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Abstract  
 
A new tomographic ice sounding method is introduced to provide airborne swath measurements of ice sheet 
thickness and basal scattering properties. Two major challenges have been solved: left-right signal separation; 
and surface clutter rejection. The new technique was demonstrated using data we collected in 2006 and 2008 
from a VHF-band, multiple phase-center radar system flown in Greenland. For the first time we were able to 
“see” radar images of the base of the ice sheet. 
 

1 Introduction 

Glaciers and ice sheets modulate global sea level by 
storing water deposited as snow on the surface and 
discharging water back into the ocean through melting. 
Their physical state can be characterized in terms of 
their mass balance and dynamics [1]. To have know-
ledge of the current ice mass balance and to predict ice 
sheet dynamics in Greenland and Antarctica, we need 
to know the ice sheet thickness and the physical prop-
erties of the ice sheet surface and bed. We require this 
information at fine resolution and over extensive por-
tions of the ice sheets.   
 
Conventional ice sounding provides one dimensional 
thickness measurements of the ice sheets along the 
flight lines of the radar sounder [2, 3]. Here, the along 
track resolution is met by forming a synthetic aper-
ture, nadir signals are enhanced by using an antenna 
array, and the vertical resolution of the thickness is 
met by transmitting a high bandwidth signal. Even 
though highly accurate thickness measurements can 
be achieved [4], information in the third cross track 
dimension is at best suppressed. 
 
Microwave synthetic aperture radar (SAR) [5] and 
SAR interferometry [6] have been widely used for 
swath 2-D and 3-D terrestrial and ice sheet [7] surface 
mapping. These airborne and space-borne measure-
ments all used the side-looking configuration. Ice 
sounding radars all use very low frequencies ranging 
from 1 MHz to 500 MHz in order for the signal to 
penetrate the ice mass.. For such a low frequency the 
back scattering from the ice surface and the bottom 
decreases quickly as the incidence angle increases. At 
these low frequencies it is difficult to design an an-
tenna array with sufficient side-lobe suppression to 
implement a side-looking SAR with wide swath. Con-
sequently, we sought a signal processing solution to 

this problem by adopting tomographic approaches de-
veloped in other fields. 
 
The term tomography originated from computer aided 
tomography imaging [8]. It was first applied to spot-
light SAR processing in 1983 for azimuth compres-
sion [9]. By 2000, SAR tomography began to appear 
in the literature [10], where the authors used 14 repeat 
passes to estimate the 3-D topography of forests, 
buildings and terrains. We adapted SAR tomography 
for the purpose of ice sheet sounding as discussed be-
low. We applied the procedure outlined in section II 
to data we collected in May 2006 and September 2008 
using 150 MHz multiple channel ice sounding radar 
developed at the University of Kansas, USA. 
 
2   Two Dimensional Ice-Sounding 

In this section we formulate 2-D ice-sounding as a 
problem of estimating signal arrival angles. The ice 
mass has two major interfaces, the upper surface 
interface, between the air and the ice mass, and the 
basal interface, between the ice mass and bedrock or 
basal water. In between there are weak internal layers 
that originate from slight density changes or from an-
cient volcanic deposits. When the radar signal reaches 
the air-ice interface, some of the energy is scattered 
back and some refracts through the interface and con-
tinues travelling through the ice mass. Some of the 
transmitted signal will scatter back towards the re-
ceiver from the basal interface. Simultaneous with the 
nadir echo arriving from the bedrock the receiver may 
also detect the surface reflected signal from both the 
left and right sides of the sensor.  Off nadir, there may 
also be simultaneous echoes from the base originating 
from the opposite sides of the airplane. In addition, 
there will be thermal and other noise sources. If the 
sounder altitude is low, the surface clutter from both 
sides arrives from large incidence angles compared 
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with the same range bin occupied by the bottom sig-
nal. Thus the surface clutter strength is weak and the 
bottom signal is strong, relatively. In this case the 
challenge for swath imaging is to separate returns 
from the left and right side of the aircraft. If the 
sounder altitude is high, the surface clutter arises from 
only somewhat larger incidence angles and so will be 
relatively strong compared to the basal return, which 
is attenuated by absorption through the ice. So we 
must separate left and right bottom signals, and we 
also must reject the surface clutter as well in order to 
get the desired bottom signal. Fig. 1 shows the ice-
sounding geometry and the challenges we need to 
solve. 
 
