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Abstract.

The dynamic activity of subglacial lakes plays a crucial role in modulating glacial dynamic processes and influencing the
mass balance of the Antarctic ice sheet. The Recovery Ice Stream (RIS), projected to experience significant mass loss in
East Antarctica during coming centuries, requires continued investigation of its subglacial hydrological activity. Prior to 2012,
nine active subglacial lakes and their dynamics in the RIS were identified through combined analysis of ICESat satellite
altimetry and IceBridge airborne altimetry data. However, recent subglacial hydrological dynamics require further investi-
gation. In this study, we investigate recent activity of nine subglacial lakes in the inventory of the RIS region using newly
available ICESat-2 altimetry data, updating their outlines based on observed activity during the ICESat-2 mission period. Fur-
thermore, we identify 14 newly active subglacial lakes designated as RecN1-RecN14. By synthesizing multi-source altimetry
data (ICESat, IceBridge, ICESat-2), we establish a 21-year (2003-2023) elevation change time series for subglacial lakes in
long-term, sustained water transport. Through crossover analysis, we precisely identify elevation changes within subglacial
lakes and elucidate spatiotemporal patterns across distinct lake sectors, revealing significant disparities between lake centers

and their peripheries with a maximum difference of 4 m (e.g., lake Rec6-1). Finally;-We also provide evidence that the original

Recl consists of two distinct lakes and analyze the hydrological connection between them. which offers new support for the
previously proposed hypothesis that there are two subglacial drainage outflows in the RIS. Furthermore, quantitative analy-
sis of volume changes within-prim: ate s-bas along the constructed subglacial hydrological networks 5
confirms effective hydraulic conneetivity between subglaciat reveals coordinated filling-draining patterns among lake clusters
in the RIS region. Specifically, we identify for the first time a cascading drainage event involving 10 lakes and spanning over
approximately 1,000 km, revealing a highly connected subglacial hydrological system in this region. This study elucidates

the hydrological dynamics of subglacial lakes in the RIS region, providing scientific basis for a deeper understanding of the

evolutionary processes of Antarctic subglacial hydrological systems.
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1 Introduction

Active subglacial lakes in Antarctica play critical roles in modulating ice stream velocities and outlet glacier dynamics (Stearns
et al., 2008; Siegfried et al., 2016), influencing subglacial hydrology (Siegert et al., 2016; Napoleoni et al., 2020), and serving
as a crucial component in understanding the mass balance of the Antarctic ice sheet (Livingstone et al., 2022). According to the
most recent comprehensive inventory of subglacial lakes, there are about 140 active subglacial lakes in Antarctica (Livingstone
et al., 2022). The Recovery Ice Stream (RIS) is located in East Antarctica, and thus far, a significant number of active subglacial
lakes have been discovered in this region (Smith et al., 2009; Fricker et al., 2014). It is predicted that RIS will become one
of the areas with severe mass loss in East Antarctica in the coming centuries, bearing consequential implications for the mass
balance of the East Antarctic ice sheet and global sea level rise (Golledge et al., 2017). Therefore, long-term monitoring of
the dynamic changes of subglacial lakes in the RIS is essential for understanding the subglacial hydrological processes in this
region and predicting potential changes in the RIS in the future (Dow et al., 2018).

The filling-draining events of active subglacial lakes are typically associated with fluctuations in surface elevation, leading
to increases and decreases in surface elevation. Therefore, satellite altimetry offers a distinct advantage by providing exten-
sive coverage and long-term data on ice surface elevations (Fricker et al., 2016), opening new avenues for identifying active
subglacial lakes and monitoring their activity (Fricker et al., 2007; Fricker and Scambos, 2009). Three primary methods are
employed to detect surface elevation changes using satellite altimetry data. The first is the repeat-track analysis method, which
involves resampling the repeated measurement tracks from different times to a reference track, allowing for the calculation of
elevation changes at the same location relative to the initial measurement time (Smith et al., 2009). This approach is commonly
applied to laser satellite altimetry data, such as ICESat and ICESat-2, due to their strictly repeatable ground tracks. The second
is the crossover analysis method. This approach involves obtaining the elevation data at the crossovers where the ascending and
descending tracks intersect, and then differencing the elevation data to obtain the changes at the same location over different
time periods (Fricker et al., 2010; Leong, 2021). This crossover analysis method can be applied to both laser altimetry data,
such as ICESat (Shi et al., 2009), and ICESat-2 (Leong, 2021), as well as radar altimetry data, such as Envisat (Fricker et al.,
2010). The third is the differencing digital elevation model (DEM) method. This method involves establishing a reference DEM
or incorporating an external DEM, and then comparing it with satellite altimetry data collected at different times to calculate
the surface elevation changes over a specific time interval (Siegfried and Fricker, 2021; Fan et al., 2023). In recent years, the
commonly used radar altimetry satellite CryoSat-2 employs SARIn mode to monitor active subglacial lakes. In this mode, the
distribution of data points are relatively sparse, rendering both repeat-track analysis and crossover analysis less applicable.
In response to this situation, the DEM differencing method is often adopted. This approach involves accumulating sufficient
altimetry data over a specific period to generate a DEM, which are then compared to the reference DEM (Kim et al., 2016),
thus obtaining surface elevation changes over a specific time interval and facilitating the monitoring of elevation changes in
subglacial lakes.

