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Abstract. The paper studies the ice cover of the Trooz Glacier, Kyiv Peninsula, West Antarctic Peninsula. The main
goal of the work is to study the velocity dynamics of various parts of the Trooz Glacier in 2016—2022 based on remote
sensing data and to compare them with changes in meteorological variables. The glacier’s velocity was determined
using 7-year data from the Copernicus Sentinel-1 satellite system based on the offset tracking technique. The char-
acteristics of climatic changes during the same time intervals were determined according to the POWER project from
NASA. To analyze the velocity field of the Trooz Glacier over time, 100 control points were selected along the entire
valley from the mouth to the upland of the tributaries. For these points, values of the glacier velocity were calculated
every 12 days for seven years, from 23.11.2015 to 28.12.2022. The entire glacier valley was divided into subclusters
with their own average surface velocities and accelerations. To determine the level of climate change’s influence on
the velocities of different parts of the Trooz Glacier, we used the method of cross-correlation. The ice flow reacted
to climatic changes with a certain delay. Annual velocity fluctuations of various parts and a slight glacier movement
acceleration from 2015 to 2022 were identified. The latter amounted to 7—9% of the 2016-year speed. At the same
time, only in the terminus area during the studied period was there a slight slowdown in the average annual velocity
detected from 2.25 m day™' in 2016 to 2.1 m day' in 2022. The most intensive climatic parameters affect the middle
and lower parts of the Trooz Glacier. Among the main parameters, the near-surface environment temperature can be
seen as the most influential force. Temperature changes impact the glacier velocity within the first 12 to 36 days; the
effect can appear later with lag intervals of up to 120 days. The role of environmental temperature is significant for
the middle part of the glacier, where its valley becomes wide. For the lower part and terminus region of the glacier,
the temperature effect is most significant, with the reaction of the ice flow to temperature changes occurring in the
coming days. Shortwave solar radiation and ultraviolet index were also established as influencers, but only for the
lower and middle glacier parts, with a lag from 12 to 48 days. The influence of the precipitation amount was the most
detectable only in the lower part of the glacier.
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1 Introduction sion of glaciers in Antarctica (Tuckett et al., 2019;
Wallis et al., 2023). Almost all studies, not just
The melting Antarctic glaciers are a valuable source | the research on the mainland coastline, testify to
feeding the rising sea levels due to global climate | a certain decrease in the ice cover. In particular,
change (The IMBIE team, 2018). Recent research | it was found for the Argentine Islands (Cook &
has found that the Antarctic Peninsula presents | Vaughan, 2010; Cook et al., 2014; Marusazh et al.,
one of the highest rates of movement and reces- | 2019; Savchin & Shylo, 2020). In addition, the
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glacial flows present a distinct seasonality (Zhou
et al., 2014; Boxall et al., 2022; Wallis et al., 2023)
related to the position and morphology of the
glacial valley (Seehaus et al., 2018). Seehaus et al.
(2015; 2018) also discovered short-term glacier
flow fluctuations at the Antarctic Peninsula, which
were attributed to a calving event and possible
meltwater input. Thus, ice flow velocity here is large-
ly influenced by the shape, size, and position
of the glacier’s valley on the one hand and the
complex climatic conditions of the environment
on the other hand. However, direct field obser-
vations of the flows are quite difficult due to the
glacier’s surface having a significant excess above
sea level and the glacial flow extending far inland.
In addition, there are no year-round stations on
the Kyiv Peninsula in the study area, so it is ex-
tremely difficult to organize systematic studies of
the Trooz Glacier’s velocity.

In this case, in order to get and explore hard-to-
reach areas in Antarctica, remote sensing (mostly
satellite) data with a high spatiotemporal resolu-
tion have often been used (Jawak et al., 2018; Ba-
umbhoer et al., 2018; 2019). In general, the develop-
ment of satellite observations is targeted to recog-
nize objects (for example, to accurately map a
coastline (Modava & Akbarizadeh, 2017)) and to
establish their displacement and transformations
in time (Nakamura et al., 2010). Copernicus Sen-
tinel-1 satellite systems made it possible to obtain
remote sensing data for various regions of Antarc-
tica regardless of weather conditions and with suf-
ficient temporal and spatial detail. This, in turn,
made it possible to detect certain intra-seasonal
(Zhou et al., 2011; Greene et al., 2018; Jawak et
al., 2019; Tuckett et al., 2019; Boxall et al., 2022;
Wallis et al., 2023;) and spatial variability (Naka-
mura et al., 2010) in the movement of glaciers.

Flow formation and the patterns of tension
and fracturing are reflected in scientific research
(De Rydt et al., 2019; Lhermitte et al., 2020; Su-
rawy-Stepney et al., 2023a). However, the ques-
tions of the glacial flow’s internal structure regard-
ing displacement speed depending on the clima-
tic conditions remain open. Therefore, the main
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goal of this work is to establish relationships be-
tween the climatic characteristics of the environ-
ment and the velocities of different parts of the
Trooz Glacier within the Kyiv Peninsula. The glacier
was chosen because it is one of the largest glacial
flows of the Antarctic Peninsula. Its flow is di-
rected into the Penola Strait, almost opposite Ga-
lindez Island, where the Ukrainian Antarctic Aka-
demik Vernadsky station is located. It exhibits the
highest flow velocities in the lower part (Fig. 1).

