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Abstract—In this paper, we investigate the potential of using
single-pass InSAR model-based approaches to retrieve dry snow
parameters. Two InSAR scattering models of dry snow are
considered: the dense-medium RVoG model and the simple
variant of Full Penetration (FP) model. A Quasi-Crystalline
Approximation (QCA) based extinction analysis confirms the
negligible extinction dependence of the InSAR observables at
L/C/X-band for fresh dry snow. The FP models the low-frequency
(L/C/X-band) InSAR phase as a single constraint of snow depth
and density, which can be supplemented by an extra observation
(e.g. InSAR coherence or in-situ depth/density). The single-pass
InSAR models and inversion approaches were validated using X-
band InSAR data collected from a tower-based three-frequency
(X/Ku-low/Ku-high) fully polarimetric TomoSAR system, where
a multi-frequency polarimetric InSAR analysis and ground-to-
volume ratio-based snow condition analysis were conducted.
We also analyzed the sensitivity and error propagation of the
single-pass InSAR phase and coherence in measuring dry snow
depth/density. It was found that the X-band HH-pol FP-modeled
single-pass InSAR phase along with RVoG-modeled coherence
or in-situ depth is capable of measuring Snow Water Equivalent
(SWE) with a 23-26 mm uncertainty (13-15%) and a 20-26 mm
bias (12-15%) for dry snow SWE of 0.2 m, and with an optimal
perpendicular baseline on the order of a tenth of the snow
depth (0.8 m) at our test site. This single-pass InSAR approach
with FP model is potentially useful and thus needs further
investigation for large-scale dry snow retrieval with a wide range
of snow conditions using ground-based/airborne/spaceborne low-
frequency (L/C/X-band) InSAR observations.

Index Terms—single-pass, InSAR, phase, coherence, RVoG,
dense medium, scattering model, Quasi-Crystalline Approxima-
tion (QCA), dry snow, depth, density, Snow Water Equivalent
(SWE), ground-based, spaceborne, airborne
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NOW parameters such as snow water equivalent (SWE),

snow density, depth and grain size, are important input
variables for understanding and modeling the hydrological
cycle, as well as validating the climate change models [1], [2].
This information is also useful for water resource management
as well as the forecast of snow weather events such as
snowmelt runoff and flooding [3]. Many types of microwave
sensors and remote sensing methods have been proposed to
retrieve such information [4], including passive radiometer,
active scatterometer and Synthetic Aperture Radar (SAR).
Among these, spaceborne SAR platforms have the vantage
point potential for observing large snow covered regions (typ-
ically high topographic relief and polar regions) with complete
and dense coverage both spatially and temporally, as well as
day/night and all weather observing capability [5].

Furthermore, SAR Interferometry (InSAR) and/or Polari-
metric InSAR (PolInSAR) have proven to be very successful in
measuring the ground surface elevation along with its changes
as well as the depth of volume surface cover (e.g. forest
canopy) [6], [7]. Since InSAR with a single SAR platform
repeating its orbit or pass (termed “repeat-pass”) is mostly
sensitive to ground surface changes at sub-wavelength scale,
it has been successfully applied to retrieve snow parameters
including SWE [8]-[14]. This repeat-pass approach assumes
that the radar signal can fully penetrate the snowpack at low
frequencies (e.g. L/C-band), and thus the difference of snow-
on/off signal path delay can be correlated to snow depth and
density, the product of which gives SWE. Without a snow-
off dataset but using multiple acquisitions, this repeat-pass
approach is further adapted to retrieve the SWE time-series
variation, i.e. relative changes only. To determine the absolute
amount of SWE, ground control points at a single epoch must
be used [9].

The repeat-pass InSAR approach is prone to error due to
the temporal decorrelation of the snow cover, e.g. due to
snow accumulation, melting, storm, wind, temperature, all
of which can affect the scatterers’s position, geometry and
scattering properties (dielectric content) in the snow cover.
The longer temporal baseline, the more likely the physical
changes experienced by the ground targets occur thus leading
to temporal decorrelation. For spaceborne SAR missions with
a repeat cycle of a few days (e.g. ESA’s Sentinel-1) to tens of
days (e.g. JAXA’s ALOS), the temporal decorrelation could
overwhelm the InSAR retrievals depending on the type and
intensity of snow weather events. Besides temporal decorre-
lation, this approach is also impacted by atmospheric delay
effects (e.g. ionosphere, troposphere) that further delay the
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phase path length of the SAR signal.

Another type of InSAR (termed “single-pass”) exploits two
antennas or platforms so that the two SAR acquisitions can
be collected simultaneously (e.g. NASA’s SRTM mission) or
near-simultaneously with seconds to minutes temporal baseline
(e.g. DLR’s TanDEM-X mission). Rather than repeat-pass
InSAR, the single-pass InSAR approach uses the triangulation
of the two SAR phase path lengths from two onboard antennas
to accurately determine the elevation of the ground surface
target and/or the equivalent scattering center in a volume
surface cover (e.g. forest, snow) [6]. Although the measure-
ment accuracy cannot be at sub-wavelength scale, single-pass
InSAR is neither subjected to temporal decorrelation errors nor
atmospheric delay effects, because of the synchronization, or
short time lag, between the two acquisitions. Without inversion
using an InSAR scattering model, the single-pass InSAR-
derived scattering phase center (e.g. Digital Elevation Model;
DEM) was directly used to indicate wet snow depth due to the
dominant top surface scattering [15], and used to correct for
the elevation bias due to penetration over ice sheets [16]. For
dry snow, however, combined surface/volume scattering exists
and few studies have examined the potential of the single-
pass InSAR approach through inversion of a physical InSAR
scattering model.

In this paper, we investigate the potential of using single-
pass InSAR to retrieve dry snow parameters by inverting snow
InSAR scattering models. In Section II, we introduce the
dense-medium Random Volume over Ground (RVoG) model
as well as the simplified Full Penetration (FP) model that can
be considered the single-pass variant of the above repeat-pass
InSAR approach. In Section III, we demonstrate the valida-
tion results by using a tower-based TomoSAR system which
also has single-pass InSAR capability. A Polarimetric InSAR
analysis is first conducted, then followed by a ground-versus-
volume scattering power analysis. A performance compari-
son of snow parameter retrieval from using different InSAR
scattering models is also shown, where a sensitivity analysis
with error propagation is discussed. Section IV details the
conclusion and comparisons of these retrieval methods, and
discusses the limitations and future work.

