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Abstract: The time series study of glacier movement is of special importance for rational management
of freshwater resources, studying glacier evolution, understanding mechanism of glacier movement,
and assessing disasters caused by glacier movement. In this paper, we put forward an optimization
scheme for the shortcomings in the calculation method of using remote sensing to invert the three-
dimensional (3D) surface motion displacement of glacier. The optimized method consists of Offset
Tracking method, Optimizing the offset tracking results by means of iterative filtering, OT-SBAS
technology and Conversion of 3D surface motion displacement of glacier. The Urumqi Glacier
No. 1 was selected to test the optimized method. The 3D surface motion displacement of Urumqi
Glacier No. 1 was retrieved by using the optimized method based on the ascending and descending
Sentinel-1 datasets from 19 April to 29 August 2018. The distribution of 3D surface velocity of the
Urumqi Glacier No. 1 was obtained in time series, and the accuracy of the inversion results was
evaluated by using the field measurement data. The results show that the accuracies of the inverted
displacements of east branch of Urumqi Glacier No. 1 (UG1E) were about 0.062, 0.063, and 0.152 m
in the east, north and vertical directions, and these values for the west branch (UG1W) were 0.015,
0.020 and 0.026 m, respectively. It is indicated that using Sentinel-1 ascending and descending data
and using the optimized method to retrieve the 3D surface motion displacement of glacier should
satisfy the requirements of inversing the 3D surface motion displacement of high-latitude mountain
glaciers in China.

Keywords: three-dimensional surface motion displacement; Urumqi Glacier No. 1; Sentinel-1;
ascending and descending orbit data; high-latitude mountain glaciers in China; SAR

1. Introduction

Glaciers are an important part of the cryosphere as well as global and local water
resource budgets [1,2]. Movement is one of the main signs that distinguish glaciers from
other natural ice in the cryosphere. Glacier movement is the result of the temporal and
spatial evolution of the glacier itself and the comprehensive influence of a variety of natural
factors [3]. Glaciers transport the mass obtained in the accumulation area to the ablation
area through movement, always approaching a dynamic balance. Glacier movement is
closely related to changes in properties, such as area, length, thickness, geometric form
and mass balance of the glacier. It is a key factor for accurate understanding of glacier
properties and glacier changes [4,5]. Studying the evolution of glacier movement can

Water 2021, 13, 1793. https://doi.org/10.3390/w13131793 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w13131793
https://doi.org/10.3390/w13131793
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13131793
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13131793?type=check_update&version=1


Water 2021, 13, 1793 2 of 21

help humankind to better manage glacier freshwater resources, providing an essential
parameter for the understanding of glacier change in our changing environment [6,7].

In the context of climate warming, the drastic melting of glaciers will generally
aggravate the instability of the glacier dynamic system and increase the frequency of
glacier disasters. However, in the actual situation, the uncertainty of whether the massive
mass loss of the glacier accelerates or slows down the glacier movement is still worth
exploring [8,9]. Monitoring glacier movement not only plays an important supporting
role in the research of the above scientific issues, but also can warn of disaster events such
as glacier surges and ice avalanches [5,10]. Therefore, in order to better understand the
mechanism of glacier movement, accurately evaluating the disasters related to glacier
movement and accurately measuring the 3D surface motion displacement of glaciers
caused by glacier movement are of vital importance. Glaciers are usually located in
places with relatively cloudy rain and severe weather. Optical remote sensing is greatly
affected by weather conditions. Synthetic Aperture Radar (SAR) has the advantages of all-
weather and all-day, unaffected by clouds and rain, with high resolution. Therefore, SAR
is widely used in mountain glacier movement monitoring. Methods to obtain 3D surface
motion information of glaciers through remote sensing inversion mainly include D-InSAR
technology combined with MAI technology, using the ascending and descending orbit data,
D-InSAR technology combined with offset tracking method, D-InSAR technology combined
with GNSS data, and PO-SBAS, which integrates pixel offset technology and small baselines
subset [11–19]. Although there are various methods for obtaining glacier 3D surface motion
information through remote sensing inversion, it is still worth exploring whether there
are any shortcomings and whether it can be optimized in the method. Moreover, in
previous studies, when converting 2D surface movement to 3D surface movement, most
of the research is based on the assumption of parallel flow on the glacier surface. The
transformation from plane displacement to the slope of the ice surface is not consistent with
the actual glacier surface movement. It should be transformed to the three-dimensional
surface movement of the glacier more rationally through multiple perspectives.