2 Materials and methods
Satellite data processing

We use the data from the Sentinel-1 satellite for
analysis. This satellite is equipped with a C-band-
SAR device. It allows observing the Earth’s sur-
face in any weather, day and night. It has an active
antenna with a radiation frequency of 5.405 GHz,
which receives reflections from the Earth’s sur-
face in this wave range. In this way, an image of
the Earth’s surface, coastal strip, and ice sheets is
formed, and the intensity of reflection from differ-
ent types of surfaces is established. We used the
first-level preprocessed images (Level-1) since they
have an accurate spatiotemporal reference frame
and contain information about the elevation marks
of the surface, fitted to the Earth’s ellipsoid (Gro-
und Range Detected format data). The resolution
of the datasets is 10 meters per pixel.

The images are publicly available on the Coper-
nicus Open Access Hub https://scihub.coper-
nicus.eu/dhus/#/home; the data are updated every
12 days. Therefore, we used images of the Trooz
Glacier area from November 28, 2015, to De-
cember 28, 2022.

Sentinel-1 radar image data were processed via
the Sentinel Application Platform (SNAP), freely
available on the European Space Agency website
https://step.esa.int/main/download/snap-download/.

We determined the velocity field for the Trooz
Glacier using remote observations in the follow-
ing way:

1. Matching and co-registering the images for
different observation periods. The method is
based on the fact that one of the two compared
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Figure 1. The position of the Trooz Glacier, Kyiv Peninsula, West Antarctic Peninsula. Satellite image based on the ESA
Sentinel-2 from March 20, 2021, in RGB pseudo-colors — 11, 8A, 2 bands (https://scihub.copernicus.eu/dhus/#/home)

images is chosen as the main one and the other
as the dependent one, and all its image pixels are
adjusted to fit the coordinates of the main one.
We used pairs of images with a minimum time
interval of 12 days. This yielded 216 intervals for
which changes in the ice cover were obtained,
and ice flow velocities were calculated.

2. Definition of the study area. A full Sentinel-1
image covers 250 x 170 km of the Earth’s surface;
this contains a significant part of the Graham
Coast, including a great extent of the ocean. The
segment we needed for the study covers only
61 x 82 km. It shows the coastal part of the Kyiv
Peninsula with the Trooz Glacier from its up-
land to the edge of Penola Strait.

3. Determining the glacier’s velocity based on
the displacements for different dates. This func-
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tion is implemented as an Offset Tracking Op-
eration software procedure for a pair of co-regis-
tered pictures with exact geo-positioning. It was
designed specifically to track the glaciers. It has
a certain sequence of actions, starting with ref-
erence point selection (without human input). These
points must be present on both images and be
precisely mapped. The program then calculates
their spatial displacements. Since each image has
precise geographic coordinates and timestamps,
it is possible to calculate all of the reference
points’ velocities. Thirdly, the velocity field is pre-
sented as a digital surface. One reference point
was selected for every 400 x 400 m plot, yielding
31.930 points for each pair of images. It makes it
possible to determine the velocity field with suf-
ficient detail and accuracy. That method is well-
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known and widely spread for ice flow detection
(Strozzi et al., 2002; Rignot et al., 2011).

4. Geo-positioning of the velocity field and its
superimposition on the digital relief surface. This
function includes determining the exact geograph-
ic reference for each selected point and correc-
ting its elevation. This step compensates for the
deviations due to the tilt of the satellite sensor
and the specifics of the area’s topography using
the Doppler range orthorectification method. To
adjust the elevation data, the program uses the
state of the orbit, radar timing, and the inclina-
tion of the satellite sensor to the surface from the
metadata for each remote image. In addition, it
checks the findings against the digital surface of
the relief. Elevation correction was based on the
ACE30 GDEM digital surface for the research area.
In addition, we used the positions of the nearest
outcrops of crystal rocks to determine the accu-
racy of velocity calculations based on the offset
tracking procedure. There are some big outcrops
on the southern side of the lowest part of the
valley close to the terminus. Based on these
points, which do not move, we can determine
the accuracy of the velocity interpolation model
for each time interval.

In total, we obtained 216 velocity maps for the
ice flow of the Trooz Glacier (see, e.g., in Fig. 2).

For all mapping purposes, ESA Copernicus
Sentinel 2 images were used. One of the most un-
cloudy pictures of Trooz Glacier was taken on
March 20, 2021. The false colour image with band
11 on the Red channel, band 8A on the Green
channel, and band 2 on the Blue channel was ge-
nerated for glacier structure detection.

Estimation of the speed of movement
of the Trooz Glacier

The maps allowed us to estimate the general ve-
locities and highlight particular areas with differ-
ent values. Velocities of different parts of the ice
flow could differ by almost an order of magni-
tude. Moreover, they changed depending on the
season (Kadurin & Andrieieva, 2021). However,
it is difficult to establish the exact velocities and
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their changes over time for individual glacier
parts. Instead, we selected a hundred reference
points along the central flow lines of Trooz Glacier
(Fig. 3).

Reference points are spread along the Trooz
Glacier from its terminus to the main tributaries
through the areas with the highest velocity num-
bers. The distance between the points varies from
500 m in the estuary to 1 km in the tributaries. This
set-up allowed us to cover the entire massif of the
glacier, even the tributaries, using only 100 points.

Thus, for each reference point, the glacier’s
velocity was determined for each of the 216 se-
lected time intervals. The findings were analyzed
and compared with the climate parameters ob-
served during the same period.

