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(ABSTRACT)

Radar altimeters were originally designed to study ocean geodynamics, where the
scattering processes are governed entirely by the surface features. These same altimeters
have recorded data from over the polar ice sheets, where the scattering processes cannot
in general be limited to surface properties. Radar pulse penetration, which gives rise to
volume scattering, must also be accounted for in these return waveforms. This pulse
penetration affects the altimeter range measurements as well as other information that is

derived from the altimeter waveform data.

To aid in the study of pulse penetration effects, a waveform model for combining
surface and volume scattering effects in the estimation of the radar altimeter returns
recorded over continental ice and snow is developed and discussed. The surface scattered
waveform model is based on the well-known impulse response method which is capable
of accounting for arbitrary altitude, beamwidth, pulsewidth and pointing angle. The
newly formulated volume scattered waveform model is also an impulse response based
method which differs from previous versions in that it can also be applied to a general
altimeter configuration. The two models are time registered and then added together in
an arbitrary ratio representing the relative contributions of surface and volume scattering
to the overall return power waveform. The combined model can be used to study actual
altimeter waveforms by varying the important parameters, including surface roughness
and effective extinction coefficient. The capabilities and limitations of this new
combined model are also discussed and guidelines for its use are detailed.

The combined model is tested by comparing it to the Multimode Aircraft Radar
Altimeter (MARA) data which were recorded over and around the Greenland ice sheet in



September 1991. Evaluation of this averaged waveform data identified problems that
were encountered with the MARA design. A number of techniques are developed in an
effort to account for and correct these problems, but none of these attempts were
completely successful. The 1991 MARA data are considered usable for waveform
analysis, but with the understanding that some error may be present in the final results.

The MARA data obtained from the Greenland ice sheet are analyzed for estimates of
surface roughness, effective extinction coefficient and ratio of surface to volume
scattering strengths. A simple optimization method is employed which achieves a least-
squares fit of the combined model to the altimeter data. The result is an estimate of these
parameters as a function of location on the ice shelf. To the author's knowledge, this is
the first time both surface- and volume-related parameters have been estimated

simultaneously from Ka-band radar data.



Acknowledgments

A number of individuals are to be thanked for their contributions, both direct and
indirect, to this work. First I want to thank those who went before me, especially Bill
Smith, Karl Reichard and Paul Werntz, for their continuing encouragement and advice
from the very beginning of my graduate career. Their experience has helped me

immensely.

I also thank my comrades in the ElectroMagnetic Interactions Laboratory (EMIL) for
the endless help and discussions on “why things are” the way they are. Specifically, they
are Rob Adams, Dave Kapp, Sean Kelley, Roger Marchand, Keith Tyerar and A. J.
Zwiesler. Thankfully, the topics were not always directly related to our research, which I
believe helped all of us get by.

Special thanks go to Rob Adams of EMIL for his help with the programming and
analysis for the parameter estimation portion of this research. His efforts in this area
were crucial to the success of this work. I wish him the best for his graduate program.

To Doug Vandemark of NASA Goddard Space Flight Center - Wallops Flight
Facility I owe an enormous amount of gratitude. His help in understanding and
navigating the Greenland data set was very important. Certainly without his help the
application of this work to ‘real data' could not have been accomplished.

Thanks also go to Ellen Ferraro (formerly of the University of Massachusetts at
Ambherst) for her helpful discussions about the AAFE system and the samples of the
actual altimeter data. Also, the copy of her dissertation that she provided was especially
helpful in understanding how AAFE works.

I want to also point out the departmental support over the many years. Thanks to
Loretta Estes for the guidance through the maze that is more commonly known as the
graduate program. To the ladies in EE accounting I leave many thanks for their
assistance in dealing with purchasing equipment, software and supplies for the lab.

A special thank you to Professor Hugh VanLandingham; he was the Interim
Department Head who offered me the Bradley Fellowship. Without that financial

ACKNOWLEDGMENTS iv



support, there is little doubt in my mind that this work would not have been done. Also,
thanks to former Department Head and now Dean of Engineering Bill Stephenson for his

continuing support over the years.

I cannot continue without acknowledging the person who was originally responsible
for the financial support of the Fellowship. To the late Marion Bradley Via, my deepest
thanks for all your help to me and the many others that you have touched. She surely is
an angel now. I consider myself fortunate to have met her before she passed away.

Over the years that spanned my graduate career, this work was also supported in part
by NASA under grant NAG5-659 and by the Office of Naval Research Electromagnetics
and Sea Ice initiative under grant N00014-93-1-0123. The support provided by these

agencies is greatly appreciated.

My committee members listed on the first page deserve special thanks. Their
guidance and participation in this work has been invaluable. To think that their help is

essentially volunteered is a credit to the teaching profession.

To my advisor, Gary Brown, I can only say thank you, even though that doesn't say
enough. He has supported me through the best and worst times and offered me
encouragement, guidance, wisdom and criticism. He is the reason that this work was not
only possible, but also understandable. I'll never be able to repay him for all he has done;
I only hope that someday I can be as good an advisor to future engineers as he has been to

me.