In recent years, many researchers have conducted a large number of studies on
mountain glaciers in middle and low latitudes of China by using different research methods,
and have made important research progress in glacier change, glacier movement, mass
balance and other aspects [20–30]. Studies on glaciers in high-latitude regions in China
mainly focused on changes in the area and length of glaciers [31–37], with few studies
carried out on the monitoring of the three-dimensional surface motion of glaciers. Urumqi
Glacier No.1 (UG1) is located in the core area of arid and semiarid Central Asia, the
headwaters of the Urumqi River in eastern Tien Shan. Previous studies carried out on this
glacier have mainly focused on glacier area, terminus, hydrology, albedo and movement
changes, and mass balance observation and simulation [38–47]. However, there is still
no relevant research on the inversion of 3D surface motion displacement of glacier using
spaceborne SAR data. UG1 is a reference glacier in the arid region of Central Asia, has the
longest observation record of all the glaciers in China. Therefore, UG1 is very suitable, as a
research object, to verify the feasibility of remote sensing monitoring methods for glaciers.

In the current study, we expanded upon the research of Li et al. and Yang et al. by
optimizing the shortcomings in the processing of the 3D surface motion displacement
inversion method for high-latitude mountain glaciers in China. The overall workflow was
verified on the Urumqi No.1 Glacier by comparing the inversion results of 3D surface
motion displacement of glacier with the measured results. The objectives of our study
were (1) optimize the shortcomings of the calculation method of glacier 3D surface motion
displacement by remote sensing inversion, and (2) To verify the feasibility of using the
optimized inversion method of 3D surface motion displacement and Sentinel-1 ascending
and descending orbit data in the study of 3D surface motion displacement of high-latitude
mountain glaciers in China.
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2. Study Site and Materials
2.1. Study Site

As shown in Figure 1, Urumqi Glacier No. 1 (UG1; 43◦06′ N, 86◦49′ E) is a northeast-
facing valley glacier, located on the northern slope of Tianger Summit II in the eastern Tien
Shan, the elevation is between 3752 and 4445 m. In 1959, the Chinese Academy of Sciences
established the Tianshan Glaciological Station (TGS) 3 km northeast of the glacier to carry
out climatological, glaciological and hydrological observations around this glacier. UG1
separated into two small independent glaciers in 1993, the east branch (UG1E) and west
branch (UG1W), due to sustained mass balance losses, with a cumulative mass loss of the
glacier of 20 m w.e. from 1980 to 2017 which has driven retreat and area decline. According
to the field investigation data, the glacier covered a total area of 1.95 km2 in 1962 to 1.54 km2

in 2017. The area of UG1E was 0.99 km2, which is very close to the average area of glaciers
in China (1.01 km2) published in the Second Chinese Glacier Inventory, and slightly larger
than the average area of glaciers in China’s Tien Shan Mountains (0.90 km2) [48].
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Figure 1. Study site description: (a) sketch map of the study including the locations of Urumqi Glacier No. 1 (UG1) and
stakes in 2018. (b) Location map of Urumqi Glacier No. 1 in the eastern Tien Shan.

2.2. Materials
2.2.1. Sentinel-1 Ascending and Descending Orbits Data

To generate 3D surface motion displacement of UG1, Sentinel-1 ascending and de-
scending orbit images in the Interfermetric Wide Swath mode were used to test the relia-
bility of the optimized method. Table A1 list the principal parameters for SAR imagery.
The pixel spacing in the LOS and azimuth directions were 2.33 and 13.89 m, respectively.
In total, 10 ascending and 10 descending SAR images were acquired from 19 April to 29
August 2018. From these, a total of 40 image pairs, which had a time interval for each image
pair of less than 36 days, were selected, including 20 ascending pairs and 20 descending
pairs (see Table A2).
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2.2.2. Measurement Data

Field measurement of three-dimensional surface motion displacement of glacier is
usually made by drilling stakes into the ice and measuring their positions at regular
intervals. On 25 April and 29 August 2018, field observations were made on the three-
dimensional surface motion displacements of stakes on the east branch and west branch
of Urumqi Glacier No.1, respectively, to obtain the three-dimensional surface motion
displacement of the glacier during this period. The measurement data were mainly used
to evaluate the accuracy of 3D surface displacement of glacier retrieved by the optimized
method and Sentinel-1 ascending and descending orbit data. The RTK (Real Time Kinematic
Studio) method was used to measure the positions of the stakes. The instrument was
Trimble R10 GNSS, and its horizontal and vertical positioning accuracy can reach the order
of mm [49]. The number of stakes was 39, of which 21 were placed on the east branch and
18 were placed on the West branch. The position distribution of stakes is shown in Figure 1.

3. Methodology

In previous studies, the methods for inversion of 3D surface motion information
of glaciers generally include offset tracking method, estimation of 3D information, and
the time series of 3D information. In this paper, the method of optimizing the offset
tracking results by means of iterative filtering is added to solve the problems in the actual
processing process. The method used in this paper includes four steps: Offset Tracking
method, optimizing the offset tracking results by means of iterative filtering, OT-SBAS
technology and the conversion of 3D surface motion displacement of the glacier.

