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Snow depth and Snow Water Equivalence (SWE) are important parameters for hydrological applications. In this application, a
theoretical method of snow depth estimation with repeat-pass InSAR measurements was proposed, and a preliminary sensitivity
analysis of snow phase changes versus the incident angle and snow density was developed. Moreover, the snow density and incident
angle parameters were analyzed and calibrated, and the local incident angle was used as a substitute for the satellite incident angle
to improve the snow depth estimation. From the results, the coherence images showed that a high degree of coherence can be found
for dry snow, and, apart from the effect of snow, land use/cover change due to a long temporal baseline and geometric distortion
due to the rugged terrain were the main constraints for InSAR technique to measure snow depth and SWE in this area. The result
of snow depth estimation between July 2008 and February 2009 demonstrated that the average snow depth was about 20 cm, which
was consistent with the field survey results.The areal coverage of snow distribution estimated from the snow depth and SWE results
was consistent with snow cover obtained from HJ-1A CCD optical data at the same time.

1. Introduction

Seasonal snow cover is one of the most important compo-
nents in predicting global water- and energy-cycle conse-
quences due to earth-system variability and change [1]. Snow
depth is one of the most important parameters for hydrolog-
ical applications and can dominate local and regional climate
and hydrology. Snow Water Equivalence (SWE) represents
the total amount of water available if the snowpack were
melted instantaneously. Remote sensing is a powerful tool
that offers the ability to examine quantitatively the physical
properties of snow in remote or otherwise inaccessible
areas where obtaining measurements may be expensive and
dangerous [2]. Remote-sensing practitioners have strived for
many years to measure snow depth and SWE from satellite-
based sensors but have had limited success [3].

As opposed to optical sensors, active microwave sensors,
especially Synthetic Aperture Radar (SAR), can be collected

at nighttime and through cloud cover [4]. SAR observations
provide high-resolution measurements that are comparable
to the scale of topographical variation in mountainous areas,
and these measurements are more suitable for monitoring
snow cover than data from passive microwave instruments
[5, 6]. SAR backscattering from a snow-covered area depends
on (1) sensor parameters, which include frequency, polariza-
tion, and viewing geometry, and (2) snowpack and ground
parameters, which include snow density, liquid water con-
tent, particle size and shape of water and ice, and surface
roughness parameters [7]. Snow depth estimation from SAR
backscattering measurements requires very accurate inver-
sion models and is a very complex process [8]. InSAR is the
most notable application of spaceborne SAR for monitoring
dynamic changes. It is achieved by using the repeat-pass
pattern, in which two SAR images are acquired by the same
antenna, and the area is revisited in a specific time interval.
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During the past decades, spaceborne SAR interferometry has
been successfully used to measure millimeter- to meter-level
deformation on the surface due to earthquakes, landslides,
glacier movements, and displacement on Earth’s surface [9–
11], and the data have been used extensively to map snow
cover, temporal snowpack conditions, and snow evolution,
perform coherence analysis, and estimate snow depth and
SWE [12–17].

Radar backscattering from dry snow and that from a
snow-free surface are similar in the C-band [18], because
the penetration depth of InSAR signals can reach tens of
meters in dry snow [19]. The ground beneath the snow
rather than the snow crystals represents the major source
of the backscattering signal [13, 14]. Refraction of the radar
beam in the snow/air interface is caused by the presence
of dry snowpack, and the index of refraction is related to
the density and permittivity of the snow [20]. Therefore,
there is a difference between radar propagation through the
atmosphere and radar propagation through dry snow, and
there is a phase shift between the two SAR acquisitions with
and without snow. Hence, using this geometry and physical
properties of the snowpack, a relationship betweenphase shift
and snow mass can be derived, and this represents a direct
method for estimating snowdepth or relative changes in SWE
[13, 14].

However, repeat-pass InSAR can only work under coher-
ent conditions where a high correlation exists between the
SAR signals for the SAR acquisition pair [21]. Using repeat-
pass InSAR for snow applications has several limitations that
influence InSAR processing and the results: temporal decor-
relation, atmospheric effects, and geometric distortions. As
for snow depth estimation in mountainous areas, estimates
derived by InSAR technology are also subject to various
other restrictions: decorrelation, frequency-dependent phase
wrapping ambiguities, and complicated processing of repeat-
pass interferograms with specialized software compared to
passive microwave algorithms [15]. A snow-free surface
preserves high coherence between the two SAR acquisitions
while a snow-covered one does not [15]. Hence, snow
cover results in a significant decorrelation between the two
SAR acquisitions over areas with and without snow. Light
snowfall or small changes in snow properties can also cause
height errors in the DEM derived from glaciers or bare
ground, even if a high degree of coherence exists [13].
Phase wrapping occurs for snow depth changes of 16.4 cm,
which equals a SWE of 3.3 cm when the snow density is
0.2 g/cm3 at 23∘ incident angle in the C-band, and hence
delta-K InSAR processing for deriving SWE of dry snow
is applied by multiplying the two delta-K images from
summer and winter [22]. Additionally, snow stratigraphy is
another factor that strongly affects the microwave radiative
and scattering properties of snow [23–25]. Snow stratigraphy
can lead to a variation of snow densities in the vertical
direction; therefore, volume scattering of snowpack cannot
be neglected. However, it is difficult to retrieve/estimate snow
depth of a layered snowpack from the SAR signal because
the details of the layered condition are unknown and the
wave transmit path in snowpack cannot be identified [26]. In
spite of these problems, using InSAR data for snow depth and

SWE estimation has proved to be one of the most promising
techniques in theoretical research [1].

TheManas River Basin, in the Northern Piedmont region
of the Tianshan Mountains in Xinjiang, is the fourth largest
irrigated area in China. In this mountainous region, snowfall
is a substantial part of the overall precipitation and provides
freshwater to over a million people in the city of Urumqi,
the capital of Xinjiang, China. Additionally, snowmelt is a
major component of total annual stream flow and has a
significant influence on the hydrologic cycle in this region.
However, it is very difficult and dangerous to gather sufficient
information regarding the snowpack in this area, because this
area is not easily accessible in the winter. Moreover, the pub-
lished literature regarding snow depth estimation using SAR
observations is limited [27, 28].

