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Abstract—The amount of water in a snow pack can be
described by the snow water equivalent (SWE). SWE is a
crucial parameter for hydrological models, for example, for flood
predictions. Previous studies have shown that the interferometric
phase between two repeat-pass synthetic aperture radar (SAR)
measurements can be used to determine the change in SWE.
However, a limitation of this method is phase wraps. To overcome
this, the copolar phase difference (CPD) between the VV and
HH channel can be used, which has been proven to be related to
the depth of freshly accumulated snow. This study proposes an
approach to incorporate the information on the fresh snow accu-
mulation from the CPD into the interferometric SWE retrieval
algorithm. The aim is to detect and correct interferometric phase
wraps. The first results using airborne SAR data indicate that
including the CPD improves the accuracy of the SWE retrieval.

Index Terms— Copolar phase difference (CPD), differential
interferometry, polarimetry, snow water equivalent (SWE), syn-
thetic aperture radar (SAR).

I. INTRODUCTION

NOW water equivalent (SWE) refers to the amount of

water in the snow pack and is required as an input parame-
ter for hydrological models [1], for example, flood forecasting
models [2]. With remote sensing, SWE measurements can be
acquired on a global scale [3]. Passive microwave sensors are
used to obtain large-scale SWE products but suffer from low
spatial resolution [4]. In contrast, active microwave sensors
such as synthetic aperture radar (SAR) offer the possibility of
monitoring the Earth at a meter scale [5].

Especially, repeat pass differential interferometric SAR
(DInSAR) can be used to estimate the SWE change between
two acquisitions as there is a clear physical relationship
between the SWE change and the DInSAR phase. Microwaves
are refracted in the snow pack because the snow has different
dielectric properties than air. This causes a phase delay which
can be measured using the interferometric phase [6], [7].
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However, the 2m ambiguity of the interferometric phase
introduces phase wraps, leading to wrong SWE change esti-
mates. These phase wraps occur when the SWE change
between two acquisitions is above (or below) a certain
wavelength-dependent threshold.

Applying polarimetry, the copolar phase difference (CPD)
between the vertical VV and horizontal HH copolarized
channels can indicate the amount of freshly fallen snow [8],
[9], [10]. A physical model has been presented in [11], that
uses the CPD to invert the snow depth, by assuming the density
and anisotropy of a snow pack.

Since the CPD measurements can be linked to the amount of
fresh snow, this study aims to include the CPD measurements
in the DInSAR retrieval in order to estimate phase wraps of
the interferometric phase.

In this letter, we therefore propose to combine the DInSAR
SWE estimation with the polarimetric information of the radar
waves to improve the performance of the retrieval.

II. METHODS
A. SWE Estimation Using DInSAR

The change in SWE ASWE,; between two temporally
separated SAR measurements can be retrieved using the
interferometric phase A®y,; between the acquisitions [6], [7].
The interferometric phase A®y,s can be obtained from the
complex interferometric coherence yi,s, which describes the
cross correlation between the signal at the first acquisition S
and at the second acquisition S, with
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Radar waves are refracted in a dry snow pack due to the
difference in dielectric properties between snow and air. This
causes a change in the optical path length of the radar wave,
which depends on the amount of snow. The relation between
the SWE change ASWEp,; and interferometric phase A @y
can be written as [7]

A®y = arg(Yir ) = arg (H

A q;)lnf

ASWEjy = —.
25 (1.59 + ©1)

2

In this case, k = 27 /A is the wavenumber that depends on
the wavelength A. « is a parameter around 1, which is used to
reduce the root mean square error (RMSE) between the exact
solution and the numerical approximation. For a fixed value of
o = 1, a maximum error for incidence angles smaller than 40°
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Fig. 1. SWE change ASWEps in dependence on the interferometric
phase for an incidence angle of 34°. The solid lines show the changes for
X-, C-, and L-band. The dashed line represents the SWE change divided by
the wavelength.

lies below 3%, as has been shown in [7], therefore, @ = 1 will
be used. © is the incidence angle of the radar wave.

