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Using Multi-mission Satellite Altimetry to Monitor
Subglacial Hydrological Activities in the Totten Ba-
sin, East Antarctica

Jun Liu, Lihui Chen, Denghui Tang, Huan Xie, Xiangbin Cui, Peinan Li

Abstract—In East Antarctica, the largest thinning rates are ob-
served at Totten Glacier in recent years. Hydrologic activity of the
three active subglacial lakes (Totteni, Tottenz, Wilkes:) located on
Totten Glacier may affect the ice sheet mass balance in the region
on time scales of decades. In this study, we utilized laser altimetry
data (ICESat and ICESat-2) and radar altimetry data (CryoSat-2
and Sentinel-3) to establish a 20-year time series of surface ice
sheet elevation changes for three subglacial lakes, employing dif-
ferent least squares fitting methods, and this analysis aimed to
study their hydrological activities. Additionally, we combined
REMA and BedMachine data to acquire the subglacial drainage
pathways in the region, analyzing the hydrological connections
among the three subglacial lakes. The results indicate that Totten:
and Tottenz exhibited frequent inflow and outflow throughout the
observation period, with periodic characteristics in lake activities.
From 2003 to 2009, Wilkes: showed an ascending trend in surface
ice sheet elevation, followed by a relatively stable state. The char-
acteristics of lake activities changes and subglacial drainage path-
ways indicate connections among these three subglacial lakes. This
study highlights that CryoSat-2 and Sentinel-3 radar data can fill
the gaps between ICESat and ICESat-2 data. Furthermore, ICE-
Sat-2 laser altimetry data not only extend the records of subglacial
lake activities but also capture more densely and accurately re-
solved spatial details. The integration of these four altimeters
proves effective for long-term monitoring of active subglacial hy-
drological activities.

Index Terms—Multi-mission data, satellite altimetry, subglacial
lake activity, elevation change, Totten Glacier.

. INTRODUCTION

N recent years, the Antarctic ice sheet has been melting at

an accelerated rate, contributing to a global rise in sea levels

[1]. Totten Glacier is the fastest thinning region in East Ant-
arctic and response for ice volume loss in the East Antarctic ice
sheet, the changes in this region are essential indicators of
global warming [2], [3]. The three active subglacial lakes (Tot-
ten;, Totten, and Wilkes;) are located beneath outlet glaciers in
the Totten Glacier, the hydrological activity of them could af-
fect ice sheet mass balance on time scales of decades [4]. In
addition, because of the episodic nature of subglacial lake ac-
tivity, with some lakes having cycles of about a decade or more,
we need to monitor them continuously over time in order to
fully understand them [5]. Therefore, continuous monitoring of
the activities of the three active subglacial lakes in Totten
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Glacier using satellite altimetry technology is of significant im-
portance. Subglacial lakes are bodies of water stored within
cavities between the base of the ice sheet and the bedrock [6].
The hydrological activity of these lakes can be studied by mon-
itoring changes in the surface elevation of the ice sheet over the
lakes. Detection of subglacial lakes has become a focal point of
interest for numerous researchers in recent years [7]. However,
subglacial lakes have been regarded as independent and rela-
tively stable bodies of water beneath the Antarctic ice sheet,
forming isolated and enclosed systems for a long time [8], [9],
[10]. It was not until 2005, with Gray's research, that it was
demonstrated that in reality, subglacial lake water can flow,
causing changes in the surface elevation of the ice sheet over-
lying the subglacial lakes [11], [12], [13]. Satellite altimetry
technology has played a crucial role in the detection of subgla-
cial lakes. Satellite altimetry has been greatly utilized in the de-
tection of subglacial lakes, and with the development of satellite
altimetry, the combination of different sources of altimetry sat-
ellites can provide long-term ice sheet elevation data with sig-
nificant advantages such as wide coverage and high accuracy,
which is not only utilized for identifying active subglacial lakes
but has also become an essential means for monitoring their ac-
tivities [14], [15], [16], [17].

Since the 1990s, a series of satellite radar altimetry technol-
ogies have been employed to measure changes in ice sheet ele-
vation, including ERS-1 (RA), ERS-2 (RA), Envisat (RA-2),
Sentinel-3 (SARL), and CryoSat-2 (SIRAL). These satellites
utilize radar signals with relatively long wavelengths that can
penetrate cloud cover, enabling continuous observations [18],
[19], [20], [21]. Additionally, in recent years, laser satellite al-
timetry has been widely applied in polar regions. ICESat, oper-
ational from 2003 to 2009, and ICESat-2, launched in 2018, are
two primary data sources for estimating ice sheet elevation.
Compared to radar altimeters, laser altimeters have smaller
footprints and higher measurement accuracy [22]. In conclu-
sion, ICESat, CryoSat-2, and ICESat-2 data have become the
main sources for studying the activities of subglacial lakes in
Antarctica [23], [24], [25], [26]. However, due to limitations
imposed by the effective lifespan of satellites and the inability
of a single satellite to monitor the long-term evolution of ice
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sheet activities, combining measurements from multiple altim-
etry missions has proven to be an effective approach in estab-
lishing long-term ice sheet elevation change sequences.

As satellite altimeter data for extracting elevation changes
continually updates, previous studies have integrated different
altimetry missions to achieve more effective long-term eleva-
tion change monitoring. For instance, Siegfried et al. (2018)
combined ICESat and CryoSat-2 data to sample 45 subglacial
lakes in Antarctica, extending their elevation change time series
until the end of 2016 [4]. Siegfried et al. (2021) utilized Cry-
oSat-2 and ICESat-2 data to extend the activity time series of
five lakes in CryoSat-2's SARIn mode until 2020 [27]. In addi-
tion, Zhang et al. (2020) combined radar altimetry data from
Envisat and CryoSat-2 spanning from 2002 to 2019, and con-
structed an elevation change sequence for the Antarctic ice
sheet using a planar fitting least squares regression model [7].
And Yang et al. (2022) combined datasets from three different
altimeters (ICESat, CryoSat-2, and ICESat-2), utilizing a
method involving cross-analysis and surface fitting to monitor
the elevation change rates of the Greenland ice sheet from 2003
to 2020 [22]. Yi Fan et al. (2022) analyzed 17 active subglacial
lakes in typical areas in Antarctica and extended the time series
of the ice surface elevation changes combining CryoSat-2 and
ICESat-2 data, the cross-validation of the two time series indi-
cated a good agreement in flat surface of subglacial lake [28].
Furthermore, one of the critical issues in combining data ac-
quired by various missions is bias correction. McMillan et al.
(2013) corrected the bias between ICESat and CryoSat-2 by
employing bilinear interpolation of the elevations of four sur-
rounding CryoSat-2 measurement points at the location of each
ICESat measurement point location outside COOKEg; subglacial
lake [29]. Differently, Zhang et al. (2020) and Li et al. (2022)
incorporated parameters for the intermission and A-D (ascend-
ing and descending) biases between satellite altimeter missions
into least-squares fitting model. They simultaneously corrected
both types of biases to ensure the consistency of elevation time
series between different missions[3], [7]. These two methods
are bias-corrected before generating the time series, but can also
be corrected after generating the single-mission time series. For
example, Schréier et al. (2019), Paolo et al. (2016), Adusumilli
et al. (2018), and Serensen et al. (2018) applied bias correction
at each cell by utilizing overlapping time from multiple-mission
data [2], [30], [31], [32]. Lai et al. (2022) combined ICESat,
CryoSat-2, and ICESat-2 data to establish a monthly elevation
time series for the Greenland Ice Sheet from 2004 to 2020 [33].
The computation of inter-mission bias is estimated by fitting a
linear model to the time series within a short time period. The
deviation between the linear trends fitted for two different mis-
sions at the same location represents the inter-mission bias.

