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Abstract: As the ‘Third Pole’ of the world, the Qinghai-Tibet Plateau is also known as the Asian
Water Tower. The glaciers covering its surface can reflect changes in the global climate and ecological
environment. Therefore, the critical need for accurate information regarding the elevation changes of
the glaciers on the Qinghai-Tibet Plateau is self-evident. Here we present a method for monitoring
the elevation change of the glaciers on the Qinghai-Tibet Plateau that is based on pyramid registration
and terrain correction techniques. The registration results show that the average elevation difference
in the stable area has been improved to a considerable extent, at least 70%. The elevation difference
after registration obeys a Gaussian distribution with a mean of 0. In this study, glaciers in the Qilian
Mountains of the Qinghai-Tibet Plateau were used as the experimental objects, and the changes
in glacier elevation in the region were monitored over the past three years. The results show that
from 2019 to 2021, the glaciers in the western Qilian Mountains thinned significantly, and the glacier
elevation change rate was −0.99 ± 0.34 m/year. The changes in glaciers in the southwest and north
were relatively minor, with change rates of 0.09 ± 0.94 m/year and −0.08 ± 0.79 m/year, respectively.
The change rates of the two glaciers in the middle were 0.74 ± 0.84 m/year and −0.16 ± 0.85 m/year,
and the glacier change rate in the northeast was −0.27 ± 0.77 m/year. Finally, combined with
meteorological data analysis, it is concluded that the change in glacier elevation is primarily affected
by temperature and precipitation. Among these, precipitation accounts for the dominant factor
impacting glacier elevation change.

Keywords: ATLAS; Qinghai-Tibet Plateau; pyramid registration; glacier elevation change

1. Introduction

Glaciers are both an important part of the cryosphere and excellent indicators of
climate change [1]. Glaciers are highly reflective of solar radiation. Thus, they have a
substantial impact on atmospheric circulation, ocean circulation, the hydrologic cycle, and
sea level changes [2]. With the rate of climate change intensifying, global glaciers have
undergone considerable changes over the past few decades [3], which has caused a series
of serious environmental problems, such as sea level rise and a loss of freshwater resources.
These issues have attracted widespread attention [4]. Mountain glaciers are glaciers that
exist outside the polar regions. They are located in high mountain areas at middle and
low latitudes and have a substantial impact on the inland and even the global ecological
environment [5]. Ice loss from these glaciers contributes more to sea level rise than makes
ice loss from Greenland and the Antarctic Ice Sheets, and in terms of sea level rise, it is
second only to ocean thermal expansion [5]. As an example of mountain glaciers, the
Qinghai-Tibet Plateau, known as the “Asian Water Tower”, has a strong impact on people’s
productivity and life. The Qilian Mountains are located on the northeastern edge of the
Qinghai-Tibet Plateau and are considered subcontinental glaciers. These glaciers are fairly
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scattered throughout the region, which makes monitoring difficult. Despite being the most
important glacier type in China, few people have studied their elevation changes in recent
years due to this wide spatial distribution [6,7].

At present, many scholars who have researched the glaciers on the Qinghai-Tibet
Plateau have focused on the changes that occur on a yearly scale. However, it is necessary
to explore monthly or seasonal glacier elevation changes. The seasonal changes can only
be inferred by studying the relationship between the glacier and the precipitation and
temperature [8]. For example, some scholars use a clustering algorithm based on monthly
precipitation data to calculate the monthly change in glacier elevation instead of using
direct observations of monthly elevation [9]. Additionally, studying the monthly/seasonal
changes in glaciers is critical for providing an in-depth understanding of the mechanisms
that drive glacial variability as well as for identifying disaster warning signs [10]. At
present, few existing studies have analyzed the changes in glacier elevation on monthly
and seasonal scales for a specific glacier [11].

Topographic factors, such as slope, aspect, and elevation, also have an impact on
glacier elevation changes [12]. In general, the lower the altitude becomes, the greater the
loss of glacier mass. Existing studies have shown that precipitation and monsoons also
affect glacier accumulation. Among them, the former is the main factor [13]. For example,
due to the influence of climatic variables, glaciers with different slopes and aspects thin
at different rates [14]. Therefore, it is important to consider the effects of the topography
when monitoring changes in glacier elevation. Previous studies have rarely considered
topographical effects when calculating glacier elevation changes. Furthermore, when using
multiple datasets to jointly study glacier elevation changes, some studies use the datasets as
they are without accounting for the bias between them [15–17]. This can lead to erroneous
estimates of changes in glacier elevation.