Thus, this research aims to develop a process to estimate
snow depth and SWE with repeat-pass InSARmeasurements
by using Envisat ASAR IMS data. Without any direct mea-
surements of snow characteristics when the InSAR pairs pass
by, snow characteristics of measured data and hydrological
station data at a different winter time were analyzed. The
InSAR process is optimized to obtain a clear interferogram
and right phase left due to the difference in the two-way
propagation of the radar wave in the snowpack relative to
the air. A preliminary sensitivity analysis was developed,
and the rate of changes of snow phase versus the incident
angle and snow density was calculated to see how these
two parameters influence the snow phase. Lastly, the snow
density and incident angle parameters were calibrated, and
the local incident angle was used as a substitute for the
satellite incident angle of 23∘ to improve the final snow depth
estimation.And SWEwas also calculated by using the directly
linear relationship between the differential phase shift due to
propagation in the snowpack and SWE, under the nominal
incident angle 23∘ of Envisat ASAR. Apart from the snow,
the influences of both terrain distortion and land use/cover
types could also contribute to considerable deterioration in
the degree of coherence for the coherence images. It is shown
that snow depth estimation result can provide more detailed
information on snow than SWE estimation. And the result of
snow depth estimation between July 2008 and February 2009
demonstrated that the average snow depth was about 20 cm,
which was consistent with the field survey results. Despite
limited ground measurement to infer snowpack condition
and validate snow depth or SWE estimation results, the
comparison between snow depth/SWE estimation and snow-
covered area from HJ-1A CCD optical data can be the evi-
dence to verify InSAR technique to be the promising method
to obtain snow depth and SWE in a higher resolution.

2. Study Area and Materials

2.1. Study Area. The Manas River Basin is the largest inland
river in the Northern Piedmont region of the Tianshan
Mountains. It covers a latitudinal range between 43∘20N
and 44∘55N and a longitudinal range between 85∘00E and
86∘10E, and the size of the area is 5156 km2 (Figure 1(a)).
The elevation of the study area ranges from 743m to 5152m.
Generally, winter precipitation (November to next March)
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Figure 1: (a)TheManas River Basin is located in the north of Xinjiang, China, with two main rivers flowing through it: Manas and Qingshui
River. (b) The white-bordered rectangle in the right picture shows the coverage of ASAR IMS images in our database, and the yellow one
shows the demonstration area.

accumulates in the form of snow, especially at high elevation,
and melts in summer (June to August), often leading to
summer floods.

A pilot study was carried out for a 4 km × 1.6 km
demonstration area in the Manas River Basin (the yellow-
bordered rectangle in Figure 1). The highest elevation in this
area is 3422m.This area hasmoderate topography.More than
78% of the area has slopes smaller than 20∘. Less than 9%
of the area has slopes greater than 30∘. Thirteen percent of
the area has slopes between 20∘ and 30∘. The areas covered
by the eight aspects (north, northeast, east, southeast, south,
southwest, west, and northwest) are almost equal in size.

In terms of topographic mapping and deformation mon-
itoring, ground truth may influence the quality of the cor-
relation and even the final results, because the scattering
properties of different types of land cover are various, and
land cover/use change would occur during the time of InSAR
pair acquisition. Therefore, the coherence of the InSAR
pair is subject easily to land cover change, especially in
the application of snow depth estimation by using repeat-
pass InSAR measurement. Apart from a small amount of
farmland along the river, the main area consists of mainly
sparsely vegetated area (Figure 2). In areas above 2500m,
portions of the landscape exposed to the sun are mainly bare

Table 1: Temporal and spatial baseline of two InSAR pairs.

InSAR pair (master-slave) 080712-090103 090103-090207
Temporal baseline (days) 175 35
Perpendicular baseline (meters) 56.552 476.040
Critical baseline (meters) 934.975 934.891

land, whereas areas exposed to more shade are covered with
coniferous forest (Figure 2).

2.2. Materials

2.2.1. Envisat ASAR IMS. The Envisat satellite is equipped
with a C-band ASAR instrument. A set of slant-range
complex ASAR IMS products are used for interferometric
measurements with swath IS2 and a nominal incident angle
range of 19.2∘–26.7∘. Scenes acquired with the same frame
2720 and track 162 were chosen to generate an interferogram
for the Manas River Basin. The overpass time was 04:33 a.m.
local time for the study area in the descending orbits.The data
in the following sections are renamed following the yymmdd
format, denoting the time of data acquisition [28].

Two InSAR pairs, 090103-080712 and 090103-090207,
were used in the snow depth and SWE estimation (Table 1).
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Table 2: Snow parameters from field measurement in the Sanchakou site.

Location Local time (yyyymmdd) Snow density (g/cm3) Permittivity Snow depth range (cm)
Real part Imaginary part

Sanchakou 43∘5553N 20111207 0.14 1.34 0.009 7-8
86∘1233E

(d)

(a)

(b)

(c)

(b)

(e)

(c) (d)

(a)

Figure 2: The study area consists of several typical kinds of land cover. There are (a) bare land with sparse grass in most areas without snow,
(b) bare land exposed to the sun, (c) coniferous forest in the shade aspect, and (d) ground covered with snow and no grass in the winter. (c)
shows an area in the Sanchakou site. (e) shows the study area with background from Google Earth.

There was no snow on 12 June 2008, and snow covered on 3
January 2009 and 7 February 2009.Therefore, the InSAR pair
090103-080712 represents the snow depth on 3 January 2009,
and 090103-090207 depicts the snow depth change between
7 February 2009 and 3 January 2009.

2.2.2. Field Measurements Data. With regard to the snow-
climate class, the snow type of the Tianshan Mountains
area is dry and cold in the winter [29]. We measured snow
parameters in Sanchakou automatic weather station, within
the study area (see Figure 2). Table 2 lists the mean values of
snow parameters including snow density, real and imaginary
part of the snow permittivity, and snow depth, respectively.
This was not the first snowfall in this region.

