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Abstract: Mountain glaciers are excellent indicators of climate change and have an important role in
the terrestrial water cycle and food security in many parts of the world. Glaciers are the major water
source of rivers and lakes in the Nyaingentanglha Mountains (NM) region, where the glacier area has
the second largest extent on the Tibetan Plateau. The potential of the high spatial resolution ZiYuan-3
(2Y-3) Three-Line-Array (TLA) stereo images to retrieve glacier mass balance has not been sufficiently
explored. In this study, we optimized the procedure to extract a Digital Elevation Model (DEM) from
ZY-3 TLA stereo images and estimated the geodetic mass balance of representative glaciers in the
two typical areas of the NM using ZY-3 DEMs and the C-band Shuttle Radar Topography Mission
(SRTM) DEM in three periods, i.e., 2000-2013, 2013-2017 and 2000-2017. The results provide detailed
information towards better understanding of glacier change and specifically show that: (1) with our
new stereo procedure, ZY-3 TLA data can significantly increase point cloud density and decrease
invalid data on the glacier surface map to generate a high resolution (5 m) glacier mass balance
map; (2) the glacier mass balance in both the Western Nyaingentanglha Mountains (WNM) and
Eastern Nyaingentanglha Mountains (ENM) was negative in 2000-2017, and experienced faster mass
loss in recent years (2013-2017) in the WNM. Overall, the glaciers in the western and eastern NM
show different change patterns since they are influenced by different climate regimes; the glacier
mass balances in WNM was -0.22 + 0.23 m w.e. a_! and —0.43 + 0.06 m w.e. a~! in 2000-2013
and 2013-2017, respectively, while in 2000-2017, it was —0.30 £ 0.19 m w.e. a~! in the WNM and
~0.56 + 0.20 m w.e. a~! in the ENM; (3) in the WNM, the glaciers experienced mass loss in 2000-2013
and 2013-2017 in the ablation zone, while in the accumulation zone mass increased in 2000-2013 and
a large mass loss occurred in 2013-2017; as regards the ENM, the glacier mass balance was negative
in 20002017 in both zones; (4) glacier mass balance can be affected by the fractional abundance of
debris and glacier slope; (5) the glacier mass balances retrieved by ZY-3 and TanDEM-X data agreed
well in the ablation zone, while a large difference occurred in the accumulation zone because of the
snow/firn penetration of the X-band SAR signal.

Keywords: glacier mass balance; Tibetan Plateau; Nyaingentanglha Mountains; geodetic method;
point cloud; ZY-3; Three-Line-Array stereo images
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1. Introduction

As one of the major fresh water resources in cold and high elevation regions, mountain glaciers can
not only determine the terrestrial water cycle and ecosystem stability in these regions, but also threaten
live and food security of the local people [1-3]. With global warming, glacier continuous ablation can
increase the frequency of many glacial hazards, such as floods and mudslides, and contribute to sea
level rise [2,4]. Precise monitoring of mountain glacier elevation change and mass balance is needed
to mitigate risks related to these hazards. The High Mountain Asia (HMA), i.e., Tibetan Plateau and
its surrounding mountain ranges such as Himalaya, Karakoram, Pamir, and Tien Shan, includes the
largest glacial area (~10° km?) outside the Arctic and Antarctica [5]. The mass loss of glaciers in the
HMA has been persistent in the recent decades and may still continue in the next decades, which will
threaten the existence of more than 0.9 billion people [4-6].

Two main remote sensing techniques, i.e., Interferometric Synthetic Aperture Radar (InSAR) and
Photogrammetry (Airborne and Spaceborne) have been applied to estimate the glacier elevation
change by several authors [7-9]. With the successful launch of TerraSAR-X and TanDEM-X
(TerraSAR-X/TanDEM-X), the InSAR technique has become one of the promising ways to retrieve
glacier thickness change by using data acquired in the two-pass bistatic interferometric mode [9].
Higher accuracy in the retrieved glacier surface elevation is achieved by the SAR signal acquired almost
simultaneously by the TerraSAR-X/TanDEM-X satellites, which reduces the phase decoherence in the
image pair. The results by the InNSAR technique still need to be evaluated by applying independent
datasets and methods, however. In addition, this two-pass bistatic interferometric mode is activated
only occasionally on-request, which does not provide regular observations and limits the application
to monitor glacier mass balance.

Space-borne optical photogrammetry has also been used in several studies to capture the glacier
mass balance [9-12]. Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
stereo images (3N and 3B bands) have been widely used to estimate glacier mass balance [6,13],
notwithstanding the sub-optimal matching points on smooth glacier surfaces due to the moderate
spatial resolution (i.e., 15 m). Other satellites, such as WorldView and Pléiades, can provide high
resolution stereo images by two methods:

(a) attitude swing or imaging simultaneously the same region from multiple satellites, which is
deployed to respond to emergency conditions or special requirements, but cannot provide
observations at regular time intervals over a long period of time;

(b) revisiting the same region at short time intervals, but even though the revisit interval is short,
the surface condition may change, as for example due to snowfall events.

The three-line-array (TLA) stereo images, such as the ones acquired by the Advanced Land
Observing Satellite (ALOS) and ZiYuan-3 (ZY-3), consist of three high resolution images at Nadir
(N), Backward (B) and Forward (F) view angles and can form three pairs of nearly-simultaneous
stereo images (NB: Nadir-Backward, NF: Nadir-Forward, BF: Backward-Forward). This kind of
image data has been used less frequently to monitor glacier mass balance. To our knowledge, the
procedure to analyze TLA stereo images can be further improved to increase the accuracy of estimated
glacier elevation and its changes. For example, the horizontal and vertical systematic errors have not
been considered before fusing the different point clouds generated by applying different view angles
combinations, which may introduce large errors in the final DEMs [14].

One of the key techniques to increase the accuracy of the retrieved elevation is to match more points
on the glacier surface. Dense matching algorithms may be a reliable option and have been applied in
low brightness contrast and smooth texture regions, such as buildings and forest. The Semi-Global
dense Matching (SGM) technique has been applied to glacier change research using Unmanned Aerial
Vehicle (UAV) stereo images [15-17]. For instance, Dall’Asta et al. [18] and Rieg et al. [14] successfully
employed SGM to acquire rock glacier displacement and mass balance by UAV and Pléiades stereo
images. The applications of this technique to satellite TLA stereo images to retrieve changes in glacier
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elevation have been limited, however. The analysis of the TLA stereo images at high spatial resolution
yields multiple elevation estimates within each grid of the DEM to be generated. Potential outliers
need to be removed prior to the construction of the DEM. Suitable filters have been developed and
applied to generate a DEM from a Light Detection and Ranging (LiDAR) point cloud and some can be
applied to detect and remove outliers in point clouds generated from satellite stereo images [14,19,20].
A filter used to identify and remove outliers in a LIDAR point cloud was applied in the study by
Skinner et al. [21].

The Nyaingentanglha Mountains (NM) is the second largest glacier region in the Tibetan Plateau.
The glacier area in the NM region is about 9600 km? and there are many rivers and lakes, such as
Parlung Zangbo River and Nam Co Lake [22]. Parlung Zangbo River originates from the Ranwu lake
in the ENM, which is near the Yalung glacier terminus and receives meltwater from glaciers. One of
the important contributions to the water balance of the Nam Co Lake is the runoff from glaciers in the
WNM. Previous studies suggest that this runoff also contributes to the increase in water volume stored
in the lake [23,24]. Not only these rivers and lakes directly provide fresh water for local people, but also
guarantee their food security by contributing to water supply for grassland, livestock and farmland.
The topography of the Eastern Nyaingentanglha Mountains (ENM) is more complex than that in the
Western Nyaingentanglha Mountains (WNM). The glaciers in these two regions belong to maritime (in
ENM) and subcontinental (in WNM) types, respectively; the NM is an ideal site to test the performance
of ZY-3 TLA data to retrieve glaciers elevation and their changes in different kinds of terrain.

Glacier mass balance is affected by climate variability and human activity. Firstly, with weakening
Indian monsoon, the precipitation decreased and air temperature increased in the Himalaya and
southeast Tibet Plateau in the past decades, which increased mass loss of glaciers in both regions [5,13,25].
On the other hand, strengthening westerlies led to an increase in precipitation in some regions of
Karakoram, Pamir and Kunlun and mass gains in these regions [5,13,26]. Secondly, the effects of human
activity cannot be neglected because pollutants, dust and black carbon may deposit on the glacier
and snow surface and decrease their albedo and increase irradiance absorbed by glaciers, leading
to larger mass loss [27-30]. In the NM, previous studies have documented that glacier mass loss is
caused by both factors. On the one hand, in the WNM, the decreasing precipitation and increasing air
temperature caused by the weakening Indian monsoon led to negative glacier mass balance, while in
the ENM, the increasing air temperature did offset the slight increase in precipitation and led to mass
loss in the past three decades [9,31]. On the other hand, field measurement and model results in the
Zhadang glacier show that black carbon is a main factor of lower glacier albedo, with the contribution
of dust and black carbon to the reduction in glacier albedo being up to 84% [32].

Previous studies reported negative glacier mass balances in both regions in the first decade
of the 21st century, while the magnitudes of mass loss calculated by different data, e.g., field
observation, ICESat/GLAS (Ice, Cloud and land Elevation Satellite/Geoscience Laser Altimeter System)
and TerraSAR-X/TanDEM-X, were not consistent [5,9,33,34]. Furthermore, the different time spans
of the above-mentioned studies make it difficult to cross-validate spatial patterns of glacier mass
balance. Therefore, it is also interesting to compare changes in glacier elevation and mass balance
under different dominant climate in these two sub-regions over time using the ZY-3 TLA data, which
have never been used in this region before.

The purposes of this study are:

1. To develop an improved procedure to retrieve glacier mass balance from ZY-3 TLA stereo images;
To evaluate the performance of ZY-3 stereo images in deriving glacier mass balance over the
complex terrain in the ENM and relatively smoother terrain in the WNM;

3. To cross-validate optical photogrammetry (ZY-3 TLA stereo images) and InSAR (TerraSAR-X and
TanDEM-X image pairs) in capturing the spatial patterns of glacier mass balance and explore
their differences;
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4. To compare and analyze the trends in the mass balance of glaciers responding to maritime climate
in the ENM and to subcontinental climate in the WNM in the first decade (2000-2013) and in
recent years (2013-2017).

