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Abstract: Offset tracking technology is widely studied to evaluate glacier surface displacements.
However, few studies have used a cross-platform to this end. In this study, two heterogeneous
data sources, Sentinel-1 and Landsat 8, from January 2019 to January 2021, were used to estimate
the offset, and then the optimal estimation of the 3D deformation rate of a Himalayan glacier was
obtained based on the joint model of variance component estimation. The results show that the
maximum deformation rates of the glacier in the east–west direction, north–south direction, and
vertical direction are 85, 126, and 88 mm/day, respectively. The results of the joint model were
compared and analyzed with the results of simultaneous optical image pixel offset tracking. The
results showed that the accuracy of the joint solution model increased by 41% in the east–west
direction and 36% in the south–north direction. The regional flow velocity of the moraine glacier
after the joint solution was consistent with the vector boundary of the glacier cataloging data. The
time-series results of the glacier displacement were calculated using more images. These results
indicate that the joint solution model is feasible for calculating temporal glacier velocity. The model
can improve the time resolution of the monitoring results and obtain further information on glacier
characteristics. Our results show that the glacier velocity is affected by local terrain slope and
temperature. However, there is no absolute positive correlation between glacier velocity and slope.
This study provides a reference for the joint acquisition of large-scale three-dimensional displacement
of glaciers using multi-source remote sensing data and provides support for the identification and
early warning of glacier disasters.

Keywords: Sentinel-1; Landsat 8; offset tracking; variance component estimation; three-dimensional;
glacier monitoring; Shishapangma Peak; central Himalayan range; Tibet

1. Introduction

Under the influence of global warming, glacier melting has intensified the occurrence
of natural disasters, such as landslides, mudslides, and glacial lake collapses [1]. As an
important characteristic of glacier change, glacier surface displacement can reveal mass
balance changes and is beneficial for the early identification of potential glacier disasters [2].
Therefore, high-precision and multi-dimensional monitoring of glacier velocity changes can
provide a theoretical basis for the early warning of glacier disasters and climate analysis.

Offset tracking technology has been widely used in glacier displacement monitor-
ing [3], with the synthetic-aperture radar (SAR) offset [4] and optical offset techniques [5]
being two commonly used techniques. SAR images are not affected by weather conditions,
the revisit cycle of the SAR satellite is short, and the coverage area of the SAR image is
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large [6]. Therefore, many scholars have estimated glacier displacement based on intensity
information from SAR images [7]. For example, glacier velocity changes in Greenland from
2015 to 2017 were obtained based on Sentinel-1A SAR images [8]. The three-dimensional
velocity of the Southern Inylchek Glacier as obtained from TerraSAR-X SAR data using
time-series SAR offset technology [9]. However, the SAR offset tracking estimation results
are ranges and azimuth offsets based on the image coordinate system. Therefore, some
scholars have chosen to focus on pixel offset tracking technology based on optical images
to obtain the displacement in the east–west and south–north directions [10]. For example,
the mountain glacier velocity field in the Alps was calculated based on SPOT-5 optical
images [11]. The 28-year landslide deformation in Peru was calculated based on sentinel-2,
SPOT1-5, and Pleiades [12]. Therefore, it is common to use a single data source to carry out
glacier displacement monitoring.

Joint monitoring methods have also been developed for glacial displacement mon-
itoring of large gradient, multi-source, and multi-platform images. For example, two-
or three-dimensional glacier motion monitoring is integrated with InSAR ascending and
descending orbit technology [13]. The pixel-offset small-baseline subset (PO-SBAS) [14]
and multiple aperture interferometry (MAI) techniques combined with multiple tracks
have been used to evaluate the 3D deformation of glaciers [15]. In the joint monitoring of
different platforms and different methods, the variance component estimation is the main
applied model. For example, Hu et al. [16] extracted the 3D deformation field related to the
Mw 7.8 earthquake in Kaiköura, New Zealand, from the SAR data obtained from the de-
scending orbit of ALOS-2 and the ascending orbit of Sentinel-1 based on pixel offset tracking
technology. In particular, the variance component estimation algorithm was used to deter-
mine the accurate weight of heterogeneous InSAR measurements. Liu et al. [17] 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 Urumqi 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. However, few studies have performed the high-precision and multi-dimensional
monitoring of large gradient deformations by fusing SAR offset and optical offset based
on variance component estimation. In this study, a glacier on Shishapangma Peak in the
central Himalayas was evaluated using two different data sources, Sentinel-1 and Landsat
8. The optimal estimation of the 3D deformation rate of the glacier was calculated based
on the variance component estimation. Finally, the calculated results were compared with
the optical time-series results, and their accuracy was evaluated. The findings presented in
this study provide a reference for the joint acquisition of large-gradient 3D displacement of
glaciers using multi-source remote sensing data.