In previous studies on the Totten Glacier Basin in Antarctica,
Qiuyang Zhao utilized ICESat laser altimetry data and a method
of repeat-track least-squares plane fitting to calculate elevation
and volume changes of the Tottens, Totten,, and Wilkes; sub-
glacial lakes from 2003 to 2009 [34]. Subsequently, Siegfried
et al. (2018) extended the elevation change time series of these
three subglacial lakes to 2016 by incorporating CryoSat-2 data

[4]. Then the following studies are all based on Totten Glacier,
not the three subglacial lakes. Li et al. (2022), using CryoSat-2
and Sentinel-3 datasets, extracted elevation changes in the Ant-
arctic ice sheet, revealing a negative growth trend in the Totten
region from 2016 to 2019 [3]. Similarly, Zhang et al. (2020)
combined Envisat and CryoSat-2 datasets to investigate eleva-
tion changes in the Totten region. Three locations were selected
for the study, and the results indicated an overall negative trend
in the average elevation changes from 2002 to 2019 [7]. Fla-
ment et al. (2012), employing Envisat radar altimetry data from
2002 to 2010, confirmed the dynamic thinning of the Totten
Glacier [35]. Additionally, King et al. (2022) used new Global
Positioning System (GPS) time series from the Totten-Denman
Glacier region in East Antarctica to study the vertical move-
ment of the ice sheet, indicating the highest average uplift rate
of approximately 1.5 m/y in the Totten Glacier Basin from 2010
to 2020 [36].

In this study, we utilized data from four different satellite al-
timeters: ICESat (2003-2009), CryoSat-2 (2010-2023), Senti-
nel-3 (2016-2023), and ICESat-2 (2019-2023). Using the least
squares fitting method, we monitored the surface elevation
changes of Totteny, Totten,, and Wilkes; subglacial lakes in the
Totten region. Finally, we integrated all the time series obtained
from laser and radar altimetry to form a consistent and contin-
uous elevation change time series covering nearly 20 years from
2003 to 2023. Moreover, CryoSat-2, Sentinel-3, and ICESat-2
have overlapping mission periods, allowing for mutual valida-
tion of the acquired time series.

Il. STUDY REGION AND DATA

A. Study Region

The Totten Glacier Basin is the largest glacier basin in East
Antarctica, and the bottom melting of the ice sheet has led to
the long-term negative mass balance of the Totten Glacier,
playing a crucial role in the overall mass balance of Antarctica
[37], [38]. The study area focuses on three subglacial lakes in
the Totten region, namely Totten;, Totten,, and Wilkes; subgla-
cial lakes. The lake outlines used in this study were obtained
from ICESat data by Smith [39], with respective areas of 567
km=2710 km=and 569 km=Totten; is located downstream of
Totten,, while Wilkes; is situated at the furthest downstream
position. As shown in Fig. 1, the upper left image represents the
100-meter resolution DEM (Digital Elevation Model) of Ant-
arctica from REMA (Reference Elevation Model of Antarc-
tica). The red box outlines the location of the Totten region in
Antarctica. The main image provides information on the three
subglacial lakes, and the colored background map represents
the DEM of the region where these lakes are situated. The Tot-
ten region is located on the marginal area of Antarctica and falls
within the coverage area of CryoSat-2 data in SARIn mode.

Based on previous studies, Totten; and Totten, had frequent
inflow and outflow during 2003 to 2009. Totten; generally ex-
hibited a pattern of drainage followed by refilling, while Totten;
showed periodic variations, Wilkes; remained in a refilling state
[34]. Additionally, during the period from 2010 to 2016, Tot-
ten; was generally in a refilling state, Totten, experienced slight
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fluctuations, and Wilkes; remained stable [4].

B. ICESat Data

The ICESat satellite, the first satellite mission to carry a laser
altimetry system for Earth observation, which operated from
September 2003 to October 2009 at an orbit height of 600 km
and an inclination angle of 94< with a repeat cycle of 91 days
that included a 33-day sub-cycle, the altitude accuracy of ICE-
Sat is about 15 cm [2]. Its coverage was extensive, capable of
covering regions up to 86 <of both North and South latitudes,
and these data demonstrated a remarkable capability to assess
changes in ice sheet elevation and sea ice thickness [40], [41],
[42]. This study used the polar ice sheet elevation data ICE-
Sat/GLA12, the Geoscience Laser Altimeter System (GLAS)
aboard the ICESat spacecraft is referenced to the Topex/Posei-
don ellipsoid [43]. The data is Level-2 product and includes
height information, laser footprint position information, equip-
ment and atmospheric correction parameters, etc. Compared to
other radar altimetry data, ICESat/GLA12 has a higher resolu-
tion and uses an algorithm specifically designed for the ice
sheet surface to process the pulse waveforms. The laser pulse
generates a footprint on the ground with a diameter of about 70
m and the space of approximately 17m along the track.

C. CryoSat-2 Data

CryoSat-2 was launched in April, 2010, with a 369-day fully
repeating orbit and a 30-day subperiod. It is still in orbit at an
altitude of 717 km and an inclination angle of 92< and it can
extend its coverage to a latitude of 88<[44], the altitude accu-
racy of the altimeter is about 50 cm for CryoSat-2 [2]. CryoSat-
2 satellite is equipped with the Synthetic Aperture Interferomet-
ric Radar Altimeter (SIRAL), which operates in three modes:
Low-Resolution Mode (LRM), Synthetic Aperture Radar (SAR)
mode, and SAR Interferometric (SARIn) mode. The SARIn
mode uses the phase difference between two onboard antennas
to precisely determine the across-track location of the return
echo within the SAR footprint [45]. The mode is active over
areas of steep ice terrain, the ice sheet peripheries, ice caps, and
mountain glaciers [46]. In SARIn, SIRAL uses two receiver an-
tennae to perform interferometry, allowing the location of the
point of closest approach (POCA) to be precisely determined in
the across track plane, and Doppler processing is then used to
reduce the along-track footprint to approximately 300 m [47].
SARIn mode is particularly well-suited for measuring steep and
complex terrain at the edges of ice sheets. CryoSat-2 can reach
centimeter-level observation accuracy in challenging terrain
compared with previously launched radar satellites [48]. In this
study, we used Baseline-D Level2 SARIn mode data ranging
from 2010 to 2023. The product uses the TFMRA (Threshold
First Maximum Retracker Algorithm) retrack algorithm to pro-
cess the waveforms on top of the Baseline-C L1b product, and
adds interferometric processing for phase and coherence, allow-
ing the Baseline-D product to provide better elevation measure-
ments. improving the ascent and descent cross-statistics from
1.9 to 0.1 m, substantially reducing the impact of track devia-
tion on the estimation of ice surface elevation changes [44], [49].

