the left panel 

is the corresponding scatter diagram. .................................................................................. 100 

Figure 6-7: Simulated HIRAD retrieved wind speed (left) and rain rate (right) using the 

simulated modeled Tbs measurements with antenna pattern convolution applied. ............ 101 

Figure 6-8: 4-color diagrams (imagesc format) between retrieved RR (with APCv) and the 

surface truth RR (average NEXRAD RR along the up and down welling paths) for various 

Ro thresholds. ..................................................................................................................... 102 



xvi 

 

Figure 6-9: Typical HIRAD retrievals of wind speed (blue) and rain rate (red) using Tb5, Tb6 & 

Tb6.6 measurements. Note the quasi-binary nature of the cross-correlation between WS and 

RR. ...................................................................................................................................... 104 

Figure 6-10: Retrieved wind speed (left) and rain rate (right) using HIRAD measured Tb. ...... 105 

Figure 6-11: 4-color diagrams (imagesc format) using HIRAD (measured Tb) retrieved RR and 

path average NEXRAD RR surface truth, for four rain rate thresholds. ............................ 106 

Figure 6-12: Comparison of HIRAD retrieved rain rates (measured Tbs) with NEXRAD RR 

surface truth. The right panel is the histogram of the rain rate differences and the left panel 

is the corresponding scatter diagram. .................................................................................. 107 

  



xvii  

 

LIST OF TABLES 

Table 3-1: HIRAD Parameters...................................................................................................... 22 

Table 3-2 HIWRAP Geolocation Offsets for Lake Sampson ....................................................... 33 

Table 3-3 HIWRAP Geolocation Offsets for St Johns River ....................................................... 34 

Table 3-4 HIWRAP Geolocation Offsets for Atlantic Coastline.................................................. 35 

Table 4-1: NEXRAD Refracted Beam Altitude for Volume Scan Elevations. ............................ 38 

Table 5-1: Comparisons of Measured and Modeled Tbs for 5 GHz............................................. 92 

Table 5-2: Comparisons of Measured and Modeled Tbs for 6 GHz............................................. 92 

Table 6-1: RR Retrieval for Modeled Tbs relative to Surface Truth .......................................... 100 

Table 6-2: RR Retrieval for Modeled Tbs with APCv relative to Surface Truth ....................... 102 

Table 6-3: RR Retrieval for Measured Tbs relative to Surface Truth ........................................ 106 

 



1 

 

CHAPTER 1: 

INTRODUCTION  

1.1 Overview of HIRAD science 

This dissertation is a continuation of the Central Florida Remote Sensing Laboratoryôs 

(CFRSL) contribution toward the Hurricane Imaging Radiometer (HIRAD) research, and the goal 

of this dissertation focuses on the retrieval of rain rate in hurricanes using the multi-frequency 

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 onboard of two 

different NASA high-altitude aircraft (WB-57 and Global Hawk, at an altitude of ~ 20 km), 

HIRAD provides microwave Tb images over a swath of 60 km with high spatial resolution of 2 - 

5 km. From these Tb measurements, the hurricane ocean surface wind and tropical rain fields are 

inferred. 

HIRAD was developed by the National Aeronautics and Space Administration (NASA) 

Marshall Space Flight Center (MSFC) during the period 2004-2010, as a collaboration with the 

National Oceanic and Atmospheric Administration (NOAA) 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 operates on the HRD hurricane hunter aircraft. Its design was based on the 

present sensor, the Stepped Frequency Microwave Radiometer (SFMR) [1]. While SFMR is the 

only remote sensor presently capable of measuring the surface wind speed, itôs utility in hurricane 

surveillance is limited by the narrow measurement swath (< 1 km) along the aircraft ground track. 

Thus, the surveillance aircraft usually flies a ñFigure-4ò pattern through the hurricane eye (as 
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shown in Figure 1-1), to sample the winds in 4 quadrants of the storm, which takes between 1 ï 2 

hours to complete. On the other hand, the potential of HIRAD is to image the entire hurricane eye 

wall region that contain the peak winds in a single pass from a high altitude aircraft. Thus, HIRAD 

offer the potential to improve hurricane surveillance for the future. 

