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ABSTRACT

Digital elevation models generated with SAR
interferometry (InSAR) are an important information
source for glacier and ice sheet mass balance.
However, the measured elevations suffer from a
penetration bias due to the interferometric phase center
being up to several tens of meters below the surface.
The penetration of the microwave signals depends on
SAR parameters (e.g. frequency) and snow and ice
conditions. There is potential to estimate this
penetration bias directly from the data by means of
polarimetric InSAR models. Existing models fail to
describe the data across different test sites and ice
conditions and phase centers were found to be deeper
than predicted by these models. SAR tomography is
employed to assess the vertical distribution of
backscattering in the data from an airborne campaign.
The data are compared to refined models in order to
find better representations of the vertical
backscattering distribution, while the model
complexity is purposely kept simple to make a phase
center estimation possible. Additionally, recent work
showed the importance of strong subsurface layers
which influence phase center depth. Combining the
refined subsurface structure models and dominant
subsurface layers allows simulating a variety of ice
sheet subsurface scenarios and can be used to assess
the potential to estimate the InSAR phase center depth
directly from the data.
Index Terms— Pol-InSAR,
penetration bias, subsurface, glaciers

phase
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1. INTRODUCTION
The estimation of the mass balance of glaciers and ice
sheets is important for assessing their temporal and
spatial dynamics [1]. Digital elevation models (DEMs)
generated with synthetic aperture radar interferometry
(InSAR) [2] provide valuable information for mass

balance estimates due to their large coverage, high
spatial resolution and all-day, weather independent
acquisitions. However, the penetration of the
microwave signals into snow and ice under dry and
frozen conditions causes an inherent bias in InSAR
DEMs acquired over glaciers and ice sheets, which can
be on the order of tens of meters for systems with
longer wavelengths, e.g. at L-band [3]. There is
potential to estimate and mitigate this penetration bias
directly from the data. Studies have shown the
retrieval of InSAR penetration depths [4] and signal
extinction coefficients [5] at different frequencies and
polarizations based on the assumption of a lossy signal
propagation through an isotropic, homogeneous
volume in the subsurface of glaciers or ice sheets,
which is referred to as Uniform Volume (UV) model.
However, InSAR phase centers have been found to be
deeper than predicted by the UV model [6][7].
This indicates the necessity of refined InSAR models
for the vertical distribution of backscattering in the
subsurface of glaciers and ice sheets. Results from
SAR tomography show a more heterogeneous vertical
backscattering distribution at two test sites in the
percolation zone of the Greenland ice sheet and
highlight the presence of surface-like scattering layers
in the subsurface. Accordingly, non-uniform volume
models and Dirac deltas are used to simulate the data.
Based on the simulations and the data, it is the
objective of this study to investigate how accurate the
InSAR penetration bias can be estimated based on
different model assumptions, constrained by the
tradeoff between observation space and modelling
complexity.
2. TEST SITES AND SAR DATA
The SAR data used in this study were acquired in
April and May 2015 in Greenland during the airborne
ARCTIC15 campaign of DLR and ETH Zurich. The
two presented test sites, located in the percolation
zone, are South Dome (63.52° N, 44.54° W, Alt.:

Fig. 1. Tomographic profile derived with the Capon adaptive
beamformer from L-band VV data at EGIG T05 (top) and
L-band VV data at South Dome (bottom). The effect of a
corner reflector is visible at the EGIG T05 profile.

2868 m) and EGIG T05 (69.87° N, 47.13° W, Alt.:
1938 m). The melting period in summer is longer and
more intense at EGIG T05 due to its lower elevation.
Accordingly, an abundance of ice inclusions,
originating from refrozen melt water, can be assumed
within the firn body. This is confirmed by the
tomographic profile shown in Fig. 1 (top), where
continuous strong scattering can be found below the
surface, likely originating from the ice inclusions. On
the contrary, the shorter and weaker melt period at
South Dome causes fewer inclusions which are limited
in their vertical distribution, resulting in distinct
seasonal layers, see Fig. 1 (bottom). The tomograms
are referenced to surface GNSS measurements and the
general subsurface scattering structure is confirmed by
ground penetrating radar data, both acquired during the
ARCTIC15 campaign [6]. The first few meters below
the surface consist of winter snow and young firn with
less refrozen ice inclusions and are mainly transparent.
3. INSAR PHASE CENTER DEPTHS
InSAR phase center depths, shown in Fig. 2, are
derived at the same locations as the tomograms in
Fig. 1 and are referenced to the surface GNSS
measurements. Phase centers are shown for HH, VV
and HV polarization at L-band at EGIG T05, Fig. 2
(top) and South Dome, Fig. 2 (bottom). The data are
from interferograms acquired with different baselines
which provide a range of vertical wavenumbers 𝑘𝑧𝑉𝑜𝑙 .
The vertical wavenumber 𝑘𝑧𝑉𝑜𝑙 describes the
sensitivity of interferometric phase to height
considering refraction and permittivity in the
subsurface [5]

Fig. 2. InSAR phase center depth referenced to GNSS
measurements at the surface over a range of vertical
wavenumbers 𝑘𝑧𝑉𝑜𝑙 at L-band in HH, VV and HV
polarizations at EGIG T05 (top) and South Dome (bottom).
The red dashed line indicates the lower limit of a UV model.

