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Abstract—The analysis of data from an airborne synthetic
aperture radar (SAR) campaign in the percolation zone of
Greenland revealed an interferometric coherence undulation
behavior with respect to vertical wavenumber, which cannot be
explained with existing models. We propose a model extension
that accounts for scattering from distinct layers below the surface.
Simulations show that the periodicity of the coherence undulation
is mainly driven by the vertical distance between dominant
subsurface layers, while the amplitude of the undulation is
determined by the ratio between scattering from distinct layers
and scattering from the firn volume. We use the model to
interpret quad-pol SAR data at X-, C-, S-, L-, and P-band. The
inferred layer depths match layer detections in ground based
radar data and in situ measurements. We conclude that in the
percolation zone scattering from subsurface layers has to be taken
into account to correctly interpret SAR data and demonstrate the
potential to retrieve geophysical information about the vertical
subsurface structure.

Index Terms—Glacier, ice sheet, polarimetric SAR
interferometry (Pol-InSAR), stratigraphy, synthetic aperture
radar (SAR), vertical structure.

[. INTRODUCTION

he dynamics of glaciers and ice sheets are an important

indicator of climate change with implications on
environment and society [1]. While mass balance estimations
are derived today from remote sensing data, uncertainties due
to subsurface structure and density related to melt-refreeze
processes remain [1][2]. Synthetic Aperture Radar (SAR)
measurements provide a way to address these uncertainties due
to their penetration into glaciers and ice sheets, especially at
lower frequencies, and their sensitivity to different conditions
of snow, firn and ice. This potentially allows inferring
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information about the vertical subsurface structure. However,
the methodology and the algorithms to extract physical vertical
structure parameters from SAR data are not established,
because it is not yet fully understood how the vertical structure
below the surface affects SAR measurements.

Early studies make use of SAR backscatter coefficients to
estimate accumulation rates [3][4] and to map glacier zones [5].
One step forward towards subsurface characterization was the
development of decompositions and models to interpret
polarimetric SAR (PolSAR) data from glaciers and ice sheets.
Based on polarimetric studies that indicated the sensitivity of
polarimetric backscatter to glacier zones [6][7], first
polarimetric models considered ice lenses and glands as the
main scattering contributions [8]. Further advances in
polarimetric modelling improved the ability to describe the
subsurface of an ice cap in Svalbard [9][10]. However, PolSAR
measurements cannot resolve the vertical distribution of the
scattering contributions.

The vertical distribution of scatterers in the subsurface can be
retrieved by SAR interferometry (InSAR). Hoen and Zebker
[11] modelled the subsurface of ice sheets as a uniform lossy
volume with constant extinction and infinite depth to analyze
InSAR coherence measurements at C-band. This approach
allows the estimation of the penetration depth of InSAR signals
which is related to the vertical structure of scatterers. The
dependency of the penetration depth on different snow, firn and
ice conditions was also reported by Rignot et al. [12]. A model
proposed by Oveisgharan and Zebker [13] aimed to relate
accumulation rates in the dry snow zone of Greenland to InSAR
coherences by assuming a layered firn body. Even if the study
was hampered by a time difference of 83 years between the
SAR measurements and validation data, it indicated the
potential to analyze vertically layered firn with InSAR.
Nevertheless, the uniform volume assumption [11] is still used
in recent studies for the characterization of ice sheets [14].

The combination of both aforementioned techniques, by
means of polarimetric SAR interferometry (Pol-InSAR) [15],
allows to investigate the vertical distribution of different
scattering processes and was successfully used to estimate
physical structure parameters from natural volumes,
particularly in forest applications. Few studies have assessed
the potential of Pol-InSAR to retrieve geophysical information
from glaciers and ice sheets. Sharma et al. [16] employed a
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polarimetric decomposition to separate surface from volume
scattering contributions and then used the uniform volume
model [11] to retrieve extinction coefficients at L- and P-band
over the Austfonna ice cap in Svalbard. Stebler et al. [17]
demonstrated that different subsurface structures at different
glacier zones have a clear separable effect on Pol-InSAR
coherences. Despite this, the existing approaches are still very
limited in the interpretation of Pol-InSAR data [18][19] and
therefore also in the retrieval of geophysical information, since
the combination of a uniform volume and scattering from the
surface has only limited flexibility to represent different
scattering scenarios from glaciers and ice sheets.

Recent polarimetric studies improved the understanding of
anisotropic propagation behavior of snow [20] and firn [10],
and investigated the polarimetric scattering characteristics from
oriented particles within the firn volume [10]. This overcomes
assumptions made in earlier Pol-InSAR studies [16] about
scattering from sastrugi, which is only applicable to specific
areas if acquired under certain radar aspect angles.

New developments indicated the necessity to consider the
impact of subsurface layers on InNSAR coherence [21][22]. The
term /ayer is used in literature both for thin layers associated
with surface scattering mechanisms [13][16][20][22] as well as
extended firn bodies associated with volume scattering
[10][11][13][16][19]. We use the first meaning, referring to
clear discontinuities within the firn column in the percolation
zone of glaciers and ice sheets. We refer to the first layer as the
snow-firn interface, which corresponds to the surface at the end
of the last summer, ignoring a shallow winter snow pack, which
is likely transparent at microwave frequencies if it is dry and
did not experience melting [20].

Even though Hoen [23] and Oveisgharan and Zebker [13]
already considered a layered subsurface to improve the
correlation between modelled and in situ accumulation rates, a
direct assessment of subsurface layer effects in InSAR data is
missing. A concise modelling effort of such effects, with
limited a priori assumptions, may facilitate the development of
robust retrieval algorithms.

The objective of this paper is to advance these findings and
to propose a realistic scattering model for the interpretation of
Pol-InSAR data collected in the percolation zone of Greenland.