 

Figure 1-1: Typical Hurricane Hunter aircraft ñFigure-4ò flight pattern with SFMR and HIRAD 

measurement swaths shown. 

1.2 Rain Impact on Hurricane Retrievals 

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 testing of HIRAD, 

theoretical studies were performed that demonstrated that accurate WS and RR retrievals were 

possible in the presence of expected random instrument Tb measurement errors (delta-Tb) [2]-[6]. 

For a number of reasons, the promise of hurricane WS and RR retrievals has yet to come 

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

SFMR 

HIRAD 

Hurricane 

eye 
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requirement was relaxed to measure only WS in the presence of rain (i.e., ignore the rain rate 

measurement). Unfortunately, the experience 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. This dissertation addresses this issue and seeks to provide a forward Radiative 

Transfer Model (RTM), which is necessary first step toward developing a quantitative rain rate 

retrieval algorithm for moderate to strong tropical rainfall. In 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 is the ability 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 research takes advantage of a unique observation opportunity that occurred 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 Dissertation Research Objectives 

The objective of this research is to lay the foundation for the development a rain rate 

retrieval algorithm for HIRAD. This is a tedious process that involves the following tasks, which 

are described in the subsequent chapters: 
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1. Process airborne and ground-based meteorological radar reflectivity to provide 

estimates of the ñtrueò ocean scene 3D rain volume that was observed by HIRAD. 

2. Development of a theoretical forward RTM that accurately models HIRAD oceanic 

scene brightness temperatures using the geometry for a single cross-track scan and at 

5, 6 & 6.6 GHz. 

3. Investigate preliminary RR retrieval algorithms using the HIRAD forward RTM. 

1.4 Description of Tampa Bay Rain Experiment  

The Tampa Bay Experiment was part of the Hurricane and Severe Storm Sentinel (HS3) 

mission; a 5-year airborne hurricane measurement conducted by NASA, to provide a better 

understanding of hurricane formation and intensity processes [8]. This flight research program 

flew 21 missions with a total of 670 hours of flight time using NASAôs Global Hawk and WB-57 

aircraft; however, for this dissertation, only limited observations from the ñover-storm payloadò 

were applicable, which included HIRAD and the High-Altitude Imaging Wind and Rain Airborne 

Profiler (HIWRAP - conically scanning Doppler radar) that provided 3D imaging of rainfall within 

the atmosphere. 

On September 16, 2013 (GMT: Sept. 16 @ 01:37), a tropical squall-line of thunderstorms 

was observed simultaneously by the HIRAD, HIWRAP and the ground-based NOAA National 

Weather Service Next-generation Radar (NEXRAD) at Tampa and Tallahassee, Florida. This was 

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 and requested a real-time deviation to the flight 
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plan, which was implemented and became the ñTampa Bay Rain Experimentò (see Section 4.1 for 

more details). What was unique in this experiment was the combination of the HIWRAP airborne 

radar (see Section 2.3) and calibrated ground-based radars (see Section 2.4) that simultaneously 

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

 

Figure 1-2: Global Hawk flight path during HS3 flight on Sept. 16, 2013. Note the locations of 

the Tampa Bay Rain Experiment and the HIRAD land-calibration. 

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

observations used in this dissertation, are shown in Figure 1-2. For this 30-hour flight, 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 rain, and as a result three Global Hawk passes were conducted over this unplanned 

event, which provided the data used in this dissertation. 

