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Focused Synthetic Aperture Radar Processing
of Ice-Sounder Data Collected Over the
Greenland Ice Sheet

Justin J. LegarskyMember, IEEESivaprasad P. Gogineriellow, IEEE and Torry L. Akins

Abstract—\We developed a synthetic aperture radar (SAR) the ice thickness over much of the ice sheet. However, improved
processing algorithm for airborne/spaceborne ice-sounding radar performance beyond that obtainable with integration is
radar systems and applied it to data collected in Greenland. By raqyired to obtain ice-thickness measurements in a few areas;

using focused SAR (phase-corrected coherent averaging), we .
improved along-track resolution by a factor of four and provided for example, the main channel of Jakobshavn outlet and some

a 6-dB processing gain over unfocused SAR (coherent averagingValleys in the southwest area of Greenland [1]. There are three
without phase correction) based on a point-target analysis for a main ways of obtaining this improved performance: 1) increased
fC-SreenIgnSdAi;e-soundi_ng da(tja Se;. Aldst;), Weddem%ngatetd t_zat ttf}s transmitter power; 2) increased receiver sensitivity; and 3) addi-
ocused- processing reduced clutter and enabled us to identify 1 ; ; ; ;
bedrock-interface returns buried in clutter. Using focused-SAR tional signal _procegszg gain through gohergnt processing. We
technique, we processed data collected over a key 36O-km-longCho‘°’(_a the third option: further process!ng W'th a f_ocused'SAR
portion of the 2000-m contour line of southwest Greenland. To algorithm because of the clutter reduction, which is not obtain-
the best of our knowledge, these are the first high-quality radar able from the first two choices. The improved along-track res-
ice thickness measurements over this key location. Moreover, olution is obtained by focusing, which is a SAR-processing ap-
these ice-thickness measurements have been used for improvingproach applied here to glacial ice.
mass-balance estimates of the Greenland ice sheet. . . .
Similar SAR techniques have been applied to ground pene-
Index Terms—Airborne radar, Greenland, ice, ice thickness, re-  trating radar (GPR) systems [2], [3]. The GPR systems typically

mote sensing, sounding, synthetic aperture radar (SAR). operate near the surface. However, the Apollo lunar sounder
radar system used SAR techniques from space for ground pen-
I. INTRODUCTION etration [4].

. . . The airborne ice-sounding radar (ISR) focused-SAR concept
HbEI MASS ba"?‘”cfh"f tfrf'e E_)Olf.r |cehshetets 'S a kley Vlarj's', based on well-known SAR technigues [5], [6]. Moreover, in-
able in assessing the efiect ot ice Sheets on sea 1eVel N3Gy o ey processing (averaging of power) and unfocused-SAR

There are two approaches for determining the mass balanC(EJlg cessing (coherent averaging without phase correction)

anice shget: 1) volumetric ”.‘e”.“)d and 2) flux method. Us'”g t chnigues for ice-sounding data are well documented [7]-[11].
volumetric method, the periodic measurements of an ice-shegt.

levati d d d to determine the el t?%u and Moore [12] presented an incoherent form of the
elevation are made and compared 1o determineé the 1eValgis, iy that involves cross correlating a number of reference
change. ICESat, a NASA satellite, tentatively scheduled to

) . . : ctions with ISR data. Here we introduce phase corrections
launched in 2002, will use a precision laser altimeter to measyre ..o tocused-SAR processing of airborne ISR that take into
the ice-sheet elevation over its lifetime for monitoring chang

count a sloped ice surface.
in the mass balance using the volumetric method. Using the P

flux method, the mass balance is computed using net accumu-
lation and total output flux, which requires ice-thickness mea-
surements. Also, ice thickness is a key variable in the study4f Airborne Platform