In the RIS region, the first four subglacial lakes (referred to here as Lakes A-D) were identified using a combination of

ice surface elevation changes from ICESat and satellite imagery (Bell et al., 2007). These lakes are located in extensive, flat,
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and featureless ice surface areas, delineated by upstream troughs and downstream ridges. In subsequent studies, Langley et al.
(2011) and Diez et al. (2019) examined the subglacial environments of these lakes and found that only the southern part of Lake
A had a typical subglacial lake area, while the other areas had drained and had wet beds. Downstream from Lakes A-D, Smith
et al. (2009) identified 11 active subglacial lakes based on surface elevation changes from repeat-track analysis using ICESat
data between 2004 and 2008. This study also offered initial evidence of hydrological connectivity within the RIS (Smith et al.,
2009). By combining ICESat satellite altimetry data and IceBridge airborne altimetry data, using an improved repeat-track
analysis that divides tracks into narrower strips for closer repetition to reduce cross-track slope errors compared to Smith et al.
(2009), the active subglacial lakes in RIS were re-investigated, and the existence of nine subglacial lakes (Rec1-Rec9) between
2003 and 2012 was ultimately confirmed (Fricker et al., 2014).

Previous studies utilized satellite altimetry data to monitor subglacial lake activity in the RIS region until 2012. According
to simulations based on the Glacier Drainage System model (GlaDS), the basal hydrological system of the RIS has maintained
an active state and is expected to continue this activity in the long term (Dow et al., 2018). Following the retirement of ICESat,
a significant gap in continuous monitoring has limited our understanding of recent changes. The CryoSat-2 radar satellite
provides only partial coverage through its SARIn mode, limited to lakes Recl and Rec2. During this monitoring gap, the
Operation IceBridge airborne mission offers a valuable alternative, providing not only comprehensive coverage for lakes Recl
through Rec6 but also extensive repeat survey data for the RIS over multiple years (Fricker et al., 2014). These features make
IceBridge a significantly better choice for studying this area compared to CryoSat-2. Furthermore, the successful launch of
ICESat-2 provides high-resolution and high-accuracy altimetry data of the Earth’s surface, offering valuable opportunities for
detailed investigation of the recent dynamics of subglacial lakes in the RIS region.

In this paper, the recently active subglacial lakes in the RIS region are investigated by using new satellite altimetry data from
ICESat-2. The outlines of subglacial lakes in the inventory are updated, and several new subglacial lakes are also identified.
Additionally, by integrating altimetry data from ICESat, IceBridge, and ICESat-2, the time series of elevation changes in
subglacial lakes within the RIS region from 2003 to 2023 is obtained. Additionally, through crossover analysis, the variations in
elevation changes at different locations within the lakes are investigated. Finally, the hydrological connections among subglacial

lakes in the RIS are identified based on the subglacial hydrological networks and volume changes of the subglacial lakes.

2 Study area and data
2.1 Study area

The Recovery Basin is situated in Queen Maud Land, East Antarctica, covering approximately 996,000 km?, which represents
about 8% of the East Antarctic ice sheet’s area (Rignot et al., 2008). As shown in Fig. 1, RIS is the core ice stream of Recovery
Basin, contributing 58% of the total flux to the Filchner Ice Shelf (Joughin and Bamber, 2005), extending into the interior of
Recovery Basin with a distinctive funnel-shaped structure—narrower in the downstream area while widening in the upstream
region (Jezek, 1999). RIS borders the Shackleton Range to the north, while to the south it develops two important tributaries,

namely Ramp Ice Stream and the less active Blackwall Ice Stream (Eis, 2019). The RIS features a distinctive narrow bedrock
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Figure 1. The inset map indicates the location of the study area. The main panel presents the bed elevation from BedMachine V3 (Morlighem,
2022), overlaid with the MODIS Mosaic of Antarctica (MOA) (Haran et al., 2014). The figure also highlights the flight lines from IceBridge
campaigns in 2011, 2012, 2014, 2016, and 2018, as well as the locations of subglacial lakes. Two zoomed-in panels provide enlarged views

trough that extends approximately +660-1,000 km, reaching depths of 1,500-2,000 m below sea level (Fricker et al., 2014).

—The bedrock trough is divided into
upper and lower sections by a ridge located at -17° W (Fricker et al., 2014). Most reported active lakes in the RIS region are
located within the bedrock trough. The surface ice flow velocity increases from the upper trough to the lower trough, with

speeds reaching approximately 870 m/year in the rapid ice flow region of the RIS (Floricioiu et al., 2014).