In Section II the experimental SAR data and ground
measurements of this study are described. The proposed
multiple-layer-plus-volume model is introduced and discussed
in Section III. In Section IV the SAR data are analyzed with
respect to the model characteristics, followed by discussions
and conclusions in Section V.

II. EXPERIMENTAL DATA

A. ARCTICI15 Campaign and the South Dome Test Site

This study is based on an airborne SAR data set acquired
during April and May 2015 in Greenland with DLR’s F-SAR
system [24] in the frame of the ARCTIC15 campaign. Fully
polarimetric, multi-baseline interferometric SAR data were
acquired at five different frequencies (X-, C-, S-, L-, and

Fig. 1. Location of the South Dome test site in the southern part of Greenland.

P-band; 9.6 GHz, 5.3 GHz, 3.3 GHz, 1.3 GHz, and 0.44 GHz,
respectively) over different glacier zones.

This study focuses on the South Dome test site (63.52° N,
44.54° W, Alt.: 2868 m, see Fig. 1), where SAR data covering
an area of approximately 6 km x 3 km were acquired.
Coordinated ground activities were carried out by DLR and
ETH Zurich, which comprised the placement of corner
reflectors, the acquisition of ground penetrating radar (GPR)
and GPS profiles as well as manual probing of near surface
layers with an accumulation probe.

The F-SAR was flown at 3000 m altitude above ground, with
six to eight parallel flight tracks from two opposite headings.
The nominal horizontal baselines were 10-90 m for the X-, S-,
and L-band acquisitions and 5-35 m at the opposite heading at
X-, C-, and L-band. P-band data was acquired during a separate
flight 16 days later with nominal horizontal baselines of 10-270
m. The incidence angle varies from 25° to 60° and the spatial
resolution is between 0.5 m (azimuth) x 0.6 m (slant range) at
X-band and 1.0 m x 3.8 m at P-band.

The different baselines and the incidence angle variation lead
to a wide range of vertical wavenumbers k, that has been
exploited in this study. In all frequencies k, values below
0.1 rad/m exist, except for S-band where the smallest value is
0.2 rad/m. The maximum k, values are at least 2.8 rad/m in all
frequencies.

Temporal decorrelation can be neglected for the ARCTIC15
data with only about 15 min between consecutive acquisitions
and a maximum temporal separation of 1 h 45 min at stable
negative temperatures.

Noise decorrelation ygyp is well above 0.94 (above 0.99 at
L- and P-band), due to the strong backscatter in the percolation
zone of Greenland. Therefore, its effect on the presented results
is marginal. Nevertheless, the magnitude of the interferometric
coherence |y|, which this paper focuses on, is corrected for
Ysnr by means of the polarimetric HV-VH coherence [25].
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Fig. 2. Amplitude envelope of a GPR profile at South Dome. Several layers
with varying backscattered power are visible.

Each interferometric image pair was common bandwidth
filtered individually, accounting for the variation of the
incidence angle over range [26].

The coregistration was performed using a reference DEM
generated from X-band single-pass InSAR data acquired by
F-SAR during the campaign.

B. Ground Measurements

South Dome is located in the percolation zone, where
refreezing of seasonal melt water leads to high density ice
layers in the firn column, which are considered strong scatterers
in both GPR and SAR data. Therefore, GPR data can provide
the necessary information on the vertical subsurface structure
to understand its influence on Pol-InNSAR measurements. In
particular, layers related to years with stronger melting are
visible in GPR profiles, which is confirmed by firn cores [27].

For this purpose, more than 2 km of GPR transects were
acquired one week before the X-, C-, S-, and L-band and two
weeks after the P-band acquisitions using a 500 MHz pulse
radar system. The profiles acquired before and after the SAR
acquisitions are very similar without any recognizable
differences.

The time window of the GPR measurements was 377 ns,
corresponding to a depth range of almost 40 m, even though the
last 5 m are dominated by noise. The theoretical vertical
resolution is about 20 cm in firn. A basic processing chain was
applied, including removal of direct current bias, time-zero
correction, bandpass filtering and gain adjustment [28].

One example of our GPR measurements at South Dome is
shown in Fig. 2, revealing the aforementioned stratigraphy with
its distinct layers and a particular strong one at about
-4.5 m depth.

The layered subsurface structure visible in our GPR data was
confirmed by echograms from the Accumulation Radar
instrument of NASA’s Operation IceBridge [29] acquired in
April 2014. The effect of the one year difference is limited due
to the average accumulation rate of approximately 0.5 m water
equivalent per year [30]. The large coverage of Accumulation
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Fig. 3. Manual layer probing results at South Dome from measurements before
(25 April 2015, left part) and after (28 May 2015, right part) the SAR
acquisitions.

Radar data confirmed the horizontal homogeneity of the
subsurface structure in the South Dome area at larger distances
then our SAR coverage. Therefore, we consider the GPR
profiles to be representative for the entire test site.

Complementary information about stratigraphy in the first
3-4 m was collected with an accumulation probe, which was
used to manually detect hard layers within the firn. The layer
detections for South Dome are plotted in Fig. 3. Two to five
samples were taken at three locations in the SAR scene center
before and after the SAR acquisitions. The consistency of the
layer readings was encouraging even though the individual
point measurements have a randomness to hit or miss ice lenses
that form the layers. The depth accuracy of the manual readings
on the accumulation probe was assessed to be +5 cm, which is
accurate enough for our purposes. These measurements are
considered reliable only in case of consistently detected layers.
Thinner and weaker layers were likely to be penetrated without
a clear reading, e.g. the inconsistent detections around -1 m
depth in Fig. 3.

The layer at -3 m was detected most consistently, with
further detections just a few centimeters below which were
sometimes recorded as a single thicker layer. Based on the
average accumulation rate [30] and Snow Radar data [31], the
spacing of annual layers is about 1 m, which matches our
manual measurements, even though potential layers at -1 m and
-2 m were not consistently detected.

