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Abstract: Glaciers play an important role in understanding the climate, water resources, and sur-
rounding natural change. Baishui River Glacier No. 1, a temperate glacier in the monsoon-influenced
Southeastern Qinghai–Tibet Plateau, has experienced significant ablation due to regional warming
during the past few decades. However, little is known about the yearly changes in Baishui River
Glacier No. 1. To investigate how Baishui River Glacier No. 1 has changed in recent years, digital
orthophoto maps and digital elevation models were obtained from an unmanned aerial vehicle on
20 October 2018 and 22 July 2021, covering 84% and 47% of the total area, respectively. The results of
the Baishui River Glacier No. 1 changes were obtained by differencing the digital elevation models,
manual tracking, and terminus-retreat calculation methods. Our results showed that the surveyed
area had a mean elevation change of −4.26 m during 2018 and 2021, and the lower area lost more
ice than other areas. The terminus of Baishui River Glacier No. 1 has retreated by 16.35 m/a on
average, exhibiting spatial variation with latitude. Moreover, we initially found that there was a high
correlation between surface velocity and elevation gradient in this high-speed glacier. The surface
velocity of Baishui River Glacier No. 1 was derived with the manual feature tracking method and
ranged from 10.48 to 32.00 m/a, which is slightly smaller than the seasonal average. However, the
snow coverage and ice melting of the two epochs led to the underestimation of our elevation change
and velocity results, which need further investigation.

Keywords: glacier change detection; terminus retreat; unmanned aerial vehicle; photogrammetry

1. Introduction

Mountain glaciers are one of the most sensitive indicators of global climate change [1,2].
Recent studies have revealed that most mountain glaciers have experienced significant
ablation and mass loss under global warming, which is particularly severe around the
Southeastern Qinghai–Tibet Plateau (SETP) [3–8]. The rise in air temperatures and the
persistent ablation of glaciers have changed their extents, surface velocity, and mass bal-
ances, leading to a series of glacier-related disasters, such as ice avalanches, glacial lake
expansion, flooding, and glacial debris flows [9–13]. However, rapid changes in glaciers
not only affect the surrounding natural and human systems but also have an impact on
agricultural and tourism activities. Therefore, glacier monitoring plays an important role in
understanding glacier changes and preventing the hazards associated with glacier ablation.
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It is also essential for assessing water resources and sustainable development in glacierized
regions [14,15].

There are several methods available for glacier monitoring, such as in situ mea-
surements, satellite remote sensing, and unmanned aerial vehicle (UAV) surveys. These
methods can be used to extract glacier change data, such as mass balance, ice volume,
area, surface velocity, and glacier retreat, of which the in situ measurements use ablation
stakes and GNSS receivers but cover only a limited spatial extent. Moreover, in a harsh
environment, it is usually difficult to collect continuous data [15–18]. Furthermore, optical,
radar, and microwave data are also often used for ice velocity [19,20]. Optical images
have rough spatial resolution and are prone to cloud cover and shadows [16,21,22]. The
latter two methods collect data regardless of weather conditions but are limited in data
availability, spatial resolution, and shadow effects [20,23,24]. Therefore, satellite remote
sensing methods may be less suitable for small mountain glaciers, especially those with
complex terrains. UAVs can overcome many shortcomings associated with these methods.
High-resolution images collected by UAVs can be employed to obtain digital elevation models
(DEMs) and digital orthophoto maps (DOMs) [25,26], which are often used in glaciologi-
cal studies, such as for glaciers, surface debris, ice cliffs, and ice-surface lakes [27–31]. In
High-Mountain Asia, UAVs have been used to understand the dynamic features of glacier
surfaces using repeated UAV photogrammetry and are often utilized around the Himalayas
and the Qinghai–Tibet Plateau (QTP) [32–35]. Though several studies on UAV monitoring
glaciers have been conducted in the QTP [36–39], there have been few special studies on
glacier change detection in the SETP.