There are multiple commonly used data sources and techniques for monitoring glacier
elevation changes. High-precision differential GPS has been gradually applied to the
monitoring of glacier changes due to the continuous improvement of its accuracy [18].
However, it is very difficult to conduct these field observations on a large scale. Optical
satellite stereo pair data, such as from ZY-3, ASTER, and SPOT5, etc., provide large spatial
coverages and is a common method for monitoring glacier elevation changes [19]. Still,
some of this data must be purchased, and the accuracy of elevation measurements are
low. DEM data, such as from SRTM, ALOS DEM, and GDEM, is also useful. Still, when
using DEM data alone, the uncertainty in both the vertical and horizontal directions is
large, which will reduce the overall accuracy [20,21]. SAR satellite data and laser altimetry
satellite data, such as Sentinel-1, CryoSat-2, ICESat-1, and ICESat-2, have been widely
used for the monitoring of glacier elevation changes over the last 20 years due to their
high accuracy and advanced technology [22–24]. These data types are generally used
in combination to monitor glacier elevation changes [25]. From these data sources, the
following common methods for studying changes in glacier elevation have been derived:
The multitemporal DEM difference method is one of the most commonly used methods
for the study of glacier thickness changes [26,27]; Linear regression, using least squares
fitting to obtain the annual glacier thickness change rate [28]; The application of orbital
algorithms for ICESat-1 and ICESat-2 data, such as the cross orbit method, repeated orbit
method and plane fitting method. However, this type of orbit algorithm is only suitable
for monitoring the change of glacier elevation at the poles. It is no longer applicable in the
middle and low latitudes due to the sparse distribution of laser points [29].

The ALOS DEM has higher accuracy and resolution than the SRTM DEM and can
provide the flexibility to select data from between 2006 and 2011 for research. Based on
the ALOS DEM data and the ICESat-2 ATLAS data, the space-borne laser altimetry data
that has the highest measurement accuracy, this study uses the pyramid registration terrain
correction method to register surface and point data and applies this method to some
typical glaciers in the Qilian Mountains on the northeastern margin of the Qinghai-Tibet
Plateau for experimental analysis. Glacier elevation changes were monitored annually and
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quarterly/monthly between 2019 and 2021, and the results were compared with climate
data for additional analysis.

2. Study Area and Datasets
2.1. Study Area

The Qilian Mountains (36◦N~40◦N, 93◦E~104◦E) are located on the northeastern
margin of the Qinghai-Tibet Plateau (Figure 1), far from the ocean at the intersection of the
Qinghai-Tibet, Mongolia-Xinjiang, and Loess Plateaus. Due to the specific influence of the
Qinghai-Tibet Plateau on atmospheric circulation, the humid airflow from the southeast
monsoon in summer can extend northwards to the west and spread into the region. In
winter, the region is affected by the dry and cold air from Inner Mongolia as well as cold
air flow from the northwest, which results in a large drop in local temperatures. Most
of the glaciers in the Qilian Mountains are 4000–6000 m above sea level, and the annual
precipitation is mostly 500–1000 mm. They belong to subcontinental glaciers, the most
important and widely distributed glacier types in China, accounting for 44% [30,31]. The
western part of the Qilian Mountains is mainly affected by the western monsoon, and
the eastern part is mainly affected by the East Asian monsoon. Previous studies have
shown that every 1.5 ◦C increase in global temperature will lead to a 2.1 ◦C increase in
the temperature of the Qinghai-Tibet Plateau. In the Qilian Mountains, the mean annual
temperature is 6 ◦C in lowlands and −10 ◦C in high elevations [32]. As the altitude
increases, the air temperature gradually decreases at a rate of −0.58 ◦C for every 100 m [33,
34]. According to Randolph Glacier Inventory (RGI) 6.0, there are approximately 3306
glaciers in the Qilian Mountains region. Since these glaciers are less affected by human
activities, their changes are largely driven by natural factors [35], and glacial changes are
an important indicator of climate change. Therefore, it is critical to explore the changes in
glaciers in the Qilian Mountains and their relationship with climate change. In this study,
six representative glaciers were selected for elevation change research, and the study area
was roughly distributed across the central and western Qilian Mountains.
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Figure 1. An overview of the Qilian Mountains on the northeastern edge of the Qinghai-Tibet Plateau.
(a) Dunde Ice Cap (b) Glacier at 93.5◦E 39.2◦N (c) Laohugou No. 12 Glacier (and its surrounding
glaciers) (d) Glacier at 97.2◦E 38.7◦N (e) Gangnalou Glacier (and its surrounding glaciers) (f) Shiyang
River, Bayi, Suzhu Chain Glacier Group.
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2.2. Datasets
2.2.1. ICESat-2 Data

Approximately 10 years after ICEsat-1 ceased operations, NASA launched its successor
satellite, ICESat-2. ICESat-2 also uses lasers for elevation measurement. The satellite is
equipped with the Advanced Topographic Laser Altimeter System (ATLAS), which is
capable of measuring the height of the glacier surface every 91 days. Unlike ICESat-1,
which was equipped with the Geoscience Laser Altimeter System (GLAS) instrument,
ICESat-2 is the first platform to be equipped with a photon-counting lidar. This new system
has three beam pairs, and the energy ratio of the strong laser beam to the weak laser beam
is approximately 4:1. The cross-track distance between each beam pair is approximately
3.3 km, and each beam in the beam pair is separated by 90 m. Since it began operation in
September 2018, ICESat-2 has been able to provide a variety of laser point data and altimetry
products every year that not only achieve cross-orbit measurements while maintaining
high accuracy, but that also collect more data within the same time frame [36]. ATLAS
collects data with a spatial sampling interval of only ~0.7 m at a higher emission frequency
(10 kHz), which can monitor glacier elevation changes more effectively [37]. Which leads
to this system can offer higher precision over a wider range, and it is possible to monitor
the elevation changes of the glaciers over a shorter time interval. The elevation accuracy of
the Qilian Mountain glacier extracted by ATLAS is 0.08 m [38]. In the Antarctic region, the
accuracy can be as low as 1–2 cm [39,40]. In this study, ICESat-2 ATL06 data were collected
between January 2019 and December 2021. This includes altitude, time, latitude, longitude,
data confidence, along-track slope parameters, etc. ATLAS data were downloaded from
NSIDC (https://nsidc.org/data/icesat-2, accessed on 14 June 2022.).

