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ABSTRACT

Plenty of data records demonstrate that differential InSAR
acquisitions of snow covered areas are often affected by se-
vere temporal decorrelation, complicating the estimation of
snow physical parameters such as the snow water equivalent.
The decorrelation effect is commonly attributed to a change
in the underlying scattering center distribution due to melt-
ing/refreezing, compacting of snow, or redistribution of un-
derlying vegetation. We demonstrate that a mere change of
the dielectric constant of a dry snow cover may lead to se-
vere decorrelation, even without a change in scatterer distri-
bution, which provides additional opportunities for the esti-
mation of snow parameters. In this paper, a first discussion of
the snow-induced decorrelation effect is provided and the de-
rived model is evaluated against Sentinel-1 12-day coherence
data using SWE measurements provided by the Copernicus
Global Land Service.

Index Terms— D-InSAR, SAR interferometry, snow,
decorrelation, snow water equivalent

1. INTRODUCTION

The potential of differential SAR interferometry (D-InSAR)
to measure snow parameters –in particular, the snow water
equivalent (SWE)– has been demonstrated in several stud-
ies [1–3]. The concept relies on the penetration capability
through snow at microwave frequencies and an almost lin-
ear dependence of the D-InSAR phase to a change in snow
height and density between the repeat acquisitions. It has
been stated in several experiments that temporal decorralation
is the main limiting factor in D-InSAR SWE retrieval [1–3].
The decorrelation increases significantly for higher frequen-
cies and longer temporal baselines. Several studies show a
fairly good conservation of coherence at L band [3]. At C
band and X band, severe decorrelation has been reported, es-
pecially for the 12 and 11 day repeat cycle of Sentinel-1 and
TanDEM-X, respectively. The decorrelation effect is com-
monly attributed to a change in the underlying scattering cen-
ter distribution due to melting/refreezing, snow accumulation,
or redistribution of underlying vegetation [1, 2]. Let us as-
sume dry snow conditions during the D-InSAR time interval
caused by cold temperatures, where the backscatter contribu-

tion from the snow surface and volume can be expected to
be much less than the backscatter from the underlying ground
(e.g., rock, soil, ice, vegetation), the decorrelation explanation
connected to a change in scatterer distribution feels somewhat
counter-intuitive, since: i) no melting and refreezing should
happen, ii) snow accumulation should not significantly con-
tribute to the backscatter, and iii) the ground scatterer distri-
bution (e.g., vegetation) is rather experiencing a conservation
than a redistribution, compared to the snow-free case. Still,
strong decorrelation is omnipresent in snow-covered areas at
low temperatures.

In this paper, we provide an alternative explanation that
does not require a scatterer redistribution. We show that a
mere change of the snow permittivity may result in a decor-
relation, due to a change of the vertical wavenumbers of the
radar waves in the snow. A similar effect has been observed
in [4] for the soil moisture case.

2. DECORRELATION EFFECT OF DRY SNOW

When penetrating the snow surface, the higher relative per-
mittivity of snow, εr,s, compared to air results in a reduced
propagation velocity of the radar signals within the snow pack
and, consequently, in refraction at the air-snow interface. Fol-
lowing [1], the additional phase delay introduced by the snow
cover can be written as

∆Φs =
4 · π
λ0

· Zs ·
(√

εr,s(ρs)− sin2 θi − cos θi

)
, (1)

where λ0 is the wavelength, Zs is the snow height, εr,s(ρs) is
the density dependent relative permittivity of the snow pack,
and θi is the incident angle. The relative permittivity of dry
snow is mainly a function of the snow density and can be
computed as εr,s(ρs) = 1+1.5995 ·

(
ρs · cm3 g−1

)
+1.861 ·(

ρs · cm3 g−1
)3

[2], where ρs is the snow density in g cm−3.
The density of dry snow typically ranges from 0.1 g cm−3 for
freshly fallen snow to 0.4 g cm−3 for heavily wind compacted
snow, resulting in a relative permittivity from 1.16 to 1.76, re-
spectively. The density of the snow pack commonly increases
within days due to self-compaction, additional snow accumu-
lation, or wind-induced compaction. Considering orbital re-
peat cycles of more than 10 days, it is very likely that the radar
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Fig. 1: Plane wave impinging on a smooth snow layer and
refracting into the snow volume. Note that only the vertical
wavenumber changes when propagating into the snow.

signals of the different SAR acquisitions of the D-InSAR pair
will penetrate a snow volume with slightly different permit-
tivity.