ice dynamics. A NASA P-3 aircraft provides an airborne platform for the
We developed a coherent radar depth sounder operatingcatsounding radar system during Greenland data collection.
150 MHz and used it to collect a large volume of ice-soundinghe ajrcraft missions are normally flown out of either Thule Air
radar data on the Greenland ice sheet over the last few ye@§rce Base or the Kangerlussuag Airport in Greenland. The air-
We employed both normal coherent and incoherent integratigiyft normally flies at an altitude of 500 m above the ice surface
techniques to improve the SNR for obtaining good estimates\gjth an airspeed of about 130 m/sduring the Greenland mis-
sions. Also, the aircraft is equipped with a navigation system
Manuscript received January 16, 2001; revised August 2, 2001. This watntrolled by the global positioning system (GPS) and a scan-
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TABLE | AR
SUMMARY OF THE RADAR PARAMETERS FOR THEUNIVERSITY OF KANSAS
| CE-SOUNDING RADAR USED TOCOLLECT DATA OVER THE GREENLAND ICE
o ORTHS O SAMPLE P>
EET FORTHI uDY LOCATIONS
Description Characteristic Units
Radar Type Pulse Compression -
FLAT >

RF Carrier Frequency 150 MHz SURFACE

Transmitted Pulse Width 1.6 us

Compressed Pulse Width 60 ns SLOPED >

N SURFACE

Peak Transmit Power ~100 w

A/D Dynamic Range 12 (72) bit (dB)

Sampling Period 53.3(18.75) ns (MHz)
In Greenland, ice thickness measurements extracted from
radar data are playing an important role in current mass-balar

. FOCUS

studies [16], [17] POINT
B. Radar Data Fig. 1. lllustration of the geometry for focused-SAR processing. Dashed-dot

. . line paths from the ice-sounding-radar sample locations (denoted as squares) in
We collected ice-sounding data throughout Greenland usifigito the focus point in ice correspond to the flat-ice-surface geometry. Solid

the University of Kansas ice-sounding radar system [18]. Tliee paths from the ice-sounding-radar sample locations in air to the focus point
. : . in {ce correspond to the sloped-ice-surface geometry. The coordinate system is
ice sounder is a pulse compressmn radar system [19]. The own on the figure (the positivedirection is into the figure).

herent system is synchronized to a master clock operating at

frequency of 37.5 MHz. A summary of the radar parameters is

given in Table I. The modern system has sounded the deep ice”l' FOCUSEDSAR PROCESSING OHCE-SOUNDER DATA

(~ 3200 m) [13] from the summit of Greenland. A. Measurements Above a Flat Ice Surface

The coherent system records the in-ph@Seand quadrature  \ye start by considering the path (obeying Snell’s Law) the
(Q) components of the radar retun signal. Theand @  a4qr signal takes from a sample location above a flat ice surface
components of the return signal are digitized by two 12-bifjone angle, equal to zero) to a particular focus point within
A/D converters sampling at 18.75 MHz. The _hardware digitahe ice (we approximated the real part of ice dielectfic as a
signal processor (DSP) allows for averaging of complensiant[7]). Fig. 1 illustrates the imaging geometry. We define
amplltudeS(I + jQ) and/or averaging of powefI” 4 Q?) z = 0 at the air—ice interface of the flat ice surface. We define
before storing on a computer hard disk. Coherent averaging_ ( at the focus point. For a given sample locatian= z,
by the DSP hardware reduces the data rate to disk. FOL ot heighth above the ice surface, the range to the focus

example, when 9200 pulses are transmitted in 1 s with %int at depthi (z = 0, z = —d) is the sum of the distance in
coherent averages, the data rate is alBoitx 10° bits/s for air and ice given by

two channels { and @Q), a 12-bit system, and 1024 samples

per pulse (9200/64*12*2*1024 ~ 3.6 x 10° bits/s). During r(2,8) = ra(2, 1) + ice(, 1) (1)
postprocessing for focused SAR, we apply phase corrections to
the stored complex amplitudes of the signal. wheret is the arrival time of the signal return.

The received signal after pulse compression [6] for the sample
C. Scanning Laser Altimeter and GPS Data location is given by

The ice-sounding radar data are collected in conjunction
with GPS-derived location information and scanning laser
altimeter measurements capable of measuring the ice surf

a(z,t) = ag(z, 1)@ = qo(x, t)ed(wt=2kr@t) ()

topography [20]. As the aircraft moves along the track, the Iaserk wavenumber:
altimeter scans the cross-track direction over a swath width center angulfllr frequency:;
centered about the nadir point at the ice surface of about halfsc real number ’

the aircraft altitude. Thus: foran aItitu_de of 500 m, the Scann%eoangular frequency may be rewritten as
cross-track width at the ice surface is about 250 m [21]. The
range data from the scanning laser altimeter is processed to
extract the ice-surface vector slope (along-track direction and wiz,t) = —qp W Zh—g— ®)
cross-track direction). The nonradar instruments provide ice.

