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Abstract: Remote sensing estimations of glacier flow velocity could provide effective methods for
the long-term monitoring of glacier flow velocity. This paper calculated the velocity in the line-of-
sight (LOS) direction by combining DInSAR and offset-tracking technology with ascending and
descending Sentinel-1 images of the Urumgqi Glacier No.1 from 2016 to 2017. Meanwhile, the velocity
in the azimuthal direction was obtained by combining MAI and offset-tracking technology. Then,
the eastward, northward, and upward flow velocities were retrieved using the Helmert variance
component estimation method. Finally, the standard error of the mean and mean errors of surface
velocity in non-glaciated areas of the Urumqi Glacier No.1 were calculated to evaluate the accuracy
of the results generated by the proposed method. The results showed: (1) The ascending LOS velocity
and the descending LOS velocity were 1.812 m/a and —1.558 m/a from 2016 to 2017. The ascending
azimuthal and descending azimuthal velocities were 0.978 m/a and —2.542 m/a, respectively. (2) The
glacier flow velocities were 2.571 m/a and 1.801 m/a, respectively, for the eastward and northward
directions. In the vertical direction, the velocity was —0.554 m/a. (3) The accuracy of the results
generated by the proposed method were 0.028 m/a, 0.085 m/a, and 0.063 m/a in the east, north, and
vertical directions. Therefore, it is suitable to use ascending and descending Sentinel-1 images and
the study method proposed in this paper to estimate the surface flow velocity of mountain glaciers.

Keywords: glacier flow velocity; Urumgqi Glacier No.1; Sentinel-1; Helmert variance component
estimation; SAR interferometry technology; offset-tracking technology

1. Introduction

As an essential branch of glaciology, it is well known that glacier flow velocity is
one of the critical parameters for glacier dynamics and evolutionary models [1]. Different
degrees of glacier ablation on a global scale have been exhibited under climate warming.
The intense melting of glaciers has exacerbated the instability of glacier dynamical systems
and increased the frequency of glacier disasters [2,3]. Remote sensing estimations of glacier
flow velocity could provide effective methods for the long-term monitoring of glacier flow
velocity. Furthermore, they contribute to climate monitoring, glacier disaster early warning,
and glacier dynamics research [4-7].

The method of optical remote sensing monitoring and synthetic aperture radar (SAR)
monitoring has been widely applied for glacier flow velocity estimation. Overall, the
SAR differential interferometry (DInSAR), multi-aperture interferometry (MAI), and offset-
tracking technology are the main SAR monitoring methods [8-10]. DInSAR and MAI
technologies can generate high-quality, continuous, and smooth velocity fields without
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pixel size limitations. They are also adequate for extracting low glacier velocity from
several days to tens of days in a time scale. However, the decorrelation effect severely
restricts the application of DInNSAR and MAI technology. Long spatial and temporal
baselines of SAR images or rapid changes in the scattering characteristics of the glacier
surface will lead to reduced accuracy of glacier velocity estimations, failure of phase
decoupling, and complete loss of calculation results [11,12]. SAR offset-tracking technology
has no requirement for image coherence, which could make up for the shortcomings of
DInSAR and MAI technology. However, the offset-tracking technique has a low estimated
accuracy due to the influence of the matching window size and the quality of the amplitude
characteristics [13,14]. The optical remote sensing monitoring method extracts the glacier
flow velocity by calculating the maximum correlation coefficient of two images [15-17].
The cross-correlation method based on optical remote sensing images has the advantages of
a large coverage area, more data sources, and less terrain influence. However, this method
is restricted by the spatial resolution and feature-matching algorithm of the optical image,
making its accuracy vulnerable to clouds and rain [18,19].

Several theories for estimating glacier velocity for different time scales have been
proposed but these theories have their limitations. For instance, DINSAR and MALI tech-
niques often suffer from the effects of temporal and spatial decoherence. The offset-tracking
technique has a low computational accuracy in glacier flow velocity solving. Simultane-
ously, conventional SAR interferometry techniques can only monitor the glacier velocity in
the LOS or azimuth directions. Few studies of glacier 3D flow velocity have investigated
the problem of the different calculation accuracy of glacier azimuthal and line-of-sight
flow velocities. In addition, the a priori variance of the glacier flow velocity estimates
could not be obtained accurately in 3D flow velocity solving [20-23]. This paper presents a
hypothesis based on the complementary advantages of offset-tracking technology and SAR
interferometry technology. Three-dimensional glacier velocity with high accuracy could be
obtained by applying different velocity estimation techniques in different coherent periods
and different observation directions for mountain glaciers with relatively slow motion.
Consequently, this study has two primary aims: (1) to propose a remote sensing estimation
method of the three-dimensional velocity of glaciers based on SAR interferometry and
offset-tracking technology. (2) To evaluate the method’s accuracy in remote sensing estima-
tions of mountain glacier velocity. This new velocity estimation method could overcome
the decoherence limitations of the SAR interferometry technology. Meanwhile, the problem
of calculation accuracy being low when the offset-tracking technology estimates glacier
velocity could be solved. In addition, the problem of the difference between the calcula-
tion accuracy of the azimuthal and line-of-sight velocities of the glacier in the traditional
three-dimensional velocity calculation method was improved.