All our in situ and SAR data were acquired within 33 days.
We consider the situation temporally stable throughout this
period with negative temperatures and only 1 cm snow height
change based on data from the South Dome weather station of
the Greenland Climate Network [32].

C. PolSAR Assessment

South Dome is the highest elevated area in the south of
Greenland and is a flat and horizontally homogeneous plateau
with a maximum elevation difference of less than 20 m within
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Fig. 4. Top: Multi-frequency Pauli representation (HH+VV: blue, HH-VV: red, HV: green) of the South Dome test site at 63.52° N, 44.54° W, Alt.: 2868 m.
Middle: Scattering entropy parameter. Bottom: Scattering alpha parameter. Due to the horizontal homogeneity of the area, P-, L-, S-, C-, and X-band are
aggregated into a single graphic for illustration purposes. Within one frequency, only a range trend due to incidence angle variation is present, while the azimuth

dimension is constant across the entire scene.

the area imaged by the SAR. This homogeneity is also revealed
by the Pauli color composite images of polarimetric backscatter
in Fig. 4 (top). Since there are no visible changes along azimuth
for any given frequency, we aggregated all five frequencies into
a single image. Within one frequency, only a range trend is
present due to the incidence angle variation indicating stronger
scattering in HH+VV, typically interpreted as surface
scattering, in near range. The overall very strong HV channel,
which is increasing with frequency, is typically associated with
volume scattering.

Conventional polarimetric analyses by means of the entropy
and alpha scattering parameters [33] indicate dominant volume
scattering with overall high entropy values, e.g. above 0.8, and
alpha angles between 40-60° at X-, C-, S-, and L-band. At
P-band entropy ranges between 0.2-0.55 and alpha between
15-40°. Scattering entropy and alpha for all frequencies are
shown in Fig. 4 (middle and bottom). An increase with

incidence angle can be observed, and entropy and alpha
saturate around 0.9 and 55°, respectively, for X-, C-, S-, and
L-band. This increase of both parameters with incidence angle
is related to the fact that volume scattering decreases
significantly less (theoretically not at all) with incidence angle
than surface scattering. At the same time, entropy and alpha
increase with frequency due to an increased depolarization of
surface scattering induced by the increase in effective
roughness. Also, smaller particles may contribute additionally
to volume scattering at higher frequencies.

Backscatter values are well above -15 dB even at HV at 60°
incidence angle for L-band and increase up to 0.7 dB at 28°
incidence angle in HH. Only at P-band HV drops to
-29 dB. The noise contribution to the high entropy values is
marginal, since the signal-to-noise ratio stays above 11 dB for
all frequencies and polarizations.
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D. InSAR Coherence Profiles at L-band

While the polarimetric backscatter analysis indicated only a
frequency and incidence angle dependence, the interferometric
analysis revealed an “unusual” undulation pattern of the InNSAR
coherence [22], which was the initial trigger of this study.

The complex interferometric coherence y is obtained by
forming the normalized cross-correlation between the
interferometric image pair s; and s, at a given polarization W
[15][33]

(s1(W)sz (W)
Vis1W)s;@))s2(W)s; W)

(M

y(w) =

After common bandwidth filtering, the compensation of
additive noise decorrelation and neglecting temporal
decorrelation, the remaining volume coherence depends on the
vertical distribution of backscattering g, (z), stretching from z,
at the glacier surface (i.e. snow-firn interface, respectively the
surface at the end of the last summer) to depth z, as depicted in
Fig. 5, and can be written as
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with topographic phase ekz%o, k.. is the vertical
wavenumber in the subsurface volume, considering refraction

and permittivity in the glacier subsurface [16]
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with A being the wavelength in free space and €, the bulk
relative permittivity of the subsurface volume in which the
signal penetrates into. A6, is the angular difference, after
considering refraction into the firn, between the two radar look
vectors of the interferograms, driven by the spatial baseline
between the acquisitions, as depicted in Fig. 5. Similarly, 8, is
the refracted incidence angle within the firn volume given by
Snell’s law. The permittivity €, can be derived from the density

Zy =

firn

Fig. 5. InSAR geometry considering the refraction into the firn body, ignoring
the shallow, partial cover of low density snow.

of firn cores [27] through established relationships [34] and is
set to 2.0 throughout this analysis. We use a real valued
permittivity since scattering losses dominate over absorption
losses under dry and frozen conditions [34].

During the field work, a partial cover of loose snow of about
5 cm was present on top of an already compacted surface. The
last substantial snow height increase measured at the South
Dome weather station of the Greenland Climate Network [32]
was about 10 cm around 20™ March 2015, 41 and 56 days prior
to our SAR acquisitions. This fine grained, low density snow,
which is likely to be transparent at microwave frequencies, is
ignored here, due to its marginal extent.

Fig. 6 shows the magnitude of the interferometric coherence
|y| at L-band in HH polarization for five different baselines
with average k,y,,; between 0.19 rad/m and 0.78 rad/m. In
general, coherence values are very low due to strong volume
decorrelation, which was expected after the PolISAR analysis.
An undulation of coherence is observed in range, which
changes with baseline. The analysis of the full data set showed
that the undulation pattern changes also with frequency. In fact,
the undulation is a function of vertical wavenumber k ;.
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Fig. 6. L-band interferometric HH coherence at five different horizontal baselines, indicated in the image, at a flight altitude of 3000 m over ground at the South
Dome test site. Overall a strong volume decorrelation is observed which is undulated with range in dependence of horizontal baseline. Large estimation windows
of at least 3200 looks are applied to reduce coherence estimation bias. Average vertical wavenumbers k,y,; are 0.19, 0.30, 0.49, 0.58, and 0.78 rad/m,
respectively. The effect of a corner reflector is visible in the middle of the scene at 3 km azimuth and 1 km slant range.
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Fig. 7. Coherence profiles at L-band for South Dome vs. k,y,,; for six different
horizontal baselines (Between 10 m and 50 m horizontal baseline, flight
altitude 3000 m above ground). HH, VV and HV profiles are depicted in black,
blue and cyan, respectively. The vertical spread at each polarization is related to
the fact that the same k,,; values correspond to different incidence angles for
different baselines.

