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Abstract—The snow water equivalent (SWE) is the amount of
water contained in a snow pack and is, therefore, an important
variable for hydrological and climate models. Differential interfer-
ometric synthetic aperture radar (DInSAR) techniques can relate
the interferometric phase of two repeat-pass SAR acquisitions to
the SWE change between them. However, only a limited interval of
SWE change can be retrieved unambiguously due to phase wraps
of the interferometric phase. This interval strongly depends on the
wavelength of the radar wave. Additional information, for instance
ground measurements of SWE, is required to identify whether the
SWE change exceeded that interval and to correct the phase wraps.
In the study, the performance of X-, C-, and L-bands spaceborne
SAR acquisitions for SWE estimation is analyzed, demonstrating
the advantages and limitations of different frequencies. Shorter
wavelengths show a higher accuracy for SWE estimations, while
longer wavelengths are less affected by phase wraps. A multifre-
quency approach is proposed where L-band acquisitions are used to
correct the phase wraps in the C-band SWE retrieval. The accuracy
decreases slightly, but this approach allows a more robust SWE
retrieval without the need of additional ground measurements.
For current spaceborne SAR missions, temporal decorrelation and
phase calibration are limiting factors.

Index Terms—ALOS 2, dry snow, interferometric phase,
Sentinel-1, snow water equivalent (SWE), synthetic aperture radar
(SAR), TanDEM-X.

I. INTRODUCTION

THE seasonal snow cover is an essential variable for climate
and hydrological models. While the high albedo and emis-

sivity of snow have an important impact on the Earth’s energy
budget [1], increasing temperatures lead to accelerated melting
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of snow, and also of land ice, which results in a sea level rise
[2], [3].

Rising temperatures also cause the alteration of runoff regimes
in mountainous areas, which has a high impact on regions where
people rely on snowmelt for their water supply and water storage
capabilities are not sufficient [4].

A parameter that can be used to characterize this is the snow
water equivalent (SWE), which describes the amount of liquid
water stored in a snow pack and is thus an important variable in
hydrological models for runoff predictions [5].

Ground-based measurements of SWE provide precise in-
formation but can typically cover only small areas and are
performed on a limited number of locations, as snow covered
areas are often characterized by extreme weather conditions and
are located in remote regions, which can be hard to access. A
wider coverage is typically achieved by interpolation of sparsely
sampled data, leading to large uncertainties and coarse spatial
resolution.

However, the employment of remote sensing techniques en-
ables a wide coverage and high temporal resolution. Microwave
sensors offer the possibility to monitor the Earth’s surface in a
systematic way independently from sunlight illumination and
weather conditions. This is particularly important for high lati-
tude regions, which are affected by polar darkness [6] and often
covered by clouds [7].

Passive microwave sensors like radiometers are able to de-
liver global snow products, including SWE, on a daily basis
[8], [9]. The retrieval algorithms rely on the link between the
brightness temperature and the presence of snow on the ob-
served surface [10]. However, the snow signal measured by
passive sensors saturates for deep snow packs [11]. In ad-
dition, the global daily coverage offered by such sensors is
achieved at the cost of a spatial resolution on kilometer scale
[12].

Active microwave sensors, on the other hand, like synthetic
aperture radars (SARs), offer a spatial resolution on meter-scale
[13], which is required for an accurate mapping of mountain-
ous areas and heterogeneous landscapes and could significantly
enhance SWE information products.

The sensitivity of SAR measurements to snow properties has
been already demonstrated in early studies [14], [15] opening
the way toward the retrieval of relevant parameters, such as snow
depth and SWE.
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Different SWE retrieval models based on radiative transfer
models have been established [16], [17], [18]. In cases of wet
snow, the retrieval of snow depth has also been attempted with
single-pass radar interferometry by differencing two digital el-
evation models (DEMs) [19]. Other studies have shown that the
polarizations of radar waves can be utilized for the retrieval of
snow parameters [20], [21].

A promising and straightforward approach to retrieve SWE
has been proposed first in [22], and then, in [23], exploiting
differential interferometry (DInSAR) between two temporally
separated SAR acquisitions. It relies on the fact that microwaves
are refracted in dry snow, which has an effect on the interfero-
metric phase. The theory shows that changes in SWE between
two acquisitions cause a change in the path delay of the radar
waves that provides a direct link between the temporal evolution
of SWE and the interferometric phase measured by the SAR
system. The model proposed in [22] has been further refined in
[23] in order to extend its applicability to a wider range of snow
densities.

The method has been successfully demonstrated using time-
series data from a tower-based instrument measuring with a
temporal baseline of 4 h [23] and also with a multifrequency
tower-based experiment, analyzing the influence of environmen-
tal effects on the coherence [24].

The transferability of such an approach to the spaceborne case
has been already assessed in several studies [25], [26], [27],
[28]. Some of which showed that the revisit time of current
missions is one of the main limiting factors, as well as the lack of
validation data. However, only single-frequency measurements
were assessed.