My parents, Kenneth and Janice, are due tremendous thanks. Parents are, after all, the
greatest influence on any child, and they had a big part in this work. Thank you, Mom
and Dad, for believing in me all along and for allowing the freedom to pursue my goals in

my own way. I hope I have the same positive influence on my children.

Finally and most importantly, to my wife Deanna, my sincerest gratitude and deepest
love. I know that without her support, encouragement and friendship I would not have
been able to do this. When we started out, she had no idea what she was in for, but I
think now (and probably all along) she knew it would be worth it in the long run. In
many indirect ways this work, and the resulting Ph.D. degree, is hers too.

ACKNOWLEDGMENTS v



This work is dedicated to my daughter, Rebecca Dare, with the hope that in some small
way it can be used to provide a better world in which she can grow up
and enjoy having children of her own.

ACKNOWLEDGMENTS vi



Table of Contents

ADSITACE. ...ttt ettt ettt ettt et e st e te et st et e et e st e et e e b e et e e bearaeenteebeereeenneensseerseenean il
ACKNOWIEAZMENLS. .....cveiiiriiriitieterteetese et se st e s eeesteeseeesaessseesseesaesseessseeseesseerseesssenss iv
Table Of CONLENLS.......cccceririirierriccerecteet ettt s e e ste et e e sae s be s eesseeasbassseasssasseeratenes vii
LSt Of FIGUIES...cueiuieieeieneereeetee ettt sttt et sat e e st e s aa et ssaae e ae e e e nee ix
LiSt Of TaDIES....ceuveeiiieriieieeieetteteete ettt e s sae sttt s et e s e sn et e enaesnessseassnasnseanns Xiv
1 Introduction....... cesesesnssnnes cossssennns cesesesssssssasasens cecessntnsccsssnsssssssasssssessansasance 1
1.1 Survey of Past Work in Scattered Waveform Modeling...........ccceeveeviervvenceennennen. 7
1.2 Outline 0f RESEAICH........coertiirieireeieicstereeeee ettt 9
2 Scattered Waveform Model Development.......... ceescrerssansees ceseeseneesanness 12
2.1 The Surface Scattered Waveform Model............occeevieriiiniiniinnciniciinienreeseeeen 12
2.2 The Volume Scattered Waveform Model...........ccccooeevenniiniiniiiinieeeeeee 22
2.2.1 The Impulse RESPONSE........ccocercviriirerieienrieierieetesteeteersessresesesssesssesenseens 23
2.2.2 Nadir Form of the Impulse ReSponse..........ccceeueevveecrrnverieencieeneeeresneenenn 30
2.2.3 Asymptotic Approximation of the Impulse Response..........ccccceerverrennen. 32

2.2.4 Error Analysis for Asymptotic Approximation of
the Impulse RESPONSE......ceviviiiiiieiiiiiiiitite e 33
2.2.5 The Pulse RESPONSE.......cccerviriirrienienierreertereeeneeesieereeie et et satessreesseeeas 36
2.3 The Combined Surface and Volume Scattering Model..........cccccooveeviienvernvernnnennne. 43
2.4 Capabilities and Limitations of the Model...........cccceeveeiiniiicnninnienierenieeeee 49
2.4.1 The Surface Model........ccooviriiiriiiiieeeeceeter e s 50
2.4.2 The Volume Model........cccoouiviiiiniiniiiiciiieiiereceeeeee et 50
3 Altimeter System AnalySiS......ccccceescnrescaeessanccsencecensesennes ceseesansesnesnnnssns D2
3.1 MARA Data SYStEIM......cocerviriiniieiineeiiinicetese ettt ssvssrtsssessressneesanenns 52
3.1.1 AGC Removal and Nonlinear MARA detector correction.............c.......... 55
3.1.2 Pointing Angle Determination...........c.ceceeveruereeerencriereenineneeeeeseeeeeenes 58
3.1.3 Waveform Retracking..........cccceeveevieneenieriiineeieesenieeseeseeeciecsee v eneneeneas 62

TABLE OF CONTENTS vii



3.1.3  Waveform Splining..........ccccecvevvieiiieienieieseeseeree e esie e ee e raeevee e 63

3.2 Examination of Data from OVer Water ..........ccccoeveveniecueieeninenienencneeenieseneeeens 65
3.2.1 Waveform Fit EXample........cccccooeviniiiniinenienieeceeeceeneeste e 66
3.2.2  Water Data Waveform StatiStiCs.........ccevuevuererrieririenenseerenieenineeseesiennens 66

3.3 Data Correction AtEIMPLS........coceerieeiriererieieieierreseerieeeestesseseeetesieesesssessesasessens 74
3.3.1 Weak Non-Linearity COrreCtion.........ccceeveevuerirsiereeeseeseeseeesseesseeesessenens 74
3.3.2 Modified Weak Non-Linearity COrrection...........cecueeveeereeneerceeneesuerseenne 76
3.3.3  Other Correction AtEMPLS......c.coceereeereirreeirnrerienreeneesteseeseessesstesseesseseesses 77

4 Parameter Estimation OVeEr SNOW....eeeeeeeeeeccerecreeeseesceccessasssesssssecesess 79

4.1 Estimation Method..........cccoviiiiiieviineniineceneeeeee ettt 79
4.1.1 Evaluation of Available Minimization Methods...........ccceecerriiriinnnnnen. 81
4.1.2 “Brute-Force” Minimization Algorithm...........cccceveeirveenenrnieeneencneennns 83

