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Abstract: The latest laser altimetry technology employed by NASA’s Ice, Cloud, and Land Elevation
Satellite-2 (ICESat-2) enables the capture of denser and more precise spatial details. Here, we utilize
ICESat-2 data from September 2018 to July 2022 to replicate and analyze the dynamics of the recov-
ery ice stream’s subglacial lake system. To investigate the pathways of subglacial water transfer and
determine the outline of subglacial lakes, we employ the differential digital elevation model (DEM)
method to depict the surface elevation changes of each subglacial lake at monthly intervals. Our
findings indicate significant migration in the activity location of 4 lakes. Notably, Recl, previously
regarded as a single lake, performed as two distinct lakes during the study. Furthermore, we iden-
tify two large-scale lakes with subglacial water flux reaching 0.5 km?3.
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1. Introduction

The Recovery Ice Stream (RIS) is one of the longest ice streams in Antarctica [1], an-
nually discharging a significant mass of ice into the Southern Ocean [2]. Beneath the RIS
are numerous active subglacial lakes whose drainage and storage directly impact the flow
velocity of the entire ice stream [3,4]. This, in turn, has a considerable influence on ice
dynamics, grounding line stability, and the mass balance of the East Antarctic Ice Sheet
[4]. Previous research based on surface structure characteristics and radio-echo sounding
(RES), also known as ice-penetrating radar, has revealed a significant number of subgla-
cial lakes in RIS upstream [5]. These lakes are closely associated with the development
and rapid movement of the RIS. Ever since scientists discovered that surface deformation
resulting from subglacial lake activity leads to anomalously large features [6], numerous
active lakes within the RIS basin have also been captured by ICESat data [7,8]. Smith et al.
confirmed the positions of 11 active lakes beneath the RIS by calculating elevation changes
using 4.5 years of ICESat data [3]. However, due to the sparse nature of the ICESat track,
accurately determining the lake surface area and estimating changes in subglacial water
volume proved challenging [3]. After the retirement of ICESat in 2009, the 11-year Ice-
Bridge campaign conducted multiple investigations in the RIS basin, providing years of
airborne altimetry data and ice radar data [9]. Fricker et al. were the first to combine ICE-
Sat data, IceBridge datasets, and MODIS imagery, extending the monitoring record of
subglacial lakes within the RIS until 2012, revealing the activity of the RIS’s subglacial
lake system [10].

In this study, we utilized all the ICESat-2 data from September 2018 to August 2022
to quantitatively measure the elevation changes of the known active subglacial lakes cor-
responding to the ice surface in the RIS. This allowed us to assess the accuracy of past
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subglacial lake outlines and quantitatively estimate the magnitude of water filling and
drainage during each subglacial lake activity. Furthermore, we conducted a comprehen-
sive analysis of the hydrological connections among subglacial lakes within the Recovery
Glacier basin. We successfully monitored active subglacial lakes on a time scale shorter
than the repeat cycle of ICESat-2, capturing subglacial lake activity with higher precision,
detail, and speed compared to previous studies.
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Figure 1. Map of subglacial lakes of RIS and study area. Cyan polygons indicate hypothesized loca-
tions of active subglacial lakes [11], and gray-filled circles represent stable subglacial lakes [12]. The
white bold line corresponds to the boundary of the Antarctic drainage basin [13], and the black bold
line represents the grounding line [14]. The area within the dark red box in Figure 2 is highlighted,
with the underlying map depicting the overlaid ice flow velocity from MOA [15-17]. The inset in
the bottom left corner shows the location of Figure 1 [18].
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Figure 2. Spatial and temporal changes of the subglacial lakes in the RIS. Maps of subglacial lake
surface-height anomalies for (a) RIS downstream during October 2019-December 2019 and (b) RIS
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upstream during April 2022-June 2022, with the derived subglacial lake time series for (c) Recl-1,
Recl1-2, Rec2, Rec3, and (d) Rec4, Rec5, and Rec6. The derived new lake outline colors in (a,b) corre-
spond to the time series in (c,d). The lake outlines of Siegfried et al. appear as black blocks with 70%
transparency. The white arrows indicate the direction of the RIS.

