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ABSTR ACT. High-reso lution maps of the glacier bed are developed through a pseudo­
three-dimensional migra tion ofa dense array of radio-echo sounding profi les. R esolution 
of three-dimensional maps of subglacial surfaces is determined by the radio-echo sound­
ing wavelength, data spacing in the fi eld, and migration. Based on synthetic radio-echo 
sounding profil e experiments, the maximum resolution of the fin al map cannot exceed 
one ha lf-wavelength. A m ethodology of field and processing techniques is outlined to 
develop a maximum-resolution map of the glacier bed. The fi eld and processing tech­
niques a re used to develop a map of the glacier bed below part of\t\'orthington Glacier, a 
temperate valley glacier in south-central Alaska. The fi eld techniques and the processing 
steps used on the glacier result in a map of20 m x 20 m resolution. 

INTRODUCTION 

A radio-echo so unding survey of 18 cross-g lacier profil es 
was recorded on Worthing ton Glacier using a 5 MHz pulse 
echo system which has a 33.8 m waveleng th (a 169 m J1 S I 

wave-propagation veloc ity in ice). The radio-echo sounding 
transmitter specifications are described in Narod and 
Clarke (1994) and the profil es were recorded onto a laptop 
computer via a pon able digita l oscilloscope. The profil es 
were arranged to make a n orthogonal grid o f traces spaced 
every 5 m across the glacier and 20 m along the glacier Oow­
line. The recorded profil es were processed using standa rd 
reOection seismic routines adapted for use with radio-echo 
sounding data. The three-dimensional nature of the glacier 
bed was interpreted from the raw radio-echo sounding data 
th ro ugh two-pass two-dimensional migra tion which is a 
simula tion of true three-dimensional migra tion. 

Seismic reOection techniques including two-dimen­
siona l migration have been successfully adapted to process 
radio-echo sounding profil es for a variety of applications 
and environments (Harrison, 1970; Bj ornsson, 1981; Brown 
and others 1986; J acobel a nd others, 1993; Arcone and 
others, 1995; Bjornsson a nd others, 1996). Thro ugh this study 
it became clear that the final reso lution of a subglacial bed­
rock map recovered fro m radio-echo sounding is deter­
mined not only by the wavelength of the sys tem, but also 
by data spacing in the field and the migra tion routines. 
These obse rvations have led to a recommended set of field 
and processing techniques that will maximi ze the resolution 
ofa three-dimensional radi o-echo sounding survey. 
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RADIO-ECHO SOUNDING GEOMETRY AND 
MIGRATION 

Comprehensive reviews of the principles of rada r signal 
propagation a nd reOection can be found in Robin and 
others (1969), Smith and Evans (1972) and Bogorodsky and 
others (1985). It has been shown that due to signal scattering 
due to free water in temperate ice, 5 MHz is the effective 
radio-echo sounding frequency for temperate glaciers 
(Smith and Eva ns, 1972; Watts a nd England, 1976). It is 
ass umed here that the wavefronts of transmitted a nd re­
Oected signals propagate spherically (no propagation­
velocity vari ations within the ice). The lobes of high ampli­
tude along the wavcfront that a re associated with dipole an­
tennas are ignored (Arcone and others, 1995). 

The reOection of radio waves by a subglacial surface will 
be recorded by the radio-echo sounding system o nly if the 
reOected energy is greater tha n the sensitivity of the recei­
ver. Furthermore, the reOector can be identifi ed only if it ex­
ceeds the signal-to-noise ratio (Yilmaz, 1987). The source­
signal streng th is di spersed radia lly throughout the wave­
front as the wave propagates through the glacier (Robin 
and other , 1969; Yilmaz, 1987). The source signa l is also at­
tenuated due to both the dielectric properti es of ice a nd scat­
tering by small water pockets (Robin and others, 1969; 
Smith and Evans, 1972; Watts a nd England, 1976). The signal 
is reOected a t an interface of materi als of differing electrical 
impedance (such as the interface between ice and rock). A 
certain amount of energy will be transmitted through the 
interface and some will be reOected back toward the glacier 
surface. The strength of the reOected signal dep ends on the 
angle of incidence at the interface as well as the dielectric 
contras t between the materials on either side of the interface 
(Robin and others, 1969; Smith and Evans, 1972). The re­
!lec ted signal will be further scat tered and a ttenu ated as it 
propagates to the receiver, where it will be recorded if the 
strength is g reater than the sig na l-to-noise ratio of the recei-
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ver (Robin a nd others, 1969; Smith and Evans, 1972; Watts 
and Eng la nd , 1976). 