Compared to X-band SAR satellites, the Sentinel-1 in the C-band penetrates snow
and ice better. It can obtain higher coherence in interferometry and provide free, practical
data for glacier flow velocity estimation without cloud cover and solar illumination [24].
The Urumgi Glacier No.1 is the longest observed glacier in China with the most detailed
data. It is also one of the seventeen glaciers set up by the World Glacier Monitoring Service
(WGMS) for global priority monitoring [25]. In the current study, the Urumgqi Glacier
No.1 was taken as an example. Twenty ascending Sentinel-1 images and 20 descending
Sentinel-1 images of Urumgi Glacier No.1 from September 2016 to August 2017 were
selected. The glacier flow velocity in the LOS and azimuth directions was estimated by
combining SAR interferometry technology and offset-tracking technology. Meanwhile, the
eastward velocity, northward velocity, and upward velocity of glaciers were retrieved using
the Helmert variance component estimation method. Finally, the standard error of the
mean and mean errors of surface velocity in non-glaciated areas of the Urumgqi Glacier No.1
were calculated to evaluate the accuracy of the results generated by the proposed method.
The results were verified by the root mean square error of the difference between the
measured glacier velocity of all stakes during 2016-2017 and the glacier velocity retrieved by
remote sensing.
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2. Study Site and Materials
2.1. Study Site

The Urumgi Glacier No.1 (43°07' N, 86°49’ E) is located on the north slope of Tiange’er
peak in the middle of the Tianshan Mountains and is the source of the Urumgi River Basin
(Figure 1a). The glacier valley consists of the eastern and western branches (Figure 1b). Field
survey data revealed that the area of the Urumgi Glacier No.1 in 2017 was 1.542 km?. The
area of the east branch was 0.99 km?, which was very close to the average area of Tianshan’s
glaciers published in China’s second glacier catalog. According to recent measurements,
the average thickness is 44.5 m. The maximum thickness of the east branch is 141 m, and
the maximum thickness of the west branch is 120 m [26,27]. The 2.1 km long glacier’s
elevation range varied from 3743 m to 4484 m. It covered the average elevation range of
glaciers in the whole Tianshan area. Thus, the Urumgi Glacier No.1 has excellent regional
representation in area and altitude [28].
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Figure 1. Study site description: (a) Location map of Urumgqi Glacier No.1; (b) Sketch view of the
study, including the locations of Urumgqi Glacier No.1 and stakes in 2016.

2.2. Materials

The remote sensing estimation of the flow velocity of the Urumqi Glacier No.1 was
mainly drawn from the following data: ascending and descending Sentinel-1 images, digital
elevation model (SRTM DEM) from February 2000, glacier thickness data, and the stakes
data of the Urumgqi Glacier No.1. The specific data usage is shown in Table 1.

Table 1. Data used in this study.

Dataset Name

Date Purpose of Use Data Sources

SRTM DEM

Sentinel-1
Stakes velocity data

Glacier thickness data

2016-09~2017-08 Estimating glacier velocity

2016-09~2017-08 Verification of glacier velocity

Generating slope map and
2000-02 differential interferogram
after flattening

https:/ /srtm.csi.cgiar.org
(accessed on 14 June 2020)

https:/ /scihub.copernicus.eu/dhus/
(accessed on 3 January 2021)
Flow velocity experiment of
Urumgi Glacier No.1
Analysis of influencing factors of

2012 glacier velocity

References: Wang et al. [27]
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The flow velocity of the Urumgi Glacier No.1 from 2016 to 2017 was estimated using
20 Sentinel-1 ascending and 20 Sentinel-1 descending tracks images. The specific pa-
rameters of all Sentinel-1 interference pairs used in this study are shown in Table A1 of
Appendix A. To validate the flow velocity of the Urumgqi Glacier No.1, 24 stakes were
placed at altitudes between 3800 and 4200 m in the east branch of the glacier, as shown
in Figure 1b. These stakes were named A’, B1’, B2 ... I’ according to their altitudes from
low to high. Correspondingly, 20 stakes called A, B, and C1 ... I were placed on the west
branch of the glacier between 3850 and 4100 m. Approximately three stakes were laid on
the same cross-section of glacier branches at a distance of 100 m.

3. Methodology
3.1. Two-Pass DInSAR Technology

The two-track DINSAR technology can derive the LOS direction displacement from
the imaging geometry relationship and the sensor system parameters using differential
interferometry and SAR images of different time phases in the same area [29,30]. In
this paper, DINSAR technology was carried out using 40 Sentinel-1 images to estimate
the glacier flow velocity in the LOS direction during the high-coherence period. The
relationship between the deformation value Ar and its deformation phase ¢, along the
LOS direction on the glacier surface is shown in Equation (1), where A is the wavelength.

Paef = 4TN(—N) ey

As an example, using an ascending master image from 11 June 2017, and a descending
slave image from 23 June 2017, the concrete steps are as follows:

(1) The first step in this process was registering SAR images accurately. Five times mul-
tiview processing in azimuth directions of the images was then performed. In the follow-up
phase of the process, SRTM DEM simulated the terrain phase, which was obtained from
the processing, and was deducted from the terrain phase. The differential interferograms
were obtained, as shown in Figure 2. It is worth noting that most interferograms have high
quality and clear streak.

Figure 2. Interferogram after flattening. (a) the ascending Sentinel-1 pairs in 2017-06-11-2017-06-23;
(b) the descending Sentinel-1 pairs in 2017-06-11-2017-06-23.

(2) The interferograms were filtered utilizing the Goldstein filter method, which used
variable filters to improve the clarity of the interference fringe and reduce the noise caused
by the interference image decoherence. The coherence coefficient diagrams of the master
and slave images are presented in Figure 3. As shown in Figure 3, the average coherence
coefficient of ascending Sentinel-1 images is 0.503, and the maximum is 0.855. The average
coherence coefficient of descending Sentinel-1 images is 0.498, and the maximum value is
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0.895. The coherence of two groups of coherent images is good, indicating that image pairs’
similarity is good and that it is beneficial to generate interference images of good quality.
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Figure 3. Coherence coefficient diagram. (a) the ascending Sentinel-1 pairs in 2017-06-11-2017-06-23;
(b) the descending Sentinel-1 pairs in 2017-06-11-2017-06-23.