surface-slope data and the aircraft positional data, which g terms of frequency

used to make correction for nonlevel aircraft flight and nonzero 2 dr(z,t)

surface slopes. f(t) = fe— N dr = fo+ fo(z,1). (4)

dop(x, t) dr(z,t)
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Substituting (1) into (4), we solve for the Doppler frequency, 3_’ X
which is given as
T t
o 2dr, 2 [drap(z,t) . drice(z, 1)
@t == = T | a e v
®) VRN
1 ]
where T : !
A wavelength; >
Aar  free-space wavelength; L

Tee iC€ iNndex of refraction.
After downconverting and low-pass filtering (2), we have th
signal

ig. 2. Point-target time response for the samples corresponding to the
ynthetic-aperture length.

vz, t) = a (z,t)e 790 (6) functionsv(z,t) andm(z, t) for each time are approximated by
one-dimensional (1-D) functions(z, d) andm(x, d) for each
depth. Therefore, the correlation is approximately 1-Ixias
given by (10) where andd are related by radar parameters and

where

6(z,t) = 2kr(z,t) = an [Taie (%, 1) 4 MiceTice (2, )] . (7)

)\air geometryt = [2(]7/ + 7/liced)]/()‘fc)'
The appropriate reference function for a point target [5] is We implemented (10) using frequency-domain techniques as
given by Rom(@,d) = STHV ()M ()} (11)
m(zx,t) = b(a:,t)ﬂate_je(”"’t) (8)

whereV(f) is the FT ofu(z, d) with respect tac andM (f) is
whereb(x, t)g.: is a complex correction factor that may includéhe FT ofm(z, d) with respect tae.

compensation for the received amplitudg«, ¢) (such as but

not limited to antenna gain, spreading loss, ice surface reflds- Platform Motion

tion, media losses, transmitted waveform shape [5]-{7]), andFor focused-SAR processing, we wish the radar platform
system performance variation. Using the reference function fgbuld travel at a constant velocity, at a constant altitude and in a
a point target, correlation between the reference function aggaight line. Unfortunately, airborne and spaceborne platforms
the received signal is maximized for a target located at a poipdrely (almost never) behave in such an ideal manner. Without
By examining (8) and (9), one notices that the reference fun€ompensation, nonideal platform motion induces phase errors,
tion does indeed change for each time (or range). For our stugich degrade the focusing of a SAR processor. Motion
we simplify the correction factor for a flat surface by settingompensation techniques are readily available for airborne and
b(z,t)aar = 1. As presented later in the text, the complex Colspaceborne side-looking radar systems [5].

rection factor may be modified to compensate for aircraft mo- \we investigated nonideal aircraft motion for focused-SAR
tion, b(x, ¢). and also compensate for a nonzero sloped ice sipcessing of glacial-ice depth-sounding data. We considered

face,b(x, t)s1ope, - _ _ _ 1-m deviations from the desired ideal travel in th@long-track
We focus the data by correlating the signal with the referenggeed changes), (cross-track motion), and (altitude varia-
function, which is given by tion) directions over the synthetic-aperture length for a mean

altitude of 500 m and mean velocity in thedirection of 130
Rom(z,t) = / / v(z + 2’ t+m)m” (¢, 7)da’dr (9) m/s. At the ice surfaces(= 0, z = 0), the phase error due to a
T 1-m z-direction deviationAz is about 0.8 {47 /A, [rair (= +
whereL is the synthetic-aperture length and the pefib@nax- Az) — 73 ()] = 47 /2[500.001 — 500]}. For a cross-track an-
imum arrival time—minimum arrival time) is the measure of aenna beamwidtl, of about 18, the cross-track footprink,,
rival times for a point target for the given synthetic-aperturg about 160 m{2h tan(6, /2)}. Moreover, for a 1-my-direc-
length, as shown in Fig. 2. The focus poiat£ 0, z = —d) has  tion deviation,Ay, the area illuminated changes by less than
samples located along the apertwrd (/2 < & < L/2,z = h). 2% {~ 2*Ay/L%100% = [1 + 1]/160*100} at the ice sur-
Implementation of (9) can be accomplished using range migface ¢ = 0, = = 0). At the ice surfacef = 0, z = 0), the