NASA Wallops Island Flight 

Facility (take-off & landing) 

 

Tampa Bay Rain 

Experiment 

 

Hurricane 
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1.5 Dissertation outline 

The research performed under this dissertation is described in the following chapters: 

Chapter 2 presents a description of the instruments that provided these data; Chapter 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 

reflectivity image features as compared to Google Earth maps; Chapter 4 presents 3D rain 

reflectivity measurements from HIWRAP and NEXRAD; Chapter 5 presents the HIRAD forward 

Radiative Transfer Model and discusses the sampling of NEXRAD 3D rain volume into the RTM 

layers. Also results of comparisons between measured and modeled Tbs are presented; Chapter 6 

presents a maximum likelihood estimation HIRAD rain rate retrieval algorithm and comparisons 

with the independent NEXRAD rain rate measurements. Finally, Chapter 7 presents conclusions 

and recommendations for future studies. 
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CHAPTER 2: 

INSTRUMENT DESCRIPTI ON 

2.1 Hurricane and Severe Storm Sentinel (HS3) Mission 

The Hurricane and Severe Storm Sentinel (HS3) Mission [8] was a five-year airborne 

observations program under NASA's Earth System Science Pathfinder Program, which was one of 

five large field campaigns operating under the Earth Venture program. The science objectives of 

HS3 was to investigate the processes that underlie hurricane formation and intensity change in the 

Atlantic Ocean basin. HS3 was motivated by hypotheses related to the relative roles of the large-

scale environment and storm-scale internal processes. 

The Global Hawk Unmanned Air Vehicle (UAV), is NASAôs newest platform for 

suborbital remote sensing research, and it is an ideal 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 round-trip distances greater than 9,000 miles. HS3 used two Global Hawks, one with an 

instrument suite geared toward measurement of the atmospheric environment, and the other with 

instruments suited to inner-core hurricane structure and processes. The over-storm environmental 

payload included the High-Altitude Imaging Wind and Rain Ai rborne Profiler (HIWRAP - 

conically scanning Doppler radar), the Hurricane Imaging Radiometer (HIRAD - multi-frequency 

interferometric radiometer), and the High Altitude Monolithic Microwave integrated Circuit 

(MMIC - Sounding Radiometer ï not included in this dissertation), and Figure 2-1 shows the 

location of HIRAD and HIWRAP on the Global Hawk. During 2014, flights from NASA's 

Wallops Flight Facility in Virginia occurred between Aug. 26 and Sept. 29, during the peak of the 

Atlantic hurricane season. Being an unmanned aircraft, the Global Hawk was operated by pilots 
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in a control room at the NASA Dryden Flight Center in California, with 2-way 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 in real-time during its 

missions. 

 

Figure 2-1: Global Hawk UAV with major remote sensor instruments. 

An example of the HS3 flight track, which provided the observations used in this 

dissertation, is shown in Figure 1-2. For this 30-hour flight, 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, which provided the 

data used in this dissertation. 

2.2 HIRAD Overview 

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

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

wind speed and rain rate for research purposes. It operated onboard two of NASAôs aircrafts WB-
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57 and Global Hawk, which are manned and unmanned aircrafts respectively, flying at an altitude 

around ~ 20 km. 

HIRAD was developed as a joint project between NASA Marshall Space Flight 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 microwave imager capable 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 from the ocean surface, which is 

used to produce a two-dimensional image of the hurricane surface wind field that can provide a 

significant advantage over the current narrow swath SFMR sensor. In addition, HIRAD provides 

multi-frequency brightness temperatures that enables the retrieval of both tropical rainfall and 

hurricane surface wind speed. The measurement swath of HIRAD compared to a typical hurricane 

wind field is shown in Figure 2-2. 
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Figure 2-2: HIRAD able to image complete hurricane eyewall in a single pass. 

2.2.1 HIRAD 1D STAR Measurements 

HIRAD is designed to provide images of the retrieved ocean wind speed and rain rate over 

a wide swath, using Synthetic Thinned Array Radiometer (STAR) technology [9]. The instrument 

operates as a spectrometer that measures the Fourier transform of the ocean brightness temperature 

(Tb) scene in ñcross-track scansò at 4 C-band channels (4, 5, 6, 6.6 GHz). For each channel, the 

individual spectral Tb components (known as visibilities) are created by complex cross-correlation 

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 Tb measurements, it is possible to infer ocean surface winds (up to 

hurricane force) even in the presence of strong tropical rains. 
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Figure 2-3: HIRAD block diagram. 