4.2 Estimation Examples Using Altimeter Data............cccooeeerveinenierncieninncnieeneceens 84

S5  CONCIUSIONS....euueereenceereecceseercssssncssssesssssessassesssssssssseesssssessssssassessossssance 112

6 References........ teesssessssnsssssanssassssssansssssssassansasssassssssassassssasansssssasssssssansens 19

Appendices

A Beamwidth Limited vs. Pulsewidth Limited Altimetry............... e 118

B Range Coordinate Integration of the Volume Scattered Impulse
ReSPpOnSe......ceieiccniicscnnicsnnsecsssssssassassonsesssansanse cesssnecssansasenes censnens veerse 123

%/ 1 £ T cssesesssessnssssnasssessssassssnassasanss cesesesssasssnsesssssncce 126

TABLE OF CONTENTS viii



List of Figures

Figure 1.1.
Figure 1.2.

Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Diagram of the four general regions of the Greenland ice sheet. From [4] 3

A rough estimate of the four regions of Southern Greenland, as given by
Benson [4]: (A) dry snow, (B) percolation and (C) soaked and ablation

TEZIOMIS. c.eeveenterueereerrestessesseessesnesaeessesasessaentessesasesstesssasstesssessaenssenseenssennes 6

Demonstration of the angle and time dependence of ¢° in the flat surface

IMPULSE TESPOIISE. .....evvirererreererieiteeeterestestesieetestesseesnessasseessesssessesssasseens 15

Modeled surface scattered waveforms for a beamwidth-limited altimeter.
The altitude is 500 m, beamwidth is 0.6° and pulsewidth is 6.5 ns. Shown
are two values of rms surface height, 20 cm (solid) and 50 cm (dashed),
and antenna pointing angles of 0° and 12°. Note the similar shapes of the

waveforms for each pointing angle...........cccooeeveriirceeneeieeeieerrecre e 18

Modeled surface scattered waveforms for a pulsewidth-limited altimeter.
The altitude is 500 m, beamwidth is 6° and pulsewidth is 2 ns. Shown are
two values of rms surface height, 20 cm (solid) and 50 cm (dashed), and
antenna pointing angles of 0° and 12°. In this case, the waveforms are
markedly different for changing pointing angle...........ccccccceeeviiiininnnenn. 19

Example surface scattered waveforms for nadir oriented beamwidth- and
pulsewidth-limited altimeters at 50 km and 0, = 20 cm. For the
beamwidth-limited case, the beamwidth is 0.6° and pulsewidth is 6.5 ns.
For the pulsewidth-limited case, the beamwidth is 6° and pulsewidth is

Example surface scattered waveforms for 12° off-nadir oriented
beamwidth- and pulsewidth-limited altimeters at 50 km and o, = 20 cm.
For the beamwidth-limited case, the beamwidth is 0.6° and pulsewidth is
6.5 ns. For the pulsewidth-limited case, the beamwidth is 6° and
PUlSEWIALh IS 2 NS...eeiieiiiiicicciiecc s 21

LIST OF FIGURES ix



Figure 2.6.

Figure 2.7.

Figure 2.8.

Figure 2.9.

Figure 2.10.

Figure 2.11.

Figure 2.12.

Figure 2.13.

LIST OF FIGURES

Geometry used to derive the volume scattered impulse response. “A" is
the altimeter location and 7, is the antenna boresight axis. dV is the
differential volume, which is always located below the surface (zy-plan€)5

Two-dimensional illustration of the limits of the #-integration for the
VSIR. The altimeter is at point A. A spherically expanding impulse of
energy is propagating into and through the random medium and intersects
the surface (xy-plane) as a circle of radius p, at points B and B’. The
distance in the medium from the interface to the impulse is

X =T —Tog =T = RHSECH ittt 26

Plot of (2-29) for beamwidths of 0.6° and 6.0°. For a pointing angle &,
regions are indicated where either the asymptotic form (2-23) or full
integral form can be used for the VSIR.........c.coceevivviniciieninienecieceeen 35

Modeled volume scattering waveforms for a beamwidth-limited altimeter.
The altitude is 500 m, beamwidth is 0.6° and pulsewidth is 6.5 ns. Shown
are two values of extinction coefficient, 0.5 Np/m (solid) and 2.0 Np/m
(dashed), and antenna pointing angles of 0° and 12°. The waveform
shapes are very similar for the different pointing angles..........c..ccceeueuneen. 37

Modeled volume scattering waveforms for a pulsewidth-limited altimeter.
The altitude is 500 m, beamwidth is 6° and pulsewidth is 2 ns. Shown are
two values of extinction coefficient, 0.5 Np/m (solid) and 2.0 Np/m
(dashed), and antenna pointing angles of 0° and 12°. The waveforms are

very dissimilar for different pointing angles in this case.........c.ccccevveeruennne 38

Example of the beamwidth- and pulsewidth-limited volume scattered
waveforms for an altitude of 50 km. The pointing angle is nadir and the

extinction coefficient, ke, iS 0.5 NP/M....cccceeviirviinniiiriiiieineecieeeeieee 41

Example of the beamwidth- and pulsewidth-limited volume scattered
waveforms at an altitude of 50 km for both nadir and 12° pointing angles.
The extinction coefficient, ke, iS 0.5 NP/M.....ovvevieiriieniiininereceeneeeee e, 42

Examples of the combined scattered waveforms for (a) beamwidth- and
(b) pulsewidth-limited altimeters at nadir orientation. The combination

ratio, 7, varies from 0.33 10 3......coiiiiiiriire e 45



Figure 2.14.