tion by Fourier transform (FT) [22]. phase error due to a 1-gdirection deviatiom\~ is about 360
When the periodl’ is Ies_s than the data sample rdle < 4%/ Noip [Faie (2 4+ A2%) = Taie (2)] = 47 /2[501 - 500]}. Platform
tsample), (9) can be approximated as the following: pitch, roll, and yaw motion for a nadir-looking ice sounder illu-

minate a given area on the ice surface using an antenna pattern
Rom(z,d) = / v(iz+z',d)ym* (z',d)ds’ (10) that is shifted accordingly [5]. Based on this analysis, vertical
L motion contributes the largest phase error for our ice-sounding
wherets,mple = 1/ fsample 1S the data sample time interval anddata.
fsample IS the data sampling frequency. For the radar describedFor the GPS-controlled navigation of the NASA P-3 aircraft,
in Section Il, feample is the A/D converter sampling frequencywe found that for our typical altitude of 500 m and airspeed of
of 18.75 MHz. For?’ < tsample, the two-dimensional (2-D) 130 m/s that aircraft motion is not significant (typical deviations
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< 1 m) for apertures on the order of the maximum unfocused « model’s slope constant;

aperture length (typicallyx:. 50 m). For long synthetic apertures p model’'sy-intercept constant.

(typically > 100 m), aircraft motion should be compensated.  For ice depthgd < 4000 m) and surface slope angles typ-
We compensate for vertical aircraft motion using differentiatally found for glacial ice(—2° < s < +2°), we write the

GPS trajectory data. Krabidit al. [18] reported that the uncer- phase shifts (16) by expandingand p. A derivation of the

tainty in the laser-derived ellipsoidal height measurementsspe correction model is given in Appendix A. The general-

about 10 cm. Using ellipsoidal height measurements determirized model is written as

from the scanning-laser-altimeter data, we computed the change 6 02 ¢,
in an elevation about some mean height us (2, d,0;) = {e—sa (d)g, } z+ g5 —alde, (A7)
1 1°1
Az(x) = hem(2) — hem (12)  where
where Ug phase shift in degrees;
L _— z along-track position in m;
hem ellipsoidal height; d ice depth in m;
Ze“‘ 2}52”_328? ofgltir;?ght; 0, surface slope angle in degrees;
9 position. . . . 0, basis surface slope angle in degrees;
We then compute the correction phase associated with this rangg(d)e slope of the slope-induced phase error as a function
change from the change in elevation as ! of d for 6.°
1!
4 t meany-intercept of the slope-induced phase error
Yme(w) = T A(e). N P P

mean slope of the slope-induced phase error dver
cted the surface slope-induced phase shifts by multi-
plying the reference function by the following correction func-

Xmel@) = 7¥me ), (14) tion

Each column (range dimension) is multiplied by the appropria\tﬁglCorre
complex correction factor given by

Using (14), we applied a phase correction to each pixel, but ((z,d,05) = ™. (18)
the location of the return from the same range cell still may be raying into account ice-surface slope and vertical motion, we
at a different row location (since the timing is from the actugyjte the reference-function complex correction factor as fol-
altitude) in the image for each column. Therefore, we shift thg,, «.
pixels of each column accordingly in the image to account for
this offset. b(z, d)sope,. = bz, d) eI, (19)
Taking into account vertical motion, we write the reference-
function complex correction factor as
IV. PROCESSINGRESULTS OF AGREENLAND |CE-BEDROCK
b, ). = bz, t)gare? Ve, (15) INTERFACE

We analyzed radar data from an ice-bedrock interface
C. Slope Ice Surface collected in Greenland on June 27, 1998 [23]. For a 132.94-m
aperture length, each case was processed using three different

Glac!al Ice -often has small surface sloffes 2°). However, methods: 1) incoherent averaging; 2) unfocused-SAR pro-
for nadir-looking SAR, these small surface slopes can defocusa .~ .