Collection and analysis of climate data

Field climate observations in this area have certain
limitations. Thus, the Akademik Vernadsky station
is the closest point to the Trooz Glacier, where
constant field measurements of climatic param-
eters are carried out. However, it is located on
Galindez Island at a certain distance from the
Antarctic Peninsula; the ocean and its currents
strongly influence the results.

Therefore, we used the data from NASA’s
POWER project (https://power.larc.nasa.gov) to
collect systematic information directly in the glacier
area. This project includes information on long-term
climate-averaged estimates of meteorological pa-
rameters and near-horizon solar fluxes obtained
from NASA’s Earth observation satellite systems
(Table 1). This resource was created to obtain di-
verse, systematic, and accurate climate information
for areas where conducting field observations is
difficult or impossible. Data are provided as time
series. Meteorological data based on simulations
by the Modern Era Retrospective-Analysis for Re-
search and Applications (MERRA-2) cover the
time interval from 1981 to the present (Bosilo-
vich et al., 2015). Solar radiation intensity data
are based on remote observations using a set of
channels measuring infrared radiation and their
subsequent inversion to surface insolation within
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Figure 2. Velocity maps of the Trooz Glacier. (a) — January 1—13, 2020; (b) — August 30, 2022 — September 11, 2022.
Based on the Sentinel-2 satellite image from March 20, 2021 in RGB pseudo-colours — 11, 8A, 2 bands (https://scihub.

copernicus.eu/dhus/#/home)

Figure 3. Points selected to trace the velocity of the Trooz Glacier. Based on the Sentinel-2
satellite image from March 20, 2021, in RGB pseudo-colors — 11, 8A, 2 bands (https://
scihub.copernicus.eu/dhus/#/home)

the NASA CERES Fast Longwave and Short-
wave Radiative project. The spatial resolution of
these data is 1° in longitude and latitude for solar
radiation and 0.5° in longitude and latitude for
meteorological parameters.
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The collected remote data were compared with
the Akademik Vernadsky station field observations.
It was found that NASA’s POWER project re-
mote data retain the general trend of changes in
the main climatic parameters measured at the Aka-
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demik Vernadsky station. The difference in tem-
perature values shows that remote measurements
above the glacier are always lower than field ob-
servations in the area of Galindez Island. At the
same time, the amount of precipitation over the
glacier is higher than recorded at the Akademik Ver-
nadsky station. It should be noted that the presen-
ted remote data from NASA’s POWER represent
the total amount of precipitation without sepa-
rating it by type. The accuracy of remote sensing
methods for climate parameters measurements
in Antarctica is discussed in an article (Gossart
et al., 2019). Comparison of NASA MERRA-2
product data with other remote climate systems and
ground-based observations showed that NASA
MERRA-2 provides sufficient accuracy in deter-
mining climatic parameters in the Antarctic Penin-
sula and coastal areas.

We used the following parameters:

The spatial resolution of the climate model, which
is 1° in longitude and latitude (Bosilovich et al.,
2015), allows almost the entire area of the Trooz
Glacier to be considered practically monotonous.

The exception is the near-mouth part of the glacier,
where the meteorological parameters are no doubt
under the influence of the ocean.

Statistical processing of the ice flow velocity data
and their comparison with climatic parameters

The velocities of different parts of the glacier varied
quite significantly. However, some patterns com-
mon to all observation points could also be iden-
tified to a first approximation. The velocity ranged
from 4.1 = 0.1 m day 'to 0.1 = 0.05 m day .
The highest velocity was determined for the points
closest to the glacier’s mouth. Another general
feature was brief stages of acceleration of indi-
vidual parts of the glacier followed by longer pe-
riods of slowed movement. Therefore, we used
several statistical methods to analyse and com-
pare data on the ice flow velocity at the selected
points and on the climatic parameters from
November 23, 2015, to December 28, 2022.

To begin with, the entire complex of points had
to be grouped by their velocity changes in time.
For this, we applied cluster analysis. This statis-

Table 1. NASA’s POWER project climatic parameters detected for the Trooz Glacier area

Code of climatic parameter Description

ALLSKY_SFC_SW_DWN Total shortwave radiation reaching the Earth’s surface (kWh m~? day™')

ALLSKY_SFC_UV_INDEX |Total ultraviolet index, a dimensionless unit

™M Air temperature (°C) 2 meters above the ground

T2MDEW Dew point/freezing point 2 meters above the ground (°C)

T2MWET The “wet bulb” temperature 2 meters above the ground (°C)

TS Temperature directly on the surface of the Earth, °C

T2M_RANGE The difference between the maximum and minimum air temperatures 2 meters
above the surface for the selected observation interval of 12 days, °C

T2M_MAX Maximum air temperature 2 meters above the surface for the selected observation
interval of 12 days, °C

T2M_MIN Minimum air temperature 2 meters above the surface for the selected observation
interval of 12 days, °C

QVvV2M Average air humidity, g kg™

PRECTOTCORR Adjusted total atmospheric precipitation for the observation interval of 12 days, mm

WS10M Average wind speed 10 meters above the ground, m s

WS10M_MAX Maximum wind speed 10 meters above the ground for an interval of 12 days, m s™'

WS10M_MIN Minimum wind speed 10 meters above the ground for an interval of 12 days, m s
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Figure 4. Diagram of the cluster analysis of the Trooz Glacier’s selected points’ distribution of velocity

tical method aims to classify an array of primary
data and identify clusters based on similarity (in
our case, by calculating Pearson correlation co-
efficients); all 100 points were pairwise compared
in this way, and those with the largest correlation
values were clustered together. Uniting individu-
al variables into a single cluster and adding other
variables were done after (Ward, 1963) by sorting
with the minimization of the clusters’ dispersion.
Applying this method to the selected points’ ve-
locities made it possible to divide the entire glacier
into segments and identify their main temporal
movement patterns (Fig. 4).