Figure 2.15.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.
Figure 3.5.

Figure 3.6.
Figure 3.7.

Figure 3.8.

Examples of combined scattered waveforms for (a) beamwidth- and (b)
pulsewidth-limited altimeters at 12° off-nadir pointing angle. The
combination ratio, 7, varies from 0.33 to 3. Notice the significant
difference in the beamwidth-limited waveform behavior while the
pulsewidth-limited waveform seems to only shift in time as 7 varies.......46

Comparison of measured altimeter data to the combined surface and
volume scattering model. For the data, 950 waveforms are averaged (10
second averaging time), the pointing angle is 0.4° and the altitude is 430
meters. In (a), the data are fit to only the surface model with o, = 0.25
meters, revealing that medium penetration is occurring. The remaining
figures show the combined model fit to the data for o, = 0.25 meters with
respective k. and 7 values of (b) 0.5 Np/m, 0.43; (c) 0.7 Np/m, 2.33; and
(d) 1.2 NP/, OO0 .uiiiiiiiiiiiireeitertetenreestes e siessseesseessestessseessesssnassnesssaenseanne 48

The MARA antenna system geometry [28]. The pyramidal horn antennas
are located above the lens on the orthogonal arms at the numbered
locations. The nadir horn is located at “1”, the left horn at “2”, the fore

horn at “3”, etc. Aircraft motion is from left to right............ccceevuererrnennen. 53

Plot of the MARA detector's nonlinear input power vs.

output voltage relationship. From [38]......ccccooeeviniinvinninniinicnierieeee 57
Comparison of the half-power width of the surface scattered

waveforms at two altitudes for the MARA system...........cccceeeeevvreernreennenn. 59
Definition of Eulerian angles. From [30]......ccccoceevviniiniinniinienienieeneenne 60
Example of large- and small scale surface height variability to

illustrate the effect on retracking..........cceevveevveeneeriiieeiieeieeeeeeeeeeceeeeee 64
Example of averaged over-water data for the MARA altimeter................ 67
Mean and standard deviation waveform statistics for the averaged
waveform in FIGUIe 3.6........cocciveiieniiieiiinieneeeeesce st 68
Sample histograms of the waveform data shown in Figure 3.7............ 70-73

LIST OF FIGURES xi



Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Map of Southern Greenland showing the flight line for the example data
and the: (A) dry snow, (B) percolation, and (C) soaked and ablation

TEZIOIIS .. ceuiteeuieeeueeeiterteeteeeeeesatesbeesseesaeeeaseessseessesanseessessaeessstaesntesnssessnnees 86

Plot of estimates of the three parameters (o, k., 1) vs. location for the

NAAIT DEAIM ALA.....coiiiiieeiiieeieeeeecieeteee ettt ittt e eeessesessse st esssmsanmeannes 89

Filter output for the parameter estimates of the nadir beam shown in
Figure 4.2. The filter length is M = 18.....cccieveriievinvirieniniierieeeeeen 91

Plot of the minimum value of F' and AGC vs. location for the nadir beam
data. The larger the AGC number, the higher the backscattered power.
The larger the value of F},;,, the poorer the model fit to

the WAVETOTIN dALA.......evveveeiieeeeiieeeieeeeeeeeeeeeeeeeeteeeeereeeee s aeseeeessssseseesesanans 93

Example of the resulting nadir waveform fit performed by the estimation
program. This waveform is common to those seen in the soaked and
ablation regions of Greenland. The parameters are o, = 0.24 m,

ke = 1.20 Np/m and n = 0.251. The radar altitude is 539 m

Example of the resulting nadir waveform fit performed by the estimation
program. This waveform is common to those seen in the dry snow region
of Greenland. The parameters are o, = 0.20 m, k. = 0.6 Np/m and

n = 2.512. The radar altitude is 406 m and £ = 2.65°........ccceoververuerrrnnens 95

Example of the resulting nadir waveform fit performed by the estimation
program. This waveform is common to those seen in the percolation
region of Greenland. The parameters are o5, = 0.28 m, k. = 0.55 Np/m
and n = 0.631. The radar altitude is 438 m and £ = 1.30°........ccceeueeneee 96

Plot of the three parameters (o, k., 1) vs. location for the left beam data.
The filter length is M = 18...c.rooieeeieeteeeteeeeee ettt 98

Plot of the minimum value of F' and AGC vs. location for the left beam

Example waveform fit for the left beam in the soaked region. The
parameters are o, = 0.26 m, k. = 0.65 Np/m and n = 0.316. The radar
altitude is S37mand € = 11.81% .. 101

LIST OF FIGURES xii



Figure 4.11.

Figure 4.12.

