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Abstract — This paper presents first results obtained from the
analysis of fully polarimetric / interferometric land ice data. It is
demonstrated that L-band data from an ice cap located in the
percolation zone of Greenland show a strong polarization de-
pendent interferometric behavior. No model-based inversion
has yet been attempted, but a radar reflector deployed on the ice
surface suggests an effective penetration depth of about 15 m.

INTRODUCTION

Monitoring polar ice sheets and temperate glaciers is an im-
portant element in understanding global change. Radar tech-
niques already play an important role in this monitoring and
polarimetric SAR interferometry (Pol-InSAR) is expected to
add new and refined capabilities.

No results have been published on glaciological applica-
tions of Pol-InSAR, which has so far mainly been used to
estimate forest parameters like tree height [1]. The success of
Pol-InSAR techniques in forest vegetation studies is due to its
ability to extract geophysical parameters from volumes with a
vertical distribution of scattering mechanisms or/and with
polarization dependent propagation characteristics. Land ice
is another important natural volume scatterer for which Pol-
InSAR may enable quantitative parameter inversion.

From field measurements it is known that land ice is very
diverse and complex. This has subsequently been confirmed
by polarimetric SAR measurements [2]. The ice sheet of
Greenland is composed of four ice zones ranging from the
ablation zone at low elevations, over the wet-snow zone and
the percolation zone to the dry-snow zone at the highest ele-
vations. Most of Antarctica is in the dry-snow zone, while
temperate glaciers only have ablation and wet-snow zones.

In the percolation zone the firn is basically dry and hence
fairly transparent to microwaves. In summer, melt water
from the surface percolates to more impermeable layers,
where it may spread out laterally, refreeze in the cold snow,
and form ice lenses. Upon refreezing the vertical percolation
channels form structures called ice pipes. These ice inclu-
sions are known to cause a high radar backscatter with large
polarization ratios [2].

The land ice parameters that can potentially be estimated
with Pol-InSAR are true surface elevation (without penetra-
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tion bias), penetration depth, ice parameters (water contents,
grain size, density of ice inclusions) and surface roughness.

With a potential of providing digital elevation models
(DEMs) corrected for penetration bias, Pol-InSAR is an inter-
esting supplement to radar altimetry, especially in the mar-
ginal ice zone, where radar altimetry fails due to the surface
slopes / undulations. Also, Pol-InSAR might support climate
studies by facilitating classification of ice zones.

DATA

Pol-InSAR data suitable for land ice applications are scarce.
However, L-band repeat-pass Pol-InSAR data from the
Geikie ice cap in East Greenland were acquired by EMISAR
[3] in August 1998. The flight altitude above the ice surface
was 7.6 km and the orthogonal baseline was about 30 m cor-
responding to an ambiguous height of 20 m in near range and
60 m in far range. Supplementary data were also acquired,
e.g., snow accumulation rate and ice velocity. Finally, a
shallow ice core was drilled and analyzed to obtain a profile
of ice temperature, density, and ice inclusions [4].

Prior to the flight, trihedral radar reflectors had been de-
ployed on the ice surface and surveyed with GPS. The re-
flectors serve as calibration devices for SAR DEMs and they
enable the penetration depth at each reflector to be estimated
directly from the SAR DEM as the difference between the
height of the reflector and the height of the surrounding ice.

In 1997, EMISAR acquired C-band single-pass inter-
ferometric SAR data from Geikie and a profiling laser al-
timeter was flown. By comparison of calibrated DEMs from
these two instruments, penetration depths up to 13 m were
measured and verified with the reflectors [5].

ANALYSIS
The coherent scattering vector in the HV-polarimetric basis
is [6]
1

7
k zﬁ[SHHJFSW’SHH_SW’ SXP] Q)

Sxp=Sur + Sy
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Fig. 1. Amplitude (left) and phase (right) of the coherence for three distinct

scattering mechanisms: HH-HH, VV-VV, XP-XP (from top).

where 7 means matrix transpose and S,, is the complex
scattering coefficient for ¢ transmitted and » received polari-
zation (r, t = H or V). A scattering coefficient can be defined
by projecting k onto a normalized complex vector w [6]
%
u=w’k 2
Here the asterisk means complex conjugation. For a pair of
scattering vectors (kj,k;) and an arbitrary pair of scattering
mechanisms (w,w;) the complex interferometric coherence is

[6].
Uy 1)
J(ului‘ Nattz)

Fig. 1 shows the coherence for linear polarization. The HH-
HH and XP-XP interferograms have the smallest and the larg-
est phase noise respectively. For the optimum scattering
mechanisms [6] Fig. 2 shows the amplitudes of the coherence
and the scattering coefficient w,. The large variation of the
interferometric coherence with polarization indicates a strong
polarization dependency of the vertical distribution of effec-
tive scattering mechanisms or/and of the propagation through
the ice volume.