Average L-band coherence profiles are shown in Fig. 7 and
demonstrate the dependency on k., . We derived the
coherence profiles for this analysis using 2D histograms of |y|
against k,;,,; for each scene. In order to cope with the low |y]|
values, large estimation windows with at least 3200 looks are
used to reduce the coherence estimation bias and standard
deviation. The slant range size of the resulting estimation
windows is up to 86 m x 181 m, which is no problem due to the
horizontal homogeneity of the test site. The profiles from six
different horizontal baselines from 10 m to 50 m strongly
overlap. The coherence profile from the shortest baseline with
0.05 rad/m (in far range) < k,,,; < 0.5 rad/m (in near range) is
the only profile not affected by the main undulation pattern, see
also Fig. 6, with a coherence minimum at k,;,; = 0.65 rad/m.
It is important to clarify that due to the different horizontal
baselines behind each profile, the same k,y,; corresponds to
different incidence angles. This leads to different surface
scattering contributions at the same k,y,,;, which is the reason
for the vertical variation of the overlapping profiles.

The uniform volume model [11] for InSAR coherences from
ice sheets assumes an infinitely deep volume of uniformly
distributed scatterers characterized by a constant extinction. It
predicts an exponential decay of the coherence with k,y,,
(solid line in Fig. 8), which is not observed in the data. The
differences between the copol and cross-pol profiles indicate
different vertical structure functions for different polarization
channels.

We therefore conclude that the shown coherence undulation
and the polarization dependency introduce the necessity for a
different scattering model for the interpretation of Pol-InSAR
data over glaciers and ice sheets.
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Fig. 8. One example of a coherence profile from a uniform volume model with
penetration depth parameter set to 30 m and a uniform volume under ground
model with ground-to-volume ratio 0.5.

III. MULTIPLE LAYER PLUS VOLUME MODEL

In this section, we discuss interferometric coherence models
appropriate to interpret the experimental data. The coherence
model for a uniform volume, a two layer structure and their
combination is introduced step by step. Simulations are used to
illustrate the effects of the key parameters layer depth,
layer-to-volume scattering ratio and number of layers.

A.  Uniform Volume Model

Assuming a uniform distribution of scatterers with a constant
extinction coefficient x,(W) [11], the vertical structure
function ¢, (z) in (2) becomes an exponential

2zKe(W) _2z
0,(2) = o, (W)e cosbr = g,) (W)eren™ )

where z is the vertical (depth) axis, cos8, accounts for the off-
vertical radar look vector, ¢ (W) is the nominal backscatter
power per unit volume and the extinction coefficient k, (W)
accounts for both scattering and absorption losses for a given
polarization channel Ww. Henceforth, we use the
parameterization with one-way penetration depth d,,,,, which
is inversely related to K, through k., = cos(6,)/dpen -
Simulations of yy,,; for a uniform volume model lead always to
a quasi-exponential coherence decrease (solid line in Fig. 8)
and are given by [11]

1

lkzZo (5)
idpen(Wkzy o1
=

Yvor = €

Additional scattering contributions from the surface,
modelled as a Dirac delta function at depth 0 m, lead to the
uniform volume under ground model [19] with one additional
parameter, namely the ground-to-volume ratio. This ratio
defines the lower coherence limit which is asymptotically
reached for larger k,y,; values (dashed line in Fig. 8).
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In Section I.LD, we already discussed why the uniform
volume and uniform volume under ground models (Fig. 8)
cannot explain our measurements (Fig. 7). Therefore, we
extend the uniform volume under ground model in order to
account not only for additional scattering from the surface [16],
but also scattering from layers within the firn volume.

It is worth highlighting that the uniform volume model is
used as a single-channel model without any assumptions on the
polarization dependence of the volume scattering. A random
volume scenario is obtained assuming the same one-way
penetration depth d,,, for all polarizations W while an oriented
volume scenario is given when dy,, is polarization dependent.

B. Two Layer Model

In case of a simple vertical structure consisting of two
equally strong layers (e.g. the snow-firn interface and one
subsurface layer) without any volume contribution, their
interference pattern leads to a periodic coherence magnitude
undulation with k,;,,; (Fig. 9). Neglecting multiple scattering,
the interferometric coherence is given by

ng(W)giszom +UL2(W)EikZV°’ZZ

oL (W)+oL,(W)

ikzzg

y=e ; (6)

with layer backscattering powers o;,,(W) and layer
depths z; 5.
The minima positions are located at

koo =nm/(z1 — 23) @)

with n = 1,3,5, ..., which is indicated in Fig. 9 by the second
x-axis. The periodicity of the coherence minima is similar to the
behavior observed not only at L-band (Fig. 7), but also at all
other frequencies at the South Dome site. Increasing the
vertical distance between the two layers moves the coherence
minimum position towards smaller k,,; values.

While the distance between the layers drives the k,y,,
positions of the minima and maxima, it does not affect the
extrema values of the coherence magnitude. The coherence
magnitude values are sensitive to the scattering powers of the
layers oy, , (W), which in turn do not affect the k,;,, position

of the minima and maxima. According to (7), when the layer
distance z; — z, becomes an even multiple of /k,y,,;, the two
layers are in phase and the coherence reaches 1, independently
of the individual o, (W) values. On the contrary, the
coherence magnitude at the minimum depends on the
difference in scattering power of the layers. The layers interfere
destructively if z; — z, is an odd multiple of w/k,;,; and the
coherence drops to 0 for o, = 0;,. The coherence minimum
increases with increasing contrast (i.e. difference in power)
between the two layers with|ypin | = |0, — 01,1/ (01, + 01,).
Accordingly, the coherence undulation is the same regardless
whether the first or second layer is stronger as long as their
difference is the same.
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Fig. 9. Coherence magnitude simulations for two layers only with varying
depth of the second layer. The first layer is at z; = 0 m and the depth of the
second layer z, is varied between —3.0 m and —5.0 m as indicated by the
colored lines. The scattering powers of the two layers are equal 0, = 0;, = 1.
The second x-axis is not a real x-axis, but indicates the depth of the second layer
for a given position of the coherence minimum.