3.1. Offset Tracking

Offset tracking (OT) is a technique for measuring surface deformation based on
SAR image amplitude information, which can estimate the surface motion displacement
in the line of sight (LOS) and azimuth directions. It has been widely used to mea-
sure the surface displacement caused by glacier movements, seismic activity and coal
mining [50–55]. OT includes amplitude tracking and coherence tracking. Amplitude
tracking uses amplitude information to correlate two SAR images, which is suitable for situ-
ations with clear features and poor coherence of the image pair. Coherence tracking seeks to
calculate the interferometric phase information of the SAR image, which requires the image
pair to have a certain degree of coherence and is susceptible to temporal decorrelation [19].
This paper used the method of amplitude tracking.

Four main steps were employed to estimate LOS and azimuth offsets using Amplitude
Tracking in the trial version SARscape 5.5.2 [56]: (1) precise registration of primary and
secondary images, (2) offset calculation based on normalized cross-correlation algorithm, (3)
the calculation of system estimation, (4) the calculation of LOS and azimuth displacement.
The LOS looks and azimuth Looks were set to 4 and 1 pixels, respectively, for all the SAR
image pairs, thereby achieving a ground resolution of approximately 15 m. The size of the
small image patch that averaged the cross-correlation function was chosen to be 32 pixels
in both and azimuth, we set the cross-correlation coefficient threshold at 0.1, and values
below 0.1 were discarded and set to no data.

3.2. Optimizing the Offset Tracking Results by Means of Iterative Filtering

According to the field measured values, the processing results of the offset tracking
method for each image pair were checked, it was found that the data in some areas was far
greater than the field measured value. This was mainly due to the cross-correlation failures
of the data, which led to erroneous results in this area, indicating that there were still some
shortcomings in the offset tracking method when the software tool used in this study. In
order to prevent the transmission of erroneous information to the final result, we needed
to optimize the obtained offset tracking results in the line-of-sight and azimuth directions.
In this study, we achieved the goal of optimization through an iterative screening process.
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Figure 2 showed the optimized processing and the results before and after optimization.
The specific processing steps were as follows:
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Figure 2. Filter and optimize the offset tracking results (unit: m).

(1) A 50 × 50 m grid treatment was carried out on a single glacier, and each grid was
checked. When the offset tracking result covered did not exceed 50% of the grid area, the
grid was removed. (2) We extracted the average value of offset tracking results covered
by each grid after filtering. In order to facilitate subsequent computation, grid data were
converted to point data. (3) We obtained the average value a and standard deviation σ

of all points on a single glacier and removed the points whose values were outside the
threshold a ± 3σ, then recalculated the average and standard deviation of the remaining
point values, and removed the points outside the threshold again, and iterated until all the
remaining points fully met the threshold requirements. (4) According to the value of the
remaining points after screening, the Ordinary Kriging Interpolation method was used to
fill up the value of the missing part, so as to obtain the optimization results of the LOS and
azimuth directions of a single glacier.

3.3. OT-SBAS Technology

Offset Tracking-Small Baseline Subset (OT-SBAS) took multiple optimized offset
results obtained at different time scales in each direction as the input for SBAS processing,
and then obtained the final offset results of time series in each direction by adjusting
them [18].

Taking the LOS direction as an example, N + 1 SAR images are acquired at time
t = [t0, · · · , tN ]

T , and M image pairs can be obtained according to the temporal and spatial
baseline threshold:

N + 1
2
≤ M ≤ N

(
N + 1

2

)
(1)

Assuming that the acquisition time of the earliest image t0 is the reference time, then
the relative offset ε(ti) at time ti(i = 1, · · · , N) is the parameter to be solved:

ε = [ε(t1), · · · , ε(tN)]
T (2)

Use the offset tracking method to independently calculate the LOS direction offset
δε j(j = 1, · · · , M) between each offset pair.
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δε j = [δε1, · · · , δεM]T (3)

For M image pairs, the order of acquiring the primary image and the secondary image
is mj and sj (j = 1, · · · , M), respectively, and if the primary and secondary images are
arranged in order, thus,

δε j = ε
(

tmj

)
− ε
(

tsj

)
(j = 1, · · · , M) (4)

Equation (4) includes equations with unknown parameters, and it can be rewritten in
matrix form as:

δε = Aε (5)

where A =


0 −1 0 +1 · · ·
0 0 +1 0 · · ·
· · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · ·

, each row of matrix A[M× N] corresponds to an

offset pair.
If all image pairs belong to the same small baseline subset, then the rank of the matrix

A is N(M ≥ N), and its least squares solution is provided:

∧
ε = Aτδε and Aτ =

(
AT A

)−1
AT (6)

If the number of the small baseline subset is L, the rank of matrix A is N − L + 1.
When L is greater than 1, matrix A is rank defect, and Equation (5) has multiple solutions,
so singular value decomposition (SVD) is used to solve the unique value of Equation (5).