From the across-track interferometry case (non-zero base-
line) it is well known that a change in the horizontal or vertical
wavenumber of the SAR acquisitions with which the ground
reflectivity is sampled results in decorrelation of the interfer-
ogram [5]. For the D-InSAR case (zero baseline), we note
that a change of the wavenumber results from the snow cover
above the ground. When observing a plane wave impinging
on an air/snow interface, as illustrated in Fig. 1, it is insight-
ful to describe the wave propagation in the wavenumber do-
main in a decomposed form with a horizontal component, ky ,
parallel to the interface and a vertical component, kz , per-
pendicular to the interface. According to [5], the wavenum-
bers in air can be written as ky,a = 2·π

λ0
sin θi and kz,a =

2·π
λ0

cos θi, where θi is the incident angle at the air/snow in-
terface. From electromagnetic field theory we know that the
horizontal boundary conditions have to be satisfied at the di-
electric interface, i.e.,

ky,a = ky,s, (2)

where the indices a and s represent air and snow, respectively.
Furthermore, we note that the wave equations must hold in
both the air and snow volume (assuming non-magnetic me-
dia):

k2y,a + k2z,a = ω2 · ε0 · µ0, (3)

k2y,s + k2z,s = ω2 · εr,s · ε0 · µ0, (4)

where ω is the angular frequency and ε0 and µ0 are the elec-
tric and magnetic constants, respectively. Since the imaginary
part of the permittivity of dry snow is negligible at microwave
frequencies, (4) can be assumed real valued. From (2), (4) and
the expression given in [5] for the horizontal wavenumber, the

Fig. 2: Simulation of the snow-induced decorrelation effect
caused by a change in the permittivity of the snow for differ-
ent values of relative permittivity difference, ∆ε, and ground
surface roughness σz . (Top) C band and (bottom) L band.

vertical wavenumber in the snow can be derived as:

kz,s =
√
ω2 · εr,s · ε0 · µ0 − k2y,a

=
2 · π
λ0

·
√
εr,s − sin2 (θi).

(5)

We can summarize that the horizontal wavenumber is not af-
fected by the snow. However, the vertical wavenumber is al-
tered by the permittivity of the snow. If the scattering centers
within one resolution cell are distributed only horizontally, a
change in snow permittivity between the two acquisitions of
the D-InSAR pair is not causing decorrelation. However, if
the scattering centers are also distributed vertically –even just
slightly– a change in snow permittivity results in decorrela-
tion. For a vertical backscatter density distribution f(z), if
we consider the two images being acquired at two different
snow permittivity states, εr,s,1 and εr,s,2, the complex coher-
ence can be written as

γ (εr,s,1, εr,s,2) =

∫∞
0

f(z) · ej2z(kz,s,2−kz,s,1)dz∫∞
0

f(z)dz
. (6)

In the following, two scattering scenarios are investigated.
In the first one, a rough surface underneath the snow cover is
assumed where the vertical distribution of the scattering cen-
ters is given by a zero-mean normal distribution with a stan-
dard deviation (root-mean-square error), σz . We have quan-
tified the decorrelation by means of a Monte Carlo simula-
tion. In each iteration, two SAR signals have been simulated



Fig. 3: Simulation of the snow-induced decorrelation effect
caused by a change in the permittivity of the snow for differ-
ent values of relative permittivity difference, ∆ε, and vertical
scattering volume extension ∆z underneath the snow cover.
(Top) C band and (bottom) L band.

for one realization of scattering center distribution but dif-
ferent relative permittivities, according to the phase delay in
(1). In all cases, a zero-baseline scenario has been consid-
ered. The mean coherence is then computed over all Monte
Carlo iterations. Fig. 2 shows the resulting coherence for
different relative permittivity changes, ∆ε, and different σz ,
where the relative permittivity of the first SAR acquisition is
assumed to be 1.2. For the top plot in Fig. 2, a C-band fre-
quency of 5.4GHz (Sentinel-1) is used and for the bottom
plot an L-band frequency of 1.25GHz (NISAR). The decor-
relation increases for larger permittivity differences until the
coherence drops to zero, i.e, a complete decorrelation of the
acquisitions. Also, the decorrelation increases for higher sur-
face roughness, which is in line with the analogy to volume
decorrelation in across-track InSAR. The decorrelation is sig-
nificantly lower in L band. Note that the depth of the snow
layer has no influence on the decorrelation.

In a second scattering scenario, a uniform vertical scatter-
ing center distribution with a certain vertical extent, ∆z, is as-
sumed to be located underneath the snow layer, representing
an idealized case of vertically limited volume scattering, e.g.,
resulting from a vegetation layer. The resulting coherence is
shown in Fig. 3 for C and L bands in the upper and lower
panel, respectively. Four different uniform volume heights,
∆z, are simulated. In contrast to the rough surface scenario,
a sinc-like pattern results when evaluating increasing permit-
tivity differences. The sinc-pattern is the Fourier pair to the

vertically limited uniform distribution, which results as a con-
sequence of the Fourier transform characteristic of the coher-
ence model in (6). Also here, the analogy to the across-track
InSAR case may be drawn, where an increasing permittivity
difference corresponds to a larger vertical wavenumber differ-
ence (i.e., a larger baseline).