. . cessing; and 3) focused-SAR processing. For each method,

processor designed for a flat surface. Correcting for the surface

slope requires some knowledae of the ice surface topoara € calculated the along-track range resolution and the signal
pe req . ge ot pograp y()cessing gain for a point target. Parameters relating to the
A scanning laser altimeter can provide the necessary ice surfélc

topography (vector surface slope). The along-track slope is tDae"ﬁel set are given as follows. The real along-track antenna

. : L2 . beamwidthd, is 72, the number of preprocessed coherent
most critical since the across-track slope will primarily provide . . -
. . . . tegrations (COH) is 64, the pulse repetition frequency (PRF)
image distortion, not defocusing [5].

Non-zero surface slopes shift the signal phase. If the gla 15,9200 Hz, the real part of the dielectric conste is 3.17,

cigl . oo . .
ice-surface slope has arelatively small chafige.05°) during ieojtlrggtrxelocnyu is about 130 m/s, and the altitudeis
the time required to build a synthetic aperture, we can approX, . compu.ted the signal processing gain with an aperture
imate the ice-surface slope as constant for the given aperthr%.gth of 132.94 m for each processing method based on a point-
Under this condition, we compute the phase shifts from the fqgrget analyéis as shown in Table II. To simplify our analysis

lowing linear model (assume 6, = 6,) for a given ice depth . . : . )
and surface slope angle Wh@n< f.....1. as follows: of signal processing gain, the S|gnal_ amplitude faefgr, )
sample ' and the correction factd(z, ¢) are assigned a constant value of

w(z) = az +p (16) one. Foreach method, we determined the number of samples
from the aperture length, repetition frequency, and aircraft ve-
where locity (V = L* f,,/u). The repetition frequencyj, is calculated
w  phase shift in degrees; from the PRF and the OH(f, = PRF/COH = 143.75 Hz).

x along-track position in m; The unfocused-SAR aperture length for a signal phase error less
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TABLE I TABLE Il
PROCESSINGGAIN IMPROVEMENT FOR APOINT TARGET USING ALONG-TRACK RANGE RESOLUTION FORDIFFERENT APERTURELENGTHS
INCOHERENT, UNFOCUSEBSAR AND FOCUSEDSAR PROCESSING AS USING INCOHERENTUNFOCUSEDSAR AND FOCUSEDSAR PROCESSING AS
DESCRIBED IN THETEXT DESCRIBED IN THETEXT
Description Incoherent | Unfocused | Focused Along-Track Resolution [m]
A i AR SAR
veraging S ra=(h+d/ ) * Aul 21 L
Aperture Length, L 132,94 31.65 132.94
perture Lengt (m] Aperture Incoherent Unfocused Focused
Repetition Frequency, f, [Hz]|| 143.75 143.75 143.75 Length Averaging SAR SAR
Velocity, # [m sec™] 130 130 130 L (L <0.90) (L <31.65) (05
Samples, N=L*f,/u 147 35 147 0.90 m 1180 1180 1180
Gain Expression 10log;oN** | 10logieN | 10log eV 31.65m 1180 34 34
Gain [dB] 10.8 15.4 21.6 132.94 m 1180 34 8
Improvement [dB] -4.6 0.0 +6.2
TABLE IV

than 45 [5], {(h+d/ﬁice))\air/2}0'5 is based on an altitudeof RESOLUTION IMPROVEMENT USING INCOHERENT, UNFOCUSEBSAR AND
500 m and an ice depthof 1000 m. We used 35 sample points FOCUSEDSAR PROCESSING ASDESCRIBED IN THETEXT

(~ 31.65 m) to approximate the corresponding unfocused-SAR
aperture length. Because of signal phase efrsr45°) beyond

the unfocused aperture length, the unfocused aperture length is

Resolution Improvement

(7' a /7 a,unfocused SAR)

used in the calculation instead of an aperture length of 132.94 m. Aperture || Incoherent | Unfocused Focused
Under these conditions, the focused-SAR processing-gain im- Length || Averaging SAR SAR
provement is 6.2 dB higher than the unfocused-SAR improve- L (L<090) | (L<31.65) @)
ment. 132.94m 0.03 1.000 4250