2. Area and Data

Our study area encompasses the drainage basin of the RIS, located in the Queen
Maud Land region of Eastern Antarctica. It spans an approximate area of 996,000 square
kilometers, accounting for around 8% of the total area of Southeast Antarctica [19]. In the
inventory of active subglacial lakes published in 2018, 9 of them were from the RIS[11].
They constituted the initial lake outlines utilized in our study. In addition to the active
subglacial lakes, six non-active lakes have been identified upstream of the RIS through
radar or seismic surveys [12]. In this study, we selected the six subglacial lakes situated
along the trunk of the RIS as our interest area.

The ICESat-2 data covers all known active subglacial lakes [20]. We conducted exper-
imental analysis on selected active subglacial lakes of the RIS based on the level 3a ATL06
data (Land Ice Height), v005 [21,22]. The ATL06 data provides average heights along the
orbit direction, with a 40-m segment used for averaging and a 20-m along-track resolution.
Considering the precision and spatial distribution characteristics of ATL06 datasets, we
have devised an improved approach, according to Siegfried et al. [20], to maximize the
advantages of the ICESat-2 data and reconstruct the activity of subglacial lakes within the
RIS.

3. Methods
3.1. Lake Activity from ICESat-2 ATLO6 Measurements

We downloaded complete ICESat-2 data from September 2018 to August 2022 for
subglacial lake detection. Firstly, we applied a basic initial filtering scheme on the ATL06
product, using the overall quality summary flag to remove low-quality data. The remain-
ing dataset was then used to generate a reference Digital Elevation Model (DEM) in the
GMT [18] software. The height anomaly was calculated as the difference between the ac-
tual measured elevation value and the interpolated elevation value from the reference
DEM. To reduce the data input of ICESat-2, we employed a buffer zone of 10 km beyond
the initial lake contours provided by Siegfried et al. [11] as the graphical input for each
lake. Within each lake region, we computed and collected the surface height anomaly at
monthly intervals. These surface height anomalies were subsequently plotted to dynami-
cally illustrate the drainage and accumulation patterns of each lake, as shown in Figure
2a,b.

3.2. Time Series Elevation and Volume Changes

The monthly height anomaly maps indicate a remarkable migration of the lake out-
lines compared to the inventory provided by Siegfried et al. [11]. In order to better esti-
mate the water flux associated with the lake activities during each lake fill-drain cycle, we
updated the existing lake outlines. By rolling averaging the height anomalies within the
new lake outlines on a 90-day period and step by 30-day, we generated a surface height
anomaly time series. Also, the height anomaly time series of the stable ice sheet was de-
rived from estimating the elevation within a 10-km-wide annular region surrounding each
lake. To exclude interference from the elevation changes caused by ice flow velocity etc.
factors, the static ice sheet’s height anomaly time series was subtracted. The volume
change was calculated by multiplying the height anomaly by the lake area determined by
the lake outlines. To quantify the interpolation accuracy in differential DEM, we employed
a Monte Carlo approach. Initially, we excluded data from one orbit within the lake region
and used the remaining orbit data to synthesize a DEM. The difference between the syn-
thesized DEM and the actual measurements from the excluded orbit was then computed
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and statistically analyzed. This process was repeated iteratively by removing one orbit at
a time until the calculations were completed. Since the calculated elevation change errors
were smaller than the line width of the curves in Figure 2c,d, they are not shown here.