One limitation of this method is that the interferometric
phase can only be measured in the range [—180°, 180°]. As a
result, only ASWEy,; in a certain interval can be estimated.
Fig. 1 shows ASWEj,s in dependence of the interferometric
phase assuming an exemplary incidence angle of 34° for
X-, C-, and L-band. Furthermore, the ratio between ASWE,¢
and A is displayed to show the linear dependency independent
of the wavelength. Longer wavelengths like L-band have the
ability to measure higher ASWEy,; while shorter wavelengths
like the X- and C- band have a higher sensitivity to smaller
changes. SWE change values exceeding the interval, as shown
by the SWE change values for 4/—180° interferometric phase
in Fig. 1, would result in phase wraps. These phase wraps
have to be corrected for an accurate ASWEj,s estimation.

B. Link Between CPD and Snow Parameters

The CPD ®¢pp can be calculated from the complex polari-
metric coherence ycpp between the vertical polarized signal
Syv and the horizontal polarized signal Syy, and can be
described by the difference between the phase ®yy and dyy

(SvvSim)

\/<SVVSITIH><SVVS§H>
= Oyy — Dy 3)

®cpp = arg(ycpp) = arg

The delay of a signal in an anisotropic snowpack depends
on its polarization. The anisotropy is caused by the horizontal
alignment of freshly accumulated snow grains [11]. This
results in a decrease in the propagation speed of horizontally
polarized radar waves, increasing the ®cpp. After a few days
or weeks, the snow structure becomes more vertically oriented
due to the temperature gradients that exist along the snow
depth, which then can be associated with a slower propagation
speed of the vertically polarized radar waves, decreasing the
CPD [8].

The model proposed in [11] shows that the snow depth Z;
can be linked to the ®cpp as

depp = —47”2‘? (\/n%, — sin*(®) — \/ni, - sin2(®)> 4)
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ny and ny are the refractive indices for the vertically and
horizontally polarized radar waves and can be estimated by
assuming a density p; and anisotropy A of the snow pack [11].
For fresh snow, density values around p; = 0.2 g/cm® can be
measured with positive anisotropies [11].

C. Combination of DInSAR and CPD for SWE Estimation

The aim is to use (2) to estimate ASWEj,. In the next step,
polarimetric information is included to check whether phase
wraps occurred. For that, the CPD change A ®cpp between the
two images is calculated and linked to the snow depth change
AZ; according to (4), with

A®cpp

4 (\/nzv —Sin’(©) — \/n}, - sin2(®)>

Now, AZ; can be linked to the ASWEcpp by assuming the
snow density using the approximation

AZ; = — &)

ASVVECPD ~ AZY * ps/pwater- (6)

The density of water is notated with pyaeer-

ASWEcpp from (6) is now used to estimate the amount of
phase cycles that need to be corrected in the ASWEy,¢ estimate
to obtain corrected SWE change values. The applied correction
criterium is:

|ASWEInf — ASWECPD| < ASWEInf((D = JT). (7)

With the criterium, we check whether adding an interfero-
metric phase cycle reduces the difference between ASWE,¢
and ASWEcpp and if it applies then the missing phase cycle
[ASWE¢(® = 2m7)] is added. This step is repeated until the
correction criterium is not valid anymore. This approach is
more robust than translating ASWEcpp directly into interfer-
ometric phase cycles, because it ensures that no phase wrap is
added if the actual ASWEy is slightly below and ASWEcpp
is slightly above the phase wrap threshold, as adding the
missing phase cycles would increase the difference between
the two observables.

III. DATA

In March 2021, the DLR’s airborne radar system F-SAR
performed fully polarimetric C-band (A = 5.65 cm) and
L-band (A = 22.63 c¢cm) measurements over a snow-covered
area in the Austrian Alps. These acquisitions were part of
the SARSIMHT-NG study by ESA [12]. In the time frame
of the F-SAR acquisitions, snow parameters like snow depth,
density, and SWE were measured by a ground team from
ENVEO [13]. The first interferometric image pair is from mea-
surements on 02.03./06.03.2021 with a small snowfall event
(ASWEjs ~ 10 mm) below the phase wrap threshold. The
second interferometric pair from 06.03./19.03.2021 contains
a larger snowfall event (ASWEs ~ 70 mm), resulting in
phase wraps. To calculate ASWEy, the interferometric phase
is calibrated with the closest corner reflector which was placed
in the measured scene. Snow was removed from the corner
reflectors during the measurements.
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Fig. 2. Estimated SWE change ASWEcpp/A calculated from the CPD change
for different snow densities for an incidence angle of 34°. The background
colors indicate to which amount of missing phase cycles this would correspond
in the DInSAR model for ASWEp,s. The assumed anisotropies are: (top)
A = 0.2 (bottom) A = 0.3.