The instrument block diagram (Figure 2-3) comprises an integrated stacked patch antenna 

array of 10 fan beam elements and corresponding analog radiometer receivers with integrated 

calibration sources, a real-time digital signal processor, and subsystems for command and data 

handling (C&DH) and for power 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 signals are cross-

correlated in the digital signal processor using complex multipliers to form the raw, un-calibrated, 

visibility samples that make up level-0 archival data produced by the sensor. Data are recorded on 

an on-board hard drive and downloaded after flight. 

2.2.2 Antenna Description 

HIRAD antenna (Figure 2-4) 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 antennas [9, 10]. The antenna was designed 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 the swath. Each stick array is composed of stacked multi-resonant radiators, operating at 

4 C-band frequencies 4, 5, 6 and 6.6 GHz. Each linear array (Stick) is an individual fan beam 

antenna element, that is placed in an optimum thinned array configuration to produce the 

interferometer baselines needed for aperture synthesis [9]. All the fan beams overlap defining a 

ñbrightness temperature stripò on the earth surface to be imaged. 

 

Figure 2-4: HIRAD array antenna with 10 linear array elements shown in bold symbols [3]. 

The HIRAD Tb image sub-pixels along the strip are resolved by interferometry, and the 

strip is oriented cross track (±90°) to the direction of motion, so that the aircraft forward motion 

creates an equivalent ñpushbroomò image (see Figure 2-5), with 321 overlapping beams spaced 

equally in the nadir scan angle. By signal processing, the HIRAD instantaneous field of view 

(IFOV) is synthesized by summing beams to match the IFOVôs for the four frequencies. The 

effective beamwidth of the antenna beams is a few degrees that increases monotonically with 

cross-track location, which results in an IFOV at nadir of ~ 2 km and ~ 6 km at edge of swath. The 
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HIRAD Tb image is limited to ±60 degrees, and the resulting swath width is ~ 3 x Altitude (60 

Km for a typical flight altitude of 20 km). 

 

Figure 2-5: HIRAD equivalent pushbroom radiometer. 

2.2.3 Data Format (Beams vs. Scan) 

HIRAD Tb image comprise 321 beam positions in the cross-track direction by the number 

of scans (time duration of the flight line), which are described in detail in Chapter 3. The HIRAD 

Tb data used in this dissertation were collected during the HS3 flight on Sept. 16, 2013. NASA 

MSFC performed all HIRAD post-flight data processing to produce these brightness temperatures 

and associated geolocation parameters. 

2.3 HIWRAP Overview 

The High-Altitude 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 to provide calibrated reflectivity (dBZ) and Nyquist sampled 

Doppler velocity measurements in 250 m range gates from the aircraft to the surface. In the 
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atmosphere, the radar backscatter is from precipitation, which is advected by the local atmospheric 

winds; therefore, HIWRAP measurements are used to retrieve 3-dimensional tropospheric winds 

and the associated precipitation field. Also, the surface echo can be used to retrieve ocean vector 

surface winds. 

 

Figure 2-6: HIWRAP measurement geometry from [11]. 

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 and 40 degrees. As shown in Figure 2-6, the beams 

conically scan through the volume, while measuring the Doppler/reflectivity profiles from both 

beams simultaneously. For this dissertation, only the Ku-band reflectivity data are applicable. 

2.4 NEXRAD 

The Next-Generation (meteorological) Radar (NEXRAD) system is operated by the 

National Oceanic and Atmospheric Administration - National Weather Service (NOAA-NWS) 
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[12]. This national radar network of 159 NEXRAD sites, within the continental U.S., provides 

continuous meteorological radar measurements at high spatial and temporal coverage for the area. 

 

Figure 2-7: NEXRAD volume scan showing 3 of multiple (typically 8) elevation scans. 

NEXRAD is a dual polarized Doppler radar that 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 scans (see Figure 2-7), which corresponds to a series of conical antenna 360° rotations at 

different radar elevation angles (0.5 to 19 degrees) that are known as volume-scan levels. The radar 

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

5 minute refresh period. 