Recorded radio-echo sounding traces a re commonly 
plotted in the manner of seismic data where the trace 
location is plotted against the travel time of the signal. The 
amplitude of the recorded signal is plotted either as a line 
("wiggle" ) plot or as a gray scale. This seismic plotting con­
vention, a lso known as the imaging principle, tacitly 
assumes that all reflectors are located vertically beneath 
the trace location (Yilmaz, 1987). For ex tremely deep or fl a t 
refl ecting surfaces (such as continenta l ice sheets or mar ine 
seismics ), the assumptions of the imaging principle hold. 
However, for steep-walled vall ey glaciers, the three-dimen­
sional propagati on of the wavefront can refl ect off surfaces 
that are not directl y below the transmitter. Fig ure I shows 
how the im aging principle can lead to inaccurate inter­
pretations of radio-echo sounding data from a valley glacier. 
Refl ection 2 is directly below the trace location and is 
plotted correctly by the imaging principle. Reflections I 
and 4 a re a long the profile, but are plotted by the imaging 
principle as though they were directly below the trace 
locat ion. Note that the radia l di sta nce to refl ector 1 is shorter 
than the di sta nce to refl ector 2. Refl ector 3 does not lie along 
the profile plane, but is still recorded a nd plotted by the 
imag ing principle. 

l'vlig ra tion used in seism ic process ing uses the data of ad­
jacent traces to alter the recorded data so that the imaging 
principle be tter represents the actual locations a nd slopes of 
the refl ect ing surfaces. In effect, migration fo c uses the om ni­
directional transmitted rada r signal so that each trace 
plotted by the imaging principle shows only the refl ectors 
located ve rticall y below the trace surface location (Chun 
andJacewitz, 1981; Claerbout, 1985; Yilm az, 1987). The mi­
grati on routine used in thi s paper is a frequency-wavenum­
bel' routine that is effective for single-veloc ity systems (the 
signal travel onl y through ice ) where steep refl ector slopes 
are ex pected, such as \'a ll ey walls (Chun a ndJacewitz, 1981; 
Yilmaz, 1987; Cohen and Stockwell , 1996). The frequency­
wavenumber routine uses the entire d igitally reco rded data­
se t so th at the resu lts are not biased by pre-migration inter­
pretation o f refl ectors (Yilmaz, 1987). 

DETECTION VS RESOLUTION 

The term s detecti on and resolution a re often g iven vario us 
connota tions in both seismic and glaciology literature. For 
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the purposes of this paper, the following definitions wi ll be 
used. Detection is simply the ability of a radio-echo sound­
ing dev ice to record the energy refl ected by a n interface. 
Th is means that the reflec ted signa l streng th exceeds the 
sensiti\'it y of the recording device, despite losses due to 

signal di ssipa tion, scattering, a ttenuation and refl ection 
(Robin and others, 1969; Smith a nd Evans, 1972). 

Resolution is the ability to interpret acc urately the 
shape, slope a nd size of a refl ecting surface once it has been 
detected. D ata spacing is a maj o r facLOr controlling resolu­
tion since reflector dimensions a nd slopes can be misinter­
preted if the d a ta spacing is ove rl y la rge. In order to avoid 
such spati a l a li as ing, traces should be less than one qua rter­
wa\'eleng th (A/4) apart, and for three-dimensio na l radio­
echo sounding surveys, profiles should a lso be less than A/4 
apart (Yillll az, 1987). Where spatia l aliasing has been 
avoided (trace profile spacing is less than A/4), reso lution is 
a fun ction of the transmitted signal wavelength which de­
pends on th e transmitted frequency and wave velocity in 
ice (Robin a nd o thers, 1969; Yilm az, 1987). 