The entire array of 100 points was divided into
two main velocity Great Clusters. Each of these
was, in turn, subdivided into separate subclusters

(four in the first, two in the second). Table 2 shows
the numbers of the points included in each of
the individual subclusters.

The presence of two main clusters indicates that
the entire massif of the Trooz Glacier can be
divided into two main parts according to the dis-
placement velocity of the ice flow. In turn, each
main part can be further divided into separate
segments. Within each of these segments, specific
local patterns of displacement can be established.
Therefore, further comparison of the ice flow’s
velocity with the environment’s climatic charac-
teristics was done not for the individual points
but for the subclusters (Fig. 5).

The slowness of the glacial masses and the pos-
sible delays in the environment’s response to changes

Table 2. Points that formed large clusters and individual subclusters based on ice flow velocity

Cluster 1 Subcluster 1.1 1,2,3,4,5,6,7,8,9, 10, 11, 86, 87, 88, 89
Subcluster 1.2 26, 27, 28, 29, 30, 31, 32, 33, 48, 34, 35, 49, 50
Subcluster 1.3 36, 37, 38, 39, 40, 41, 44, 42, 43, 45, 46, 47, 51, 52, 53, 54, 55, 56, 57, 58,
59, 60, 61, 62
Subcluster 1.4 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85
Cluster 2 Subcluster 2.1 12, 13, 14, 93, 94, 15, 16, 17, 63, 18, 64, 19, 95, 96, 97
Subcluster 2.2 20, 21, 65, 66, 67, 68, 69, 70, 22, 23, 24, 25, 90, 91, 92, 98, 99, 100
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in climatic parameters called for cross-correla-
tion analysis (Derrick & Thomas, 2004). Under
this method, the correlation coefficients are cal-
culated as one data series is shifted stepwise rela-
tive to another. So, for each subcluster of the Trooz
Glacier, the velocity data were averaged and then
compared with climatic parameters so that, at first,
the data series were matched exactly by date. The
series of climatic data were shifted one step back
so that velocity data were compared with the pre-
vious climate states. The shift allowed us to assess
the relationship between data series with a delay
of 12 days. The procedure was repeated; in total,
15 time periods were considered, which amounts
to 180 days.

3 Results

Cluster analysis was used to divide the whole of
Trooz Glacier into segments and find the main
velocity parameters for each one (Fig. 6).

As a result, we found two large clusters which
can be further divided into several subclusters.
Great Cluster 1 encompasses the glacier’s termi-
nus area, tributaries, and the pre-glacial upland.
Great Cluster 2 lies within the central part of the
glacial valley. The subclusters have their own
spatial patterns of position and velocity within
the general trends. Attempts to tease out a peri-
odical component using autocorrelation func-
tions or the Fourier transform were unsuccessful.

Subcluster 1.1 covers the glacier’s terminus.
The velocities here are the greatest; the average
velocity is 2.27 £ 0.2 m day !, and the maximum
is 3.5 £ 0.21 m day'. This part is in immediate
contact with the ocean. The whole ice thickness
is crisscrossed by large fissures running in differ-
ent directions. The velocity changes sporadically;
decelerations directly follow accelerations. A com-
parison of the Trooz glacier velocity by SAR off-
set tracking and the NASA ITS LIVE dataset
(https://itslive-dashboard.labs.nsidc.org) showed
the greatest difference in the terminus region.
Speed values for ITS LIVE are twice as high. At
the same time, within the remaining parts of the
glacier, the difference in speed is negligible. A
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similar situation with a significant deviation of
the measured velocities by the SAR offset tracking
method and NASA ITS LIVE dataset for the
terminus regions was encountered not only in our
studies (Lee et al., 2023). Most likely, such a dif-
ference in the velocities of the lower part of the
glaciers can be associated with the calculation
algorithm used in ITS_LIVE or with grid spac-
ing. In our studies, in the glacier speed calcula-
tion, the grid was 400 meters, and ITS LIVE
data was 240 m.

Subcluster 1.2 lies in an area bordered by high
ledges with no substantial inflow within the main
body of the glacier. The glacial matter here moves
rather slowly, with insignificant oscillations from
the average value of 0.4 = 0.14 m day'. During
all years, there were observed short-term (12—14
days long) periods of acceleration in the summer
(from December to February). However, they
followed no clear time or intensity pattern.

Subcluster 1.3 includes the upper parts of the
main valley and tributaries that fall in that valley.
The average velocity here is 0.44 £ 0.06 m day ',
but a low increase in ice flow speed can be de-
tected from 0.42 £ 0.06 m day™' in 2016 to 0.46 £
+ 0.06 m day ! in 2022 (Fig. 7).