2. Study Area and Datasets

2.1. Study Area

Both study sites belong to the NM (Figure 1). One lies in the central WNM, which is a gentle
terrain region, where the mean slope in the whole region is 20° and its elevation range is 4150-7100 m
a.s.l. (Figure 1a). Weather in summer and winter is dominated by both the Indian monsoon and the
Westerlies, respectively. The annual air temperature and precipitation are in the ranges —-0.6-2.8 °C
and 37-500 mm, respectively [35]. The Nam Co Lake, the second largest lake in the Tibetan Plateau,
is located in the north of the NM area along the northern side of the glacier area. The glacier is
subcontinental type in the WNM, and only five glaciers were reported to be debris-covered in the
ablation zone [36]. The glacier area covered by our data is about 471.3 km? (i.e., 68.1% of the whole
glacial area in the WNM) and the equilibrium-line altitude (ELA) is 5800 m a.s.l. [37]. Glaciers in the
WNM shrunk during 1976-2009, with the glacier area shrinking by 9.9% + 3.1% during the entire
period [36].

90°10'E 90°20'F. 90°30'E. 90°40'E 90°50'F. 96°30'E 96°40'E 97°10'E

Yanong
glacier

Gurenkekou

glacier
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Figure 1. Overview of the study areas, (a): Western Nyaingentanglha Mountains (WNM); (b): Eastern
Nyaingentanglha Mountains (ENM). The green rectangles and characters represent the coverage and
acquisition time of ZiYuan-3 Three-Line-Array (ZY-3 TLA) data, the yellow polygons represent the
glacier outlines, the black and green points represent sample glaciers and the thick black lines are the
boundaries of the basins. (Background: Sentinel 2A false color images of band 11 (SWIR), band 8 (NIR),
band 4 (R) shown in red, green, blue composition).

The second study area is located in the Kangri Karpo mountains in the ENM. The topography is
more complex than that in the WNM with the mean slope reaching to 26° and the elevation range being
2000-6550 m a.s.l. (Figure 1b). Compared with the WNM, the climate of this region is more dominated
by the Indian monsoon and less affected by Westerlies [5]. As the moistest sector of the Tibetan Plateau,
the annual precipitation reaches 2000-3000 mm in this region. The two main rivers, Yarlung Tsangpo
River and Gongri-Gabo River, are in the north and south of the study area. The glaciers in this region
belong to the maritime type, the ELA is 5400 m a.s.l. and there are many glaciers where the terminal
snouts are covered by debris [31]. Our data cover 772.7 km? glaciers in the two sub-basins in the
ENM, i.e., the 50282B basin and the 50291B basin as defined by the 2"® Chinese Glacier Inventory
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(CGI2) [22,38]. The glaciers in Kangri Karpo mountains experienced a large retreat in the past four
decades, with the entire glacier area decreased by 24.9% + 2.2% from 1980 to 2015 [31].

2.2. Datasets

22.1.7ZY-3

As the first Chinese civilian high-resolution stereo mapping satellite, ZY-3 satellite can provide
more than 7 years of regulation observations with launching on 9 January 2012 [39]. It can compose
TLA stereo images by three panchromatic sensors at three view angles (nadir, forward and backward).
One scene of ZY-3 TLA data includes nadir (N, 0°), backward (B, —23.5°) and forward (F, +23.5°)
images at spatial resolutions 2.5 m, 3.5 m and 3.5 m, respectively. The rational polynomial coefficients
(RPCs) applying to the WGS84/W(GS84 (geocentric coordinate system and elevation reference) are
delivered together with the ZY-3 image data, which provide the mathematical transformation from
geographical coordinates to image coordinates [40]. Notwithstanding the impact cloud cover, 14 ZY-3
cloudless image data sets are available from 2012 to 2017. In this study, we selected four of them to
estimate the glacier mass balance in the study area (Table 1). With the launch of the second satellite
of ZY-3 series (ZY-3 02) in 2016, the temporal repeat improves from 5 days with only one satellite to
< 3 days. Moreover, the third satellite will be launched in 2020, which will further increase available
cloudless images.

2.2.2. SRTM

A global DEM dataset at 30 m X 30 m resolution was generated by using the data in C-band and
X-band from the Shuttle Radar Topography Mission (SRTM) acquired from 11 to 22 February 2000 by
the United States Geological Survey (USGS) and German Aerospace Center (DLR). The C-band SRTM
(SRTM-C) DEM was used as reference glacier surface elevation in 2000 and vertical reference for the
off-glacier region in ZY-3 DEMs assuming no elevation change in the off-glacier region during our
study period. The difference between the X-band SRTM (SRTM-X) and SRTM-C DEMs was applied to
estimate C-band SAR signal penetration depth in the glacier region. The elevation reference of SRTM
DEMs was transformed from Earth Gravity Model 1996 geoid (EGM96) to 1984 World Geodetic System
(WGS84) geoid, and the resolution was resampled to 5 m using bilinear interpolation to generate high
resolution ZY-3 DEMs and glacier elevation maps.

2.2.3. Glacier Elevation Change Map from DInSAR

The glacier elevation change maps between 2000 and 2014 in the WNM and ENM obtained by
differential synthetic aperture radar interferometry (DInSAR) technique using TerraSAR-X/TanDEM-X
images and SRTM DEM were provided by Li et al. [9] and Wu et al. [31]. Here, we used these maps to
explore the difference between optical photogrammetry and DINSAR in retrieving the spatial pattern
of glacier mass balance and to estimate the penetration depth of X-band SAR signal. More details on
the glacier elevation change retrieved from DINnSAR data can be found in Li et al. [9] and Wu et al. [31].

2.2.4. Landsat TM data

In this study, two Landsat Thematic Mapper (TM) images on 8 September 2005 and 2 November
2009 were used to classify debris-covered and clean-ice regions in the ENM and WNM, respectively
(Table 1).
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Table 1. Input and reference datasets used in this paper.

Data Source Time Spatial Resolution (m) Purpose
Z¥_3/TLA in the Westerr} 2017/01/22 dir (2 Calculate glacier surface elevation in
Nyaingentanglha Mountains 2013/12/03 Nadir (2.5) WNM
(WNM) Forward (3.5)
ZY-3/TLA in the Eastern Backward (3.5)
. . 2017/12/04 . Lo
Nyaingentanglha Mountains 2013/03/09 Calculate glacier surface elevation in ENM

(ENM)

Cross-validate the ZY-3 result and
2000-2014 10 estimate X-band SAR signal penetration
depth into glacier surface

Glacier Elevation Change Maps
in the WNM and ENM [9,31]

C-band Digital Elevation Model
of Shuttle Radar Topography 2000/02 30
Mission (SRTM-C DEM)

X-band Digital Elevation Model
of Shuttle Radar Topography 2000/02 30
Mission (SRTM-X DEM)

Reference elevation both on glacier
surface in 2000 and in off-glacier region

Estimate C-band SAR signal penetration
depth

Classify the clean ice and debris-covered

Landsat Thematic Mapper (TM)  2000-2017 30 .
glacier

3. Methodology

The geodetic method with DEM differencing technique was applied to estimate the glacier mass
balance using the ZY-3 TLA stereo images. The proposed approach consists of two main procedures: (1)
applying an improved method to generate ZY-3 DEM raster data at high spatial resolution (Section 3.1);
(2) glacier mass balance estimation using the generated ZY-3 DEMs data (Section 3.2). The methodology
details will be described in the sections below and Figure 2 gives the general workflow.

ZY-3 DEM Raster Data Generation Glacier Mass Balance Estimation

Final ZY-3
DEM Raster Data /SRTM-C DEM /
DEM Differencing
Raw Elevation
Change
Outlines

]
1
1
1
]
]
1
1
]
]
1
1
1
]
]
1
1
1
]
Off-glacier Raw Glacier :
Elevation Change Elevation Change 1
]
]
1
1
]
]
1
1
]
]
1
1
]
]
1
1
]
]
1
1

ZY-3/TLA
/ Forward (F) Nadir (N) Backward (B) / / SRTM-C DEM /
]

RPCs rectification e' 3D point cloud extraction |

Raw Point Cloud
(NF, NB, BF)

Eliminate Outliers
< by Filters

Improved Point
Cloud (NF, NB, BF)

=

< Co-registration to
SRTM-C DEM

Outlier Elimination

Penetration
Correction

Corrected Point
Cloud (NF, NB, BF)

Fuse NB, NF, BF

Fused Point Cloud

Accuracy
Assessment

<

Seasonality

Correction

Point cloud to

Final Glacier
< raster data Elevation Change
conversion
Final ZY-3 Final Glacier
DEM Raster Data Mass Balance
b e e e e e ———————— | b e e e e e e e e ————

Figure 2. Workflow applied to generate the ZY-3 DEM and to estimate the glacier mass balance.

3.1. ZY-3 DEM Raster Data Generation

This procedure includes three steps. The first step, i.e., stereo image processing of ZY-3 data, is to
generate point clouds from different view image combinations; the second step includes registering the
ZY-3 point clouds to SRTM and bias correction; the last step is to fuse the co-registered point clouds of
three combinations of ZY-3 images and to generate final ZY-3 DEM raster data.
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3.1.1. Stereo Image Processing of ZY-3 TLA Data

The stereo image processing of ZY-3 TLA data mainly includes RPCs rectification by Control
Points (CPs) and raw three-dimensional (3D) point cloud extraction with rectified RPCs files.

RPCs rectification (Figure 2). According to the previous study, taking the SRTM DEM as the
reference DEM, the vertical accuracy of the ZY-3 DEM in the mountain region can be improved
significantly than that without CPs [41]. Therefore, in order to get more accurate point clouds, the
initial RPCs of ZY-3 stereo images need to be rectified by applying a sufficient number of CPs. In this
study, we proposed a two-step triangulation measurement to overcome the difficulty of collecting
enough CPs. To gather more reference information for triangulation measurements, we applied two
types of CPs. On the one hand, at least 10 Ground Control Points (GCPs) were collected within the
area imaged to ensure accuracy in triangulation measurement. All such GCPs should be in the overlap
region of different ZY-3 TLA stereo images and can be identified with distinct features, such as the
intersections of roads and house corners in villages located within the study area. The horizontal
coordinates and the elevation values of GCPs were extracted from the high resolution images in Google
Earth and the SRIM-C DEM, respectively. On the other hand, we propose to use Elevation Control
Points (ECPs) to improve the elevation information towards better rectification when using the RPCs.
Unlike the horizontal coordinates of GCPs from Google Earth, ECPs were obtained with the first
triangulation measurements based on only the GCPs. The ECPs generation included three steps: (1)
the Tie Points (TPs) were automatically obtained by the Least Squares Matching Technique (LSMT),
which searches the same feature in the stereo images and achieves sub-pixel matching accuracy; (2)
x, y and z coordinates of these TPs were calculated by the first triangulation measurements; (3) the
ECPs were created by transforming the z coordinate of TPs to the elevation of SRTM-C DEM. As a
result, 986 and 855 (2159 and 2066) ECPs were created in the ENM (WNM) for the years of 2013 and
2017, respectively (see Table 2). Eventually, the triangulation measurement was applied to the GCPs
and ECPs for RPCs rectification. The RMSEs (image coordinates) of triangulation measurement in all
combinations of view angles were less than 1 pixel (on average 0.44 pixel), and the RMSEs (geospatial
coordinates) in horizontal and vertical directions were less than 2.5 m (the averages were 1.50 m in
x, 1.80 m in y and 1.12 m in z, respectively). Overall, the performances of the NB and NF pairs were
better than the BF pair since the spatial resolution of the N image (2.5 m) is higher than that of the B
and F images (3.5 m). Overall, both the RMSEs of image and geospatial coordinates in the ENM were
higher than that in the WNM because of more complicated terrain in the ENM.