II. SNOW INSAR SCATTERING MODELS

A. Dense-medium Random Volume over Ground (RVoG)
model

The RVoG model has been originally developed by [7], [17]
for retrieving the depth of sparse dielectric medium (such
as the height of forest canopy). The simplified single-layer
model has been derived to model the observed InSAR complex
correlation over half-space dielectric medium (e.g. snow-
covered ice sheets) [18], [19]. Then, the original two-layer
model was further adapted to a dense dielectric medium (such
as snowpack) by incorporating particle grain size, volume
fraction (that relates to density) and depth [20], and has also
been extended to model a multi-layer medium [21]. In this
paper, we focus on the use of the adapted two-layer RVoG
model for simplicity without loss of generality.

Authorized licensed use limited to: CALIFORNIA INSTITUTE OF TECHNOL!
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Fig. 1. Tllustration of InSAR scattering phase center for (a) snow-on, and (b)
snow-off. The InSAR phase at the air-snow interface is denoted as ¢, which
is common for both scenarios. The snow-on InSAR phase center is located
h below the air-snow interface, and the snow-off phase center is only at the
bare ground surface at distance, d, below the air-snow interface.

For a two-layer scenario with a dense random volume (e.g.
snowpack) and an underlying ground surface, the apparent
single-pass InSAR complex correlation is given by [20]

Y= YSNR Vg Yo = Vsys * Vo (D

where the ysnr and -y, are the InSAR correlation components
due to thermal noise and baseline geometry. These are lumped
into 7gys, as a systematic InSAR correlation component, which
can also assimilate any other systematic decorrelation factors
in practice. The remaining term in Eq. 1 is the volumetric
correlation, ~,, which is expressed as [20]

= et BT @
where
o = 2k /cos 6, . e(2ke/cos Ortijrz)d _ q 3)
' 9k, Jcos Oy + jk. e(2ke/cosO)d _ 1
¢g = ¢o — K.d is the interferometric phase at the ground

surface (¢g is the InSAR phase at the air-snow surface; Fig. 1),
m is the Ground-to-Volume power Ratio (GVR), k. is the
extinction coefficient, f; is the refraction angle that relates to
the incidence angle (#;) by Snell’s law (i.e., sinf;/sinf; =
n with n being the refractive index), and the dense-medium
interferometric vertical wavenumber «, is defined as

ncosd; _
z = Kz “4)
cos 0,
: ~ _  2mwpB, _
with K, = R sm0: the free-space wavenumber, B, the

perpendicular baseline, A the free-space wavelength, R the
slant range distance, and p = 1 (p = 2) for the standard-mode
(ping-pong-mode) InSAR [6].

From the above model equations, n (that relates to density
for dry snow via Looyenga’s semi-empirical relationship [22])
and d are needed to calculate SWE, but m and k. are also
unknowns, where k. implicitly depends on both density and
grain size (thus implicitly included in the RVoG model) [20].
Since each InSAR observable (i.e., complex correlation) only
has two independent variables, i.e., magnitude and phase, the
above RVoG model has to be constrained with two other
criteria on m and k..

In order to determine the effect of k. on the InSAR
observables and thus make assumptions of its value range,
we plot the InSAR coherence as a function of snow depth
with various k. values. This k.-dependent sensitivity analysis

ublication/redistribution requires IEEEOpermission. See http://www.ieeeorgg)ublicationsﬁstandards/publications/ri hts/index.html for more information.
GY. Downloaded on May 05,

22 at 18:40:31 UTC from IEEE Xplore. Restrictions apply.



0196-2892 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution re

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOTI 10.1109/TGRS.2022.3171269, IEEE

Transactions on Geoscience and Remote Sensing

k. Dependence of InNSAR Correlation Magnitude
] (density: 0.2 g/cm?®, GVR: 4 dB, £.: 5.6 rad/m)

09"
[
g
Z£081
g
o7k A
S
go6"
= N
© 05
3 — k=0
© 045 | — k=05 dB/m ]
i ke=1 dB/m I
o 03] | —k,=2dB/m
= | |—k=4dB/m

0.2 k.=8 dB/m

0.1 ‘ ‘ ; ; ; ;

0 0.5 1 1.5 2 25 3
Snow Depth (m)
@

k. Dependence of InNSAR Correlation Magnitude
(density: 0.2 g/cm?, GVR: 0, £,: 5.6 rad/m)
— k=0
——k,=0.5 dB/m
k=1 dB/m
—k,=2 dB/m
——k,=4 dB/m
k.=8 dB/m

0.8

InSAR Correlation Magnitude

0 0.5 1 15 2 2.5 3
Snow Depth (m)

(®)

Fig. 2. The k. dependent sensitivity analysis of the InNSAR coherence as a function of snow depth: (a) GVR m = 4 dB, and (b) GVR m = 0. The snow
density is fixed as 0.2 g/cm3, and the interferometric vertical wavenumber £, = 5.6 rad/m.
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Fig. 3. Quasi-Crystalline Approximation (QCA) dense medium scattering
model calculated k. variation at different frequencies (L-band: 1.25 GHz, C-
band: 5.405 GHz, X-band: 9.6 GHz, Ku-low: 13.5 GHz, Ku-high: 17.2 GHz).
The threshold of 0.5 dB/m is marked as the black dotted line.

is illustrated in Fig. 2, where Fig. 2a shows the cases when
m = 4 dB and Fig. 2b shows the cases when m = (. Note the
m = 0 cases in Fig. 2b are consistent with the sensitivity
analysis reported by [23], while the sensitivity curves can
change a lot as GVR increases (Fig. 2a). From both Fig. 2a
and Fig. 2b, it can be noticed that the sensitivity curve of
k. = 0.5 dB/m is almost indistinguishable from that of k. = 0.
Therefore, in this paper, we use k. = 0.5 dB/m as a threshold
and consider the sensitivity analysis results with k. < 0.5
dB/m are equivalent to those of k. = 0.