We also measured snow characters and environmental
factors in three other sites, that is, Fukang (44∘1724N,
87∘5550E, 20101207), Dunde (43∘154N, 85∘2050E,
20120411), and Aerxiangou (43∘2526N, 84∘422E,
20120412), from the year of 2010 to 2012 and from December
to next April. These sites were not within the study area, but
all these sites were located in the central TianshanMountains.
From December 2010 to April 2012, four field measurements
were carried out to investigate the snow characteristics and
their variation tendency in a snow season, using a snow fork,
a portable instrument for measuring the properties of snow.
A large number of snow pits were measured in detail, and
the measurements included snow depth, grain size, density,

snow dielectric constant, snow temperature, temperature at
both snow/ground and air/snow interfaces, and stratigraphy
of the snowpack.

Although these measured data were obtained in different
years, the data are assumed to represent the snow characteris-
tics within a snow season in the central TianshanMountains.
Themean snow density ranged from 0.14 g/cm3 to 0.25 g/cm3
from December to April of the following year. And, with the
aging of snow, snow density increased and reached the peak
(measured to be 0.25 g/cm3) when snow was melting. Snow
temperature varies with time of day. A snow temperature
profile was obtained for a 24-hour period from 7 December
2011 to 8 December 2011, using a temperature logger located
in the snowpack at 2-3 cm depth. And the temperature in
snowpack was measured to be at −7∘C stability for a long
period from 10:00 p.m. to 10:00 a.m. the next day; therefore,
it was assumed that the snow was in a dry condition due
to the cold winter night. It is worth pointing out that the
measurements were all carried out during the daytime, most
of them at noon, whereas the satellite overpass occurred at
04:33 a.m. in the cold night. Therefore, it can be assumed
that the temperature in the snowpack was below 0∘C and the
liquid water content was likely reduced to 0 when the SAR
was passing by.

Despite limited ground measurements to infer snowpack
conditions at the time of InSAR pair passing by, these
measurement data showed a general change trend of snow
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characters in a snow season. And it can be inferred that the
snow should remain in a dry condition in the study area
during January and February.

2.2.3. Air Temperature Data from the Hydrological Station.
Air temperature data were obtained from the Kensiwate
hydrological station, the control station at the confluence of
Manas main streams and tributaries, at an elevation of 910m
and a control area of 4637 km2. Figure 3 shows the station’s
monthly maximum, minimum, and average air temperatures
in the years of 2002 and 2004. Air temperatures in January,
February, March, November, and December were all below
0∘C, andminimum temperatures usually occurred in January
and February. With regard to the snow season, snowmelt
can be considered to take place in late March or early April,
which coincided with the field measurements. Note that
the maximum air temperature in December was above 0∘C,
which is a factor that cannot be ignored because it leads to
snow in the cycles of freezing and thawing.

2.2.4. Snow Depth Survey Data. Seven snow observation
sites were used to obtain snow depth data from the Shihezi
Hydrology and Water Resources Survey Bureau. All these
sites were located inmountainous areas below the elevation of
1600m. Since 1998, snow depth data have been collected on
the last day of each month from November to next March.
Results indicated that, in general, the maximum value of
snow depth occurred in the last days of February, the highest
snow depth record was 53 cm, and the average snow depth
was about 20–28 cm [28]. And no field measurements were
obtained in subalpine or alpine areas above 1600m which
were not accessible due to rugged terrain.

3. Methodology

3.1. Theory

3.1.1. InSAR and DInSARTheory. On the basis of the theories
repeat-pass InSAR and DInSAR, the observed phase values𝜙1 and 𝜙2 in the two images for a resolution point are

𝜙1 = 4𝜋𝜆 𝑅 + 𝑛1,
𝜙2 = 4𝜋𝜆 (𝑅 + Δ𝑅) + 𝑛2,

(1)

where 𝑅 and 𝑅 + Δ𝑅 are the radar range distances, 𝜆 is the
radar wavelength, and 𝑛1 and 𝑛2 are the contributions of the
scattering phases in both images.

If the scattering characteristics are equal during acquisi-
tion (i.e., 𝑛1 = 𝑛2), mathematically, the interferometric phase𝜙 can be extracted by

𝜙 = 𝜙1 − 𝜙2 = −4𝜋𝜆 Δ𝑅 + (𝑛1 − 𝑛2) = −4𝜋𝜆 Δ𝑅, (2)

where Δ𝑅 is the one-way range difference. The equation
shows that the interferometric phase is proportional to the

two-way range difference Δ𝑅, which can be approximated as
[30] Δ𝑅 ≈ 𝐵 sin (𝜃 − 𝛼) = 𝐵//, (3)

where 𝐵 is the length of the baseline vector connecting two
sensors and𝐵// is the baseline component parallel to the radar
look vector.

If there are changes during image acquisition times,
interferometric phase will record any displacement of the
ground along the radar line of sight that has occurred during
the time interval between the two images. And the range
difference is approximated asΔ𝑅 = Δ𝑅0 + 𝛿𝑑 = 𝐵// + 𝛿𝑑. (4)

Using (2), the interferometric phase is

𝜙 = 4𝜋𝜆 Δ𝑅 = −4𝜋𝜆 (𝐵‖ + 𝛿𝑑) . (5)

Subtracting the phase caused by flat earth and by topog-
raphy, the residual phase Δ𝜙, which may result not only
from deformation, but also from changes in electromagnetic
properties along the propagation path, is derived as follows:

Δ𝜙 = 𝜙 − 𝜙0 = 4𝜋𝜆 𝛿𝑑, (6)

where 𝛿𝑑 is the displacement in the radar line of sight (radar
LOS).

3.1.2. InSAR for SWE/Snow Depth Estimation. In homoge-
nously dry snow, the main backscattering effect is due to the
snow-ground interface (part (2) in Figure 4(b)), whereas the
volume scattering is small and its effect on the interferometric
phase is negligible (part (3) in Figure 4(b)) [13]. Thus, the
radar wave refraction is presumably due to the difference in
the dielectric properties changes of the propagation path of
the radar beam vector, which occurs in the snow/air interface
(Figure 4(b)) and therefore results in a phase shift.