𝑘𝑧𝑉𝑜𝑙 =

4𝜋√𝜖𝑟 𝛥𝜃𝑟
𝜆 𝑠𝑖𝑛𝜃𝑟

.

(1)

Here, 𝜆 is the wavelength in free space, 𝜖𝑟 the bulk
relative permittivity of the subsurface in which the
signal penetrates into and 𝛥𝜃𝑟 is the angular difference
between the two radar look vectors of the
interferograms, driven by the baseline between the two
acquisition tracks, after considering refraction into the
firn volume.
Under the assumption of a constant signal extinction
(i.e.
an
exponential
vertical
backscattering
distribution), the lower limit of the UV model is a
quarter of the InSAR height of ambiguity [8], which is
inversely related to 𝑘𝑧𝑉𝑜𝑙 . This lower limit is indicated
in Fig. 2 by the red dashed line and the measured

phase centers are below this limit. This, together with
the tomograms, demonstrates the need for refined
InSAR models in order to estimate phase center
depths.
4. SUBSURFACE STRUCTURE MODELLING
InSAR phase centers are extracted from
interferometric coherences, which can be modelled
after common bandwidth filtering, neglecting temporal
and noise decorrelation, as
0

𝛾=

∫ 𝜎𝑣 (𝑧)𝑒 𝑖𝑘𝑧𝑉𝑜𝑙 𝑧 𝑑𝑧
𝑒 𝑖𝑘𝑧𝑧0 −∞ 0
.
∫−∞ 𝜎𝑣 (𝑧)𝑑𝑧

(2)

The coherence depends on the vertical
backscattering distribution 𝜎𝑣 (𝑧), stretching from 𝑧0 at
the glacier surface to depth 𝑧. Additionally, dominant
subsurface layers need to be considered, as indicated
by the tomogram in Fig. 1 (bottom). These 𝑁 layers
can be simulated by Dirac delta functions located at
depth 𝑧𝑗 with layer-to-volume scattering ratio 𝑚𝑗
leading to
𝛾 = 𝑒 𝑖𝑘𝑧𝑧0

𝑖𝑘𝑧𝑉𝑜𝑙 𝑧𝑗
𝛾𝑉𝑜𝑙 (𝑘𝑧𝑉𝑜𝑙 ,𝑑𝑝𝑒𝑛 )+∑𝑁
𝑗=1 𝑚𝑗 𝑒

1+∑𝑁
𝑗=1 𝑚𝑗

,

(3)

with 𝛾𝑉𝑜𝑙 (𝑘𝑧𝑉𝑜𝑙 , 𝑑𝑝𝑒𝑛 ) being the output of a volume
model.
Three volume models have been tested against the
tomographic data (Fig. 1) in order to find a better
model representation of the vertical backscattering
structure to improve phase center estimation. First, a
UV model with constant extinction [4] but an
additional vertical shift, to account for the first few
transparent meters below the surface in the
tomograms. Second, a Gaussian function with mean
depth and std. dev. of the vertical backscattering
distribution. And third a Weibull function, which is
fixed to start at the surface, but has a shape parameter
𝑘 which allows the transition from a UV model (see
𝑘 = 1 in Fig. 3) to a Gaussian (see 𝑘 = 2.5 in Fig. 3).
Calculating a best-fit between the tomograms from
the data and the volume models showed that the UV
model with a vertical shift fits best to the EGIG T05
data, while the Gaussian and Weibull models perform
better for the South Dome data. Note that the two
strong scattering layers in the South Dome data were
attenuated [9] before calculating the best-fit. All three

Fig. 3. Capon response of Weibull model with variable
shape parameter 𝑘 and fixed scale parameter 𝜆𝑤 = 0.10 with
South Dome L-band imaging geometry.

tested models performed significantly better than the
UV model [4] with a fixed upper limit at 𝑧 = 0.
5. CONCLUSIONS AND OUTLOOK
TOWARDS PHASE CENTER ESTIMATION
The models introduced in Section 4 provide more
flexibility to simulate vertical backscattering
distributions in ice sheets. A shifted UV model can
represent the EGIG T05 data, while the South Dome
case can be simulated with a Weibull or Gaussian
function for the volume and two Dirac deltas for the
dominant subsurface layers. This provides a test bed
for phase center estimation approaches. Potential lies
in retrieval techniques with polarimetric InSAR [10],
where polarimetry can support to separate the effects
of layers and volume. The observation space can be
further increased by using more than one baseline,
where recent studies showed that small baselines
provide more sensitivity to the volume and larger
baselines more sensitivity to subsurface layers [11].
For the phase center depth estimation, it is unknown
beforehand which volume model represents the data
the best. In addition it is unclear, if the volume model
is similar for each polarization and further, if and how
many additional subsurface layers have to be
considered.
This study investigates which volume model
performs best for the phase center estimation from
different simulation scenarios and the presented data.
In this context, it is important if the same volume can
be assumed for all polarizations (random volume).
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