IV. RESULTS

A. Sensitivity of the Model

Fig. 1 shows that in the DInSAR model, the first phase wrap
for ® = 34° occurs at ASWEy¢/A = 0.27. This corresponds
to a SWE change of ASWE¢ wrap,c = 15.3 mm at C-band
and ASWEpwiap, . = 61.1 mm at L-Band, representing the
need to correct phase wraps at small wavelengths.

When determining the ASWEcpp from the polarimetric
phase and comparing it to the phase wraps of ASWE, the
results in Fig. 2 are obtained. The lines mark the SWE changes
for three different densities at two different anisotropies in the
figures. The red area above the first horizontal line represents
the region where the SWE change would be high enough to
observe one wrap of the DInSAR phase. The yellow marked
area corresponds to SWE changes that result in two wraps in
the DInSAR phase and so forth.

Phase wraps of the CPD phase are not expected even for
large SWE changes. The sensitivity of the CPD phase to SWE
changes (lines in Fig. 2) is significantly lower than when using
the DInSAR phase (Fig. 1). Furthermore, ASWEcpp depends
on density and anisotropy assumptions. Therefore, the CPD
model is only used to assess the number of interferometric
phase wraps and the DInSAR model is used for the actual
estimation of the SWE change.

The influence of phase noise affects the SWE change
estimate and can be analyzed by means of interferometric and
polarimetric coherence. The estimation error for the phase can
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Fig. 3. Error for SWE change divided by wavelength due to phase noise in
dependence of the interferometric coherence for 9 and 81 looks. The points
are the C- and L-band measurements.

be calculated using the Cramer—Rao bounds [14]

1 VI=1yl? ®
op = ———F——.
lyl V2N

|y| is the coherence amplitude and N is the number of looks.
The error can be translated into a wavelength-independent
estimation error for the SWE change. For the DInSAR case,
(2) is used and the results in dependence of the coherence are
shown in Fig. 3. The estimation error decreases when a higher
number of looks is used. For the data, a window size of 81 is
used. The points correspond to F-SAR measurements at the
in situ SWE locations. The L-band measurements have higher
coherences, due to less temporal decorrelation, which leads to
smaller ASWEjy,¢ errors relative to the wavelength.

The error due to the phase noise can be estimated also for
the polarimetric case using the Cramer—Rao bounds. By prop-
agating the phase error in (5), the following equation for the
error is obtained:

IAZ, \* , LY 22 ©)
e — (o e E— [of .
P (DCPD, ) Depp,1 P CDCPD,Z Pcpp,2

The error oaz, can be translated into a SWE change error
using (6). As the relative SWE change errors are higher in
the polarimetric case than in the DInSAR case, the number of
looks has been increased as shown in Fig. 4. It is observed that
C-band has higher mean polarimetric coherence than L-band,
with associated smaller ASWEcpp errors in C-band.

OAZ, =

B. Examples Using F-SAR Data

The F-SAR data can be utilized to calculate ASWEp¢
with (2). The comparison between the estimation results and
the in situ measurements are presented in Fig. 5 (top) for both
wavelengths and both polarizations. Here it has to be pointed
out that interferometric coherences below 0.25 were masked
out to keep the error below 10% of the phase wrap threshold,
as well as incidence angles below 20° and slopes higher
than 25%. Moreover, as the CPD change will be used for phase
wrap corrections later, pixels with polarimetric coherence
below 0.6 are also masked out so that the ASWEcpp error does
not exceed half of the DInSAR phase wrap threshold. It can
be seen that especially for higher in situ changes, the C-band
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Fig. 5. Retrieved SWE values for C- and L-band in dependence of the

in situ measurements. (Top) Before phase wrap correction. (Middle) After
phase wrap correction based on the in situ measurements. (Bottom) After
phase wrap correction based on the CPD model assuming a snow density of
ps = 0.1 g/cm® and anisotropy of A = 0.2.