A = USWT (7)

where U is an orthogonal matrix with dimension [M×M]; diagonal elements of S are
singular values σi (i = 1, · · · , N); W is an orthogonal matrix with dimension [N × N]. The
minimum-norm least squares solution of Equation (5) is:

∧
ε = WS−1UTδε (8)

In order to obtain a solution that conforms to the physical meaning, the solution of
the relative offsets ε was replaced with the solution of the average displacement velocity υ:

vT =

[
v1 =

ε1 − ε0

t1 − t0
, · · · , vN =

εN − εN−1

tN − tN−1

]
(9)

Equation (5) can be transformed into:

mj

∑
i=sj+1

(ti − ti−1)υi = δε j (j = 1, · · · , M) (10)

Equation (10) can be simplified to:

B1υ = δε (11)

where B1 is a matrix with a dimension of M× N, the matrix element B1[i, j] =
(
tj+1 − tj

)(
Sj + 1 ≤ j ≤ mj, ∀i = 1, · · · , M

)
, and all other elements are zero.



Water 2021, 13, 1793 7 of 21

B1 =



12 0 0 0 0 0 0 0 0
12 12 0 0 0 0 0 0 0
12 12 12 0 0 0 0 0 0
0 12 0 0 0 0 0 0 0
0 12 12 0 0 0 0 0 0
0 12 12 12 0 0 0 0 0
0 0 12 0 0 0 0 0 0
0 0 12 12 0 0 0 0 0
0 0 12 12 12 0 0 0 0
0 0 0 12 0 0 0 0 0
0 0 0 12 12 0 0 0 0
0 0 0 0 12 0 0 0 0
0 0 0 0 12 24 0 0 0
0 0 0 0 0 24 0 0 0
0 0 0 0 0 24 12 0 0
0 0 0 0 0 0 12 0 0
0 0 0 0 0 0 12 24 0
0 0 0 0 0 0 0 24 0
0 0 0 0 0 0 0 24 12
0 0 0 0 0 0 0 0 12



(12)

The optimized offset tracking results provide offsets of 20 periods in each direction
(δε in Equation (11)), and the glacier velocities υ for 9 consecutive periods in each direction
are estimated by the OT-SBAS method.

3.4. Conversion of 3D Surface Motion Displacement of Glacier

After OT-SBAS technology processing, glacier velocities in four directions (ascending
LOS and azimuth directions and descending LOS and azimuth directions) were obtained,
respectively. In order to obtain 3D velocities, we first converted the velocities angle of the
above four directions to the east, north and vertical directions, and then calculated them by
using the least square method.

Taking the ascending track as an example, as shown in Figure 3, the projection of LOS
velocity (υA

LOS) on the ground is the ground range (GR) velocity (υA
GR), where the superscript

‘A’ means the ascending track. υA
GR can be regarded as the function of east velocity υA

E and
north velocity υA

N , and υA
LOS is the function of vertical velocity υA

U and υA
GR [18]:

υA
GR = υA

E sin
(

αA − 3π/2
)
+ υA

N cos
(

αA − 3π/2
)

(13)

υA
LOS = −υA

U cos θA + υA
GR sin θA (14)

where αA and θA are the radar azimuth and incidence angle, respectively. Based on
Equations (13) and (14), the relationship between and 3D velocities can be deduced as follows:

υA
LOS = −υA

U · cos θA + υA
E sin θA · sin

(
αA − 3π

2

)
+ υA

N sin θA · cos
(

αA − 3π

2

)
(15)

Meanwhile, the azimuth (AZ) velocity υA
AZ can be expressed a combination of υA

E and υA
N :

υA
AZ = −υA

E cos
(

αA − 3π/2
)
+ υA

N sin
(

αA − 3π/2
)

(16)

Similarly, in terms of descending track, we can obtain:

υD
LOS = −υD

U · cos θD + υD
E sin θD · sin

(
αD − 3π/2

)
+ υD

N sin θD · cos
(

αD − 3π/2
)

(17)
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υD
AZ = −υD

E cos
(

αD − 3π/2
)
+ υD

N sin
(

αD − 3π/2
)

(18)

where the superscript ‘D’ means descending track.
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Therefore, the 3D velocity can be retrieved using the LOS and azimuth direction ve-
locities derived from ascending and descending images. It can be expressed as a simplified
matrix, as shown below:

B2X = L (19)

where

B2 =


− cos θA sin θA · sin

(
αA − 3π/2

)
sin θA · cos

(
αA − 3π/2

)
0 − cos

(
αA − 3π/2

)
sin
(
αA − 3π/2

)
− cos θD sin θD · sin

(
αD − 3π/2

)
sin θD · cos

(
αD − 3π/2

)
0 − cos

(
αD − 3π/2

)
sin
(
αD − 3π/2

)
 (20)