PRE- AND POST-MIGRATION RESOLUTION 

Where spati a l a li asing has been avoided, pre-migration re­
so lution of re fl ec ting surfaces is a function of radio-wave 
propagation a nd reflection. Robi n and others (1969) and 
Yilmaz (1987) demonstrated the deve lopment of the Fresnel 
zone as a wave encounters a polished planar refl ec ting sur­
face at a g iven di stance from the transmitter. The first 
Fre nel zone desc ribes the a rea of the reflec ting surface th at 
contributes to a single refl ection of a single trace as shown 
below: 

T = J~z + ~; 
where T is th e radius of the first Fresnel zone, A is wa\'e­
length , and z is depth below iee surface (Robin and others, 
1969; Yilm az, 1987). Energy refl ected from any number of 
surfaces w ithin the Fresnel zo ne will contribute to a single 
peak that i recorded by the rad io-echo sounding system. 
The single peak cannot be broken down into the individua l 
components contributed by th e multipl e refl ec ting surfaces 
within the Fresnel zone. Therefo re, while a fea ture smaller 
than the Fresncl zone may be de tected by a sing le trace, the 
feature can o nl y be resolved if it is la rge r tha n the Fresnel 
zone. 

Robin a nd others (1969) showed that while diffuse or 
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Fig. 1. Cartoon qf echoes recorded by a single !race qf a radio -echo sounding jn-qfile. 
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rough refl ecting surfaces alter the reIlected power, the 
Fresn el zone does not change. R eIlecting surfaces with 
roughness length-scales that are sm a ll er than the Fresnel 
zon e will affect detection but not resolution. 

The radius of the Fresncl zone for a single trace varies 
non-linearly with distance between the reIlecting surface 
and the radio-echo sounding equipment. Thus, the mini­
mum size of a resolvable feature at the glacier bed increases 
non-linearly with g lacier thickness. As stated earlier, by 
using the data from adj acent traces, migration has a focus­
ing effect on the transmitted signa l. In order to determine 
the effects of migration on resolution, a synthetic radio-echo 
sounding profile was created and migrated. The results of 

the mig ration were compa red to the origina l synthetic bed 
topography. 

The geometry of the sY11lhetie radio-echo sounding 
profile is shown in Fig ure 2a. The ice surface is fl at, the 
300 m thick ice is electr icall y transparent (no attenuation 
or scattering) and the bed surface is a perfect reIlector with 
a series of rectangular bumps of increasing leng th. The syn­
thetic radar profile in Figure 2b shows how a 5 MHz rada r 
would image the synthetic b ed surface if the trace spacing 
were 5 m. Note that the imaging principle commonly used 
to plot such data does not p roduce an image that resembles 
the origina l synthetic surface. The same frequency-wave­
number migration routine is used on the syn thetic data as 

a 
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Fig. 2. (a) Bed geometry used to create a synthetic 5 M Hz radio -echo sounding pnifile. ( b) Synthetic radio -echo sounding pro ­
duced from the geometry in (a). (c) Results ofmigrating the synthetzc prqfile. Note that features smaller than )..(2 are not resolved. 
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was used for the vVorthington Glacier d a ta. As shown in Fig­
ure 2c, migration a lters the data so tha t the imaging princi­
ple will better represent the true synthetic glacier bed. 

Due to the refl ection geometry, migrati on can only rc­
so lve a ngles less tha n 45°, so the vertical edges of the bumps 
in Figurc 2c are migrated to 45° slopes (Chun andJacewitz, 
1986). The surface of the largest bump (33.8 m or A in leng th ) 
h as been elearly resolved. There is a single horizontal refl ec­
tion from the surface of this large bump, clcarly showing the 
feature's size and sh ape. The sam e is true for all bumps 
broader than Af2. Migration was unable to completely rc­
so lve the 10 m bump, as there appear to be two parallel hor­
izontal refl ectors. All bumps sm aller than Aj2 show two 
horizontal refl ectors rather than the single refl ector ex­
p ected from the true bed geometr y. Based on thi s exp eri­
m ent, the resolution of migrated profil es is Aj2, as opposed 
to the depth-dep endent Fres nel zone used to define the reso­
lution of a single unmigrated trace. 

The Fresnel zone defin es the resolution of a single trace. 
vVhen a profil e of traces is migrated , the additiona l data of 
the adj acent traces can be used to improve the resolution of 
the entire profile (Yilmaz, 1987). The synthetic radio-echo 
sounding cxperiment has been repeated for ice thicknesses 
of 100- 500 m with no changes to the results. From these 
results it is concluded that when sign a l losses due to a ttenua­
ti on, scattering and reflection are ignored, the Aj2 resolution 
of a radio-echo sounding system is independent of depth. 
}o r a real glacier system, signal losses a rc present, but a ffect 
onl y the detection limits of the radio-echo sounding system. 
Therefore, any detectabl e feature with horizonta l scale 
la rger than Aj2 can be resolved, indep endent of the distance 
be tween the transmitter and the feature. 