2.2.2. ALOS DEM

ALOS is the Advanced Land Observing Satellite-1 project from the Japan Aerospace
Exploration Agency (JAXA). This study uses the 12.5 m resolution DEM that was generated
by data from the PALSAR sensor after radiometric terrain correction (RTC). Considering
that multiple ALOS DEMs in different seasons may have their own biases, ALOS DEM
data from winter 2007 were used in this study, and the data were downloaded from ASF
DAAC (https://search.asf.alaska.edu, accessed on 20 March 2022.). PALSAR has a variety
of observation modes, including FBS, FBD, and PLR. From 2006 to 2011, PALSAR’s L-band
synthetic aperture radar (SAR) produced a large number of all-weather observations.
Publishing of the ALOS PALSAR RTC dataset began in October 2014 and was completed
the following year. The data included in the project are FBS, FBD, and PLR data for all
global land areas except Antarctica, Greenland, Iceland, and northern Eurasia. In FBS mode,
the topographic resolution of the PALSAR radar can reach 10 m, and in FBD mode, it can
reach 20 m. Through actual tests, the resolution of DEM data in FBS mode is approximately
12.5 m. Therefore, the effective resolution of the ALOS terrain dataset is approximately
12.5 m [41,42].

2.2.3. Auxiliary Data

This study used Randolph Glacier Inventory (RGI) 6.0 data and GF-7 high-resolution
optical imagery to determine glacier boundaries. The RGI 6.0 data provide a global
list of glaciers, with Landsat TM/ETM+ images as the main data source and contains
high-resolution images and topographic maps as supplementary data for interpretation,
which can be downloaded from the National Qinghai-Tibet Plateau Scientific Data Centre
(http://data.tpdc.ac.cn, accessed on 1 April 2022.). The precipitation data was provided
by the GLDAS-Noah hydrological model, which consists of monthly data at a spatial
resolution of 0.25◦ × 0.25◦. This model is a global high-resolution land surface simulation
system jointly operated by the National Center for Environmental Prediction (NCEP) and
NASA Goddard Space Flight Center (GSFC). Based on multisource observations, reanal-
ysis data, and atmospheric assimilation products, this dataset can provide land surface
data from 1979 to the present, with spatial resolutions of 0.25◦ × 0.25◦ and 1.0◦ × 1.0◦

https://nsidc.org/data/icesat-2
https://search.asf.alaska.edu
http://data.tpdc.ac.cn
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and with 3 h and monthly temporal resolutions [43]. The temperature data used in this
study came from the surface temperature component of the MODIS satellite land standard
product MOD11C3, which consists of monthly resolved data with a spatial resolution of
0.05◦ × 0.05◦.

3. Methodology

The ICESat-2 data in this study consists of points not uniformly distributed in space,
and the ALOS DEM consists of gridded surface data. On account of these different sources
and formats, both datasets need to be registered to calculate glacier elevation changes.
Both datasets are based on the geodetic height of the WGS84 ellipsoid and do not need to
be corrected for elevation anomalies. Considering the influence of terrain factors such as
slope and aspect, this study uses the ICESat-2 data as the true value. It adopts a pyramid
registration method to register the plane position and elevation of the ALOS DEM data.
After that step was complete, the elevation changes for each glacier were calculated, the
annual rate of glacier elevation change from 2019 to 2021 was obtained, and the results
were compared with temperature and precipitation data for further analysis.

Our research workflow includes the following steps (1) Preprocessing ATL06 data;
(2) Registering ICESat-2 data and ALOS DEM data, and comparing the registration results
with those of the registration method proposed by Nuth et al. [12]; (3) Extracting the
elevation difference between the ICESat-2 data and the ALOS DEM data at the ICESat-
2 footprint; and (4) Estimating the variable trend of glacier elevation, calculating the
uncertainty in the study area, and combining the results with climate data for analysis. The
flowchart is shown in Figure 2.
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Figure 2. Technical flow chart.

3.1. Registration of ICESat-2 Data and the ALOS DEM

In this study, a bilinear interpolation method was used to extract the elevations from
the ALOS DEM that corresponded to the footprint locations of ICESat-2. The data used
for the registration were located on the stable nonglacial terrain near the corresponding
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glacier, as shown in Figure 3. We attempted to analyze two potential biases that existed on
the assumed stable terrain:

1. Geographical bias (x, y, and z directions)
2. Elevation-dependent bias
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Figure 3. Schematic diagram of the registration data distribution. The blue and green points are the
ICESat-2 data points located on nonglacial and glacial terrains, respectively.

First, the ICESat-2 data where the slope along the track is less than 1 degree were
filtered, and only the points with high quality (quality marked as 0) [37] that passed the
elevation consistency check were selected. The elevation consistency check refers to the
difference between the original elevation and the estimated elevation [44], and we only
used data where that difference was less than 2 m. For the ALOS DEM data, only data
with a slope less than 30 degrees were selected because the slope is often the main factor
causing instability in elevation measurements. After that, the data points with an elevation
difference greater than 150 m were eliminated, which was considered to be a gross error
related to clouds, and 3σ filtering was performed on the elevation differences.