Subcluster 1.4 covers the glacier’s large southern
tributary. That part differs from other glacier’s in-
flows by a wide and flat valley. Surrounding slopes
are quite gentle spatially from the southern part.
These slopes are the source of a large amount of
ice, which falls into the valley. As a result, the ice
flow velocity here is slightly higher than other
tributaries and somewhat increased from 0.45 =
+ 0.11 m day' in 2016 to 0.49 + 0.10 m day'
in 2022 (Fig. 7).

Subcluster 2.1 is situated near the glacier’s ter-
minus area. Like in the terminus area, all of the
glacier is shattered by a series of crevasses. The
average velocity here is 2.15 m day'. In addition,
a general tendency to speed increase over time,
which is typical for almost all subclusters, can be
detected. The average velocity in 2016 was 2.1 £
+ 0.12 m day™!, and in 2022, 2.22 * 0.12 m x
x day! (Fig. 7).
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Figure 7. Subclusters’ annual velocity variations

Subcluster 2.2 extends over the widest part of
the glacier valley. Most of the tributaries fall into
that part of the glacier. Here, the velocities of
the ice flow are significant but not higher than
1.0 £ 0.07 m day™" and also increased from 2016
to 2022. Unlike the previous subcluster, the sur-
face here does not have many crevasses.

The Trooz Glacier’s dynamics in 2016—2023
suggest a certain temporal pattern. The general dis-
tribution of various glacier subclusters' velocities
indicates that the upper parts of the tributaries
have an average speed of 0.4—0.45 m day!. In a
place where all the flows of the glacier come
together and form a single and wide valley, the
speed will revert to up to 1 m day™!. In the area
of the terminus, the average speed increases to a
maximum and, according to the results of remote
observation, is 2.1—2.3 m day !, with short-term
accelerations up to 3.5 = 0.21 m day '. The low-
er, fastest part of the glacier is divided into two
parts — subclusters 1.1 and 2.1. They have ap-
proximately the same average speeds but differ in
general dynamics. Subcluster 1.1, adjacent to the
ocean, has a weak deceleration trend over 2016—
2022. Subcluster 2.1, like the main part of the
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glacier, has a slight tendency to increase in speed
over the study period (Fig. 7). Such dynamics of
the Trooz Glacier’s various parts’ movement can be
caused by longer-period processes (Davies et al.,
2012). To find out the reasons for such ice flow
behavior, we compared the velocities of separate
subclusters with the climatic parameters.

We obtained correlograms for the climatic param-
eters and the chosen subclusters of the glacier’s
velocity. The correlograms show the correlation
coefficients of climatic parameters and the sub-
clusters with a time lag of 0 to 15; each lag in-
cludes a 12-day interval. Correlograms also have
a 95% confidence interval for the cross-correla-
tion function. This statistic is calculated from the
distribution parameters (mean and standard de-
viation) and allows to detect the anomalies. Since
the cross-correlation is usually low, close to zero,
the 95% confidence interval for almost all com-
parisons of climatic parameters and the subclus-
ters’ speed is in the range of 0.14+-0.14. The
values outside of the calculated interval can be
considered statistically significant. Obtained cross-
correlation values are quite low in absolute value
and rather reflect the general possibility of a con-
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nection between climatic parameters and veloci-
ties of different glacier parts.

The main correlational links between the velo-
cities of the glacier’s different parts and the cli-
mate parameters are as follows:

For the subcluster 1.1 (glacier’s terminus), we
detected cross-correlation connections with dif-
ferent climatic parameters. The intensity of solar
radiation and ultraviolet radiation demonstrates
a relationship with the speed of glacier movement
in the terminus zone with a time lag of 3—6 (36
to 72 days). It is quite possible that increasing solar
radiation intensity affects the temperature increase
in the near-surface layer. At the same time,
the same lag was detected between the reaction
of that part of the glacier and air temperature,
freezing point temperature, “wet bulb” tempera-
ture, maximum and minimum air temperatures,
and temperature range. For the air temperature
and the maximum air temperature, a connection
with the glacier reaction was established with a lag
of 0. It means the acceleration of the glacier move-
ment in the terminus area occurs during the first
12 days after the rise of surface air temperature,
and after that, another acceleration in this part
of the glacier occurs with a delay of 3—5 lags
(36—60 days).

On the other hand, the connection between the
terminus subcluster’s velocity and precipitation has
lag 2 and a negative sign. Thus, decreasing pre-
cipitation leads to accelerating glacier flow but
with a delay of 24 days. The common influence of
temperature and precipitation on glacier velocity
was discussed in different publications, not only
for Antarctica (Davies et al., 2012; Lippl et al.,
2019; Huang et al., 2023). Also, the influence of
the near-surface wind speed on the speed of the
glacier in the terminus was recorded with a lag 0,
but with a negative value. That is, calm weather
contributes to the acceleration of the glacier in
the lower part almost immediately (in the first 12
days). The article (Van den Broeke & Van Lipzig,
2004) described the relationship between wind
speed and surface temperature in Antarctica. That
is probably the pattern we observed, with a de-
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crease in wind speed leading to an increase in
near-surface temperature, which in turn leads to
the glacier’s acceleration in the terminus zone.

Subcluster 1.2 presents cross-correlation with
ultraviolet radiation with lag 2 (24 days) and with
different temperature parameters — air tempera-
ture, freezing point temperature, “wet bulb” tem-
perature, maximum and minimum air tempera-
tures with lag 3 (36 days). In addition, negative
cross-correlation was detected with wind speed
with lag 4. Given that subcluster 1.2 is located in
a narrow valley with steep slopes almost in the
central part of the glacier, it can be assumed that
there is a significant thickness of the ice flow. Sev-
eral studies, including those done on the Antarc-
tic Peninsula, indicate a similar structure of
glaciers (Fretwell et al., 2013; Huss & Farinotti,
2014). In that case, a long delay between ice flow
reaction and climatic influence is understandable.