The SETP is located on the Southeastern QTP, with an average elevation of more
than 4000 m. A total of 11,875 glaciers larger than 1 ha have been identified on the
SETP, one-fifth of all QTP glaciers [40,41]. They provide water resources for rivers, which
supply important water for people in East and South Asia [42]. Glaciers in the SETP have
undergone important mass loss in recent decades, with a rate about three times higher than
that observed across the entire QTP [43–45]. For example, glacier mass balance ranged
from −0.30 m w.e./a to −0.11 m w.e./a in the southeastern QTP from the mid-1970s to
2000 compared with the northwestern part, with a mass balance range of −0.11 m w.e./a
to 0.02 m w.e./a [8]. Because of abundant precipitation and low temperatures, there are a
lot of marine glaciers across the SETP [45]. The terminus of these glaciers usually descends
to lower elevations, resulting in severe ablation and an increase in the number of glacial
lakes on the SETP [46].

Baishui River Glacier No. 1 (BRG1) is a typical temperate glacier in the SETP and the
largest reference glacier of Yulong Snow Mountain (YSM), the closest temperate glacier area
in the Eurasian continent to the Equator [47]. The state of the glacier is usually considered
a representative indicator of local climate change, and its beautiful geological landscapes
are also a valuable tourist resource [48]. To monitor the changes in BRG1, research has been
conducted over the past decades. Previous studies have shown that BRG1 experienced
notable ablation between 1982 and 2016, leading to the retreat of its terminus elevation from
4100 to 4300 m [49]. Moreover, observations indicate that the length of the glacier decreased
from 2.65 to 1.90 km from 1957 to 2017, while the area decreased from 207 to 132 ha [48]. In
addition, it was found that the area decreased by 36%, and the corresponding cumulative
mass losses exceeded 32.38 ± 3.62 m w.e. over the 1951–2020 period [50]. Additionally,
seasonal surface velocity and mass balance over a part of the debris regions in BRG1,
covering only 6.1% of the total area, were revealed by repeat UAV flights in May and
September 2018 [24,51].

These studies have focused on in situ or UAV data acquired during the ablation season,
so there is still a lack of yearly results. So, two UAV surveys with larger coverage were
performed on 20 October 2018 and 22 July 2021, as shown in Figure 1c. The data from these
two surveys were used to derive DOMs and DEMs. In this paper, the yearly elevation
variation and velocity were further derived, and their spatial distribution was analyzed.
The results were compared with the seasonal results of [24].
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tongue area, and a steep terminal slope [55]. 

  

Figure 1. (a) Yulong Snow Mountain is located in the Southeastern Qinghai–Tibetan Plateau and
the southern end of the Hengduan Mountains. (b) The location of Baishui River Glacier No. 1 on
Yulong Snow Mountain. (c) Baishui River Glacier No. 1, the areas of different unmanned aerial
vehicle surveys (the 2018 survey is shown as a red rectangle, and the 2021 survey is shown as a yellow
rectangle), and the position where unmanned aerial vehicles were launched.

2. Study Site

Situated on the SETP, Yulong Snow Mountain (YSM) is a typically temperate glacier
area [52]. YSM (26◦59′–27◦17′ N, 100◦04′–100◦15′ E) is located in the Southeastern QTP,
about 25 km north of Lijiang City, as shown in Figure 1a [50,53]. It is influenced by the
Indian and southeastern monsoons during the summer and autumn seasons, while dom-
inated by the southern branch of the westerly wind belt during the winter and spring.
Meanwhile, the average temperature in summer and autumn, 5.08 ◦C, is notably higher
than −3.67 ◦C in winter and spring. Precipitation is predominantly concentrated during
the warm seasons from June to September, accounting for 80–90% of the annual precipi-
tation [24,53]. It spans an area of 13 km from east to west and 35 km from north to south,
with its highest peak at 5596 m [48]. In 2017, there were 13 glaciers on the eastern slope of
YSM, covering a total area of 448 ha [50]. These glaciers vary in elevation, ranging from
4395 to 5361 m [48], of which BRG1 is the largest on the east slope with a length of about
1.9 km, covering an area of around 132 ha, as shown in Figure 1b [48,54]. It represents a
typical temperate glacier with a relatively broad firn basin, active crevasses in the glacier
tongue area, and a steep terminal slope [55].
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3. Data Collection and Data Analysis
3.1. UAV Surveying