Figure 4.13.

Figure 4.14.

Figure 4.15.

Figure 4.16.

Figure 4.17.

Figure A.1.

Figure A.2.

Figure B.1.

Example waveform fit for the left beam in the dry snow region. The
parameters are 0y, = 0.16 m, k. = 0.40 Np/m and = 1.585. The radar
altitude is 414 m and € = 12.60°.......c.oocevirviereneriieiecrerieeee e 102

Example waveform fit for the left beam in the percolation region. The
parameters are o, = 0.28 m, k., = 0.40 Np/m and n = 0.631. The radar

altitude is 438 m and & = 12.80°.......ccuvevrirerieireecrreerr e 103
Plot of the three parameters (o3, k., ) vs. location for the right beam data.
The filter length is M = 18.....ccovireriieeiecccereeeee e 104
Plot of the minimum value of F' and AGC vs. location for the right beam
ALA.....eiieie et s 105
Example waveform fit for the right beam in the soaked region. The

parameters are oy, = 0.16 m, k. = 0.95 Np/m and n = 0.200. The radar
altitude is 494 m and € = 12.20°......cccovieriimeririeecertereeee et 106

Example waveform fit for the right beam in the dry snow region. The
parameters are o, = 0.12 m, k. = 0.45 Np/m and n = 1.585. The radar
altitude is 412 m and & = 13.06°........cooiviiriniiincereeeeeee e 107

Example waveform fit for the right beam in the percolation region. The
parameters are o, = 0.18 m, k. = 0.30 Np/m and n = 0.316. The radar
altitude is 433 m and &€ = 12.95% ...ttt 108

Geometry of a nadir oriented (a) beamwidth-limited altimeter (d, > d;)
and (b) pulsewidth-limited altimeter (d, < dp)......ccccevvvuririiinicrnnnnee, 119

Geometry of an off-nadir oriented (a) beamwidth-limited altimeter
(dp > dy) and (b) pulsewidth-limited altimeter (d, < dp)....c.cccvevrvnenenee. 121

Geometry used to demonstrate the r-integration of the volume scattered

IMPUISE TESPONSE. ....eouieeieiiriieiieeeteer ettt e e see e sreesaeeenre s 124

LIST OF FIGURES xiii



List of Tables

Table 2.1.

Table 3.1.

Table 4.1.
Table 4.2.

Table 4.3.

Waveform width comparison for Figures 2.9 and 2.10..........cccccoceeennennn. 39

Summary of the MARA system parameters. Values are taken from [28].
The S/ N ratios are calculated for a 0° value of — 23 dB...........cc.c... 54
Summary of test results for the brute-force parameter estimation routine.85

Parameter ranges, increments and resulting number of steps for analysis of
the south-to-north leg of the September 20, 1991 MARA flight............... 87

Summary of the parameter estimates for the September 20, 1991 south-to-
north leg of the MARA flight........cceveviereiininrinineeieenne e 110

LIST OF TABLES Xiv



Chapter 1
Introduction

Spaceborne radar altimeters have been used for many years to map a variety of the
earth's features. A radar altimeter, as used in remote sensing applications, is capable of
measuring the range to the surface, the peak power and the backscattered power
waveform as a function of delay time. The first altimeter experiment that was performed
from space was Skylab [23] in 1973, a 13.9 GHz system that served as proof that
satellite-based altimeters could provide important oceanographic and geodetic
information. In the late 1970's the 13.9 GHz Geos-3 altimeter [33] provided the global
coverage needed for large-scale oceanographic and geodetic studies. The 13.5 GHz
Seasat altimeter [2,36] operated for only a few months before it failed in 1978, but it
demonstrated the most accurate satellite measurements to that time and served as a
precursor for the 13.5 GHz Geosat altimeter [19]. Although originally designed to aid in
the study of ocean geodynamics, these altimeters have been shown to be useful for
studying a number of other global features, including the elevations of the continents and
ice masses in the arctic regions. Since their orbits covered up to £ 72° in latitude, they
were able to observe a significant portion the Greenland and Antarctic ice sheets.

The surface elevation measurements of the ice sheets are important because they aid
in the understanding of how mankind's actions affect the global environment. A change
in the earth's ice masses has obvious effects on the sea level. Recently [31] it was shown
that what were thought to be good measurements of the ice sheet topography were
significantly affected by the penetration of radar pulses into the snow medium below.
This phenomenon causes the elevation measurements to be slightly erroneous and this
may lead to false conclusions about the rate of growth or decay of these ice masses and
their overall influence on the global temperature balance. Since the altimeters also
measured elevation as they passed over the continents, those measurements may be
similarly affected by snow cover, vegetative cover or forest canopy. Errors in these
measurements may lead to false conclusions about erosion or may infer incorrect

assessment of the amount and type of these media.
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Elevation measurements are but one of the pieces of information available directly
from altimeters. If the pulse penetration can be reasonably quantified, it may be possible
to derive certain characteristics about the media being penetrated. In the case of ice
sheets, these characteristics might include the density, age, or possible layering in the
medium. In the forest case, penetration behavior may be an indication of canopy type or
foliage density. The common feature among these measurement examples is puise
penetration into a medium. Recent work [31,13,22] has demonstrated the importance of
this phenomenon, indicating that a more thorough understanding of penetration is needed,
particularly in the polar regions [35]. To accomplish this, a general-purpose waveform
scattering model that could be used to analyze a wide variety of satellite and aircraft-
based altimeter configurations would be a most useful tool. Previous researchers
[31,13,22] have developed waveform models that account for volume scattering, but they
were limited to certain ranges in pointing angle or altimeter height because certain
simplifying assumptions were used in their derivations. While these simplifications
enable somewhat easier and faster waveform modeling and data analysis, they preclude

these models from being applicable to a general altimeter system.

