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Abstract

The Antarctic Ice Sheet is the largest potential contributor to global sea level rise due to global climate warming, making it important
to monitor changes in the marginal outlet glacier dynamics and surface topography. The unmanned aerial vehicle (UAV), a new
platform, has been proven to be a useful tool in glaciological applications because it can collect data in a variety of ways and has a
high spatial and temporal resolution compared to traditional ground-based measurements and remote sensing from space. In this
study, we used the combined UAV platform composed of the DJI Mavic 3 Enterprise (M3E) and M300 (L1) versions to perform
high-accuracy on-site investigations of Dalk Glacier, a typical outlet glacier near the Zhongshan Station in East Antarctica. During
the 39th Chinese Antarctic Expedition (CHINARE) in 2022-2023, UAV surveys with multiple sensors were performed. The M3E
optical camera makes it possible to reconstruct high-resolution ortho-mosaic and digital elevation models (DEMs) of Dalk Glacier
with high accuracy based on photogrammetric principles, helping us to extract the features of glacier surface topography, while dense
point clouds derived from the L1 LiDAR camera are used to validate and improve the three-dimensional accuracy. To further
monitor the dynamics and stability of Dalk Glacier, we generate ice flow velocity maps using ortho-mosaics for the years 2019, 2020,
and 2023. The spatiotemporal changes in ice flow velocities were further compared with the products derived from satellite remote
sensing data.

1. Introduction as glacial geomorphology (Kreczmer et al., 2021), glacier
topography (Benoit et al., 2019), and calving events (Chudley et
al., 2019). It has been proven that more detailed analysis could
be performed for glacier surface micro-topography studies in

Antarctica based on UAV technology.

The Antarctic Ice Sheet is the largest potential contributor to
global sea level rise due to global climate warming, making it
important to monitor changes in the marginal outlet glacier
dynamics and surface topography (Depoorter et al., 2013).

Dalk Glacier is a typical marine-terminating outlet glacier in

Many outlet glaciers have undergone rapid changes in recent  East Antarctica. Previous studies of Dalk Glacier are fairly

years. Calving events or reductions in ice-shelf thickness have
been observed to significantly accelerate upstream tributary
glaciation, leading to global mean sea level rise (Shepherd et al.,
2010). Accelerated flow and ice thinning of huge ice shelves
have been observed in West Antarctica, much of it in response
to ocean forcing (Gudmundsson et al., 2019). Previous studies
also show that changes in the dynamics of some outlet glaciers
can lead to sea-ice conditions, subglacial floods, or intense
melting (Fernando et al., 2015).

Remote sensing has become a powerful tool for glacier
investigations. With large spatial coverage, satellite remote
sensing cannot usually provide high-resolution details for
glacier surface mapping (Bliakharskii et al., 2019). On the other
hand, detailed in-situ surveys of Antarctic glaciers still have
many limitations, including the cost of expeditions and
unexpected weather conditions (Dering et al., 2019).

The unmanned aerial vehicle (UAV), a new platform, has been
proven to be a useful tool in glaciological applications because
it can collect data in a variety of ways and has a high spatial and
temporal resolution compared to traditional ground-based
measurements and remote sensing from space (Qiao et al.,
2023). In recent years, with advantages in operation and safety,
UAVSs have been used in various aspects of polar research, such

regular, making it one of the most studied glaciers in East
Antarctica during the Chinese Antarctic Expedition
(CHINARE). In this study, we aim to produce surface
topography modelling and ice flow velocity mapping based on
UAYV observations.

2. Methods and Study Area
2.1 Study Area

Dalk Glacier (69°25'S, 76°27'E, Figure 1) is a typical marine-
terminating outlet glacier on the Ingrid Christensen Coast of
East Antarctica. It flows into the southeastern part of Prydz Bay
east of Larsemann Hills, forming a floating ice shelf about 8 km
long and 3 km wide (Chen et al., 2020).
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Figure 1. Location of the study area and UAV surveys on the
background of the Landsat Image Mosaic of Antarctica (LIMA:
https://lima.usgs.gov/).