X =
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υU υE υN
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L =
[

υA
LOS υA

AZ υD
LOS υD

AZ
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Since errors are inevitable in the calculation process, taking error factors into account,
Equation (19) should be expressed as:

B2X + V = L (23)

where V is the errors vector. We use a least squares procedure to acquire the optimal
estimation of 3D velocities, as follows:

∧
X =

(
BT

2 PB2

)−1
BT

2 PL (24)

δ2
∧
X
=
(

BT
2 PB2

)−1
(25)

where δ2
∧
X

is the variance of
∧
X, P is the matrix of the weight. Assuming that the velocity

observations in the four directions are independent, we can get [18]:

P =


(
δA

LOS
)2 0 0 0

0
(
δA

AZ
)2 0 0

0 0
(
δD

LOS
)2 0

0 0 0
(
δD

AZ
)2

 (26)
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where δA
LOS, δA

AZ, δD
LOS and δD

AZ are the standard deviations of υA
LOS, υA

AZ, υD
LOS and υD

AZ.
If the center point (x, y) of velocity observation in the regular window obey a Gaussian
distribution, then the standard deviation δ of velocity observation at point (x, y) can be
calculated as follow [18,57]:

δ =

√
∑n(υ(I, J)− υ(I, J))2

n− 1
(27)

where υ(I, J) are the observations, υ(I, J) are the averages of observations within the
regular window, n is the number of observations in the window.

The initial weight matrix P is determined by the standard deviation of the velocity

observations δ. The calculation of the 3D velocity
∧
X needs to be iterated. In the iterative

process, the iteration method with variable weights of robust estimation is used to adjust P
according to the corresponding elements of V [18,58]. The IGGIII method is used as the
weight function in this paper.

P(V) =


P(V),
1.5σ
|V| P(V),

0,

|V| ≤ 1.5σ
1.5σ < |V| < 2.5σ

|V| ≤ 2.5σ
(28)

where σ is the error in the prior unit weight, and |V| is the absolute value of the residual.
According to the actual measurement data obtained, we ensured that the iteration

proceeded until improvement was less than 0.01 cm/day, and the 3D surface motion
velocities of glacier in the final time series were obtained. Finally, according to the time
interval of each period and the 3D surface motion velocity of glacier, the 3D surface motion
displacement of glacier during the whole study period was obtained.

In this study, Sentinel-1A and Sentinel-1B data incident angles θA and θD are shown
in Table A1 of Appendix A. The azimuth angles αA and αD of Sentinel-1A and Sentinel-1B
data are −13.787◦ and −166.166◦, respectively. Therefore, Equation (20) can be obtained:

B2 =


−0.750 0.643 0.158

0 −0.238 0.971
−0.721 −0.673 0.166

0 −0.239 −0.971

 (29)

4. Results and Discussion
4.1. Comparison between the Inversion Value and the Measured Value

When verifying the reliability of the glacier movement monitoring results, the time
period of the remote sensing images of UG1 was obtained from 19 April to 29 August
2018, and the situ measurement period in the field was 25 April 2018 and 29 August 2018.
Therefore, before comparing the measured three-dimensional surface motion displacement
of the glacier with the inversion results, in order to ensure that the inversion period
corresponds to the situ measurement period, the 3D surface motion displacement of the
glacier for the time interval is calculated by the average velocity in the first period, obtained
through inversion, and the time interval between the actual measurement start time and
the end time of the first inversion period.

Since the in situ measurement data are related to displacement, when comparing the
measured value of UG1 with the remote sensing inversion result, it needs to be converted
into the displacement in each period according to the average velocity obtained from
the inversion and time interval. The displacement SD of UG1 in the east, north and
vertical directions can be obtained from the glacier surface velocity υi(i = 1, · · · , 9) in



Water 2021, 13, 1793 10 of 21

each direction in nine periods and the time interval Ti(i = 1, · · · , 9) in each period. Its
calculation equation is as follows:

SD =
9

∑
i=1

(υi × Ti) (30)

where D is east, north and vertical direction.
When inverting the motion velocity of glacier, in order to prevent the pixel position

from shifting during processing, set a 20 m buffer zone with each stake as the center, and
then calculate the average value of the pixels in the buffer zone and use it as the inversion
result of the position of stake.

The remote sensing inversion values of 3D surface movement displacements of UG1E
and UG1W were compared with the actual measured values, as shown in Figures 4 and 5,
Tables 1 and 2, respectively. In the figure, regarding the two figures marked at each stake,
the upper one is the remote sensing inversion value, while the lower one is the in situ
measurement value. Positive or negative numbers indicate the direction of movement.
Velocities in the east, north, and upward directions are positive numbers.

