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Abstract—The interferometric phase difference measured
with Differential Interferometric Synthetic Aperture Radar
(D-InSAR) is used to estimate the snow layer change in
terms of Snow Water Equivalent (SWE) occurring in the
time between the two interferometric acquisitions.
However, due to the 27 ambiguity of the measured phase
difference only a wavelength dependent range of SWE
changes can be retrieved unambiguously. In this study, the
effect of the polarization of the D-InSAR measurements on
the SWE change estimates is investigated. A Differential
Polarimetric  Interferometric SAR  (D-Pol-InSAR)
approach is proposed to model Pol-InSAR coherences that
can potentially contribute to overcome limitations in SWE
change estimations. The effect of snow layer changes on the
Pol-InSAR coherence regions is investigated, revealing the
difference of change in snow layer depth and anisotropy.
Based on a D-Pol-InSAR model, a SWE change retrieval is
proposed, that optimizes snow layer depth, density and
anisotropy in the context of modelled and measured
coherence regions using airborne SAR data acquired over
the Woergetal valley, Austria from interferograms from the
03.03.2021/06.03.2021 and 06.03.2021/19.03.2021. This
allows to improve the SWE estimation performance
compared to the conventional single polarization approach
for larger snowfall events causing 27t phase ambiguities.

Index Terms— synthetic aperture radar (SAR), snow water
equivalent (SWE), differential SAR interferometry (D-InSAR),
polarimetric interferometric SAR (Pol-InSAR)

I. INTRODUCTION

S now melt plays a crucial role for runoff and flood
predictions. Due to increasing temperatures, the amount of
melt water and timing of the runoff are changing. This has a
huge impact on regions where people are relying on snow melt
for their water supply [1], as in the western United States, where
the seasonal mountain snow pack stores approximately 200 km?
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water per year [2].

A key observable combining the information on depth and
density of the snow pack is the Snow Water Equivalent (SWE)
and is therefore important as an input parameter for
hydrological models [3].

Different remote sensing methods can be used to measure
SWE [4], [5], but operational passive microwave methods
suffer from coarse resolution and saturation effects. Active
radar sensors like Synthetic Aperture Radars (SARs) can be
used for snow measurements, because they offer the possibility
to monitor the Earth’s surface on a meter-scale [6]. Moreover,
SAR sensors are capable of performing measurements that are
not affected by weather and illumination conditions [7]. Given
that SAR signals are able to penetrate into snow, they are
sensitive to snow parameters [8].

It has been shown in [9] that repeat-pass interferometric SAR
measurements (D-InSAR) can be used to estimate SWE
changes in dry snow. This method relies on the fact that snow
has a different permittivity than air, which causes a refraction
of the radar waves. The corresponding path delay depends on
the SWE change between the acquisitions and can be measured
with the interferometric phase. The method has been first
demonstrated using ERS-1/2 tandem data [9].

Dedicated tower experiments were used to exploit the
relationship between the D-InSAR phase and SWE change in
[10], where the authors presented a modification to the density
related part of the model in [9]. They established a linear
relation between interferometric phase and SWE change,
obtaining results with a high accuracy. Here, a dense time series
was used to overcome the effect of temporal decorrelation,
which affects the accuracy of the SWE change estimates.
Reasons for decorrelation of interferometric coherence in
different frequencies were analyzed in [11], showing that snow
melt is one of the main factors of decorrelation and that higher
frequencies are more affected, decreasing the performance of
the SWE retrieval. Meanwhile, for low frequencies the SWE
accumulation profile showed good agreements with in-situ
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measurements.

Compared to tower-based measurements, airborne SAR
measurements can achieve a higher spatial coverage.
Campaigns evaluating the potential of the interferometric phase
for SWE retrieval where conducted, e.g. with the Uninhabited
Aerial Vehicle SAR (UAVSAR) over North America [12],
[13], [14], [15], [16], presenting good results over non forested
areas and mentioning the need of reference phase and an
approximation of the density as a limitation. Another airborne
campaign was conducted over the Alps using the German
Acrospace Centers (DLRs) airborne system F-SAR [17]. Data
from the latter will be also used in this study.

Several studies have used the interferometric phase of repeat-
pass space borne SAR measurements to estimate the SWE
change, showing a good agreement with ground-based
measurements. Sensors with different frequencies were used,
for example C band (wavelength 1 = 5.65 cm) [18], [19], [20],
[21], [22], [23] and L band (A = 22.62 cm) [24], [25]. It was
demonstrated using Sentinel-1 C band data that it is important
to correct for the atmospheric phase delay [22]. Additionally, it
was shown that low temporal coherence is one of the main
reasons for a lower accuracy of the SWE change retrieval [18],
[19], [20], [22] as well as the presence of wet snow [20], [21].
Furthermore, the vegetation inside the estimation window
affects the SWE estimation results [23]. In order not to limit the
validation to discrete ground measurements, a wider coverage
was achieved by comparing the results from L band data from
ALOS-2 to SWE change estimates from a snow model,
showing a high agreement except for forested areas with
temperatures close to zero degrees [25]. Furthermore,
decorrelation due to permittivity changes of snow has been
reported [26]. Another limitation of the retrieval is the 2n
interval of the interferometric phase, resulting in a limited range
of unambiguous SWE change values that can be retrieved
before interferometric phase wraps occur [10]. One possibility
of solving the phase wraps without additional ground
measurements was proposed in [27] by using a multifrequency
approach to use the SWE change estimates of lower frequencies
to correct for phase wraps of higher frequencies. This improves
the accuracy retrieval, but the method is also limited due to
phase calibration challenges and the availability of
multifrequency measurements.