(3) The final stage of DInSAR technology comprised phase unwrapping, which se-
lected the minimum cost flow method. This process also required orbit refinement and
re-flattening based on control points to eliminate possible slope effects and correct satel-
lite orbit offsets. Finally, the geographic coding was carried out. The phase information
obtained by DInSAR was converted into deformation and projected into the geographic
coordinate system. The flow velocity in the LOS direction of Urumgqi Glacier No.1 was
calculated [31,32].

3.2. Multiple Aperture Interferometry

MALI technology performed sub-beam decomposition in the azimuth direction based
on the radar echoes’ positive and negative Doppler frequencies. In this process, forward-
looking single-look complex data with positive Doppler frequency and backward-looking
single-look complex data with negative Doppler frequency were generated. Then, these
data were interfered with separately to obtain the forward-looking interference phase and
the backward-looking interference phase. The deformation in the azimuthal direction was
acquired by the difference between the forward-looking phase and the backward-looking
interference phase [33]. The MAI interference phase is shown in Equation (2):

%
Pmar = ¢f —¢p = —nx (2)
where x denotes the deformation of glacier motion in the azimuthal direction and [ is the
effective antenna length. Variable 7 is the declination factor of the normalized radar line of
sight direction. MAI technology was performed to estimate the glacier flow velocity in the
azimuthal direction during high coherence time.

3.3. Offset-Tracking Technology

The current study estimated the glacier flow velocity by offset-tracking technology for
the low-coherence period. Offset-tracking technology could monitor surface deformation
based on SAR images, including amplitude tracking and coherence tracking. The overall
offsets of f can be divided into glacier motion offsets of f,/acier, global offsets induced
by different orbits of f,p;;, offsets due to terrain undulation of fiopo, ionospheric offsets
0f fionosphere, and noise offsets of fyqise [34,35]. The associated expression is as follows:

Off = Offglacier + Offorbit + Offtopo + Offionosphere + offnoise ®3)
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The redundant components must be removed to extract the glacier motion offsets
accurately. As the influence is much slighter in middle and low latitudes, the ionosphere
offset could be ignored because it is usually less than the accuracy of pixel tracking [36].
According to the information on SAR orbit parameters, the polynomial of orbit-induced
offset could be fitted using the least-square method and the overall offset will be calcu-
lated [37]. The terrain undulation offset is mainly related to the perpendicular baseline [38].
The baseline length between the Sentinel-1 images used in this paper is less than 150 m.
Therefore, the terrain undulation offset could be accurately compensated. Additionally, the
offset caused by noise could be directly removed by median filtering [39].

3.4. Glacier Velocity Calculation Based on Helmert Variance Component Estimation

The glacier flow velocities in the LOS direction Ufos(ULDos) and flow velocities in
the azimuthal direction vﬁ 7 (vg ) can be monitored by DINSAR, MAI method, and offset
tracking techniques. Here, superscript A means the ascending track and D represents
the descending track. According to the relationship between line-of-sight velocity v;og
and eastward velocity vg, northward velocity vy and upward velocity vy, the vrpog can
be regarded as a combination of vg, vy and vy. In order to retrieve eastward velocity
vg, northward velocity vy, and upward velocity vy, the methodology for solving the
three-dimensional velocity on the glacier surface in Li (2018) was adopted to project and
transform the line-of-sight and azimuth velocity of the glacier [40].

The relationship between v{\, and eastward velocity vg and northward velocity vy
for the ascending images could be expressed as:

. . 3 . 3
vflog = —vr - cos 04 + vpsin 4 - sin(a? — =) + vy sin 84 - cos(a?t — -

. ) @

where, a and 6 represent the azimuth and incidence angle of the ascending Sentinel-1 image.
The relationship between v/, and vg and vy can be expressed as:

3 3
v, = —vg cos(a’t — 77() + oy sin(a? — 7”) (5)
Similarly, the relationship between v5, and v, and three-dimensional velocity of
the glacier can be obtained as shown in Formulas (6) and (7).

3 3
0P = —vir - cos 0P + vg sin P - sin(aP — 77{) +onsin@P - cos(aP — 7”) (6)
3 3
vh, = —vg cos(al — ;) + vy sin(al — 7”) )

where, aP and 6P is the azimuth and incidence angle of the descending Sentinel-1 image.

The glacier flow velocity of all images in the actual geographical coordinates is denoted
by X. L represents the flow velocity of the LOS and azimuthal directions in the radar
coordinate system. The following solution model is developed:

BX =L 8)

where, B is the coefficient matrix of glacier flow velocity.

The azimuth velocity and the line-of-sight velocity are often contaminated by various
noises in the observation process. Therefore, observation noise of glacier velocity in azimuth
and line of sight direction V should be considered. The initial equation of the model is
as follows:

BX+V =L 9
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Let P be the weight matrix. According to the least-square criterion, the optimal
estimation of the three-dimensional velocities is acquired [41] as follows:

R = (BTPB) 'BPL (10)

The key to obtaining high-precision solution results is reasonably determining the
weight P of various observations. Considering that the prior variance of the observation
value cannot be accurately obtained and the calculation accuracy of the glacier azimuth and
LOS velocities is different, the weight is determined by the simplified Equation of Helmert
variance component estimation. Its basic process is as follows:

Firstly, the glacier velocity observation values are divided into two groups accord-
ing to the accuracy of the ascending LOS velocity, the descending LOS velocity, the as-
cending azimuth velocity, and the descending azimuth velocity. The observation matrix

Ly (L1 = [0fhg UEOS]T) of LOS glacier velocity is composed of ascending and descending

LOS velocities. Azimuth glacier velocity observation matrix L, (L, = [04, ng]T) is

composed of ascending and descending azimuth velocity. Then, the corresponding weight
matrix P (P = [P; P,]) is established according to the observed values of the LOS glacier
velocity and the azimuth glacier velocity.