2. Experimental Area and Data
2.1. Experimental Area

The experimental area was located at Shishapangma Peak, a peak in the middle of the
Himalayas in Nyalam County, Tibet Autonomous Region, China. The geospatial locations
are shown in Figure 1a. The central Himalayas is covered with many glaciers and is the
source of many rivers, such as the Ganga River, Jumna River and Bilangna River. In
recent years, glaciers have melted, and glaciers in the central Himalayas are more likely to
collapses, glacial lakes, and floods than in other areas. The Shishapangma region is one of
the centers of modern glaciation and is crisscrossed by many mountain glaciers [18]. As
a result of climate change, glaciers are melting at faster rates, and the number of glacial
lakes has increased, exacerbating the occurrence of natural disasters, such as glacial lake
outbursts and debris flows [19]. From 1988 to 2015, the glacier area in the Jilong River Basin
of Tibet decreased by 16.45% [20]. Similarly, the area of glacial lakes in the Boqu Basin, Tibet,
increased by 110% from 1964 to 2017, and eight glacial lakes were considered potentially
dangerous [21]. The research object of this study is the large glacier of Shishapangma
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Peak, as shown in Figure 1b. The upper reaches of the glacier have three tributaries and
converge in the middle reaches, which is a typical experimental area for the analysis of
glacier three-dimensional motion characteristics.
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Figure 1. (a) Data coverage map of the experimental area and (b) false color image of the glacier
with Landsat 8 OLI Data (652-band Fake Color Synthesis). In (a), the study area is located near
Shishapangma Peak in Nyalam County, Tibet Autonomous Region, China, and about 16 km from the
China-Nepal border. In (b), blueish colors represent glacier and snow-covered areas, and reddish
colors represent bare surface and surface moraine glacier areas.

2.2. Study Data

Considering that image pairs with long time intervals are more beneficial for displace-
ment estimation, 31-scene Sentinel-1 ascending orbit images with 24 d intervals from the
official website of the European Space Agency were selected. The study period chosen was
January 2019 to December 2020. Detailed parameter information is presented in Table 1. A
total of 19 Landsat 8 operational land imager (OLI) optical images from the USGS were
used, and the image coverage is shown in Figure 1a. The time range of the Landsat 8
images was from January 2019 to January 2021, and the parameter information is shown in
Table 2. These Landsat 8 images were ortho-corrected based on an external DEM [22].

Table 1. Sentinel-1 image parameters.

Orbit Direction Ascending

Track No. 85
Incidence angle at scene center (◦) 33.9◦

Azimuth angle (◦) −10.1◦

Imaging mode Interferometric Wide swath
Polarization mode VV
Number of scenes 31

Acquisition period (yyyymmdd) 6 January 2019–26 December 2020
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Table 2. Landsat 8 image parameters.