2.2 UAV Platform for Photogrammetry

During the 39th CHINARE period from 2022 to 2023, we used
the combined UAV platform composed of the DJI Mavic 3
Enterprise (M3E) and M300 (L1) (Figure 2) versions to perform
high-accuracy on-site investigations. Meanwhile, D-RTK
mobile stations are used to provide real-time differential data to
M3E and M300 for centimeter-level geo-positioning.

The M3E optical camera makes it possible to reconstruct high-
resolution ortho-mosaic and digital elevation models (DEMs) of
the Dalk Glacier with high accuracy based on photogrammetric
principles, helping us to extract the features of glacier surface
topography, while dense point clouds derived from the M300
L1 LiDAR camera are used to validate and improve the three-
dimensional accuracy.

Previous research (Yuan et. al, 2020) has also proved that the
combined UAV platform can achieve a relative mapping
accuracy of centimetre-level, and the absolute position may
have an offset of meter-level based on the positioning of the D-
RTK mobile station.

|
Figure 2. Combined UAV platform composed of the DJI M3E
and M300.(a) M3E. (b) M300. (c) D-RTK mobile station.

2.3 Image Processing

To model the surface topography of the Dalk Glacier, an autom
ated integration of tie point measurements, camera calibration,
DEM extraction, and true ortho-mosaic production has been im
plemented through Pix4Dmapper (https://www.pix4d.com/prod
uct/pix4dmapper-photogrammetry-software, Edition 4.4).

The structure-from-motion multi-view stereo technology (SfM-
MVS) is employed to produce the orthophoto and three-
dimensional surface model (Figure 3). After images covering
the glacier surface were collected by the UAV platform, the
internal and external parameters of the camera were then
determined by using the camera calibration and direct geo-
referencing techniques supported by the global navigation
satellite system (GNSS) and inertial measurement unit (IMU)
components. Then, feature detection and matching algorithms
were applied to generate key points between images, while the
camera position and orientation of each image were aligned and
a sparse point cloud was generated by bundle adjustment. Based
on the projection matrix derived from the camera parameters,
the feature points in the images were mapped to the spatial
coordinate system, and a dense point cloud was formed. Finally,
the optimized point cloud was used to describe the
characteristics of the regional space scene and to reconstruct the
DEM and ortho-mosaic of the target area.
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Figure 3. Main processes of STM-MVS.

Post-processing

2.4 Template Matching for Ice Velocity

We used the Image Geo-Rectification and Feature Tracking
software (IMGRAFT: http://imgraft.glaciology.net) and the
image matching techniques proposed by Li et al. (2017) to
derive ice velocity fields for Dalk Glacier.

The hierarchical matching of feature points and grid points with
additional triangulation constraints was further introduced to
improve the accuracy and density of matching with a template
window size of 32 pixels. Signal-to-noise thresholds, as well as
the mean and standard deviation of the velocities, were
employed to detect and eliminate noise.

2.5 Micro-topography of Dalk Glacier

Based on the ortho-mosaics, the surface micro-topography, such
as ice melting, ice doline, and crevasses of the glacier terminus,
can be observed in detail.
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Besides, the ice front positions of Dalk Glacier were digitized
based on both UAV data and Landsat-8 images from 2020 to
2023. The change in its terminus was quantified using the box
method (Lea et al., 2014). The change in area between terminus
observations of a fixed-width rectilinear box is converted to a 1-
D value, representing the width-averaged terminus change, by
dividing the area by the width of the box.

Uncertainty of the ice front position was caused by inaccuracy
in manual digitization at about 0.5 pixels and the geolocation
error of the image, which is estimated at 1 pixel based on the
manually measured distance over stable features. Therefore, the
total estimated error is around 1.5 pixels, which is acceptable in
the range of similar studies (Miles et al., 2018).