The pyramid translation method is used for registration, as shown in Figure 4. First,
the elevation difference of nonglacial areas is calculated, and the median value of the
root mean square error of this series of elevation differences is recorded as the value at
the coordinate point (0, 0). Then, when the ICESat-2 data are translated by a certain step
distance in the north-south and east–west directions, the root mean square error (RMSE)
of the elevation difference between the two data reaches its minimum, and the terrain
reflected by the two datasets is at its most similar. Simultaneously, the two displacements
are recorded as (x, y) coordinates. Then the negative values of the translations in the two
directions are added to ALOS DEM to achieve the plane registration effect. The mean value
of the elevation difference at this coordinate is added to the ALOS DEM as the elevation
correction value to complete the registration of this layer. The registration of the next layer
selects (x, y) of the previous layer as the center point (0, 0) and repeats the above steps after
reducing the step distance. In this experiment, a 3-layer pyramid is used for translation
registration. The step distance of the first layer is 5 m, the second layer is 0.5 m, and the
third layer is 0.05 m. After comparing the registration results with the results of the method
proposed by Nuth et al. (to ensure consistent accuracy, the iteration termination threshold
is set to 0.05 m), it is found that in the case of simpler data processing (i.e., when there is no
need to input the slope and aspect and iterations proceed directly), the registration results
are similar. Additionally, the mean and RMSE of the glacier area have been improved to



Remote Sens. 2023, 15, 62 7 of 20

varying degrees after registration. The formula for calculating the translation vector is
shown below:

∆(x̃, ỹ) =
m

∑
i=1

(ji × ∆di, ki × ∆di) (1)

∆z̃ =
m

∑
i=1

(mean∆h(ji, ki)) (2)

where m is the number of pyramid layers, ∆x̃ represents the amount of translation in the
east-west direction, ∆ỹ represents the amount of translation in the north-south direction,
and ∆z̃ represents the amount of translation in the elevation direction. In addition, ji and ki
represent the horizontal and vertical coordinates when the RMSE of the elevation difference
takes the minimum value in each layer, respectively. ∆di represents the step distance of
each layer, and mean∆h represents the average value of the elevation difference.
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3.2. Elevation Difference Calculation and Internal Consistency 

Figure 4. Schematic diagram of the principle of the pyramid registration method. The center of
each layer represents the RMSE value of the elevation difference without translation, and each layer
defines its own required step distance (the translation distance is represented by each grid). As the
step distance decreases, the registration becomes increasingly accurate. The red, blue and yellow
point represent the position of the minimum point during the registration of the first layer, second
layer and third layer respectively, which is taken as the center point of the second layer, third layer
and of the fourth layer.

Furthermore, to avoid altitude-dependent bias, the ALOS DEM is adjusted by the
linear relationship between the elevation difference and elevation of the stable terrain using
the following expression:

dh = kH + τ (3)

where dh is the elevation difference of the nonglacial area, k and τ are the regression
parameters, and H is the DEM elevation. k and τ were obtained by least squares fitting and
applied to glacial regions to counteract the elevation-dependent bias.

3.2. Elevation Difference Calculation and Internal Consistency

Glacial elevation change can be calculated as:

∆h = HICESat−2 − HALOS (4)

DH = ∆h + δ1 + δ2 (5)
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where HICESat−2 is the elevation from ICESat-2 from 2019 to 2021, and HALOS is the DEM
elevation in winter 2007. DH is the final value of the elevation change, δ1 is the registration-
related correction value, and δ2 is the elevation-dependent correlation correction value.

The internal data consistency bias is calculated as:

ϑ = (∆h1 − ∆h2)− (HI1 − HI2) (6)

Among these, HI1 and HI2 are the ICESat-2 footprint points passing through the
same ground point at different times, and the two nearest points are used for bilinear
interpolation. ∆h1 is the elevation difference between ICEsat-2 and ALOS when passing
this point for the first time, and ∆h2 is the elevation difference between ICEsat-2 and ALOS
when passing this point for the second time. In theory, the right side of the equation should
be 0, but in practice, there will be a slight deviation, which is recorded as the internal data
consistency deviation ϑ.

3.3. Elevation Variation Trend Estimation and Uncertainty Analysis

Typically, the ice surface elevation obtained by ICESat-2 is the instantaneous elevation
when the laser pulse reaches the ice surface, which is easily affected by short-term weather.
The calculated thickness change value cannot reflect the change in thickness of the glacier
with perfect accuracy, but dh/dt can accurately reflect the annual trend of glacier thickness.
Since the ordinary least squares fitting method is more sensitive to anomalous data, this
method easily causes instability in the fitting results. Therefore, a robust regression algo-
rithm is used to solve the parameter vector of the changing trend in the actual calculation.
This study adopts the M statistic bisquare method.