The inverted values of the glacier motion velocity at the stakes were roughly the
same as the measurement values, but the inverted values of very few stakes were quite
different from the value measured, due to the measured displacement of stake being a
point measurement, While the motion velocity obtained by the inversion was the average
value of the pixel. In addition, there was a certain degree of contingency in the placement
of stakes, so the values measured by individual stakes might have randomness, which
could not accurately represent the value of the corresponding pixels, resulting in a large
difference between the inversion value and the value measured. However, if there was a
good correspondence between the inversion values of most of the stakes and the values
measured, it could also prove the feasibility of the optimized inversion method for the 3D
surface motion and displacement of the glacier.

Therefore, when evaluating the accuracy of the inversion values of the glacier 3D
surface motion velocity at the stakes, the accuracy of the inversion results was evaluated
by using the majority values of the remaining stakes after removing the few stakes that
differ greatly from the measured values.
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Table 1. The inversion value and the measured value of UG1E in three directions (unit: m).

Stakes
East North Vertical

Inversion
Value

Measured
Value

Inversion
Value

Measured
Value

Inversion
Value

Measured
Value

B1′ 0.83 1.06 0.60 0.81 −1.07 −1.96
B2′ 0.86 0.96 0.57 0.65 −1.23 −2.06
B3′ 0.89 1.73 0.69 0.05 −2.22 −3.00
C1′ 1.03 0.43 0.11 0.32 −1.54 −1.74
C2′ 1.30 1.86 0.41 0.58 −1.65 −1.58
C3′ 1.67 1.21 0.38 0.54 −0.72 −1.21
D1′ 1.16 −0.71 −0.08 −0.15 −1.05 −1.34
D2′ 1.52 1.74 0.42 0.48 −0.61 −1.13
D3′ 2.07 0.07 1.10 1.17 −2.19 −1.34
E1′ 0.37 0.29 0.34 0.06 0.12 −0.80
E2′ 0.34 0.31 1.52 1.46 −0.35 −0.81
E3′ 0.99 0.98 1.30 1.17 −1.25 −0.48
F1′ 0.38 −0.31 0.12 −0.13 −0.45 −0.50
F2′ 0.60 0.21 1.29 1.80 −0.89 −0.78
F3′ 0.70 0.55 1.72 1.27 −0.76 −0.66
G1′ 0.96 −0.24 0.25 −0.55 −0.77 −0.40
G2′ 0.53 0.09 0.43 0.80 −1.22 −0.44
G3′ 0.45 0.46 1.21 1.22 −1.60 −0.76
H1′ 1.46 −0.97 −0.37 −0.25 −0.69 −0.67
H2′ 0.77 0.87 0.22 0.26 −0.24 −0.27
I′ 0.44 0.47 1.04 0.49 0.65 −0.34
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Table 2. The inversion value and the measured value of UG1W in three directions (unit: m).

Stakes
East North Vertical

Inversion
Value

Measured
Value

Inversion
Value

Measured
Value

Inversion
Value

Measured
Value

B1 0.43 −0.10 0.94 −0.80 −0.51 −1.69
B2 0.30 0.92 0.73 0.61 −1.18 −1.89
C1 0.73 0.63 0.93 1.44 −0.73 −0.57
C2 0.79 0.94 0.84 0.65 −1.12 −1.87
D1 0.35 0.21 0.51 0.39 −1.07 −1.14
D2 0.90 0.90 0.60 0.71 −0.32 −1.40
D3 0.80 0.39 0.68 1.10 −1.28 −1.49
E1 0.63 0.53 0.38 0.43 −1.22 −1.32
E2 0.83 1.11 0.94 0.57 −0.24 −1.10
E3 0.49 0.55 0.42 0.18 −1.06 −0.99
F1 0.44 0.63 0.70 −0.67 −1.16 −0.99
F2 0.77 0.80 0.98 1.42 −0.97 −1.08
F3 0.55 0.17 0.96 0.87 −0.85 −0.86
G1 0.71 0.42 0.25 0.30 −0.59 −0.55
G3 0.91 1.04 0.63 0.45 −0.33 −0.48
H1 1.05 0.92 0.64 0.43 −0.09 −0.27
H2 1.33 1.56 0.89 0.88 −0.86 −1.12
H3 0.90 0.92 0.86 0.86 −0.55 −0.19

4.2. Accuracy Evaluation of Inversion Results

As is shown in Figure 6, the correlation coefficients between the inverted displacement
values and the measured displacement values of UG1E in the east, north, and vertical
directions were 0.67, 0.84, and 0.75, respectively, and the root mean square error was 0.062,
0.063, and 0.152 m, respectively. According to the calculation, in the east direction, the
average absolute value of the measured value was 0.814, while the average absolute value
of the difference between the measured value and the inversion value was 0.213, and
the latter accounted for 26.2% of the former. In the north direction, the average absolute
value of the measured value was 0.703, while the average absolute value of the difference
between the measured value and the inversion value was 0.197, which accounted for 27.9%
of the former.