The NEXRAD system provides a wide range of radar data products, divided between reflectivity-

based product (of interest for this dissertation) and radial velocity based products (not used for this 

research). The base (Level-1) reflectivity data are binned and averaged into range cells that are 1o 

azimuth resolution by 1 km range resolution, over a distance (range) of a few km out to a max 

range of 460 km. All data products are viewable using the National Weather Service ñWeather and 
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Climate Tool kitò (WCT), which allows users to select the desired product and level and to view 

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, using the known altitude of the radar beam at a given range, we transform the 

radar data into a Cartesian grid (longitude, latitude and altitude) which is discussed in detail in 

Chapter 3. 



17 

 

CHAPTER 3: 

GEOLOCATION  VALIDATION  

As described in Section 1.3, the objective of this research is to: 

1. develop of a theoretical forward radiative model that accurately models the HIRAD 

oceanic scene brightness temperatures (with heavy rain) for a cross-track scan, 

2. provide empirical validation of the forward RTM for the Tampa Bay Rain Experiment, 

3. and investigate an inverse retrieval algorithm to infer ñpath average rain rateò for a cross-

track scan. 

This chapter provides details concerning geolocation of the HIRAD, HIWRAP and 

NEXRAD data sets, which are a crucial sub-part of these tasks. Note that 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 squall line 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 accomplished using HIWRAP surface reflectivity images of high-contrast land/water 

boundaries. In this chapter, we discuss methodologies implemented to validate the radar pixelôs 

geolocation accuracy, and results are presented to provide quantitative pixel geolocation errors 

compared to high-resolution Google Earth maps. 
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3.1 HIRAD 3D Grid 

The selection of the common 3-dimensional (3D) grid was an important decision that was 

made early-on during the dissertation research. Both HIWRAP and NEXRAD were conical scan 

geometries, and HIRAD was a cross-track 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 (ground-based) with the origin at the radar antenna. Since all three datasets 

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 the Hierarchical Data Format (HDF5) [13]. This 

format creates a multi-dimensional file comprised of ñstackedò 2D matrices, with each matrix for 

a different parameter (e.g., Tb (5, 6 & 6.6 GHz), time, EIA, latitude, longitude, etc.), all of which 

are located on the earthôs surface. A data vector of desired parameters is generated by selecting a 

row index and column index and ñdrilling-downò through the multiple layers to select parameters 

of interest. 

For HIRAD, the matrix rows are the ñHIRAD scansò and the matrix columns are the 

HIRAD beam #ôs. Through-out this dissertation, images of parameters (e.g., Tb) are presented 

using the MatLab command ñimagesc(par)ò, where ñparò is the parameter of interest. It should be 

noted that the geolocation of the HIRAD surface pixels are the intersection of line of sight vectors 

from the aircraft in the cross-track 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 surface 

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 no distortion in the along-track direction 

with the separation between scans ~ 0.15 km. Where geometric fidelity is important, the images 

are produced using the ñturbo-scatter plotò, which uses the latitude and longitude for the pixel 

location and color for a representation of the parameter value. 

Since the geolocation of the HIRAD, HIWRAP and NEXRAD datasets are 3D, we use the 

HIRAD grid to collocate these data spatially. The HIRAD grid (right-hand coordinate system) is 

shown in Figure 3-1, where X corresponds to HIRAD beams, Y corresponds to HIRAD scans and 

Z is altitude, which corresponds to the center of the HIRAD radiative transfer model 39-layers 

(0.25 to 19.75 km with a step of 0.5 km). For illustrative purposes, the grid points in the YZ-plane 

are shown for every 5th scan and for only 5-beams. For the Global Hawk second pass, the matrix 

size was (321 beams x 661 scans x 39 RTM layers), and NEXRAD RRôs were resampled 

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

 

Figure 3-1: HIRAD geolocation grid (decimated to show every 5th scan and only 5 beams). 