Next, we investigate the modeled k. variation at different
frequencies. In this paper, we adopt the use of the dense
medium scattering model with the Quasi-Crystalline Approxi-
mation (QCA) as first introduced to the RVoG InSAR scatter-
ing model in [20]. The QCA model-calculated k. variation is
shown in Fig. 3, where the grain size varies from 0.5 mm to 3
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mm. The snow density is chosen as 200 kg/m3, which is both
consistent with the observed density at our test site and roughly
corresponds to the maximum extinction effect (see [20]).
Note for dry snow, the absorption component is considered
negligible [16], and thus the extinction is dominated by the
scattering part of it, which reaches peak around snow density
of 200 kg/m3. By marking the 0.5 dB/m threshold (determined
from the above sensitivity analysis) as the “black” dotted line
in Fig. 3, we then notice all of L/C/X-band and part of the
Ku-band can be assumed to have zero extinction k., = 0.

More realistic values of k. need to be used when the
absorption is not negligible (wet snow) or the scattering part
is significant (snow structure has large aggregate, especially
after melt/freeze process), which will be investigated in Sec-
tion III-D. Unless otherwise noted, in this paper, we assume
ke = 0 for fresh dry snow at low frequencies and generate the
inversion results under this zero extinction assumption. Letting
k. approach zero turns Eq. 3 to

edr=d — 1

Tl = = 7%=/ 2ginc(k,d/2), 3)
e

Jk=d

For calibration of the snow-on InSAR data (as modeled
above), we also use the snow-off InNSAR observable, which
is simply expressed as below,

- off
,yoff _ %ysemg (6)
where qﬁgff = ¢o9 — K,d is the InNSAR measured ground phase
for the snow-free case (Fig. 1). Hence, by using the snow-off
InSAR observable to cancel vy and ¢, we have the snow-
on/off ratio of InSAR complex correlation given by
7sys7v
Yoys€d (P0—r=d)
)dejnzd/2sinc(/{zd/2) +m 7
1+m
Therefore, assuming m is given, by substituting Eq. 4, both
unknowns of n (or density) and depth d can be inverted

Yon/off

_ e*j(msz{z
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from this snow-on/off single-pass InSAR complex correlation
ratio. In Section III, we show the estimates of m based on
SAR tomography; however, this InSAR approach does not
necessarily rely on tomography.

B. Full Penetration (FP) model

Even with some extra assumptions and/or measurements,
the above RVoG model is still cumbersome in practical use. In
this section we investigate another simplified model, which can
be considered the single-pass variant of the repeat-pass InSAR
approach [8]-[14] by considering dry snow as a transparent
refraction layer at low frequencies (L/C/X-band). From Fig. 1,
both the snow-on/off scenarios share the same common InSAR
phase ¢ at the air-snow interface. The InSAR scattering phase
center ¢, of the two scenarios can be easily expressed as

P = o —k:h (8)
oo b0 — K.d, 9)

where h denotes the distance between the scattering phase
center and the air-snow interface. Therefore, the snow-on/off
InSAR phase difference is given by

§pe = ¢ — M = —(k.h — K.d).

From Egq. 4, it can be inferred that k., > K, for dielectric
medium (n > 1). Hence, Eq. 10 can be used to interpret the
differential snow-on/off InSAR phase as such: when the radar
signal can fully penetrate the snow volume (that acts as a
transparent refraction layer) with the scattering center on the
ground surface (i.e., h = d), d¢. < 0 implying there is a
phase lag of the snow-on case compared to the snow-off case;
however, when the scattering center moves up (i.e., h < d),
d¢. will increase and cross zero to eventually become positive
(phase lead). Therefore, given the in-situ data of snow density
and depth, we can tell the location of the scattering phase
center from the differential snow-on/off InNSAR phase.

If we know that the radar signal can fully penetrate the snow
volume so that ground scattering dominates (e.g. transparent
refraction snow layer with k., < 1 and m > 1 at low
frequencies of L/C/X-band), the InSAR apparent phase center
is expected to be at the underlying snow-ground interface.
Hence, substituting h = d into Eq. 10 gives

0¢pe = —(ky — K2)d. an

This Full Penetration (FP) model only relates the two un-
knowns of density and depth to a single InSAR observable
(the differential snow-on/off phase). Unfortunately, Eq. 11
cannot be solved like its repeat-pass counterpart [8], [9] via
linearization to establish an analytical relationship between
SWE and the apparent InSAR phase. Hence, in order to use
this model, an extra dimension of measurement has to be
incorporated, which will be discussed in Section III.

(10)

III. VALIDATION RESULTS

To validate the single-pass InSAR approach by inverting the
above two scattering models (RVoG and FP), in this work, we
exploit the tower-based TomoSAR system (SRT3; see Fig. 4)

developed by Jet Propulsion Laboratory [24], which has three
frequencies (X: 9.6 GHz, Ku-low: 13.5 GHz and Ku-high:
17.2 GHz) with full-polarization capability (see Table I).
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Fig. 4. (Left) SRT3 Deployment at Fraser, CO (Right) Radar setup configu-
ration at 45 degree incidence angle.
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Fig. 5. Snow stratigraphy profiles of the density and grain size collected at
the Fraser, CO test site. The data was collected on January 23rd, 2017, which
is representative of the whole snow-on period due to the subtle temporal
variation of snow parameters [24].

TABLE I
MAJOR SRT3 RADAR PARAMETERS.
X Ku-low Ku-high
Tx Frequency [GHz] 9.35-9.85 13.25-13.75  16.95-17.45

Tx Bandwidth [GHz] 0.5 0.5 0.5
Tx Power [dBm] 0 0 0
Range Resolution [m] 0.3 0.3 0.3

X-pol Isolation [dB] > 30 > 30 > 30
RCS Sensitivity [dB m? m—2] -55 -55 -55
Horn Beamwidth [deg] 60.3 42.2 35.6
Dish Beamwidth [deg] 58 4.1 32
X/Y Aperture Length [m] 0.6 0.6 0.6