The research reported herein attempts to formulate a model that can be used to predict
and analyze altimeter data from any altimeter system. In this development, the
concentration is on the ice and snow medium that is typical to the polar regions and in
particular that found on Greenland. With somewhat minor modifications, it may be
extended to modeling those waveforms expected from other areas such as vegetative

terrain or forest canopies.

There are several scattering sources present over Greenland that can be placed into the
categories of surface and volume scatterers; some of these are more dominant than others
depending on the region, physical conditions, time of year and/or day and radar
parameters. Benson [4] provided a summary of several years' effort in studying the
topography of Greenland, by classifying the ice sheet into four facies or regions that have
certain distinguishing properties. These regions, shown in Figure 1.1, are known as the
ablation, soaked, percolation and dry snow regions, and are delineated by the firn,

saturation and dry snow lines, respectively.

In the lowest elevations, in regions where the air temperature is often above freezing

(0°C) during the summer, the surface of the ice sheet is wet and electromagnetic
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Figure 1.1. Diagram of the four general regions of the Greenland ice sheet. From [4].
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penetration into the medium is extremely limited. This situation is common to the
ablation and soaked regions of Greenland. The ablation region is separated from the
soaked region by the firn line and is identified as the area where the snow cover is
stripped away to reveal the bare glacier ice. The soaked region is the area from the firn
line to the saturation line, where complete soaking of the ice sheet is noticed. The
saturation line separates the soaked and percolation regions. Since the surface is typically
wet in these lower two regions the scattering is dominated by the surface features, usually
the surface roughness; however, melt ponds can exist in these regions. They act like
wind-roughened specular scatterers, which contribute their strongest scattered power to a
nadir oriented altimeter. In these two regions very little electromagnetic penetration is

seen, so surface scattering dominates the total scattering process.

In the region above the dry snow line, where the air temperature never rises above
freezing even in the summer, the scattering is dominated by the ice particles that make up
the ice sheet. This dry snow region covers the upper altitudes of Greenland (from about 2
km at 81°N to about 3 km at 69°N), where there is no moisture either in the medium or
on the surface, so the dominant scattering is due to the particles. Many authors consider
an ice sphere to be an acceptable approximation to the particle shape [37,20], in part
because the scattering problem is significantly easier for a sphere than for other more
complicated geometries [17,5]. When the snow is packed or very dense such that the
volume fraction of ice particles is greater than 50%, the medium may just as easily be
modeled as voids or air particles distributed throughout an ice background. In either
case, a random distribution of small particles in a background medium provides a good
description of most areas of the ice sheet. Another possible scattering source in this and
all regions is the ground beneath the ice sheet. This may be of little concern for
millimeter-wave frequencies over the polar ice sheets, since the electromagnetic depth of
penetration is not enough to reach the ground. Low frequency radars have been used to
observe the underlying bedrock [38], so attention must be given to the frequency of the
probing instrument. Thus, volume scattering dominates in this region, except for very
high frequency (above Ka-band) altimeters, which have smaller penetration depths. In
the optical limit there is essentially no penetration, so in this case the scattering would be

due to the surface.

In the area between the saturation line and the dry snow line, the percolation region
contains a mixture of the surface sources mentioned above along with a particular class of
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volume features. In this region, localized melting creates melt ponds, as well as ice
glands, lenses and layers, which Benson defines as [4]:
“a) Ice layers extend over large areas parallel to the strata with only minor
interruptions.
b) Ice lenses are lens-shaped layers which pinch out laterally. They are
parallel to the firn strata.
c) Ice glands are pipe-like vertically extending masses which occasionally
spread laterally to form lenses and layers. They are the frozen percolation
channels which feed lenses and layers."

These structures are present beneath the surface of the ice sheet and are formed when
rising air temperatures result in surface melting and seepage of water into percolation
channels. These channels transport the water down to some colder depth where the water
distributes laterally and refreezes to form the randomly distributed glands, lenses and
layers. Some researchers, e.g., Swift, et al. [34], have modeled these features (to first
order) by spheres and cylinders in the scattering problem. They are obviously larger and
more complex than the ice or air particles discussed above, so this approach may be
somewhat over-simplified. There can also be moisture within the medium which acts
like discrete volume scatterers in the same manner as ice particles. Depending on the
temperature within the ice sheet this moisture can take the form of inclusions between the
particles, ice glands and lenses. In this region, there can be contributions from each of
the above sources, including moistened surface roughness. Thus, both surface and
volume scattering contribute to the overall scattered waveform, with the relative strengths

of each varying spatially and/or temporally.