TWO-DIMENSIONAL VS THREE-DIMENSIONAL 
RADAR SURVEYS 

M ost radio-echo sounding surveys of la rge ice sheets a re 
conducted over m a ny kilometers where the ice and bed sur­
faces do not change dramatically with respect to the leng th 
of the profilc. R adio-echo sounding surveys of valley 
g lac iers are complicated by the three-dimensiona l geom­
e try of the glacier system. Unlike la rge ice sheets, the ice sur­
face of a vall ey glacier is often steep, as a re the valley wa lls 
a nd g lacier bed. The proximity of the va ll ey wall s can pro­
duce refl ections tha t a re reco rded by the radio-echo sound­
ing system even when located in the center of the g lac ier. 

L et us now consider the assumptions involved in migr at­
ing a single radio-echo sounding profil e made up of a series 
of traces recorded at regul ar intervals ac ross a valley glacier. 
Two-dimensiona l migrati on makes two critical assump­
tions: (1) all refl ecting surfaces a re located along the profiles, 
i. e. no refl ecti ons a re recorded from surfaces to either side of 
the profil e, and (2) a ll apparent reflector slopes used in mi­
g ra tion are in the di recti on of the profile (Claerbout, 1985; 
Yilmaz, 1987). The topography of most vall ey glaciers is 
complex and three-dimensional, so tha t it is clear tha t the 
ass umptions of two-dimensional mig r a tion arc ra rely met 
(Fig. 1). Therefore, interpretations based on the results o f 
t wo-dimensiona l mig rati on of a single profile from a valley 
g lacier can be incorrect. 

In order to map the complex geometry of a valley 
glacier, a three-di mensional radio-echo sounding survey is 
necessary. An a rray of closely spaced radio-echo sounding 
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traces can be processed as a three-dimensional datase t 
where fully three-dimensional migra ti on routin es can 
accommodate refl ections from any location. Two-pass two­
dimen siona l migratio n is a pseudo-three-dimension a l 
migration routine tha t is a n effi cient alterna ti ve to the com­
plex ities involved in a fully three-dimen sional migra tion 
(Cl aerbout, 1985; Yilm az, 1987). 

Two-pass migration involves two passes of a two-dimen­
siona l mig ration routine. The profil e is recorded ac ross the 
domina nt topography, so most of the recorded reflections 
tha t a re not directly below the trace location will be along 
the p rofil e plane. The fi rs t migrati on p ass processes the 
profiles across the expected dominant top ography of the 
surveyed region to mig r a te the refl ec ti ons located within 
the pro fil e plane. As a result, the refl ec tions origina ting 
within the profil e plans have been placed in their appropri­
ate locations. Refl ections o riginating to either side of the 
cross-g lacier profile plan e will not be much alTected by the 
first pass o f migrati on (Yilm az, 1987). In o rder to correct the 
off-pro fi le refl ectors, th e c ross-glacier m ig rated profil es a r e 
then mig rated a second time in the orthogona l directi on to 
place th ese off-profil e refl ections in thei r p ro per locations. A 
single mig ration pass can only correct re fl ec ti ons within thc 
profi le pl ane. The two-pass routine reduce ' the effects of re­
f] ec to rs located on either side of the profi le, as well as within 
the pro fil e pl ane, and improves the acc uracy and resolution 
of the i m aging principle. 

FIELD METHODS TO MAXIMIZE RADAR SURVEY 
RESOLUTION 

Field procedures are c ritical to the fin al reso lution and acc u­
racy of a radio-echo sou nd i ng su r\'ey. Ti'ace a nd profi le spa­
cing less than Aj4 will avoid the problems o f spatial ali asing. 
Processing routines ar e m ade much si mplcr if the traces of 
the pro fi le a rray are la id out in an orth ogona l grid. Field 
identification of bed refl ectors is usua ll y easier if the profiles 
a rc recorded across the dominant topography (Yihnaz, 
1987). Fo r most vall ey g laciers, the domi na nt topography is 
the va ll ey itself, so pro fi les should be reco rded in the cross­
glac ier cl i rec ti on. 