In addition to D-InSAR, there are also methods that use
polarimetric SAR (PolSAR) for the estimation of snow
properties. In [28], [29] the backscatter of the cross polarized
channels in VV and VH was used to retrieve the snow depth
having the highest agreement at 500m and 1km resolution. It
has been also demonstrated that the Copolar Phase Difference
(CPD) between the VV and HH channel can be related to snow
depth [30], [31], [32]. A model has been developed, where the
CPD depends on the snow anisotropy, density and depth [30],
[33]. The model has been successfully applied in studies using
X band (4 = 3.1cm) data for example in [34] relying on
density assumptions and in [35], having SWE errors up to 45%.
In C and L band, the CPD model was applied to correct
interferometric phase wraps in the D-InSAR SWE retrieval
[36], relying as well on density and anisotropy assumptions.
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Fig. 1. The left plot shows a polarimetric Pauli RGB color composite at C band
of the test site in the Woergetal. Blue corresponds to backscattered power in
HH+VV polarization, associated with surface scattering, Green is HV
scattering, usually associated with volume scattering. Red is HH-VV scattering,
associated with dihedral scattering. In this case, the green HV signals are from
surface scattering on azimuth slopes. The white points mark the locations of the
ground measurement. The right plot displays a Digital Elevation Model (DEM).
Grey areas are masked out due to local slopes higher than 50%.

Furthermore, it has been shown that for shorter wavelengths,
inversions using the CPD are challenging due to phase wraps
[37]. Nevertheless, these studies have demonstrated the
potential for retrieving information on the snow pack from
polarimetric measurements.

The objective of this study is to improve the accuracy of
SWE change retrieval by not only using interferometric SAR
measurements, but by also incorporating polarimetric
information. To achieve this, interferometric and polarimetric
measurements are combined by forming differential
polarimetric interferometric SAR (D-Pol-InSAR) coherences.
A model is established to simulate D-Pol-InSAR coherence
regions and the effects of different snow changes on the
coherence region parameters are investigated. The goal is to
advance the theoretical understanding of temporal coherence
regions influenced by snow accumulation and snow anisotropy.
Based on this, a retrieval of snow changes from coherence
regions is demonstrated by finding the parameters for snow
depth, density and anisotropy which minimize the difference
between modelled and measured coherence regions.

In Section II, the data utilized in this study are described.
Section III presents the model of [10] for SWE change retrieval
and introduces the polarization dependence of the estimates. A
Pol-InSAR SWE change framework is established in Section
IV followed by the D-Pol-InNSAR coherence modelling in
Section V and a D-Pol-InSAR SWE change retrieval in Section
VI. The results are discussed in Section VII and concluded in
Section VIII.
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TABLE I
FSAR ACQUISITIONS ~ HH vV
Dates SWE change N
Interferogram (Primary/Secondary) Frequency (cm) AN R
N

Infl 03.03.2021/ C, L band ~1.15 Air N Eair

06.03.2021 N

N A>0 = 4
N fa

Inf2 06.03.2021/ C, L band = 6.75 N

19.03.2021 .

Snow | Z . A<0 O O O

II. DATA

In the frame of ESA’s Simulation of Hydroterra SAR System
Performance in the Mediterranean and the Alps Based on
Experimental Airborne SAR Data (SARSimHT-NG) study [38]
DLR conducted an airborne SAR campaign over an alpine site
located in the Woergetal valley in the Austrian Alps. A time
series of eight flights from the 2" to the 19" of March 2021 was
acquired including fully polarimetric SAR data at C band and L
band. A polarimetric Pauli RGB color composite at C band and
a Digital Elevation Model (DEM) are shown in Fig. 1.

There were two snowfall events during the campaign that are
investigated in this study. The first (referred to in this paper as
Infl) occurred at the beginning of the campaign on the 5th of
March followed by a more significant snowfall event (Inf2)
which occurred between the 14" and the 18" of March. The
interferograms used in this study are shown in Table 1. The
campaign was accompanied by ground measurements. The
snow depth was obtained using avalanche probes and density
was measured with snow pits at different locations in the valley
by Environmental Earth Observation Information Technology
GmbH (ENVEO) [17]. ASWE was then calculated by
combining the measured snow depth with the corresponding
bulk density from the nearest snow pit. This approach ensured
that local variability was captured. Snow pits and depth probes
were revisited at the same positions during repeated
measurements on different transects. In this study, we used a
transect which was measured on 03.03.2021 and 06.03.2021
and one which captured the change between 06.03.2021 and
19.03.2021.

For phase calibration, a corner reflector with a side edge of
95 cm is used. The reflectors were cleaned and wiped dry before
all F-SAR Flights. The location of the corner reflector is
longitude 10.96°, latitude 47.21°, which is central in the test site
location [38].