Benson [4] notes that the extent and presence of these four regions have a temporal
dependence which is both long and short term. At a given location during the winter, for
example, the environment and near-surface features of the entire Greenland ice sheet
varies little from edge to center, while during the summer months the different regions
discussed above are present. Also, the temperatures in some of these regions can vary
from above to below freezing on a daily basis, so the surface may appear wet during the
day while it may be refrozen during the night. Thus, the time of year and even time of
day will affect the amount of scattering from any of these sources. Benson provides the
locations of these regions [4] which are approximated in Figure 1.2.

In order to study the effects of the scattering in each of these different regions, a
waveform model must be developed that can account for the variable features discussed
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Figure 1.2. A rough estimate of the four regions of Southern Greenland, as given by
Benson [4]: (A) dry snow, (B) percolation and (C) soaked and ablation regions.
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above. To accomplish such a development, the following course of action has been
followed. First, previous research in waveform scattering is investigated, pointing out the
reasons that they cannot be used for this problem. Other scattering theories, including
radiative transfer and other field-based methods are not included in this discussion
because they are typically used to model the scattering intensities or cross-sections for
surfaces and random media for a particular frequency [17]. For the problem at hand, the
o behavior is assumed in order to obtain the desired scattered waveform shape. As such,
these other methods are not applicable. Following the background study is an
introduction of the approach used to provide the model necessary to quantify the
penetration effects. The derived model must be tested, so an outline of this procedure is
given. Finally, a method for using this model to extract a measurement of these effects is
then briefly discussed, with the following chapters used to provide the details of this

research.

1.1 Survey of Past Work in Scattered Waveform Modeling

The discipline of radar altimetry has been an active research area for more than three
decades. In 1957, Moore and Williams [25] put forth the concept that a pulse
backscattered from a rough surface could be represented by a convolutional expression,
which was supported by their observations of radar data scattered from terrain. Many
other researchers have furthered this model, providing simplifications and/or
generalizations of this concept. In 1977, Brown [8] provided a set of expressions that
simplified the Moore and Williams model for application to spaceborne systems. Further
simplifications were developed for off-nadir pointing angles [9]. A number of
researchers [16,32,34,31,13] relied on these expressions (which they all refer to as the
Brown model) for their studies of scattering from oceans, as well as ice and snow.
Newkirk and Brown [26] provided further generalizations of this work to accommodate
special antenna configurations as well as arbitrary altitude, making this the most versatile

model available for waveform scattering from rough surfaces.

In all of this previous work, the particular versions of the convolutional model
assumed that the return waveforms were scattered from an impenetrable rough surface.
Since these applications were developed primarily for ocean surface scattering, this
assumption was valid. As discussed previously, certain other surfaces cannot be
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described as impenetrable. Examples of such penetrable media include the ice shelves
that are present in the arctic regions and vegetation over land. For these media types,

modifications to the waveform scattering model are clearly necessary.

A number of individuals have been active in volume scattering waveform modeling,
including Ridley and Partington [31], LeVine, et al. [22], and Davis and Moore [13].
Each of these researchers provided a specialized model for waveform scattering from
penetrable media, but with certain restrictions on their use. For example, the models
developed by Ridley and Partington [31] and Davis and Moore [13] are only capable of
modeling high altitude, normal incidence scattered waveforms. The application of these
models was to satellite-recorded data, so such restrictions were acceptable. In addition,
the Ridley and Partington model could not account for the more realistic non-rectangular
transmitted pulse shapes. The vegetation model provided by LeVine, et al. [22] uses the
distorted Born approximation to derive an impulse response for both “thick” and “thin”
layers over a ground plane, but it is restricted to far off-normal incidence. The limitations
placed on these models are acceptable for their intended applications, but too restrictive
for analyzing general near normal-incidence radar returns from penetrable media.

Davis and Zwally [14] demonstrated the importance of accounting for the volume
penetration of radar altimeter pulses into the polar ice sheets. Through the application of
a combined surface and volume scattering model [13], they were able to identify areas of
Greenland that exhibit significant volume penetration of 5-7 meters at a microwave
frequency of 13.5 GHz. They also reported that the penetration depth was highly
correlated with latitude, elevation and (for Greenland) the number of days per year that an
area experiences melting temperatures. Recently, Ferraro [15] used the 13.9 GHz AAFE
altimeter waveforms to identify ice layers in the percolation zone that were roughly one
meter below the surface and extended over large lateral distances. Thus, altimeter
measurements of the polar ice sheets are affected non-uniformly over the full extent of

the ice sheet.

Up until now, the models used by these authors provided the necessary means for
analysis of their particular needs; however, for the cases of radar altimetry where the
pointing angle and/or radar altitude do not fit their criteria, a more general waveform

scattering model is necessary.
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1.2 Outline of Research

One of the major goals of this research is to provide a general scattered waveform
model] for penetrable media such as ice and snow. This means providing a model that can
be applied to both nadir (normal incidence) and off-nadir antenna orientations,
unrestricted platform altitude, general antenna power pattern beamwidth, and arbitrary
transmitted pulse shape. The model must also account for the contributions of the surface
and volume components of the total scattering process. In addition, the desired model is
to be capable of accounting for an antenna pattern that is not necessarily azimuthally
symmetric, i.e. one having different E- and H -plane beamwidths.