D. Sentinel-3 Data

Sentinel-3 was initially designed for ocean observation, with
its main objectives being to measure sea surface topography,

monitor ocean and land surface temperatures, provide support
for marine forecasting systems, and monitor environmental and
climate changes [50]. Sentinel-3 mission consists of four satel-
lites. Sentinel-3A (S3A) was launched in February 2016, Senti-
nel-3B (S3B) followed with its launch in April 2018, and the
planned launches for Sentinel-3C/D are scheduled to take place
after 2021 [51]. S3B’s orbit is positioned so the ground separa-
tion between S3A to S3B tracks is half that of the individual
ground separation of each satellite. The Sentinel-3 satellite has
an observation range of up to 81.35<5, with a repeat observation
period of 27 days, and utilizes a Ku-band SAR altimeter. In
comparison to CryoSat-2, Sentinel-3 is less well equipped to
monitor changes to ice sheets and the 27-day repeat cycle means
it has a significantly larger ground separation. However, on the
interior of the ice sheet, where CryoSat-2 uses LRM mode, Sen-
tinel-3 is the first satellite radar altimeter to deploy SAR altim-
etry. In these regions, Sentinel-3’s delay-doppler processing de-
creases the footprint size in the along-track direction to ~300 m
compared to the larger LRM footprint [52]. Consequently, high
resolution elevation measurements are acquired for the first
time in the ice sheet interior, the precision and accuracy over
the low sloping interior to be on the order of 10 cm but both
decreased over more complex topography [53]. Moreover,
compared to CryoSat-2, the 27-day repeat cycle of Sentinel-3
provides higher temporal resolution, allowing for repeated track
elevation measurements at nearly monthly time intervals and
potentially enabling the direct observation of seasonal changes
over the ice sheets. Considering the existing issues with Cry-
oSat-2 exceeding its operational limits, Sentinel-3 altimetry
data can offer new data assurances for monitoring the elevation
of the Antarctic ice sheet. This is of significant value in study-
ing the long-term temporal changes in ice sheet elevation.

E. ICESat-2 Data

The ICESat-2 satellite was launched in September 2018,
which serves as a successor to ICESat, which continues to pro-
vide elevation information on polar sea ice and ice cover. It car-
ries a single micro-pulsed photon-counting laser that covers a
range of up to 88 =S with a 91-day repeat cycle [54]. ICESat-2
laser is split into six individual beams in three pairs. The beams
in a pair have different transmit energies (energy ratio of ~1:4)
and are separated by 90 m in the across-track direction. This
configuration means that ICESat-2 has a finer spatial sampling
resolution compared to ICESat and CryoSat-2, the altitude ac-
curacy of ICESat-2 is about 10 cm [2]. Compared with the laser
on ICESat that sends 40 pulses per second, the ICESat-2 laser
is fast-firing and sends 10,000 pulses per second, so ICESat-2
has denser footprints than ICESat. The multibeam instrument
design, smaller footprint, and the ability to resolve rougher ter-
rains enable more accurate elevation measurements and fewer
measurement gaps [55]. The ICESat-2 data product used in this
paper is ATLO6, which belongs to the Level 3A land ice eleva-
tion data product. The spatial resolution of the ATL06 data
product is 20 m, the accuracy of the height inversion is better
than 0.03 m and the accuracy for determining the rate of change
of surface elevation change on ice sheets is approximately 0.4
cm/y. Table S1 summarizes the altimetry data used in the study.
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F. REMA and BedMachine Data

REMA (Reference Elevation Model of Antarctica) is a high-
resolution digital elevation model released by the Polar Geo-
spatial Center (PGC) in the United States. It covers the Antarc-
tic land ice region from 60<S to 885 [56]. The version utilized
in this study is at a 100 m resolution. Based on 47 airborne ice
penetrating radar data from 1967 to 2020, which was used by
Morlighem et al. to generate ice thickness data (BedMachine)
covering the entire Antarctic through mass conservation,
streamline diffusion, and other methods [57]. BedMachine set
contains a bed topography map of Antarctica deduced by sub-
tracting the ice thickness from the surface elevation taken from
the Reference Elevation Model of Antarctica (REMA) [57].
This paper used bed topography of BedMachine version V3
with a resolution of 500 m. These datasets are employed in this
study for calculating hydraulic potential, obtaining the drainage
pathways of subglacial lakes, and subsequently analyzing the
hydrological connections among the three subglacial lakes.

I11. MetHoDOLOGY

Fig. 2 shows the entire flowchart of the methodology for moni-
toring the hydrological activities of three subglacial lakes in the
Totten Glacier Basin by integrating multi-mission altimetry data.
The proposed approach consists of three main components, as fol-
lows: (1) preprocessing operations for different types of altimetry
data; (I1) bias exists between different missions, and different bias
correction methods as well as different least-squares fitting models
are selected to establish the time series of elevation changes ac-
cording to different data types; and (11l) simulating the drainage
pathways of subglacial lakes based on ice surface elevation data
and subglacial bedrock data. Further details of the proposed ap-
proach are provided in the following sections.

A. Data preprocessing

The observation process of ICESat laser altimetry system is
subject to many factors that can lead to a large number of errors
in the resulting observations. Therefore, filtering and error cor-
rection preprocessing operations are required, including correc-
tion of the ICESat mission bias and observation error correc-
tion. During laser radar distance measurement, the selection of
the reference pulse can cause errors in the acquired surface ele-
vation, reaching up to 26 cm in Antarctica [58]. When calculat-
ing the surface elevation annual change rate, this leads to an
increase in the elevation change trend by 0.92 to 1.90 cm/y [59].
In this study, each point of ICESat was geographically cor-
rected using the G-C (centroid vs. Gaussian, G-C) correction
program released by NSIDC. Additionally, for observational er-
rors caused by instruments, atmosphere, and surface reflection,
data filtering and corrections were performed according to the
criteria in the literature [60]. Then the corrected ICESat altime-
try data was converted to heights above the WGS84 ellipsoid to
ensure consistency with the coordinate systems of ICESat-2 and
CryoSat-2.

The CryoSat-2 Level2 data we used incorporated a series of
geophysical corrections, including slope correction, dry atmos-
pheric correction, wet atmospheric correction, tropospheric cor-
rection, ionospheric correction, solid Earth tides correction, and

ocean tides correction [61]. Additionally, for ice shelves, extra
corrections such as inverse barometric correction and ocean tide
correction were applied. We further applied a 3o filter and re-
moved echoes with abnormally high backscatter (bs>30 dB) to
eliminate anomalous data [4], [28].

For the other radar data (Sentinel-3), we utilized Level-2
Sentinel-3A data from March 2016 to June 2023 and Level-2
Sentinel-3B data from June 2018 to June 2023. The secondary
processing of SAR mode data primarily provides preliminary
retracked elevation estimates for oceans, coastal zones, ice
sheets, and sea ice. Moreover, the precision and accuracy of the
S3A and S3B satellite SAR models are comparable in the Ant-
arctic region, and these two satellites can be used interchange-
ably to study the ice sheet evolution [62]. The Level-2 data have
been slope-corrected. Subsequently, similar to the approach ap-
plied to CryoSat-2 data, this study conducted data filtering
based on the 3o criterion and backscatter coefficient.

For ICESat-2 data, in order to utilize the most reliable ICE-
Sat-2 ATLOG6 data subsets for fitting the reference surface, it is
necessary to filter and screen the downloaded initial data. The
specific steps are as follows:

1) Firstly, filter out data points with ATL06_quality_summary
= 0 based on the quality label provided in the ATL06 data.
ATLO6_quality_summary is calculated based on residual
spread, along-track surface slope, estimated errors, and signal
strength for each segment. It can be initially used to remove un-
qualified data.

2) ATLO6 contains some segments with signal-finding blun-
ders. To avoid having these erroneous segments contaminate
the final accuracy of the results, we determined the parameter
AT_min_dh based on surface roughness. We identified high-
quality ATLO6 segments, using parameter AT_min_dh. The pa-
rameter AT_min_dh is defined as the minimum absolute differ-
ence between the height at each endpoint of a data segment and
the height at the center point of the preceding and succeeding
segments. For smooth surfaces, a value less than 2 meters is
required. However, if the remaining data is less than one-third
of the original cycle after removing data based on the smooth
surface criterion, then it is considered a rough surface. In this
case, the requirement is relaxed to value of the parameter less
than 10 meters [63]. According to these criteria, we further keep
the higher-quality ATLO06 data based on the topographic surface
roughness.