III. SINGLE-POL D-INSAR ASWE ESTIMATION

A. Relationship between D-InSAR phase and ASWE

SWE expresses the amount of liquid water in the snow pack
and can be described as the theoretical depth of water that
would be obtained if the snow pack were to melt completely.
Accordingly, SWE depends on the snow density p and snow
depth Z using:

Ground

Fig. 2. Refraction of radar waves inside a snow pack compared to the optical
path length of snow free conditions (dashed line). The refractions are different
for HH and V'V due to the anisotropy of the snow pack.

1 Z
SWE = — j p(2)dZ ~ Zp/pu, (1)
Pw Jo

where p,, is the density of water.

The change of SWE ASWE, caused by for example
accumulation, redistribution or ablation and resulting in
changes of snow density and/or depth, is attempted to be
measured by exploring differential interferometric phase
measurements, as first proposed in [9]. As snow has different
dielectric properties than air, radar waves when propagating
through snow pack are refracted and change their propagation
velocity, as shown in Fig. 2.

Accordingly, any SWE change can be associated with an
optical path length difference that can be measured by means of
a differential phase. It is assumed that in dry snow the main
scattering contribution comes from the underlying ground and
volume scattering can be neglected for frequencies below
20GHz [39]. So, it is assumed that the radar waves can travel
through the entire snow volume. By taking into account the
geometry in Fig. 2, the interferometric phase difference A® can
be related to the snow depth change with [9]:

AD = =2 kAZ (cos 6 — ./ e(p) — (sin 9)2), 2)

where k = 2m/A is the wavenumber depending on the
wavelength A, 6 the incidence angle of the radar wave and £(p)
the permittivity of the snow, which depends on the snow density
p. Based on a numerical approximation for the density related
part of the equation it has been attempted to model a linear
relation between the interferometric phase difference and the
ASWE, which can be calculated with [10]:

a 5 3)
M =2k ( 1.59 + ez) ASWE,

The parameter « is close to 1 and minimizes the Root Mean
Square Error (RMSE) between the numerical approximation
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Fig. 3. Difference between the SWE change estimates in C band using the
DInSAR VV and DInSAR HH phase. The left side is corresponding to Infl
with an absolute ASWE,,, — ASWEyy difference of 0.14+/-0.2 cm. The right
side corresponds to Inf2 with an absolute ASWE,, — ASWE,, difference of
0.334/-0.33 cm. White areas are masked out due to local slopes higher than
50%.
and the exact solution for different p and 8 values. When the
parameter « is fixed to @ = 1 then the error lies below 3% for
incidence angles smaller than 40°. In our study ¢ = 1 is used in
the following.

An important issue when estimating the SWE change using
the D-InSAR phase are phase wraps. They result from the fact
that the interferometric phase can only be measured in a range
between [-m, 7] until a phase wrap occurs, therefore only a
limited range of SWE change values can be retrieved
unambigiously.

The advantage of Eq. (3) is that the ASWE can be directly
estimated from the interferometric phase. In Eq. (2) a relation
between the permittivity and density of the snow is needed, as
shown in [40], for example. However, this offers the possibility
to incorporate different permittivities for different
polarizations, in order to have a more precise description of the
polarimetric observations.

B. Polarization dependence of ASWE estimation

In order to assess the effect of the radar polarization on
ASWE estimation, ASWE is estimated by means of (3) using
vertically polarized (VV) and horizontally polarized (HH)
channels separately. Fig. 3 shows the difference between the
two ASWE estimates ASWEy, and ASW Eyy,; at C band for the
first and second interferogram. Areas with local slopes higher
than 50% are masked out in order to reduce slope-induced
errors like layover and foreshortening.

In both images, considerable differences can be observed.
Both the difference between ASWE},, and ASWEyy, and its
standard deviation increase in the second interferogram,
associated to the bigger snowfall event. A 0.14 cm SWE
difference between HH and V'V is about 12% of the total SWE

change for the snowfall event in Infl. It is assumed that the
difference comes from the snow, as scattering effects from the
ground or vegetation beneath the snowpack cancel out in the
interferogram. If the surface below the snowpack remains
unchanged, the phase difference between acquisitions remains
unaffected. Further, noise decorrelation is minimal in the F-
SAR data (C-band NESZ <-20 dB, L-band NESZ < -40dB) and
would only introduce random noise, but not a bias between
polarizations.

The discrepancy between the SWE change estimates in VV
and HH indicates a dependency on the used polarization. This
highlights the importance of including polarimetric information
in the SWE change retrieval, as it is necessary to account for
polarization effects. Furthermore, it allows to gain additional
information that can be incorporated in the SWE change
algorithm. The reason for the discrepancy between the ASWEyy,
and ASWEyy estimates lies in the anisotropic nature of the
snow that is dicussed in the following.

C. The Structural Anisotropy of Snow

Snow packs appear anisotropic in the context of microwave
propagation [33]. This is when non-spherical ice particles
distribute with a preferential orientation. This anisotropic shape
of spheroidal ice particles is described by the (structural)
anisotropy A defined as the normalized difference of the x and
z dimension of the ice particles a, and a,

=t @

T 0.5%(axtag)’

When snow settles, it forms rather horizontally aligned ice
particles and the anisotropy becomes positive (see Fig. 2). Over
the time, temperature gradients between atmosphere and the
underlying soil induce a vapor gradient that forces the ice
particles to grow increasingly vertically imposing a negative
anisotropy [41] (see Fig. 2).