Subcluster 1.3 correlates fairly weakly with en-
vironmental parameters. Only one cross-correla-
tion parameter is detected — with wind speed
with lag 8 (96 days). That subcluster covered the
highest parts and tributaries of Trooz Glacier with
bergschrund areas. A previous study (Osborn, 1983)
shows that bergschrund zones have specific dy-
namics and active forces.

Subcluster 1.4 (upland of the large tributary in
the glacier’s south) presents a link with the in-
tensity of solar radiation with lags from 0 to 3 and
ultraviolet radiation with lags 2 and 3. Also, cross-
correlation was detected between the velocity of
that subcluster and air temperature, freezing point
temperature, and “wet bulb” temperature with
lags 0 and 10. At the same time, the correlation
with lag 0 has a negative value. Connection with
maximal air temperature appears at lag 10 and
with minimal air temperature at lags 0 (negative
value) and 13. The specificity of this subcluster is
that it covers a wide tributary of the glacier,
which faces from south to north. Thus, the sur-
face energy balance will play a significant role
for this part of the glacier and the lower parts
where different tributaries come together. Short-
wave solar radiation’s role in glaciers’ near-sur-
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face temperature and melting has been the sub-
ject of many articles (Bintanja, 1995; Hoffman et
al., 2008; Hofsteenge et al., 2022). In the exam-
ple of that part of Trooz Glacier, we can find the
negative correlation between the intensity of short-
wave solar radiation and ultraviolet index with
velocity with a small delay in reaction — from
first to 36 days. Relations between solar energy
income and near-surface temperature parame-
ters here should account for ablation. However,
in any case, the long-term delay connection (lag
10—13) with temperature parameters and glacier
speed indicates that an increase in air tempera-
ture leads to the acceleration of a glacier’s move-
ments after a while.

Subcluster 2.1 covers the pre-terminus area of
the glacier, and here, like in subcluster 1.4, we
detected a connection with the intensity of solar
radiation, ultraviolet index, air temperature, freez-
ing point temperature, “wet bulb” temperature,
maximum and minimum air temperature with
lag 0 and negative value. A positive correlation
between temperature parameters and ice velocity
of that glacier part was also found, but with a
time delay of lag 10 (120 days).

Subcluster 2.2 is the widest part of the glacier
where all major tributaries meet. Its velocity is con-
nected with several climate parameters. The sta-
tistically significant correlations start at lag 0 and
appear at lag 2 for main temperature parameters.
Therefore, a rise in temperature leads to the glacier’s
acceleration here practically at once, and this
effect continues with a 24-day periodicity. Besides
that, connections with the intensity of shortwave
solar radiation and ultraviolet index at lags 4—5
(48—60 days) were established.

4 Discussion

The Trooz Glacier territory can be divided into
three main parts according to velocity — upper,
middle, and lower in the terminus area. Each has
its specific velocity, movement dynamics, and re-
lationship with environmental parameters.

The upper part includes two subclusters, 1.3 and
1.4. They both cover the bergschrund areas and
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the highest tributaries. They are characterized by
relatively low velocity — about 0.45 m day .
However, the tributaries in subclusters 1.3 and
1.4 differ significantly in the ice flow dynamics
and relationships with climatic parameters.

Subcluster 1.3, the most distant from the ocean
coast, is located in narrow, deep valleys. Here,
the glacier velocity varies insignificantly within a
year, but there was a slight increase from 0.42 +
+ 0.06 m day! in 2016 to 0.46 + 0.06 m day™!
in 2022. At the same time, no significant cross-
correlations with climatic parameters were found
here, except a relationship with wind speed with a
lag 8 (96 days). Most likely, the process of forma-
tion and movement of the glacier is realized here
without significant external climatic influences.

The area of subcluster 1.4 also covers a large
tributary that originates from the bergschrund zone.
We also recorded an increase in the average an-
nual velocity from 0.45 £ 0.11 m day! in 2016
to 0.49 + 0.1 m day' in 2022. However, this trib-
utary has a wider valley than the other tribu-
taries, is closer to the ocean, and has an orientation
from south to north. As a result, the ice cover
velocity varies significantly within the year. At
the same time, the maximum velocities were de-
tected in the Antarctic winter periods (June—-Au-
gust). Such an acceleration time for this part of
the glacier explains the negative cross-correla-
tions with temperature parameters and the amount
of solar radiation at lag 0 and positive ones with
the same parameters at lags 10—13 (120—156 days).
In any case, it should be noted that the movement
and velocity changes of the Trooz Glacier’s upper
tributaries are not closely connected with the studi-
ed climatic parameters.