Image Bands Panchromatic Band

Spatial resolution/m 15
Data Product level Level-1T

Central wavelength/µm 0.59
Revisit cycle/d 16

Number of scenes 19
Acquisition period (yyyymmdd) 3 January 2019–8 January 2021

3. Methods and Data Processing

In this paper, the method of pixel offset tracking technology and variance component
estimation is mainly used to reverse the 3D flow velocity of glaciers. Based on offset tracking
technology, Sentinel-1 images can be used to obtain the displacement of the target in the
range and azimuth directions of SAR images, and Landsat 8 images can be used to obtain
the displacement of the target in the east–west and south–north directions. The optimal
estimation of the three-dimensional velocity of the glacier was obtained by integrating the
displacement of the above four directions with the variance component estimation. Data
processing is divided into three main steps: SAR offset estimation, optical offset estimation,
and fusion solution (Figure 2).
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The specific steps to estimate the variance components are as follows: First, the SAR
image was processed using pixel offset tracking technology to obtain the displacement
results of the target pixels in the range and azimuth directions. The displacement results
were transformed by projection and resampling, and the displacements in the east–west,
north–south, and vertical directions were decomposed. At the same time, pixel offset
tracking technology was also used to process Landsat 8 images to obtain the displacement
results of target pixels in the east–west and south–north directions. Then, according to the
different error sources of the measurement results, the range and azimuth displacements
obtained by SAR offset tracking, and the east–west and south–north displacements obtained
by optical offset tracking were composed of four observation equations. Based on the
variance component estimation, the stochastic model posterior estimation of the SAR offset
and optical offset displacement results was performed, and the optimal 3D deformation
rate estimation of the glacier was obtained.

3.1. SAR Offset Estimation

The offset tracking technology based on SAR images uses a normalized cross-correlation
algorithm to obtain the offset in the range and azimuth directions. Since the calculation
results will be affected by the incoherent noise of SAR images, the small baseline set pixel
tracking algorithm [23] is adopted in this paper. First, the optimal baseline combination
was obtained by setting spatial and temporal threshold values (Figure 3). Then, the offset
was estimated using the intensity-tracking algorithm, which requires less coherence. To
obtain high-precision offset results, the search window size was set to 128 × 128 pixels
(range × azimuth), the search step was 5 × 1 pixels (range × azimuth), and the correlation
coefficient threshold was 0.2. These settings were designed to balance the offset signal and
noise generated by the estimation process.
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3.2. Optical Offset Estimation

The pixel offset tracking algorithm based on optical images uses the sub-pixel cor-
relation matching algorithm to obtain the offset results in the east–west and south–north
directions. Because the Cosi-corr software can usually obtain good accuracy and reliabil-
ity [24], it was used to estimate the offset between the optical images in our study. The
offset tracking results of the optical system are affected by the uncorrelated noise and the
solar angle [12]. The larger the angle difference between the two images, the larger the
error is. Therefore, we calculated the difference between the solar altitude angle and solar
azimuth angle between each image pair before the offset tracking processing. Figure 4a
shows 34 optical image pairs with a small difference between solar altitude angle and solar
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azimuth angle (the solar altitude angle difference is less than 3.58; the solar azimuth angle
difference is less than 15.82). Figure 4b shows the time baseline of 34 image pairs.
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In processing with the Cosi-corr software, we adopted a two-level window search
strategy to obtain more accurate results. First, we set the window size to 64 × 64 for
the initial search to reduce the effect of outliers on the image matching accuracy and
then set the search window size to 32 × 32 to obtain more deformation details. Then,
we set the search step to four pixels and the number of iterations to two. We masked
the uncorrelated noise according to the amplitude of the log-cross-correlated spectrum
using a mask threshold of 0.9. The offset of the image pair was estimated based on the
frequency domain cross-correlation algorithm, and the displacement in the east–west and
north–south directions and signal-to-noise ratio (SNR) were obtained. The errors caused
by uncorrelated noise in the north–south and east–west results were further removed
by selecting pixels with an SNR greater than 0.9. The orbit error in the offset result was
removed using the polynomial surface-fitting model. Owing to the marked and uniformly
distributed linear signals forming strip errors along the orbit direction of the push-broom
imaging satellite, the strip errors were removed from the offset results by means of mean
subtraction [25]. Simultaneously, the final offset results were processed using non-mean
filtering to smooth the influence of local noise. The optical image time-series offset results
were solved using the singular value decomposition (SVD) method. The results of the
time-series displacement were obtained by integrating the deformation rate with time
(Figure 2).