Table 2. Triangulation information for all image view angle combinations in ERDAS IMAGINE 2015.
ID is expressed by year, view angle combination and study area (ENM or WNM).

D Number of Number of RMSE RMSE (m)
GCPs ECPs (pixel) x y z
2017NBgm 0.50 1.77 246 1.05
2017NFenm 15 986 0.53 1.91 221 1.07
2017BFenm 0.70 1.23 1.90 2.25
2013NBeam 0.49 1.85 1.22 1.01
2013NFenm 13 855 0.50 1.56 0.99 1.04
2013BFenm 0.63 151 1.28 2.02
2017NBynum 0.29 1.03 1.82 0.59
2017NFwnMm 10 2159 0.28 0.92 1.57 0.59
2017BFwnm 0.42 1.12 1.99 1.36
2013NBynum 0.28 1.77 2.26 0.58
2013NFwam 10 2066 0.27 1.8 1.89 0.55
2013BFyam 0.40 1.56 1.99 1.30

Mean 0.44 1.50 1.80 1.12
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Raw 3D point cloud extraction (Figure 2). The purposes of this step are to extract a 3D point
cloud using rectified RPCs files as well as to remove outliers in the raw point clouds. The Semi-Global
Matching (SGM) technique implemented in the ERDAS IMAGINE 2015 software was used to produce
the 3D point cloud [14]. Since it takes the image similarity and the parallax field continuity into
account, the SGM has been applied in many studies and proved to be an excellent dense matching
algorithm [18,42]. The elevation of some points retrieved by ZY-3 TLA images in low contrast and
smooth texture areas, such as snow- and ice-covered regions, was much higher or lower than that
in the SRTM-C DEM or neighboring points. This suggested inaccurate retrievals because in general
glacier elevation is rather smooth over short distances. Two point cloud filters were applied to remove
these outliers. According to previous studies [11,31,43], the 3D points with elevation exceeding by
100 m or more the corresponding SRTM-C DEM elevation, were in the glacier margins and mountain
shadows and regarded as outliers and they were eliminated first by applying the filter:

P1 > Esgrpm + 100 or P1 < Eggrrpm — 100 @)

where Pj is an outlier removed by the filter (Equation (1)), Esrra is the SRTM elevation. The topography
clearly improved after this first filtering. Then a point cloud filter, which is based on the mean elevation
(Mp) and standard deviation (o p) of the elevation of the points in a moving window was applied to
remove the remaining outliers, with this filter being:

Py > Mp + nyoporPy < Mp —nyop (n =5, 45, 4, 35, 3) @)

where P; is a removed point after applying the filter (Equation (2)), n, is the multiplier of op applied
in every iteration. According to previous studies, the elevations exceeding Mp by more than three
times the standard deviations (o0p) were regarded as potential outliers [7,44,45]. Considering that the
outliers can affect the calculations of Mp and op, we adopted 1, decreasing from 5 to 3 with 0.5 interval
gradually instead of directly setting n = 3 to remove outliers. The size of the filter moving window
was set at 30 m X 30 m, i.e., the same as the SRTM-C DEM resolution.

3.1.2. Co-Registration of Point Clouds

Since the horizontal coordinate offsets (x, y) of a point cloud would have a significant influence on
the estimation of glacier surface elevation change, we used a robust analytical 3D method to co-register
and correct the raw point clouds before fusion [46] (Figure 3). Firstly, all the ZY-3 point clouds were
transformed to 5 m spatial resolution ZY-3 DEMs by averaging the elevations within each 5 m X 5m
cell; secondly the offsets calculated by the robust analytical 3D method with ZY-3 and SRTM-C DEMs
were added to the ZY-3 point clouds. According to this 3D method, a cosine relationship between
cosine parameters (a, b and c) and terrain parameters (d¢h, @ and @) was built as:

dh

(@) a-cos(b—¢) +c¢ (3)
dh
@ ¥

where g and b are the magnitude and direction of the shift vector, ¢ is the mean elevation difference (dh)
between the two DEMs (i.e., the ZY-3 DEM and SRTM-C DEM in our case) divided by the tangent
of the mean terrain slope (a); dh is the elevation difference between the two DEMs, a and ¢ are the
slope and aspect of the terrain. In brief, the shift and elevation biases can be approximately estimated
by the parameter 2 and c. The specific method includes two steps: first, the 3D point clouds were
transformed into raster images with 5 m spatial resolution; second, the low and high tails, i.e., the
5% and 95% quantiles, of the distribution of the elevation difference between ZY-3 DEMs and SRTM
DEM were removed, and the interquartile ranges (IQR) were re-calculated using the remaining points.
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Only the values within a range obtained by multiplying by 1.5 the sum of the 2nd and 3rd IQOR were
used to correct the systematic offsets. The details of the method can be found in Pieczonka et al. [47].
The mean, median, standard deviation (0) and normalized median absolute deviation [48] of the
elevation differences were calculated to evaluate the results of co-registration (Table 3). Normalized
Median Absolute Deviation (NMAD) is a more robust estimate of the standard deviation because it is
proportional to the median of the absolute differences between the DEM biases and the median of
these DEM biases [48,49].

The results obtained with the triangulation measurement (Table 2) and DEMs co-registration
(Figure 3 and Table 3) show that overall the horizontal and vertical accuracies of the NB and NF pairs are
better than the BF pair. When considering the registration result of the three view angle combinations
in the ENM in 2017, the parameters a and c of the 2017NBgny—SRTM-C and 2017NFpny—SRTM-C are
smaller than for the 2017NFpnyv—-SRTM-C (Figure 3). In all the images the mean x and y shifts of both
NB and NF pairs of the 2017gny images are 2.74 m and 5.43 m, 2.12 m and 4.07 m, smaller than that for
the BF pair with 3.41 m and 7.11 m; the z shift of the NB pair is the smallest (1.73 m) followed by BF
(4.35 m) and NF pairs (5.90 m). Moreover, compared with the uncorrected elevations derived from
ZY-3 data, the 0 and NMAD of the corrected NF elevation difference decreased by 4.45% (range is
2.19-5.91%) and 4.95% (range is 1.85-6.40%), and the corresponding values for BF decreased by 5.05%
(range is 3.69-5.63%) and 6.07% (range is 4.07-7.80%) (Table 3). No evident improvements of the o and
NMAD were obtained for the NB pair (Table 3), thus, only the vertical bias correction was applied to

the NB elevations.

— 4.19-co0s(60.57- @) + 2.49 — 2.22.c0s(75.60- ¢) + 10.08

dh/tan(¢) (m)
dh/tan(a) (m)

00 -100
9 13 17 21 25 29 33 b 1 5 9 13 17 21 25 29 33
Terrain Aspect ¢ (10 degree) Terrain Aspect ¢ (10 degree)

—6.52- cos(433.22- @) + 10.26

dh/tan(e) (m)

1 5 9 13 17 21 25 29 33
Terrain Aspect @ (10 degree)

Figure 3. Variability of the elevation difference (dh) standardized by the tangent of slope (o) with aspect

() in different co-registration combinations: (a) 2017NBpay—SRTM-C; (b): 2017NFgny—SRTM-C;

(c) 2017BFgnp—SRTM-C. The ZY-3 DEM was registered to the SRTM-C DEM. The red line shows the

corresponding fitting function as defined by Equation (3).
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Table 3. Co-registration shifts of the ZY-3 DEMs with respect to the SRTM-C DEM and statistics on elevation difference (dh) between ZY-3 DEMs and the SRTM-C
DEM in off-glacier samples with and without correction using co-registration; o and Normalized Median Absolute Deviation (NMAD) are the standard deviation and

normalized median absolute deviation of the elevation difference (dh), respectively.

Basic Statistics on Elevation Difference between ZY-3 DEMs and SRTM-C DEM

Co-Registration Shift (m) . Change in o Change in
ID Before Correction After Correction (%) after NMAD (%) after
Correction Correction

X y z Mean + o Median + NMAD Mean + ¢ Median + NMAD
2017NBgnm 3.65 2.06 1.40 -2.12+9.76 -2.29 + 8.96 -0.72+9.76 —0.89 + 8.96 0.01 0.01
2017NFgnm 446 1.84 6.46 —6.76 £ 9.94 -6.92 £ 9.19 -0.23 £9.42 —0.40 + 8.67 -5.19 —5.64
2017BFgnm 6.25 1.88 5.30 —4.61 +8.81 —4.71 + 8.04 -0.19 + 8.49 -0.10+7.72 —-3.69 —4.07
2013NBgnm 3.39 547 —-0.48 0.48 +11.98 0.47 +10.88 -0.37 £ 12.07 -0.42 + 10.96 0.73 0.70
2013NFgnm 1.89 3.25 3.73 -4.14 +12.83 -4.18 £ 11.75 —0.63 + 12.07 —0.74 + 11.00 -5.91 —6.40
2013BFgnm 5.27 5.29 2.86 -1.39 £ 9.80 -1.48 + 8.86 0.35+9.24 0.44 + 8.28 -5.63 —6.45
2017NBwnm 0.88 547 2.31 -1.74 + 8.52 -1.78 £5.17 0.35 + 8.50 0.33 £5.15 -0.22 -0.27
2017NFwnm 0.68 1.70 6.63 -6.91 + 8.68 —6.68 £ 5.43 —-0.49 + 8.49 -0.3+5.32 -2.19 -1.85
2017BFwnm 1.29 9.02 451 -3.87+£9.19 -3.92 + 5.65 —0.06 + 8.68 0.02 +5.31 —5.52 -5.96
2013NBwnm 3.05 8.74 2.72 -1.96 = 7.59 -1.98 +4.71 041 +7.67 0.37 +4.84 1.09 2.80
2013NFywam -1.43 9.48 6.79 —6.81 = 7.68 —6.57 +4.93 -0.35+7.33 —0.19 + 4.64 -4.50 -5.92
2013BFwam -0.81 12.26 4.76 -4.01 +8.01 -4.01+5.14 —0.24 + 7.58 —0.07 +4.74 -5.35 -7.80
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3.1.3. Fusion of Multiple Point Clouds

After co-registration and bias correction, the 3D point clouds data generated by different stereo
pairs from the same multi-angular acquisition by ZY-3 TLA were fused to generate the final point
clouds (see procedure in Figure 2). The fusion increased the point cloud density, but some extreme
outliers were also brought in. As done with the moving window in the filtering step (Equation (2)),
we set a window size of 30 m X 30 m and only the data points between 5% and 95% quantiles of
elevation values in every window were retained in order to eliminate extreme outliers. Eventually,
the retained data points were transformed to 5 m spatial resolution ZY-3 DEMs by averaging the
elevations within each 5 m X 5 m cell, then these 5 m ZY-3 DEMs and SRTM-C DEM were used to
calculate glacier mass balance and estimate uncertainty of the elevation difference in each period. Since
the mean distances of two points in all fused point clouds are less than 5 m (Table 4), it is reasonable to
generate the 5 m spatial resolution DEMs from ZY-3 TLA data.