The radar moved over an aperture of 600 mm x 600 mm
for a full tomographic scan, and we only extract the two
lateral tracks of a full scan to form an interferometric pair,
where each track has a 600 mm synthetic aperture to focus
on the horizontal (ground-range and azimuth) domain. After
focusing each track to a Single Look Complex (SLC) image
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Fig. 6. Polarimetric InSAR analysis at three frequencies for both snow-on and snow-off scenarios. In each subplot, INSAR complex correlation of different
polarizations are shown along with the average InSAR correlation magnitude ||, phase Z¢, and phase diversity (denoted by A¢), i.e., angle spanned by the
black dotted lines. The same free-space interferometric vertical wavenumber £, = 5.6 rad/m is used for all subplots.

by using time domain back-projection algorithm, the two SLC
images are then cross-correlated to form an interferogram by
first flattening the phase with a flat constant-value DEM at the
air-snow interface, and then followed by ensemble averaging
of a ground area of 4 m (ground range) X 4 m (azimuth)
at the antenna bore sight with a 2 x 2 multi-looking of the
SLC’s first. The spatial resolution of an X-band SLC is 0.42 m
(ground range) x 0.37 m (azimuth), so a pixel spacing of 0.3
m is used in both directions, resulting in ~ 100 independent
samples. It took about 3 hours to complete a full tomographic
scan (600 mm in both vertical and horizontal direction), where
the maximum usable interferometric baseline in this work is
only 100 mm that is one sixth of the full scan, indicating the
maximum temporal baseline for the single-pass InSAR dataset
is 0.5 hour. Therefore, the snow conditions are considered
constant between the two SAR acquisitions.

The system was deployed on a ground based tower at the
Fraser Experimental Forest (FEF) Headquarters, near Fraser,
CO, USA (39.847°N, 105.912°W) from February 1 to April
30, 2017 and run continuously with some gaps for required
hardware supports. In-situ measurements of snow depth and
other snowpack properties (e.g. grain size, density and SWE)
were performed every week for comparison with the remotely
sensed data. The typical snow stratigraphy profiles (that are
similar to the recommendation of [25]) of the density and
grain size during that period can be found in Fig. 5, where
the snow depth is 80 cm, average density is 225 kg/m?, and
grain size varies from 0.5 mm to 3 mm.

A network of soil moisture sensors, time-lapse cameras,
acoustic depth sensors, laser depth sensor and meteorological
instruments were installed next to the site to collect in-situ
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measurements of snow, weather, and soil conditions. As for
modeling the snow-on ground surface location as well as
the selection of the snow-free acquisition in both RVoG and
FP models, soil moisture must be taken into account as
the thaw/freeze state of soil can affect the snow-on/snow-
free ground phase center location. For low frequencies such
as L/C/X-band, the penetration depth can be neglected for
wet soil, while for frozen soil, it can range from a few
centimeters to tens of centimeters [26]—[28], which can bias
the apparent snow-free InSAR phase center location and the
modeled snow-on ground surface location (thus the inverted
snow parameters). The snow-free acquisition can be obtained
by deploying the radar over unfrozen soil either prior to the
snow season or after snow melting. However, the inversion
approaches need to be further investigated on correcting any
possible InSAR phase center bias due to the snow-on ground
location shift for frozen soil (e.g. snow-covered permafrost in
high-latitude regions at L/C-band).

In our case, the radar was deployed after the snow accumu-
lation (late December of 2016 through late January of 2017),
80 it is not possible to choose the snow-free acquisition prior
to the snow season. Since snow gradually melted from mid-
March to mid-April in 2017, we selected the data acquired
on April 19 2017 as the snow-free acquisition, where the
soil temperature at 5 cm depth is about 5-15°C' with a soil
moisture of 0.25 cm®/cm? (thaw soil). During the snow-on
period (February-March of 2017), the soil temperature at 5
cm is 0°C with a mean soil moisture of 0.1 cm®/cm® (frozen
soil). Here, the effect of ground location shift at X-band is
considered less severe but does account for any resulting bias
in the parameter inversion (as shown in Section III-C).
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A. Polarimetric InSAR analysis

The Polarimetric InSAR analysis of the three frequen-
cies (X, Ku-low and Ku-high) are illustrated in Fig. 6 for
both snow-on (20170201) and snow-off (20170419) scenarios,
where the same free-space interferometric vertical wavenum-
ber Kk, = 5.6 rad/m is used. From Fig. 6, the polarimetric
phase diversity (maximum phase separation angle; denoted by
A¢) is as small as 5°-10° for all three frequencies when snow-
off. Focusing on the snow-on subplots, there is an increase of
phase diversity and decrease of InSAR correlation magnitude
as the frequency gets higher, which is consistent with the
RVoG model prediction due to more polarization-dependent
volume scattering at higher frequency. Comparing snow-on/off
phase difference, we have d¢. = —11.44° (X), d¢p. = 4.3°
(Ku-low), and d¢. = 11.4° (Ku-high). Using the FP model
and substituting the in-situ measurement of snow depth of
d = 0.8 m and snow density of 225 kg/m?, we have the mean
scattering center (averaging multi-polarizations) at » = 0.8
m (X), h = 0.75 m (Ku-low) and h = 0.73 m (Ku-high).
This implies that the X-band scattering center is at the ground
surface for dry snow, while higher frequencies (Ku-low and
Ku-high) shift the scattering center further upwards due to
more volume scattering.

As [12] reported, volume scattering at Ku-band can be
neglected for the dry taiga snow. In our case, however, it can
shift the phase center up by 5-7 cm. This can be explained
as seen in Fig. 3, where Ku-band can be assumed to fully
penetrate snow with smaller grain size (< 1.5 mm). When the
grain size is big enough, e.g. the depth hoar layer with grain
size of 1-3 mm in our in-situ stratigraphy profile (Fig. 5), the
volume scattering effect cannot be ignored for Ku-band.

B. Ground-to-volume ratio analysis

As calculated by the QCA model (Fig. 3) and also shown
by the experimental data in Fig. 6, the X-band radar signal has
the potential to fully penetrate the dry snow to the underlying
ground surface (i.e., there is minimal polarimetric dependence
of the X-band InSAR phase center location), in what follows,
we use X-band HH-pol InSAR data hereafter for the following
validation of the single-pass InSAR model-based inversion
approaches.