Trace locations, pa rti c ul a rl y eleva tio ns, should be dete r­
mined as acc urately as possible because they defin e initia l 
reflector slopes that a re c rucial to mig ra ti o n accuracy (Yil­
maz, 1987). Trace stacking is used to reduce noise in the re­
corded sig nals by averaging multiple traces at a single 
locati o n. Stacking can be done in the field or during la ter 
process ing. 

PROCESSING STEPS FOR RADAR DATA 

The first step of processing is to assign trace-location co­
ordinates to the radio-echo sounding traces. If not done in 
the fi eld , multiple traces reco rded at a s ingle location a re 
stacked to produce a sing le trace fo r each trace location. 
Static correcti on ca lcula tions acco unt fo r elevation diffe r­
ences b etween traces, a ntenna separati o n b etween the trans­
mitte r and receiver and any near-surface ve loc ity correctio ns 
(such as variable firn depth ) that arc necessary before mi­
gra tion (Yilmaz, 1987). L ow-pass and high-pass filters re­
move noise from the traces. 

The two-pass migr a tion is used to a lter the dataset so 
that the imaging principle better represents the true refl ect-
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ing topography. The first two-dimensiona l migration IS 

applied across the dominant topography. The migrated 
traces are then sorted into profiles oricnted in the orthogo­
nal direction, the down-glacier direction for a va ll ey glacier. 
The reoriented migrated profiles a re then mig rated a sec­
ond time with the same two-dimensional migration routine 
(Claerbout, 1985; Yilmaz, 1987). 

CASE-STUDY: RADAR SURVEY OF WORTHING­
TON GLACIER, ALASKA 

VVorthington Glacier is a temperate valley glacier in south­
central Alaska (Fig. 3). Ongoing resea rch of the three-di­
mensional flow fi eld of the g lacier required a n accurate 
high-resolution map of the glacier bedrock surface (PfeITer 
and others, 1994; Harper and Humphrey, 1995; H arper and 
others, 1996). During the summer of 1996, 18 radio-echo 
sounding profiles were recorded in the ablation zone with a 
5 MHz system (Narod and C larke, 1994). The profil es were 
20 m apart a nd made up of traces recorded every 5 m. Trace 
locations were determined by optical surveying to within 
0.5 m. The profiles ranged from 565 to 725 m long for a tota l 

1""--
o km 

Fig. 3. Location of the study site on Worthington Glaciel; 
Alaska. 

of just under 2300 traces (Fig. 4). At each locati on, 32 traces 
were stacked by the oscilloscope to produce a final trace that 
was recorded to a laptop computer. 

Static co rrections were calcul ated for the trace eleva­
tions and the trigger delay caused by the 20 m separation 
between the transmitter and receiver. Stat ic calculations 
and migrations assumed a 33.8 m wavelength based on a 
wave propagation veloci ty in ice of 169 m IlS - I. Near-surface 
velocity var iations due to the 2 m snow dep th were ignored. 
Recorded frequencies below 4 MHz and above 7.5 MHz 
were removed with a digita l band-pass fi lte r. Figure 5a 
shows profi le 10 of the profile a rray ready for two-pass 
migration. 

A frequency-wavenumber migration routine was used 
for the two-pass migration (Cohen and StockweH, 1996). 
The profi les were migrated first in the cross-glacier direc­
tion. Figure 5 b shows profile 10 aftcr the first p ass of two­
dimensiona l migration. The 4 : 1 profile-to-trace spacing 
required a lterations to the ideal two-pass migr ation routine. 
The 20 m cross-glacier profi le spacing exceed s Aj4, so spa­
tial aliasing was expected in that direction. Us ing the mi­
grated tr aces, synthetic traces werc interpolated to reduce 
the cross-glacier profi le spacing to 5 m. The interpolated 
traces were added for computational convenience, and do 
not eliminate spatial ali asing. 
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6000 

Fig. 4. Arrangement of the radio -echo sounding profile array 
on Worthington Glacier. Profiles were recorded in the cross­
glacier direction. 

The migrated and interpolated traces were then or­
iented to produce down-glacier profiles. The orthogonal 
grid of traces established in the field greatly simplified this 
procedure. The down-glacier p rofiles were migra ted using 
the same two-dimensional frequency-wavenumber migra­
tion routine. The interpolated t races were di scarded and 
the two-pass mig rated profil es reoriented back to cross­
glacier profil es for interpretation as shown in Figu re 5c. 