 

 
 

 
 

 
Fig. 1 Tomographic ice-sounding geometry 
 
For each channel of our multiple channel radar, we 
begin by forming a SAR image.  After image forma-
tion, we have one measurement for each along track 
image position and each slant range bin. If we con-
sider a two-layer model as shown in Fig. 1, the meas-
urements within each range bin include left and right 
surface components, and left and right basal compo-
nents along with noise. Mathematically, we have 
 

                                                                             
(1) 
 
 
 
 

 
where xi is received signal of channel i, k is the wave 
number 4π/λ, di is distance of channel i to the left 
most channel, θj is the arrival angle of signal j, p is the 
number of channels, si is the complex amplitude of 
signal j, q is the number of signals and ni is the noise 
received in channel i. For the case shown in Fig. 1, the 
number of simultaneous signals q is 4. Equation (1) 
can be expressed in vector and matrix form as  
 
                                                                                 (2) 
 
We seek the arrival angle vector Θ and the signal vec-
tor S using the available measurement of vector X and 
the known geometry of the transmit and receive an-
tenna array. This problem is exactly the same as that 
of direction-of-arrival (DOA) estimation in array sig-
nal processing. Many algorithms have been proposed 

to solve the problem. Among them are conventional 
beam forming, MUSIC [11], maximum likelihood  
(ML) [12, 13] and so on. For statistically independent, 
stationary and ergodic complex Gaussian thermal 
noise and uncorrelated signals, the maximum-
likelihood method provides a solution, which is very 
close to the optimum [12, 13]. 
 
The ML solution of the arrival angle vector and the 
signal vector can be expressed as [14] 
 
                                                                              (3) 
 
After the ML solution of the arrival angle and signal 
vectors are found, the relative surface elevation h, 
which is the vertical distance between the sensor hori-
zontal plane and the air-ice interface point, and the 
base depth d, can be calculated from the arrival angle 
and the slant range. 
 
3   Demonstration of left-right separation 

The relative contamination of signals arriving simulta-
neously from the surface and bed depends on the sen-
sor altitude. In May 2006 we collected data in northern 
Greenland at an altitude of about 600m above the ice 
surface. The data were collected over the interior ice 
sheet and in a region where there is little if any surface 
melt.  After range compression and azimuth compres-
sion, we produce a complex image for each phase cen-
ter channel.  

Fig. 2  Typical surface, internal layers and base scat-
tering strength (in dB) as a function of equivalent sur-
face incidence angle (in degrees). 
 
The ice thickness for the scene is about 2250m, so the 
near-nadir basal-return arrives coincident with a sur-
face clutter return originating at a look angle of 82o. 
The surface return will be relatively weak in part be-
cause of decreasing antenna gain due to increasing 
look angle and in part because of the reduction of scat-
tering coefficient with increasing incidence angle. For 
150 MHz carrier frequency, Fig. 2 shows the typical 
surface, internal layers and the base scattering strength 
as a function of surface clutter incidence angle. Ac-
cording to Fig. 2 surface clutter and internal layer re-
turns reached the thermal noise floor of about -98dB at 
about 78o. On the other hand, the nadir and slightly 
off-nadir returns from the base are much stronger than 
the surface clutter even though the returned base signal 
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has been attenuated as it travels through the ice mass 
(1-2dB per 100 m depending on ice temperature). The 
base returns start to appear at a surface equivalent in-
cidence angle of 82.2o with a strength of -83dB.  
 
Because surface and basal returns dominate at dif‐
ferent equivalent  incidence angles, we can assume 
only  two  signals  contributed  to  the  returns at  any 
one time in equations (1).   Hence, we can estimate 
the surface topography and intensity from the near 
range measurements. The far range measurements 
are then used to estimate the two base components 
assuming  that  the  surface  components  are  weak 
enough  to  be  ignorable.  In  any  case  both  the  sur‐
face and the base components can be estimated by 
a  two  dimensional  search  of  equation  (3).  Other 
faster algorithms [14] can also be used to speed up 
the  minimization  process.  The  data  sets  we  col‐
lected  in  northern  Greenland  in  May  2006  were 
used  to  demonstrate  the  technique.  The  multiple 
channel  ice sounding radar system, which was de‐
veloped at the University of Kansas, has two trans‐
mitting  antennae  and  6  receiving  antenna  ele‐
ments.  The  system  operated  in  ping‐pong  mode, 
which  means  the  left  and  right  transmitting  an‐
tenna worked alternating. This mode gives us total 
12 equivalent  receiving phase centers. After  range 
compression  and  azimuth  compression,  we  got  a 
complex  image for each phase center channel. The 
conventional  ice  sounding  technique  is  to  use  in‐
tensity  images  to measure  the  ice  thickness of  the 
nadir.  
 