3.2. Glacier Mass Balance Estimation

This section describes the steps to estimate glacier mass balance. The first step is to map the
glacier outline, including extraction of outlines of debris-cover and clean-ice; the second step is outlier
elimination and gap filling in the glacier region; the third step is the estimation of SRTM C-band
SAR signal penetration depth in the glacier by using SRTM-X observation and seasonal correction
based on field observations; the fourth and fifth steps are the calculation of glacier mass balance and
accuracy assessment.

Glacier mapping. In the WNM, the glacier outline was extracted from the Randolph Glacier
Inventory Version 4.0 (RGIV4.0) since the acquisition date of the Landsat TM image applied to map
glacier boundaries was 6 December 2001, i.e., close to the initial reference year of our study. This glacier
boundary dataset for the WNM is referred to as GBWNM. As regards the ENM, we discarded the
outliner of RGIV4.0 because of the poor quality. So far, two datasets to delineate glaciers are available:
one is the CGI2, adopted by RGIV5.0 and derived from a Landsat TM image on 8 September in
2005, i.e., nearly 5 years apart from the acquisition date of SRTM data [22,38]; the second dataset was
produced by Ke et al. [50] using ALOS/PALSAR (Advanced Land Observing Satellite/Phased Array
type L-band Synthetic Aperture Radar) data acquired in 2015. These two datasets were merged to get
a more accurate glacier boundary (referred to as GBENM) to support further analyses of glacier mass
balance. The clean and debris-covered glacier zones were further classified by applying the Normalized
Difference Snow Index (NDSI = (TM2-TM5)/(TM2+TM5), where TM2 and TMS5 are the reflectance
in bands 3 and 5 of the Landsat TM data) with a threshold of 0.4 [9,51]. Within the GBWNM and
GBENM glacier boundaries, the pixels with NDSI < 0.4 were classified as debris-covered, and others
as clean-ice region.

DEMs differencing, outlier elimination and gap filling in the glacier region. The elevation change
maps in 2000-2013 and 2000-2017 were generated by differencing the ZY-3 and SRTM-C DEMs.
The elevation change map in 2013-2017 was produced by calculating the difference between changes
in 2000-2017 and 2000-2013, which can guarantee glacier elevation change in 2000-2017 was equal to
the sum of the 2000-2013 and 2013-2017. The glacier and off-glacier areas were separated by applying
the glacier outlines to the elevation difference maps. Because of low brightness contrast and smooth
texture of the glacier surface, some outliers in the glacier elevation changes were found, including large
fluctuations of thickness change over short distances and very large thickness increase and decrease
in the ablation and accumulation zones, respectively. According to the study of Gardner et al. [7],
outliers are better removed by a statistical method, which is based on the assumption that there is a
similar elevation change in the same glacier elevation bin. Since this method is built by the mean (Mg )
and standard deviation (o) of the glacier elevation change in each elevation bin, it is independent
of glacier thickness change trend. Meanwhile, the distributions of glaciers in our study areas are
approximately symmetrical and the glaciers basically change with elevation increase (Figure 8 and
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Figure 10). Therefore, this outlier filter can be used in the both study areas [52]. This method is similar
to removing outliers in a point cloud (Equation (2)):

where Oq is an outlier identified by the glacier elevation change filter and 74 is the multiplier of
og. With elevation increasing, the errors in glacier elevation change are increasing because of less
valid data and more mismatches, and the filter should be stricter, i.e., by applying a smaller n¢ in
the accumulation zone at high elevation. Gardner et al. [7]) applied a constant o¢, while we set o¢ to
decrease linearly with increasing elevation. Specifically, we set ¢ decreasing from 5 to 1 in the ablation
region and from 1 to 0.5 in the accumulation region. The ELA was used to separate the ablation and
accumulation regions. Since the ELA measurements were extremely scarce in our study areas, we
separately estimated ELA using field measurements from Zhadang glacier in the WNM and four
glaciers in the ENM in 20052008 by Yao et al. [37], and set ELA as 5800 m for the WNM region and
5400 m for the ENM region in this study. We take an example in the WNM to evaluate our estimates of
ELA (Figure 4). The result shows that the mean elevation of these ELA samples is 5794 m (Figure 4),
which is consistent with the elevation, i.e., 5780 m, of the field observation we used in the Zhadang
glacier to evaluate the mass balance during 20062007 [37]. In addition, Huintjes et al. [53] used the
snow line observed with field camera in 20102012 to calibrate the COupled Snowpack and Ice surface
energy and Mass balance model (COSIMA), and then modeled the mean ELA of the Zhadang glacier
during 2001-2011. The result showed that the mean ELA of the Zhadang glacier is ~5850 m. Therefore,
it is reasonable to use the field measurements of ELA to approximatively represent the ELA of the
whole region.

® Samples of the ELA NI
Glacier Outline
Landsat TM (20070708)

Figure 4. One example of ELA extraction in the central WNM. The base map is Landsat TM false color
images of band 5, band 4 and band 2 shown in red, green and blue composition on 20070708.

To calculate the region-wide glacier mass balance, the gaps in the glacier elevation difference map
due to removed outliers and invalid values in the ZY-3 and SRTM-C DEM were filled with the mean
thickness change in the corresponding elevation bin of the entire region. This implies assuming that
the glaciers experienced similar thickness changes in the same elevation range [12,45,54]. As for the
gaps where there is no valid data in the corresponding altitude bin, we used the mean elevation change
in the entire glacier accumulation zone to fill such gaps, because most of them were scattered in the
accumulation zones.

Radar penetration depth estimation and seasonal correction. According to the studies of Rignot
et al. [55] and Dall et al. [56], the penetration depth of the C-band SAR signal can reach up to 10 m
depending on the carrier frequency and properties of snow/firn or ice, such as density and moisture,
while optical stereo photogrammetry acquires the surface elevation. As the DEMs used in this study
were from ZY-3 optical and SRTM C-band radar sensors, the radar penetration depth from the SRTM
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C-band needs to be corrected when calculating glacier mass balance [7]. Assuming the SRTM X-band
radar signal does not penetrate into the ice, the radar penetration depth affecting the SRTM C-band
observations can be estimated using the elevation difference between the X-band and the C-band SRTM
DEMs. We estimated the penetration depth in 50 m elevation bins in both study areas (Figure 5a,b). As
this estimation is not reliable in the low and high elevation bins with a small number of SRTM-X DEM
pixels, we used the mean penetration depth in the ablation and accumulation regions to separately
estimate the penetrations in the low and high elevation bins with few pixels [49]. In the ENM, the
percentage of debris-covered glacier can account for 13.4% of glacier area, thus, we estimated the
penetration depth separately for the clean and debris-covered glacier portions. Overall, the mean
penetration depths in the WNM and ENM were 1.41 m and 1.21 m, which were similar to the 1.67 m
and 1.24 m according to the results of Wu et al. [31] and Li et al. [9]. The glacier area used to estimate
SAR signal penetration was not indicated precisely in the quoted studies. However, our glacier area
in the WNM is very similar with the one delineated in Figure 1 by Li et al. [9]. Wu et al. [31] did not
indicate the area they sampled for their assessment. As regards the mass balance: in the WNM and
ENM, we used very similar glacier outlines as Li et al. [9] and Wu et al. [31], although the glacier areas
covered by our data are less than their glacier areas.
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Figure 5. Penetration depth (expressed by the mean + standard deviation) estimated as the difference
between SRTM-X and SRTM-C DEMs in each 50 m elevation bin in the study area: (a) WNM and
(b) ENM,; clean and debris-covered glaciers in the ENM delineated as described in the glacier mapping
part in Section 3.2.

ZY-3 data, acquired between December and March of the following year, were normalized to
the acquisition time of SRTM DEM data (February) to obtain the glacier mass balance for the three
periods. A correction for the winter snowfall on the glaciers between the acquisition date of ZY-3 and
February in the following year was estimated on the basis of in-situ measurements. According to the
field observations of Zhang et al. [57] and Yang et al. [58], the mean winter snowfall of Zhadang glacier
in WNM was very little during 20092011 (0.09 m w.e.), while the mean winter snowfall of the four
glaciers in ENM was large in 2006-2007 (0.62 m w.e.), which cannot be neglected. A correction factor of
0.10 m w.e. per winter month was estimated using in-situ measurements according to the study of
Yang et al. [58] and applied to our estimates of glacier mass balance in the ENM, while no correction
was applied in the WNM. This correction was only applied to the ZY-3 images on 4 December in 2017
in the ENM region in our study area to account for snowfall in the winter months between December
(Z2Y-3 acquisition) and SRTM DEM.

Geodetic glacier mass balance calculation. The overall glacier mass balance (MB, m w.e. a™!) is
calculated from the glacier thickness change (AH, m) as:

MB = AH- Pglacier/(pwater'y) ©)

where pwater is the density of water (1000 kg m™3), Pglacier (Kg m™3) is the density of ice/firn/snow and
estimated from literature since in-situ observations were lacking in our study area, Y (a) is the time
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interval in years. We applied a density of ice/firn/snow pgacier = 850 kg m~2 to calculate the glacier
mass balance; this value was also used in the studies by Huss [59].

According to Shangguan et al. [60] and Neelmeijer et al. [49], the overall glacier thickness change
AH was calculated as:

?:1 AhiSi 7
5 @
where 7 is the total number of elevation bins, i is the ith elevation bins, Al; (m) is the mean thickness
change, S; (m?) is the glacier area of the ith elevation bin and S (m?) is the total glacier area. Here,
we assumed that the total glacier area was constant during 2000-2017 and extracted from the glacier
outlines described in the sector of the Glacier Mapping.

In order to estimate the trend in the evolution of glacier mass, we calculated the relative change
(RC) in 2013-2017 with respect to the change in 2000-2013 as:

AH =

RC = (MB 132017 “MB2000-2013) / MB,g0_2013 ®)

where MByy13-2017 (m w.e. a~!) and MBygop_o013 (m w.e. a™}) represent the glacier mass balance in
2013-2017 and 20002013, respectively.