Figure 4(a) illustrates the difference of the propagation
path of radar waves with and without snow. For a nonmoving
pixel, the radar wave range is shown as Δ𝑅𝑠 without snow
cover, andΔ𝑅𝑎+Δ𝑅𝑟 is shownwith snowdue to the refraction
of the radar beam in the snow-air interface. The range
difference is represented byΔ𝑅 = Δ𝑅𝑠 − (Δ𝑅𝑎 + Δ𝑅𝑟) . (7)

For any kind of dry snow (fresh, old, or wind-pressed
snow, depth hoar, and refrozen crusts), the permittivity 𝜀𝑠 of
dry snow is a function of snowdensity𝜌only.The relationship
can be represented by 𝜀𝑠 = 1+1.6𝜌+1.86𝜌3, and the refraction
index, 𝑛, is 𝜀𝑠 = 𝑛2 [20].

According to (6) and (7), the snow phase 𝜙snow represents
the difference in the two-way propagation with and without
snow and can be derived as [13, 14]

𝜙snow = −4𝜋𝜆 𝑑𝑠 (cos 𝜃𝑖 − √𝜀𝑠 − sin 𝜃2𝑖 )
= −4𝜋𝜆 𝑑𝑠 (cos 𝜃𝑖 − √1 + 1.6𝜌 + 1.86𝜌3 − sin 𝜃2𝑖 ) ,

(8)
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Figure 3: Air temperature data from the Kensiwate hydrological station in (a) 2002 and (b) 2004. The lowest temperature occurred in
December, and air temperatures were above 0∘C in April.
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Figure 4: (a) Geometry of radar wave in snow and (b) scattering mechanism in snowpack (surface scattering in air-snow and snow-ground
interface; volume scattering at snow grains within snowpack); (1) surface scattering at air-snow interface; (2) surface scattering at the ground-
snow interface; (3) volume scattering at snow grains within the snowpack [17].
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Figure 5: The sensitivity of (a) incident angle and (b) snow density on snow phase with snow densities 𝜌 = 0.15 g/cm3, 0.20 g/cm3, and
0.25 g/cm3; snow depths 𝑑 = 5 cm, 10 cm, and 20 cm.

where 𝑑𝑠 is the depth of the snowpack; 𝜀𝑠 is dielectric constant
of snow; 𝜆 is radar wavelength; 𝜃𝑖 is the incident angle.

And SWE, the mass of snow on ground, is the amount of
water that can be obtained when a snowpack is completely
melted. It can be represented by

SWE = ⟨𝜌⟩ 𝑑𝑠, (9)

where ⟨𝜌⟩ is themean value of snow density in the snowpack.
For snow density 𝜌𝑠 in a range of 0–0.5 g/cm3, a linear

approximation relation between the interferometric phase
difference and SWE can be obtained by using 𝜃𝑖 = 23∘, the
nominal Envisat ASAR incident angle [13, 14]:

Δ𝜙snow = −4𝜋𝜆 0.87ΔSWE. (10)

Equation (10) demonstrates that there is a linear approx-
imation between the InSAR phase difference of dry snow,Δ𝜙snow, and changes in SWE. And also, according to (8)
and (10), the InSAR phase difference of dry snow is a
more accurate function of snow depth, with two param-
eters: incident angle 𝜃𝑖 and snow density 𝜌. Therefore, a
preliminary sensitivity analysis was developed to see how
these two parameters, incident angle 𝜃𝑖 and snow density 𝜌,
would influence the phase difference obtained from InSAR
measurement in the dry snow.

Based on the law of error propagation, according to (8),
the sensitivities of incident angle 𝜃𝑖 and snow density 𝜌 on

snow phase term 𝜙snow can be derived by taking the partial
derivatives:𝜕𝜙snow𝜕𝜃𝑖 = −4𝜋𝜆
⋅ 𝑑𝑠(− sin 𝜃𝑖 + sin 𝜃𝑖 cos 𝜃𝑖√1 + 1.6𝜌 + 1.86𝜌3 − sin 𝜃𝑖2)

(11)

𝜕𝜙snow𝜕𝜌 = 4𝜋𝜆 𝑑𝑠 0.8 + 2.79𝜌2√1 + 1.6𝜌 + 1.86𝜌3 − sin 𝜃𝑖2 . (12)

In the preliminary sensitivity analysis, several combina-
tions of these parameters were verified in (11) and (12). From
the fieldmeasurement data, themean snow density was in the
range of 0.14 g/cm3 and 0.25 g/cm3 in a snow season (from
December to April of the following year) in the central Tian-
shan Mountains. And each spaceborne sensor platform has
a different incident angle. In this application, Envisat ASAR
IMS data were utilized with a nominal incident angle range
of 19.2∘–26.7∘. And also RADARSAT-1 and RADARSAT-2,
with a range of 3–100m in pixel size and incident angles of
20∘–49∘, are satellite data sources frequently used in InSAR
measurement. As may be noted from (8), the incident angle
plays a very important role in the relationship of phase
differences InSAR data and snow depth estimation. Previous
research also concluded that the incident angle of sensors
has a crucial influence on InSAR phase and also on SWE
estimation [31].

Figure 5 depicts the rate of changes of snow phase
versus the incident angle and snow density and reflects the
sensitivity of the incident angle and snow density on snow
phase (see (11) and (12)). Using the range of snow density 𝜌
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available fromfieldmeasurements data, the rates of variations
of snow phase with respect to incident angle ranging from
0∘ to 90∘ were calculated (see (11) and (12)). Figure 5(a)
demonstrates the fluctuation of the rate of snow phase change
relative to the incident angle (see (11)). The three different
kinds of curves (the dotted line, dashed line, and solid line)
in Figure 5(a) show that the rates of changes, in different
snow densities and with the same snow depth, are almost
the same in snow depth 𝑑 = 5 cm, while they are a little
different in 𝑑 = 20 cm, especially in the range of incident
angle 25∘–75∘. And all the curves in Figure 5(a) show that
the rate of snow phase change increases exponentially with
the increase of incident angle and rises dramatically with
deeper snow (𝑑 = 20 cm). Figure 5(b) demonstrates the
fluctuation of the rate of snow phase change with respect to
the snow density (see (12)). The dotted line, dashed line, and
solid line in Figure 5(b) demonstrate that the rates of snow
phase change in three different snow densities are almost
the same in the same snow depth 𝑑 = 5 cm, while the
differences in the rates of changes are enlarged when snow
depth increases. And it can be figured out that the slopes of
snow phase change are the same with the same snow depth
and different snow densities in the incident angle 50∘. In both
Figures 5(a) and 5(b), an incident angle less than 50∘ does not
show a significant effect on the rate of snowphase changewith
respect to the incident angle and snow density, but the snow
phase increases exponentially for greater incident angles.