3.3. Fusion Solution Based on Variance Component Estimation

As a joint adjustment method for multi-category data, Helmert variance component
estimation can usually obtain the optimal estimate of observations. First, we classified the
observed values according to their different sources and determined the initial weight and
pre-adjustment of each value. Then, the posterior unit weight variance of various values
was calculated according to certain principles. The iterative operation of the observation
quantity was performed until the errors in their unit weights were equal or the ratio of
the variances of all types of unit weights is equal to 1. Some scholars have studied the
fusion of InSAR and GPS observations using this method [26]. In this study, the posterior
estimate of the stochastic model was used to estimate the SAR and optical displacements
using variance component estimation. The basic principles and processes are as follows.

To solve the problem of unequal pixel sizes of Sentinel-1 and Landsat 8 images, we
carried out coordinate system conversion and pixel resampling. First, the Sentinel-1 images
coordinate system was converted to a coordinate system consistent with Landsat 8’s. The
Sentinel-1 images are then resampled to a resolution consistent with Landsat’s 8-pixel size.
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We assumed that N SAR images form m interference pairs. For coherence point i in
the rth (1 ≤ r ≤ m) image pair, assuming uniform deformation occurs, then

Losri=
[
tr·Cri

e tr·Cri
n tr·Cri

u ]·
[
vi

e vi
n vi

u

]T
(1)

Azri=
[
tr·Dri

e tr·Dri
n tr·Dri

u ]·
[
vi

e vi
n vi

u

]T
(2)

where Losri and Azri are the deformation in the line of sight (LOS) and the azimuth of
coherence point i in the rth interference pair, respectively. vi

e, vi
n, and vi

u are the deformation
rates of point i in the east–west, north–south, and vertical directions, respectively. tr is
the time interval of the rth interference pair. Ci

e, Ci
n , and Ci

u are the projections of the
LOS direction on coherence point i in the east–west, north–south, and vertical directions,
respectively. Dri

e , Dri
n , and Dri

u are the projections of the azimuth direction on coherence
point i in the east–west, north–south, and vertical directions, respectively. The values were
calculated according to the geometric relationship of the projection (Figure 5) using the
following equations: 

Ci
e = − sin θi

inc sin
(
αi

azi − 3π/2
)

Ci
n = − sin θi

inc cos
(
αi

azi − 3π/2
)

Ci
u = cos θi

inc
Di

e = − cos
(
αi

azi − 3π/2
)

Di
n = − sin

(
αi

azi − 3π/2
)

Di
u = 0

(3)

where θi
inc and αi

azi are the incidence and azimuth angles on coherence point i, respectively.
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If f image pairs are formed using optical images for the coherence point i of the kth
image pair (1 ≤ k ≤ f ), then [

Qki
e Qki

n

]T
= tk·

[
vi

e vi
n

]T
(4)

where Qki
e and Qki

n are the deformations of coherence point i in the east–west and north–
south directions, respectively.

Three-dimensional surface deformation was solved based on the least square model
fusion of SAR interferometric pairs observation and optical image pairs observation:

L = BX + V (5)

where X
3×1

=
[
vi

e vi
n vi

u
]T is the 3D deformation rate of the solution; L

2(m+ f )×1
= [Los1i · · ·

Losmi Az1i · · · Azmi Q1i
e · · · Q f i

e Q1i
n · · · Q f i

n ]T is the SAR offset measurements and op-
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tical offset observations; V is the corresponding observation residuals; and B is a matrix
composed of the observed values in the three directions:

B
2(m+ f )×3

=

 t1·C1i
e · · · tm·Cmi

e t1·D1i
e · · · tm·Dmi

e t1 · · · t f
t1·C1i

n · · · tm·Cmi
n t1·D1i

n · · · tm·Dmi
n 0 · · · 0

t1·C1i
u · · · tm·Cmi

u t1·D1i
u · · · tm·Dmi

u 0 · · · 0

0 · · · 0
t1 · · · t f
0 · · · 0

T

(6)

Assuming that the variance of the observed value is known, the optimal valuation of
the 3D deformation rate can be calculated by the least-squares adjustment:

X̂=
(

BT PB)−1BT PL (7)

where P is the weight matrix composed of the variance of each observation and

P
2(m+ f )×2(m+ f )