The corresponding weight matrix P; and P, is:

2 A)z

_ (UAZ
P, =
<afos>2] ’ [ <a£’z>2]

In the Equation (11), (Tfos, (722/ UEOS and O’E - are the standard deviations of U‘i‘os, vﬁ 7
vP ¢ and o
LOS AZ*
The following error equations are set out by indirect adjustment:

Pl — l(U?OS) (11)

{vl =B XL, 12

Vo = BoX — Ly

where, V) = [vflys 05,5l and Vo = [v4, 0B,], respectively, represent the error vectors
corresponding to the two types of observations. The corresponding coefficient matrix is
expressed as:

B, _ | —cos 04 sin64 -sin(a? — ) sin04 - cos(a” — 37)
' [~ cosOP sin6P -sin(aP —2F) sinfP - cos(al — )

(13)

B {O —cos(a — 31) sin(a? — 32”)}
2 = .
0 —cos(al —31) sin(aP — )

Then, the weights are determined according to the simple equation of Helmert variance

component estimation. The mean square error of the unit weight of the two types of

observations O'gl- is expressed as Equation (14)

vIpv;
oo = ——— (14)
1

r; is the number of multiple observations in the class i observation. Recalculate the
weight matrix using the estimated unit weight variance.

_ o
P=P P=-2p (15)
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Let P, = P; P, = P, be computed iteratively until (731 S 032 is estimated to obtain
P. Finally, the three-dimensional velocity of the glacier surface is calculated according to
Equation (10).

4. Results

This paper first used the coherence thresholds of the LOS and azimuthal directions
of the Sentinel-1 images to screen the image pairs with high and low coherence of the
Urumgi glacier No.1. Then, the LOS velocity in the high-coherence period was calculated
by DInSAR technology and the azimuth velocity in the high-coherence period was obtained
by MAI technology. Meanwhile, the glacier flow velocity in the period of low coherence
between LOS and azimuth was determined using offset-tracking technology. Eventually,
the Helmert variance component estimation method was used to estimate the velocity in
the eastward, northward, and upward directions. The temporal and spatial distribution
characteristics of the flow velocity of the Urumgi Glacier No.1 were analyzed.

4.1. The Coherence Calculation of Sentinel-1 Images

Ascending Sentinel-1 image pairs from 10 August 2017 and 22 August 2017 were taken
as an example. Further, the LOS and azimuthal motion displacements of the non-glacial
areas near the Urumgi Glacier No.1 were calculated using DINSAR and MAI methods
under different coherence thresholds (Figure 4).

0.6 - (b)

Displacement in the LOS dircetion (1m)

Ho01 02 03 04 05 06 07 08 09
04 05 06 07 08 09

Coherence thresholds

Coherence thresholds

Figure 4. Displacement in the non-glacial area under different coherence thresholds. (a) Displacement
in the azimuthal direction; (b) Displacement in the LOS direction.

The experiment shows that the azimuthal and LOS directions have the slightest
displacement of the non-glacial zone under the circumstance that the coherence threshold
is 0.4. The azimuthal and LOS motion displacements are 0.034 m and 0.109 m, respectively.
Therefore, 0.4 was chosen as the coherence threshold for the azimuthal and LOS directions.
The sentinel-1 pairs with a coherence higher than 0.4 were highly coherent image pairs.
The DInSAR and MAI techniques were chosen to calculate the glacier flow velocity. The
image pairs with a coherence lower than 0.4 were low-coherence image pairs. The flow
velocity was estimated using the offset-tracking technique. The coherence diagram of each
image pair of the Urumgqi Glacier No.1 from 2016 to 2017 is displayed in Figures Al and A2
in Appendix A. These coherence diagrams suggest that the coherence of most images is
good. However, the images from 23 February 2017 to 31 March 2017 and 8 September
2016 to 14 October 2016 were de-coherent. Simultaneously, the coherence coefficients for
all master and slave image pairs indicate that the coherence coefficients for the ascending
and descending orbit images from 8 September 2016 to 14 October 2016 were 0.367 and
0.339, respectively. The coherence coefficients for the ascending and descending images
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43°70"N

43%6'30"N

from 23 February 2017 to 31 March 2017 were 0.365 and 0.316, respectively. Their coherence
coefficients were all less than the coherence threshold of 0.4.

The decoherence phenomenon in these two periods stems from the scattering char-
acteristics of the Urumgqi Glacier No.1 in the same period. April and September are the
changeover periods between the summer and winter seasons in the Urumgi basin [42].
When a glacier changes from an accumulation phase to an ablation phase, the increase in
temperature leads to the gradual melting of the glacier surface and the glacier interior. The
rapid melting of snow and firmness on the glacier surface increases the moisture content
of the ice surface, which in turn produces diffuse reflections similar to water, weakening
the radiation intensity of the glacier surface’s feature targets [43]. During the transition
from the ablation period to the accumulation period, the temperature decreases could
lead to the glacial meltwater freezing into ice. The ice surface gradually compacts with
increased overlying pressure, forming hard and solid glacial ice after recrystallization and
other metamorphic effects. The significant variations in the scattering characteristics of the
glacier surface between the ablation and freezing periods contribute to a more severe loss
of coherence [44].

4.2. Glacier Line-of-Sight and Azimuth Velocity Acquisition

The glacier velocity of the ascending and descending LOS directions was estimated by
combing DInSAR and offset-tracking technology based on the ascending and descending
Sentinel-1 image pairs of the Urumgi Glacier No.1 from September 2016 to August 2017, as
shown in Figure 5.
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Figure 5. Glacier flow velocity of LOS direction 2016-2017: (a) LOS measurements from the ascending
tracks; (b) LOS measurements from the descending tracks.