Accuracy assessment. As it is impractical to directly assess the uncertainty of glacier elevation
change, we used the mean (M;s) and standard deviation (6s) of elevation change in off-glacier region as
an estimate of the bias in the glacier region (M, and 6¢) [3,7] in the same period. In addition, 65 should
be estimated using independent observations in the DEMs. This requires applying spatial decorrelation
because photogrammetric autocorrelation exists in DEMs and will have an impact on the estimated
uncertainty assessment [61]. In this study, Equation (9) and Equation (10) were used to assess 4 as
well as to account for topography correlation [3,31]:

Os
5o = )
§ Netf
N-P
Negt = Tl (10)

where N and N, represent the total number and independent measurements of pixels, respectively,
P is the DEM spatial resolution (5 m in our case) and D is the autocorrelation distance, calculated by
elevation differences in the off-glaciers areas [7]. According to Koblet et al. [61] D is approximately
equal to the length of 20 DEM pixels and set as 100 m in our case. Subsequently, the overall uncertainty
in glacier surface elevation change (6., m) can be estimated by the bias of elevation change in glacier

regions Mg (m) and 64 (m) as:
0o = |Mg?+042 (11)

The overall uncertainty in the total glacier mass balance (6,;, kg) is estimated as the square root of
the sum of the squares of the uncertainty in the assumed ice/firn/snow density (6, = 60 kg m~3 [59]),
multiplied by the product of glacier area S and thickness change AH, errors in glacier area (s, m?) and
glacier elevation change (0., m) [31,34,62], thus:

Om = \/(S'AH'ép)z + (6S'AH'pglacier)2 + (S'ée'Pglacier)2 (12)

In this study, the mass balance was calculated per unit area so it can be compared between glaciers
of different size; thus, the uncertainty of mass balance per unit area, i.e., dmu, kg m~—2, can be calculated
by dividing 6, (kg) by glacier area (S, m?):

2
Omu = \/(AH'ép)z + (6S'AH'pglacier/S) + (6B'Pg1acier)2 (13)
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The second term in Equation (13) is neglected since it is very small, and dmy (kg m™2) can be
written as:

Sy = \/(AH-(SP)Z + (5e‘Pglacier)2 14

The final uncertainty of glacier mass balance (6, m w.e) is expressed by water equivalent, thus:

6mb = \/(AH'6P)2 + (6e'pglacier)2/pwater (15)
4. Results

4.1. Comparison of ZY-3 TLA Data with Single Stereo View Data.

Traditional stereo mapping imagers, such as SPOT-5 HRS, ASTER and Cartosat-1, can only provide
one stereo pair, while the ZY-3 imager has three view angles and can provide three stereo pairs (NB,
NF and BF). We used two metrics, i.e., the point cloud density and percentage of valid data, calculated
before and after the fusion of the three point cloud sets of observations to evaluate the advantage of
ZY-3 TLA data for DEM extraction. The results showed that these two metrics were significantly higher
when using the three stereo pairs than the values when a single stereo pair was used. When using
one view combination only, the overall mean point distance and percentage of valid data were 7.88 m
and 56.82%, respectively, against 3.92 m and 81.12% when using the three view combinations together
(Table 4). Taking the Parlung No.4 glacier as an example, we selected the 2017NBgny (see Table 2)
point cloud and the fusion 2017gnwm (see Table 5) point cloud to demonstrate the advantage of using the
fused ZY-3 TLA data (Figure 6). The effects were reflected in two aspects, one was higher point density
in the fused dataset of the three stereo pairs, like the regions in the yellow rectangles in Figure 6b,c;
the other was the extended coverage by the point cloud, such as the areas in the black rectangles in
Figure 6¢. Therefore, the use of the three image pairs provided by ZY-3 TLA observations significantly
improved the results by increasing the observation density and by extending the coverage with valid
data when compared with the results by using only two view angles (one pair). Some gaps remained
in the ZY-3 DEM from the fused dataset, because there is still no valid elevation data in some 5m X 5m
cells especially in the accumulation zones, even though the mean point distance was already reduced
to less than 5 m.
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Figure 6. The point cloud of the Parlung No.4 glacier derived by ZY-3 TLA data. (a) The overview of
the Parlung No.4 glacier (The basemap is the same as in Figure 1b); (b): The point cloud generated
with the one pair (NB) combination; (c) The point cloud obtained by fusing the NB (red points), NF
(green points) and BF (blue points) observations.
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Table 4. Mean point distance and percentage of valid data before and after fusion of the point clouds
from three view angle pairs generated with the ZY-3 TLA image data. Improvement in distance is
given by the distance difference between after and before fusing the point clouds, improvement in valid
data is calculated by the percentage difference between after and before fusing the DEM.

Mean Point Distance (m) Percentage of Valid Data (%)
D Improvement Improvement in
Before After in Distance Before After Fusion Valid Data (%)
Fusion Fusion Fusion
2017NBgnMm 5.05 -1.96 65.94% 26.82%
2017NFgnm 424 3.09 -1.15 88.48% 92.75% 4.27%
2017BFgNMm 9.96 -6.86 37.55% 55.20%
2013NBgnMm 7.74 -2.85 34.82% 19.84%
2013NFgnm 6.82 4.89 -1.93 44.36% 54.66% 10.30%
2013BFgnMm 15.53 -10.64 17.96% 36.70%
2017NBwnm 5.98 -2.19 68.15% 17.31%
2017NFwnm 5.63 3.79 -1.84 74.99% 85.46% 10.47%
2017BFwnMm 11.38 -7.59 43.51% 41.95%
2013NBwnm 5.86 -1.96 74.85% 16.77%
2013NFwnm 5.51 3.90 -1.61 82.57% 91.62% 9.05%
2013BFwnMm 10.90 -7.00 48.67% 42.95%
Average 7.88 3.92 -3.96 56.82% 81.12% 24.30%

4.2. The Accuracy of ZY-3 TLA Data in Producing a DEM

First of all, we used the percentage of valid pixels in a glacier mass balance map to evaluate the
performance of ZY-3 TLA data. In the WNM, the percentages of valid pixels in the glacier elevation
change maps in 2000-2013, 2013-2017 and 20002017 were 70.57%, 42.78% and 67.25%, respectively,
and the mean percentage in the three periods in the ablation zone was 71.26%, higher than the 51.34%
in the accumulation zone. In the ENM, the percentage of valid pixels in the glacier elevation change
map in 2000-2017 was 77.53%, while this percentage was only 34.50% in 2000-2013 and 27.26% in
2013-2017 because of snow cover in the 2013 stereo images leading to undistinguishable textures.
Therefore, only the retrieval in 2000-2017 in the ENM was adopted to estimate the region-wide glacier
mass balance. Although the percentage of valid data in high elevation bins is lower, these effects are
relatively limited since the fraction of glacier area in the high elevation bins is small. For example,
the fraction of glacier area in the high elevation bins, where the valid pixel percentage is less than
50%, was only 1.5% and 1.4% of total glacier area in the 2000-2013 and 2000-2017 maps in the WNM,
and 3.7% in the 2000-2017 map in the ENM (Figure 7a,b). Therefore, the impact of fewer valid data in
the high elevation bins on our estimates of the glacier mass balance is limited. Besides, in the WNM,
the valid pixels in 2000-2017 and 20132017 were suddenly fewer in the 5250-5400 m a.s.l. elevation
bin because of the cloud cover in the 2017 stereo images (Figure 7a).
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Figure 7. The percentage of valid data in the glacier elevation change maps and glacier area versus
elevation in the both study areas (a) WNM; (b) ENM.
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Asindicated in Section 3.2 for accuracy assessment, we used the mean (M;) and standard deviation
(65) of elevation change in the off-glacier region as an estimate of the bias in glacier region (Mg and 6).
In this way, we calculated the vertical errors and uncertainty in the glacier elevation change to further
evaluate the accuracy of ZY-3 TLA data as shown in Table 5. As a whole, the uncertainties computed
with the ZY-3 TLA data only (2017pnm—2013pnm and 2017wnm—2013wam) are less than those in the
difference between the ZY-3 TLA data and SRTM elevations. The elevation uncertainties (0) in the
former were ranging from 0.03 m to 0.18 m, while the latter gave 0.41 m up to 0.97 m. The reasons
may be two-fold: a) the difference between single data source DEMs, like the (2017gnM—2013gNM)
combination, has higher accuracy than that between multi-source DEMs, such as (2017pnyv—SRTM),
because the latter is affected by the errors due to using different data sources and techniques to generate
the DEM,; b) the vertical accuracy of ZY-3 DEMs is better than 5 m in mountain region, i.e., much
higher than the SRTM DEM with 16 m global elevation accuracy [54,63,64]. In brief, higher accuracy
of glacier elevation change could be obtained if only ZY-3 TLA data were used. In addition, judging
from o and NMAD, the complexity of terrain seem to be a restrictive factor for the accuracy of ZY-3
DEM because the DEMs in the ENM with relative complicated terrain have higher o (5.95-11.12 m)
and NMAD (4.95-10.7 m) than that of the DEMs in the WNM with smoother terrain where lower o
(3.04-8.06 m) and NMAD (3.01-4.73 m) were estimated.

Table 5. Vertical errors in the elevation change represented by the statistics over the off-glacier region
(Ms, 65, Median and NMAD) and estimated uncertainties in glacier elevation change and mass balance.
The final residuals between DEMs were set as systematic errors in the latter error assessment. Time of
acquisition is expressed by the indicated year combined with a study area (ENM or WNM). Symbols
Ms, 65, N, Negf, 6¢, Omp Were defined in the accuracy assessment in Section 3.2. Note that the 0y in
2000-2013 and 2013-2017 in the ENM were not calculated because the glacier mass balance in 2013 was
not retrieved (Section 4.4).

Acquisition M (m) 05 (m) Median (m) NMAD (m) N Nege 0, (m) Omp (M w.e.)
2013wnm — SRTM 0.97 7.12 1.04 4.28 81,654,768 2,041,369 0.97 0.23
2017wnm — 2013wam 0.03 3.04 0.10 3.01 67,949,809 1,698,745 0.03 0.06
2017wnm — SRTM 0.80 8.06 0.86 473 68,836,853 1,720,921 0.80 0.19
2013gnm — SRTM -041 11.12 -0.52 10.07 56,358,788 1,408,970 0.41 /
2017gnm — 2013pnm -0.18 5.95 -0.29 495 47,187,872 1,179,697 0.18 /
2017gnm — SRTM —-0.55 8.79 -0.74 8.00 62,405,134 1,560,128 0.55 0.20

4.3. Glacier Mass Balance in the WNM

Overall, the glacier mass balances were -0.22 + 0.23 m w.e. a~1,-0.43 + 0.06 m w.e. a~! and -0.30
+0.19 m w.e. a~! in 2000-2013, 2013-2017 and 20002017, respectively (Table 6). A large mass loss
(-0.50 + 0.23 m w.e. a !, —0.64 + 0.06 m w.e. a_* and —0.55 + 0.19 m w.e. a~1) was observed in the
ablation zone in the three periods, while a mass increase, i.e., 0.17 £ 0.23 m w.e. a~! was observed in
the accumulation zone in 2000-2013; glacier mass increased slightly in 2000-2017 by 0.05 + 0.19 m w.e.
a~! and decreased in 2013-2017 by —0.16 + 0.06 m w.e. a~!. The glaciers in the Nam Co basin melted
slightly faster than outside the Nam Co basin in all three periods (Table 6).