Given that coherence exists between the two SAR acqui-
sitions with a coincidence of snowfall or redistribution, the
total repeat-pass interferometric phase 𝜙 consists of the
following contributions:

𝜙 = 𝜙flat + 𝜙topo + 𝜙snow + 𝜙atm + 𝜙noise, (13)

where 𝜙flat and 𝜙topo are the phase differences due to changes
of the relative distance between satellite and target for flat
earth and for topography, respectively. 𝜙atm results from
changes in atmospheric propagation (heterogeneous atmo-
spheric (ionosphere and (or) troposphere)), and 𝜙noise is
phase noise. 𝜙snow is the two-way propagation difference in
the snowpack relative to air and results from the refraction
of the radar wave in dry snowpack (see (8)). The phase
becomes meaningful and valuable when these components
are separated from each other.Therefore, 𝜙snow would remain
to estimate the snow depth and SWE after 𝜙flat, 𝜙topo, and 𝜙atm
have been removed.

3.2. InSAR Processing Chain. All interferometric process-
ing was performed using Gamma software developed by
a Switzerland based company. The Gamma interferometry
SAR processer (ISP) and Differential Interferometry and
Geocoding (DIFF&GEO) encompass a full range of algo-
rithms required for generation of interferograms, coherence
maps, intensity images, and unwrapped phase and differential
interferometric products. To remove “flat-earth” effect (𝜙flat
in (13)) in the interferometric results, the precise satellite posi-
tion must be known during each acquisition. In this regard,
the perpendicular baseline is defined as the perpendicular
distance relative to the radar LOS of the satellite’s position

between each acquisition, and it is determined by extracting
state vectors from Envisat ASAR DORIS precision orbit state
vector files. For DInSAR system, the topographic phase (𝜙topo
in (13)) was simulated and geocoded using the external SRTM
DEM, which was subtracted from the wrapped phase. The
linear unflattened phase was simulated by the baseline model
and removed completely after the baseline was refined [28].

And it is worth noting that 𝜙atm may be the principal
sources of observed residual phase mixed in the snow
phase 𝜙snow [32]. Accurate correction of the atmospheric
phase screen in single InSAR pairs requires spatially detailed
information on the atmospheric propagation conditions (in
particular water vapor) which is usually not available [14].
Because this method works only for dry snow, atmospheric
temperatures and water vapor content should be rather
low, and therefore both the troposphere and the ionosphere
effects may be considered negligible for cold winter months
with low humidity at C-band [15]. Manas River Basin is
a typical high-cold region, and both the troposphere and
the ionosphere effects may be considered negligible in the
winter. However, in the summer, in July, the atmosphere
effects cannot be referred to in the SAR image 080712,
without any detailed ground measurement data. Therefore,
only the height-dependent atmospheric phase was removed
after removal of the topographic and flattened phases.

Moreover, some steps in InSAR processing were opti-
mized to guarantee a good interferogram [28]. The standard
deviation of the InSAR pair’s fine registration was strictly
controlled to remain below 0.1 pixels. From (8), phase
wrapping occurs for a change in snow depth of 2.9 times the
wavelength for a snow density of 0.2 g/cm3. Previous research
concluded that C-band phase wrapping at an incident angle
of 49∘ occurs at approximately 100 cm snow depth for a
snow density of 0.3 g/cm3 [31] and at every 49.2mm of SWE
at an incident angle of 23∘ [13]. And, in this application,
phase wrapping does not occur due to a low snow density
(the mean snow density of 0.18 g/cm3) and a shallow snow
depth (the snow depth less than 12 cm). Even though phase
wrapping would not occur theoretically, phase unwrapping
of the filtered differential interferogram is processed using
the minimum cost flow (MCF) techniques and a triangular
irregular network (TIN) in the Gamma software. The phase
was unwrapped after the removal of the topographic and
flattened phases, which can enhance the stability of the phase
unwrapped results and reduce the error in alpine areas.
The phase unwrapped results were interpolated to obtain a
successive phase.

After all phase components were separated and removed,
the remaining phase is assumed to be the snowphase (𝜙snow in
(13)) due to snow cover. Based on the geometric relationships
between snow phase and snow depth, snow depth can be
calculated using (8) by carrying the dielectric constant of
snow 𝜀𝑠 (depending only on snow density 𝜌) and the incident
angle 𝜃𝑖 [28].
3.3. Parameters Calibration. As shown in (8) and (10), snow
depth and SWE can be estimated using InSARmeasurements
based on the hypotheses that the snow layer is uniform and
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(a)

Layer 1: 0∘C

Layer 2: −7.2∘C

Layer 3: −7.2∘C

(b)

Figure 6: (a) Ice occurred in snow layers in Sanchakou site on 2011/12/07; (b) snow temperaturemeasured in a layered snowpack on 2012/04/11.
The top of the layer was 0∘C due to a high air temperature, and, at the bottom of the snowpack, the crystallization was markedly different.

volume scattering within the snowpack is negligible [33].
Snow density 𝜌 and incident angle 𝜃𝑖 are two crucial factors
for snow depth estimation, as described previously. For a
fixed SAR sensor platform, many theoretical studies in the
InSAR measurement are based on using the satellite incident
angle, such as the nominal 23∘ for Envisat ASAR, and a mean
value of snow density. However, snow density varies as snow
layers occur hierarchically in the natural environment, and
the incident angle varies in the range of 19.2∘–26.7∘ for Envisat
ASAR data [34].

Dry snow is a layeredmediumwhich is composedmostly
of ice crystals and air. Snow metamorphism often occurs
with the variation of a temperature gradient.These variations
are complex and are affected by other factors, such as new
snowfall and snow redistribution due to wind or gravity [28,
34]. Figure 6(a) shows that an ice layer was observed between
the snow layers on 2011/12/07 in Sanchakou station (within
the study area; see Figure 2). It was the second snowfall in
this area occurring only after a few days of the first one. The
freeze/thaw circle may be the other reason for the layering,
because the air temperature was measured at 6∘C at noon.
A vertical temperature gradient almost always exists in a
snowpack due to high air temperature changes at the surface.
Therefore, snow density should vary as snow hierarchy over
the whole study area. And it is complicated and difficult to
identify due to limited snow density ground measurements.
Consequently, in this research, snow density is assumed to
be equal to the mean value 0.18 g/cm3 over the snowpack for
snow depth estimation [28].