For each pixel in the image, 12 measurements from 
the 12 phase center channels are used to solve the 
left  and  right  arrival  angles  and  the  left  and  the 
right signal strengths. The ice thickness can be then 
calculated using equation (2) and (3). Fig. 3a shows 
the  estimated  ice  thickness  map  in  azimuth  and 
ground  range  geometry.  The  corresponding  inten‐
sity map is shown in Fig. 3b. 
 
 
 

 
 
 
 

     
 
                           (a)                                    (b) 
Fig. 3 estimated (a) ice thickness map and (b) bed in-
tensity in azimuth and ground range geometry 
 

The  base  topography  and  intensity  images  shown 
in Fig. 2 are the first ones of this kind. The airborne 
tomographic ice sounding technique provides both 
the  ice  thickness  and  the  intensity measurements 
for the whole swath. 
 
4   Surface clutter rejection 

Although two dimensional ice sounding was achieved 
by using the tomographic ice sounding technique de-
scribed in section 3, the achieved swath width is lim-
ited because of low backscattering for large off-nadir 
angles. There are two ways to increase the ice sound-
ing swath width. One way is to increase transmitting 
power to maintain a good SNR even for large off-nadir 
look angles. But the transmitting power cannot be in-
creased without limitation and in any case, back scat-
ter from the base decreases rapidly as the incidence 
angle increases. Based on our observations, it is fair to 
assume that for reasonable transmitting power (1-2 
kW), 20o is about the average maximum incidence 
angle, beyond which the base back scattering becomes 
too weak compared with the thermal noise. The sec-
ond solution is to increase the sensor platform altitude, 
which can be easily done. However, sensor altitude 
increase results in the increase of the surface clutter 
level, which now requires that the minimum number 
of signals considered in the tomographic processing be 
increased to 4. To test this approach, the same radar 
system with additional antenna elements was used to 
collect high altitude data in September 2008. The plat-
form altitude above the ice sheet varied during the 
whole flight. But for the data sets we show, the aver-
age platform altitude is about 3 km.   
 
Fig. 4a is the intensity image constructed from the in-
coherent sum of all the phase center channels. The 
base is barely seen in Fig. 4a. Fig. 4b shows the result 
of beam steering with 4 phase centers and Hamming 
window weighting. It shows clearly that beam steering 
is the right method for surface clutter rejection if nadir 
profile ice sounding is the objective. 
 

                    (a)                                       (b) 
Fig. 4 intensity images before (a) and after (b) apply-
ing beam steering. 

  13 km 
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The results shown in Fig. 4 illustrate that surface re-
turns dominate up to surface equivalent incidence 
angles of about 52o. The nadir base return arrives at 
slant ranges where the corresponding surface returns 
have an incidence angle bigger than 52o. Subse-
quently, off nadir basal returns and surface returns are 
mixed. Estimating surface topography and intensity 
can be simply done using the procedure described in 
section 3 and by assuming left and right surface sig-
nals only. For far range bins where both surface clut-
ter and base signals are included, a 4 dimensional 
search is needed to get the ML solution of equation 
(4). Since a 4-dimensional search is computationally 
expensive, we used a suboptimal approach to reduce 
the computational complexity to a reasonable level. 
This sub-optimal approach includes estimating the 
two surface components, removing surface compo-
nents from the original measurements and then esti-
mating the two base components from the residual 
data. MUSIC [11] algorithm can also be used to solve 
equation (4) for a suboptimum solution. 
 
By using the procedure described above we were able 
to get a good estimate of the ice sheet thickness and 
the bottom back scattering intensity. Fig. 5 shows the 
ice thickness image (Fig. 5a) and the intensity image 
(Fig. 5b) in azimuth and ground range geometry, re-
spectively. 

 

       (a)                                     (b) 
Fig. 5 ice thickness (a) and intensity (b) image in azi-
muth and ground estimated from high elevation data 
 
 5   Conclusions  
 
We have demonstrated that airborne tomographic  ice-
sounding can be used for mapping the 3-d surface and 
base of ice sheets. For the first time we were able to 
measure two dimensional topography and scattering 
properties of the bottom of kilometer thick ice sheets.  
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