The preferential orientation of non-spherical ice particles
leads to an anisotropic (i.e. directionally different) permittivity
in the snow pack, which makes the vertically and horizontally
polarized radar waves propagate differently.

To calculate the directional permittivities, the model
described in [33] is used. In that, the snow is described as ice
particles inside air. The effective permittivity for each
dimension n = x, y, z for the ice-air mixture is calculated using
the Maxwell Garnett formula [42]:

€ice €air (5)

€ = Eqir T fEai .
effm arr f U & qir+(1=FINn(€ice=€air)

Eqir 18 the permittivity for air and ¢;., for the ice particles.
The ice volume fraction f is defined by the snow density. For
each dimension of the particle, the depolarization factors N,, are
calculated with:
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Fig. 4. Permittivity of the VV channel (blue) and the HH channel (orange) in
dependence of the anisotropy. (p = 0.15 g/cm?, 8 = 39°)

axaya,; (< ds
N, =

0 (s+a,21)\/(s+a,zc)(s+a32,)(s+a§)l (©)

The integration unit s is a squared distance larger than the
surface of the ellipsoid. For oblate spheroids, as in the case of
fresh snow, the condition a,, = a, > a, holds. The solution of
the integral in (6) is then given by [42]:

Ny =N, =2(1-N,), ()

1+e?

e (e —arctane), ®)

N,

where e is a parameter that depends on the anisotropy:

o= (%) 1 ©)

The depolarization factors from (7) and (8) are then used to
calculate the effective permittivity for a mixture of air and ice
using (5). In the last step, the effective permittivities in X,y,z
dimension have to be translated to the horizontal and vertical
polarization of the radar waves (analogous to the derivation of
the refractive indices in [33]):

(10)

€ = Eeffxy

(11)

Soff; .
1-— —zgfxzy> £g4ir SIN? 6.

&y = Eefray T (
Therefore, the effective permittivity & for the horizontal and
gy for the vertical polarization depend on the anisotropy and
density of the snow pack, as well as on the local incidence angle
[30], [33].

The obtained permittivities €5 and &, are plotted for different
anisotropies setting a fixed density and incidence angle in Fig.
4.

A difference between the permittivities €, and &y can be
observed, which is increasing for higher anisotropies because

the difference of the refraction for the vertical and horizontal
polarization increases. These permittivities can be used in Eq.
(2) to calculate the polarization dependent interferometric phase
for VV and HH. The difference between the phases in VV and
HH will increase with the snow depth, since the length of the
path through the anisotropic medium expands.

IV. A POL-INSAR ASWE FRAMEWORK

A. Pol-InSAR framework

The starting point for establishing a Pol-InSAR framework
for ASWE estimation is two scattering matrices [S;] and [S,]
measured by an interferometric configuration with a temporal
and/or spatial baseline. These two matrices can be vectorized in

order to obtain the two associated scattering vectors Eu and ELZ
[43], [44]:

(12)

ky; = vec([S;]) = [511.111; Sli/H'S;.IV' Sli/V]T'

where i€[1,2] indicates the two interferometric
measurements. The interferogram formed using an polarization
state expressed by the unitary vector W is:

sW)s(W)y = W - k) W - k)" = wHa,w,

(13)

and the associated (complex) interferometric coherence
follows as
W) w

Jat qem @ aconm

y(W) = (14)

where ’_C)m ) Eﬂ = [Gi] ]_‘;LZ ) Efz = [C;] and EL1 ) Efz =
[Q;]- The superscript + denotes the conjugate transpose while
(...) is the expectation value. The two measured scattering
matrices [S; ] and [S,] include the polarimetric propagation and
scattering effects as

[S:] = [P;][Soil [P5]" (15)

and

Ky = [P{]kow: = [P] vec([So:). (16)

The subscript 0 stands for the scattering mechanism of the
surface below the snow pack and [Sy;] is therefore the scattering
matrix and ﬁou the scattering vector of this scattering
mechanism. The unitary propagation matrix [P.] characterizes
completely the propagation medium in terms of two orthogonal
eigen-polarizations with

pe i = ST ikeait
[le] _ cos@  sind; e’oi [eJKAm 0 17
—sin@; e/%i cos @; 0 eJ¥BiTi

The two eigen-polarizations are those polarizations that do
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not change when propagating through the medium. They are
described by the Deschamps angles @; and 6; while their
propagation through the medium is described by the (complex)
wavenumbers ky;, Kg; that include both attenuation and phase
shifts (e.g. wavelength change). r; is the distance traveled in the
medium.