3. Results
3.1 UAV Photogrammetry

During the 35th, 36th, and 39th CHINARE periods, three UAV
survey missions (Figure 1) were performed near Larsemann
Hills. All UAV surveys used vertical aerial photogrammetry for
the micro-topography study. Before the implementation of each
survey mission, a UAV remote controller was used to plan the
flight route and set other flight parameters such as altitude and
speed. We set the overlapping rate of the side and heading of
the route at about 70-80% for better modelling accuracy. The
flight route during the 39th CHINARE is displayed in Figure 4.

To further ensure an uninterrupted connection between D-RTK
and the UAV and to avoid dangerous surface crevasses, the

UAV was launched and operated in the bare rock area of the
Larsemann Hills near the western margin of the glacier with an
open view. Each UAV survey was performed on a sunny day
with low wind speeds.

Flight dates and other details of the UAV surveys are listed in
Table 1.

Figure 4. Camera location of each image displayed in
Pix4Dmapper.

Date Area (k) Height (m) r:LTrﬁggr resoslgggﬁl(m) at:?Jrng; t(?TIU ac;l/ﬁ;té;a(lm)
2019/1/14 (35th CHINARE) 4.9 236 1,332 0.07 0.08 0.14
2020/1/3 (36th CHINARE) 10.7 356 1,221 0.11 0.14 0.20
2023/3/4 (39th CHINARE) 9.8 350 824 0.10 0.10 0.19

Table 1. Details and accuracy of three UAV surveys.

3.2 Terrain of Dalk Glacier

The surface topography of the Dalk Glacier was depicted by the
high-resolution ortho-mosaic (Figure 5a) and DEM (Figure 5b)
that were generated by the SfM-MVS method based on image
data captured by the M3E camera, complemented by the LIDAR
point cloud data collected by the M300 L1 camera.

In Figure 5a, the red line AB referred to the profile where the
surface elevation changed significantly, and typical micro-
topography was observed in Area 1 and Area 2 discussed in
Section 3.4. The slope was then calculated based on DEM to
further describe the topographic characteristics of the glacier
surface (Figure 5c).

It could be observed that the elevation of the upstream regions
of the Dalk Glacier changed slightly, and the slope was
relatively small (Figure 5c). Upon reaching the terminus, the
slope increased significantly, and a large number of crevasses
appeared. In addition, in the central part of the leading edge of
the ice shelf, a large ice rumple could be clearly visualized, with
a particularly high level of ice crevasse development in the
vicinity (Figure 5b). The elevation on the red profile (AB,
Figure 5a) was shown in Figure 5d. Along the ice flow, the
elevation gradually decreased from 110 m to 90 m. However, a
rise of about 10 m in height and 200 m in length appeared at the

terminus of the glacier (Figure 5d), which might be correlated
with the topography at the bottom of Dalk Glacier.

0 250 500
T

76°28"20"E

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLVI1I-1-2024-59-2024 | © Author(s) 2024. CC BY 4.0 License. 61



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-1-2024
ISPRS TC | Mid-term Symposium “Intelligent Sensing and Remote Sensing Application”, 13—-17 May 2024, Changsha, China

76°23'20"E
1

69°23'20"S

High : 150
g

“Low: 24 \—

1
76°28'20"E
76°2320"E
1

1
69°2320"S

W High: 89

Low: 0

|

1
76°2820"E

A B

1104
1004

804

704

60

50+

0 200 400 600 800 1,000 1,200 1.400 1,600 1.800 2,000
Distance (m)

Figure 5. Modelling of Dalk Glacier during the 39th CHINARE

period. (a) Ortho-mosaics. (b) DEM. (c) Slope. (d) Elevation
profile of red line in (a).
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3.3 Ice Velocity of Dalk Glacier

Two ice velocity maps were generated based on the co-
registered ortho-mosaics of Dalk Glacier derived from UAV
photogrammetry during the 35th, 36th, and 39th CHINARE
campaigns, respectively, from 2018 to 2023 (Figure 1).