The middle part of the glacier can also be di-
vided into two parts — a narrow, deep valley (sub-
cluster 1.2) and a wide part, formed when various
tributaries join together (subcluster 2.2). Within
the narrow valley, throughout the whole studied
period, velocity of 0.4 m day ' was detected.
However, a cross-correlation with climatic pa-
rameters begins to appear more clearly here,
among which temperature characteristics are of
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primary importance. Several articles model glacier
flow, the role of temperature, and the melt-
water’s participation in this process (Tuckett et
al., 2019; Feldmann & Levermann, 2023). In our
case, we recorded the speed increase in the cen-
tral part of the glacier 36 days after the tempera-
ture rise. At the same time, for all parts of the
glacier downstream to the terminus, the relation-
ship with temperature parameters is preserved, and
the delay becomes shorter. So, for the glacier’s
wider part, where all main valleys and tributaries
come together (subcluster 2.2), there is also a cor-
relation between the ice flow velocity and tem-
perature parameters, but with a 12- to 36-day
lag. The general tendency for almost the entire
glacier to increase the average annual tempe-
rature from 0.96 m day~' in 2016 to 1.01 m day™!
in 2022 is also preserved.

The lower part of the glacier also consists of two
subclusters, 1.1 and 2.1. They differ from all other
parts by the highest speed, 2.1—2.2 m day!. The
glacier surface here is covered by a large number
of crevasses. A relationship with temperature pa-
rameters with a lag 0 was also detected for this
part. The glacier reaction occurs in the next 12
days after the change in environment tempera-
ture. At the same time, the correlation is positive
for the terminus area, and negative for the pre-
terminus. We also found a delayed reaction of the
glacier’s velocity to temperature parameters with
a positive sign with a delay interval from 60 days
for the terminus to 120 days for the pre-termi-
nus. In addition to temperature, we established the
influence of the intensity of solar radiation and
the amount of precipitation for the glacier’s low-
er part. Glacial crevasses’ formation and move-
ment are described in detail in a number of works
(Zhao et al., 2022; Surawy-Stepney et al., 2023b).
The role of ‘crevasses’ effect on the glacier move-
ment mechanism is described in the work by
Colgan et al. (2016). Based on these studies, the
influence of solar radiation and other climatic
parameters (such as surface air temperature and
precipitation) on the velocity changes in the cre-
vasse zone becomes clear.
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5 Conclusions

The ice flow velocity within the Trooz Glacier
increases from the upper tributaries to the termi-
nus. So in the parts furthest away from the ocean,
the glacier speed is on average 0.4—0.5 m day';
in the middle part, where the main flows con-
verge, the average speed is about 1 m day', and
in the lower part and the terminus area, the aver-
age speed is 2.2—2.3 m day ! with accelerations
up to 3.5 m day'. Annual velocity fluctuations
of various parts were identified, as well as a slight
glacier movement acceleration from 2016 to 2022,
which amounted to 7—9% of the 2016-year speed.
At the same time, only in the terminus area, there
was a slight decrease in the average annual ve-
locity detected from 2.25 &+ 0.2 m day ' in 2016
to 2.1 £ 0.2 m day ! in 2022.

The speeds of different parts of the Trooz Glacier
and their general increase are influenced by cli-
matic factors. However, the effect of climate on
changes in the speed of glacier movement only
occurs after a certain time delay. This type of
relationship can be explained by the fact that a
large mass and movement inertia characterize
the glacial flow.

Climatic parameters most strongly affect the
middle and lower parts of the Trooz Glacier.
Among the main parameters, the near-surface
environment temperature can be distinguished as
the most influential force. Temperature impacts
the glacier velocity within the first 12 to 36 days;
the effect can appear later with a lag of up to 120
days. The relationship between the glacier’s low-
er and middle parts’ speed and intensity of short-
wave solar radiation and the ultraviolet index was
also established. The influence of these climatic
parameters appears to have a more complex mech-
anism. Therefore, cross-correlation analysis shows
that the glacier’s response to the influence of these
parameters was delayed by 12 to 48 days, de-
pending on the glacier part. The influence of the
atmospheric precipitation amount was the most
pronounced only in the lower part of the glacier,
where crevasses cover the entire surface.
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Modern methods of remote observation of the
glacier’s speed make it possible to obtain system-
atic and operational information from Earth’s
surface areas where it is quite difficult to conduct
field observations. The analysis of ice cover ve-
locity determination for the Kyiv Peninsula and
directly of the Trooz Glacier allows us to classify
the study area and separate certain areas (clus-
ters) according to the level of similarity in the
dynamics of movements. Comparison of remote
monitoring data of glacier’s movement with the
climatic environment characteristics made it pos-
sible to establish patterns of relationships between
them. Climatic factors had the greatest influence
on the lower and middle parts of the glacier. The
dynamics of the upper tributaries in the berg-
schrund area are associated with the ice masses
supplied from the plateau and weakly affected by
climate change. The role of environmental tem-
perature is significant from the middle part of
the glacier, where its valley becomes wide. For
the glacier’s lower part and terminus, the tem-
perature effect is most significant, with the reac-
tion of the ice flow to temperature changes oc-
curring in the coming days. Shortwave solar ra-
diation and ultraviolet index were also estab-
lished as influencers, but only for the lower and
middle glacier parts, with a lag from 12 to 48
days. The influence of the atmospheric precipi-
tation amount is most pronounced only in the
lower part of the glacier.
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Junamika nponoBuka Tpy3 (AHTAPKTHYHMIA MBOCTPIiB)
32 JAHUMH CYMYTHHUKOBOTO JUCTAHLIAHOTO 30HIYBAHHS