3. SENTINEL-1 DATA ANALYSIS

A validation of the above outlined effect on real D-InSAR
data is rather complex since it requires accompanying snow
density measurements as well as estimates of the backscat-
ter behavior. Dedicated airborne campaigns or laboratory
measurements need to be conducted for the validation of the
model. For now, we try to identify evidence for the snow-
induced decorrelation in a global Sentinel-1 coherence data
set. For a large area in northeast Asia, we use the median
12-day coherence over three months (December, January,
February) in Winter 2019/2020 from the global Sentinal-1
coherence data set generated by Kellndorfer et al. [6] with
a 3 arcsecond resolution and compare it to an estimate of
the median 12-day SWE change (∆SWE) in the same time
period derived from the SWE-NH-5km1 data of the Coper-
nicus Global Land Services based on microwave radiometer
measurements. The data are mapped to the same grid and
filtered for ∆SWE values greater than 4mm to ensure that
only snow-covered areas are analyzed. The respective maps
are shown in Fig. 4. The area under analysis has been chosen
because of a high consistency of the SWE-NH-5km data in the
considered time period. Note that no SWE is mapped over
mountains or ice sheets nor in wet snow conditions. Note also
that a change in SWE is caused either by a change in snow
height, snow density (i.e., permittivity), or both. Snow accu-
mulation commonly results in a snow density change, due to
the different properties of freshly fallen and settled snow and
the compacting of the older snow layer by the pressure of the
new snow layer. Therefore, we assume that in most cases a
change in SWE indicates a slight density, i.e., permittivity,
change.

Fig. 5 shows the normalized (for each ∆SWE bin) 2-D
histogram. Coherence values between 0 and 0.75 are vis-
ible and a clear correlation between the coherence and the
∆SWE can be observed. The coherence falls drastically for
increasing ∆SWE. When looking closely, one can distin-
guish two patterns in the histogram. One that falls over almost
the whole ∆SWE extent of the histogram from a coherence
value of roughly 0.7 to 0. Besides, in the ∆SWE intervals
[12mm, 21mm] and [21mm, 28mm] two side lobes of what
might be interpreted as a sinc-pattern are visible, where the

1The product was generated by the land service of Copernicus, the Earth
Observation program of the European Commission. The research leading
to the current version of the product has received funding from various Eu-
ropean Commission Research and Technical Development programs. The
product is based on SWE-NH-5km data ((c) ESA and distributed by FMI).



Fig. 4: Maps of median values of ∆SWE (top) and Sentinel-1
12-day coherence (bottom) for a large area in northeast Asia.

main lobe coincides with the first pattern. The two patterns
may be attributed to similar scattering scenarios as discussed
in the previous section, a rough surface and a volume-like
scattering distribution underneath the snow cover. However,
no data are available at the moment to proof this assumption
and other temporal decorrelation effects, such as temporal
changes of the backscatter distribution, might be present in
these data. For all these reasons, an inversion of the snow pa-
rameters is not attempted in this contribution. Still, the clear
correlation between the InSAR coherence and the ∆SWE,
together with the similarity of the histogram and the decorre-
lation patterns shown in Section 2, support that the dry snow
decorrelation effect might be a relevant, if not the dominating
one.

4. CONCLUSION

We have shown that a permittivity change of a snow layer
may result in severe decorrelation of a D-InSAR acquisi-
tion if the scattering centers within a resolution cell are not
only distributed horizontally, but also vertically, even if just
slightly. The decorrelation increases for higher frequencies,
a larger change in permittivity, and a larger vertical extent
of the backscatter distribution within one resolution cell. We
have also shown that this model of snow-induced decorre-
lation might be compatible with the wide-area analysis of
Sentinel-1 12-day coherence data. Further validation with
dedicated campaigns might be helpful and will be subject of
a future work. The identified correlation between coherence
and ∆SWE may allow to exploit the decorrelation effect to
invert snow parameters. Furthermore, the described depen-

Fig. 5: 2-D histogram relating the maps in Fig. 4, normalized
for each ∆SWE bin. Note that the form of the histogram is
similar to the patterns shown in the analysis of Section 2.

dence of the vertical wavenumber to the permittivity may
be used to generate tomographic information from multiple
zero-baseline acquisitions, similar to the virtual bandwidth
concept introduced for the soil moisture case in [7].
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