We computed the along-track range resolution with an
aperture length of 132.94 m for each processing method,
as shown in Tables Il and IV. To simplify our analysis of
along-track range resolution, the signal amplitude factor
al (z,t) and the correction factdé(z, t) are assigned a constant . il
value of 1. We calculated the along-track range resolutign e = N,
([h+d/mee]* Mair /2/ L) using the aperture lengths as explained
in the following text. Incoherent averaging does not improve
the along-track range resolution. Hence, the raw data aperture
length of about 0.9 m is used for computation. For phase errors

less than about 45(~ 31.65 m), unfocused-SAR processing —% '.,.:"_ E I'+

improves the along-track range resolution. However, for larger
apertures, the signal experiences coherent degradation due to
large phase error§> 45°). Thus, unfocused-SAR aperture
length is limited to about 31.65 m for the resolution calculation.
As discussed in Section Il for focused SAR, the signal is
phase-corrected usir#x, t). Therefore, an aperture length ofFig. 3. Processed data collected in Greenland from an ice—bedrock interface.
132.94 m is used for resolution computation. Under these cdie top of each frame corresponds to a depth of 930 m, whereas the bottom
e " . of the frame is 360 m deeper at a depth of 1290 m. The horizontal axis starts
ditions, the focused-SAR along-track resolution improvemepy the left at 0-m distance and proceeds to the right to 1800-m distance for
is 4.25 times better than unfocused-SAR improvement. each frame. Top left frame corresponds to raw data (no postprocessing).
: : - Bottom left frame corresponds to incoherently processed data. Top right
We Compensated the radar data for vertl_cal aircraft moti me corresponds to unfocused-SAR processed data. Bottom right frame
and first-order compensated for the sloped ice surface. We @@responds to focused-SAR processed data. The focused-SAR image shows
plied phase corrections (8) witliz, d)siope, -~ t0 the radar data a small hill (designated by A), a large hill (designated by B), and a valley
for a surface slope of 0°4which represents a mean slope Valugie&gnated by C), which were extracted from the raw signal clutter.
over the image. The ice-surface slope data are obtained from the
scanning laser altimeter data as described in Section . Figiodtprint at a depth of 1000 m is about 335 (&% tan[6, /2]
shows the raw radar image and the processed results for an aperd tan[f, /nic./2]). We did not employ any method to
ture length of 132.94 m (147 sample points). reduce clutter from the cross-track footprint. Thus, below the
First, we make a few initial observations regarding thiee-interface boundary, clutter due to the cross-track beamwidth
images of the ice—bedrock interface produced from the radampresent. Above the ice-interface boundary, we see a weaker
ice-sounding data as shown in Fig. 3. For a cross-tradkiplicate signal (so-called ghost), which is due to radar range
antenna beamwidth in ai, of about 18, the cross-track sidelobes [24] (peak sidelobe is about 30-dB down from peak).
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Fig. 5. Focused images from the 360-km southwest-Greenland 2000-m
contour line, which was flown in 1998, where high-quality ice thickness data
have been sparse. We use the WGS84 ellipsoidal height for#ixés label and
distance along the flight line for the-axis label. The top of the ice sheet is at
elevations from about 1800 m to 2000 m. About the first 300 m shown below
the top are a dark color due to receiver blanking. The ice-bedrock interface
starts at an elevation of about 250 m and ranges from about 250-m to 1400-m
elevations.

Comparing the focused-SAR image to the raw data image
from Fig. 3, we see that several features are extracted from
Fig. 4. Map illustrates the portion of the 2000-m contour line of southwedhe clutter at the ice-bedrock interface. We notice the small hill
Greenland where quality ice-thickness measurements were missing. around 0.5 km (designated on Fig. 3 as point A), which is ex-
tracted from the signal clutter present in the raw data. The fo-

The incoherent processing results from Fig. 3 illustrate th‘z?\'t's‘e‘j'SAR results with an aperture length of 132.94 m have

along-track resolution remains the same after integration, whigtpre definition of the peak around 1.0 km (designated on Fig. 3
agrees with our computation,( = 1180 m from Table lll). 25 point B). Also, the valley around 1.5 km (designated on Fig. 3