The figure shows that the LOS direction’s ascending and descending glacier velocities
were 1.812 m/a and —1.558 m/a from 2006 to 2007. The flow velocity of the ascending
images in the west branch was 0.298 m/a higher than the glacier flow velocity of the east
branch. In contrast, the velocity of the descending images in the west branch was 0.267
lower than the velocity in the east branch. Notably, the maximum LOS velocity of the
ascending images was 2.210 m/a, which appeared at about 4000 m in the west branch. The
maximum LOS velocity of the descending images appeared in the centerlines of the east
branch with a maximum velocity of —0.734 m/a. The flow velocity distribution shows that
the upper part of the glacier in the LOS direction of the ascending images moved slowly
and increased as the elevation decreased. At the same time, the descending images have
higher velocities in the upper region of the east branch and lower velocities at the end
and edge of the glacier. Notably, the meters per year (m/a) will refer to the unit of flow
velocities of the Urumgi Glacier No.1 in different directions or locations in this paper.
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Based on the ascending and descending Sentinel-1 images of the Urumgqi Glacier
No.1 from September 2016 to August 2017, the glacier azimuth velocity was estimated by
combining MAI and offset-tracking technology (Figure 6).
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Figure 6. The glacier flow velocity of azimuthal direction 2016-2017: (a) Azimuthal measurements
from the ascending tracks; (b) Azimuthal measurements from the descending tracks.

As can be seen from the figure, the glacier velocity of the azimuthal direction for the
ascending images in 2016 and 2017 was 0.978 m/a. The azimuth velocity of the descending
Sentinel-1 images was —2.542 m/a. According to Figure 6a, the azimuthal velocity in the
accumulation area of the ascending images was lower than the velocity in the ablation
area. The maximum velocity of the glacier flow was located in the area near the east branch
snow line and the maximum azimuthal velocity can reach 1.685 m/a. There were some
differences in azimuthal velocity between the ascending images and descending images.
The velocities of the descending images were higher in the central region of the west branch
and were lower in the ablation zone of the east branch. The maximum azimuthal velocity
was located at about 4000 m in the west branch with a maximum velocity of —1.514 m/a.
It can be seen that there were many transverse fringes because of the interference of the
ionosphere in the azimuth velocity field. However, the LOS velocity field did not exist in
this feature. The influence of the ionosphere could be weakened using several corrections.
Nevertheless, the Sentinel azimuth estimation accuracy is usually poor, and the estimated
results are unreliable even when the ionospheric effects are removed.

4.3. Distribution of the 3D Surface Flow Velocity of Urumgqi Glacier No.1

Based on Helmert variance component estimation, the velocity distribution of the
Urumgi Glacier No.1 in the eastward, northward, and upward directions is shown in
Figure 7a—c. The three-dimensional integrated velocity was obtained by calculating the
quadratic root of the square sum of the flow velocity in three directions of the Urumgqi
Glacier No.1, as shown in Figure 7d.

The results show that the average eastward velocity in 2016 and 2017 was 2.571 m/a,
the northward flow velocity was 1.801 m/a, and the average upward flow velocity was
—0.554 m/a. According to the estimated results, the eastward and upward velocities of the
west branch glaciers were significantly greater than those of the east branch glaciers. This
phenomenon has revealed that the larger the thickness and steeper the slope of the west
branch of the Urumgi Glacier No.1, the faster the mass migration from the accumulation
area to the ablation area. Moreover, the glacier area of the west branch was smaller than
the glacier area of the east branch, and the glacier width was narrower than that of east
branch glacier. Therefore, under the same climatic conditions, the relative shrinkage rate
of the west branch glacier should be more significant than that of the east branch glacier.
The northward velocity of the western glacier was slightly lower than that of the eastern
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glacier, which may be due to the high rate of northward velocity decline in the west and
east branches. Therefore, the velocity difference between the two branches was getting

smaller and smaller.
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Figure 7. Spatial distribution map of glacier velocity from 2016 to 2017. (a) Velocity in the east

direction; (b) Velocity in the north direction; (c) Velocity in the vertical direction (d) Three-dimensional

velocity of Urumgqi Glacier No.1.

In order to quantitatively analyze the annual velocity characteristics of the Urumgqi
Glacier No.1, the velocity results of the centerlines profile of the glacier from 2016 to 2017
were investigated. The three directions of the east and west branch were obtained, as

shown in Figure 8.

According to the drawn centerlines profile (Figure 8), it can be seen that the eastward,
northward, and upward flow velocities of the east branch of the Urumgqi Glacier No.1 in
2016 and 2017 were 2.280 m/a, 2.327 m/a, and —0.457 m/a, respectively. On the other
hand, the eastward, northward, and upward flow velocities of the west branch were
2.843 m/a, 1.834 m/a, and —0.644 m/a, respectively. As can be seen, the horizontal
velocity was higher than that of the vertical direction of the centerline in the east branch.
Additionally, the east and vertical flow velocities in the west branch were higher than
the velocities of the same direction in the east branch. However, the north velocity was
slightly lower than the east branch’s. This phenomenon is likely to result from glacier
thickness and slope. From the variation in the glacier flow velocity with elevation, the east,
the north, and the vertical velocities of the east branch and west branch generally show
a gradually increasing trend initially, followed by decreasing trend. It is probably due to
glacier thickness, subglacial topography, and glacier surface morphology. The glacier flow
velocity of the two branches in the horizontal direction reached a peak at the middle and
lower reaches of the glacier. The vertical velocity of the glacier rose to a high point and
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peaked in the middle of the glacier. At the end of the glacier, the eastward, northward, and
upward velocities exhibited a fluctuation that first decreases and then increases, influenced

by glacier meltwater.
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Figure 8. Glacier flow velocity along the centerlines during 2016-2017. (a—c) Show the velocity in the

eastern branch. (d—f) Show the velocity in the western branch.