C. Layer plus Volume Model

In order to explain the overall low coherence values and the
steep coherence drop at small k,,, in Fig. 7, a volume
decorrelation contribution needs to be considered additionally.
The resulting vertical structure function is then given by the
sum of (4) and Dirac delta functions § for each of the N layers
located at depth z; with layer backscattering power oy, ; W)

0,(2) = @D + TN, 0, (W) 6@).  (®)

The interferometric coherence is given by

= eikzz0 YVol(szol'dpen(W))‘*'Z;y:l mj(W)eikZVOsz (9)
14 1+z§."=1m )
2z
with — m;W) = O'L}.(W) / [ ad(W)edren™  being the

layer-to-volume scattering ratio. Vyo;(Kzvor, dpen (W)) is the
coherence of a uniform volume model with infinite depth, as
given in (5), but omitting the topographic phase of (5).

The predictions of such a combined model are shown in
Fig. 10 for N = 2 and d,.,= 30 m. The layer-to-volume ratios
m; are fixed to 0.2 for the surface layer and ranges between 0.1
and 0.4 for the second layer located at -4.5 m depth. The
simulated vertical structure is sketched in the inset. The
following points are worth being mentioned:

e The fast drop of coherence magnitude with increasing
k,yo; until the first minimum is mainly driven by the
decorrelation of the volume component and becomes
therefore stronger with increasing volume-only
penetration depth.
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Fig. 10. Two layer plus uniform volume model. The layer-to-volume ratio m,
of the first layer located at z; = 0 mis fixed to 0.2. The second layer is at
z, = —4.5 m with m, varying between 0.1 and 0.4, as indicated by the colored
lines. The volume is modelled by a uniform volume with infinite depth and
one-way penetration of 30 m. The simulated vertical structure is sketched in the
inset.

e The position of the first coherence minimum is largely
determined by the vertical distance of the two layers,
according to (7), with a small shift induced by the
volume.

e The coherence value at the minimum becomes lowest
form; = m,.

e The second coherence maximum V¥,,,,, can be
approximated by the sum of the layer-to-volume ratios
through

N .

Xj=am;
N .
1+Zi=1m1

(10)

[Vmaxz| =

because yy,; tends to zero for larger k,,,; (e.g.
[Vvoil < 0.05 for dp,p, > 28 m at k,yo, = 1.4 rad/m).

Under the assumption that the volume is already completely
decorrelated at the first minimum of the undulation pattern, i.e.
Yvor = 0+i0, we can derive an approximation for the
coherence value |y| at this first minimum. The minimum
decreases for decreasing layer-to-volume ratio difference
|[m,; —m,|, as described for the two layer only case in Section
III.B. Additionally, the coherence value at the minimum is
affected by the power of the layers compared to the volume
leading to

|mq—-m3|
N -
1+Zj:1m1

(11)

[Ymin| =

To further illustrate the model behavior, Fig. 11 shows the
effect of the sum of the layer-to-volume ratios }m; for
m; = m,. The case of ym; = 0.4 (see red line in Fig. 11)
corresponds to m, = 0.2 in Fig. 10 (green line). The effect of

the layers, compared to the uniform volume model (purple line
in Fig. 11), is clearly visible. The second coherence maximum
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Fig. 11. Effect of the sum of layer-to-volume ratios ym; for a two layer plus
volume model. Layer parameters are m; = m,;z; = 0,2z, = —4.5 m. The sum
of layer-to-volume ratios };m; varies between 0.0 and 0.4. The case of
Ym; = 0.4 (red line) corresponds to m, = 0.2 in Fig. 10 (green line).

is mainly driven by ij, while the position and the value of the
coherence minimum are less sensitive to };m;-changes above
0.2. Interestingly, the layers barely affect the coherences for
K vo1 < 0.1 rad/m, but their effect is obvious between k,,,; =
0.1 rad/m and the coherence minimum. The volume influences
the coherences starting from k,,,; = 0 rad/m. Accordingly,
layers and volume similarly contribute to the coherence in the
range 0.1 rad/m < k,,,; < 0.6 rad/m. At larger k,y,,; the effect
of the volume is marginal.

The effect of an increasing number of layers needs to be
analyzed when thinking about the firn structure at the test site
[27] as indicated by the GPR data in Fig. 2. As explained in
Section II1.B, the superposition of layers leads to undulations,
where the periodicity in k,y,,; direction is determined by the
distance of the layers while the magnitude of the undulation is
driven by the layer-to-volume ratios. Fig. 12 shows the effect of
an additional weaker layer (0.02 <mg < 0.06) at a depth of
73 = -20.5 m, which is visible in the GPR data in Fig. 2. This
simulation roughly matches the higher order undulations of the
data in Fig. 7. Thus, an increasing number of layers allows to
generate more complex coherence undulation patterns.

Note that even several layers would eventually
constructively interfere after the first minimum, leading to
higher coherence magnitudes than observed if no volume is
considered.

D. Vertically Extended Subsurface Layers

Up to now, the scattering layers were considered to be Dirac
delta functions at a certain depth z;. There are several reasons,
why a layer may have a vertical extent. In the percolation zone
of Greenland, the formation of refrozen melt-layers is complex
and different mechanisms exist that lead to laterally continuous
scattering layers [35]. Therefore, there is a chance that these
layers are extended over a small depth range. Furthermore,
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Fig. 12. Three layer plus uniform volume model. The first two layers are fixed
atmy, = 0.2;m, = 0.15; z; = 0;z, = —4.5m. The third layer is located at
z3 = —20.5 m with weaker powers m3 varying between 0.02 and 0.06. The
volume is modelled by a uniform volume with infinite depth and one-way
penetration of 30 m.

large estimation windows are required to obtain an unbiased
coherence estimation at low coherence values, likely associated
to small changes in layer depth within their spatial coverage.