Figure 7 is similar to Figure 6. The correlation coefficients between the inverted
displacement value and the measured displacement value of UG1W in the east, north
and vertical directions were 0.78, 0.64, and 0.81, respectively, and the root mean square
error were 0.015, 0.020, and 0.026 m, respectively. The calculation showed that, in the
east direction, the average of the absolute value of the measured value was 0.797, and the
average absolute value of the difference between the measured value and the inversion
value was 0.132, with the latter accounting for 16.5% of the former. In the north direction,
the average absolute value of the measured value was 0.714, and the average of the absolute
value of the difference from the inversion value was 0.181, the latter accounting for 25.3%
of the former. In the vertical direction, the average absolute value of the measured value
was 0.850, while the average absolute value of the difference between the measured value
and the inversion value was 0.145, with the latter accounting for 17.1% of the former.

In summary, the accuracy of the inversion results was similar in the east and north
horizontal directions of the UG1E, while the accuracy of the inversion results in the vertical
direction was lower than that in the horizontal direction. In the UG1W, the accuracy of the
inversion results was similar in the east and vertical directions, while in the north direction,
the accuracy of the inversion results was lower than that in the east and vertical directions.

Li et al. used the method including SAR offset-tracking, pixel offset-small baseline
subset processing and resolution of 3D velocities to obtain the velocity of the Southern
Inylchek Glacier in the east, north and vertical directions. The velocities of the glacier were
58 cm/day east, 70 cm/day north, and 113 cm/day vertically, and the errors ranged from
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1.1 to 2.2 cm/ day for east velocity, from 0.7 to 1.5 cm/day for north velocity, and from
0.6 to 1.2 cm/day for vertical velocity. Therefore, in the east, north and vertical directions,
the percentage of the velocity error in the glacier motion velocity is 1.9–3.8%, 1–2.14% and
0.53–1.06%, respectively.

Yang et al. used methods including offset tracking method, estimation of 3D displace-
ment, and the time series of 3D displacement to retrieve the horizontal and vertical motion
velocities of Cuolangma glaciers from January to December 2018. It could be concluded
that the velocity error of Cuolangma glacier No.1 in vertical direction accounts for 12.35%
of the velocity, and the value for Cuolangma glacier No.2 was 13.5%.

In this study, in the east, north and vertical directions, the percent ranges of the
inversion accuracy and the average of the stake measurement values on the UG1E were
7.61%, 8.94% and 13.18%, respectively, and the percent ranges of the inversion accuracy
and the average of the stake measurement values on the UG1W were 1.88%, 2.80% and
2.87%, respectively.

It could be seen from the above that the accuracy of the inversion results of this study
was similar to that of previous studies. It showed that the optimized method in this paper
had good applicability for retrieving the three-dimensional surface motion displacement of
high-latitude mountain glaciers in China.
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4.3. Distribution of the 3D Surface Motion Velocity of UG1

The distribution of surface motion velocity in the east, north and vertical directions
on the east branch and west branch of UG1 are shown in Figures 8 and 9. The distribution
characteristics of the surface motion velocity of the east branch and west branch of UG1
glacier are different in the three directions, but generally present a trend of higher values
in the middle and lower values on both sides in the same altitude zone.

Figure 8 shows that the surface motion velocity of UG1E distributes smoothly in the
east and north directions, and the distribution is relatively discrete in the vertical direction.
The east velocity generally shows a movement from west to east, and the speed gradually
increases with the passage of time. In the north direction, the velocity in the middle and end
of the glacier is higher, which is related to the melting of the glacier. In the vertical direction,
the change in the velocity is more complicated, which is mainly caused by the movement of
the glacier along the slope, the subsidence or uplift of some areas caused by external forces,
and the thinning of the glacier thickness caused by the accelerated melting of the glacier.

It can be seen from Figure 9 that the changes in the surface motion velocity of the
western branch glacier in the east and north directions are mainly concentrated in the
period of 19 April to 18 June 2018 from the perspective of time. From the spatial point of
view, the changes are mainly distributed in the upper and middle reaches of the glacier,
which are mainly affected by the mass transfer of the glacier. In the vertical direction,
the spatial distribution of the surface motion velocity of UG1W is relatively discrete and
complex, and the time change has no obvious change characteristics, which is consistent
with the fact that the surface motion velocity of UG1E changes in the vertical direction.
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5. Conclusions and Outlook

This paper has presented an optimized method for retrieving the 3D surface motion
displacement of glaciers from Sentinel-1 ascending and descending datasets. The optimized
method consists of the Offset Tracking method, optimizing the offset tracking results by
means of iterative filtering, OT-SBAS technology and conversion of 3D surface motion
displacement of glacier. The 3D surface motion displacement of the UG1E and UG1W from
19 April to 29 August 2018 was calculated using Sentinel-1 datasets and the optimized
method, respectively, and the accuracy of the retrieval results was evaluated using the in
situ measurements.