Errors in elevation data, whether from DEMs or individual points, are usually esti-
mated by comparison with independently acquired ground control points (GCPs). These
are often far more accurate than the elevation source being tested. Assuming that the GCP
value is the correct value, the quantification of this error usually uses two measures of the
statistical distribution of the residuals, the RMSE or the standard deviation (σ). However,
suppose the mean difference of the residuals is not equal to 0. In that case, the RMSE is not
a correct estimate of the statistical error distribution, and the mean and standard deviation
should be used [45,46]. In this study, we do not use GCPs to determine accuracy but
instead, create a residual population of differences between two independent data sources
on stable terrain. These residuals represent relative errors between elevation datasets, not
absolute errors. The fitting error of the glacier thickness change mainly consists of three
components. (1) The first component is the thickness change trend in the nonglacial area,
represented by σ1. Theoretically, variability in the thickness of the stable terrain in the
nonglacial area will be 0. Still, due to real changes in the natural environment (e.g., snow
cover) and systematic deviations in the ATLAS laser altimeter, there will be slight changes
in thickness on the stable terrain. However, the specific reason for this is not clear, and this
issue may also exist on glaciers; therefore, it is regarded as an error source; (2) The second
component consists of the standard error of the rate of change parameter from the vector
obtained by robust regression fitting, denoted by σ2; (3) The third components pertain to
the internal data consistency deviation, ϑ, calculated in Section 3.2 which is represented by
σ3 here. Therefore, the uncertainty calculation formula for the change in glacier thickness
is as follows:

σ =
√

σ2
1 + σ2

2 + σ2
3 (7)

4. Result

This study analyzed the annual and monthly changes in the elevations of six glaciers
in the Qilian Mountains. In Section 4.1, we compare the results of our registration method
with those of Nuth et al. In Section 4.2, the elevation changes in glacial and nonglacial
areas were calculated, and the annual rate of glacial elevation changes and their spatial
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differences were analyzed. In Section 4.3, we analyzed the changes in glacier elevation in
the same months over 3 years for glaciers in the study area.

4.1. Registration Results

The registration results are shown in Table 1. The average elevation difference of the
stable area near the Gangnalou Glacier is improved by 90% using the two registration
methods. The average elevation difference of the stable area near the Laohugou No. 12
glacier was improved by 77% using the two registration methods. The average elevation
difference of the stable area near the Dunde ice cap is increased by 70% using the method
presented in this paper and by 77% using the method of Nuth et al. The average elevation
difference of the stable area near the 93.5◦E 39.2◦N glacier is increased by 86% using the
method presented in this paper and by 89% using the method of Nuth et al. The average
elevation difference of the stable areas near the Shiyang River, Bayi, and Suzhulian glaciers
is increased by 86% by using our proposed registration method and by 92% by using the
method of Nuth et al. The mean elevation difference of the stable area near the 97.2◦E
38.7◦N glacier was improved by 97% using both registration methods. In summary, the
two methods achieve almost the same effect, but the new method proposed here is more
convenient. The improvement of the root mean square error of the two methods is not
obvious because the random error existing in the DEM itself is difficult to eliminate, and its
influence can only be minimized.

Table 1. Comparison of registration results.

Region Before Registration Pyramid Method Method of Nuth et al. [12] Number of
Foot PointsMean (m) RMSE (m) Mean (m) RMSE (m) Mean (m) RMSE (m)

Gangnalou −0.38 3.63 0.035 2.88 −0.04 2.94 15,178
Laohugou No. 12 −0.79 4.65 −0.18 4.14 −0.18 4.09 8861

Dunde −0.26 3.63 −0.08 3.21 0.06 3.18 5155
93.5◦E
39.2◦N −1.32 4.43 −0.18 3.69 0.14 3.72 9986

Shiyang River,
Bayi, Suzhulian −1.14 4.62 −0.16 3.91 0.09 3.94 5965

97.2◦E 38.7◦N −1.99 3.56 −0.06 2.51 0.06 2.51 10,883

As shown in Figure 5, each layer selects the (x, y) coordinates of the location of
the minimum point of the elevation difference RMSE (marked in red) to perform the
translational registration on the ALOS DEM. The x direction is positive to the east, and
the y direction is positive to the south. According to the resolution of each layer, the offset
vector size can be obtained by multiplying the resolution by the coordinate scale. In the
elevation direction, the correction is made by averaging the value of the elevation difference
at the location of the point in each layer that indicates the minimum RMSE of elevation
difference. The specific offset vector size is shown in Table 2. For example, the ALOS
DEM of Gangnalou Glacier needs to be translated to the southwest and then translated
0.76 m down in the vertical direction to complete the registration. To verify whether there
is an error in the registration result after the 3-layer pyramid translation registration, it is
necessary to ensure that the minimum point is located in the center position, as shown in
Figure 6, and that the registration is completed according to the requirements.
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Figure 5. Schematic diagram of the pyramid registration result. (a) Gangnalou Glacier, (b) Laohugou
No. 12 Glacier, (c) Dunde Ice Cap, (d) the 93.5◦E 39.2◦N Glacier, (e) Shiyang River, Bayi, and Suzhulian
Glacier Group, and (f) the 97.2◦E 38.7◦N Glacier. The values in the squares represent the dh RMSE,
where ICESat-2 and the ALOS DEM are located on stable terrain. Each axis scale unit represents the
resolution of the corresponding layer. For example, the first column is the first layer registration (5 m
resolution), that is, one grid represents 5 m. The second column is the second layer registration (0.5 m
resolution), that is, one grid represents 0.5 m.
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Table 2. Offset vector size. X direction offsets to the east are positive, and Y direction offsets to the
south are positive.