However, the incoherent integration low-pass filters the da@S POiNt C) is extracted from the signal clutter presentin the raw

hence, the smoothed appearance for the longer aperture. ata.
The unfocused-SAR processing results from Fig. 3 show co-
herent degradation (due to the phase errors of greater tfan 45
for the 132.94-m aperture) of the radar signal for an aperture
consisting of 147 sample points. The along-track resolution
(ra = 34 m from Table Ill) improves with longer apertures A lack of ice-thickness measurements over southwest Green-
up to the maximum unfocused-aperture length 31.65 m).  land 2000-m contour line led to the July 18, 1998 ice-sounding
Thus, after reaching the maximum unfocused-aperture lendgilight, where coherent radar data were collected over south-
additional integrations coherently degrade the radar image. west Greenland [23]. These data were collected under heavy
The focused-SAR results from Fig. 3 show that along-trackelt conditions where ponds and streams were observed on the
resolution improves with longer apertures (147 sample poirite surface. These ice thickness measurements were needed for
corresponds ta, =~ & m from Table Ill). The focused-SAR improving mass-balance estimates of the Greenland ice sheet.
processing results and unfocused-SAR processing results larthis section, we present the focused-SAR image and the ice
approximately identical, as Table Ill illustrates, up to the masthickness data extracted from the radar data.
imum unfocused aperture length 31.65 m). After reaching Using focused-SAR processing, we processed data collected
the maximum unfocused aperture length, the resolution is imver a key 360-km-long portion of the 2000-m contour line of
proved only in the focused case and coherent degradation sauthwest Greenland. Fig. 4 illustrates this key portion of the
curs for the unfocused-SAR case for an aperture of 132.94 nsouthwest-Greenland flight line, which is superimposed on a

V. ICE THICKNESS FROM SOUTHWEST GREENLAND
2000-m NTOURLINE
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Fig. 6. Ice thickness data measured along the 360-km southwest-Greenland 2000-m contour line flown on July 18, 1998. Data were collected uedter heavy m
conditions.

map of Greenland. Parameters relating to the data set are giVbe ice surface (air-ice interface) is located at ellipsoidal

as follows. heights between about 1800 m to 2000 m. The bottom surface
Real along-track antenna beamwidth 7; (ice-bedrock interface) is located at ellipsoidal heights between
Number of preprocessed COH 128; about 250 m and 1400 m. The first, about 300 m below the ice
PRF 15000 Hz; surface, is a dark color (weak signal) because the radar uses a
Real part of the dielectric constast, 3.17: signal blgnking circuit to avoid repeiver sgturatioq from r.eturns
Aircraft velocity « 130 m/s near theice surface._WeII known_ mte_rnal ice layering [7] is seen
Altitude h 150 m- in the focused-SAR image at ellipsoidal heights between about

. ' 1500 m to near the bottom surface. For the first 180-km portion

Repetition frequency, 117.19 Hz.

of the flight line, the ice internal layering is imaged continu-

~ Using point-target analysis as described in Section IV for gysly. For the second 180-km portion of the flight line, the ice
ice depth of 1650 m, focused-SAR processing 165 sam-  jnternal layering in the image is occasionally blurred, which we
ples,L = 180 m, 7, = 6 m) has a 7.5-dB processing gain adpglieve is at least in part due to the rapidly varying ice-surface
vantage and a 5.6-times fmer_ along-track resolution advantaggpe_ Bottom topography becomes increasingly rough toward
over unfocused-SAR processiny (= 29 samplesf. = 31.9M  the southern end of the flight line with peak-to-peak deviations
andr, = 33.8 m). As described in Section Ill, we compensategf apout 1100 m. The ice thickness decreased from about
the radar data for vertical aircraft motion and first-order comy700 m at the start of the flight (66.88, 47.22W) to about
pensated for the sloped ice surface where the ice-surface slggg m at the end of the flight (63.5R, 48.49W) as shown
slowly varies (dividing the ice-surface slope data from the firg Fig. 6.

180-km line into 180-m apertures, we find the majority of aper- The ice thickness measurements reported here along the
tures have slope changes less than ¥).@ross about the first soythwest Greenland 2000-m contour line filled the ice-thick-
180 km of the flight line with a mean slope of abot®.05° (~  ness data gap for the 2000-m contour line of all Greenland. We
flat surface). However, for the second 180 km of the flight lingg|ieve that we obtained reliable ice-thickness data for this key
the ice-surface slope is rapidly varying (dividing the ice-surfacgea through the combination of the advanced ice-sounding
slope data from the second 180-km line into 180-m aperturgggar system with SAR processing. These new data allowed for

we find that 75% of these aperture have slope changes frgMetter understanding of the of mass-balance at high elevations
0.05 to 0.35), which means the approximation of constany, pe achieved [25].