The first survey was conducted on 20 October 2018 with the DJI Inspire 2, which has
a maximum flight time of about 25 min at altitudes from 2500 to 5000 m, equipped with
the DJI ZENMUSE X7 lens. The drone can hover and take a photo in the air with a labeled
horizontal accuracy of ±0.3 m and vertical accuracy of ±0.1 m [56]. On 22 July 2021, the
DJI M300 RTK (Real-Time Kinematic) was used, which has better wind resistance. It was
equipped with the laser sensor ZENMUSE L1, which integrates a high-precision inertial
navigation and mapping camera. Compared with the former drone, the DJI M300 RTK
has a maximum altitude of 7000 m and a maximum flight time of 55 min in an operating
temperature range of −20 ◦C to 50 ◦C. The horizontal and vertical accuracies are about
1 cm + 1 ppm and 1.5 cm + 1 ppm, respectively [57].

Given the terrain variation at BRG1, the flight altitude of the two drones was adjusted
to maintain a consistent height above the surface. It was about 300 m above the take-off
point, as shown in Figure 1c. We captured 200 and 97 images in 2018 and 2021, respectively.
The Ground Sample Distance of each survey was 13.32 cm/pixel and 8.21 cm/pixel, respec-
tively. The coverage in 2018 was about 111 ha or 84% of the total BRG1 area when the glacier
surface was partly covered with snow. The area in 2021 was about 63 ha, representing 47%
of the total BRG1 area.

3.2. Processing of UAV Data

In this study, images were processed to DEMs and DOMs with Agisoft PhotoScan
software v1.2.5. The process is as follows:

(1) Inputting each photograph and using the orientation and position of each photo-
graph to generate a sparse point cloud model;

(2) Calculating the depth information of each camera with the MVS algorithm, merging
them into a dense point cloud model, and then generating DEM and DOM images.

We finally obtained two DOMs and two DEMs with better spatial resolution in 2021
because of the different equipment and lenses. The resolutions of the DOMs and DEMs in
2021 were 0.1 and 0.22 m compared with 0.2 and 0.5 m in 2018. Hence, we resampled the
DOMs and DEMs in 2021 to the same resolution in 2018. The nearest-neighbor method was
used, and we obtained two DEMs and two DOMs with the same resolution.

3.3. Elevation Change Rate Calculation and Terminus Retreat Estimation of BRG1

As shown in Figure 2a, BRG1 has experienced glacier retreat, characterized by the
disappearing ice region. Within this region, the ice has disappeared within different time
spans, and hence, it is difficult to derive the elevation change rate. As shown in Figure 2b,
we further divided the area into two parts: Area1, the disappeared region from 2018 to
2021, and Area2, determined by the terminus in 2021. For Area2, the elevation change rate
was derived from the two DEMs.

For Area1, elevation change and advance/retreat (AR) were applied to show its
changes. Three methods, the mainstream line method, the perimeter method, and the fea-
ture point method, are often used to derive AR position changes in glacier terminuses [58].
The mainstream line method determines the AR distance by considering changes in the
glacier’s mainstream line, while the perimeter method calculates it based on the area and
the perimeter of this rectangle. The AR distance is calculated based on selected feature
points at the glacier terminus and averaged by the feature point method. In this study, the
AR results from the three algorithms were compared and evaluated.
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Figure 2. (a) Terminus of Baishui River Glacier No. 1 in 2018 and 2021; (b) elevation changes in
Baishui River Glacier No. 1 from 20 October 2018 to 22 July 2021—Area1 is enclosed by the blue line,
and Area2 is enclosed by the black line; (c) elevation change in Area1; (d) 8 selected feature points
from glacier terminus.

3.4. Surface Velocity Calculation

Two methods are often used to calculate surface velocity from two images: one is the
matching algorithm via automatic determination and the other is manual tracking by identi-
fying homologous points between two images. For the former, ImGRAFT is one of the most
useful tools for glacier surface velocity calculation in various regions, such as Greenland,
the Alps, the Himalayas, and Tibetan Plateau regions [38,59–61]. Moreover, ImGRAFT
enables rapid velocity determination based on the feature-matching algorithm [62].