The glacier elevation change presented different trends in the accumulation and ablation zones in
2000-2013 and 2013-2017. First of all, in the ablation zones, the glaciers experienced a larger mass
loss in 2013-2017. In the accumulation zones, the glaciers mass in 2000-2013 clearly increased, while
it significantly decreased in 2013-2017 (Figure 8a,b, Table 6). Furthermore, the relative change in
the accumulation zone was 192.3%, a much larger decrease than in the ablation zone with 26.8%,
which means the trend of glaciers thickness in the accumulation zone changed more obviously
(Table 6). Specifically, the glaciers in the 5800-6350 m a.s.l. contributed to about 84.9% mass loss in
the accumulation region because their areas accounted for 97.1% of the total accumulation region
area. Moreover, as shown by the orange and purple solid lines in Figure 8d, the ELA was rising from
~5800 m a.s.l. in 20002013 to ~6050 m a.s.l. in 2013-2017, which would also lead to thinning in the
accumulation zone.
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Figure 8. Annual glacier elevation changes in the WNM. (a): 2000-2013; (b): 2013-2017; (c): 2000-2017;
(d): Annual glacier elevation change versus elevation (the dotted black line is the zero mass balance
line, the orange and purple solid vertical lines represent the ELA lines in the 2000-2013 and 2013-2017,
respectively). The purple rectangle in the images is the sample glacier described in the Figure 9.
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Table 6. Area and mass balance (unit: m w.e. a~!) of glaciers in the WNM and ENM from 2000 to 2017. The Relative Change (RC) represents glacier relative change.
Yanong glacier was excluded when calculating region-wide glacier mass balance in the ENM because of incomplete coverage by our data.

WNM (m wee. a™1) ENM (m w.e. a 1)
Region 2 2
Area (km*) 2000—-2013 2013-2017 RC (%) 2000-2017 Area (km?) 2000-2017
Ablation region 269.95 —-0.50 +0.23 —0.64 + 0.06 26.8 —0.55+0.19 403.47 —-0.77 £ 0.20
Accumulation region 201.32 0.17 +£0.23 —0.16 + 0.06 192.3 0.05 +0.19 148.98 10.005 = 0.20
Inside Nam Co basin 108.59 —-0.28 +0.23 —0.46 + 0.06 65.6 -0.32+0.19
Outside Nam Co basin 362.68 —-0.20 +0.23 —0.41 £ 0.06 106.7 -0.29 +£0.19
50282B basin 197.23 —-0.52 +£0.20
50291B basin 355.21 —-0.57 +£0.20
Total 471.27 —-0.22 +0.23 —-0.43 + 0.06 101.8 —-0.30 £ 0.19 552.44 —0.56 +0.20

! The mass balance in the accumulation region in the ENM is rounded-off to three decimal digits for clear expression.
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The unnamed glacier (GLIMs ID: G090404E30269N, the purple rectangle region in Figure 8) was
taken as an example to show glacier elevation change in the WNM, because its elevation range is 5300
to 7000 m a.s.l. and it is similar to glaciers in the entire region, which makes it rather representative
(Figure 9d). As the region-wide glacier mass balance in the WNM, this glacier had a larger mass loss in
2013-2017 than in 2000-2013 (Figure 9a,b). Large RCs were observed near the terminus and in the
central portion of this glacier (Figure 9d).
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Figure 9. Annual elevation changes of unnamed glacier (GLIMs ID: G090550E30416N, the purple
rectangle region in Figure 8). (a): 2000-2013; (b): 2013-2017; (c): 2000-2017; (d): annual glacier elevation
changes versus elevation.

4.4. Glacier Mass Balance in the ENM

Yanong glacier (Figure 1b), the largest glacier in the ENM, was excluded from calculation of the
region-wide glacier mass balance and further analysis, since our data only covered its ablation zone.
Overall, the glacier mass balance was —0.56 + 0.20 m w.e. a~! during 2000-2017 in the ENM. The mass
loss in the ablation zone was very large between 2000 and 2017, i.e., up to —0.77 + 0.20 m w.e. a’l
while the loss in the accumulation zone remained relatively stable and the mass balance was 0.005 +
0.20 m w.e. a~! (Table 6).

The glacier mass loss in the 50282B basin was slightly less than that in the 50291B basin with the
mass balance in these two basins in 2000-2017 as —0.52 + 0.20 m w.e. a_! and -0.57 + 0.20 m w.e. a~},
respectively (Table 6). The glacier melt rate was largest in the elevation range 2500-2900 m a.s.l. where
the main contributors were the Azha and Xueyougu glaciers (Figure 10d). Larger glacier melt rate
was also found in the elevation range of 3850-4500 m a.s.l., which contributed more to the entire mass
loss because their areas were larger even though the mass loss was smaller than that in the former
elevation range.
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Figure 10. Annual glacier elevation change in the ENM. (a): 2000-2013; (b): 2013-2017; (c): 2000-2017;
(d): Annual glacier elevation change versus elevation in 2000-2017. The purple rectangle is the sample
glaciers described in Figure 11.

The Azha glacier and Xueyougu glacier, two debris-covered glaciers, which had more than 50%
valid data in 20002013 and 2013-2017, were selected to quantitatively assess the glacier relative change
in these two periods (Figure 11). The elevation change in the Azha glacier increased from —1.75 m
a~!in 2000-2013 to -3.63 m a~! in 2013-2017, while in the Xueyougu glacier elevation change varied
between —0.88 m a~! and —1.76 m a™!. To some extent, these results can prove that glaciers in the ENM
had a negative mass balance in these two periods and a large mass loss in 2013-2017, even though
both glaciers accounted for a small fraction of the entire area. Compared with the debris—covered
glaciers located in the slight west of the ENM, the Azha glacier and Xueyougu glacier experienced
faster thinning [65]. This phenomenon may prove that the effect of the weakening Indian monsoon is
less influential from the eastern and western NM. Moreover, an interesting phenomenon was that the
Azha and Xueyougu glaciers in the 3100-3650 m a.s.l. elevation range experienced a sudden larger
mass loss during 2013-2017 (Figure 11d,e). However, the reason is unclear because of the absence of
field observations in these two glaciers.
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Figure 11. Annual elevation changes of the Xueyougu glacier and the Azha glacier (the purple rectangle
region in Figure 10). (a): 2000-2013; (b): 2013-2017; (c): 2000-2017; (d) and (e): annual glacier elevation
changes of the Xueyougu glacier (d) and the Azha glacier (e) versus elevation.

4.5. Effects of Debris on Glacier Mass Balance

The effects of debris should not be neglected even though debris-covered glaciers only
occupy a small fraction of the total glacier area in our study region. We selected an unnamed
glacier (G090388E30292N) and the Xibu glacier (G090598E30389N) in the WNM, the Azha glacier
(G096818E29132N) and the Xueyougu glacier (G096758E29147N) in the ENM to explore and assess
the debris-cove effect in the periods 2000-2013 and 2013-2017 (Figure 12). We computed the mean
elevation change in 50 m elevation bins in the mixture zones of debris and clean-ice to quantitatively
estimate debris influences on glacier mass balance. The debris-covered regions were located in the
terminus of all the selected glaciers, with the debris-covered area being less than the clean-ice area,
overall gradually decreasing with increasing elevation (Table 7 and Figure 12). In 2000-2013, the
thickness of the debris-covered regions reduced faster than that of clean-ice regions in all glaciers, and
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this phenomenon in the WNM continued in 2013-2017, when these rates were —0.51 m a~! and -0.46 m
a~! in the unnamed glacier, while in the ENM the debris-covered regions melted less than clean-ice
regions, where these rates were -3.65 m a~land -4.90 m a~! in the Azha glacier, -3.25 m a~land -3.54
m a~! in the Xueyougu glacier (Table 7). This phenomenon needs to be further confirmed by analyzing
more glaciers.

The analysis of the variation with altitude of glacier elevation changes in the four glaciers provided
further insights on the effect of debris (Figure 12). In the mixture region of debris-covered and clean-ice,
the range of glacier elevation change in WNM was smaller than that in ENM. For example, in the Xibu
glacier, the largest debris-covered glacier in the WNM, the range of glacier elevation change in the
debris-covered region was from -0.28 to —1.11 m a~! in 2000-2013 and the corresponding elevation
change range in the clean-ice region was from —0.46 to —2.41 m a~! (Figure 12b). Two processes may
combine to explain such difference: (1) in the lower elevation region with higher abundance of debris,
the lower albedo of debris increased radiation absorption leading to heating of the debris and to
radiative and convective heat transfer to the surrounding clean-ice, while the higher abundance of
debris was generally associated with relatively thicker debris, which could reduce heat conduction
to the underlying ice [66]; (2) at higher elevation with a smaller extent of debris; on the contrary,
debris increased glacier melting possibly because the debris absorbed more radiation than absorbed
by clean-ice and the thinner debris increased heat transfer to the ice underneath, increasing melt of
debris-covered ice in the end. This result showed that the effect of debris on glacier mass balance
was related to the fractional abundance of debris and to glacier elevation in this study area. This
mechanism should be verified by other research methods, however, such as field observation and
glacier mass balance modeling.