3) A high degree of overlap in the orbits is required for the re-
peated orbit method. However, through the analysis of ATL06
data products, it is observed that in some cycles, there is a sig-
nificant deviation from the original orbit. This phenomenon is
attributed to a configuration error in the tracker during the early
stages of the ICESat-2 mission, preventing the instrument from
accurately pointing to the reference orbit. As a result, there is a
1 to 2-kilometer offset between the observed trajectories in the
first and second cycles and the reference orbit. Calculating ele-
vation changes using the repeat orbit method under such condi-
tions introduces significant errors. Therefore, it is necessary to
exclude data with severe orbit deviations and retain data with
better repeatability for further calculation.
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4) For smooth or rough surfaces, an additional check is per-
formed on each data segment using the parameter h_li_sigma.
If the h_li_sigma value of points in the segment is greater than
the maximum value between 0.05 and three times the median
of h_li_sigma, the data point is removed. This additional step
aims to further enhance the quality of the data used in the cal-
culation [63].

B. Create time series of elevation changes

1) Least-squares plane fitting based on ICESat repeat tracks

According to the design requirements of the ICESat altimetry
satellite orbit and its operational cycle, trajectory overlap occurs
after a certain period, and all arcs along the same ground track
are referred to as repeat tracks, and the time required to form
repeat tracks is termed the repeat cycle. In this study, we filtered
all ICESat data passing through the three subglacial lakes from
2003 to 2009 based on repeat tracks. Initially, repeat tracks were
preliminarily determined based on orbit numbers. However,
even with the same orbit number, there were cases of excessive
separation between tracks, indicating non-repeat tracks. There-
fore, a precise determination of repeat tracks was performed
based on the distance between trajectories. Subsequently, the
ICESat repeat track elevation data for each group were divided
into rectangular cells with a length of 700 meters along the track
direction and a width of 350 meters in the across-tack direction,
with a 200-meter overlap between adjacent cells to ensure com-
putational continuity. Finally, a least squares fit was applied to
the elevation data within each rectangular cell to obtain the rate
of elevation change and terrain features for each cell. For accu-
rate fitting, at least 2 repeat tracks passing through each subgla-
cial lake, each with a minimum of 6 repeat arcs and a minimum
of 10 points within each rectangular cell, were ensured during
the least squares fitting. The mathematical model used for least
squares regression included estimating east-west slope, north-
south slope, elevation change rate (dh/dt or vertical movement
speed), and residuals (res), and the following mathematical
model was used:

H=ay+ax +a,y +ast +res @8]

where a, is the elevation at the cell center; a, is the slope in
the x-direction; a, is the slope in the y-direction; a5 is the rate
of elevation change; and res represents the residuals.
Hy 1 x 1 4 ZO

: b i X= a; then the er-
Hn 1 X Yo Uy as
ror equation for the above model (1) is formulated as:
V=Y-BX )

LetY = B =

The least squares estimate is:
X = (B"PB)"'BTPB 3)

In Eq. (2), V is the column matrix of correction values for the
observed values, and in Eq. (3), P is the weight matrix of the
height differences, which is assumed to be 1 in this paper. After
obtaining the estimated values of the parameters, the accuracy
of the parameters is obtained according to the following for-
mula:

Qxx = (B"PB)™* 4)

gy =+ VTPV /(n—t) (5)
where Qyy is the covariance matrix of the three parameter esti-
mates; g, is the unit weight standard deviation; n is the number
of observed points in the cell; t is the number of unknown pa-
rameters, and here t = 4. Consequently, the slope, elevation
change rate, and errors for each cell can be calculated based on
these equations.

2) Least squares surface fitting on a regular cell using CryoSat-
2 and Sentinel-3 data

Firstly, this study divided the CryoSat-2 and Sentinel-3 radar
altimetry data within each subglacial lake region into a cell of 3
km x 3 km based on the location of each subglacial lake, and
calculated the coordinates of the center point for each cell. Be-
cause the elevation results monitored by different missions may
have deviations and the ascending and descending orbit data of
the radar altimeter tend to be offset due to the effect of orbital
anisotropy, the intermission bias and A-D bias between the
same missions need to be taken into account when solving using
the least squares model. In this paper, the descending orbit data
of CryoSat-2 is used as the baseline, and the deviations of the
ascending orbit data of CryoSat-2, the ascending orbit data of
Sentinel-3, and the descending orbit data of Sentinel-3 from the
baseline data are set as the parameters CS,CSy, SEN,CSq, and
SEN4CS, to be added to the fitting model. Finally, the least
squares model (Eq. (6)) was used to fit the altimetry data within
each cell, obtaining the rate of elevation change. Moreover, the
3o anomaly removal criterion is applied, followed by iterations.
After each iteration, data points with an absolute value of the
average elevation change greater than 10 meters are removed as
outliers until no more data points are excluded. Then the eleva-
tion change rate is obtained after outlier-removed data is ex-
ported. The model for the least squares repeat-track algorithm
is as follows:

H=ay+ a1 x + ay + azx? + a,y?
+asxy + agt + a,bs + CS + res (6)

where a, — a, are the model parameters corresponding to the
variables mentioned above; bs represents the backscatter coef-
ficient; CS is the bias between CryoSat-2 and Sentinel-3(see Eq.
(7)); res represents the residuals.

CS = CS,CS;(—1)C5atSa + SEN, €S (—1)5ENaCSa

+SEN,CS4(—1)SENaCSa (7

According to the least squares estimation model, using the foot-
point data as observed values, an error equation is constructed.
Based on the least squares algorithm, the 11 parameters in this
model are estimated.
3) Dynamic least squares fitting model based on ICESat-2 re-
peat tracks

The ATL06 product consists of 3 pairs of 6 beams each, with
a separation of 90 meters between beams within each pair and
3.3 kilometers between pairs, and this paper took each pair of
data as a processing unit for the repeat track calculation. Com-
pared with the other three kinds of data, ICESat-2 ATL06 data
has a large volume and dense distribution. To fully utilize the
data, rectangular cells are defined along the track, with specific
criteria: 100 meters along the repeat track direction, 200 meters
across repeat track direction, and a 50-meter overlap between
adjacent cells along the track. The next step involves the inver-
sion of the reference surface shape, solving for the reference
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surface and a set of corrected-height values, that represent the
time-varying surface height at the reference points. The inver-
sion process of this dynamic model mainly involves three ma-
trices:
(@) The polynomial surface shape matrix S, which describes
the spatial part of the inversion as a basis function.
S = [(X - xcenter)p <y - ycenter)q] (8)
Iy Iy
here x and y are the coordinates of the data points; X opter and
Veenter are the coordinates of the center point of cell; [, is the
scaling factor that ensures the components of S are on the order
of 1, thus improving numerical precision. We set [, = 100m,
which is approximately match the intra-pair beam spacing. The
most important aspect of this matrix is the calculation of the
polynomial degrees p and g. The rules for calculation are: p and
q cannot be 0 at the same time, the number of choices is not
more than 3 (in the along-track direction) or 2 (in the across-
track direction), thus p is not more than 3, g is not more than 2,
and the sum of p plus ¢ in the same term must not be more than
3. Additionally, p should not exceed the number of different y
values in the pair (in the across- track direction), and ¢ should
be less than the number of different x values by at least 1(in the
along- track direction) in any cycle, with the distinct values in
each direction defined at a resolution of 20 m.
(b) The matrix D represents the height-change component
of the inversion.
For the same rectangular cell, there are various cycles of data
points, each cycle of the observed elevation of hy, h, ... hyo,
then the height of the data points in the cell can be represented
as:

1 00 0 h,

01 0 0 h,

1 0O 0 h,
DxH= €©))

0 0O 1 h,

000 - 1_n><19 _h19 Jiga

here: n is the number of data points in the rectangular cell, and

D matrix is a 0-1 matrix preceding the elevation matrix.