Pedepar. B craTTi npeacraBieHo pe3yabTaTy JOCTIIXKEHHS JIbogoBUKa Tpy3 B paitoHi miBocTpoBa KuiB Ha 3aximHo-
My y30epexcki AHTApKTUYHOTO TiBOCTpoBa. MeToto OyJIo BCTAHOBUTHU ITMHAMIKY IIBUIKOCTEN PYXiB HOTO JIbOTOBO-
IO ITOKPOBY ITiJI BILIMBOM KJIIIMATUYHMX YMHHUKIB y 2016—2022-My poKax 3a JaHWUMH IUCTAHIIIAHOTO CITOCTEPEKEH-
HS1 Ta CHIBCTaBUTU 1l 3i 3MiHAMU METEOpOJOTiYHMX YMHHMKIB. IIIBUAKOCTI pyXy JbogoBuKa Tpy3 BU3HAYaIUCs 3a
JIOTIOMOTO0 IaHUX CYITyTHUKOBOI cuctemMu Copernicus Sentinel-1 Ha OCHOBI 0()ceTHOTO TPEeKiHTY. XapaKTepUCTUKK
KJIiIMaTUYHUX 3MiH (PaKTopiB 3a Ti caMi iHTepBaIX yacy OyJu BU3HAUYEHi 3a JaHUMU criocTepexeHb mpoekty POWER
Bim NASA. [l aHamidy mossl IIBUAKOCTI JIbomoBUKa Tpy3 y yaci Oyimo ooparHo 100 KOHTPOJBHUX TOYOK B3IOBXK
BCi€l JOJMHM, MOYMHAIOYN Bil TMpja [0 BepXiB’iB IIPUTOKIB. 1T IMX TOUOK PO3paxXOBYBaJIMCS 3HAUYCHHS IIBUIKO-
CTi 3MillleHHs JIbOJOBUKA KOXHi 12 THIB IPOTATrOM TPhoX PoKiB. lle M03BOJMIO MOMIMTU BCIO JOJMHY JbOIOBUKA
Ha OKpeMi KJlacTepu 3 MpUTaMaHHUMMU TUIbKM IM CepelHiMU 3HAYEHHSIMM IIBUIKOCTI Ta OCOOJUBOCTIMHU pyxy. s
BCTAHOBJIEHHS PiBHS BIUIMBY 3MiH KJIIMaTUYHUX YMHHUKIB HAa IUBUIKICTh PYyXy Pi3HUX YaCTUH JIboJOBUKA Tpy3 OyB
3aCTOCOBAHMI KPOC-KOPEJSILIMHUI METO/ TOPiBHSIHHS, 3aBISIKM SIKOMY OYJIM BMSIBJIEHI peakllii JIbOJOBUKOBOTO
MOTOKY Ha 3MiHU y KJIIIMAaTUYHUX, i B MEpIIy Yepry METECOPOJIOTIYHUX, ITapaMeTpax cepeoBuIla 3 TIEBHUM 3alli3HEeH-
HsIM y Yaci. BctaHoBneHi piuHi KOJIMBaHHS MapaMeTpiB IJI Pi3HMX YAaCTUH JIbOJOBUKA Ta OESIKe MPUIIBUILICHHS
pyxy 3 2016-ro mo 2022-ro pp. (octaHHe csirano 7—9% BKUAKOCTI, BaacTuBol 2016-My poky). Jluiiie B rMpJIOBiii YacTUHI
CriocTepiraay MeBHe 3HWKECHHS CePeIHBOPIYHOI IIBUAKOCTI 3 2.25 M 3a mo0y (2016-it pik) mo 2.1 M 3a 1o0y (2022-i1).
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HaiiiHTeHCHBHillIe KJIiMAaTU4HI MapaMeTpy BIUIMBAlOTh HAa CEPEAHIO Ta HMXHIO 4acTUMHM JibogoBuka Tpys. Cepen
TOJIOBHUX KJIIMAaTUYHUX MapaMeTpiB MPUITOBEPXHEBA TeMIIepaTypa € HalBIUIMBOBIIIMM (hakTopoM. 3MiHU TeMIiepa-
TYpPH BIUIMBAIOTh Ha HIBUAKICTb JHOAOBUKA MPOTITOM 12—36-1 IHIB; BIUIMB MOXe TposBUTHC i 3a 120 mgHiB. Posb
TEMIEepaTypyu CepeloBUIIA BaXJIMBA JUISI CEPeHbOI YaCTUHU JIbOJOBMKA, JIe MOTr0 IOoJuHA cTae 1mupokoto. [Ipore
BIUIUB TeMIIEpaTypy HANCWIBHIIINKI IJIsI HUKHBOI i TUPJIOBOI YAaCTUH; JIbOJOBUI IIOTIK pearye Ha 3MiHM TeMIlepa-
TypU IIPOTSTOM KiJIbKOX OHiB. B pe3yiabTarti JOCHiIKEeHHS BCTAHOBJIEHO BILIMB KOPOTKOXBUJIBOBOIO COHSTUHOIO BU-
MPOMiHIOBaHHS Ta iHAeKCY yabTpadioneTa, ajne auile AJs HAXKHbBOI Ta CEPeaHbOI YaCTUH JIbOJAOBUKA, i3 3aTPUMKOIO
B 12—48 nHiB. BruiuB KinbKocTi onaniB OyB MOKa3aHUI JIKIIE IS HUKHBOT YaCTUHU JIbOJAOBUKA.

KmouoBi cioBa: Sentinel-1, odceTHmii TpeKiHT, miBocTpiB KuiB, MIBUOKICTH JTHOAOBUKA
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