Matrix dimensions (661 x 321 x 39). 
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3.2 HIWRAP Measurement Geometry 

The HIWRAP used a single (Ku-band) conical scanning pencil-beam (3°) parabolic 

reflector antenna that produced a circular pattern on the surface, as shown in Figure 3-2. As the 

UAV fl ew along a straight and level flight line at a nominal altitude of 18 km, the distance to the 

surface (slant range = 23.5 km) was constant, and the antenna cone angle was 30° that resulted in 

approximately an earth incidence angle (EIA = 30°) and an ñeffectiveò (two-way) antenna 

instantaneous field of view (IFOV = 0.54 km cross-track x 1.09 km along-track). The orientation 

of the IFOV changed with azimuth scan angle as seen in Figure 3-3, but the IFOV dimensions 

were constant. 

 

Figure 3-2: HIWRAP conical scanning geometry. 
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For each radar transmitted pulse, the rain backscatter power was captured in 75 m range 

gates (RG) from the aircraft to the surface, and multiple pulses were averaged to provide estimates 

of the volumetric radar cross section (ñZò in units of m2/m3). Therefore, at fixed slant ranges 

(constant altitudes), planar 2D images of echo reflectivity were produced with a semi-circular 

raster-scan pattern (note that forward and aft-looking measurements were separated into different 

data sets). 

 

Figure 3-3: HIWRAP IFOV orientation for several HIRAD beam positions. 

However, this idealized geometry rarely happened because the Global Hawk UAV 

continuously experienced attitude changes in roll, pitch and yaw during flight, and as a result, the 

antenna spin axis did not always point in the nadir direction that produced small but significant 

perturbations in the idealized circular scan surface locus. Fortunately, the UAV on-board inertial 

navigation system continually measured the altitude, heading, and attitude, which were input the 
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geolocation software, provided by the NASA GSFC [14], to calculate the instantaneous slant range 

of the surface echo and the corresponding surface pixel geolocation centroid. These data were 

merged into the HIWRAP data product (ñhs3_hiwrap_kuinnerchirp_2013Sep16_021927-

024604ò) to provide the necessary parameters for analysis (see Table 3-1). 

Table 3-1: HIRAD Parameters 

Variable Description 

Year Year the data was collocated 

Freq Frequency of the radar 

Tilt  Antenna cone angle 

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 from radar 

azi Azimuth position of the beam 

3.3 Spatial Collocation of HIWRAP and HIRAD 

The HIWRAP data came in polar coordinates, where measurements (pixels) were 

represented by range and antenna rotation angle (azimuth), but since the objective was to combine 

HIWRAP and HIRAD observations, these data were reshaped to the HIRAD 3D grid spatial format 

(see Section 3.1) in a two-step process. First, using the HIWRAP flight geometry (altitude, tilt, 

roll, pitch, heading, and aircraft sub-point geolocation), data were extracted for fixed RG locations 

(representing a constant altitude surface) and were converted into Cartesian coordinates, where a 

measured radar backscatter was represented by longitude, latitude and fixed altitude (known as 
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ñrawò or ñnativeò format). Next, these radar measurements were optimally interpolated into the 

3D spatial HIRAD grid, which resulted in a HIWRAP reflectivity matrix used for analysis. 

For the geolocation error analysis, we chose the HIWRAP surface RG (where the 

maximum reflection occurred), which was nominally RG# 277. Further, since HIWRAP was a 

conical scanning radar, we generated forward (fore-) and rearward (aft-) looking datasets for 

analysis, which were separated based on the rotation angle, where forward was defined as the 

measurements between azimuth < 90° and > 270° and rearward data was the measurement within 

radar azimuth > 90° degrees and < 270°. 

Further, since the HIWRAP rain reflectivity comparisons with NEXRAD was performed 

at a spatial resolution of ~ 0.5 km, we gridded and averaged these HIWRAP data on constant 

altitude layers (surface to 10 km altitude) for comparison. 