Since the preferred orientation of the non-spherical ice
particles is often in the vertical or horizontal direction [45], the
eigen-polarizations can be assumed to be given by the linear H
and V polarizations. Accordingly, &; = 0 and §; = 0 and [PZ‘]
reduces to:

eJKHiTi 0

Pl=1"0 i (18)

Ky is the wavenumber of the horizontal polarization and ky;
the one of the vertical. [Pj] is obtained with:

[Pi] = [P;]1 ® [P3]"

exp(jdk;r;) 0 O 0 (19)
, 0 1 0 0
= exp(j2K;1;) 0 0 1 0
0 0 0 exp(—jdx;ry)

where ® denotes the Kronecker product, k; the mean and
Ax; the differential wavenumber of the two eigen-
polarizations:

_ Kpi T Ky

20
Ak; = Ky — Kyi, Ki = ) 20)

The interferogram formed using the polarization state W
using (13) and (16) is:

s(W)s(W); = WH[PL ][00, 1[PF]*W (21)
and the associated interferometric coherence becomes:
wH([Pi1[20] [PF11)W (22)

y(w) =
\/(W‘“([Pi] [Corl[PEIH W) WH([PZ][Co][PE] )W)

[Qg.] is the D-Pol-InSAR matrix and [Cy;] and [C,,] are the
covariance matrices of the scattering mechanism below the
snow. Assuming a homogeneous snow pack within the
coherence estimation window and a nonchanging scattering
mechanism below the snow pack, the following expression is
obtained:

W [PF[20L)) [PE]TW (23)

y(w) =
J(W+ [PEIICoNPEIFW ) (WH[PZKICoDIPE] W)

B. The D-Pol-InSAR Case
While the Pol-InSAR framework discussed in the previous

section is general in terms of being valid for non-zero and zero
spatial/temporal baselines, a closer look in the case of
differential, e.g. repeat-pass with zero spatial baseline
interferometry, is attempted in order to address the ASWE
estimation. Since the focus is on interpreting the polarimetric
and interferometric phase differences induced by the snow
pack, it is assumed that the scattering process below the snow
pack does not change so that:

[So1] = [Soz2] = [So] = Eom = EOLZ = EOL/

o o (24)
koy - kg, = [Co), and [2,,] = [Co]

The interferogram formed using W polarization becomes

s15; = WH[P{][Co][PE]*W = W [A,] W (25)
where
A1 Q12 Q13 Q14
Qz1 Qzz Qz3 Qg (26)

[A12] = exp(2)(rcy7y — K2732) az; Qz; Q33 Qzg

A41 QA4 Q43  QAgg

with
ay1 = c11 exp(jAr 1) exp(—jdi,ry),  pp = Ca2,
Qg4 = C4q eXp(—jhdry17) exp(jAK,73), a3z = C33,

. , , e
Q14 = @y = Cy4 exp(jAKy1y) exp(jAi,1y), Az3 = a3, = Ca3,
A1z = a31 = C12€xp(jAKTy), @iz = a3y = ¢z exp(jdrgmy),

. . . ,
A4 = Agp = Co4 eXP(JAKoTR), Azs = Ah3 = C34 eXp(jAK,Ty),

where c;; are the elements of the covariance matrix [Cy] of
the scattering mechanism below the snow pack.

Since the snow depth change is one focus of this study, the
wavenumber is replaced with a wavenumber that projects the
change in range direction to the actual snow depth change with:

Kyiorvili = Kniorvili (27)
with
~ 21 -
Rii orvi = T(COS 0 —emwiorvi—sin26). (28

Accordingly, the interferogram in the HH polarization is
obtained for Wy, = [1,0,0,0]"
51 (Wyn)s; (WHH)=|5HH|2 EXP(]'Z(’ZH1Z1_’2H222));

(29)

while the interferogram for the VV polarization is obtained
for V_\;VV = [ 0, 0, 0, 1]T
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270°

Fig. 5. D-Pol-InSAR coherence for 500 random polarization states (dots) for
one location in Infl (C band). Colours indicate the o angle of the scattering
vector. The pink star shows the HH polarization state and the purple star the
VV polarization state.

s1(Wyy)s; (W) =Isyy | exp(j2 (’lezl_kVZZZ))' (30)

The (complex) interferometric coherence can be calculated
for all polarization states with:

WHPZK[Col) [PEI*W

y(W) = :
J hconpi (R ICODP )

€20

The absolute value of the coherence is |y(w)| = 1, which
results as a direct consequence of the assumption of an invariant
scattering process and a homogeneous snow pack within the
coherence estimation window. The set of interferometric
coherences y (W) obtained for all the possible polarization states
w plotted on the complex plane defines the so-called coherence
region.

Fig. 5 shows such a coherence region for a snow-covered
area using 9x9 looks of Infl in C band. It is generated by using
500 randomly sampled polarizations states w and using (14).
The interferometric phase is calibrated using a corner reflector
in the scene. The radial location of each coherence locus
corresponds to the absolute coherence value of each
polarization state, indicating the correlation between the two
acquisitions of the interferogram. The angular location for each
polarization state is given by the phase of the interferogram
formed using the associated polarization. Accordingly, it is
related to the SWE change occurring between two acquisitions.
It can be observed that there is a certain phase extent of the
coherence regions, meaning the interferometric phases at
different polarizations are not the same, which is expected after
the results in Section II1.B.

The color coding of the coherence loci is according to their
polarimetric scattering angle alpha, a, expressing the scattering
type interpretation of the associated polarization states w [46].