4.4. Accuracy Assessment and Result Verification

Based on the remote sensing estimation results of glacier velocity from 2016 to 2017,
14,784 points distributed in the non-glacial region were selected as objects for the accuracy
assessment. Given the reasonable assumption that the non-glacial region is stable, the
estimation method of glacier velocity was evaluated. It was calculated by the quadratic
root of the sum of the mean error M in the non-glacier area and the standard error of the
mean Se. Figure 9 provides the accuracy evaluation results in non-glacial areas from 2016
to 2017. The figure above shows that the mean errors of surface velocity in three directions
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were 0.001 m/a, 0.062 m/a, and —0.022 m/a, respectively. The mean errors of velocity were
all at the centimeter level, which indicates that the noise of the velocity estimation process
is slight. Glacier flow velocity error in the non-glacial region remains within 1.0 m/a.
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Figure 9. Glacier flow velocity error in the non-glacial region. (a) Eastward velocity error; (b) Northward
velocity error; (¢) Upward velocity error.

The figure above shows that the mean errors of surface velocity in three directions
were 0.001 m/a, 0.062 m/a, and —0.022 m/a, respectively. The mean errors of surface
velocity were all at the centimeter level, which indicates that the noise of the velocity
estimation process is slight. The statistical results of non-glacial error estimation are
set out in Table 2. As can be seen from the table, the accuracy of the eastward, north-
ward, and upward glacier velocities from 2016 to 2017 were 0.028 m/a, 0.085 m/a, and
0.063 m/a, respectively. The mean error in the non-glacial area of Urumgqi Glacier No.1 was
0.066 m/a. The global accuracy of the annual velocity of the Urumgqi Glacier No.1 was less
than 0.110 m/a, which was far lower than the average velocity of the Urumgqi Glacier No.1
in all directions. It suggests that the remote sensing estimation method of glacier velocity
proposed in this paper has good inversion quality, reliability, and accuracy.

Table 2. Statistical results of non-glacial errors estimation.

Velocity Direction Me/(m/a) Se/(m/a) o/(m/a)
Eastward velocity 0.001 0.028 0.028

Northward velocity 0.062 0.058 0.085
Upward velocity —0.022 0.059 0.063

Note: M., mean error in the non-glacial area; S, standard error of the mean; o, accuracy.
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The estimated flow velocity of the Urumgqi Glacier No.1 was compared with the glacier
velocity based on the stake measurements from 2016 to 2017 to verify the results of the
remote sensing estimation (Figure 10). As shown in Figure 10, the results of glacier velocity
estimated by the two methods were close to each other. The average velocity difference
between the two methods in the east, north, and vertical directions of the east branch
from 2016 to 2017 was 0.090 m, 0.060 m, and 0.040 m, respectively. The average values of
the velocity difference in the west branch were 0.108 m, 0.084 m, and —0.054 m in three
directions. These results suggest that the mean error of the Urumgi Glacier No.1 velocity
estimated by remote sensing was 0.131 m/a. In addition, the estimated velocity in most
areas of the Urumgi Glacier No.1 was less than that measured by the stakes because the
time measured by GPS RTK was longer than that estimated by the Sentinel-1 image.
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In order to assess the quality of the inversion results of glacier velocity, the results
used root-mean-square error of the difference, which was between the measured velocity
and the glacier flow velocity obtained from the inversion of Sentinel-1 images for all the
stakes in 2016 and 2017, and were then evaluated and validated (Figure 11). The results
show that the root-mean-square error of the difference between the measured velocity and
inversed velocity in the east branch was 0.227 m, 0.258 m, and 0.126 m in three directions,
respectively. Correspondingly, the differences between the three directions in the west
branch were 0.185 m, 0.342 m, and —0.054 m, respectively. It can be inferred that the glacier
flow velocity calculated based on the Helmert variance component estimation method
has high accuracy. There is a significant difference between the inversion value and the
measured value of glacier velocity at the individual stakes. On the one hand, the stake
points could not correspond to each image element. The way that points were selected in
the buffer may harm the inversion results. On the other hand, glacier surface morphology
changes rapidly, giving rise to more noise and decoherence effects.
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Figure 11. Difference between calculated and measured glacier flow velocity at the stakes. (a,c) show
the velocity difference in the east branch. (b,d) show the velocity difference in the west branch.

5. Discussion

This study proposed a remote sensing estimation method of glacier flow velocity
based on a Helmert variance component estimation. Meanwhile, the eastward, north-
ward, and upward velocities of the Urumgqi Glacier No.1 were 2.571 m/a, 1.801 m/a, and
—0.554 m/a from 2016 to 2017. The accuracy of glacier flow velocity in the east, north, and
vertical directions was 0.028 m/a, 0.085 m/a, and 0.063 m/a, respectively. The results show
that the remote sensing estimation method of glacier flow velocity proposed in this paper
could effectively provide long-term monitoring of glacier velocity.
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5.1. Comparison with Other Studies

In order to facilitate a comparison with related studies in the same study area, the
three-dimensional integrated flow velocity of the Urumgqi Glacier No.1 was calculated to be
3.287 m/a in this paper. It is encouraging to compare the three-dimensional integrated flow
velocity with that found by Wang (2021), who found that the average velocity of the Urumqi
Glacier No.1 from 2017 to 2018 was 3.3 m/a using the UAV photogrammetry method [45].
Similarly, Wang (2017) monitored the motion displacement utilizing measurement stakes
placed on the surface of the Urumgqi Glacier No.1. Following the observation results, the
studies have found that the average velocities of the Urumqi Glacier No.1 in 1980/1981,
1990/1991, 2000/2001, and 2010/2011 were 5.5 m/a, 4.6 m/a, 3.8 m/a, and 3.3 m/a,
respectively. Contemporaneously, the study has revealed that the average annual velocity
of the Urumgqi Glacier No.1 continues to decline at 1.3% [46]. These findings suggest that
the projected glacier flow velocity based on this velocity decline rate is close to the results
of this paper. In addition, the motion characteristics estimated in this paper are consistent
with that of Xia (2012) and Zhou (2009), which show the spatial and temporal distribution
characteristics of the Urumqi Glacier No.1 as a subcontinent glacier [47,48].