This study aims to provide further insights into the SWE esti-
mation from multifrequency spaceborne data using the approach
of [23]. Datasets at different frequencies, X-, C-, and L-bands,
acquired by operational satellite SAR missions (TanDEM-X,
Sentinel-1 and ALOS-2) are jointly exploited to assess the
main aspects determining the performance, such as the tem-
poral resolution and the different interferometric sensitivities.
The estimated SWE values are compared to ground-based
measurements from a test site in Finland. Particular empha-
sis is put on the estimation error due to phase wrapping of
the interferometric phase. This is analyzed by utilizing the
ground measurements for the phase wrap correction. Further-
more, a multifrequency solution is presented, where measure-
ments with different frequencies are exploited to correct for
missing phase cycles. Such a multifrequency approach reduces
the necessity for external SWE information to solve phase
wrapping, which is essential for future large scale spaceborne
applications.

The rest of this article is organized as follows. In Section II,
the model of [23] relating DInSAR measurements to SWE
changes is described, and its frequency-dependent sensitivity
is analyzed. Section III presents the employed experimental
ground measurements and spaceborne SAR datasets as well
as the processing steps. The results of the SWE estimation,
including the ground-based and multifrequency phase wrap
corrections, are reported and discussed in Section IV. Finally,
Section V concludes this article.

Fig. 1. Refraction of a radar wave in a snow pack. When the ground is covered
by snow of the height ZS , the radar wave travels first the distance ΔRair,sc in
air and is then refracted in the snow pack, because the dielectric constant of
snow εs is different than the dielectric constant of air εair. After the distance
ΔRs,sc it reaches the ground. For snow-free conditions, the radar wave travels
the distance ΔRair,sf .

II. THEORY AND METHODS

A. Relationship DInSAR Phase and SWE Change

The SWE parameter combines the information on snow den-
sity ρs and snow depth Zs and refers to the theoretical depth of
water which is obtained if the snow pack melted instantaneously.
It can be expressed as

SWE =
1

ρw

∫ Zs

0

ρs (z) dz ≈ Zsρs/ρw (1)

where ρw is the density of water.
The model proposed in [23] for SWE change estimation of dry

snow using repeat-pass SAR interferometry is based on a nearly
linear relationship between the SWE change and the differential
interferometric phase between two SAR acquisitions [22].

The interaction between the radar waves and snow is governed
by the dielectric properties of snow. Since snow has a different
dielectric constant than air, a radar wave experiences refraction
when propagating through a snow layer, as shown in Fig. 1.
When comparing the optical path length of the wave for snow-
free and snow-covered conditions, a path delay can be observed,
which results from the different path length due to refraction in
the snow pack and also from the different propagation speed of
the radar wave in the snow. This path delay also occurs in the
case of a snow depth change ΔZs between two measurements
and is proportional toΔZs. Such delay translates into a DInSAR
phase difference, which can be, in turn, linked to the snow depth
change. By considering the geometry in Fig. 1, a nearly linear
relationship between the SWE change and the differential inter-
ferometric phase between two SAR acquisitions can be obtained.
The relation between the interferometric phase difference ΔΦs

and SWE change ΔSWE is then the following [23]:

ΔΦs = 2 k
α

2

(
1.59 + Θ

5
2

)
ΔSWE (2)
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Fig. 2. SWE change in dependence of the interferometric phase for X-, C-, and
L-bands. For a certain SWE change, smaller interferometric phases are measured
for longer wavelengths.

where α is a parameter close to 1, which can be adjusted
to reduce the root mean square error (RMSE) between the
numerical approximation and the exact solution for different
snow densities and incidence angles. For snow densities between
0.2 g/cm3 and 0.4 g/cm3 and incidence angles between 30°
and 40°, α is lying in the range from 0.98 to 1. However, when
using a fixed value of α = 1, the maximum error for incidence
angles smaller than 40° lies below 3% [23].

For dry snow, which is of interest for this study, the absorption
is assumed to be negligible and is, therefore, not considered.
Furthermore, volume scattering in the snow pack is not consid-
ered, as it can be neglected for dry snow and frequencies below
20 GHz [29].

It can be seen in (2) that the interferometric phase difference
is positive if the SWE increases between the two acquisitions,
due to the linear relation between ΔSWE and ΔΦs.

By rearranging (2), an expression for the SWE changeΔSWE
is obtained

ΔSWE =
ΔΦs

kα
(
1.59 + Θ

5
2

) . (3)

In Fig. 2,ΔSWE is plotted againstΔΦs for an incidence angle
of Θ = 34◦ for different frequencies. The used frequencies are:
in the X-band, 9.65 GHz; in the C-band, 5.41 GHz; and in the
L-band, 1.26 GHz. It can be seen that the ΔSWE estimation has
a strong dependence on the wavelength.

Moreover, since the DInSAR phase can only be used to
calculate an SWE change between two acquisitions [see (3)],
it just allows to monitor the differential SWE over time. The es-
timation of the total SWE requires a time series of measurements
starting at snow-free conditions or an initial guess of SWE and
a cumulative sum of the ΔSWE estimates.