[W[0] + w[3]]
V2

(32)

a=arccos< ), 0°<a<90°

270°

Fig. 6. D-Pol-InSAR coherence region at C band for a snow depth change of
AZ =9 cm at 8 = 39°. Top: isotropic snow A=0, bottom: anisotropic snow A
= 0.2. The snow density is assumed p = 0.15 g/cm3. The color coding is
according to the polarimetric scattering angle alpha, o.
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Fig. 7. Interferometric phase of the VV channel (blue) and the HH channel
(orange) in dependence of the snow depth change. (C band, p = 0.15 g/cm?,
8=39°,A=0.2)

Polarization states with a angles close to zero (blueish dots)
have high coherence amplitudes, indicating a dominant surface-
like scattering below the snow pack, while a angles close to 90°
(red dots) have lower coherence values due to a higher Signal
to Noise Ratio (SNR) decorrelation contribution.
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V. D-POL-INSAR COHERENCE MODELLING

The D-Pol-InSAR coherence region is modelled according to
(31). The scattering process below the snow pack is represented
by its covariance matrix [Cy]. The propagation matrices [P}]
describe the propagation through the snow pack and are defined
in (19). The corresponding H and V wavenumbers projected
onto snow depth Z are given by (28) and can be modeled in
terms of the anisotropy A as described in Section III.C.
However, (30) does not consider any decorrelation effects that
need to be introduced for a realistic modelling of the D-Pol-
InSAR coherence region.

Temporal decorrelation due to a non-uniform snow
accumulation inside the resolution cell is taken into account, as
described in [18] with:

1 r4m\° 2
— _ (= 2 _ — cin A2 33
Yr exp( 2(/1) ¢ (cos@ £ smH)) (33)

where o, is the standard deviation of the snow depth inside
the resolution cell. Accordingly, yr may show a polarization
dependency due to the different H and V wavenumbers.
However, for small g, the effect is nearly the same for all
polarizations. Therefore, this yields a constant shift of the
absolute coherence values.

The additive noise decorrelation due to low SNR levels with
a Noise-Equivalent Sigma Zero (NESZ) [47] is:

+ y(;ﬁ)‘”z (1+

Due to the fact that different polarization states have different
signal levels, adopting a polarization independent noise level
results in a polarization dependent SNR level and consequently
a polarization dependent SNR decorrelation contribution. This
leads to larger variations in absolute coherence and phase for
polarizations with lower signal levels, see Fig. 5.

(34

lesz)‘l/2

s(W)2

Ysne(W) = (1

A. Snow Depth Change

First, the effect of a change in snow depth with fixed snow
density is discussed for two different anisotropy scenarios. In
the first case the anisotropy is set to A=0 (for both acquisitions),
corresponding to isotropic snow. In the second case, the
anisotropy is set to A=0.2 (for both acquisitions) corresponding
to a freshly fallen snow scenario. Note, that the anisotropy of
the old snow pack is assumed to remain the same between the
acquisitions. The snow depth change is set in both cases to
AZ =9 cm. Fig. 6 shows the modelled coherence region for
500 random polarization states W. The temporal decorrelation
is set to yr = 0.925, assuming a o, = 1 cm, and the SNR
decorrelation for a noise level of -20dB is computed. The
scattering process below the snow pack was assumed to be a
Bragg-like scatterer.

Fig. 6 (top) shows that for the case of isotropic snow, all
polarization states have the same phase values. Only the
coherence amplitude is decreasing for higher alpha angles due

270°

Fig. 8. D-Pol-InSAR coherence region at C band for an anisotropy change for
Z =9 cmat 0 =39° Top: AA = 0.1, bottom.: AA = 0.2. The snow density is
assumed p = 0.15 g/cm3. The color coding is according to the polarimetric
scattering angle alpha, a.
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AA
Fig. 9. Interferometric phase of the VV channel (blue) and the HH channel
(orange) in dependence of the anisotropy change. (C band, p = 0.15 g/cm?,
6 =39° r=9cm)

to the SNR decorrelation. The introduction of anisotropy Fig. 6
(bottom) results in a wider spread of the phase values since the
anisotropic structure of the snow is affecting the polarization
states differently. The interferometric phase of VV and HH for
the second case is shown for different snow depth changes in
Fig. 7.
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Fig. 10. Cost function for one location in Inf2 using L band. TOP: 3D plot of
the cost function in dependence of Z, p, A. Bottom: 2D plot of the cost function
for ASWE and A. Color scale is ranging from low to high values of the cost
function.

It can be seen that the interferometric phase increases for
higher snow depth changes. It wraps at a snow depth change for
the HH polarization at AZyy = 10.5 cm and for VV at AZy,, =
10.8 cm for the assumed parameters and then continues to
increase. Furthermore, the difference between the phases of the
HH and VV channel increases with higher snow depth changes.
This is due to the fact that for higher snow depths, the radar
wave’s path delay through the anisotropic snow increases,
which also causes a greater path length difference between VV
and HH. This is similar to the results presented in Section I11.B,
where also a discrepancy between VV and HH is observed,
which increased for the bigger snow fall event, see Fig. 3.

Here, it can be seen again that different SWE change
estimates are obtained from the phases of the VV and HH
channels when using the conventional single-pol D-InSAR
retrieval in Eq. (3).

Depending on the coherence level and number of looks, the
accuracy to measure small phase difference can be determined,
which is in the order of few degrees for coherences above 0.7
and 81 looks [48].