(c) The slope change matrix S; describes the linear rate of
change in the surface slope in the along-track and cross-
track directions during the mission period.

s = [(2) (=) () =)

where: t represents the observation time of the data points,
to is equal to the midpoint between the start of the repeat
track pointing and the end of the mission. The time scale fac-
tor 7 is equal to one year (86400 * 365.25 seconds).
Estimating the surface shape, slope changes, and height time
series is achieved by forming a composite design matrix G:
G =[SS,D] (1)
The least squares estimate is:
X =(G"6)"'G"H (12)
To calculate the errors in subsequent results, this study con-
structed the covariance matrix Cp,:
Cn = ((G796)'GNC(GEI6) 6N

(10)

(13)

In Eq. (13), we constructed a diagonal matrix C;, with the diag-
onal values being the maximum of h_li_sigma? and
RDE (res)?, where RDE is the robust difference estimator.
Schematic representation of the three fitting models is shown as
Fig.S1 in appendix.

4) Correction of biases between multi-mission time series

We handled the mission biases in two main parts, for two sat-
ellite data (CryoSat-2 and Sentinel-3) with the same measure-
ment principle (radar), we set their deviations to three parame-
ters, which are added to the least-squares fitting model to solve
(see Eq. (6)).

For the three types of data (ICESat, the fusion results of Cry-
oSat-2 and Sentinel-3, and ICESat-2), which have different
measurement principles (laser and radar), we corrected the mis-
sion bias in terms of time series. For ICESat, which has no over-
lapping time period with the radar data, we selected stable areas
throughout the time period to estimate a linear change by fitting
the time series of the two missions in the neighboring time, and
then calibrated time series based on the difference between the
linear changes. For ICESat-2, which has overlapping periods
with radar data, we selected data from the overlapping periods
for correction, following the same procedure as for ICESat. The
following are the steps:

Firstly, based on different data and using various least
squares models, single-mission time series are formed (see Fig.
3(a)), and then regions with a constant rate of change through-
out the time period (cells with a change rate less than 1 cm/y)
were selected to estimate a linear variation by fitting the time
series of two missions at adjacent times, and calibrated based
on the difference between the linear variations (see Fig. 3(b)).
The data period for the fitting is from 2006 to 2014 for aligning
ICESat and CryoSat-2 with Sentinel-3, and from 2020 to 2023
for aligning CryoSat-2 with Sentinel-3 and ICESat-2. After cor-
recting the bias between the different missions, the time series
of the three individual tasks were combined to form a consistent
and continuous sequence of long-term elevation changes (see
Fig. 3(c)).

C. Basic Principles of Subglacial Drainage Path Detection

Subglacial lake locations and volumes are determined by
subglacial hydrology, and the flow and storage of subglacial
water are controlled by the basic hydraulic potential. Liquid
water beneath the ice sheet flows outward under the influence
of subglacial water pressure potential, impacting the underly-
ing bedrock topography and converging into subglacial drain-
age pathways. Therefore, the analysis of water pressure poten-
tial can be employed to deduce drainage pathways. Shreve
proposed that water pressure potential is a function related to
the ice surface elevation and bedrock elevation [64]. The cal-
culation formula is:

D =pigZs + (pwg — Pig)Zy (14)
where @ is the hydraulic potential in units of pressure; p;(971
kg/m?) and p,, (1000 kg/m?) are the densities of ice and water,
respectively. Z; and Zj, represent the heights of the ice surface
and bedrock relative to the geodetic datum, and g is the gravi-
tational acceleration.
Dividing both sides of Eq. (14) by the unit weight of freshwa-
ter (py,g) transforms it into water pressure potential in units of
elevation:
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o= 2 _PigZst wg = iDLy _ Pi,  Pw P
Pwg pwg Pw " Pw
This study utilized ice surface elevation data from the

REMA dataset and bedrock elevation data from the BedMa-
chine dataset to calculate hydraulic potential. The depression
filling model from the hydrological analysis module in the
ArcGIS toolkit was employed to fill local depressions, result-
ing in a depression-free raster map of hydraulic potential. Sub-
sequently, models for flow direction, flow accumulation, and
river network classification were applied to obtain the final
drainage pathways.

IV. RESULTS

A. The elevation change results for Totten;

This study first calculated the elevation change rates for all
ICESat repeat tracks in the study area. The analysis revealed
consistent elevation change rates in the subglacial lake region,
allowing the determination of the basic locations of three sub-
glacial lakes and the repeat track numbers of ICESat elevation
data passing through each subglacial lake. The tracks covering
Totten; are Track 107 and Track 145, and it can be seen from
the rate of change graph (Fig. 4) that the average elevation
change of Totten; is decreasing during the period of 2003 to
2009, the average rate of change of the elevation in the lake is
—0.122 + 0.06 m/y.

Fig. S2 depicts the error (cana) in the average change rate of
Totten; subglacial lake from 2003 to 2009. Points with larger
errors are distributed in areas with rough terrain (rough surface),
and overall, the errors within the lake are larger than those out-
side the lake. This is attributed to the more frequent activity
within the lake compared to the surrounding areas.

After determining the repeat tracks passing through subgla-
cial lake and the average elevation change rates for each track,
the elevation change rates for each repeat track were multiplied
by relative time to calculate the elevation change, and the ele-
vation change was interpolated to obtain the length of the repeat
track in the lake. Fig. 5 shows the elevation change results for
Track 107 and Track 145 passing through Totten; subglacial
lake, representing the elevation change during different periods
of ICESat missions. The positions of the two red vertical lines
indicate the intersection points of the repeat track with the lake
boundary, where L1 and L2 represent the lengths of the repeat
tracks within the lake. The interpolated lengths are approxi-
mately 28 km for L1 and 42.5 km for L2. From these two fig-
ures, it can be observed that Track 107 and Track 145, these two
repeat tracks, exhibit consistent elevation change trends over
time. From September 2003 to June 2005, the surface elevation
of the Totten, ice sheet was continuously decreasing, reaching
a maximum decrease of about 5 meters in November 2005. Sub-
sequently, an increase in water volume led to a rising trend in
surface elevation, with a slow increase of about 1 meter from
November 2005 to November 2006. From November 2006 to
November 2008, a rapid increase in water volume caused the
surface elevation of the ice sheet to rise by about 3 meters.

For the elevation change monitoring from 2010 to 2023, this
study combined the use of CryoSat-2 and Sentinel-3 data. As
shown in Fig. S3, the trend of surface elevation change for the
Totten; subglacial lake is not constant during the period from

Zp(15)

2010 to 2023. As shown in Fig. 6, from 2010 to 2019, the aver-
age elevation change exhibits a slow increasing trend, with an
average rate of 0.09 + 0.01 m/y. Moreover, from 2019 to 2023,
the elevation change accelerates, showing a faster increase with
an average rate of 0.2 + 0.06 m/y. Overall, there is a pattern of
gradual increase followed by a more rapid ascent, and the ac-
tivity within the lake is significantly more pronounced than out-
side the lake.

To validate the precision of the elevation change results ob-
tained from CryoSat-2 and Sentinel-3 altimetry data, this study
incorporated ICESat-2 satellite altimeter data to monitor the el-
evation changes of the three subglacial lakes from 2019 to 2023.
There are 11 repetitive tracks passing through the subglacial
lake of Totten;, Fig. 7 represents the average change rate from
2019 to 2023 calculated from ICESat-2 data, the maximum
value of 0.98 + 0.03 m/y is obtained at (-69.99°S, 107.38°E).
The cell containing the location of the peak value (red box in
Fig. 6(b)) includes this point, and the peak value is 0.979 +
0.12 m/y consistent with the monitoring results of ICESat-2.
Although the measurement principles of the two types of data
are different and we used different fitting methods for the two
types of data, the final elevation change results are spatially dis-
tributed consistently and numerically almost identical. And the
two red vertical lines in Fig. 8 represent the intersection points
of repeated tracks with the subglacial lake boundary, displaying
the elevation change results for Track 1139 (the first beam pair)
and Track 1192 (the first beam pair). The elevation change
trends of the two tracks are generally consistent within the Tot-
ten; subglacial lake, exhibiting an increase followed by a de-
crease. The elevation change shows a continuous increase from
March 2019, reaching a maximum elevation increase of approx-
imately 4 meters around October 2022, followed by a slight de-
crease.