B. ΔSWE Estimation Threshold Due to Phase Wrapping

It has to be taken into consideration that only a limited range
of ΔSWE can be retrieved unambiguously using (3) since the
differential interferometric phase can be only measured in an

Fig. 3. SWE change in dependence of the interferometric phase. SWE change
values above the phase wrap threshold suffer from phase wraps and will be
underestimated (red dotted line), which can be corrected by adding a phase
cycle (green line).

Fig. 4. SWE change between two acquisitions for a phase difference ΔΦs =
π in dependence of the incidence angle for X-, C-, and L-bands. Higher
SWE changes suffer from phase wrapping. The equivalent thresholds apply
for negative changes. The vertical lines indicate the incidence angles of the
satellite data used in this study (blue: TanDEM-X, orange: Sentinel-1, and green:
ALOS-2).

interval between [−π, π]. An example for the X-band is shown
in Fig. 3 for an incidence angle of Θ = 34◦. The solid line
represents the interval [−π, π], which corresponds to a range of
SWE changes of [−8.37 mm, 8.37 mm]. This is the interval that
can be estimated unambiguously. For higher ΔSWE, the phase
would exceed π. However, in that case, the phase wraps again
to −π. Therefore, the results for ΔSWE values, which would
correspond to ΔΦs values in the interval [π, 3π], are the same
as for the interval [−π, π]. The same occurs when a ΔSWE
decrease exceeds the negative threshold of the interval.

The interval, in which ΔSWE values can be retrieved unam-
biguously, strongly depends on the wavelength and is approxi-
mately seven times larger for the L-band than for the X-band.
Fig. 4 shows the upper boundary of thisΔSWE interval (before
phase wrapping occurs) at X-, C-, and L-bands in dependence
of the incidence angle. The interval generally decreases with
larger incidence angles as the path length of the radar wave in
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the snow pack increases. BecauseΔSWE values exceeding this
interval result in phase wraps of Δφs, they need to be detected
and compensated for a correct ΔSWE estimation.

C. Ground-Based and Multifrequency DInSAR Phase
Correction for ΔSWE Estimations

For the investigation of the phase wrapping issue, ground
measurements of ΔSWE are used in this study to correct for
phase wraps. It is assumed that the retrieved phase values suffer
from phase wrapping errors in cases where the ground-based
measurements lie outside the aforementioned interval. The re-
sults are then corrected by adding a full phase cycle, as indi-
cated by the green line in Fig. 3. This enables the retrieval of
ΔSWE values outside of [−π, π]. The ground measurements
also may contain measurement errors. Therefore, for ground
measurements within +/−5% of the boundary of the interval, it
is checked whether a phase wrap correction needs to be applied
in order to improve the results.

Another way to correct the phase wraps is a multifrequency
approach, exploiting the fact that long wavelength measure-
ments are less affected by phase wraps. In this study, ΔSWE
estimates from SAR acquisitions with a longer wavelength
(e.g., ALOS-2) are used to correct the ΔSWE estimates from
shorter wavelength data (e.g., Sentinel-1). If the acquisitions are
acquired at different dates, the SWE change estimates from the
longer wavelength are linearly interpolated between the mea-
surement dates. Phase wraps of the shorter wavelength data are
corrected as follows. When the SWE change estimates including
the standard deviation of the longer wavelength measurements
are below the phase wrap threshold, no correction is performed.
In the case that the threshold lies within the standard deviation
of the SWE change estimate of the longer wavelength, it is
calculated if adding a phase cycle decreases the difference
between the SWE change estimates of the two frequencies. If so,
a phase cycle is added. In the case that the SWE change estimate
including the standard deviation lies above the threshold, a phase
cycle is added.

D. ΔSWE Deviation Due to Phase Standard Deviation in
Dependence of the Coherence

The interferometric phase is estimated from N interferogram
samples to reduce phase noise. The probability density function
pdf of the phase Φ is given by [30]

pdf (Φ, N)

=
Γ
(
N + 1

2

) (
1− |γ|2)N |γ| cos (Φ− Φ0)

2
√
πΓ (N) (1− |γ|2cos2 (Φ− Φ0))

N+ 1
2

+

(
1− |γ|2)N

2π
2F1

(
N, 1,

1

2
|γ|2cos2 (Φ− Φ0)

)
(4)

where γ is the complex coherence (see Section III-C). The
pdf is used to calculate the standard deviation of the phase in
dependence of the coherence for different numbers of samples
(i.e., looks). As can be seen in Fig. 5, the phase standard deviation
significantly decreases for a higher number of samples.

Fig. 5. Standard deviation of the phase in dependence of the coherence for
N = 1; 25; 81; and 121 samples. It can be observed, that the standard deviation
decreases for higher coherence values and larger number of looks.

Fig. 6. ΔSWE error resulting from the standard deviation of the phase for
X-, C-, and L-bands. For each band, the results for 1 and for 81 samples in a
multilook window are compared. The obtained ΔSWE error is proportional to
the frequency.

Since the SWE change is calculated using the interferometric
phase, the phase standard deviation can be converted into a
ΔSWE estimation error with (3). The ΔSWE estimation errors
for different frequencies are displayed in Fig. 6 for 1 and 81
looks. Since the error is proportional to the frequency, the
ΔSWE estimation error is higher for the L-band than for the
X-band.