The accuracy was estimated by the bedrock area of Larsemann
Hills where the ice velocity was close to zero, and the RMSE
was calculated at about 3.81 m a* with a spatial resolution of 20
m. Figure 6b shows one of the ice velocity maps (240 m
resolution) from the inter-mission time series of the land ice

velocity and elevation (ITS_LIVE) project. The error of the
ITS_LIVE map was 20.01m a? (Gardner et al., 2019), which
showed that UAV-derived maps had advantages in terms of
quality and spatial resolution.

The ice velocity map showed that the ice flow direction of Dalk
Glacier was approximately south to north (Figure 6a). The ice
velocity of the middle part of the glacier was much higher than
that of upstream and marginal regions, and it eventually reached
a maximum of about 290 m a! at its terminus area, which was
larger than the maximum ice velocity of 240 m a? from the
2018 ITS_LIVE map (Figure 6b). According to the topographic
characteristics of the glacier surface, the average ice velocity
increase in the past three years might be related to numerous
surface crevasses around the ice rumple. Previous studies
suggested that the ice velocity increase after glacier calving
might be related to the loss of buttressing provided by the ice
rumple of the Dalk Glacier (Chen et al., 2020). However, more
field and remote sensing observations with high resolution are
needed to further understand the dynamics of Dalk Glacier.
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Figure 6. Ice velocity maps derived by UAV images (a) and
from the ITS_LIVE project (b). The background is the UAV
ortho-mosaic of Dalk Glacier.

3.4 Micro-topography of Dalk Glacier

In March 2023, it was not observed that melt-water and ice
doline appeared on the surface of the glacier. However, a large
area of snow bridges with few narrow crevasses (Figure 7a) was
found near the Larsemann Hills corresponding to Area 1 in
Figure 5a, which might threaten the safety of scientific research
crews. A large number of crevasses (Figure 7b) appeared at the
terminus of the Dalk Glacier referring to Area 2 in Figure 5a.
The surface topography could reflect the outlet glacier dynamics
system.

L 3 o B N oY SARE . ) S J
Figure 7. Micro-topography of Dalk Glacier terminus. (a) Snow
bridges. (b) Crevasses.
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Ice front positions were digitalized via UAV data and Landsat-8
images (Figure 8a). Overall, the terminus of Dalk Glacier has
experienced cyclic change around the ice rumple in the last
three years. In November 2020, Dalk Glacier had the largest ice
front area; the ice front retreated by approximately 300 m
between November 2020 and March 2021 (Figure 8b). From
March 2021, the ice front continuously advanced at an average
speed of about 100 m a. Similar cyclic calving of the glacier
terminus was also detected in 2006, 2009, 2011, and 2016
(Chen et al., 2020).
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Figure 8. (a) Terminus position changes of Dalk Glacier from
2020 to 2023. The background is the UAV ortho-mosaic of the
Dalk Glacier. (b) shows the quantified change of the ice front
position of the glacier.

4. Conclusions and Future Work

In this study, high-resolution ortho-mosaic and digital elevation
models of Dalk Glacier were reconstructed with high accuracy
based on UAV photogrammetry. We also generated ice velocity
using ortho-mosaics for the years 2019, 2020, and 2023. An
unusual rise in terrain was observed in the middle of the Dalk
Glacier terminus, accompanied by massive crevasses.
Meanwhile, the micro-topography of glacier terrain and
spatiotemporal changes in ice flow velocities were further
analyzed which may reveal hints about the dynamics and
stability of Dalk Glacier.

In future work, there are prospects for the application of UAVs
in polar areas. UAV platforms with longer working endurance
are necessary in extremely harsh environments. UAV platforms
with various sensors are also needed to gain more important
information for long-term investigation.
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