To further validate the quality of the remote sensing-estimated three-dimensional
velocity of the Urumgqi Glacier No.1, the error analysis results with some glaciers closer
to the Urumgi Glacier No.1 in time or geographic location were compared. In order to
facilitate the comparison of the estimation accuracy of different algorithms, different data
sources, and different glaciers, the error contribution ratio was used as a comparative index
for the reliability of different glacier velocity estimation methods in this paper. The specific
comparison results are shown in Table 3.

Table 3. Error comparison of different glacier velocity estimations.

Precision Error Citation
Study Area Data Source Method Year Evaluation Accuracy Contribution S
X . ource
Indicator Ratio
. . . Offset tracking technology and o :
Urumgi Glacier No.1 Sentinel-1 SAR interferometry technology 2017 Mean Error 0.131m/a 3.99% This paper
Urumgi Glacier No.1 Sentinel-1 Offset tracking technology 2018 Mean Error 0.175m/a 5.32% [41]
'l%mml'ler-Kl'lan ALOS/PALSAR Offset tracking technology 2008 Mean Error 2.02cm/d 7.19% [49]
engri Glacier
South Inylchek Glacier Landsat-8 OLI Normalized Cross Correlation 2016 Mean Error 239 cm/d 6.82% [50]
Yanong Glacier GF-1 Normalized Cross Correlation 2017 Mean Error 725m/a 5.07% [51]
Cuolangma Glacier Sentinel-1 PO-SBAS 2018 Mean Error 0.6 m/a 5.00% [52]

Note: the error contribution ratio means the ratio of the mean error of the glacier velocity to the average velocity
of the glacier.

Wang (2020) also obtained the glacier velocity estimation accuracy of the Urumgqi
Glacier No.1 in 2018 by using Offset Tracking-Small Baseline Subset (OT-SBAS) technology
based on ascending Sentinel-1 images. The study found that the accuracy of the OT-SBAS
estimation was 0.175 m/a [41]. Similarly, the velocity accuracy of the Urumgqi Glacier No.1
in the same study period was estimated to be 0.160 m/a by combining SAR interferometry
technology, offset-tracking technology, and the Helmert variance component estimation
algorithm. The results indicate that the accuracy of estimating glacier velocity by combining
SAR interferometry and offset-tracking technology is higher than that of using offset-tracking
technology alone. For example, the Tomur Khantengri Glacier and the South Inylchek
Glacier, which are located in the Tianshan Mountains of China; due to the different temporal
and spatial resolutions of the algorithms and data used, the velocity estimation errors of
these two glaciers are much higher than those of the Urumgqi Glacier No.1. The average
velocities of both non-glacier areas were much smaller than the flow velocities of the
glaciers, with the error contributions of 7.19% and 6.82%, respectively [49,50]. Considering
the incomplete consistency of observation periods and error factors, the glacier velocity
estimation results proposed in this paper are effective and acceptable with high reliability.
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5.2. Influencing Factors of Glacier Flow Velocity

A study has shown that an important factor driving glacier surface movement is
glacier thickness [53,54]. The driving force for glacier flow will increase with an increasing
glacier thickness, contributing to the more significant glacier flow velocity. Figure 12
analyzes the variations between the three-dimensional glacier velocity and the glacier
thickness at the centerline of the glacier. This figure shows that the glacier flow velocity
in the east and west branches shows a similar trend to the glacier thickness. The glacier
velocity and the thickness of the glacier gradually increase as the distance from the end
of the glacier increases until it reaches a maximum. From the middle of the glacier to the
glacier accumulation zone, the glacier flow velocity gradually decreases with the decrease
in the glacier thickness. We can conclude that a high correlation between glacier velocity
and glacier thickness is evident. As mentioned in Zhou’s research on the sensitivity of
the velocity and thickness of the Urumgqi Glacier No.1, when the Urumgqi Glacier No.1
decreases by one meter in the range from 20 to 120 m, the change in glacier flow velocity
ranged from 30% to 40%. Thus, the change in thickness plays a vital role in the change in
glacier flow velocity [48].
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Figure 12. Glacier thickness and 3D velocity of the centerline in the east branch (a) and west branch (b).

The slope is a critical variable affecting glacier surface flow velocity [55,56]. In this
paper, the surface slope of the glacier and the average velocity of the glacier were compared
(Figure 13). The results illustrate that the average glacier velocity increases from 2.26 m/a
to 2.681 m/a when the slope increases from 0-10° 30-40°. However, as the slope increases
further, the glacier velocity decreases. It implies that the glacier velocity is sensitive to slope
changes on the glacier surface. In addition, the slope has a specific control on the velocity
of the Urumgqi Glacier No.1.
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Figure 13. The variation of glacier flow velocity with slope.

Theoretically, if the glacier surface slope increases, the longitudinal slope of the glacier
surface will become steeper. Further, the component of glacier gravity will become more
prominent, and the glacier shear stress will increase, thus contributing to increased glacier
surface motion. Conversely, the results of this study show that glacier flow velocity does
not show an absolute positive correlation with the slope above a certain slope threshold. A
possible explanation for this might be that the slope is too high, which is not conducive to
snow accumulation. The glacier flow velocity decreases due to the thinness of the glacier.
Another possible explanation for this is that the sine function of the third power of the
glacier slope value increases first and then decreases in the interval [0, 7t/2]. At the same
time, the glacier movement velocity could still reach more than 3 m/a in some glacier
areas with a low slope. It further shows that the glacier surface slope will affect the glacier
surface velocity, but it is not the only major factor affecting glacier velocity.