slope over the 180-m aperture is poor. Because the condition
of slow-varying ice-surface slope during an aperture is not sat-
isfied, the first-order slope compensation is not applied for the
second portion of the line. The synthesis of the modern ice-sounding radar system with

The focused-SAR image over the key portion of the 2000-8AR processing allowed us to obtain ice-thickness measure-
contour line in southwest Greenland is shown in Fig. Bnents over a key portion of the southwest Greenland 2000-m

VI. CONCLUSION
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contour line, which were needed for a better mass-balance eatigle ¢ is proportional to the slope angk, which can be
mate of the Greenland ice sheet. rewritten as

By an analysis of an ice-bedrock interface, we demonstrated
that coherent ice-sounding radar data can be focused in the T = Veonstant 0 (A7)
_along—track dlr_ectlon using SAR processing, which sharpe\r)v%ere the constant.o.siaqt 1S approximately constant for the
image resolution. The improved along-track resolution de- ... . ; : .
: - conditions described in Section Ill. Now we rewrite
fined bedrock topography more accurately than by using
unfocused-SAR processing or incoherent averaging. The p(d, 0,) = —Veonstantfs a(d, 05). (A.8)
focused-SAR processing improved along-track resolution by a
factor of about four and provided about 6-dB processing gainFor a given slope angie = 6, we write (A.8) as

over that for unfocused-SAR processing based on a point-target
analysis. p(d)o, = —Vconstantfra(d)e, (A.9)

The focused-SAR processing presented here has additi%ﬂlerea andp are computed from the imaging geometry for the

potential uses for ice?sounding systems. The demonstra}[ﬁgis slope anglé. (6, # 0). Integrating both sides over depth
processor can be applied to data collected from nadir-looki dd normalizing (A.9), we write

spaceborne ISR systems. Also, we expect thin ice, such as that

found along the ice sheet margins, will be imaged better as fdp(d)gldd B 0 fd a(d)y,dd A10
in Section 1V, because along-track surface-return clutter will fdd ~Veonstant U1 W (A.10)
be reduced using SAR focusing. However, we must remind

one that the cross-track surface clutter is not reduced usfim (A.10), we define two model parameters

focused-SAR processing. The cross-track surface clutter may 1, p(d)o,dd
be reduced by narrowing the cross-track beamwidth of a t = T (A.11)
nadir-looking ice-sounding radar. fd dd
and
APPENDIX
CORRECTIONMODEL DERIVATION FOR A SLOPED |CE SURFACE g1 = M_ (A.12)
! [,dd

We derive a linear-basg@in 6, ~ 6.) correction model for
a sloped ice surface. We approximated the real part of the New we solve (A.10) using (A.11) and (A.12) for the constant,
dielectric,s!__, as constant [7] for glacial ice. The authors makeconstant aS

1ce’!

no attempt to correct for nonconstant valdes, ) that occur £
in the firn layer above the glacial ice. We compute the phase Ueonstant = — g (A.13)
shifts with units of degrees as a function of sample location, L
focus-point depthl and the ice surface slope angleas Using the result (A.13), we rewrite the (A.8) for the model’s
y-intercept constant as
us(z, d, 0s) = a(d, 8s)x + p(d, 6;) (A1) o ¢
s U1
whereq is the model’s slope constant apds the model’gy-in- p(d,0s) = ag“(d’ 6s). (A-14)

tercept constant.

. . From the linear assumption, the model’s slope constant is given
For a zero-phase shift for a given slope angle, we have

by
Us (.’L’, d7 95) =0 (A2) [
a(d,fs) = —Sa(d)gl. (A.15)
or 61

As described in Section lll, we write the phase shifts (A.1)

p(d, 0s) = —a(d, b)x. (A-3) by expanding: andp. The generalized model is written as
Using the geometry from Fig. 1, we write 6, 62 ¢,
- us(x, d, bs) = e—a(d)g1 x+ Q—‘Q—a(d)gl. (A.16)
sing = A (A.4) 1 151

The model parametets, s;, a, andp need to be computed only
once from the geometry with slope angledef The phase shifts

x = hsing (A.5) for the slope anglé; are determined from the model using the
values fort, s, a andp for 8, from a look-up table.

or

which for small angles is approximately
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