III. EXPERIMENTAL DATA

A. SAR Data

A list of the utilized SAR data can be found in Table I.
The TanDEM-X (TDX) dataset contains a time series for the

winter 2010–2011 acquired in strip map mode. X-band data in
VV and VH polarizations are available with a temporal baseline
of 11 days. The incidence angle is 34°.

To investigate C-band, Sentinel-1 data were chosen for the
winter 2019–2020. Because there were two polar orbiting
satellites, a repeat-pass time of 6 days can be achieved. The
polarizations are VV and VH, with an incidence angle of 38°.
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TABLE I
SATELLITE ACQUISITIONS

Fig. 7. Snow scale that measures the SWE of the snow pack at the IOA [31]
with location on the map. The accumulated snow is weighted over the center
plate.

Additionally, ALOS-2 acquisitions in the L-band are also
available from the winter 2019–2020 with a temporal resolution
of 14 days. HH and HV were acquired with an incidence angle
of 45°.

Here, it has to be considered that due to data availability, the X-
band data were acquired 9 years before the C- and L-bands data.
However, the months that are covered are similar. Furthermore,
due to the higher backscatter and coherence, the co-pol channel,
either VV or HH, was used in this study.

B. Ground Data and Test Site

The Arctic Space Observation Centre lies close to the city
of Sodankylae in northern Finland; see Fig. 7. The intensive
observation area (IOA; N67.36183, E26.63415) is a test site
where ground measurements are performed. It is located in a
forest opening that is surrounded by a pine forest with about
15-m high trees. The area is flat and lies approximately 175 m
above sea level.

In the winter 2010–2011, manual measurements of snow
properties, like SWE, depth and temperature were performed
at the IOA. The measurement dates are not more than 3 days
apart from the satellite acquisitions, and are therefore used for
the validation of the satellite data.

Since 2015, daily automated SWE measurements [31] have
been performed using a snow scale at the IOA, where the
snow accumulation is weighted over a center panel (see Fig. 7).
Weather parameters (i.e., temperature, snow depth, and wind
speed) are provided by an automated weather station (AWS)
[32].

C. Interferometric Processing

The satellite radar data are processed using the TanDEM-X
Interferometric processor (TAXI) by German Aerospace Center
[33], which is adapted to ALOS-2 and Sentinel-1, for which
the InSAR processing is performed on a burst by burst basis.
For all satellites, the reference and secondary images were geo-
metrically coregistered by using a DEM and orbit information,
common band filtering was applied and the flat earth phase was
compensated.

The complex coherence γ is calculated between two nearest-
neighbor (consecutive) acquisitions, either for the VV or for the
HH channel, with the shortest temporal baseline possible, using
the cross correlation of both signals with

γ =
〈s1s∗2〉√〈s1s∗1〉 〈s2s∗2〉

(5)

where s1 and s2 are the signals of the reference and secondary
images, respectively, and 〈. . .〉 represents the expectation value.
Appropriate multilooking is required to achieve sufficient theo-
retical ΔSWE estimation performance (see Section II-D). The
multilooking windows for the different frequencies can be found
in Table I and are adapted to match the forest opening of the IOA.

One example of the L-band HH interferometric coherence
|γ| is shown in Fig. 8(a) for the image pair of the 09.03.2020
and 23.03.2020. Particularly low coherence values correspond
to lakes and rivers. Fig. 8(b) shows a zoom in to the test site
marked with green. In general, coherences are rather low,
showing the challenging DInSAR scenario due to the large
temporal baselines.

The interferometric phase is calculated from the coherence
between the two acquisitions and the flat earth phase is removed.
To obtain only the phase contribution from the snow pack,
any atmospheric phase contributions have to be removed. This
is achieved by a phase calibration at a stable scatterer in the
vicinity of the test site. Due to the lack of proper calibration
targets, a stable scatterer is identified by finding a resolution
cell with particular high and temporally stable backscatter and
coherence. The high coherence of the stable scatterer, corre-
sponding to buildings, and its location near the test site is marked
in red in Fig. 8(b) for an L-band example. More sophisticated
atmospheric phase calibration methods, like, for example, [34]
and [35], were investigated but failed due to the generally low
coherence in the data.

IV. RESULTS

A. ΔSWE Estimation X-Band

The temperature and SWE data are displayed in Fig. 9 for the
dates of the TDX acquisitions. Except for the first acquisition
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Fig. 8. Coherence of the HH channel for the L-band acquisition on the
09.03.2020/23.03.2020 in range and azimuth coordinates. (a) For the total SAR
scene. The area of the test site is marked in yellow. (b) Zoom in to the test site.
The test site and the calibration point are marked with green and red, respectively.

date, the temperature was below zero degrees and the SWE was
increasing.