= diag(1/σ2
Los1i · · · 1/σ2

Losmi 1/σ2
Az1i · · · 1/σ2

Azmi 1/σ2
Q1i

e
· · · 1/σ2

Qfi
e
1/

σ2
Q1i

n
· · · 1/σ2

Qfi
n
)

(8)

To obtain the optimal estimation of the 3D deformation rate, in addition to the func-
tional model, a stochastic model of the observations is required, and the weights can be
accurately determined in the adjustment model. Usually, it is difficult to obtain the variance
of the observed values accurately. Therefore, a posteriori estimation can be conducted
based on the variance component estimation. As mentioned above, the observation error
of SAR offsets is affected by incoherence, oversampling, and matching windows, whereas
the observation error of optical offsets is affected by various noises, matching windows,
and step sizes. Therefore, according to the different observation errors, the range and
azimuth directions of SAR observations and the east–west and south–north directions of
the optical image observations constitute four groups of observations. Assuming that each
set of observations is Li and the weight is Pi (i = 1, 2, 3, 4), the first valuation is obtained
based on the least-squares method: 

X̂ = N−1W
V1 = B1X̂ − L1
V2 = B2X̂ − L2
V3 = B3X̂ − L3
V4 = B4X̂ − L4

(9)

where L =
[
L1 L2 L3 L4

]T , B =
[
B1 B2 B3 B4

]T , P = diag
[
P1 P2 P3 P4

]T ,

N = BT PB =
4
∑

i=1
BT

i PiBi =
4
∑

i=1
Ni, W = BT PL =

4
∑

i=1
BT

i PiLi.

θ̂ = S−1Wθ (10)

where θ̂ =
[
σ̂2

01
σ̂2

02
σ̂2

03
σ̂2

04

]T
is the error in the unit weight of the four observed values,

Wθ =
[
VT

1 P1V1 VT
2 P2V2 VT

3 P3V3 VT
4 P4V4

]T , and

S =


m − 2tr(N−1 N1) + tr(N−1 N1)

2 tr(N−1 N1 N−1 N2) tr(N−1 N1 N−1 N3) tr(N−1 N1 N−1 N4)

tr(N−1 N1 N−1 N2) m − 2tr(N−1 N2) + tr(N−1 N2)
2 tr(N−1 N2 N−1 N3) tr(N−1 N2 N−1 N4)

tr(N−1 N1 N−1 N3) tr(N−1 N2 N−1 N3) f − 2tr(N−1 N3) + tr(N−1 N3)
2 tr(N−1 N3 N−1 N4)

tr(N−1 N1 N−1 N4) tr(N−1 N2 N−1 N4) tr(N−1 N3 N−1 N4) f − 2tr(N−1 N4) + tr(N−1 N4)
2


Finally, the new weight estimate is calculated.

P̂1 = P1, P̂2 =
σ2

01

σ2
02

P−1
2

, P̂3 =
σ2

01

σ2
03

P−1
3

, P̂4 =
σ2

01

σ2
04

P−1
4

(11)
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Substituting the obtained new weight array estimate into Equation (9) to calculate the
least squares estimate and iterating through Equations (9) to (11) until:

σ̂2
01

≈ σ̂2
02

≈ σ̂2
03

≈ σ̂2
04

(12)

When the cycle iteration ends, P̂1, P̂2, P̂3, P̂4 is the weight matrix obtained by using the
variance component estimation, which can be substituted into Equation (9) to obtain the
optimal 3D deformation rate.