5.3. Potential Applications and Limitations of Research

The flow velocity of mountain glaciers was estimated using Sentinel-1 data and
combined SAR interferometry and offset-tracking techniques in this study. However, for
the high-speed moving temperate glaciers, the decoherence effect due to rapid changes
in the scattering characteristics of the glacier surface may lead to this method not being
applicable. Another potential problem is that Sentinel-1 images spent much computational
time estimating glacier velocities due to the constraints of the computing ability of the
processing platform and the vast volume of the data source. Future research will consider
using Google Earth Engine (GEE) to estimate the glacier velocity based on SAR images,
increasing the time series length of the study. Furthermore, several reports have shown
that the estimation accuracy of glacier flow velocity could be improved by enhancing the
spatial resolution of optical images [57]. Further research should be carried out to optimize
the glacier flow velocity remote sensing estimation technique. The subsequent study must
introduce optical images with higher spatial and temporal resolution and combine the
relevant techniques, such as scale-invariant feature conversion and the acceleration robust
feature, to estimate glacier velocity. Due to the limitations of the experimental conditions,
the stakes that measured the data of the Urumgqi Glacier No.1 were used to calculate the
absolute error of the glacier velocity estimation in this paper. Future research will consider
using three-dimensional laser-scanning technology to obtain glacier velocity measurement
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data of a higher spatial resolution and then obtain a more accurate spatial plot of the error
on the glacier surface.

The method proposed in this study has some important implications for future practice.
Firstly, the research method in this paper could be used to produce large-scale glacier
velocity products. It could also provide primary data for observing whole-glacier dynamics,
reconstructing mountain glaciers’ responses to climate warming, and analyzing glacier
mass balance. With the dramatic increase in spatial and temporal resolution of remote
sensing images, the method will be applied to estimate glacier flow velocity at monthly
and seasonal scales and investigate long-term time series of annual glacier motion velocity.
In addition, glacier equilibrium line altitude (ELA) could be detected by estimating the
maximum glacier velocity. According to the glacier kinematics theory, a faster flow velocity
is required to keep the glacier stable at the equilibrium line. The height at which the glacier
flow velocity reaches a peak represents the ELA. The ELA could be estimated based on
glacier flow velocity without mass balance data [58].

6. Conclusions

In this study, the eastward, northward, and upward flow velocities of the Urumgqi
Glacier No.1 from August 2016 to August 2017 were estimated using ascending and
descending Sentinel-1 images, SRTM DEM, and measured data. The main conclusions are
drawn as follows:

The combination of SAR interferometry technology, offset-tracking technology, and
the Helmert variance component estimation algorithm could effectively estimate the three-
dimensional velocity of mountain glaciers. The glacier flow velocity results of 20 m spatial
resolution with 0.110 m/a estimation accuracy on a one-year time scale were obtained
based on ascending and descending Sentinel-1 orbit data and the remote sensing estimation
model of glacier velocity established in this paper.

The eastward and upward velocities of the west branch of the Urumqi Glacier No.1
from 2016 to 2017 were significantly higher than those of the east branch. The distribution
characteristics of the surface flow velocities of the glacier’s east and west branches are
different in the three directions. Generally, they show a distribution trend of high in
the middle and low on the sides of the same elevation zone. Meanwhile, the surface
flow velocity of the Urumgqi Glacier No.1 is mainly related to the thickness and slope of
the glacier.

The remote sensing estimation model with combined SAR interferometry and offset-
tracking techniques could provide a methodological reference for estimating mountain
glacier flow velocity at different time scales. Simultaneously, it is also considered a data
reference for near real-time large-scale glacier velocity mapping. In addition, this method
could also estimate glacier equilibrium line altitude and glacier thickness.
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Appendix A

Table Al. Sentinel-1 image pairs used on Urumgqi Glacier No.1.

Track Master Image Slave Image Track Master Image Slave Image
Acquisition Time Acquisition Time Acquisition Time Acquisition Time
2016-09-08 2016-10-14 2016-09-08 2016-10-14
2016-10-14 2016-10-26 2016-10-14 2016-11-19
2016-10-26 2016-11-19 2016-11-19 2016-12-01
2016-11-19 2016-12-13 2016-12-01 2016-12-13
2016-12-13 2017-01-06 2016-12-13 2017-01-06
2017-01-06 2017-01-30 2017-01-06 2017-01-30
2017-01-30 2017-02-11 2017-01-30 2017-02-23
2017-02-11 2017-02-23 2017-02-23 2017-03-31
2017-02-23 2017-03-31 2017-03-31 2017-04-24
Track_114-Ascending 2017-03-31 2017-04-24 Track_19-Descending 2017-04-24 2017-05-06
2017-04-24 2017-05-06 2017-05-06 2017-05-18
2017-05-06 2017-05-18 2017-05-18 2017-05-30
2017-05-18 2017-05-30 2017-05-30 2017-06-11
2017-05-30 2017-06-11 2017-06-11 2017-06-23
2017-06-11 2017-06-23 2017-06-23 2017-07-05
2017-06-23 2017-07-05 2017-07-05 2017-07-17
2017-07-05 2017-07-29 2017-07-17 2017-07-29
2017-07-29 2017-08-10 2017-07-29 2017-08-10

2017-08-10 2017-08-22 2017-08-10 2017-08-22
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Figure Al. Coherence diagram of each ascending image pair.
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