The comparison between the in situ measurements and the estimated 3D surface
motion displacements showed that the accuracies of the inverted displacements of east
branch of Urumqi Glacier No. 1 were about 0.062, 0.063, and 0.152 m in the east, north
and vertical directions, and these values for the west branch of Urumqi Glacier No. 1
were 0.015, 0.020, and 0.026 m, respectively. The accuracy level should satisfy the general
requirement of the 3D surface motion displacement monitoring of high-latitude mountain
glaciers in China.

In this study, it has been demonstrated that the optimized monitoring method of 3D
surface motion displacement based on the Sentinel-1 ascending and descending orbit data
has great potential in glaciology. However, in order to obtain more high-precision 3D
glacier surface motion information, the research method in this paper should be further
optimized and enhancing the ability of offset tracking method to identify feature points.
In addition, since this paper mainly studies the optimization of the method, the research
period is short, and it is difficult to determine the relationship with its influencing factors,
such as temperature and precipitation. We will discuss the relationship between the 3D
surface motion displacement of glacier and its influencing factors in our future research.
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Appendix A

Table A1. Parameter list of Sentinel-1 on Urumqi Glacier No. 1.

Satellite Track Directions Track Acquired Time Polarization Mode Incidence Angle/◦

Sentinel-1A Ascending Track_114

19 April 2018 VV 41.444
1 May 2018 VV 41.441

13 May 2018 VV 41.447
25 May 2018 VV 41.450
6 June 2018 VV 41.447

18 June 2018 VV 41.446
12 July 2018 VV 41.441
24 July 2018 VV 41.446

17 August 2018 VV 41.450
29 August 2018 VV 41.448

Sentinel-1B Descending Track_19

19 April 2018 VV 43.851
1 May 2018 VV 43.843

13 May 2018 VV 43.845
25 May 2018 VV 43.848
6 June 2018 VV 43.853

18 June 2018 VV 43.850
12 July 2018 VV 43.847
24 July 2018 VV 43.846

17 August 2018 VV 43.849
29 August 2018 VV 43.850

Table A2. Sentinel-1 image pairs used on Urumqi Glacier No. 1.

Track Directions Primary Images Secondary Images Baseline (m) Time Intervals (day)

Ascending

19 April 2018 1 May 2018 45.814 12
19 April 2018 13 May 2018 −51.462 24
19 April 2018 25 May 2018 −97.520 36
1 May 2018 13 May 2018 −93.673 12
1 May 2018 25 May 2018 −141.855 24
1 May 2018 6 June 2018 −91.351 36

13 May 2018 25 May 2018 −48.964 12
13 May 2018 6 June 2018 18.352 24
13 May 2018 18 June 2018 31.388 36
25 May 2018 6 June 2018 52.916 12
25 May 2018 18 June 2018 76.525 24
6 June 2018 18 June 2018 25.262 12
6 June 2018 12 July 2018 100.125 36

18 June 2018 12 July 2018 74.758 24
18 June 2018 24 July 2018 3.160 36
12 July 2018 24 July 2018 −74.824 12
12 July 2018 17 August 2018 −141.608 36
24 July 2018 17 August 2018 −67.225 24
24 July 2018 29 August 2018 −39.664 36

17 August 2018 29 August 2018 27.249 12

Descending

19 April 2018 1 May 2018 143.474 12
19 April 2018 13 May 2018 101.273 24
19 April 2018 25 May 2018 56.725 36
1 May 2018 13 May 2018 −42.507 12
1 May 2018 25 May 2018 −88.337 24
1 May 2018 6 June 2018 −168.091 36

13 May 2018 25 May 2018 −45.842 12
13 May 2018 6 June 2018 −125.828 24
13 May 2018 18 June 2018 −73.370 36
25 May 2018 6 June 2018 −80.777 12
25 May 2018 18 June 2018 −29.639 24
6 June 2018 18 June 2018 52.497 12
6 June 2018 12 July 2018 101.450 36

18 June 2018 12 July 2018 49.405 24
18 June 2018 24 July 2018 59.532 36
12 July 2018 24 July 2018 18.759 12
12 July 2018 17 August 2018 −36.185 36
24 July 2018 17 August 2018 −43.193 24
24 July 2018 29 August 2018 −72.274 36

17 August 2018 29 August 2018 −30.089 12
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