The time series of the coherence for the VV channel over the
test site is displayed in Fig. 10. It shows that the coherences
are rather small, but are especially low between the 19.12.2010
and 30.12.2010 and between the 30.12.2010 and 10.01.2010
reaching values below 0.2. The comparison with the ground
measurements (see Fig. 9) reveals that for these measurements
especially high temperature gradients were encountered. Includ-
ing the only negative SWE change in the time series, this might
explain the small coherences as a larger change in snow structure
can be expected [36].

After calculating the coherence and the interferometric phase,
(3) is applied for the ΔSWE estimation. Fig. 11(a) shows the
ΔSWE ground measurements and the DInSAR-retrieved
SWE changes between the acquisition dates. Since only SWE
differences between two acquisitions can be retrieved from the

Fig. 9. (a) Air temperature and (b) total SWE measurements at the TanDEM-X
acquisition dates.

Fig. 10. Coherence for the X-band data. In the x-axis labels, the first date rep-
resents the reference acquisition and the second date the secondary acquisition
of the interferogram.

ΔSWE estimation model, the values would have to be added
over time to obtain a total SWE. However, a large discrepancy
between the retrieved and measured SWE changes can be
observed with an RMSE before the correction of phase wraps
of RMSEb,X = 13.12 mm.

As mentioned, since the DInSAR phase lies in a range be-
tween [−π, π], SWE differences outside this interval cannot be
retrieved from the satellite data due to phase wrapping. For the
used frequency and incidence angle that interval corresponds to
a SWE change in the range of [−8.37 mm, 8.37 mm]. The upper
boundary is marked with a blue vertical line in Fig. 4. After
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Fig. 11. Ground measured and from X-band data retrieved SWE change
values. (a) Before phase wrap correction. (b) After phase wrap correction using
the ground measurements.

using the ground measurements to detect phase wraps and to
correct these by adding the appropriate amount of phase cycles,
the ΔSWE estimations displayed in Fig. 11(b) are obtained,
showing a better correlation between the measured and retrieved
ΔSWE values with an RMSE after correction of RMSEa,X =
4.92 mm. There are some discrepancies, but the general trend is
well represented with the retrieved and correctedΔSWE values.
Since the phase wrap correction has a big impact on the results
particularly for short wavelengths, we calculated the RMSE
relative to a full phase cycle (i.e., the ΔSWE change which
corresponds to 2π phase) to have a better comparison between
frequencies, which is discussed in Section IV-D. Without the
phase wrap correction, it is not possible to retrieve the SWE
change correctly in this case because the ground measurements
show that the threshold for phase wraps is often exceeded. There-
fore, it is important to correct for phase wraps when performing
theΔSWE retrieval using DInSAR X-band data with a temporal
baseline of 11 days.

B. ΔSWE Estimation C-Band

In Fig. 12, the temperature and the total amount of SWE for the
winter 2019–2020 are displayed. The vertical grid lines represent
the 6 days between the Sentinel-1 acquisitions. Overall it can be
seen, that for both investigated winters in this study, the SWE
is almost steadily increasing, but especially in the 2019–2020
winter, the temperatures were sometimes above zero degrees.

The coherences for the VV polarized C-band data are dis-
played in Fig. 13. In many cases, the coherences are very low.

Fig. 12. (a) Air temperature and (b) total SWE measurements. The vertical
grid lines correspond to the Sentinel-1 acquisitions. The colors mark the 14 days
temporal baseline between the ALOS-2 acquisitions.

Fig. 13. Coherence for the C-band data. In the x-axis labels, the first date rep-
resents the reference acquisition and the second date the secondary acquisition
of the interferogram. The gray background marks the measurements where the
temperature was above zero degrees either at the first or second acquisition of
the interferogram.

The coherences can be compared to the temperature data in
Fig. 12. It can be seen that in many cases, the air temperature
rises above zero degrees likely resulting in snowmelt, which
causes the low coherences. The gray background colors mark the
measurements where the temperature was above zero degrees
either at the first or second acquisition of the interferogram.
However, the coherence can also decrease if the temperature
was above zero degrees between the acquisitions and the snow
pack refroze again, resulting in a refrozen melt layer, which
might contribute to the backscattering, and thus, bias theΔSWE
retrieval. This may have been the cause for the low coherence
30.11.2019/06.12.2019.

The ΔSWE retrieval is also applied to the interferometric
phase of the Sentinel-1 acquisitions. Note that in this case, the
investigated winter is 2019–2020, and thus, differs from the X-
band estimations.
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Fig. 14. Ground measured and from C-band data retrieved SWE change
values. (a) Before phase wrap correction. (b) After phase wrap correction using
the ground measurements. The gray background marks the measurements where
the temperature was above zero degrees either at the first or second acquisition
of the interferogram.