A suitably general waveform model for the surface scattering portion of the total
scattered waveform was mentioned in the previous section. This model [26] is comprised
of a convolution of three functions - the flat surface impulse response, the radar system
point target response and a probability density function for the height of the rough
surface. The impulse response is general enough to account for the various system
parameters such as pointing angle, radar altitude and antenna beamwidth. Certain
simplifications that depend on pointing angle are shown for the impulse response which
serve to speed up calculations [26]. The point target response represents the transmitted
pulsewidth and receiver effects while the height pdf accounts for the degree of surface

roughness.

The first step in deriving a combined surface and volume scattering waveform model
is then to formulate an appropriate waveform model for volume scattering. This is also
an impulse response based method, similar in form to the surface scattering model. As
was done for the surface model, simplifications can be made to the volume model's
impulse response which allow more rapid calculations for specific pointing angle ranges.
The two scattering models are then combined to provide a waveform model that accounts
for the surface and volume scattering, with the relative strengths of each determined by a

single parameter.

As a means for testing the combined waveform model derived in this work, it is
compared to actual altimeter data from over water. The comparison to water data is
logical as scattering from bodies of water such as oceans are better understood than
scattering from ice sheets. As a consequence of this comparison, a number of problems
specific to the chosen altimeter system are identified and the methods used to deal with
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these problems are discussed. The altimeter data was obtained by the Multimode Aircraft
Radar Altimeter (MARA), which was designed and flown by NASA / Goddard Space
Flight Center - Wallops Flight Facility [28]. The MARA system is unique in that it is
capable of simultaneously recording high-resolution data from five antenna beams,
nominally pointed toward nadir and off-nadir in four azimuthal directions: forward, right,
left and aft. The other distinguishing feature of the Ka-band MARA system is that with
its extremely narrow antenna beamwidth of 0.6° and short pulsewidth of 6.5 ns, it
produces beamwidth-limited data. This instrument was used during a 1991 joint
experiment to observe the Greenland ice sheet as well as some of the surrounding waters.
It is these data that are used to test the MARA system, as well as analyze the ice sheet for

its medium parameters.

An appendix provides the necessary formulas to determine whether an altimeter
operates in a beamwidth- or pulsewidth-limited state. Conventional satellite-based
altimeters such as the Ku-band Seasat and Geosat are pulsewidth-limited systems by
virtue of their altitudes, even though they have relatively narrow beamwidths of 1.6° and
2.0°, respectively, and short pulsewidths of 3.2 ns each. The MARA system that is used
to qualify the model derived in this work is a vastly different altimeter than the satellite-
based systems. This is primarily due to the relatively low altitude ( < 1 km), but also
because of its extremely narrow beamwidth (0.6°). MARA's unique operating
characteristics will be shown to be particularly useful in determining the penetrable

medium effects on altimeter data.

This leads into the other major goal of this work - to provide a method by which a set
of parameters that describes a penetrable medium can be obtained. These parameters
include the roughness of the interface between the medium and free space, a parameter
that describes the content of the medium and another that indicates the relative
contributions of the scattering from an interface and its underlying medium to the overall
scattered waveform. A test case for this method, in which a waveform model is fit to
itself, is used to verify its capabilities. Examples of how this parameter estimation
technique is used to extract information from altimeter data will be given. The data that
will be used is taken from an archive of the 1991 MARA Greenland mission.

Finally, a summary of the work is presented. The achievements of this research will
be presented along with suggestions for future research ideas. This work only begins to
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examine the problem of media penetration, but it serves as a stepping stone to the end

goal of understanding the total waveform scattering phenomenon.
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Chapter 2
Scattered Waveform Model Development

To parameterize the effects of the volume penetration of altimeter pulses, a suitable
scattering model must be developed. This model should be able to account for a number
of effects including the incidence angle of the radar pulses, the antenna power pattern
beamwidth and gain characteristics, the radar system's altitude above the medium and the
composition of the medium itself. Simplifications are sought to minimize the amount of
computer resources (CPU time) needed to calculate these waveforms. These

simplifications are necessary to make the study of extended areas feasible.

The approach taken in the derivation of this model consists of two steps. The overall
scattering model is the summation of the individual surface scattering and volume
scattering models. The first step is to either derive new versions or employ existing
versions of individual surface scattering and volume scattering models. For this step, a
suitable surface scattering waveform model already exists; however, the necessary
volume scattering waveform model does not. The second step is to then combine these
two models in some fashion to obtain the combined surface and volume scattering
waveform model. The purpose of this chapter is then to derive a suitable volume
scattering waveform model that can be combined with the appropriate surface model and
then provide a means by which the two can be combined. Section 2.1 briefly outlines the
surface scattering model that will be used; section 2.2 details the volume scattering
model. Finally, the combination of the two models is discussed in section 2.3 and
examples of such model waveforms are shown, along with an example of a fit of the
combined model to real altimeter data. Finally, section 2.4 provides an overview of the

capabilities and limitations of this model.

2.1 The Surface Scattered Waveform Model

The first step in the process of constructing the combined model is to find an
appropriate waveform model for surface scattering. The impulse response based surface
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