4. Results and Analysis
4.1. Glacier Displacement Results with SAR and Optical Offset

By fusing the offset results of Sentinel-1 SAR and Landsat 8 images, the glacier 3D
deformation rate was obtained, as shown in Figure 6. The results show that the maximum
deformation rate of the glacier was 85 mm/day in the west–east direction (Figure 6a),
126 mm/day in the north–south direction (Figure 6b), and 88 mm/day in the vertical
direction (Figure 6c). This indicates that the movement speed of the upper reaches of the
glacier was faster, that of the middle reaches was slower, and that of the downstream
gradually decreased. Because of the large topographic fluctuation change and the ablation
area in the upstream part of the glacier, the flow velocities of the three branches in the
upstream changed significantly, and there was local information discontinuity caused by
the disappearance of feature points. Next, the west–east, north–south, and vertical flow
velocities after the joint calculation were synthesized, as shown in Figure 6d. Overall,
glacier movement was characterized by north–east flow from the south–west, which is
consistent with the actual flow direction of the glaciers. The areas with a large surface flow
rate include the ablation area of the upstream glaciers, the area with a large slope, and the
confluence of the three upstream glacier tributaries.
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Figure 6. Results of the three-dimensional displacement rate of glacier surface: (a) west–east;
(b) north–south; (c) vertical; (d) after the synthesis. The superimposed background is a 3D model
from Landsat 8 images combined with DEM in the study area. The upper part of the glacier has
reached 6588 meters, with several steep peaks. White shows the snow and glacier-covered area.

4.2. Comparative Analysis

To test the reliability of the glacier displacement and its motion characteristics cal-
culated by the combined model, the fusion results in the north–south (Figure 7a) and
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west–east (Figure 7b) directions were compared with the glacial velocity calculated using
the optical offset timing (Figure 7c,d) in the same period. The optical offset results were
chosen for comparison for two reasons. First, the results of the optical time-series offset
were consistent with the joint solution in the north–south and west–east directions. Sec-
ondly, the pixel size of the optical time-series offset was consistent with that of the joint
solution. As shown in Figure 7, the fusion results were consistent with the optical image
offset calculation results. The area with a large movement rate was the upper upstream
glacier ablation area and the middle tributary collection area. Because optical image offset
technology could not be used to calculate the vertical displacement, the vertical displace-
ment results originated entirely from the decomposition of the SAR offset in the range and
azimuth directions. Furthermore, because no other monitoring data could be used, we
could not compare the vertical displacement of the glacier with other measures.
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Figure 7. Two-dimensional deformation rates of glaciers before and after fusion in the study area:
(a) west–east deformation rate after fusion; (b) north–south deformation rate after fusion; (c) optical
east–west deformation rate before fusion; (d) optical north–south deformation rate before fusion.

Figure 8 shows the difference in values of the two methods in the west–east and
north–south directions. It can be seen that the regions with great differences were the
ablation regions of the three tributaries upstream of the glacier (K1, K2, and K3) (Figure 8).
The largest difference was observed in the K1 area. This is because some low-quality points
caused by the large variation in the scattering characteristics of glaciers in the optical image
were removed during processing. With fusion processing, the flow velocity information in
the low-quality areas of the glaciers could be obtained.
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of deformation rate; (b) north–south difference of deformation rate.

To further compare the joint solution results with the optical results, we extracted the
north–south and west–east flow velocity profiles based on the mainstream direction of the
glacier (A, B, and C in Figure 7a). The profile results are shown in Figure 9. In the west–east
direction, the main difference between the results before and after the joint solution existed
upstream of the glacier. Especially in profiles A and B (Figure 9a,c), the maximum velocity
difference reached 13.13 and 16.79 mm/day, respectively. In the north–south direction,
the main difference between the results before and after the joint solution was found
upstream of the glacier (Figure 9b,d,f). The maximum difference reached 6.36, 18.26 and
12.89 mm/day, respectively. At the same time, differences were also observed downstream
of profiles A and C (Figure 9b,f). Because the glacier surface characteristics change the
most in the upstream and downstream regions, the spectral reflection information of
the optical image was easily affected by errors in these areas, resulting in the significant
fluctuation of the solution in both the upstream and downstream regions. In contrast, the
joint solution model selected points with smaller errors in both data results to calculate the
three-dimensional displacement of the glacier. Therefore, the joint solution results were
more reliable.
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Figure 9. Profiles of glacial flow rate before and after fusion: (a,c,e) west–east flow velocity profiles
along A, B, and C (Figure 7); (b,d,f) south–north flow velocity profiles along A, B, and C.