The interval in which the SWE change can be retrieved
unambiguously is [−14.32 mm, 14.32 mm] (orange vertical
line in Fig. 4). Fig. 14(a) shows the SWE differences for tem-
poral baselines of 6 days with an RMSE before correction of
RMSEb,C = 13.47 mm. Also here, the ground-measured SWE
changes often exceed the phase wrap threshold, and therefore,
the missing phase cycles need to be corrected. The obtained
results are displayed in Fig. 14(b). The RMSE between the
ground measurements and retrieved SWE changes is RMSEa,C

= 9.46 mm after correction. Although some similarities can be
observed for the general trend, in many cases, the discrepancy is
very high. A possible reason here may be again large temperature
gradients, as, for example, on the 18.12.2019 /24.12.2019 or the
23.01.2020/29.01.2020 when a larger snow structure change can
be expected, which can have a not yet fully understood effect
on the phase [24]. Another possible reason for that might be
the positive temperature that occurred many times throughout
the time series. This causes not only low coherences, resulting
in large phase standard deviations, and thus, ΔSWE estimation
errors, but also in potential systematic errors. Due to the resulting
snowmelt, the radar wave will get attenuated in the snow pack
[37] and is not able to penetrate to the ground when the tempera-
ture is above zero degrees at the acquisition time. This may be the
reason for the following discrepancies: for the underestimations,
because less snow is propagated by the radar wave, but it might
be also seen as an overestimation in the plot, in case where the
snow was significantly underestimated and the measured phase
is, therefore, one phase cycle off. This shows that the selected
winter season, which was chosen due to its coincidence with
the available ALOS-2 data, was not optimal due to the weather
conditions. However, it is also clear that the phase wrapping issue
plays an important role in the ΔSWE estimations using C-band

Fig. 15. (a) Coherence for the L-band data. In the x-axis labels, the first
date represents the reference acquisition and the second date the secondary
acquisition of the interferogram. (b) Ground measured and from L-band data
retrieved SWE change values. The gray background marks the measurements
where the temperature was above zero degrees either at the first or second
acquisition of the interferogram.

data with a temporal baseline of 6 days. Nonetheless, some gen-
eral trends can be represented with the retrieved SWE change.

C. ΔSWE Estimation L-Band

The ground measurements for the ALOS-2 acquisitions are
also displayed in Fig. 12, which cover roughly the second half
of the temporal coverage of Sentinel-1. The colors mark the
14 days temporal baseline between the dates of the ALOS-2
acquisitions.

Fig. 15(a) shows the ALOS-2 L-band coherences in the HH
polarization. The coherences are often very low over the test site.
Here, the same winter as for C-band was investigated. As it can
be seen in Fig. 12, the temperatures at the acquisition times were
often above zero degrees, causing low coherences as a result of
snowmelt.

For the ALOS-2 wavelength and incidence angle, the cal-
culated threshold for phase wrapping is outside the interval of
[−54.4 mm, 54.4 mm]. This is always larger than the ground
measured SWE changes. Therefore, phase wrap corrections do
not have to be considered for the L-band data. The results for
the ΔSWE retrieval are shown in Fig. 15(b) with the RMSE be-
tween the retrieved and measured SWE change being RMSEb,L

= 17.76 mm. Since it is the same winter as for the C-band
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measurements, the temperatures above zero degrees (see Fig. 12)
are a problem again. The general trend can be represented, but
especially the second measurement point has a high discrepancy
between the estimated ΔSWE from the ALOS-2 data and the
ground measurements and the discrepancy is even higher than
for the following interferograms, where the coherence was lower
and the temperature higher. For this point, the temperature
decreases by 35 °C in the week before the second acquisition
after being shortly above zero degrees. This high temperature
gradient may have some influence on the snow structure. In [24],
a decorrelation was observed for high temperature gradients,
which may also be linked to changes in the snow properties.
However, these effects need to be analyzed more, since this
ALOS-2 interferogram has an unusually high coherence. Even if
the snow cover can be seen as an isolating layer, high temperature
changes may also have an influence on the ground. Since L-band
measurements are also able to penetrate into frozen ground [38],
this might also affect the interferometric phase.

D. Comparison of ΔSWE Estimation From Different
Frequencies

The results of the different frequencies are compared directly
in a scatter plot showing every SWE change estimation.
Fig. 16(a) shows the estimated SWE changes compared to
the ground measured values before phase wrap correction.
Many points are underestimated, especially for the small
wavelengths of X- and C-bands. This results from the smaller
nonambiguous phase interval of retrievable SWE changes for
shorter wavelengths.

After phase wrap correction, the results in Fig. 16(b) are
obtained. The highest improvement can be observed for X-band.
This underlines the fact that, for X-band SAR measurements,
phase wraps of the interferometric phase after an SWE increase
are important to correct for the used temporal baseline. For the
X-band, the phase wrap correction has a large impact compared
to the relatively small interval of unambiguousΔSWE estimates.
Nevertheless, the small wavelengths can contribute to higher
ΔSWE estimation accuracies than larger wavelengths, but are
rather only applicable for shorter temporal baselines or in a
multifrequency approach (see Section IV-F). For the C-band,
the points where the phase wraps were corrected according
to the ground measurements are now slightly overestimated.
In the case of the L-band measurements, no phase wrap cor-
rection was necessary. Even though one clear outlier can be
observed at the L-band, related to strong temperature changes,
other points represent well the general trend. In order to allow
for a better comparison between the frequencies, for each fre-
quency, a relative RMSE (RMSErel) is calculated, by setting the
RMSE after correction in relation to the 2π phase cycle interval
(ΔSWE2π_Interval) with

RMSE rel = RMSEa/ΔSWE2π_Interval (6)

shown in Table II. The performance of the L-band retrieval
shows a smaller RMSErel compared to the X- and C-bands
results, meaning that here the retrieval performed the best in

Fig. 16. Scatter plot of the retrieved SWE changes compared to the ground
measured SWE changes for X-, C-, and L-bands. (a) Before correcting the
phase wraps based. (b) After correcting the phase wraps based on the ground
measurements.