T he two-way travel ti mes of the rcfl ections were con­
verted to depths using the wave-propagation velocity of 
169 m IlS- 1 in ice. The bed refl ectors were identified in the 
two-pass migrated profil es and digitized to create a map of 
the glacier bed surface. T he 20 m profil e spacing lim its the 
resolution of the final bed-surface m ap to 20 m in the down­
glacier direction. As shown earli er, migration establishcs 
the resolution in the cross-glacier di rection to Aj2 or 16.9 m 
for a 5 MHz radio-ccho sounding system. Since th e effects of 
the interpola ted traces are not well known, the entire sub­
glacial bed-su rface map was smoothed to a resolution of 
20 m x 20 m by m eans of a 20 m x 20 m Gaussian-weighted 
averaging window. The final surface is shown as a contour 
m ap and a wire-frame surface in Figure 6. The de tailed to­

p ography in the m aps represents the best resolution of the 
radio-echo sounding system based on fi eld and p rocessing 
procedures. 

The glacier thickness was calculated from the glacier 
bed-surface m ap and the trace-location coordina tes. The 
ice thicknesses as determi ned by radio-echo sounding were 
then compared to borehole measu rements of the ice thick­
ness madc in 1994. It was found that the radio-echo sound­
ing measurem ents of ice thickness were within Aj4 (8.45 m) 
of the borehole m.easurements. 

The resolution of the subglacia l bcd-surface m ap could 
be improved by reducing the p rofile spacing to less than A/4. 
This wo uld rem ove the problem of spatial ali asing, and im­
p rove the data d ensity in the down-glacier direction . H ow-
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Fig. 5. (a) Prrifile 10 readY/01·twO -jJass migration after static comctiolls. Interpreted bed riflectiolls have beell ftigftlighted. (b) 
Results qftheJirst pass if two -dimensional migration in the C1'oss -glacier direction. ( c) Prifile 10 after the second migration, this 
time in the down -glacier direction. Note the differences in the geometlY if the bed reflector. 

ever, the best obtainable resolution for a temperate glac ier 
wi ll be >..j2 x A/2, or 16.9 m x 16.9 m for a 5 MHz radio-echo 
soundin o- system. 

RESULTS 

The resolution of a radio-echo sounding survey is deter­
mined by the wavele ng th o[ th e system as well as fi eld and 
processing techniques. The fo llowing fi eld techniques are 
critica l to the obtainable resolution from a rada r survey: 

trace a nd profile spacing must not be more than >..j4 

the three-dimensional surface locations of traces must 
be accura tely measured 

ori ent the profil es ac ross the dominant topography 
(cross-glacier for most valley glac iers ) 

stack multiple traces at each location. 

If these criteri a arc not considered in the field , proces­
sing cannot compensate fo r the resulting loss o f resolution. 
An additiona l consideration that wi ll case the processing 
steps is to a rrange the profile a rray so tha t the traces form 
a n orthogonal grid. 

Processing the profiles alters the d ata so the subglacial 
bed refl ector can be easil y interpreted from the imaging prin­
cipl e. Two-pass migration is necessa ry [or radio-echo sound­
ing sUI'\'eys of complicated three-dimensional topography 
such as valley glaciers. Two-pass migrat ion and the high den­
sity of data res ults in >..j2 x >';2 reso lu tion as long as the reflec­
tors can be detected. The following processing steps should be 
used to create a map of the subglac ier bed surface: 

sta tic correc tions : ice-surface e1e\'ation, antenna separa­
ti on, near-surface velocity corrections 

filt er the profiles to ITmO\'e long a nd short wavelength 
nOise 

t wo-pa s m ig ra te the profi les: t wo-d i mensional migra­
ti on across dominant topography, then two-dimensiona l 
m igration in o rthogonal direction 

interpret profiles to produce map of refl ector surface, 
smooth interpreted surface to resolution limits ()., /2 x A/2). 

If all of the field and process ing techniques are [ollowed, 
the maximum resolution is >..j2 x >";2. Application o[ these 
techniques to Worthington G lacier has produced an 
accu rate map with 20 m x 20 m resolut ion that will be use­
f ul for a variety of glacier research. 
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Fig. 6. Final map if the subglacial bed surface after 20 m X 20 m smoothing, shown as ( a) contour map with 5 m contours and 
( b) three-dimensional wire-frame image qf the ice and bed surfaces. Bumps on the ice surface represent locations qf boreholes. 