1.5 100% 15 100%
= .
N =10 R & & N
" ., s . .
£ / o 80% | E . d | \ 80%
=4 = 05 o L L 14
g‘ 0.5 . : g 7 o ?n ;s . * * L
5 gt o £ o
2 i . 2 00 !
5 0.0 re - | 60 | & ™ ‘ 60%
g /
2 ot £ b
w®-0.5 | & ; ad £ -05 sleoy®
E |~ & \ 2 A f ah
” LA - a I 40 || 5 _p0 [HRZEA 40%
E A0 e A P E ' f‘
E i = ‘/;/ = Percentage of Debris-covered Region 2 L5 f
5 » = -1 z @
:'1'3 Al 4 Debris-covered Ice in 2000-2013 i g | = Percentage of Debris-covered Region |, o
E: #  L_—s Clean Ice in 2000-2013 * g - F 4 Debris-covered Ice in 2000-2013
o 2.0 L
5 20 S Debris-covered Ice in 2013-2017 j f —+—Clean Ice in 2000-2013
*—Clean Ice in 2013-2017 . K
2 ‘ ) 0 = 5150 5350 5550 5750 5950 6150 6350 6550 6750 o
5300 5500 5700 5900 6100 b 20 > Sl

a Elevation (m) Elevation (m)

2 100% 2 100%)]
Lo o1
L) #poa . o sgee = P s i ’

1 'zl 4 . 0%0%e § s O ”
E T, T oAyl gvesten,, o 4 et 80% 5 0 .,'“. b 0% o -, - > ..:- 80%
\ / @

& , e & 2 L0 e o
g2 | [l ‘ A g1 ¢ . Vo
= | Ag . ¥ . . = 1A iy
U 1 o " 60% & A | o 60%
= | -, | o N £ o \/ & |
2 1 Ay > ¥ 2 b 13
-ﬁ 4 Y ) ¥ z = oy @ .
= il ,_A‘ o g 3 A .
= R R B 3, .o " .
S s S 40% || S 4 B . s 40%
56 N s, = == Percentage of Debris-covered Region 5 4 Pl 'i‘" il Y,
2 il = .
2 s 4 Debris-covered Ice in 2000-2013 i\; f i v === Percentage of Debris-covered Region
ol AR —— Clean Ice in 2000-2013 et K 4 Debris-covered Ice in 2000-2013
= \ I _ 20% = o _ 20%
5 -8 - ‘ | T Debris-covered Ice in 2013-2017 g A @~ Clean Ice in 2000-2013
E “ | | | [Be Clean Ice in 2013-2017 5 -6 Debris-covered Ice in 2013-2017
5 || i i ——Clean Ice in 2013-2017

10 S ESEE NN RN S L 0% - L 0%

2400 2900 3400 3900 4400 4900 2600 3100 3600 4100 4600

c Elevation (m) d Elevation (m)

Figure 12. The annual elevation changes of unnamed (a), Xibu (b), Azha (c) and Xueyougu (d) in
debris-covered and debris-free glaciers during 2000-2013 and 2013-2017. Note: the percentage of
debris-covered region was calculated as debris area divided by the total area in each elevation bin.
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Table 7. The surface elevation changes of the four debris-covered glaciers. Note: the area was a mixture
of debris-covered and clean-ice portions; the surface elevation change of the Xibu glacier in 2013-2017
was not retrieved since cloud cover in the 2017 ZY-3 stereo images.

Surface Elevation Changes

(1;\}::1? GLIMs ID Region Mif‘l‘-zv;t:g);:’zf(m) Area (kan?) 2000_201:“ a71;013—2017
Un-named  GO090388E30292N Det(’:ﬁi:;‘fi";red 54005800 g:gg :g:zg :g:ié
Xibu GO90598E30389N Degg:_’;ged 5150-5600 ggg jgﬁi ;
Azha  GOUSISE2IIN  Degnscovered 24003750 Py s e
Xueyougu  GO96758E29147N Degi:;fiv;red 3000-3300 (1)22 :é:gg ii:éi

4.6. The Effect of Glacier Surface Slope on Glacier Elevation Change

It was interesting that unlike other glaciers that experienced serious mass loss in the same elevation
range, only two glaciers (1 and 2 in Figures 1b and 13) in the ENM remained stable or even had a
slight mass increase in the glacier tongue during 2000-2013 (Figure 13). This result was consistent
with Wu et al. [31], who hypothesized that the debris cover may lead to this phenomenon. This reason,
however, may also relate to the glacier surface slope. First, irradiance at the glacier surface increases
with increasing slope up to a sun zenith angle equal to 0°. Second, the slopes in the central part of
both glaciers are steeper (the two red rectangles in Figure 13b), and may cause glacier flow velocity
to increase [67,68]. The ice flow from the upstream portion of the glacier was apparently more than
sufficient to balance melting in the ablation zone. This slope effect on glacier thickness change may also
explain why the correlation of glacier mass balance with glacier surface slope was poor [69]. However,
this hypothesis should be further validated by combining glacier mass balance and velocity data.
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Figure 13. The glacier surface elevation change in 2000-2013 (a) and glacier surface slope (b) of the two
sample glaciers (same with number 1 and 2 glaciers in the Figure 1b). Our reference DEM is SRTM
DEM and the slope calculated by SRTM DEM using ArcMap 10.2 software approximately represents
glacier surface slope in 2000-2013.
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5. Discussion

5.1. Internal Consistency of the Glacier Elevation Change Retrieved with the ZY-3 TLA Data

The glacier elevation change in 2000-2017 can be estimated by applying two methods: one is
by directly calculating the difference between the 2017 ZY-3 and the 2000 SRTM DEMs (see DEM
differencing in Section 3.2), while the second one is by applying the same method separately to
2000-2013 using the 2013 ZY—-3 and 2000 SRTM DEMs and to 20132017 using the 2017 and 2013 ZY-3
DEMs, then adding up the results. In the case of error—free data the two procedures should yield
the same result. We assessed the quality of our elevation data by comparing the estimates obtained
with the two procedures. In this assessment, only the pixels in the glacier elevation change maps
before gap filling were used for eliminating the effect of assumptions on glacier change (see gap filling
in Section 3.2). The scatter plots of the glacier thickness changes in 50 m elevation bin in 2000-2017
obtained by the two methods in both WNM and ENM show a high overall correlation (Figure 14). In
the WNM, the mean thickness changes computed by the two methods were -5.10 m and —5.62 m in
2000-2017, the residual was 0.52 m and R? was 0.9932, while in the ENM, these values were —27.71 m,
—28.21 m, 0.50 m and 0.9998, respectively. The annual thickness change errors were 0.031 m a~" (i.e.,
0.026 m w.e. a~!) and 0.029 m a~! (i.e., 0.025 m w.e. a_!), which had a limited impact on our estimates
of region—wide glacier mass balance.
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Figure 14. Cross-validation of the glacier elevation changes generated by the two methods in the WNM
(a) and ENM (b).

5.2. Cross-Comparison of ZY-3 TLA with Other Data Sources Results

Spaceborne photogrammetry and InNSAR are two of the main remote sensing techniques to retrieve
the high spatial resolution pattern of glacier mass balance, but it is necessary to estimate the spatial
consistency of the two retrievals. In this study, we used ZY-3 TLA and TanDEM-X data to compare these
two techniques. First of all, we qualitatively described the performance of ZY-3 TLA data in glacier
elevation change retrieval by comparing our retrievals with TanDEM-X data (Figure 15). The result
shows that high resolution ZY-3 glacier elevation change map could provide more details in some
regions. We took an ice crack region in the middle of the Parlung No.4 glacier as an example to describe
these detailed differences (the purple rectangle in the Figure 15a,b, the images are Gaofen-1 true color
images with band 4 (R), band 3 (G) and band 2 (B) on 3 December, 2014). Although the spatial patterns
of glacier elevation change in both maps were similar, the ZY-3 map showed more details in the glacier
crevasses (Figure 15d), while it seems to be smoother in the TanDEM-X map (Figure 15c).
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a: Parlung No.4 Glacier (2014-12-03) b: Zoom of Sample Region

] Glacier Outline, [ Glacier Outline
[ Sample Region | ~d [ Sample Region

¢: TanDEM (2000-2014, 10 m) d: ZY-3 (2000-2017, 5 m)

[ ] Glacier Outline|
[]sample Region

[ ] Glacier Outline|
[]Sample Region

Glacier Surface Elevation Change (m a™)

Figure 15. The detail comparison of glacier elevation change derived by TanDEM-X and ZY-3 TLA
data for the Parlung No.4 glacier. (a): overview of the Parlung No.4 glacier (the basemap is the 8 m
spatial resolution Gaofen-1 true color image with band 4 (R), band 3 (G) and band 2 (B) composition
on 3 December, 2014); (b): zoom figure of the sample region; (c) and (d): the annual glacier elevation
change derived by TanDEM-X in 2000-2014 and ZY-3 TLA data in 2000-2017; their spatial resolutions
are 10 m and 5 m, respectively.

Furthermore, we compared the absolute difference of glacier elevation change derived with both
data. The acquisition dates of ZY-3 TLA and TanDEM-X were 3 December 2013 and 12 March 2014
in the WNM, which were very close compared with decadal glacier elevation change and could be
applied to evaluate our retrievals of glacier thickness change against an independent data source,
assuming the glaciers in winter were stable during this short period. According to the snow correction
of the WNM retrievals (seasonal correction in Section 3.2), this assumption is reasonable. In the ablation
region, the retrievals with ZY-3 TLA (our results) and TanDEM-X (results made by Li et al. [9]) were
well correlated, i.e., the R and slope of the regression line reached 0.99 and 0.90 (near 1.00), while the
retrievals with the ZY-3 TLA data in the accumulation zone were distinctly higher than the ones with
the TanDEM-X data (Figure 16). This result may have a two—fold explanation: (a) the ZY-3 results with
lower valid data percentage (59.1%) in the accumulation zone had relative higher uncertainty than
that in the ablation zone with higher valid data percentage (71.0%); (b) the X-band SAR signal can
penetrate snow/firn in the accumulation zone, but no correction was applied when calculating glacier
thickness change with the TanDEM-X and SRTM DEM data (Li et al. [9]).
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According to the research of Dehecq et al. [70], the penetration depth of the X-band SAR signal
may be up to 4-6 m in the accumulation zone which is covered by dry snow and/or firn. Assuming the
accuracy of the glacier elevation changes retrieved from ZY-3 and TanDEM-X data was acceptable, as
demonstrated by the retrievals in the ablation zone, then the penetration depth of X-band SAR signal
could be estimated from the difference between the retrievals with the ZY-3 TLA (2013-12-03) and
TanDEM-X (2014-03-12) data. The result showed that the mean penetration depths of X-band SAR
signal could be up to 4.62 m in the accumulation zone, consistent with the value of 4-6 m documented
by Dehecq et al. [70].
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Figure 16. Glacier thickness changes in 50 m elevation bins from ZY-3 (02/2000-12/2013) against that
from TanDEM-X (02/2000-03/2014) in the WNM.

5.3. Comparison with Previous Studies

Firstly, we compared our results with others in some special glaciers with in-situ observations
available. Thus far, in-situ measurements glacier mass balances were available on three glaciers in
our study regions [35,57,58,71], i.e., the Zhadang and Gurenhekou glaciers (WNM) and the Parlung
No.4 (ENM) (Tables 8 and 9). As a whole, our results were consistent with other geodetic mass balance
results, the range of difference between them is from 0.07 to 0.13 m w.e. a~!, while they were discrepant
with field measurements in some periods since the timing of in-situ observations was different from
our retrievals.