3.4 HIWRAP Geolocation Analysis 

For satellite and airborne microwave radiometer imaging, knowledge of antenna pointing 

plays a significant role, therefore analysis techniques have been developed by the microwave 

remote sensing community to maintain a high level of accuracy. Satellite orbit (aircraft flight path) 

uncertainties, antenna pointing misalignment and aircraft attitude are some of the factors that play 

a role in the geolocation accuracy, which can cause differences in water/land boundaries between 

the measurement geolocation compared to high resolution map coordinates. One common method, 

to determine the geolocation accuracy, is to use the surface microwave measurement images and 

to calculate the corresponding derivative (rate of change of intensity) at the water/land regions. 

See Appendix-A for further details. 
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3.4.1 Land/Water Boundary Location Procedure 

For HIRAD, Sahawneh [15] applied a similar method and compared the 5 GHz Tb images 

of land/water crossings to high-resolution maps to determine the geolocation accuracy. His 

analysis used the approach of Clymer et al. [16], which estimated the beam pointing error for the 

8-beam antenna of the Microwave Radiometer (MWR) on the AQ/SAC-D satellite. 

 

Figure 3-4: Convolution of a theoretical ñknife-edgeò land/water boundary with an ideal 1-

dimensional Gaussian antenna pattern. The lower two panels are brightness temperature and 

brightness slope (figure from Clymer et al. [16]). 

Clymerôs analysis was based upon a simulation performed using a Gaussian antenna 

pattern to model the observed brightness temperature (Tb), when passing over a step function 

water/land boundary as shown in Figure 3-4. The first panel shows the modeled water/land feature 

where lower Tb level represent water (150 K) and the higher Tb level represent the land (300 K). 

The second panel shows the normalized Gaussian antenna pattern, and the third panel shows the 
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result of the convolution between the antenna pattern and the simulated Tb (step function). Last 

panel shows the derivative (slope) of the modeled Tb, where the maximum absolute slope appears 

where the antenna beam filled equally by water and land. It should be noted that this approach is 

robust and insensitive to the antenna beamwidth. Thus, this geolocation technique compares the 

location of the maximum absolute slope with the corresponding land/water boundary location of a 

high-resolution map. 

3.4.2 Google Earth Comparison 

Based upon the above section discussion, an evaluation of the geolocation of the HIWRAP 

surface echo pixels with a high-resolution Google Earth Map was performed. Specifically, we 

performed an analysis of the 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 3-5. The HIWRAP surface reflectivity image (dB in the 

resampled HIRAD grid format) showed several water/land boundaries (lakes, rivers and ocean 

coastline) where the geolocation comparisons were made. 

Consider now, the differences between HIWRAP surface reflectivity in the native and 

HIRAD grid formats presented in Figures 3-6 and 3-7. In Figure 3-6, 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 Figure 3-7, which 

shows an expanded view of the pass over Lake Sampson. Note that each radar measurement is 

color coded using the dB scale on the right-hand side. In the upper image (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 the left-hand side of the figure, the locus 
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of 3 scan arcs are shown in the upper panel, and the corresponding locus of 6 HIRAD scans are 

shown in the lower panel. Also shown are the HIWRAP IFOVôs as a red ellipses about the 

measurement pixels (native format), which show continuous radar spatial sampling in both the 

along-track and cross-track dimensions. Also shown as the bold ñcircle patternò is the land/water 

boundary for Lake Simpson. Note that the diameter is 3 ï 4 IFOVôs, which allows the lake to be 

readily resolved in the radar reflectivity image. 

 

Figure 3-5: Global Hawk pass over North FL (Google Earth ï left side) with the HIWRAP swath 

of surface reflectivity indicated in false color image (right side). 
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Figure 3-6: Comparison of HIWRAP surface reflectivity image in Native and HIRAD grid 

formats. 

HIWRAP Native format 

HIWRAP resampled to HIRAD Grid 
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Figure 3-7: Comparison of HIWRAP surface reflectivity image in Native and HIRAD grid 

formats. 

3.4.3 Selection of Geolocation Targets 

Next, The HIWRAP data, resampled to the HIRAD grid and smoothed using a low-pass 

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 the Florida 

peninsula from the Gulf coast to the Atlantic Ocean. 












































































































































































