We assessed the influence of a layer extent d; for each layer
j. This leads, for each layer, to a sinc like contribution [36] to
the overall coherence, resulting theoretically in a widening of
the coherence minima and a lowering of the maxima. However,
for the first minimum the widening effect is negligible, even for
a2 m vertical extent of the layer at -4.5 m. The same is true for
the coherence maxima. We therefore stick to the representation
of layers with Dirac delta functions.

IV. RESULTS

A. Multifrequency Coherence Profiles

The multiple-layer-plus-volume model is now used to
analyze the coherence profiles from the percolation zone of
Greenland. Fig. 13 shows the dependency of the coherence
magnitude |y| on the vertical wavenumber k,y,,; averaged over
the entire scene for six interferograms available at each
frequency.

At P-band the HH and V'V coherences are almost identical,
which implies similar vertical structure functions, while HV
has lower coherences and a less pronounced undulation. The
second maximum shows the weaker layer contributions in HV
as expected, which is true for all frequencies. The small
difference between HH and VV in P-band for low k,y,; values
could be an indication of a slightly oriented volume with
different dp,,, for HH and VV. This could be caused by
polarization dependent scattering in the firn and from ice
inclusions which are not part of the layers. The lower coherence
in HV is due to the lower HV layer-to-volume ratios according
to our model.

At L-band the minima at VV are lower than at HH, which
means, according to (11), that the |m,; — m,| layer difference is
smaller at VV. The second coherence maximum is almost equal

in HH and VV, which implies that the sum of layer-to-volume
ratios Y;m; is similar, according to (10). L-band shows also a
higher order undulation which may indicate the presence of a
third layer.

The S-band profiles show also an undulation, but not as
pronounced as at the other frequencies. Also the minimum
positions for HH and VV seem to be at different k,,,; values.
The very wide coherence minima could be explained by
vertically extended layers, see Section III.D, but would require
unrealistically large vertical distributions of the layer structure
functions.

A clear minimum is present at C-band in HH, but is less
pronounced in VV. Interestingly, the minima appear at higher
k,yo1 values than for the P- and L-band frequencies, indicating
scattering contributions from a shallower subsurface layer.

Finally, the X-band profiles have a well pronounced
coherence undulation with a clearly visible second minimum.
HH and VV maxima are similar, indicating similar sums of
layer-to-volume ratios Ym;, but at VV the difference between
the two layers is smaller.

B. Layer Depth Dependence on Frequency

Using the relationship between layer spacing and minimum
position of the coherence profiles in (7), and neglecting a small
shift introduced from the volume coherence, we can calculate
the depth of the second layer by assuming the first layer to be at
z; = 0m. Looking only at the dominant minima at each
frequency in Fig. 13, the second layer is estimated to be roughly
at -3.0 m at C- and X-band and -4.75 m at P- and L-band. At
S-band the minima positions are different across polarizations.
The VV and HV minimum position is approximately at k,,,, =
0.7 rad/m which corresponds to -4.5 m, similar to L- and
P-band. Contrarily, the HH minimum position is roughly at
k,vo1 = 1.0 rad/m, which corresponds to a layer depth of -3.1 m,
similar to C- and X-band. Even though it is not clear why the
polarizations behave differently at S-band, it seems that S-band
is like a transition frequency for the particular vertical
subsurface structure at South Dome.

A layer located at -4.75 m, as indicated by the P- and L-band
data, fits well to the dominant layer at -4.5 m in the GPR data
(Fig. 2). Note that the volume contribution introduces also a
small shift in the minimum position, which can lead to an
underestimation of layer depth of e.g. 0.5 m for d,,,, = 30 m.
This shift becomes smaller with larger dpep,.

In case the first scattering layer is not at the surface, i.e. the
snow-firn interface, the layers visible at -4.75 m and -10.0 m in
the GPR data, could also explain the coherence undulation at L-
and P-band, because they have approximately the required
vertical distance to produce the observed undulation
periodicity.

The higher frequencies, particularly C- and X-band, indicate
a subsurface layer at -3.0 m, which is not visible in the GPR
data. Possible reasons for this are the limited vertical resolution
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of the GPR and the fact that it is operated at P-band. Thus, we
use our manual layer probing measurements to better assess the
near surface layering. The only consistently detected layer was
located at -3 m depth and was sometimes not even permeable
with the probe, see Fig. 3. While all other layers were
permeable with one thrust, the layer at -3 m had a significant
vertical extent. This observation fits to the necessity of a
scattering layer at -3 m to explain the C- and X-band profiles.
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Fig. 13. Coherence profiles at P-, L-, S-, C-, and X-band for South Dome over
k,yo for six different horizontal baselines. HH, VV and HV profiles are
depicted in black, blue and cyan, respectively. The vertical spread at each
polarization is related to the fact that the same k,y,; values correspond to
different incidence angles for different baselines. The x-axis is extended
compared to Fig. 7.

Despite being within the penetration depth of P- and L-band,
the effect of this layer is barely visible at these frequencies,
which might be related to the longer wavelengths since the
layer is also not visible in the (P-band) GPR data.