Glacier Area X Direction Y Direction Z Direction

Gangnalou −6.2 m −0.1 m −0.76 m
Laohugou No. 12 −2.45 m 0.2 m −1.01 m

Dunde −3.45 m 1.25 m −0.35 m
93.5◦E
39.2◦N −6.5 m −2 m −1.72 m

Shiyang River, Bayi,
Suzhulian −4.45 m 1.35 m −1.16 m

97.2◦E
38.7◦N −7.7 m −1.1 m −1.85 m
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Figure 6. Pyramid registration result check. Using the same resolution as the third-level pyramid
registration, the minimum point is marked in red, and the center point means that translation
registration is no longer needed. (a) Gangnalou Glacier, (b) Laohugou No. 12 Glacier, (c) Dunde Ice
Cap, (d) the 93.5◦E 39.2◦N Glaci-er, (e) Shiyang River, Bayi, and Suzhulian Glacier Group, and (f) the
97.2◦E 38.7◦N Glacier.

After completing the registration using the method outlined in this paper, it is neces-
sary to check whether there is an elevation-dependent bias on the nonglacial terrain [47,48].
Elevation-dependent bias is important for estimating glacier volume change since glaciers
and their mass balance change primarily with elevation, and elevation bias due to z-scale
errors or the penetration of radar waves through snow/ice will directly affect glacier mea-
surements and interpretation. Figure 7 shows the linear correlation between the elevation
and elevation difference between ICESat-2 and ALOS in the nonglacial area near each
glacier. The nonglacial area transitions from subsidence to growth with increasing altitude,
although the extent of subsidence or growth varies across the regions. The ALOS DEM was
linearly corrected using a first-order linear equation fitted by least squares. This equation
was applied to the glacier region to eliminate the elevation-dependent bias.
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Figure 7. Altitude-dependent related bias correction. (a–f) represent Gangnalou Glacier, Laohugou
No. 12 Glacier, Dunde Ice Cap, the 93.5◦E 39.2◦N Glacier, Shiyang River, Bayi, Suzhulian Glacier
Group and the 97.2◦E 38.7◦N Glacier, respectively. The black dots represent the mean value of all
elevation differences within every 50 m in the nonglacial elevation interval, the error bar represents
the standard deviation of the elevation differences in this bin, and the red line is the related elevation
difference trend fitted by the least squares.

After the registration and elevation-dependent bias correction are completed, the verti-
cal biases of the ALOS DEM and ICESat-2 are eliminated. Figure 8 shows the comparison of
the probability density distribution of the elevation difference before and after registration
and correction. The elevation difference of the stable terrain in the non-glacier area near
the six glaciers has been improved to varying degrees. By adding the abovementioned
registration offset vector and altitude-dependent deviation correction to the calculation
of dh in the glacier area, the elevation changes in the glacier area from 2019 to 2021 can
be obtained.
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correction. Blue represents the distribution prior to registration and correction, and red indicates Figure 8. Probability density distribution of elevation difference before and after registration and
correction. Blue represents the distribution prior to registration and correction, and red indicates the
distribution after registration and correction. (a–f) represent Gangnalou Glacier, Laohugou No. 12
Glacier, Dunde Ice Cap, the 93.5◦E 39.2◦N Glacier, Shiyang River, Bayi, Suzhulian Glacier Group and
the 97.2◦E 38.7◦N Glacier, respectively.
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4.2. Annual Change Rate of Glacier Elevation

To ensure the accuracy of the results, this experiment also calculated the elevation
difference in the nonglacial area and compared it with the elevation difference in the glacial
area. The experiments employ a robust least squares regression to minimize the effect
of outlier data. From Figure 9, it can be seen that from 2019 to 2021, the elevation of the
glaciers, except the Gangnalou Glacier, is decreasing or has no significant change, which
shows the impact of climate change in recent years. The reason for choosing the median
dh of each track instead of the mean for analysis is that the median is more resistant to
outliers. As shown in Table 3, the average annual elevation change of the Gangnalou
Glacier from 2019 to 2021 was 0.74 ± 0.84 m, and the average annual elevation change
of Laohugou No. 12 Glacier was –0.08 ± 0.79 m over that same interval. From 2019 to
2021, the average annual elevation change of the Dunde Ice Cap was 0.09 ± 0.94 m. The
average annual elevation change rate of the 93.5◦E 39.2◦N glacier was –0.99 ± 0.34 m, and
the average annual elevation change rate of the Shiyang River, Bayi, and Suzhulian glaciers
was –0.27 ± 0.77 m. The average annual elevation change rate of the 97.2◦E 38.7◦N glacier
was –0.16 ± 0.85 m. Their distribution is shown in Figure 10. Among these, the calculation
of the average annual rate of change may be inaccurate due to the small amount of data,
which will be improved with the increase in ICESat-2 data in the future.
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Laohugou No. 12 –0.08 ± 0.79 m 

Figure 9. Average annual rate of change of glaciers from 2019 to 2021, where each point represents
the median difference of dh between the ICESat-2 data and the ALOSDEM data for that day, and the
error bars represent the standard deviation of dh. Red is the nonglacial area, blue is the glacial area,
and the dashed line is the annual glacier change rate fitted using the robust least squares regression.