ACKNOWLEDGEMENTS 

The authors much appreciate the critical reviews of H. 
Bjornsson and an anonymous reviewer. This work was 
funded through U.S. Nationa l Science Foundation grants 
OPP-9122916 and OPP-9531450. 

REFERENCES 

Arcone, S. A. , D. E. Lawson and A.J. Delaney. 1995. Short-pulse radar wave­
let recovery and resolution of di elec tric contrasts within englacial and 
basal ice of Mata nuska Glac ier, Alaska, U.s.A. J Glaciol., 41 (137), 68- 86. 

Bjornsson, H. 1981. Radio-echo sounding maps of Storglaciaren, !sfa lls­
glaciaren and R a bots glaciar, northern Sweden. Geogr. Ann. , 63A (3- 4), 
225 231. 

Bjornsson, H. alld 6 others. 1996. The thermal regime 0 (" sub-pola r glac iers 
mapped by multi-frequency radio-echo sounding. J Glaciol. , 42 (140), 
23- 32. 

Bogorodsky, V. v. , C. R . Bentley and P. E. Gudmandsen. 1985. Radioglariolog)'. 
Dordrecht, etc., D. Reidel Publishing Co. 

Brown, C. S .. L. A. R asmussen and M. F. M eier. 1986. Bed topography in­
ferred from airborne radio-echo sounding of Columbia Glac ier, Alaska. 
C s. Geol. SIITU. Pro[ Pap. 1258-G. 

Chun. J. H . and C. A. J acewitz. 1981. fundamentals of frequency domain 
migration. Geophysics, 46 (5),717- 733. 

Claerbout, j. F. 1985. Imaging the Earth 's interior. Oxford, Blackwell Scientific 
Publ ica tions. 

Cohen, J. K. andj. \\'. Stockwell. 1996. CTVP/SU- seismic Unix release 29: aJree 
j)ackageJor seismic research and processing. Golden, CO, Colorado School of 
l\/Iines. Center for vVave Phenomena. 

H arper, j. T. and N. F. Humphrey. 1995. Borehole video ana lysis 'of a tem­
pera te glacier 's englac ial a nd subglacia l structure: implications for 
glac ier now mod~ l s. Gpnlng;\ 23 (10),901 - 904. 

Harper, .J. 1'. , N. F. Humphrey, W. 1'. Pfeffer and B. C. Welch. 1996. Short 
wavelength variations in the horizontal velocity field ofa vall ey glacier. 
CRR£L SjJec. ReI). 96-27, 4148. 

H a rri son, C. H . 1970. Reconstruction of subglac ia l relief from radio echo. 
sounding records. Geoj)hysics, 35, 1099 1115. 

Jacobel, R. W, A. H Gades, D. L. Gotlschling, S. l\f. H odge and D. L. 
\\'right. 1993. Interpretation of radar-detected internal layer folding in 
Wes t Anta rctic ice streams. J Glaciol., 39(133), 528- 537. 

Na rod , B. B. and G. K. C. Clarke. 1994. Mini ature high-power impulse 
tra nsmitter for radio-echo sounding. J Glarial. , 40 (134), 190- 194. 

Preffer, 'vV. T. , N. F I-Iumphrey, D. B. Bahr, j. Ha rper, B. Raup and B. Welch. 
1994. Obse rved velocity structure at depth in \Vorthington Glac ier, 
Al as ka. [Abstract.] £OS, 75 (44), Supplement, 222. 

Robin, G. de Q, S. Eva ns a nd]. T. Bailey. 1969. Interpretation of radio echo 
sounding in polar ice sheets. Philos. Trails. R. Soc. Londoll, Se!: A, 265 (1166), 
437- 505. 

Smith, B. i\!. E. and S. Eva ns. 1972. Radio echo sounding: absorption a nd 
sca ttering by water illclusio lls and ice lenses. J Glaciol. , 11 (61), 133- 1+6. 

Wa llS, R. D. and A. W Engla nd. 1976. Radio-echo sounding of tempera te 
g lac iers: ice properti es a nd sounder design criteria . ] Glaciol., 17(75), 
39- 48. 

Yilmaz, O. 1987. Seismic data /) l"Ocessillg. Tul sa, OK, Society of Exploration 
Geophysicists. (11l\'cs ti ga tions in Geophysics 2.) 

MS received 29 April 1997 and accepted in revisedjorm 17 No vember 1997 

170 https://doi.org/10.3189/S0022143000002458 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000002458