To investigate the conditions under which the X-band In-
SAR signal may or may not fully penetrate the snowpack,
in this section, we use SAR Tomography to estimate GVR,
although the InSAR approaches do not necessarily require the
use of a TomoSAR system. The estimated GVR also serves
as a parameter (i.e. m) for implementing/validating the RVoG
model. The time series results of GVR and air temperature are
illustrated in Fig. 7, where three different time periods of air-
temperature-dependent snowpack conditions can be noticed.
First, during the first week of February (Jan 30-Feb 6; see the
closeup in the bottom panel of Fig. 7), the snowpack can be
considered as fresh dry snow (as snow stopped accumulation
in late January) and the temperature variation shows a clear
diurnal cycle between -10°C to 5°C. From the GVR time
series data and the two tomograms (in the top panel of Fig. 7),
it can be seen that both volume scattering and GVR are
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generally high (> 3 dB) for cold weather (nighttime) and
low (between 0 dB and 3 dB) for warm weather (daytime).
Furthermore, there seems to be a consistent drop of GVR a few
hours after the air temperature reaching the local maximum,
and also an increase of GVR occurred a few hours after the
air temperature dropping to the local minimum. Next, between
Feb 07 and Feb 22, the air temperature strongly fluctuated
with a big dynamic range, i.e., £10°C, and the snowpack
was expected to periodically turn wet. During that timeframe,
we have two observations on Feb 9, where the GVR drops
down to the minimum of -8 dB. For the third time period
(after Feb 23), the air temperature dropped well below the
freezing point (as low as -20°C'), and the GVR observations
(3 on Feb 27 and 1 on Mar 2) increased up to between -2
dB and 0 dB compared to the previous phase of wet snow.
Although considered to be dry snow, the GVR during this
time period is still lower than the first period of fresh dry
snow condition, which can be explained by the change of the
snowpack’s metamorphic state after melting/refreezing (e.g.
large and/or sticky particles formed causing bigger volume
scattering) [29]. The third tomogram in the top panel of Fig. 7
confirms the existence of more volume scattering during this
time period.
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Fig. 7. Time series analysis of GVR estimates from SAR tomography, where
the air temperature variation is overlaid. An empirical rule-of-thumb GVR
threshold of 3 dB is used to distinguish snowpack conditions (“green” dots
for GVR > 3 dB, and “red” circles for GVR < 3 dB). The tomograms
(top panel) show the normalized coherence rather than absolute power level
to facilitate discerning the existence of ground/volume scattering. The red
dashed rectangle (in the middle panel) marks the first week of February with
the closeup shown in the bottom panel.

Therefore, in this work, we empirically selected a rule-of-
thumb GVR threshold of 3 dB to distinguish the snowpack
conditions. When GVR > 3 dB, the snowpack is likely
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Fig. 8. The 2-D plot of FP-modeled snow on/off InSAR phase difference (left) and RVoG-modeled snow on/off InNSAR coherence ratio (right) with contour
lines for a wide range of snow conditions (as a function of snow depth and density). The red star marks the ground truth for the X-band HH-pol InSAR data

collected on 20170201, and the red dashed curves show the contour lines of the measured quantities. The same free-space interferometric vertical wavenumber
K> = 5.6 rad/m is used as in Fig. 6.
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Fig. 9. Snow inversion results using the single-pass InSAR approaches with scattering model inversion. Each row corresponds to one snow parameter (depth,
density and SWE), while each column corresponds to one modeled inversion approach: 1) RVoG-modeled InSAR coherence and phase, 2) FP-modeled phase
and RVoG-modeled coherence, 3) FP-modeled phase and in-situ depth, and 4) FP-modeled phase and in-situ density. Results are shown for both cases of GVR

> 3 dB (“green” dots) and GVR < 3 dB (“red” circles) which are defined the same as in Fig. 7. The same free-space interferometric vertical wavenumber
K> = 5.6 rad/m is used.

dominated by fresh dry snow, which has minimal volume
scattering thus easily justifying the zero extinction assumption

at low frequencies. When GVR < 3 dB, the snowpack trivial values of k. will be selected through the RVoG forward

condition is complicated (e.g. dry snow that diurnally turns a model analysis to quantitatively characterize the GVR < 3 dB
bit wet, extremely wet snow after melting, and refrozen snow case.

after periods of thaw/refreezing that changes the metamorphic
state) so that the single-pass InNSAR approaches developed in
this work may or may not work depending on the actual . .
snowpack condition. As shown in Fig. 7 and also in the Using the full SI_IOW InSAR dataset, we next yahdate the
following validations, we discern these two cases using two two InSAR scatte;rmg models: RVoG and FP. Since the F P

model only provides one InSAR phase measurement (with

different types of markers (i.e., “green” dots for GVR > 3 dB,
and “red” circles for GVR < 3 dB). Note in Section III-D, non-

C. Snow parameter inversion
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Fig. 10. RVoG model-based snow inversion comparison between X-band (left
column) and Ku-low (right column). The X-band result (left column) here is
the same as the first column in Fig. 9. Note the Ku-low rule-of-thumb GVR
threshold is empirically selected as 2 dB versus the 3 dB GVR threshold at
X-band.

two unknowns), we have to incorporate another dimension of
measurement or in-situ data to further constrain snow depth
and density.

In Fig. 8, we illustrate the FP-modeled snow on/off InSAR
phase difference and the RVoG-modeled snow on/off InSAR
coherence ratio for the X-band HH-pol InSAR dataset col-
lected on 20170201, as used in Fig. 6 (Section III-A), where
a wide range of candidate snow conditions are plotted. It is
known that the density of terrestrial dry snow is usually smaller
than 500 kg/m?, while firn in glacierized regions could reach
up to 800 kg/m3 [30]. It can be noticed from Fig. 8 that,
the contour lines of the FP modeled InSAR phase provides
a set of hyperbola-like functions of snow depth and density,
which have different inversion/sensitivity behavior at each
side of the vertex point of the hyperbola (more obvious at
the lower left corner of the 2-D plot). For example, to the
left of the vertex point (where the ground truth red star is
located; dominated by terrestrial dry snow with low density),
density can be determined confidently given a measured/in-situ
depth, however, given a measured/in-situ density value, depth
may have noticeable bias and uncertainty due to decreased
measurement sensitivity in that region. The opposite can be
inferred when the ground truth moves to the right of the vertex
point (mostly dense/shallow terrestrial dry snow and firn). This
implies that for the dry snow conditions over our test site,
the FP-modeled InSAR phase combined with in-situ depth
has much better inversion performance than the FP-modeled
InSAR phase combined with in-situ density. Furthermore,
the contour lines of the RVoG-modeled InSAR coherence
almost constrain the snow depth values rather than density
(more obvious at small depths and become ambiguous for
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large depths), which also implies that the FP-modeled phase
combined with RVoG-modeled coherence should provide an
inversion performance as good as the FP-modeled phase
combined with in-situ depth. This analysis is verified with
the following inversion results. Also as shown in Fig. 8, the
contour lines of the measured quantities (red dashed curves)
almost passed through the ground truth (red star).