Envisat has a nominal incident angle fixed at 23∘. Many
previous theoretical studies in the InSAR application on snow
depth and SWE estimation are based on this angle [13–15].
Using (8) for snow depth estimation, it was determined that
the incident angle did not have a significant effect on phase
delay, especially at values smaller than 30∘. However, the
phase difference increases exponentially for greater incident
angles [31]. On the other hand, for SWE estimation, the
phase difference has a linear relationship with the changes
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Figure 7: (a) Profile line in local incident angle image through a
rugged area; (b) depicts the fluctuation of the incident angle between
0∘ and 60∘ due to drastic local terrain changes along the profile line.

in SWE for different incident angles, and the SWE increases
significantly with the incident angle. And, in the prelimi-
nary sensitivity analysis, incident angle indeed plays a very
important role in InSAR phase differences, and an incident
angle less than 50∘ does not show a significant effect on the
rate of snow phase change, but the snow phase increases
exponentially for greater incident angles. For ASAR mode
IS2, the satellite incident angle ranges from 19.2∘ to 26.7∘. The
incident angle of the data in this research is 22.76∘ based on
the header file. However, the incident angle varies over the
whole study area because of the rugged terrain. The curve in
Figure 7(b) shows the variation of incident angle of 0∘–60∘
due to the rugged terrain. The peak data of 60∘ occurred in a
scarp near a valley.
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4. Results

4.1. Interpretation of Results. There are three main results:
(1) the coherence image of each pair, (2) the interferogram,
fringe image, or relative change in the phase of each pair,
and (3) estimation of snow depth for each pair. In general,
the coherence image is a measure of consistency of scattering
properties on the ground between the two SAR acquisitions,
and also it can be used as a measure of the accuracy of the
interferometric phase [21, 28]. In addition, as a measure of
the similarity of the dielectric properties of the same pixel in
an InSAR pair, the coherence analysis can be used for image
classification [12], which has been applied in wet snow cover
mapping [35, 36].

The absolute value of the coherence ranged between 0
and 1, where 1 stands for a complete correlation and 0 means
no correlation. Figures 8(a) and 8(b) illustrate the coherence
images of the 080712-090103 pair and the 090103-090207
pair. The coherence of the 090103-090207 pair is better than
that of the 080712-090103 pair. The 080712-090103 pair has a
175-day time interval, much larger than the 090103-090207
pair. The coherence is affected mainly by a long temporal
baseline, over which physical changes of the ground surface
could occur. In addition, in July, the ground cover consisted
of sparse grass and farmland near the river (see the green
and red rectangular frames in Figures 8(a) and 8(b)) but was
covered subsequently with snow in winter. As for the 090103-
090207 pair, the area wasmostly covered with snow, and then
a high degree of coherence was found for dry snow. And the
shorter distance of the perpendicular baseline of the 080712-
090103 pair would imply that the calculated phase difference
was affected less by topography and that the removal of these
effects resulted in less change of the residual baseline.

In order to demonstrate the influence of topography
on the coherence, two profiles were acquired to show the
fluctuation in the degree of coherence (Figure 8). It can be
seen that the altitude of profile 2 was generally higher than
that of profile 1, and the local topographic relief of profile 2
was more dramatic (see Figures 8(g) and 8(h)). Even better
coherence can be found in lower altitude (see profile 1 in
Figure 8, mostly above 0.6) in both 080712-090103 pair and
090103-090207 pair; the coherence in higher altitude (see
profile 2 in Figure 8) was less than 0.5. The coherence degree
of profile 2 was stable and fluctuated between 0 and 0.5 (see
Figures 8(c) and 8(f)), with a concentration of 0.2.The rugged
terrain was the main reason for the low coherence or even
decorrelation. According to Google Earth images and field
surveys, the two locations that had a signification difference
between the two pairs (shown in the red and green rectangles)
were identified as farmland and covered with vegetation in
the summer (see Figures 8(c) and 8(d)). In addition, the
coniferous forest in the mountain areas also contributed to
the decorrelation in profile 2, especially at a short wavelength
C-band.

Image segmentation using the histogram threshold
method (threshold is set to 0.5) was applied to the coherence
images (Figure 9). The edges in the image of the 080712-
090103 pair were coincident with the borders of farmland,
but nothing similar was observed in the 090103-090207 pair.

The reason was a land use change from vegetation to snow
between July 2008 and January 2009. Between January 2009
and February 2009, the land use type did not change, and only
snowfall or redistribution occurred.

The relationship between surface movements and InSAR
detected displacement in LOS direction is linearly propor-
tional in valley regions with flat terrain [37]. And, for visual-
ization purposes, the radar-LOS displacement maps of both
InSAR pairs (Figures 10(a) and 10(b)) are shown to demon-
strate the spatial distribution of the snow depth estimation
results, because the displacement is linearly proportional to
the SWE [15].The estimation result of the 080712-090103 pair
is assumed to be equivalent to the snowdepth due to snowfall,
because snow was nonexistent in July in this area. Therefore,
the estimation result of the 090103-090207 pair is interpreted
as change in snow depth between the two SAR acquisitions.

In a comparison with snow cover estimated from HJ-
1A remotely sensed satellite imageries (dates: 2009/01/03 and
2009/02/09), it was evident that our estimation results of
snow depth and SWE (the colored areas in Figures 10(a) and
10(b)) were similar to the snow distribution in the optical
images (see Figures 10(c) and 10(d)), except for the areas
undetected due to low coherence (Figures 8(a) and 8(b)).
Thus, InSAR technology has the potential to identify the
spatial patterns of snow depth/SWE and their changes and
map snow cover under the condition of high coherence.