5. Discussion
5.1. Precision Analysis

As we failed to collect the measured data of glacier displacement in the study area, the
standard deviation of the non-glacial stable area was used for accuracy analysis, and the
optical time-series offset in the same direction was compared with the results of the joint
solution. To this end, we selected three stable areas of non-glacier bare surfaces without
snow cover, namely R1, R2, and R3 in Figure 10a, and counted the standard deviation of the
fusion and optical results, as shown in Figure 10b,c. In the west–east direction, the standard
deviations of the Landsat 8 results were 1.965, 2.881, and 2.586 mm/d, while those of the
fusion results were 1.562, 1.523, and 1.159 mm/d, respectively. The west–east joint results
improved by 21%, 47%, and 55% over that of the optical. In the south–north direction, the
standard deviation of the Landsat 8 results were 3.314, 2.966, and 2.587 mm/d, while those
of the fusion results were 1.963, 2.015, and 1.526 mm/d, respectively. The north–south joint
results improved by 41%, 32%, and 41% over the optical results. In general, the uncertainty
in the glacier displacement monitoring results of the fusion solution was less than that of
the optical results. This indicates that the joint solution method can effectively improve the
accuracy and reliability of the results.
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Figure 10. Monitoring accuracy before and after fusion: (a) stable regions R1, R2, and R3 for accuracy
assessment; (b) standard deviation comparison in the west–east stable region; (c) standard deviation
comparison in the north–south stable region.

To verify the accuracy of the fused glacier displacement results, we acquired glacier
cataloging dat afrom the Shishapangma peak region in 2018 [27]. The end of the glacier
in the experimental area was covered with a moraine glacier (Figure 11a). Because the
flow velocity of a moraine glacier is low, it was difficult to accurately obtain the surface
flow velocity using an offset tracking technique. Thus, the boundary information of the
glacier cataloging data was used to evaluate the accuracy of the monitoring results. The
velocity in the region of the moraine glacier after fusion (Figure 11b) was more accurate
than that without fusion (Figure 11c). The fusion result was more consistent with the vector
boundary of the glacier-cataloging data. Simultaneously, the fused glacier velocity could
be used as a velocity factor to extracting the glacier more accurately.
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Figure 11. Comparison of glacier cataloging information and joint results in the study area.
(a) Cataloging glacier data and mapping areas covered by moraines; (b) The fusion results are more
consistent with the surface moraine glacier boundary; (c) The result without fusion was inconsistent
with the surface moraine glacier boundary.

5.2. Glacier Time-Series Displacement

Based on variance component estimation, the displacement results of the glacier
surface time series could be obtained with high accuracy. However, more SAR and optical
image pairs were required to achieve higher accuracy. Because optical images are easily
affected by meteorological conditions, the SAR image pairs involved in our experiment
were sufficient, and the number of optical image pairs was small. Therefore, the period in
which both optical and SAR image pair numbers were greater than 12 (Table 3) was selected
to calculate the west–east (Figure 12), north–south (Figure 13), and vertical (Figure 14)
time-series velocity of the glacier. The time-series results of the four periods were obtained,
as shown in Figures 12 and 14. The confluence area of the glaciers showed strong three-
dimensional movement characteristics.

Table 3. Number of SAR and optical image pairs involved in the study of different periods.

Time Range 3 January 2019–26 March
2020 3 January 2019–13 May 2020 3 January 2019–21 November

2020
3 January 2019–8 January

2021

Number of SAR image pairs 34 37 51 54
Number of optical image

pairs 13 16 20 34
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Figure 14. Vertical time-series glacier velocity in the study area.

5.3. Factors Affecting Glacier Velocity

The change in glacier velocity is complex [28], and its influencing factors include
topographic and meteorological factors [29]. The effect of topographic factors on glacier
velocity is mainly shown by the nonlinear positive correlation between the velocity and
slope. The larger the slope, the more favorable the glacier movement [30]. The influence of
meteorological factors on glacier movement speed is mainly manifested in the thawing of
the ice bed caused by temperature rise or the increase in ice temperature and the increase
in glacier mobility, which accelerates glacier movement [31]. In the present study, the
variation in glacier velocity was analyzed by combining slope and temperature data.