estimations are clearly underestimated, indicating phase wraps
due to the SWE change.
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TABLE 1
RMSERgr, OF THE SWE CHANGE ESTIMATES
RMSE,,;

Wavelength C-band L-band
Polarization VV | HH VV | HH
No Correction 1.10 | 1.13 | 0.19 | 0.19
In Situ Correction 0.13 | 0.12 | 0.05 | 0.05
CPD Correction
A=0.2,p, =0.1g/cm’ 0.72 | 0.72 | 0.05 | 0.05

ps = 0.2 g/lem?® 0.74 | 0.72 | 0.05 | 0.05

ps = 0.3 g/cm? 0.72 | 0.71 | 0.14 | 0.15
A =03, p, =0.1g/cm’ 0.86 | 0.82 | 0.05 | 0.05

ps = 0.2 g/lem?® 0.78 | 0.81 | 0.05 | 0.05

ps = 0.3 g/lem® 0.73 | 0.69 | 0.05 | 0.05

For validation of the phase wrap correction, in situ measure-
ments are used to check if the actual SWE change was above
the phase wrap threshold and to correct the SWE estimates
accordingly. This results in Fig. 5 (middle). The C-band and
L-band SWE estimates have been clearly improved with the
in situ based phase wrap correction. This step shows the
importance of accurate phase wrap estimations, especially for
shorter wavelengths.

To test the proposed method, the CPD change between the
images is calculated and used with (5) and (6) to estimate the
occurrence of phase wraps. One example is shown in Fig. 5
(bottom) assuming a snow density of p, = 0.1 g/cm® and
anisotropy of A = 0.2. It can be seen that some phase wraps
are correctly predicted, while some are not identified or not
sufficiently corrected.

For a better comparison between the frequencies, the rel-
ative RMSE (RMSE,) between the measurements and the
retrieved SWE changes is calculated and set in relation to the
wavelength with

RMSE, = RMSE/A. (10)

The results of which are displayed in Table I. In general,
the L-band retrieval has a smaller RMSE, compared to the
C-band results. After performing the in situ correction, the
C-band results show a higher improvement. This results from
the fact that C-band estimations suffer more from phase wraps
than the L-band estimations due to the shorter wavelength.
Therefore, it is more likely that phase wraps in C-band have
to be corrected. When performing the correction based on
the CPD change, the results depend on the assumptions of
snow density and anisotropy. For both wavelengths, the results
improve compared to the uncorrected as some phase wraps
can be reconstructed. However, the accuracy depends on the
assumptions. As only the fresh snow change between the
measurements is considered, assuming a small snow density
and a rather high anisotropy seems appropriate. However, the
preferred assumptions might depend on the snow conditions
and the time span between the acquisitions.

The insufficient phase wrap detections in the CPD correction
may result from the fact that snow metamorphism can occur
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between the acquisition dates. Due to the change in particle
orientation, the measured CPD change does not solely repre-
sent the depth of fresh snow. This may improve for shorter
temporal baselines.

However, the overall performance of the SWE retrieval
improves compared to no correction and should be considered,
when in situ data is unavailable.

V. CONCLUSION

The combination of DInSAR and PolSAR can help to
identify and correct phase wraps of the DInNSAR SWE change
estimates and can therefore improve the retrieval. However,
the correction has still a lower accuracy than when in situ data
is used for phase wrap correction. One reason could be snow
metamorphism which occurs between the measurements. Over
time, the snow becomes more vertically orientated, leading to
a CPD change that is not solely related to fresh snow. Another
difficulty with the CPD model is that it requires assumptions
on the snow density and anisotropy, which have an impact
on its accuracy. However, the CPD correction improves the
estimation in comparison to no correction, particularly for
shorter wavelengths such as C-band. Therefore, the CPD
model can contribute to efforts deriving SWE change directly
from remote sensing SAR data without the need to incorporate
in situ data, toward accurate large-scale measurements of SWE
changes.
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