Table 3. Average annual rate of change in glacier elevation.

Glacier Name Change Rate of Elevation per Year

Gangnalou 0.74 ± 0.84 m
Laohugou No. 12 −0.08 ± 0.79 m

Dunde 0.09 ± 0.94 m
93.5◦E
39.2◦N −0.99 ± 0.34 m

Shiyang River, Bayi, Suzhulian −0.27 ± 0.77 m
97.2◦E
38.7◦N −0.16 ± 0.85 m
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4.3. Interannual Variation in Glacier Elevation

As shown in Figure 11, each glacier change follows different patterns. For the Gang-
nalou Glacier, except for the lack of data in the second half of 2020, no regularity is observed.
The glacier will thicken in the spring and then the glacier will thin as the summer arrives,
and then the glacier will start to thicken again in the winter. For Laohugou No. 12 Glacier,
the amount of data in the spring of 2019 and 2020 is insufficient. From the data in the
spring of 2021, it can be seen that the glacier thins first and then thickens, but the change in
the glacier in autumn and winter is basically the same (except for the lack of data in 2020).
For the Dunde ice cap, due to the severe lack of data, it can only be seen that the glaciers
thinned from spring to summer. For the glacier at 93.5◦E 39.2◦N, it can be seen that the
changes throughout the year are relatively moderate. Still, there is an overall yearly decline,
which also corresponds to the negative annual increase in glacier elevation presented in
Section 4.2. For the Shiyang River, Bayi, and Suzhulian glaciers, in addition to the thinning
phase from spring to autumn in 2020, there was a freezing trend in 2019 and 2021. For
the glacier at 97.2◦E 38.7◦N, the results show that it thickens in spring, begins to thin in
summer (except for the lack of summer 2020 data), thickens again during autumn, and
thins again in winter.
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5. Discussion
5.1. Factors Affecting the Change in Glacier Elevation

As shown in Figure 12, this study analyzed the monthly changes in temperature, total
precipitation, and snowfall from January 2019 to December 2021. Here total precipitation
includes both rainfall and snowfall. The temperature and total precipitation on the various
glaciers in the Qilian Mountains mostly peaked around July. The annual temperature shows
a trend of rising first and then falling, but the precipitation among the different glaciers
diverges. Overall, the temperature in the Qilian Mountains has had a slightly rising trend
in the past three years, but the average annual precipitation has dropped. The glaciers in
the west of the Qilian Mountains may have been significantly thinned due to the influence
of the western monsoon and the decrease in snowfall in the past two years. The changes
in rainfall and snowfall can explain the characteristics of the change in glacier elevation
during the year. The temperature contribution to the change in glacier elevation is not as
dominant as that of precipitation, especially the snowfall. The entire Qilian Mountains are
simultaneously affected by the western monsoon belt and the East Asian monsoon [49].
The footprint of satellite altimetry is unevenly distributed in the study area, which will
lead to observation bias. Previous studies using satellite altimetry to observe glaciers also
showed large intra- and inter-annual fluctuations [50]. Here we take Laohugou No. 12
Glacier as an example to analyze the response of glacier elevation changes to climate in the
Qilian Mountains. For the Laohugou No. 12 Glacier, the snowfall increased, but the glacier
thinned from March to June 2019, and the snowfall decreased. Still, the glacier thickened
from June to September because most of the June data were located at the edge of the
glacier (lower altitude). This would cause its dh value to be underestimated. Similarly, the
value of dh in October is therefore underestimated. It can be seen from Figure 13 that both
March and September are located in the middle of the glacier (higher altitude). Combined
with snowfall data, it can be seen that from March to September 2019, the glacier thickened
first and then thinned, so the dh in March and September are almost the same. Identically,
from June to October 2019, the glacier first thinned and then thickened, so the dh in June
and October were almost the same. Most of the data in March and June 2020 are distributed
on the edge of the glacier, which has thickened due to the impact of increased snowfall.
However, the data in December 2020 are more distributed in the center of the glacier. The
reason for the large fluctuations in the dh value in February and March 2021 is that the data
are both distributed near the glacier boundary, and the data volume is small (in Figure 13).
The thinning from June to September 2021 is driven by increased rainfall. The data in
November 2021 is concentrated in the middle of the glacier, resulting in a relatively large
dh value. When we calculate the average annual rate of change of glaciers, the robust least
squares used will minimize the error caused by the randomness of the data distribution.
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When we analyzed the response of glacier elevation change to climate change using
glacier areas with the same data distribution, we got the following conclusions: (1) In the
Qilian Mountains, the temperature has little effect on glacier elevation change. (2) Changes
in snowfall will affect the degree of glacier thickening. Every year from June to September,
is the melting period of glaciers, and most of the precipitation at this time is rainfall, which
will thin the glaciers. From October to around May of the following year is the accumulation
period of glaciers, which is reflected in the fact that the elevation of glaciers will thicken to
varying degrees depending on whether the snowfall is sufficient or not.