B. The elevation change results for Totten,

As shown in Fig.9, the tracks covering Totten, are Track 11,
Track 211, and Track 130, and the mean elevation change of
Totten; is decreasing from 2003 to 2009, and the mean rate of
elevation change in the lake is —0.19 + 0.05 m/y. Fig.S4 rep-
resents error of the average elevation change rate.

Fig.10 shows the results of elevation changes of Track211
and Track130 covering the subglacial lake of Totten, (Trackl11
is not shown). The length L1 of Track 211 in the lake is about
36 km, and the length L2 of Track 130 in the lake is about 29.5
km. Furthermore, it can be seen that Totten; is more active than
Totten; in this time period. From October 2003 to June 2005,
the surface elevation of the Totten, ice sheet consistently de-
creased, reaching a maximum decline of about 2 meters in June
2005. Additionally, the elevation change trends of the three
tracks are not consistent over time, the reason is that when the
water flows to different areas of the subglacial lake, the subgla-
cial terrain and blockage lead to deviations in the time of eleva-
tion change in each area [5].

As shown in Fig. S5, it can be observed that the overall mean
elevation change of Totten, subglacial lake during the period of
2010-2019 had small fluctuation. As shown in Fig. 11, the av-
erage elevation change showed a slow rising trend with a rate
0f 0.07 £ 0.02 m/y from 2010 to 2019; in the period from 2019
to 2023, there was a faster rising trend with an average elevation
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change rate of 0.2 + 0.005 m/y. The overall trend of slow rise
and then rapid rise is basically consistent with the trend of Tot-
ten; subglacial lake in this time period.

The ICESat-2 ATLO06 data passed through the Totten, subgla-
cial lake with a total of 22 repetitive tracks, Fig. 12 represents
the average change rate from 2019 to 2023 calculated from ICE-
Sat-2 data, the maximum value of 0.79 £+ 0.02 m/y is obtained
at (-70.75°S, 110.9°E). The cell containing the location of the
peak value (red box in Fig. 11(b)) includes this point, and the
peak value is 0.79 + 0.13 m/y consistent with the monitoring
results of ICESat-2. And the positions of the two red vertical
lines in Fig. 13 indicate the intersections of the repetitive tracks
with the boundary of the subglacial lake. The elevation change
results for Track 887, involving two pairs beam, exhibit a con-
sistent trend. And the elevation changes in the range of the sub-
glacial lake of Totten, are first increasing and then decreasing,
firstly increasing continuously from March 2019 and reaching
a maximum increase of about 2.4 m in October 2021, and then
decreasing, with a maximum decrease of 0.5 m.

C. The elevation change results for Wilkes;

The tracks covering Wilkes; include Track 145 and Track 130.

As shown in Fig. 14, it is evident that Wilkes; experienced an
average elevation increase from 2003 to 2009, with an average
rate of change of elevation of 0.22 + 0.03 m/y. Fig.S6 repre-
sents error of the average elevation change rate.

Fig. 15 shows the results of elevation changes of Track 145
and Track 360 covering the Wilkes; subglacial lake, the length
of L1 in the lake is about 31 km and L2 is about 28 km. The
elevation trends of Track 145 and Track 360 are consistent,
showing a continuous ascent in the surface elevation of the
Wilkes; ice sheet from 2003 to 2009. Before 2006, there was a
slow increase, with an increase of 0.8 + 0.04 meters in Novem-
ber 2006. After November 2006, the water level accelerated, re-
sulting in the maximum elevation of the ice surface in Novem-
ber 2008, reaching an increase of 3 + 0.09 meters.

The Wilkes; subglacial lake remained in a steady state during
2010-2023(see Fig. S7 and S8), without significant drainage or
filling, and with less overall activity. ICESat-2 data encompass
a total of 16 repeated tracks over Wilkes; subglacial lake. The
elevation changes along these repeated tracks do not exhibit
pronounced variations, as not explicitly presented in the paper.
This lack of discernible elevation changes indicates a relatively
stable condition with minimal water filling or drainage activi-
ties during this period, suggesting that the lake's water, once
filled during the ICESat period, remained stored, maintaining a
stable state from 2010 to 2023.

D. Establishing a continuous time series of mean elevation
changes

Considering the topographic differences beneath the ice lead-
ing to temporal deviations in elevation trends among various
repeated tracks and cells, this study employed a weighted aver-
age to generate a mean elevation change sequence within the
subglacial lake. Additionally, accounting for the influence of
snow accumulation and other driving force events, in this paper,
we defined a rectangular outside the lake of size two times the
length and width of the lake as a buffer area. We consider that
mean elevation change within the buffer area outside the lake

outline represents long-term changes of ice sheet. The relative
average elevation change sequence within the lake was calcu-
lated by subtracting the average elevation change within a
buffer area outside the lake outline from the average elevation
change inside the lake (see Fig. 16). The average surface eleva-
tion of the Totten; subglacial lake experienced a decrease of ap-
proximately 2 meters from October 2003 to November 2005,
followed by an ascent of 1.5 meters from November 2005 to
March 2009. During the period from 2003 to 2009, there was a
sequence of drainage followed by water influx activities. From
2011 to 2019, the lake remained relatively stable, and from
2019 to 2023, there was a water influx leading to an elevation
increase of about 2 meters. The Totten, subglacial lake exhib-
ited frequent inflow and outflow activities from 2003 to 2009,
demonstrating periodic variations. The maximum descent dur-
ing this period was approximately 1 meter. From 2011 to 2019,
it remained relatively stable with a slight upward trend. Subse-
quently, the average elevation continued to increase, with a
maximum rise of about 1.5 meters. The average surface eleva-
tion of the Wilkes: subglacial lake consistently increased from
2003 to 2009, with a maximum rise of around 1 meter. Subse-
quently, there were no significant drainage or water influx ac-
tivities, maintaining a stable state until 2023.

To validate the accuracy of the time series in this study, we
compared our results with previously published research (See
table 1 for details). Qiuyang Zhao utilized ICESat data and em-
ployed the least squares method to calculate the elevation
changes of three subglacial lakes from 2003 to 2009 [34], and
the trend and the size of the peaks in this paper were in high
agreement with them. Siegfried not only utilized ICESat data
but also integrated CryoSat-2 data, extending the elevation time
series of these three subglacial lakes to 2016 using the differen-
tial DEM method [4]. Our research results for this time period
exhibit good consistency with theirs, with some slight discrep-
ancies that may be attributed to differences in the calculation
methods employed. In summary, the outcomes of this study
demonstrate a certain level of reliability, respectively.