In Fig. 3 the loci of the mean coherences are plotted on the
unit circle [1]. In this representation the variation of the co-

W, Wy)= 3)
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Fig. 2. Optimization: coherence amplitude (left) and scattering coefficient
amplitude (right). A linear scale is used.

herence values, even within the conventional HV polarimetric
basis, becomes evident, though barely detectable in Fig 1.
The phase variation of the linear polarizations in Fig. 3 is
consistent with the change of fringe patterns in Fig. 1.

While the coherences for the circular scattering mechanisms
(RR-RR, LL-LL and RL-RL) are in line with the linear ones
the three optimum coherences deviate. The deviation reduces
when a higher degree of averaging is used for the coherence
computation. The reason for this may lie in the fairly inho-
mogeneous nature of land ice with few dominant scatters pre-
sent in each resolution cell [2].

In Fig. 3, the optimum coherences have significantly differ-
ent amplitudes but not much phase variation. This combina-
tion is characteristic to surface scattering with a low signal-to-
noise ratio (SNR), but since the amplitude of the scattering
coefficient in Fig. 2 (right) is almost independent of the scat-
tering mechanism, SNR is not an issue in this case.

The trihedral in Fig. 4 has a low XP-XP coherence because,
ideally, the trihedral is invisible at XP polarization. The fact
that the HH-HH and VV-VV phases are quite close confirms
that the variation of the coherence phase in Fig. 1 and 3 is
actually due to a polarization dependent interferometric be-
havior of the ice and not due to an artifact. A common po-
larimetric phase imbalance would cancel in (3) when w; = w,,
but if data set 1 and 2 had different phase imbalances, the
coherence would be subject to a phase artifact.
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Fig. 3. Mean coherence for linear (+), circular (0), and optimum (x) scat-
tering mechanisms.

INVERSION

The geophysical interpretation of the experimental observa-
tions is still ongoing, but it can already be concluded that land
ice is characterized by a strong polarization dependent inter-
ferometric behavior. This statement is based on the fact that
the coherence amplitude and phase vary with the scattering
mechanism.

Although any retrieval of geophysical parameters like true
surface elevation and penetration depth is still premature it is
worth noting that the coherence points for linear and circular
scattering mechanisms appear to be located on a straight line
in the unit circle in Fig. 3. A straight line results from the
random-volume-over-ground model [7] frequently used in
relation to forest vegetation studies [1]. More interestingly, it
also results from an equivalent random-volume-under-surface
model, which could possibly be relevant to the ice scenario.
However, the presence of orientation effects within the ice
volume cannot be excluded based on the observations up to
now. Orientation effects leading to polarimetric propagation
effects are not unlikely in view of the inclusion of vertical ice
pipes and horizontal ice layers and lenses in the percolation
facies.

The trihedral offers a means of estimating the effective
penetration depth directly. The phase difference between
corresponding reflector and ice points in Fig. 4 ranges from
83° to 96°, which for the mapping geometry and system pa-
rameters in question, translate into elevation differences be-
tween 13 m and 15 m. For comparison, 10 m was measured
at C-band the previous year [5].

It is noted that if a straight line is fitted to the ice points in
Fig. 4, this line does not point towards the co-polar trihedral
points as suggested by a potential random-volume-under-
surface model.
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Fig. 4.

Coherence at linear polarization for trihedral (A) and for surrounding
ice (+) (mean value).

SUMMARY

For the first time, the Pol-InSAR technique has been ap-
plied to land ice. It has been demonstrated that L-band
EMISAR data acquired over an ice cap located in the perco-
lation zone of Greenland exhibit a polarimetric interferomet-
ric effect in the sense that the amplitude and phase of the
complex coherence depend on the scattering mechanism.

Geophysical modeling and interpretation is still ongoing,
but by using a trihedral deployed on the ice surface, a first
estimate of the effective penetration depth at L-band has been
obtained.
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