TABLE II
RMSE PHASE WRAP CORRECTION FROM GROUND MEASUREMENTS
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Fig. 17. Map of the area around the station. (a) Optical image. (b) CORINE landcover classes. (c) SWE change map from Sentinel-1 using the
28.02.2020/05.03.2020 interferogram. The red dot marks the location of the test site.

relation to the phase wrap interval. The individual errors after
correction are however smaller for shorter wavelengths. There-
fore, the sensitivity to retrieve smaller changes is higher for
smaller wavelengths, even though the overall results are better
for longer wavelengths. Note here, that this comparison is not
optimal, as different temporal baselines and different winters are
compared.

Across all frequencies, it can be observed in Fig. 16(b) that
smaller SWE changes are mostly underestimated, while higher
SWE changes are mostly overestimated. A factor influencing
the ΔSWE retrieval is the phase calibration (see Section III-C).
Since the reference point is not ideal, a random error in the phase
calibration could have been induced. Furthermore, as it is not
known whether the stable point was covered by snow or not, the
reference phase might contain some signal delay due to snow.
When calibrating the phase over the test site according to this
reference, an underestimation can be expected. However, this
disagrees with the overestimations for higher SWE changes. A
reason for the general differences is the likely wet snow in C-
and L-bands, resulting in discrepancies between the estimated
and measured SWE changes (see Section IV-B).

E. Spatial C-Band ΔSWE Estimation

For an assessment of the spatially distributedΔSWE retrieval,
with the potential for high spatial resolution and large-scale
coverage with spaceborne SAR, the SWE change is estimated
in the area around the in situ station. Fig. 17(a) shows an optical
true-color image of the area and Fig. 17(b) displays the CORINE
landcover information [39]. The area is mostly covered with
forest and peat bogs, while the urban areas in the north belong to
the town of Sodankylae. Fig. 17(c) displays the corresponding
SWE change map of the area calculated from the Sentinel-1
interferogram between 28.03.2020 and 05.03.2020. During this
timeframe, the SWE remained stable at the in situ station. In the
ΔSWE map, inland water bodies appear noisy as expected due
to temporal decorrelation. Close to the in situ station, almost
no SWE change is measured, which is in accordance with the
ground measurements. The large peat bog in the center of the
study area shows a noticeable positive ΔSWE. This may be
due to the lower terrain that favors snow accumulation due
to wind effects. However, the phase signal that is measured
might not only result from the SWE change, but also from the
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Fig. 18. Ground measured and from C-band data retrieved SWE change
values. The phase wraps are corrected with the L-band SWE estimations.

properties of the bogs. In the urban areas of Sodankylae, the
SWE change has a tendency toward negative SWE change values
with some variations. This may be the result from small-scale
local SWE changes caused by anthropogenic structures. Further
investigation is needed to analyze the influence of different land
cover on the SWE change retrieval.

F. Multifrequency Phase Wrap Correction

Previously, ground measurements were used to correct the
phase wraps of ΔSWE estimations in the X-band (see Sec-
tion IV-A) and C-band (see Section IV-B), as they suffer from
phase wraps if the SWE change exceeds a certain threshold.

However, the goal is to correct theΔSWE estimations without
requiring ground measurements. This can be achieved using a
multifrequency approach. In this study, the L-band data (see
Section IV-C) are not affected by phase wraps because of its
long wavelength. As the L- and C-bands data were acquired in
the same winter, L-band ΔSWE estimates are used to detect
and correct phase wraps in the C-band data. Due to the different
acquisition dates and temporal baselines for the ALOS-2 and
Sentinel-1 images, the retrieved SWE changes from ALOS-2 are
linearly interpolated between the measurement dates. Fig. 12(b)
shows that it is reasonable to assume a linear SWE change. Then,
the interpolated SWE change from the L-band measurements is
used to detect where a phase cycle needs to be added to the
C-band ΔSWE estimations. By correcting the C-band values
accordingly, the results in Fig. 18 are obtained with an RMSE
after multifrequency phase wrap correction of RMSEa,multi,C

= 10.09 mm, while the RMSE before correction for this interval
was RMSEb,multi,C = 13.38 mm, which is the same as the single
frequency RMSEb,C result, but only for the time span covered by
the L-band data. Here, discrepancies can be observed with some
clear overestimations in the middle of the time series, which
are related to the L-band overestimations in Fig. 15. However,
the error is only slightly larger than for the ground-based cor-
rected C-band results in Fig. 14(b), which is RMSEa,groundC, =
9.66 mm, summarized in Table III. When comparing theΔSWE
results after phase wrap corrections from the multifrequency
approach and the one from the ground measurements, seen
in Fig. 14(b), 9 of the 13 ΔSWE estimates utilized for the