4. Results & Discussion

We discuss the elevation change and volume change of the 6 lakes, starting at the
most upstream lake and moving down-RIS. Rec6 (316 km?) has experienced an area re-
duction of nearly one-fifth. By examining MovieS2, we observe that the elevation trends
in the northeast corner of the original Rec6 are opposite to its main body, indicating an
exchange of subglacial water between Rec6 and its northeastern corner region. From late
2018 to early 2019, Rec6 underwent a period of drainage, resulting in a decrease in eleva-
tion of approximately 0.5 m. Subsequently, a prolonged period of water accumulation en-
sued, lasting until the end of the observation period. The maximum elevation changes in
the center of Rec6 reached 4.5 m, corresponding to the filling of nearly 0.5 km? of subgla-
cial water. Downstream of Rec6 are two smaller lakes, Rec4 (217 km?) and Rec5 (273 km?).
While Rec5 experienced minimal spatial repositioning, Rec4 exhibited noticeable outline
migration. The subtle elevation variations in Rec5 align closely with the activity of Recé.
For instance, during Rec6’s extended period of water accumulation, Rec5’s surface eleva-
tion exhibited a slight uplift, indicating the overflow of subglacial water from Rec6 to Rec5.
Comparing the elevation change time series of Rec4 and Rec6, it is evident that approxi-
mately seven months after Rec6 began its water accumulation, Rec4 followed suit. This
suggests that after undergoing rapid drainage, Rec6 remained at a lower water level until
it reached a certain threshold before initiating downstream water release. Towards the
end of the observation period, Rec4 gradually started its discharge in February 2022,
whereas Rect’s discharge occurred in August 2022. We speculate that this is due to Rec4
continuously releasing water to a lower water level, resulting in a sufficient hydraulic
head difference between Rec6 and Rec4, thus triggering the opening of Rec6’s floodgates
for water release.

The other 4 lakes are situated downstream of the RIS. Rec3 (58 km?) exhibited mini-
mal changes throughout the entire ICESat-2 observation period. Rec2 (539 km?), located
adjacent to the Shackleton Range, underwent two connected fill-drain cycles. The second
drainage period lasted from February 2020 until January 2022, spanning almost two years,
resulting in 1 m surface deflation. Recl, previously believed to be a single lake, was iden-
tified as two distinct lakes based on surface height anomaly maps and time series of ele-
vation changes. After a surface uplift of 0.2 m between November 2018 and April 2019,
Rec1-2 (579 km?) experienced a gradual subsidence of 0.4 m from October 2019 to August
2022. Recl-1 (101 km?) underwent a surface subsidence of 1.3 m from October 2018 to
October 2019, followed by a rapid backfilling of approximately 0.8 m over the next five
months. After a short discharge, the surface elevation of Recl-1 continued to increase by
1.4 m. Regarding the surface elevation changes of Recl-1, Recl-2, and Rec2 from 2019 to
2021, we propose the following hypothesis: Firstly, downstream Rec1-2 discharged water
into Recl-1, coinciding with Rec2 receiving subglacial water from the upstream. This
likely resulted in a hydraulic head difference, allowing the breakthrough of hydraulic bar-
riers and the continued transport of subglacial water towards Rec1-2. In the study by Sieg-
fried et al. [10], it was mentioned that Recl had two outlets for subglacial water, one to-
wards the north, through the Shackleton Range, and another towards the southwest, par-
allel with RIS. We speculate that the subglacial water rapidly opened the southwest path-
way of Recl, releasing subglacial water, and then swiftly closed in July 2020. Consequently,
all subglacial water from Rec2 and Recl-2 entered Recl-1. Furthermore, the surface uplift
of Rec2 in 2022 appears to correspond to the surface deflation of Rec4. Simultaneously,
the rate of water filling in Rec1-1 decreased accordingly.
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5. Conclusions

We have demonstrated the capability of ICESat-2 laser altimetry technology to ac-
quire unprecedented spatial and temporal details of surface elevation changes in active
subglacial lakes. By depicting dynamic patterns of surface elevation changes, we investi-
gate the hydrological processes beneath the RIS. The RIS exhibits typical characteristics of
a terrestrial river, being surrounded by mountain ranges and lying on a bedrock trough
that exceeds 2 km in depth. The 6 active lakes under the primary trunk of the RIS are
interconnected hydrologically. Based on our observations of subglacial lake activity, we
have identified that the original Recl actually consists of two separate subglacial lakes.
We have also found that the extent of the two more active lakes, Rec2 and Rec6, has de-
creased in size compared to their previously reported positions. Rec4, located down-
stream of Rec6, has undergone significant positional displacement. While we have drawn
upon existing literature that suggests the presence of two bifurcated outlets for Recl, our
experimental results provide only tentative explanations and lack direct evidence support,
indicating an avenue for future research.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1l, Video S1 and Video S2, are respectively the monthly calculated surface-
height anomalies derived from ICESat-2 over three-month periods. Video S1 covers the downstream
lakes of the RIS, while Video S2 covers the upstream lakes of the RIS.
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