Next, we consider three scenarios for incorporating an extra
measurement or in-situ data to combine with the FP-modeled
InSAR phase: 1) using the RVoG-modeled InSAR coherence,
2) using the in-situ depth, and 3) using the in-situ density. The
snow inversion results for all three scenarios along with the
RVoG model results are illustrated in Fig. 9. First of all, only
the results during the first week of February are demonstrated,
since observations acquired during the other time periods most
likely failed on the model inversion, which is due to the
invalid zero extinction assumption for those time periods (as
discussed in Section III-B and will be treated separately in
Section III-D). Further, part of the GVR < 3 dB case (“red”
circles) also has good inverted results, which corresponds to
the wetness of the snowpack during the diurnal variation. As
mentioned in Section III-B, when GVR > 3 dB, the accuracy
of the model inversion is more guaranteed, while for GVR < 3
dB, snowpack condition tends to become more complicated
and the validity/performance of the model inversion depends
the actual snowpack condition (that also correlates with the
GVR as shown in Fig. 7).

From Fig. 9, the FP-modeled phase combined with the
RVoG-modeled coherence or the in-situ depth (i.e., the last
row of the second and third columns) provide the best and
comparable SWE inversion results (as well as depth/density)
with Root Mean Square Error (RMSE) of 23-26 mm (13-15%)
and bias of 20-26 mm (12-15%), which is consistent with
the above contour-line analysis (Fig. 8). The RVoG-modeled
results are worse with 28.7 mm (17%) RMSE and 73.7 mm
(43%) bias which could be due to the model complexity
and the uncertainty in estimating the model parameters such
as m and k. (Section II-A) and thus serves as the worst-
case scenario. Note the snow-on ground location shift due to
frozen underlying soil may account for the inversion bias here.
Similarly, the results by using FP-modeled phase combined
with in-situ density are moderately worse with 42 mm (24%)
RMSE and 47 mm (27%) bias, which is due to the decreased
sensitivity of the FP-modeled phase in measuring depth to
the left of the hyperbola vertex point, as explained above
in interpreting Fig. 8. This analysis justifies the potential of
using the FP model as a single constraint of snow depth
and density, which can be used in combination with RVoG-
modeled coherence or an extra depth measurement (if ground
truth is located to the left of the vertex point of the hyperbolic
contour lines), and with an extra density measurement (if
ground truth is located to the right of the vertex point).

In Fig. 10, we also compare the performance of the RVoG
model inversion at X-band and Ku-low, where the Ku-low rule-
of-thumb GVR threshold is empirically selected as 2 dB versus
the 3 dB GVR threshold at X-band. Compared to the X-band
RVoG inverted results, the Ku-low results provide generally
comparable inversion performance, with higher RMSE (27%)
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but smaller bias (7.8%). As discussed in the QCA-based
extinction analysis (Fig. 3), the Ku-band (both Ku-low and Ku-
high) signals tends to violate the zero extinction assumption as
the snow grain size gets larger, thus not recommended to use
in practice as opposed to other low frequencies (L/C/X-band).
Also, as discussed in Section III-A, the Ku-band snow-on
InSAR phase center is not located on the ground surface, thus
prohibiting the use of FP model for the Ku-band inversion.

The dependence of the inversion performance on interfer-
ometric baseline (or equivalently ) is shown in Fig. 11. It
can be seen that the depth inversion has an optimal baseline
region of 40-100 mm (K, of 2-6 rad/m) that is close to a tenth
of the snow depth of 80 cm, while the density inversion has a
larger fluctuating uncertainty at the lower end and converges
to the true value as baseline reaches 80 mm (%, of 4.5 rad/m).
Therefore, SWE inversion (by multiplying depth and density)
is relatively accurate over the baseline range of 60-100 mm
(K, of 3-6 rad/m), which is also close to a tenth of the snow
depth being measured.
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Fig. 11. Interferometric baseline dependence of the inversion performance at
X-band on all three snow parameters (depth, density and SWE), where both
the baseline (bottom scale) and K (top scale) are shown. Here, the inversion
approach of using FP-modeled phase and RVoG-modeled coherence (second
column of Fig. 9) is used for the dataset on 20170201, where the ground truth
data are shown as black solid lines.

Since the dry snow conditions of our test site are very
limited (with almost constant values of depth and density),
we next run simulations to examine the inversion performance
and error propagation for a wide range of dry snow conditions
in Fig. 12, i.e. snow depth of 0-3 m, density of 0-500 kg/m?,
and SWE of 0-1.5 m. For the inversion approach, we use the
FP-modeled InSAR phase combined with the RVoG-modeled
InSAR coherence. Regarding each point in a 2-D subplot,
100 Monte-Carlo simulations were performed assuming a
measurement uncertainty of 0.2 for InSAR coherence and 200
millidegrees for InSAR phase.

First of all, it can be noticed that all subplots have various
degrees of finge-like pattern, which is due to the use of
ambiguous RVoG-modeled InSAR coherence as illustrated in
Fig. 8 for large depths. It can be seen that both the inversion
bias and uncertainry of all three snow parameters are negligible
for dry snow with small depth values (< 0.8 m). The depth
inversion bias increases up to 0.4 m for snow depths of 2-2.5
m (17%), where the depth inversion uncertainty reaches 0.35
m (16%). However, the density inversion bias reaches up to
300 kg/m? for deep dry snow (e.g. depth of 1.5-3 m) with the
uncertainty being up to 400 kg/m?3. This large density inversion
bias/uncertainty at the finge-like pattern is also because of the
ambiguous measurement of RVoG-modeled InSAR coherence
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(right subplot of Fig. 8; excluding the small-depth regions),
which could be further mitigated a lot if using in-situ or
other depth measurements without ambiguity. By multiplying
depth and density, the SWE inversion bias and uncertainty also
resemble the pattern of both depth and density, where both the
inversion bias and uncertainty are < 10 cm for depth of 0-0.8
m, around 50 cm for depth of 0.8-1.5 m and around 100 cm
for depth of 1.5-3 m.