C. Layer-to-Volume Scattering Ratio Dependence on
Polarization

The polarization dependency in the data is primarily due to
the layer-to-volume ratios m; according to the layer plus
volume model. A potential polarization dependency of the
volume (i.e. an oriented volume) is barely indicated and is
discussed in the next Section. Only at S-band, there seems to be
an additional polarization sensitivity to the layer depth z; as
described above. The simulations in Section III show that there
are two key parameters that describe the coherence profiles if
only two layers are assumed: First the normalized difference of
layer-to-volume scattering ratios [m; — m,|, and second the
sum of the layer-to-volume ratios Y;m;.
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TABLE I
SUM OF LAYER-TO-VOLUME SCATTERING RATIOS }m;
ym; HH \A% HvV

0.23 0.25 0.09
0.34 0.35 0.12
0.17 0.22 0.10
0.19 0.20 -
0.25 0.22 0.10

Average sum of layer-to-volume scattering ratios };m; approximated from
the coherence profiles in Fig. 13 with (10) (mean values from Fig. 14). For
C-band HV no value is derived because the coherence profiles do not have a
clear second coherence maximum.

O~

Y.m; directly affects the second coherence maximum. At
these k,y,; values it is fair to assume that the volume coherence
is very close to zero. In this case, we can directly infer the sum
of layer ratios from the plots, see Table I, through (10). The HV
layer scattering ratios are by a factor of 1.7-2.9 lower than at
copol channels, while HH and VV are very similar. An
exception is here again the S-band, where the different
polarizations also seem to be sensitive to different layers.

Furthermore, the sum of layer-to-volume ratios }m; is
derived for different incidence angles, because the second
coherence maxima found at a certain k,,; value correspond to
different incidence angles for different horizontal baselines.
The incidence angle dependence of }m; is shown in Fig. 14
where only coherence profiles with a clear second maximum
have been considered.

Additional to the general pattern of stronger layer-to-volume
ratios in the copol than in the cross-pol channels, the decrease
of layer backscattering with increasing incidence angle is well
pronounced. This trend is equally strong for HH and V'V, while
there are no changes at HV. Only at P-band, the
layer-to-volume ratios appear stable over the whole incidence
angle range for all polarizations.

Unfortunately, the layer scattering ratios cannot be directly
validated. Nevertheless, the observed differences between the
co and cross-pol channels and the trends with incidence angle
fit to the expected behavior if layer scattering is considered as a
rough surface scattering mechanism and given that volume
scattering has marginal sensitivity to incidence angle variations
[33].

The behavior of layer scattering ratios with incidence angle
is in agreement with the qualitative assessment of scattering
mechanisms in Section II.C. Polarimetric entropy and alpha
parameters (Fig. 4) indicate the decrease of surface scattering
with incidence angle, which leads to an increase of the relative
strength of volume scattering.

Another observation is that for the frequencies sensitive to
the same layer (i.e. P- and L-band at -4.75 m; C- and X-band at

-3.0 m under the assumption of z; = 0 m), higher
layer-to-volume ratios are retrieved for higher frequencies.
The simulations in Section III.C show that the

layer-to-volume ratios do not only directly affect the magnitude
of the second coherence maxima, but also the coherences at
smaller k,;,,;, even before the first minimum (Fig. 10 and Fig.
11). This is also reflected by the profiles from shorter baselines
in Fig. 13, that have slightly higher coherence magnitudes. For
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Fig. 14. Sum of layer-to-volume scattering ratios };m; derived from the InNSAR
coherence profiles in Fig. 13 with (10) over incidence angle. The spread across
incidence angles comes from the fact that for a given second coherence
maximum, the corresponding k,y,; value is at a different incidence angle for
different horizontal baselines. Values are only extracted for profiles with a clear
second coherence maximum.

a given k,y,;, these profiles correspond to steeper incidence
angles, and therefore to larger layer-to-volume ratios, as shown
in Fig. 14. The effect is stronger at L-, S-, and C-band.

D. Volume Coherence

The volume contribution is visible in the generally fast drop
of coherence values at k,,; < 0.1 rad/m in Fig. 13. At L- and
S-band this part of the profile cannot be completely presented
because of the lack of very small k,;,;. At P-, C- and X-band,
the available horizontal baselines are small enough to have
coherences starting almost at k,y,; = 0 rad/m.

There is a slight trend of weaker volume decorrelation with
increasing frequency confirming less volume penetration at
X-band compared to C-band.

At C- and X-band, the coherences are similar across all
polarizations for k,y,,; < 0.1 rad/m, which could be interpreted
as equal d,,,, for all polarizations (i.e. random volume) based
on the findings from Fig. 11, because the layers have negligible
impact for k,y,; < 0.1 rad/m. The same could be speculated for
L- and S-band, but coherences at k,,,; < 0.1 rad/m are not
available. On the contrary, the polarization differences of the
coherence profiles at P-band at small k,;,,; could indicate an
oriented volume with different d,,,, for HH and VV.

E. Model Fit

From the six baselines at L-band in Fig. 13 we extracted a
synthetic average coherence profile and fitted a three layer plus
volume model to the data independently for each polarization,
as shown in Fig. 15. The possibility for a third layer (i.e. second
subsurface layer) was added to account for the higher order
undulations in the profile. The first layer was assumed to be at
z, = 0 m. The simulations agree well with the general behavior
of the L-band coherence profiles, but lack a precise
representation of the higher order undulations.
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Fig. 15. Three layer plus uniform volume model (dashed lines) fitted to a
synthetic mean coherence profile (solid lines) generated for each polarization
from six baselines at L-band.

Table II summarizes the parameters obtained by the model
fit. The locations of the two subsurface layers at z, = -5.1 m
and z; =-21.3 m agree well, with a mismatch of only 0.1 m and
1.2 m, respectively, across polarizations, and show only small
differences to the layers at -4.5 m and -20.5 m in the GPR data
in Fig. 2. No contribution of a third layer was obtained at HV.

Interestingly, the second layer is stronger than the surface in
V'V, which leads to a similar undulation pattern as in HH, where
the difference of layer-to-volume ratios m, and m, is identical.
It is described in Section III.B that the undulation pattern is
mainly driven by the layer difference, regardless of which of
them is stronger. Layers for HV and the third layer in the copol
channels are about one order of magnitude weaker.