5.2. Comparison with Existing Research Results

The current research on the change of glaciers in the Qilian Mountains mainly focuses
on the period from 2000 to 2020. Zhang et al. pointed out that the elevation of glaciers in
the western Qilian Mountains changed at a rate of −0.35 m per year from 2000 to 2014 [51].
Correspondingly, we found that the elevation of the 9339 Glacier in the west is changing
at a rate of −0.99 m per year from 2019 to 2021, which indicates that the rate of thinning
of glaciers in the west of the Qilian Mountains has accelerated in recent years. Cai et al.
analyzed the temporal and spatial characteristics of glacier changes from 1998 to 2018. They
pointed out that the area and volume of glaciers have decreased by 71.12 ± 98.98 km2 and
5.59 ± 4.41 km3, respectively, in the past 20 years [31]. In addition, the area of northern
glaciers (Northwest, North, and Northeast) decreased the most. Although we did not
study the change in glacier volume, the general volume change and elevation change have
the same trend. Our research results also show that the glaciers in the northern Qilian
Mountains have thinned from 2019 to 2021. Shen et al. found that the average annual
elevation change rate of 9339 Glacier and Laohugou No. 12 Glacier from 2003 to 2020 was
−0.2 to 0 m/yr. The average annual change rate of the Shiyang River, Bayi, Suzhu Chain
Glacier Group from 2003 to 2020 was −0.8 to −0.5 m/yr [52]. This was not significantly
different from the results of our study. However, the average annual change rate of some
glaciers in the central Qilian Mountains is −0.8 to −0.2 m/yr, which is different from
our research results. It may be that the “elevation-aspect bin analysis method” adopted
by Shen et al. is preprocessed based on a 1◦ × 1◦ grid, and the distribution of glaciers in
the central Qilian Mountains is relatively scattered, which leads to differences in results.

5.3. Advantages and Disadvantages of Using the ALOS DEM with ICESat-2 Data

ICESat-2 data is commonly and reliably used to study the cryosphere due to the
unique and advanced single photon counting system used by the platform that offers high
vertical detection accuracy. Its 91 days repeat visit cycle allows us to obtain large amounts
of data each year, especially at high latitudes, such as the North and South Poles. Large
quantities of data are available every month from these regions, and this feature provides
us with the opportunity to understand glacier changes at higher temporal resolution
(monthly/seasonally) [35]. ICESat-2 has a transmission frequency of 10 kHz, which means
that there is a footprint every 0.7 m on the ground. Due to its 6-beam lifting and lowering
orbits, a large number of cross orbits can be used, and the cross points of those orbits can
be used to monitor changes in glacier elevation. However, due to the operation mode of
ICESat-2 itself, that satellite no longer provides consistent repeat visits in the middle and
low latitudes. This leads to fluctuations in the distribution of data points in these regions.
Additionally, the intersection method can no longer be used to calculate glacier elevation.
In some areas, the reduction in the amount of data will increase the uncertainty of the
results. This will directly affect the accuracy of the results since, for example, the data
from some transects passes along the edge of the glacier rather than over the glacier itself.
Although this problem cannot be avoided, the error caused by the uneven distribution of
ICESat-2 data in the middle and low latitudes should be systematically analyzed in future
research. Unlike the research methods based on stereo pairs and SAR, the uncertainty of
ICESat-2 is difficult to eliminate.
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The ALOS DEM has a higher resolution than the currently widely used SRTM DEM
and capable of reaching 12.5 m. Furthermore, the ALOS DEM uses the same elevation
datum as ICESat-2, which eliminates the need for elevation anomaly calculations. However,
the L-band of the ALOS satellite can penetrate snow cover to a certain degree, while
ICESat-2 cannot. This will inevitably lead to errors related to snow thickness. The pyramid
translation registration method proposed in this work comprehensively considers terrain
factors such as slope and aspect, but there are still errors related to snow cover.

Since the ICESat-2 satellite was put into use in September 2018, long-term data on
glacier elevation changes are not available. However, this study attempts to use 3-years of
ICESat-2 data for robust regression to infer the trend of glacier changes. With the increase
in available data, the predicted trend of glacier elevation changes and their relationship
with climate will be further studied and discussed.

6. Conclusions

In this study, a pyramid matching method was used to register the ALOS DEM and
ICESat-2 data to estimate the elevation changes of six glaciers in the Qilian Mountains of
the Qinghai-Tibet Plateau. The main conclusions are as follows: (1) The pyramid matching
method can achieve the same accuracy as the registration method proposed by Nuth et al.
Still, the calculation process is simpler, and the error caused by terrain and elevation can be
effectively reduced after registration. (2) The annual change rate of glaciers in the Qilian
Mountains is affected by precipitation, temperature, and monsoons, though the impacts
of these variables differ. However, in general, the glaciers in the region are either losing
ice or in equilibrium. The Gangnalou Glacier is an exception in the region, with an annual
increase of 0.74 ± 0.84 m over the past three years. The changes demonstrated by these
glaciers are closely related to recent climate changes. Specifically, the glacier at 93.5◦E
39.2◦N has the fastest rate of loss, with an annual elevation decline of −0.99 ± 0.34 m
during the three years of the study, which may be related to its position in the westernmost
part of the Qilian Mountains. (3) The change in glacier elevations in the Qilian Mountains
have different sensitivities to precipitation and temperature. Among them, changes in
precipitation will make a major contribution to the freezing (snowfall) or melting (rainfall)
of glaciers.
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