B. Anisotropy Change

The influence of a change in the snow microstructure is
modelled assuming an anisotropy change between the two

acquisitions of AA = 0.1 (top) and AA = 0.2 in (bottom) and
with a snow depth of Z = 9 ¢m in Fig. 8.

An increased anisotropy change mainly results in a larger
phase variation within the coherence region, which results from
the fact that with higher anisotropies the propagation differs
increasingly for the different polarization states. The
interferometric phases are shown in more detail in Fig. 9 which
also demonstrates a small increase in the phase, with increasing
phase differences between the VV and HH channel.

The general effect on the phase can be explained by the fact,
that along with the anisotropy increase also the average
permittivity of the whole snow pack increases (see Fig. 4). As
a result, so does the D-InSAR phase of the VV and HH
channels. The increasing difference between the VV and HH
channels would again result in different SWE change estimates
using Eq. (3) depending on the used polarization, showing the
importance of considering the polarization information during
SWE change retrieval.

VI. D-POL-INSAR ASWE RETRIEVAL

A. Retrieval Algorithm

The aim of this study is to use the D-Pol-InSAR coherence
regions to retrieve the SWE change between the two
measurements. For that, the depth, density and anisotropy
changes for the snow change are retrieved. For each pixel, the
coherence region using (14) for the data is computed for random
polarization states for a 9x9 window size. Then the proposed D-
Pol-InSAR model is used to model the D-Pol-InSAR
coherences for different combinations of snow depth, density,
and anisotropy changes for the fresh snow pack. Here again, the
coherence regions for the random polarization states are
calculated. Now, the difference between the phases of the n
polarization states from the data and the model is computed for
all combinations of snow depth, density, and anisotropy
changes with the cost function C(Z, p, A):

C(Z,p,A)

= ZLO |(Aq)data,i - ACI)model,i(z: P,A))|- 33

The parameter ranges for the fresh snow in the first
interferogram are (Z =[5cm,15cm],p = [0.05g/
cm3,0.35g/cm?®], A=[0.1, 0.3]) and Z =
[5 ¢cm, 60 cm],p = [0.05g/cm3,0.35g/cm3], A =[0.1,
0.3]) for the second interferogram. The goal is to find the
minimal difference between the phases of the polarization states
from the data and the model. The parameters of this minimum
of C(Z, p, A) are then the depth, density and anisotropy estimate
for the pixel.

B. Retrieval Results

The depth and density corresponding to the minima of the
cost functions are used to compute the SWE change estimate.
In Fig. 10 (top), an example for the 3D cost function C(Z, p, A)
is visualized. The cost function is ranging from low to high
values, with low values having a higher agreement between the
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data and the model. Different density-depth combinations,
which correspond to the same SWE, lead to a line shaped
minimum in the density-depth plane, as expected. The 2x phase
wrap of the interferometric phase leads to further minima at the
corresponding SWE interval. Fig. 10 (bottom) shows a 2D plot
of the cost function in dependence of the SWE and anisotropy.
It can be seen more in detail here, that the influence of SWE is
much more prominent in the result than the anisotropy estimate.
This is also expected after the results in Section V, as the snow
depth change or SWE change has a bigger effect on the phase
than the anisotropy change. Still, also a small effect of the
anisotropy is present, as it affects the phase extent of the
coherence region, which even allows to partly solve the 2=n
phase ambiguity for larger SWE changes.

The depth and density corresponding to the minima of the
cost functions are used to compute the SWE change estimate.
Fig. 11 for Infl and Fig. 12 for Inf2 show the comparison
between the ground measurements and the corresponding
estimated SWE change values. Here, the results from the D-Pol-
InSAR model inversion (blue) and the SWE changes, which
would be obtained from just using the single-pol D-InSAR
phase in VV (green) and HH (orange) and (3), are displayed in
the top for C band and in the bottom for L band.

Note here, that in regions with local slopes, the ground
measurements do not align with the local normal. In order to
compare them to the retrieved SAR measurements, a factor of
cos f is included, with 8 being the local slope angle [23].

For the small snow fall event in Fig. 11, the results between
the different methods do not deviate much for neither C band
nor L band. This indicates that both approaches, either using D-
Pol-InSAR or a single polarization and Eq. (3), agree. Still, the
D-Pol-InSAR estimates are slightly better (see Table II). In the
case of the bigger snow fall event, a clear difference between
the D-Pol-InSAR estimates and the D-InNSAR SWE change
estimates can be observed (Fig. 12). The D-InSAR SWE change
estimates are clearly affected by the phase wrap problem. In L
band, the D-Pol-InSAR model is able to solve all phase wraps
which occur in the D-InSAR retrieval (Fig. 12 (bottom)). Also,
those estimates which are not affected by a phase wrap are more
accurate for the D-Pol-InSAR retrieval. Even though not all
phase wraps are resolved correctly for C band using the D-Pol-
InSAR approach (Fig. 12 (top)), it is still possible to resolve
some phase wraps, improving the accuracy of the SWE change
estimates.