E. Hydrologic paths between subglacial lakes

After analyzing the dynamic characteristics of the three sub-
glacial lakes, this study utilized REMA and BedMachine data
to generate a drainage path map for the Totten Glacier basin. As
shown in Fig. 17, the base map represents hydraulic potential,
blue lines depict the paths of water flow, and black lines indi-
cate the positions and outlines of the three subglacial lakes. The
water potential energy in the region gradually decreases from
around 2500 m in the northwest direction to approximately
1500 m in the southeast direction. Combining the topography
and drainage paths, it can be inferred that the main flow direc-
tion of subglacial water in this region is from northwest to
southeast, ultimately flowing towards the Budd Glacier. Totten;
subglacial lake is located downstream of Totten, subglacial lake,
and Wilkes; subglacial lake is situated at the furthest down-
stream position. Moreover, Totten, and Wilkes; are located in
the different sub-tributaries of same main stream, and Totten;
is located in the tributary of the other main stream.
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V. DISCUSSION

A. Bias between the CryoSat-2 and Sentinel-3 missions

In this study, two different radar data with overlapping obser-
vation times were added to the same fitting model to fuse the
mission bias between different missions with the AD bias be-
tween the same missions and correct for both parts of the bias
in a single calculation. Fig. 18 demonstrates the results of the
three bias parameters of CryoSat-2 and Sentinel-3 in Eq. 9, Fig.
18(a) represents the parameter CS,CSq, Fig. 18(b) represents the
parameter SEN,CSq, and Fig. 18(c) represents the parameter
SEN4CS,. It is evident that even within the same mission, dis-
crepancies exist between ascending and descending tracks. The
deviation between the ascending and descending tracks of Cry-
oSat-2 is mostly within 1 meter, with higher discrepancies, up
to 4 meters, observed in topographically complex regions, as
indicated by terrain analysis. From Fig. 18(b)(c), it can be seen
that the bias between CryoSat-2 descending orbit data and Sen-
tinel-3 ascending and descending orbits is quite large, which is
due to the fact that the Sentinel-3 data has a large footprint com-
pared with the CryoSat-2 SARIn data and the accuracy is not as
good as that in the interior of the flat ice sheet in the steep areas
along the edge of the Antarctic ice sheet. Additionally, compar-
ing with Fig. 18(b)(c), it indicates that the bias between Senti-
nel-3 ascending tracks and CryoSat-2 descending tracks is
slightly larger than the bias between Sentinel-3 descending
tracks and CryoSat-2 descending tracks, that’s because Fig.
18(b) contains not only the bias between the two missions but
also the AD bias, while Fig. 18(c) contains only the latter. Fur-
thermore, in the study by [51], 23,866 measurement points un-
der CryoSat-2 SARIn mode were collectively analyzed to com-
pare the deviation with Sentinel-3 data. The result showed a de-
viation of 0.53 + 19.1 m, confirming that the bias between
these two datasets fluctuates significantly with changes in ter-
rain. This validates the rationality of the results obtained in this
study.

B. Dynamic non-linear least squares model

Given the abundant and densely distributed nature of ICESat-
2 ATLO6 data, this study employs dynamically selected fitting
models based on the data density, spatial distribution, and tem-
poral distribution within the gridded segments along the tracks.
In contrast to the fixed-plane model used for ICESat data and
the fixed-surface model used for CryoSat-2 and Sentinel-3 data,
the dynamic fitting models not only improve data utilization ef-
ficiency effectively but also provide a more accurate represen-
tation of the actual topography, enhancing the precision of ex-
tracting elevation changes. Furthermore, for ICESat-2 ATL06
data, this study incorporated a non-linear elevation change term,
namely, the elevation change component matrix D. In compar-
ison to the traditional linear temporal variation used in repeated-
track fitting models, which assumes a linear change in elevation
over time, the surface elevation changes are often non-linear
and can be quite complex. In some regions with non-linear
trends in ice sheet elevation changes, using linear segments may
result in distortion. By replacing linear change terms with non-
linear ones, the study effectively avoids distortions in the de-
rived elevation changes, thus improving the accuracy of captur-
ing the dynamics of ice sheet surface elevation changes.

Fig. S9 illustrates the distribution of standard deviations for
the three subglacial lakes, with the largest standard deviation
around 0.3. In Fig. S10, the error of parameter hig is presented,
with the maximum error being around 0.01. It can be observed
that the errors do not exhibit a clear spatial pattern. The fitting
results show good performance in both gently sloping and steep
terrain regions. As a result, this method is applicable to a wide
range of terrains.

C. The changes in the outline of the Totten, subglacial lake

In this paper, we utilized results derived from ICESat-2
ATLO6 data to plot the elevation change time series for the three
subglacial lakes relative to June 2019 (see Fig. 19), aiming to
assess the lake boundaries generated by Smith. Based on the
elevation change sequences from 2019 to 2022, it is observed
that the derived elevation anomalies for the Totten, subglacial
lake using ICESat-2 exhibit a noticeable mismatch with Smith
defined lake boundary. The lake boundary has transformed
from its original regular elliptical shape into an irregular form,
and there is an overall southeastward shift. This indicates two
aspects: firstly, subglacial lake boundaries are not static or sta-
ble and can undergo significant shifts through filling-draining
cycles. Secondly, the higher spatial resolution data provided by
the ICESat-2 satellite can supplement and update sparse, low-
precision data from earlier missions to yield critical subglacial
lake boundary information, revealing the true dynamic changes
in lake boundaries. In the future, it is advisable to integrate the
existing lake outlines with the height anomalies derived from
ICESat-2 data. Reevaluate the list of active subglacial lakes us-
ing ICESat-2 data to refine or update the previous lake outlines.
This will enhance the quantification of the dynamic impact of
lake activities on the surface ice elevation. Our study has uti-
lized ICESat-2 data to demonstrate that lakes can undergo
movement over extended periods, emphasizing the suitability
of investigating long-term subglacial lake dynamics based on
this phenomenon.

D. Comparison of results for different missions with overlap-
ping times

The study selected three grid cells located within the interiors
of the three subglacial lakes, the coordinates of point 1, 2 and 3
are (2076500, -655500), (1965500, -749500), and (2224500, -
674500). The time series for the period 2019-2023 was jointly
generated using CryoSat-2 and Sentinel-3 data, and the results
were compared with the time series generated from ICESat-2
ATLO6 data. As depicted in Fig. S11, the two time series exhibit
overall consistency in the surface ice elevation changes of the
three lakes from 2019 to 2023. However, specific values show
some discrepancies, with deviations of approximately 0.1 +
0.05 meters at the locations of these subglacial lakes. Previous
research suggests that there might be factors contributing to the
discrepancies between the two time series. Firstly, a typical
characteristic of radar altimeters is their ability to penetrate
through the overlying snow layer on the ice sheet, causing pen-
etration effects. These effects can vary over time, and despite
we have added the backscatter coefficient to the fitting model
to reduce the effect of this feature of the radar altimeter on re-
sults, it only represents a partial correction and may not com-
pletely offset the effects. In addition, there are differences in
snow penetration effects between different satellites, resulting
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in some of the inter-mission bias. Although we applied the same
backscatter coefficient to the radar data from different sources,
the remaining effect due to differences in penetration depth of
different satellite altimetry measurements should be covered by
the inter-mission bias parameters (CS,CSq, SEN,CSy, SENaCSy).
For data from laser altimetry satellites (ICESat and ICESat-2),
the snow penetration effect is negligible and therefore the
backscatter coefficient is no longer included in the correspond-
ing fitted models [2]. In addition, studies indicate that in regions
with complex ice sheet surface topography, the differences be-
tween time series generated from CryoSat-2 and ICESat-2 data
are more pronounced. The roughness of the ice surface may also
introduce biases in the results of radar signal sampling. Addi-
tionally, due to the larger footprint of radar altimeters compared
to lidar altimeters, the grid size used in fitting radar data needs
to be adjusted for optimal fitting results, which is not an issue
for lidar data. While these factors are crucial, formal quantifi-
cation is challenging. For areas with complex terrain at the mar-
gins of ice sheets, radar altimetry data may not perform as well
as lidar altimetry data in studying real ice surface elevation
changes.