In this study, two methods were used to calculate surface velocity. ImGRAFT was first
employed to calculate surface velocity based on the DOMs, and the matching parameters
are shown in Table A1. However, ImGRAFT failed to produce a reliable result, as shown in
Figure A1, which may be due to the long time interval and different snow cover conditions.
Hence, we chose manual tracking to derive ice velocity by selecting homologous points
from two DOMs.

4. Results
4.1. Elevation Change and Terminus Retreat in BGR1

Based on the two DEMs, we calculated the elevation difference between the two
epochs, as shown in Figure 2b. There exists an overall lowering of the surface elevation
due to glacial melting, with a minimum of −28.74 m and a maximum of 9.45 m. Moreover,
strong elevation decreases were observed along the crevasse edges. The average surface
elevation change from 2018 to 2021 was estimated to be −4.26 m. Based on the time
difference of the two epochs, we further calculated an average change rate of −1.55 m/a.
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To show the spatial variation in the elevation changes, we divided BGR1 into two
sub-regions with a threshold of 4520 m a.s.l, with the lower less than 4520 m and the
upper otherwise [63]. At the upper zone of BRG1, crevasses are present and more often
observed in the south than the north, as shown in Figure 2b. Table 1 summarizes the
statistics of the two sub-regions and the study area. The regional maximum and minimum
elevation changes in the upper zone were about 9.22 and −24.11 m. The lower experienced
a significant decrease, with a maximum and minimum of 9.95 and −28.74 m, respectively.
This shows that the maximum of the upper is similar to that of the lower but with a
minimum of only −24.11 m. This leads to the lower experiencing more ice loss than that
of the upper. Moreover, the mean and the mean rate of the lower are about −8.81 m
and −3.20 m/a, which is about 2.93 times that of the upper. Based on the DEMs and the
terminus lines, we further estimated the elevation change in Area1, as shown in Figure 2c.
Moreover, the elevation change from 2018 to 2021 was about −9.09 m.

Table 1. Statistics of elevation change in Baishui River Glacier No. 1.

Region Maximum (m) Minimum (m) Mean (m) Mean Rate (m/a)

Study Area 9.95 −28.74 −4.26 −1.55

Lower 9.95 −28.74 −8.81 −3.20

Upper 9.22 −24.11 −3.01 −1.10

We further calculated the AR distances with three methods for Area1. For the feature
point method, we selected eight feature points with equal distances along the terminus line,
as shown in Figure 2d. The AR distances were estimated and are summarized in Table 2. It
shows that the results from the mainstream line (−45.21 m) and the feature point method
(−44.70 m) were consistent, with the negative representing the retreat of the glacier. The
perimeter produced only ~60% of them, which may be related to the high-degree curvature
of the terminus in BGR1. Compared with the mainstream line method, the feature point
method has more details in spatial variation. Spatial variation was also observed at the
eight points, with a minimum retreat of −11.19 m and a maximum of −87.95 m. Moreover,
the minimum was observed in the north, while the maximum was observed in the south,
showing that the AR distance varied with latitude.

Table 2. Advance/retreat distances from different methods.

Method Feature Point Mainstream
Line Perimeter

AR
(m)

Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Mean −45.21 −26.93−11.19 −28.54 −24.37 −33.67 −45.10 −70.33 −56.43 −87.95 −44.70

Rate
(m/a) −16.25 −16.44 −9.79

4.2. Glacier Surface Velocity Estimate

The DOMs are shown in Figure 3. The area in 2018 was about 1.11 km2, which is
much larger than the 0.63 km2 of 2021. As mentioned in Section 3.4, the surface velocity
could not be derived with ImGRAFT. For the low-velocity glacier, the ice velocity was
derived using the high-correlation relationship between the surface velocity and elevation
gradient [64–66]. In this study, we tried to evaluate the relationship between surface velocity
and elevation gradient in the high-velocity glacier BRG1.
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Figure 3. Digital orthophoto maps acquired in (a) 2018 and (b) 2021.

The surface velocity and elevation gradient of the lower region of BRG1 were provided
in [24]. As shown in Figure A2, 151 homologous points were selected, and the surface
velocity and gradient were extracted. Then, a simple linear relationship was fitted to the
data. The high correlation between the gradient and surface velocity in BRG1 was found to
be 0.90, indicating that this relationship can be used to derive the surface velocity of BRG1.