As described previously, typical densities of homoge-
neous snow and metamorphic winter snow in the study
area ranged between 0.16 g/cm3 and 0.25 g/cm3. The highest
density of 0.25 g/cm3 only occurred at the beginning of the
snowmelt. An empirical value of 0.18 g/cm3 for dry snow
density was used to derive snow depth and SWE, and the
local incident angle was used as a substitute for the satellite
incident angle of 23∘ to improve the snow depth results.
Figures 11(a) and 11(b) show the snow depth estimation result
in 080712-090103 pair and snow depth change estimation
result in 090103-090207 pair by using (8). Figures 11(c)
and 11(d) show the SWE estimation result in 080712-090103
pair and SWE change estimation result in 090103-090207
pair by using (10). The snow depth and SWE estimation
results (see Figure 11) can be considered reliable because the
coherence degrees were all above 0.5, except for the dark
blue colored area (see the red rectangle frame of Figures
11(b) and 11(d)). The snow depth and SWE estimation results
of two InSAR pairs indicate that (1) the amount of snow
depth (mainly caused by snowfall) in the 080712-090103 pair
was greater than snow depth changes (snowfall or snow
redistribution) in the 090103-090207 pair and (2) the average
of snow depth was approximately 20 cm in February 2009,
according to the statistics of the sum of 080712-090103 and
090103-090207 pairs, which was consistent with field survey
results (in Section 2.2). Although there were limited detailed
field measured data to validate the snow depth and SWE
estimation, accordingly, snow depth results provide more
details than SWE results due to a higher accuracy incident
angle (see (8)) than the fixed 23∘ (see (10)). Compared with
the HJ-1A CCD optical data (see Figures 10(c) and 10(d)),
most of the snow-covered areas were detected. And, due
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Figure 8: Profile 1 in red located in the Piedmont area and profile 2 in green in the mountain area for both (a) 080712-090103 and (b) 090103-
090207 pairs. (g) and (f) demonstrate the variation of altitude of the two profiles. (c) and (e) show variations of coherence of the 080712-090103
pair of the two profiles, and (d) and (f) show those for the 090103-090207 pair. The vertical dashes in (c) and (g) represent the intersection of
river valley and profile 1 and the lowest altitude, less than 750m. Compared to the coherence of the two profiles in each pair ((c) and (e), (d)
and (f)), the coherence degree of profile 1 in both InSAR pairs is much greater than of profile 2. (c) and (d) identify the two places in red and
green rectangles as farmland, which have influences on decorrelation in the 080712-090103 pair, but not in the 090103-090207 pair.

to the lower coherence degree, the snow-covered areas in
the 080712-090103 pair were recognized less than in the
090103-090207 pair. Despite limited ground measurement
to infer snowpack condition and validate snow depth or

SWE estimation, the comparison between snow depth/SWE
estimation and snow-covered area fromoptical images can be
the evidence to verify the promising method to obtain snow
depth and SWE in a higher resolution.
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(a) (b) (c) (d)

Figure 9: Segmentation results of coherence images using the histogram threshold method are shown for two farmland areas in (b) 080712-
090103 obviously, but not in (c) 090103-090207. The borders of the farmland in (a) and (d) are consistent with the area of decorrelation.
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Figure 10: Radar-LOS displacement maps of (a) 080712-090103 and (b) 090103-090207 InSAR pairs and (c) HJ-1A CCD optical data for the
study area (local time: 2009/01/03) and (d) HJ-1A CCD optical data for the study area (local time: 2009/02/09).
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Figure 11: Snow depth estimation in (a) 080712-090103 InSAR pair and snow depth changes in (b) 090103-090207 InSAR pair and SWE
estimation in (c) 080712-090103 InSAR pair and SWE changes in (d) 090103-090207 InSAR pair.
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Figure 12: (a)The filtered differential interferogram of the 090103-090207 InSAR pair; (b) the unwrapped phase of differential interferogram
by using the phase unwrappingmethodMCF in Gamma software; (c) the coherence image; (d) DEM image of the study area; (e) the enlarged
area of the red rectangle frame in (d); ((f) and (h)) the photos in the red point in (e).

However, unreasonable estimation data existed (in pink
color in Figure 11), and the pink colored area in the 080712-
090103 pair was larger than in the 090103-090207 pair. As
mentioned above, the atmospheric phase cannot be referred
to at the time of 2008/07/12 because there was no detailed
information on the atmospheric propagation conditions. In
the pink colored area, the snow phase might be mixed with
the atmospheric phase, and then snow depth or SWE was
calculated to be under 0. Moreover, an area within the red
rectangle frame (see Figures 11(b) and 11(d)) was shown in
the color of dark blue to indicate a higher snow depth change
of 8–12 cm and SWE change of 30–40mm compared to
the surroundings. Figure 12(a) shows the filtered differential
interferogram of the 090103-090207 InSAR pair after the
removal of the topographic and flattened phases, and the
colored fringe was in the same pattern corresponding to
the coherence image with high degree coherence (the color
closer to white) (Figure 12(c)). Figure 12(b) demonstrates the
unwrapped differential phase by using the phase unwrapping
method MCF in Gamma software, and the black blocks were
the area masked by using the coherence image below 0.25.
And the phase unwrapping errors were revealed in the colors
of purple and orange. As for the purple colored area, the
lower coherence degree due to the rugged terrain was the
main reason leading to the phase unwrapping errors. With
regard to the orange colored area (see Figure 12(b)), it can be
observed that sharp discontinuities in the unwrapped phase
(Figure 12(a)) and coherence image (Figure 12(c)) existed
along with the edges of the orange area. A rectangular area
outlined in red in Figure 12(d) is enlarged to show greater
detail of the pattern of DEM in Figure 12(e). In the DEM

image, the red dotted line was located along with the ridges,
and the blue dotted line was located along with the deep
canyon, and two small villages with farmland lied in the river
valley (see the two blue points in Figure 12(e)). And there is
a coincidence that the two lines accorded with the edge of
discontinuities in the unwrapped phase and coherence image.
Moreover, Figures 12(f) and 12(g) show the pictures we took
in the position of red point in Figure 12(e) on 30 March
2014. It can be figured out that the topographic conditions
are very complex and land surface patterns are diverse in
this area. Therefore, even though higher coherence existed,
the phase unwrapping errors occurred due to the gaps of the
unwrapped phase and coherence and then resulted in a deep
snow depth change and SWE change results with the dark
blue color in Figures 11(b) and 11(d).