Secondly, the region—wide mass balance also can be calculated by applying different techniques,
such as in-situ observation, ICESat/GLAS laser altimetry, photogrammetry and InSAR (Tables 8 and 9).
In the WNM, our retrievals of the mass balances gave on average -0.22 + 0.23 m w.e. a~}, rather close
to previous studies with range in -0.2 to —0.24 + 0.13 m w.e. a~! [5,9,72]. In the ENM our region—wide
mass balance of ~0.56 + 0.20 m w.e. a~! was similar to most published results despite large differences
reported by these studies. In addition, the similarity in the time of observation and in the study area
provided a good opportunity to estimate the accuracy of ZY-3 TLA and TerraSAR-X/TanDEM-X
data in estimating the glacier mass balance within the entire region. The results showed that the
region—wide glacier melt rate captured by ZY-3 TLA data was slightly less than that estimated with
TerraSAR-X/TanDEM-X images, which may be caused by neglecting X—band SAR penetration depth as
discussed in the Section 5.2. In the WNM, our results were —-0.22 + 0.23 m w.e. a~! and -0.30 = 0.19 m
w.e. a~! in 2000-2013 and 2000-2017, while the TerraSAR-X/TanDEM-X result in 20002014 was —0.24
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+0.13 m w.e. a~!. In the ENM the mass balance was —0.56 + 0.20 m w.e. a~! in 2000-2017 and -0.67 +
0.09 m we. a? during 2000-2014 from Wu et al. [31]. In addition, both previous studies [9,13,31] and
our results indicated that the glaciers mass balances were different in different basins. In the WNM, for
example, the mass balance differences between inside and outside the Nam Co basin were —0.049 +
0.129 m w.e. a~! in Li et al. [9] and —0.08 + 0.23 m w.e. a~! in our result. This difference may be caused
by the difference in glacier orientation and glacier size between our study and Li et al. [9], since we did
not evaluate exactly the same glaciers.

Moreover, the comparison of glacier mass balance in the WNM and ENM indicated the glaciers
in both study regions experienced a mass loss after 2000, with a larger melt after 2013. At the same
time, the glaciers in the accumulation zones remained nearly stable as shown by very small elevation
change (0.05 £ 0.19 m w.e. a~! in the WNM and 0.005 + 0.20 m w.e. a~! in the ENM, Table 6). On the
other hand, there were clear differences in the spatial pattern of the mass balance, i.e., the mass loss
rate in the ENM (-0.56 + 0.20 m w.e. a~!) was higher than that in the WNM (-0.30 + 0.19 m w.e. a™})
during 2000-2017.

Finally, we summarized our results and the study of Zhou et al. [3] on the glacier mass balance in
the two regions during the last half century. The results showed that the mass balance patterns were
clearly different in the two regions. The rate of glacier mass loss in the WNM was almost stable (~—0.20
m w.e. a~!), while it increased in the ENM from —0.19 m w.e. a~! before 2000 to —0.60 m w.e. a~! after
2000 according to post-2000 studies (2000-2014 by Wu et al., 2018 and 2000-2017 by our study). This
finding may suggest that effect of Indian and East Asian monsoons were weakening in this region,
while the effect of Westerlies grew in the past 40 years [5].
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Table 8. Comparison of our geodetic glacier mass balance retrievals with previous studies in the WNM.

Region Study Data Period Mass Balance (m w.e. a1)
Yu et al. [35] In-situ 2005-2008 -0.59
Zhang et al. [57] In—situ 2009-2011 -1.20
Zhadang Zhang et al. [71] In-situ 2011-2014 -1.60
Lietal. [9] TerraSAR-X/TanDEM-X 2000—-2014 —0.501 + 0.166
This study ZY-3 TLA 2000-2017 —-0.60 £0.19
Yao et al. [5] In-situ 2005-2010 -0.31
Gurenhekou Yu et al. [37] In-situ 2004—-2005 -0.4
Lietal. [9] TerraSAR-X/TanDEM-X 2000-2014 —0.267 +0.248
This study ZY-3 TLA 2000-2017 —0.40 £ 0.19
Yao et al. [5] In-situ 2005-2010 -0.2
Neckel et al. [72] 1ICESat/GLAS 2003-2009 —-0.20 £ 0.29
Lietal. [9] TerraSAR-X/TanDEM-X 2000-2014 —-0.235 + 0.127
Western Nyaingentanglha Mountains 2Brun et al. [13] ASTER Stereo Image 2000-2016 —-0.35 + 0.07
Zhou et al. [3] KH-9 1975-2000 -0.25+0.15
This study ZY-3 TLA 2000-2013 -0.22+0.23
2013-2017 —0.43 + 0.06
2000—-2017 —-0.30 £ 0.19

29 of 35

! where the abbreviation represents a satellite and its data named Ice, Cloud and land Elevation Satellite/Geoscience Laser Altimeter System; > Where the glacier mass balance of Brun et al.
(2017) was recalculated with our glacier outline in our study areas.
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Table 9. Comparison of our geodetic glacier mass balance retrievals with previous with studies in the ENM.

Region Study Data Period Mass Balance(m w.e. a~1)

Parlung No.4 Yang et al. [58] In-situ 2006—2007 -0.71
Wu et al. [31] TerraSAR-X/TanDEM-X 2000-2014 -0.61 £ 0.22
This Study ZY-3 TLA 2000-2017 -0.54 + 0.20
Yao et al. [5] In-situ 2005-2010 -1.1
Gardner et al. [7] SPOT Stereo Image 2000-2011 -0.33 £0.14
Gardner et al. [73] ICESat/GLAS 2003-2009 -0.26 £ 0.11
Neckel et al. [72] ICESat/GLAS 2003-2009 —-0.69 + 0.36

Eestern Nyaingentanglha Mountains (ENM) Kaib et al. [33] ICESat/GLAS 2003-2009 -1.14 £ 0.25
Phan et al. [34] ICESat/GLAS 2003-2009 -0.57+ 0.49
1Brun et al. [13] ASTER Stereo Image 2000-2016 -0.75+0.23
Wu et al. [31] TerraSAR-X/TanDEM-X 2000-2014 —0.67 + 0.09
Zhou et al. [3] KH-9 1975-2000 -0.19 £ 0.14
This Study ZY-3 TLA 2000-2017 -0.56 + 0.20

! Represents the same meaning with Table 8.

30 of 35
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5.4. Advantages and Disadvantages of ZY-3 TLA Data to Capture Glacier Mass Balance

ZY-3 TLA data have many advantages when retrieving the glacier mass balance. First,
the sufficiently dense point cloud (3.92 m/p) makes it feasible to generate 5 m resolution DEMs,
which can provide more details on spatial pattern of glacier mass balance and be references for the
results of glacier models compared with the coarser resolution of many previous studies, such as
30 m spatial resolution by Burn et al. [13] and Zhou et al. [3] (Figure 7). Second, the percentage of
valid data in the final glacier elevation change maps was generally higher than in some other studies,
this attributes to its capability of three pairs of view angle observations. For example, the percentages
of valid data in our glacier elevation change maps in 2000-2017 were 78% and 67% in the ENM and
WNM, respectively, while these values in Zhou et al. [3] were 57% and 54% in the same regions using
KH-9 and SRTM data.

At the same time, there are two main disadvantages in applying ZY-3 TLA data. As with other
optical satellite data, cloud cover may be the primary obstacle for generating DEMs using ZY-3 data,
and even very thin cloud will cause huge elevation error. In general, the percentage of cloudy days
in glacier region is very high, especially in the ENM which is dominated by the monsoon climate.
For instance, there are only 5 ZY-3 cloudless image data sets available in the Kangri Karpo Mountains
from 2012 (launch year) to 2017. Although mosaicking data acquired at different time may mitigate
this problem, some new challenges, such as time normalization and differences in glacier condition,
will be introduced as well.

Since most ZY-3 cloudless images are in the winter, the snow cover is the second problem. It may
affect the retrieval of glacier thickness change in many ways. First of all, the low contrast of snow
surface will lead to less matching points, and then cause more DEM holes, noise and outliers in the
reconstructed elevation of glacier surface. For example, the glacier surface elevation map in the ENM
in 2000-2013 had only 8.62% valid values and was far less than the 77.53% in 2000-2017, because of the
large snow-covered area. Moreover, the snow thickness will be mixed in the final DEM results, and
this could result in significant errors when calculating DEM differences in deep snow regions, such
as the Himalaya, Pamir and Southeastern Tibetan Plateau mountainous areas, where the mean snow
depths were more than 0.20 m and the maximum can even reach to 0.70 m in winter [74]. This error
will become larger as snow accumulates at high altitude.

6. Conclusions

In this study, we improved the DEM extraction procedure with high spatial resolution ZY-3 TLA
stereo images by fusing three pairs of view angle combinations and evaluated the performance in
retrieving the glacier surface elevation in the NM. Then, investigated the glacier mass balances in
WNM and ENM during 2000-2017 using SRTM DEM (2000) and ZY-3 TLA stereo images (2013, 2017),
as well as analyzed the spatial patterns of glacier mass balance between 2000 and 2017 in these two
study areas.

By applying our improved procedure, ZY-3 TLA data did significantly increase the point cloud
density and decreased invalid data on the glacier surface compared with a traditional single-pair of
stereo images. We demonstrated the feasibility of generating high spatial resolution (5 m) glacier mass
balance maps within several years using ZY-3 TLA data. These 5 m resolution maps can provide more
details to help us better understand glacier mass balance, crevasse and other glacier properties. The
terrain complexity seems to be an obstacle when retrieving glacier elevation change, while snow and
cloud cover will seriously affect glacier mass balance retrievals.

The glaciers in both the WNM and ENM experienced mass loss during 2000-2017, and showed
increased melt in recent years (2013-2017). The overall glacier mass balances in the WNM were —0.22
+0.23mw.e. a!,-0.43 + 0.06 m w.e. a~! and -0.30 + 0.19 m w.e. a~! in 20002013, 20132017 and
20002017, respectively, and the mass balance was —0.56 + 0.20 m w.e. a~! in 20002017 in the ENM.
Our results also indicated that the fractional abundance of debris and glacier slope could affect the
glacier mass balance. Comparisons between results with ZY-3 and TanDEM-X demonstrated that
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they agreed in the ablation zone, while the mean difference can reach 4.62 m in the accumulation
zone because of the snow/firn penetration depth of X-band SAR signal. According to our results, a
penetration correction should be applied to X-band SAR data when calculating the glacier elevation
change by X—band SAR images, especially in the accumulation region.

With our improved stereo procedure applied to high spatial resolution ZY-3 TLA stereo images,
accurate glacier mass balance map with high spatial resolution could be generated. At the same
time, our procedure can also be applied to other TLA stereo images, such as ALOS Panchromatic
Remote-sensing Instrument for Stereo Mapping (PRISM) and Pléiades to improve accuracy along with
spatial and temporal sampling.
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