D. RVoG Forward Model Analysis (ke # 0)

As discussed in Section III-B, when GVR < 3 dB, snow-
pack condition becomes complicated (e.g. dry snow that diur-
nally turns a bit wet, extremely wet snow after melting, and
refrozen snow after periods of thaw/refreezing that changes
the metamorphic state), which imposes various degrees of the
extinction effect, thus violating the zero extinction assumption
(Section II-A). As seen from Section II-A, besides snow
parameters (depth and density), the RVoG model has two extra
unknowns: GVR m and extinction coefficient k.. If k. # 0,
neither snow parameters nor k. can be uniquely determined
from a single InSAR observation. Therefore, in this section,
we perform an RVoG forward model analysis by fitting the
in-situ measured ground truth snow parameters to the RVoG
model without making zero extinction assumption, which in
turn determines the single fitting parameter k.. The time series
of the determined k. is illustrated in the bottom panel of
Fig. 13. Next, through using this fitted k. estimate, we can
then verify the RVoG model accuracy by inverting for snow
depth, density and SWE. These inverted snow parameters are
shown in the top three panels of Fig. 13.

From Fig. 13, first of all, it can be seen that almost the
entire time series dataset (corresponding to the full GVR
time series Fig. 7) can be used for RVoG model inversion as
opposed to the first week of February in Fig. 9. In particular,
several GVR < 3 dB observations have been successfully
used to retrieve the snow parameters to a plausible accuracy,
including the wet snow and refrozen snow time periods as
identified in Section III-B. Focusing on the forward model
determined k. estimates, the first week of February (dominated
by fresh dry snow) can be primarily characterized by zero
extinction k. = 0. During the second time period (wet snow
on Feb 9), the determined extinction reaches up to 10 dB/m.
Regarding the third time period (refrozen snow on Feb 27
and Mar 2), the extinction is estimated to be 1 dB/m and
5.3 dB/m, respectively. This result explains why the above-
developed model inversion approaches with zero extinction
assumption (or equivalently k. < 0.5 dB/m) failed to retrieve
snow parameters for the wet and refrozen snow cases that both
have k. > 1 dB/m. Given that the X-band k. of refrozen snow
is only moderately bigger (1-5 dB/m), using the above model
inversion approaches at lower frequencies (e.g. L/C-band) has
the potential to retrieve the parameters of refrozen snow.

Regarding modeling such big k., the QCA dense medium
model is not sufficient, as it only allows the use of unrealis-
tically big grain sizes to realize such big k. (see the trend in
Fig. 3). In contrast, it can be achieved by incorporating the
stickiness to QCA for characterizing the particle aggregation
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Fig. 12. Simulated 2-D inversion bias and uncertainty for each of the three snow parameters and a wide range of dry snow conditions. Each column
corresponds to a snow parameter (depth, density and SWE), and each row represents inversion bias and/or uncertainty. For each point in a 2-D subplot, 100
Monte-Carlo simulations were performed to get the bias/uncertainty metric, where a measurement uncertainty of 0.2 for InNSAR coherence and 200 millidegrees
for InSAR phase are assumed. Only the FP-modeled InSAR phase combined with the RVoG-modeled InSAR coherence is tested here with the same free-space
interferometric vertical wavenumber K, = 5.6 rad/m.
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Fig. 13. RVoG forward model analysis: the bottom panel shows the RVoG forward model-determined extinction coefficient k. by fitting the in-situ measured
snow parameters (depth and density) to the RVoG model without zero extinction assumption, and the top three panels demonstrate the RVoG inverted results
of snow depth, density and SWE, respectively, using the RVoG forward model-determined k.. Results are shown for both cases of GVR > 3 dB (“green”
dots) and GVR < 3 dB (“red” circles) which are defined the same as in Fig. 7. The same free-space interferometric vertical wavenumber K, = 5.6 rad/m is
used.

as modeled by the QMS (QCA Mie scattering of Sticky snow microstructures with irregular shape and aggregation of
spheres) dense medium model [31], as well as by using the ice particle [32].
Bi-continuous dense medium model for better representing the
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IV. DISCUSSION AND CONCLUSIONS

A. Summary

In this paper, we have shown the potential of retrieving
dry snow parameters by using single-pass InSAR approaches
based on inversion of scattering models: 1) the dense-medium
RVoG model, and 2) the simple variant (FP model). In order
to invert the dense medium RVoG model that has two extra
unknowns (GVR m and extinction coefficient k.), we brought
forward the zero extinction assumption (or equivalently k. <
0.5 dB/m) for low frequencies (L/C/X-band), and validated it
using the QCA dense medium model. The model parameter of
GVR, m, is inferred from the tomogram in this work. Similar
to the repeat-pass InSAR approaches, the FP model assumes
the radar signal can fully penetrate the snow volume at low
frequencies (L/C/X-band), and thus the apparent InSAR phase
provides a relationship constraining snow depth and density,
which was further supplemented by an extra observation: 1)
RVoG-modeled InSAR coherence, 2) in-situ depth and 3) in-
situ density.

With a tower-based TomoSAR system, a multi-frequency
polarimetric InSAR analysis and a GVR time series analy-
sis were performed to investigate the polarization/frequency-
dependence of InSAR observations, as well as to distinguish
the temporal variation of snowpack conditions. It was found
that X-band radar signals can fully penetrate fresh dry snow
with the InNSAR phase center located at the underlying ground
surface and with minimal polarimetric dependence. Also, the
GVR inversely changes with the air temperature for normal
diurnal variation, and rapidly drops for wet and/or refrozen
snow, where a rule-of-thumb threshold of 3 dB was used
to identify the different snow conditions at our test site. In
future work, comprehensive experiments and modeling of the
various snowpack conditions that cause the GVR drop (thus
k. increase) are needed to analyze the correlation between
GVR (also k) and the relevant environmental factors (e.g. air
temperature), so that a physical GVR threshold (and ranges
of k.) may be properly selected for distinguishing the snow
conditions.