Additionally, Table II shows the RMSEs for the SWE change
estimates. In all cases, the SWE change retrieval from the D-
Pol-InSAR model inversion performs better than the basic D-
InSAR model using only one polarization. For the small SWE
change event in Infl, the difference between the RMSEs is quite
low. However, for the bigger SWE change event in Inf2, the
accuracy improves significantly when using the D-Pol-InSAR
model. This indicates that in case of big snow fall events, the
model is able to significantly improve the accuracy of the SWE
change estimates.
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Fig. 11. SWE change estimates of the D-Pol-InSAR model (blue), the D-
InSAR approach using the HH phase (orange), and the D-InSAR approach
using the VV phase (green) compared to ground based SWE change
measurements for Infl. Top: C band. Bottom: L band.

VII. DISCUSSION

The proposed D-Pol-InNSAR model demonstrates the
potential of combining D-InSAR and PolSAR measurements
into a D-Pol-InSAR model to estimate SWE changes.
However, it is still not possible to completely resolve the phase
wrap problem, mentioned in Section III.A, which is one of the
main limitations of this approach, resulting in SWE change
estimation errors. One reason for that is that there is partly an
ambiguity between a snow depth change (see Section V.A) and
an anisotropy change (see Section V.B.). While for a snow
depth change mainly an increase in phase can be observed, in
both cases also the phase extent of the coherence region
increases. This increase in the phase extent results in an
ambiguity, which cannot be solved so far. Nevertheless, using
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the D-Pol-InSAR model it is still possible to correct for some
phase wraps, which is an improvement compared to the D-
InSAR model, see Fig. 12.

One of the assumptions of the retrieval is that the anisotropy
of the old snow pack does not change between acquisitions, and
that anisotropy changes only occur due to new snow. However,
for large temporal baselines there could be an increasing
negative anisotropy of the old snow pack due to snow
metamorphism [30], causing a change in anisotropy between
measurements. This would reduce the difference between the
HH and VV phase and result in a smaller phase extent of the D-
Pol-InSAR coherence region, leading to an underestimation of
the SWE change. To limit this effect, smaller temporal
baselines are favorable. Furthermore, future studies should
investigate the temporal evolution of snowpack anisotropy by

TABLE II
RMSE SWE CHANGE ESTIMATES
Frequency C band L band
Interferogram Infl Inf2 Infl Inf2
D-Pol-InSAR

RMSE (cm) 0.41 3.22 0.44 1.43

SWEVV RMSE 0.46 6.86 0.46 6.72
(cm)

SWEHH RMSE 0.44 6.76 0.46 5.75
(cm)

incorporating anisotropy measurements, which are currently
rare, and preferably over longer time series. This will allow a
more complete characterization of the corresponding effects on
the interferometric phase.

Similar to the conventional D-InSAR approach, a limitation
is the need of an absolute phase calibration in order to retrieve
SWE changes [18]. Therefore, a reference phase is required,
which in this study is a corner reflector. However, an error in
the reference phase directly translates into a SWE change
estimation error. Therefore, correct phase calibration is an
important prerequisite.

Compared to the conventional D-InSAR approach however,
the D-Pol-InSAR model requires quad-pol, or at least advanced
dual-pol measurements such as compact-pol or co-pol dual-pol
(e.g. measuring HH and VV). Unfortunately, the majority of the
currently operating satellites allow only conventional dual-pol
co-cross-pol measurements (e.g. HH and VH or VV and HV)
measurements [49]. Today, co-polar dual-pol measurements are
provided by TerraSAR-X [50] and PAZ [51] at X-band,
compact-pol measurements by Radarsat RCM [52] and RISAT-
1 [53] at C-band, and quad-pol measurements by ALOS-2 and
-4 [54]. Upcoming missions such as NISAR [55] and ROSE-L
[56], or potential Sentinel-1 NG [57] will support more and
more quad-pol measurements.

VIII. CONCLUSIONS

This study demonstrates the potential of exploring
polarimetric diversity in D-InSAR measurements to improve
the SWE change estimation performance compared to
conventional single-pol D-InSAR approaches.

In conventional single-pol D-InSAR SWE change retrieval
methodology, different SWE change estimates may be obtained
depending on the polarisation in which the measurements are
performed. The difference between the SWE change estimates
obtained using HH or VV polarisation increases for higher
SWE changes levels. The reason for this lies in the anisotropic
character of snow that makes propagation through snow layers
polarisation dependent.

In order to address and explore this effect a D-Pol-InSAR
model is introduced. This is achieved by combining
interferometric and polarimetric snow models to derive D-Pol-
InSAR coherence regions. The model is able to simulate
temporal coherence regions for varying changes in snow depth
and anisotropy, and allows to model and understand the
influence of snow change on the coherence region parameters
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such as phase and phase extent. Accordingly, an increase in
snow depth results in an phase change, as well as in an increase
in phase extent of the coherence region. On the other hand, a
change in anisotropy primarily results in a change of the phase
extent. By exploiting these features, additional information can
be retrieved, compared to the conventional single-pol D-InSAR
approach.

The Pol-InSAR model is used to estimate snow changes from
airborne SAR measurements by retrieving the parameters for
snow depth, density and anisotropy which minimize the
difference between measured and modeled coherence regions.
In all cases the RMSE between the retrieved and in-situ
measured SWE changes improves compared to only using a
single polarization. In addition, the proposed D-Pol-InSAR
retrieval is able to partly solve the 2m phase wrap issue.
Therefore, when anisotropy changes of the snow pack are
further investigated, the proposed approach has potential for
application in future dual-pol SAR missions.
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