The one-way penetration depth values appear very large, but
one has to consider that this is the parameter of the volume-only
model. The combined penetration depth is shallower due to the
layer contributions. The penetration depths differ with
polarization, which is an indication for an oriented volume
scenario. But the lack of data with k,,; < 0.1 rad/m, where the
volume contribution can be best assessed, see Section IV.D,
hampers a clear assessment of the random vs. oriented volume
question. Theoretically, the HV penetration depth has to be in
between the values for HH and VV in an oriented volume
scenario, which is not the case for the results of the model fit.
This could indicate a different vertical distribution of
backscattered power of the volume at HV, which cannot be
interpreted by a uniform volume model.

V. DISCUSSION AND CONCLUSION

In this paper, a scattering model for Pol-InSAR coherences
from the percolation zone in Greenland has been proposed and
validated. We observed a coherence undulation with vertical
wavenumber k,,; in our data that cannot be explained with
existing uniform volume only [11] or volume under ground
[19] models. For this, the presence of subsurface layers is
required. Simulations show how the layered vertical structure
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TABLE 11
PARAMETERS OF THE THREE LAYERS PLUS UNIFORM VOLUME MODEL FITTED TO
THE SYNTHETIC AVERAGE COHERENCE PROFILE AT L-BAND.

HH \A4 HV
z, [m] 0 0 0
z; [m] -5.1 -5.1 -5.0
73 [m] 21.3 -20.1 -
my 0.23 0.11 0.05
m; 0.10 0.24 0.05
m; 0.007 0.015 0.0
pen. depth [m] 32 45 60

below the surface affects the InSAR coherences due to the
constructive and destructive interference of the layer
contributions leading to pronounced coherence minima and
maxima in dependence of k,,;. At all frequencies, two layers
are enough to interpret the main coherence magnitude behavior.
Only at L-band, a higher order undulation is present that can be
described by a third, deeper layer.

Furthermore, the simulations also reveal the potential to
estimate and characterize subsurface layers from InSAR
coherences. Under the assumption of the first layer being
located at the surface, we can interpret the data, by comparison
with forward simulations, with a second layer at -4.75 m at P-
and L-band and at -3 m for C- and X-band, which is supported
by in situ data. A model fit to the L-band data indicates a second
layer at -5.1 m, which is considered a good agreement given
that the model fit shows small deviations from the data. The
situation at S-band is less clear and seems to be a transition
between the other frequencies.

Also layer-to-volume scattering ratios can be inferred from
the measured coherences, potentially revealing the relative
importance of different scattering mechanisms. As expected,
cross-pol layer-to-volume scattering ratios are smaller than at
copol channels throughout the data set, but a subsurface layer is
still necessary to explain the undulations at HV. The VV layer
scattering ratios are slightly larger than at HH for most
frequencies, but the differences can be as small as 3 %.

The validation is mainly limited to layer depths, which can
be inferred from our in situ measurements, since manually
measured layer thickness or GPR signals cannot directly be
used to validate layer-to-volume ratios based on SAR data.
Furthermore, it is not yet completely understood which layers
detected in a GPR profile are dominant enough to have an
impact on InSAR coherences.

We generally conclude that ice sheet areas exist where the
assumptions of a uniform volume or uniform volume under
ground scenario are not valid. However, the overall low
coherence magnitudes and the retrieved layer-to-volume
scattering ratios demonstrate the overall dominance of volume
scattering, which is supported by polarimetric analyses and is
also consistent with previous studies [11][16]. Despite that, we
show clear evidence that dominant subsurface layers have to be
taken into account.

The inversion of the proposed model has not been addressed
here as it goes beyond the scope of this work, but will strongly
depend on the observation scenario as well as on the subsurface
characteristics of the area under investigation. The simplest
case is a two layer plus volume model, where the first layer is
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assumed to be at the surface and the volume is independent of
the polarization (i.e. random volume). The resulting nine model
parameters could be theoretically inverted with a dual-baseline
Pol-InSAR setup providing twelve independent observables.
There is potential in combining observations at small k,,;,
which are mainly sensitive to the volume, and at larger k,;,
which are mainly sensitive to the layer contributions. Such an
inversion scheme remains to be established. Any additional
layer or a polarization dependent volume (i.e. oriented volume)
add at least two parameters and will complicate the inversion.
For comparison, single-pol single-baseline data allows only the
inversion of a uniform volume model without any layers.
Full-pol single-baseline data improves the inversion capability
to e.g. a random volume under ground model, but the existence
of a second layer requires dual-baseline data for any inversion,
as described above.

In the percolation zone of Greenland, distinct subsurface
layers are related to refreezing of melt water. Therefore, the
analysis of coherence patterns could support the assessment of
accumulation rates, density changes or melt-refreeze processes.
Starting from a clear melt layer structure as we observed at
South Dome, the effect of such dominant layers within the firn
body is expected to differ for areas with less or no melting
during summer towards the dry snow zone. The explicit
modelling of depth hoar layers within firn in the dry snow zone
of Greenland by Oveisgharan and Zebker [13] relied on a priori
information and was compared to accumulation rates from firn
cores. Unfortunately, it was impossible to acquire data in the
dry snow zone during the ARCTIC15 campaign to see if we
could show an effect of a layered subsurface structure directly
on a data level as we did for the percolation zone. Additionally,
in the other direction, with increasing melt periods, refrozen ice
inclusions within the firn can become so abundant that no
distinct layers could be present and the vertical structure could
be interpreted again with volume scattering models. Therefore,
one model seems not to be enough for the interpretation of
Pol-InSAR data over different glacier zones of ice sheets, an
approach which was already followed by [10] for PolSAR.

The potential to retrieve geophysical information about
dominant subsurface layers was validated with in situ data,
indicating that Pol-InSAR data could be exploited in the future
for space borne retrieval of ice sheet subsurface structure.
Further studies are necessary to investigate how a retrieval with
a limited number of acquisitions can be achieved.
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