TABLE III
RMSE MULTIFREQUENCY PHASE WRAP CORRECTION

multifrequency approach were corrected or not corrected in the
same way. Furthermore, it has to be taken into consideration
that the investigated winter was not optimal due to high tem-
peratures and low coherences. However, this shows that L-band
ΔSWE estimates can be used to correct phase wraps in smaller
wavelength SAR measurements like C-band, because the L-band
measurements are less likely to suffer from phase wraps. Even
though the performance of this approach was not yet completely
satisfying, due to the discrepancy of the L-band data to the
ground measurements, this method is promising, because it
enables the phase wraps correction without the need of additional
ground measurements. This is essential for future large-scale
space borne applications. Unfortunately, no winter exists where
all three frequencies were acquired contemporaneously.

V. CONCLUSION

The SWE change is retrieved using the DInSAR phase dif-
ference for X-, C-, and L-bands. Since the interferometric phase
lies in an interval between [-π, π], only a range of SWE change
values can be retrieved unambiguously. For larger changes of
SWE, phase wraps occur. To investigate the effect of the phase
wrap errors, they are corrected with ground measurements in
this study. Furthermore, a multifrequency approach is presented
to overcome the necessity of ground measurements, which could
pave the way toward a DInSAR SWE information product with
spaceborne SAR.

At the X-band, the main limitation for the ΔSWE retrieval
is the phase wrapping of the measured interferometric phase.
Because of the short wavelength, the interval where the SWE
change can be retrieved unambiguously is smaller compared to
longer wavelengths, such as L-band. This could be potentially
overcome by using temporal baselines much shorter than 11
days in order to reduce the observed SWE change and in turn to
minimize the occurrence of phase wraps.

For the C-band, with a temporal baseline of 6 days, the phase
cycles also needed to be corrected, which improved the results.
However, the remaining discrepancies result most likely from
several short melt events during the observed winter.

When using L-band SAR data with a 14 days temporal
baseline, the correction for lost phase cycles was not necessary,
because the SWE change did not exceed the phase wrapping
threshold. Here, the same winter was analyzed as for the C-band
data, confirming the possible influence of high temperature
gradients and melt events. Moreover, only a short time series
was available, limiting the performance assessment. However,



BELINSKA et al.: POTENTIAL OF MULTIFREQUENCY SPACEBORNE DINSAR MEASUREMENTS 2961

except for one distinct outlier, the general ΔSWE trend was
reproduced by the L-band data.

Thus, when choosing a suitable frequency for ΔSWE esti-
mations, it has to be considered that longer wavelengths can
monitor higher SWE changes without the need to correct for
phase cycles. However, if the phase wraps can be corrected, the
ΔSWE estimation is more accurate at shorter wavelengths. This
highlights the potential of multifrequency approaches.

In future studies, it would be advantageous to take simul-
taneous measurements at different frequencies, ensuring same
weather and snow conditions. Also, identical temporal baselines
between the measurements would increase the comparability of
the results. Moreover, the choice of the test site is also very
important. In this case, the test site was a small opening located
in a forested area. Therefore, some trees in the multilooking
window might have affected the resulting ΔSWE retrievals.
Furthermore, also the weather conditions play an essential role.
Here, especially in the winter analyzed in C- and L-bands, the
temperatures often exceeded zero degrees. This may have led
to wet snow. Since the method relies on the fact that the radar
wave propagates through the whole snow pack and wet snow
may cause attenuation of the radar wave, this affects the esti-
mation results. Therefore, areas with stable weather conditions
below zero degrees would be preferable. The calibration of the
interferometric phase also plays a crucial role for the ΔSWE
estimation. In this study, a stable scatterer was found close to
the test site. However, even if this stable scatterer had the highest
backscatter and coherence in this region, it is not guaranteed that
it was not covered by snow during the acquisition, which would
also induce an effect on the interferometric phase. Therefore,
a corner reflector close to the test field from which snow is
regularly removed would be of advantage. Thinking about future
spaceborne SAR applications, the phase calibration might be one
of the most challenging points.

This study demonstrated the potential and limitations of SAR
acquisitions with different frequencies to estimate SWE changes
using the DInSAR phase. A promising multifrequency approach
is presented to overcome some of the limitations. It combines
ΔSWE estimates from two frequencies to correct the phase
wraps without the need of ground measurements. This is particu-
larly of interest for upcoming multifrequency SAR missions, like
the dual-frequency L- and S-band NASA-ISRO SAR (NISAR)
mission [40]. Another possibility will be the combination of
Sentinel-1 with ROSE-L [41], allowing the combination of
C- and L-bands measurements. Further favorable aspects of
ROSE-L and Sentinel-1 are the identical orbits and repeat-pass
intervals and a short time interval between their acquisitions.
These missions will enable the potential of multifrequency
approaches for the estimation of SWE changes, exploiting the
high sensitivity of high frequencies with the large nonambiguous
phase interval of smaller frequencies.
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