We can further demonstrate this relationship with our data in a larger area. Twelve
evenly distributed homologous points were first selected, and the surface velocity and
corresponding gradients were extracted. A similar correlation coefficient, 0.91, was derived,
indicating, again, that this relationship can be used to derive the surface velocity of BRG1.
The linear equation between them was fitted and is shown in Figure 4b, where the gradient
increases by 0.1, and the velocity increases by ~1.13 m/a.
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The surface velocity was derived from the linear relationship and is shown in Figure 4c.
It is shown that the surface velocities ranged from 10.48 to 32.00 m/a, with an average
value of 15.76 m/a. Moreover, the surface velocity along the mainstream line is shown in
Figure 4d, with a minimum of 10.48 m/a, a maximum of 29.43 m/a, and an average of
15.88 m/a. We found that the ice velocity along the mainstream fluctuates, with high surface
velocities around the ice crevasses, which is similar to the results along the mainstream
found by Yan between 2016 and 2017 [67]. Furthermore, the crevasses move faster close to
the mainstream line than they do close to the glacier boundary.

5. Discussions and Conclusions
5.1. Error Analysis of Elevation Change and Surface Velocity

As shown in Figure 3a, the surface was covered by snow on 20 October 2018. Moreover,
the surface ice decreased from 22 July to 20 October 2018. Hence, the decreased ice and
snow depth of the surface may induce an elevation change error. In this step, we used
the precipitation data to show the impact of snow coverage on the potential error of the
elevation change results. Meteorological data from 22 July to 20 October 2018 were used, as
shown in Figure 5a.
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from the meteorological station. (b) Surface elevation data between 22 July and 20 October 2021 from
a real-time platform.

The temperature before 1 October 2018 fluctuated between 2 and 5 ◦C, with an average
of about 3 ◦C. Then, the temperature decreased, falling to a negative value after 3 October.
Snow was recorded starting on 3 October, with a daily average of 17.48 mm and a peak
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of 104.47 mm on 5 October. Using these data, the potential maximum snow depth of this
period was estimated as 0.31 m based on the snow accumulation.

The temperature was higher than 0 ◦C before 1 October 2018, and the ice melted then.
However, there were no surface elevation data derived from our UAV survey, so it is hard to
show the elevation change between 22 July and 1 October 2018. Fortunately, we established
a real-time monitoring platform on BRG1 in 2021, where surface elevation decrease data
were recorded between July and October 2021 [47]. Here, we assumed that the elevation
change in BRG1 between 22 July and 1 October 2018 was the same as in 2021. Subsequently,
we substituted the 2021 BRG1 elevation change for the 2018 elevation change to calculate
the error in elevation change due to the missing elevation information for 2018. Figure 5b
shows a time series of elevation changes between 22 July and 20 October 2021, as derived
by our real-time monitoring platform, indicating an obvious decrease. Although there were
no data recorded between 3 September and 20 October 2021, the surface elevation was
almost the same on 2 September and 18 October 2021. We simply calculated the decreased
elevation as 1.08 m from the recording between 22 July and 2 September 2021. Given the
snow accumulation results from the meteorological station and surface elevation data from
the real-time monitor platform, we think the yearly surface elevation from the two UAVs
was underestimated by about 0.77 m, and this was used as the potential error.

We further evaluated the potential error of the surface velocity. As the surface velocity
was derived from the relationship between velocity and the elevation gradient, the rate of
their linear equation is key. The study by Che computed the 2018 summer velocity of BRG1
but did not examine its correlation with gradients. Here, based on the data from [24], we
established a linear relationship between velocity and gradients for the summer of 2018.
The rate was derived as 29.85, as shown in Figure A2. We selected 40 homologous points in
Figure A2 and extracted the relationship between velocity and gradients for these points in
2018–2021. The rate was derived as 20.42, as shown in Figure A3a. This means that our rate
is about 0.68 of that of [24], leading to an underestimation of the surface velocity. Table A2
shows the results and the mean from 10 points calculated based on DOMs from September
2018 [24] to July 2021 and this study. For example, the mean velocities of Che and this study
are 24.52 m/a and 18.02 m/a, respectively. The difference may be due to a higher speed in
the summer. Our results indicate that the yearly velocity of BRG1 is less than the summer
velocity. However, the results from the real-time monitoring platform on BRG1 show that
there is no obvious seasonal change in the speed. This requires further investigation.