4.2. Error Sources and Propagation. High coherence indi-
cated that the scattering properties on the ground remained
relatively constant at the time of the two SAR acquisitions,
and this is a desired condition for change analysis. The
interferogram exhibited a clean fringe pattern, and the results
for the snow depth and SWE estimation were deemed
appropriate and reasonable [28]. For these two InSAR pairs,
low coherence was observed in the mountainous areas of the
Manas River Basin, which was mostly likely related to the
rugged terrain and coniferous forest.

The total coherence is influenced by four main factors:
(1) thermal or system noise, caused by the characteristics
of the system and depending on the signal-to-noise ratio
(for dry snow cover, the contribution to decorrelation is
very small); (2) baseline or geometric decorrelation, caused
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by the difference in incident angles between the two SAR
acquisitions (this aspect has to be considered, because the
variation of snowpack (snowfall or redistribution) in the ver-
tical direction could change the radar geometry); (3) volume
decorrelation, caused by penetration of the radar wave in
the scattering medium (it has been shown to be significantly
smaller than the geometric decorrelation in the C- and L-
bands, even for a snowpack that is several meters deep [38]);
(4) temporal decorrelation caused by physical changes in
the terrain, especially for farmland and coniferous forest,
affecting the scattering characteristics of the ground. This is
themain reason for a decrease in the coherence of repeat-pass
InSAR data over snow-covered areas. Decorrelation is not
caused by a uniform snow layer, whereas the decorrelation
due to snowfall and snow drift is a major problem in the C-
band and has to be considered [14]. In addition, other factors
such as imperfect baseline estimation (and therefore flatten-
ing) and errors or inaccuracies in theDEMmay also affect the
phase [28]. Moreover, accurate correction of the atmospheric
phase screen in single InSAR pairs requires spatially detailed
information on the atmospheric propagation conditions (in
particular water vapor) which is usually not available [14].
Therefore, the errors for snow depth and SWE estimations
do exist if the differences of the atmospheric phase 𝜙atm (see
(13)) in the two SAR images are neglected and that would
be the main reason of the unreasonable data in Figure 11.
And, also, the process of phase unwrapping would produce
an unwrapped phase jump due to the gaps in the wrapped
phase and coherence where the terrain is complex and then
induce the errors to the final unwrapped differential phase
(snow phase).

Some other factors also result in decorrelation and may
influence the results: (1) processing induced decorrelation,
for example, phase unwrapping, could induce an unstable
phase because of low coherence in rugged areas.Theprecision
of the external DEM could also introduce error in the
simulated topographic phase; (2) input parameters may not
describe ground truth conditions accurately. A repeat orbit
time (35 days or longer) is relatively long compared to the
timescale of snowpack development. Depictions of snowpack
can suffer from other decorrelation sources such as snow
drift (wind erosion and deposition), snowfall, snow meta-
morphism, melting, and aging. Snow density varies vertically
in homogeneously layered snow; and the propagation path of
radar waves in snow is more complex in layered snowpack.
In addition, differences in vertical stratification between the
two SAR acquisitions can influence the interferometric phase
significantly [28].

5. Conclusion and Discussion

We have presented an application for estimating snow depth
and SWE for dry snow by using InSAR measurements in
the Manas River Basin. A critical issue for this application
is land use/cover change due to temporal decorrelation, and
snow is the main reason for the deterioration of the degree
of coherence of repeat-pass InSAR pairs, while a better
degree of coherence was found for dry snow. The direct
relationship between InSAR phase difference and SWE is the

basis for this application. A preliminary sensitivity analysis
was developed, and the rates of changes of snow phase versus
the incident angle and snow density were calculated. The
results show that the incident angle of sensors has a crucial
influence on InSAR phase and also on SWE estimation and
an incident angle less than 50∘ does not show a significant
effect on the rate of snow phase change with respect to the
incident angle and snowdensity, but the snowphase increases
exponentially for greater incident angles. Moreover, input
parameters were calibrated, and the local incident angle was
used as a substitute for the satellite incident angle to improve
the snow depth estimation results.

For this application, snow properties of field measure-
ments were analyzed in detail to insure that the snow was in
a dry condition during the SAR acquisitions. Snow density
varied between 0.16 g/cm3 for fresh snow and 0.25 g/cm3
for aging snow (in melting snow). All these conditions
demonstrated that InSAR technology has a good potential
for estimating snow depth and SWE in this area. Considering
the air temperature and satellite overpass time, we ensured
choosing InSAR pairs with a high degree of coherence and
a small standard deviation for fine coregistration. Based
on the coherence images, it was determined that geometric
distortion due to rugged terrain as well as land use/cover
changes due to a long temporal baseline had significant
influences on decorrelation, apart from the effects of snow.
A comparison of our snow depth and SWE estimation
results with data from optical images showed that most
of the snow-covered area was detected and had a similar
pattern in the optical images. Error evaluation, atmospheric
phase residual, temporal decorrelation, InSAR processing,
and input parameters were discussed in earlier sections.

In this research, we assumed a uniform single layer of
snowpack for snow depth estimation. However, complicated
snowpack structures due to temperature gradients (relative to
snow density) and roughness of snow surface at the subpixel
scale (relative to local incident angle) due to snow distribu-
tion exist in the natural state, and, with limited ground truth,
these conditions are difficult to identify. In future research,
a complex multilayer in situ snowpack stratigraphy model
should be considered to derive the snow depth and SWE
changes more accurately with InSAR technology. A SAR
platform with a longer wavelength (e.g., ALOS PALSAR with
the L-band) should be used to estimate snow depth because
this type of sensor is less affected by temporal decorrelation,
has better coherence, and is capable of obtaining a largermea-
surement range. In this research, we have proved that InSAR
measurement is a promising potential method on snow
depth and SWE estimation with a higher resolution than
manual sampling methods, optical and passive microwave
remote sensing. However, it was a regret that limited field
measurements data at the time of SAR pairs passing by can
be used to validate the snow depth and SWE estimation
results efficiently, but only comparisonswith snow cover from
optical images were processed to verify whether the results
were convincing. In the following research, several field
measurements with synchronous observation of Radarsat-2
satellite have been carried out in the study area, and data
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analysis is in processing to improve and complete the InSAR
research on snow depth and SWE estimation.
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