E. Subglacial lake hydrological analysis

Hydrological connectivity refers to the existence of connect-
ing channels between subglacial lakes. When the water level in
some subglacial lakes continues to rise sufficiently to overcome
hydraulic barriers or when effective siphoning is produced
through water infiltration from the watershed, lake drainage oc-
curs. Water flows through connecting channels into surround-
ing subglacial lakes, resulting in the phenomenon of water ex-
change [1]. The inflow and outflow of subglacial lake water are
mainly influenced by the upstream and downstream tributaries.
The water from the upstream tributaries, after converging into
the main stream, affects the water volume in downstream trib-
utary lakes. Therefore, Totten; is hydrologically linked to
Wilkess, while changes in the water volume of Totten, subgla-
cial lake aren’t affected by the other two subglacial lakes. Dur-
ing the period from 2003 to 2009, Totten; experienced rela-
tively frequent inflow and outflow. When the water from the
lake converged into the main stream, it flowed downstream,
causing an increase in water volume in the downstream Wilkes;
subglacial lake, but the increase was smaller than the decrease
in the water volume of upstream Totten;. Between 2010 and
2023, water volume changes in the upstream Totten; subglacial
lake exhibited a slow filling phase followed by a faster filling
phase, with no drainage events occurring. Meanwhile, the
downstream Wilkes; subglacial lake remained in a stable state
during this period. This indicates that the downstream Wilkes,
subglacial lake responded to the filling events of the upstream
Totten.

Smith categorized hydrological connections between subgla-
cial lakes based on the water volume flowing from one subgla-
cial lake to a nearby lake [39]. The three types of hydrological
connections identified are: direct hydrological connection, par-
tial hydrological connection, and no apparent hydrological con-
nection. We conducted a comparative analysis based on previ-
ous research, Wright et al. (2012) studied the hydrological link-
age between the watershed of the Aurora Subglacial Basin
(ASB) in East Antarctica and the ice sheet margin. They

concluded that Totten, subglacial lake, located in the upstream
region of the ASB, contributes to the subglacial water flow to-
ward the Totten Glacier, ultimately draining into the ocean be-
neath the floating ice shelf east of Law Dome [65]. Therefore,
the activity of Totten, subglacial lake was influenced by hydro-
logical changes originating from the upstream ASB region,
hundreds of kilometers away. Due to the relatively small se-
lected study area in this paper and the use of different bed to-
pography data, the drainage paths generated in this study differ
slightly from those presented by A. P. Wright, but Totten, was
still on a different mainstem than Totten; and Wilkes; in their
study. Therefore, we hypothesize that Totten, is not signifi-
cantly hydrologically connected to Totten; and Wilkes;.

VI. CONCLUSIONS

In this paper, the surface elevation of three subglacial lakes
(Tottens, Totten,, and Wilkes;) in the Totten region of Antarc-
tica are analyzed from 2003 to 2023 using a combination of two
types of satellite altimeters, ICESat and ICESat-2 (laser altim-
eters) and CryoSat-2 and Sentinel-3 (radar altimeters), the focus
is on studying their hydrological activities. Considering the dif-
ferent data volumes and spatial-temporal distributions, different
least squares fitting models are employed for the various da-
tasets. The classic repeat-track algorithm is used for ICESat
data, a least squares surface fitting algorithm incorporating the
deviation between different missions is used for CryoSat-2 and
Sentinel-3, and a dynamic nonlinear least squares fitting algo-
rithm is used for ICESat-2 data. This approach establishes con-
tinuous time series of elevation changes for the three subglacial
lakes in the Totten region from 2003 to 2023. Additionally, this
study combined REMA and BedMachine data to simulate the
subglacial drainage pathways in the region, analyzing the hy-
drological connections among the three subglacial lakes. The
long-term elevation change sequences constructed in this study
reveal that Totten; and Totten, subglacial lakes show overall
frequent activity with potential periodicity from 2003 to 2023.
Wilkes; subglacial lake experiences continuous water level in-
crease from 2003 to 2009, followed by a stable state until 2023.
The water level changes and subglacial drainage pathways sug-
gest a certain degree of correlation among these three subglacial
lakes. The monitoring results of CryoSat-2 and Sentinel-3 with
overlapping time intervals are consistent with the results from
ICESat-2, demonstrating the capability of ICESat-2 to monitor
the activity of active subglacial lakes on shorter time scales. The
study also indicates that CryoSat-2 and Sentinel-3 altimeters
can serve as a bridge between ICESat and ICESat-2, enabling
the monitoring of long-term hydrological activities of active
subglacial lakes in Antarctica.

In addition, this study's methods and data have limitations.
Firstly, due to differences in satellite configurations and the in-
fluence of factors such as snow accumulation and ice surface
roughness, the methods used in this study cannot completely
eliminate the deviation between different missions. Secondly,
limitations in the precision of ice surface elevation and bedrock
elevation data may result in discrepancies between the drainage
pathways generated in this study and those in previous research.
Therefore, further research is needed to rigorously and accu-
rately address the deviation between different missions and to
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refine the understanding of the hydrological connections among
the three subglacial lakes.
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TABLE |
COMPARISON WITH PREVIOUS STUDIES
Author Study time Results
Data Totten Totten; Wilkes,
Qiuyang Zhao 2003-2009 periodic changes with a cycle of
ICESat -0.117 mly approximately 33 months, reach- 0.18 mly
ingapeakof 1 m
2003-2009 periodic changes with a cycle of
ICESat -0.109 m/y approximately 33 months, reach- 0.1 mly
ing a peak of 1.1m
Siegfried
2011-2016 0.2 mly experienced small height fluctua-  steady state
CryoSat-2 tions
2003-2009 -0.122 mly periodic changes with a cycle of  0.22 m/y
ICESat approximately 33 months, reach-
ing apeak of 1 m
2010-2019 CryoSat-2 Sentinel-3
This study 0.09 m/y 0.07 mly steady state
2019-2023
CryoSat-2 Sentinel-3 0.2 mly 0.2 mly steady state
ICESat-2
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APPENDIX
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Fig S1. Schematic representation of the three fitting models. For ICESat-2, when the number of data points is less than threshold
in the cell, the fitted surface piece is presented as a plane, like (a); when the number of data points in the cell exceeds threshold,
the fitted surface is presented as a surface, like (c).
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Fig S3. Average surface elevation change rate for Totten; from 2010 to 2023 from
CryoSat-2 and Sentinel-3 data.
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Fig S5. Average surface elevation change rate for Totten, from 2010 to 2023 from
CryoSat-2 and Sentinel-3 data.
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Fig S7. Average surface elevation change rate for Wilkes; from
2010 to 2023 from CryoSat-2 and Sentinel-3 data.
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Fig S8. Average surface elevation change rate for Wilkes; based on ICESat-2 data.
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Fig S11. (a) The positions of the selected cells within the interiors of the three lakes; (b) The elevation time series for point 1;
(c) The elevation time series for point 2; (d) The elevation time series for point 3.

TABLE Sl
SUMMARY OF ALTIMETRY DATA USED IN THE STUDY
Satellite Years Cycle Footprint Footprint Website
diameter spacing

ICESat 2003.02-2009.10 91 days ~70m ~170 m https://nsidc.org/data/icesat
CryoSat-2 2010.08-2023.06 369 days ~1.65 km ~300 m https://cs2eo.org//
Sentinel-3A 2016.06-2023.06 27 days 300 m 1.6~3 km https://dataspace.copernicus.eu/
Sentinel-3B 2018.05-2023.06 27 days 300 m 1.6~3 km https://dataspace.copernicus.eu/

ICESat-2 2018.10-2023.06 91 days ~17m ~0.7m https://doi.org/10.5067/atlas/atl06
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