5.2. Relationship between Elevation Change and the Elevation

Temperature is the main factor affecting glacier ablation in YSM. As it normally
decreases by 0.6 ◦C for every 100 m of elevation [68], we further investigated the relationship
between elevation change and elevation. The pace of the elevation was set as 20 m, and
the elevation change of each section was extracted. We finally obtained 16 sets, and all
elevations experienced an elevation decrease, as shown in Figure 6a. Moreover, there
was a strong relationship between the elevation change and elevation, with a correlation
coefficient of 0.93. A positive rate of 0.036 was derived and is shown in Figure 6a, showing
the larger elevation change in the lower elevation. For example, the elevation of 4700 m
decreases by about −1.0 m from 2018 to 2021, while 4400 m changes by −11 m, indicating
less ice mass loss in the higher region. A similar elevation change pattern has also been
observed on glaciers in the Himalayas and the Alps, with annual mean mass balance change
rates with elevations of 0.69 m w.e. and 0.78 m w.e. per 100 m, respectively [69,70]. The
annual rate of elevation change in BRG1 is about 1.3 m per 100 m of elevation. This indicates
that elevation change in BRG1 is more sensitive and drastic with respect to elevation.
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We further analyzed the elevation changes in three regions separated by elevation
every 100 m. The fitting rate between elevation change and elevation was derived for the
three regions, as shown in Figure 6b. Moreover, high correlation coefficients, 0.82, 0.90,
and 0.82, were again derived for these regions. The rates were 0.072, 0.059, and 0.024,
respectively, showing that they decrease with increasing elevation. The depiction of BRG1′s
mass loss rate with elevation also illustrates the weakening of snow and ice melt with
elevation because of lower temperatures at higher elevations.

5.3. Conclusions

In this study, we conducted two repeated UAV surveys of BRG1′s ablation area,
covering about 84% and 47% of BRG1. Using these UAV images, 0.20 m DOMs and 0.50 m
DEMs were derived and used to derive the ice velocity and elevation change of two epochs.

The elevation of BRG1 between 2018 and 2021 experienced severe ablation, and its
surface elevation is still dropping. Moreover, the lower part of BRG1 lost more ice than
other areas. However, the snow coverage and ice melting of the two epochs led to an error,
and it is shown that our results underestimated the elevation change. We calculated the
AR distance of the BRG1 terminus using three different methods and found that the AR
distance shows spatial variation with latitude. In addition, the results obtained using the
perimeter method were small compared with the other two methods, which may be related
to the high-degree curvature of the terminus in BGR1.

Moreover, the automatic matching algorithm failed to produce ice surface velocity.
It was found that there was a high correlation between surface velocity and the elevation
gradient in this high-speed glacier. The surface velocity was calculated using the manual
feature tracking method. We established the relationship between the gradient and surface
velocity and derived the velocity. We found the ice velocity along the mainstream fluctuates,
with higher surface velocities around the ice crevasses. Compared with the automatic
matching algorithm, the ice velocity results may have been underestimated by the manual
feature tracking method.
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Table A1. Parameters used in ImGRAFT for this study.

Figures A1

Data source DJI UAV
Data resolution 0.2 m
Grid resolution 2 m

Template window size 30 pixels
Search window size 150 pixels

Table A2. Velocity difference between Che’s results and ours.

Points Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Point 10 Mean

Velocity of Che
(m/a) 22.07 15.25 28.71 30.01 30.76 23.69 22.75 20.21 24.49 27.30 24.52

Velocity of
ours (m/a) 16.40 11.29 23.31 21.59 21.71 17.67 16.94 13.73 17.65 19.93 18.02

Difference
(m/a) 5.67 3.96 5.39 8.42 9.05 6.02 5.80 6.48 6.84 7.37 6.50
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