Using X-band HH-pol InSAR data over the fresh dry snow,
the FP-modeled single-pass InSAR phase along with RVoG-
modeled coherence or in-situ depth is capable of measuring
SWE with 23-26 mm (13-15%) RMSE and 20-26 mm (12-
15%) bias. Unfortunately, the snow sample dataset in this
work is very limited, i.e. almost constant values for the
whole snow season of year 2017. Therefore, by using the 2-D
contour lines of the measured quantities as well as Monte-
Carlo simulations for a wide range of snow conditions, we
also analyzed the sensitivity and error propagation of the
single-pass InSAR phase and coherence in measuring dry snow
depth/density. It was found that for dry snow conditions to
the left of the hyperbola vertex point of the contour lines
(mostly terrestrial dry snow with low density), InNSAR phase
has better sensitivity of density rather than depth (thus can
be supplemented by in-situ or other depth measurements),
while to the right of the vertex point (mostly dense/shallow
terrestrial dry snow and firn), better sensitivity to depth rather
than density can be achieved, which can be supplemented by
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in-situ or other density measurements. The InSAR coherence
accurately constrains the snow depth at small depth values
(< 0.8 m) but becomes ambiguous for large depths. Therefore,
over such snow conditions with large depths, the InSAR coher-
ence needs to be replaced with in-situ or other type of depth
measurements; otherwise, large inversion bias/uncertainty will
be resulted for both density and SWE. By analyzing the
interferometric baseline (or vertical wavenumber) dependence
of the model inversion performance, an optimal perpendicular
baseline was found to be on the order of a tenth of snow depth.

B. Limitations and Future Work

Note this paper is focused on the concept development
of the single-pass InSAR approach along with its validation
using a ground-based TomoSAR/InSAR system. Although
the extension of this approach for airborne and spaceborne
SAR/InSAR platforms is highly desired, several limitations
with future improvements must be further investigated to
reliably generalize or extend this approach.

From the baseline/k,-dependence analysis (Fig. 11), it was
shown that an optimal baseline range of 60-100 mm (k.
of 3-6 rad/m) is needed for SWE retrieval, and 40-100 mm
(K, of 2-6 rad/m) for snow depth retrieval. This requirement
partially agrees with [23] on using bigger £, such as 1-2 rad/m
for snow depth retrieval. However, realizing such big «, or
interferometric baseline in space is not trivial, which is further
limited by the critical baseline. The critical baseline depends
on the center frequency and bandwidth of the radar system,
the slant-range distance from radar to the target, as well as
the incidence angle. The critical baseline of our ground-based
TomoSAR system is 368 mm at X-band and 262 mm at Ku-
low, so the optimal baseline of 40-100 mm for snow retrieval
is well below it. However, for a spaceborne low-frequency
(L/C/X-band) InSAR system, it is recommended to design the
radar system with adequate bandwidth, as well as to use a
viewing geometry with big orbital height and look angle.

When applying the approaches to sloped terrain (e.g., high
topographic relief), K, and k. need to be calculated with
the local incidence and/or refraction angle on a pixel-by-pixel
basis. Further, the underlying sloped topography needs to be
removed during the flattening of InSAR phase.

As implied from the X-band inversion analysis, the existing
spaceborne X-band single-pass InSAR system, TanDEM-X
mission, can be used for testing the inversion approaches
developed in this paper on fresh dry snow retrieval when
using bigger k., however, it may not work well for refrozen
snow. For retrieving both fresh and refrozen snow parameters,
a lower frequency (L/C-band) spaceborne single-pass InSAR
system would be desirable, e.g. TanDEM-L. Modeling snow
conditions with big k. for refrozen snow can also be refined
by incorporating the stickiness (QMS model) and discretized
snow miscrostructure (Bi-continuous model).

As for the inversion approaches, the FP model is simple and
requires less model parameters (thus less model uncertainty in
the inversion), which is recommended to use in combination
with other types of in-situ and remote sensing measurements of
snow depth/density (e.g. SAR backscatter at L/C/X-band [22],
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[33]). As for the use of the dense medium RVoG model [20],
due to the lack of polarization diversity and the dominated
ground scattering in the InNSAR observables, the extra model
parameters (extinction coefficient k. and GVR m) cannot be
isolated or uniquely determined from the measurement of
existing spaceborne interferometric (and polarimetric) SAR
systems. Other modeling or remote sensing methods need to
be developed for independently retrieving k. and m from
space. Alternatively, as demonstrated in this work, the dense
medium RVoG model together with a ground-based TomoSAR
system serves as a useful tool for algorithm development and
validation, which sheds light on applying the developed snow
retrieval algorithms to airborne/spaceborne InSAR systems.

Regarding the application of the inversion approaches to the
snow-covered permafrost in high-latitude regions using low
frequencies (L/C-band), the non-trivial penetration depth into
the frozen soil can bias the snow-on ground surface location
(thus the inverted snow parameters) by a few centimeters to
tens of centimeters, which needs further investigation in future
work for correcting any possible InSAR phase center bias.

Due to the scarcity of the experimental dataset used in this
work (almost constant values during the snow season at the
current test site), it is only validated for one snow condition:
snow depth of 0.8 m, density of 225 kg/m? and SWE of 0.2
m. Although we demonstrated the validation of it over a wide
range of snow conditions through simulation (Fig. 12), it is
important to validate this approach over other types of snow
conditions by employing ground-based InSAR/TomoSAR sys-
tems, as well as exploiting the available airborne/spaceborne
single-pass InSAR dataset.

Indeed, the above limitations/improvements need to be
further investigated in order to better assess the capability
of generalizing or extending this approach. By noting and
addressing the above limitations/improvements properly, the
model-based single-pass InSAR inversion approaches are po-
tentially useful and thus need to be validated in future work
for large-scale dry snow retrieval with various snow condi-
tions using ground-based/airborne/spaceborne low-frequency
(L/C/X-band) single-pass InSAR observations.
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