The integrated east–west, north–south, and vertical glacier velocity and slope data
were extracted and analyzed (Figure 15) along profiles A, B, and C (Figure 7a). Overall,
the slope of the ablation area upstream of the glacier was found to change significantly,
and the fluctuation in glacier movement was also significant. Slope changes at 0.79, 1.75,
and 2.54 km of profile A led to accelerated glacier movement (Figure 15a). The same case
is located at 0.35 and 1.79 km for profile B (Figure 15b) and 0.58 and 2.2 km for profile C
(Figure 15c). It is worth noting that the slope of these three profile lines did not change
greatly at 5.5 km, but the glacier velocity increased. This phenomenon indicates that there is
no absolute positive correlation between glacier velocity and slope. Glacier velocity is also
known to be affected by glacier size, glacier thickness, glacier bedrock morphology, and
other factors [32]. Generally, the greater the ground slope, the speed of glacier movement
will increase accordingly. If the slope is the same, the larger glacier is much faster than
the smaller one. The larger the thickness of the glacier is, the greater its static pressure is,
and the speed of glacier movement increases. When the bedrock morphology changes, the
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glacier’s bottom movement may include the sliding on the underlying bedrock and the
deformation of the bottom sediment layer.
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and C are shown in Figure 7a). (a) Deformation velocity and slope of profile A; (b) Deformation
velocity and slope of profile B; (c) Deformation velocity and slope of profile C.

We compared and analyzed the relationship between optical horizontal time-series
deformation and temperature. Points P1, P2, and P3 (Figure 7c) were selected, and the
results are shown in Figure 16. Temperature data were obtained from the world weather
website (https://rp5.ru/ (accessed on 26 July 2022)). In February 2019, May 2019, and
March 2020, the glacier velocity changed significantly with an increase in temperature.
In December 2019 and January 2020, the temperature was low, and the glacier velocity
changed a negligible amount. From this, we inferred that temperature has an effect on
glacier movement. Overall, the change in the glacier movement rate was in line with the
trend of temperature change. However, the impact of temperature is not absolute. From
the slower movement of glaciers in April 2019 and May 2020 in Figure 16, we show that
the movement of glaciers in time may be affected by other factors, such as precipitation.
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Figure 16. Relationship between optical horizontal time-series deformation and temperature in the
glacial study area (error bar is calculated as 5% of the data). P1, P2, and P3 are shown in Figure 7c.
The average monthly temperature data are from the Xigaze weather station on the world weather
website (https://rp5.ru/ (accessed on 26 July 2022)).

6. Conclusions

The multi-dimensional and high-precision monitoring of glacier surface velocity varia-
tion can provide support for the identification and early warning of glacier disasters. There-
fore, in this study, SAR and optical image offset results from 2019 to 2020, combined with
the variance component estimation model, were used to jointly solve the three-dimensional
flow velocity of a glacier in the central Himalayan region. To this end, the spatial and
temporal movement characteristics of the glaciers calculated jointly were analyzed. The
results showed that the estimation model based on the variance component obtained
cross-platform offset fusion results of heterogeneous data sources and obtained optimal
glacier 3D deformation rate results. Compared with the optical results, the accuracy of the
fusion results was improved by 41% and 36% in the west–east and south–north directions,
respectively. Moreover, the moraine glacier region after fusion was more consistent with
the vector boundary of the glacier cataloging data. The fusion results provided higher
temporal resolution and more surface velocity information, especially in the area of glacier
ablation, where the characteristics of glacier time-series change can be better reflected.
At the same time, the monitoring results showed that the maximum displacement rate
of the glacier in the east–west, north–south, and vertical directions reached 85, 126, and
88 mm/day, respectively.

The joint solution model has the advantage of the fusion of SAR offset and optical
offset, as well as the ability to obtain the local velocity information of the glacier ablation
area. However, the joint solution in the vertical direction was completely derived from
the decomposition of the SAR offset results. Therefore, the integration of multi-track and
multi-platform remote sensing data to improve the accuracy of glacier surface vertical
velocity will be investigated in future studies.
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