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Responses to comments from Editor

Analysis of Long-Term Dynamic Changes of Subglacial Lakes in the
Recovery Ice Stream, Antarctica

Comments to the Author

Thank you for your revised manuscript. I have read it in detail alongside the reviews
and your earlier responses to the reviews. Although the manuscript has improved slightly
from its first version, there is still much more progress needed before it could be con-
sidered for final publication. I would need to see more substantial changes made to the
manuscript before I would be able to send it back to the reviewers to evaluate again. Be-
low, I detail the improvements that would need to be made. All line numbers refer to the
differenced (“Authors’ Tracked Changes” or ATC) document.

Response:

Thank you very much for your careful evaluation of our revised manuscript and for providing
detailed and constructive suggestions. We sincerely appreciate the time and effort you devoted
to guiding us in further improving the quality of this work. Following your comments and
suggestions, we have conducted another thorough revision of the manuscript. In particular,
we have substantially expanded and strengthened the Discussion section, adding new content
to clarify our key findings, and address the issues you identified. All changes are marked in
the revised manuscript, and an item-by-item response to your comments is provided in this
document. In the following responses, we have highlighted your comments in “bold text”, our
responses in “non-bold text”, and text extracted from the revised manuscript in “italic text”.
Unless otherwise specified, all line numbers in this document refer to the revised manuscript
with tracked changes.

Major comments

1. Formal separation of Methods, Results, and Discussion into sections.

The manuscript as written does not adequately separate its ideas into the appropriate sci-
entific categories of Methods, Results, and Discussion. A substantial amount of text in the
Results section actually describes methods and should be moved to there; similarly, there
needs to be a Discussion section of its own that contains contextualizing, hypothesizing,
and/or speculation about the meaning of the results within what is already known about
Antarctic subglacial lakes (in the literature).

Response:

We sincerely appreciate your valuable comments. Following your suggestions, we have for-
mally reorganized the manuscript into distinct Methods, Results, and Discussion sections. The
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specified text has been relocated accordingly. The new Discussion section now includes inter-
pretation of our findings within the context of subglacial hydrology, comprehensive analysis of
volume calculation uncertainty, and systematic comparison with existing Antarctic subglacial
lake literature.

L237-242: This text should be moved to the Methods section

Response:

They have been moved to the Methods section.

(Line 181): “. . . For lakes where observed elevation changes significantly deviate from their
outlines defined in existing inventory, a repeat-track analysis is performed to investigate the
spatial pattern of these deviations. The analysis utilizes ICESat-2 ATL11 data, which are re-
peatedly collected over different cycles through three pair tracks (PT1, PT2, PT3), as illustrated
in Fig. 2, along each Reference Ground Track (RGT). All track data are then differenced with
the reference DEM synthesized in this study, yielding elevation changes for each track in each
cycle to verify the updated outlines. . . . ”

L263-274: This text should be moved to the Discussion section

Response:

They have been moved to the Discussion section and reorganized to address the motivation for
updating the outlines of subglacial lakes.

(Line 575): “. . . Subglacial lake outlines naturally evolve over time in response to filling-
draining cycles. Furthermore, previous study has shown that under dynamic control of sub-
glacial hydrology, the outlines of subglacial lakes change dynamically, with changes and mi-
gration occurring during the filling-draining cycle (Wilson et al., 2025). During the period
of our study, we observe changes in the outlines of four previously reported subglacial lakes
(Rec1, Rec2, Rec4, and Rec6), suggesting that subglacial lake outlines are dynamically vari-
able, consistent with the findings of Siegfried and Fricker (2021). Among these lakes, both
Rec1 and Rec6 are reclassified as two independent lake systems. This reclassification is de-
termined by their distinct evolutionary patterns: during the early ICESat period, sub-lakes
Rec1-1/Rec1-2 and Rec6-1/Rec6-2 exhibit correlated change trends, but begin to display asyn-
chronous fluctuations in the later ICESat period, with completely opposite change trends still
observed in the ICESat-2 period. This indicates that the spatial outlines, activity intensity,
and connectivity relationships of these lakes change over time, reflecting the dynamic charac-
teristics of subglacial hydrological environments. In addition, five previously reported lakes
(Rec3, Rec5, Rec7, Rec8, and Rec9) show no significant filling or drainage signals during this
period, possibly because the subglacial hydrology in these regions is no longer connected or
is in a ”dormant” state (Wilson et al., 2025). This observation demonstrates the dynamic co-
evolution of ice sheets and subglacial hydrological systems (Fricker et al., 2016). In contrast,
the 14 newly detected subglacial lakes may be activated from a previously ”dormant” state
(Fricker et al., 2016).

Moreover, previous study has shown that ICESat-2 can detect small elevation anomalies that
were previously unresolved, thereby enabling more accurate delineation of active lake outlines
and the identification of new active lakes, which greatly enhances our ability to monitor sub-
glacial lake dynamics and associated hydrological processes (Siegfried et al., 2021). . . . ”
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L285-291: This text should be moved to the Methods section

Response:

They have been moved to the Methods section.

(Line 204): “. . . To comprehensively investigate the spatiotemporal evolution of these lakes,
we construct elevation change time series for each group by integrating multi-source altime-
try data from ICESat, IceBridge, and ICESat-2. Following Siegfried and Fricker (2018), we
normalize the elevation changes to ensure data comparability and facilitate analysis: all data
are adjusted by subtracting the elevation change value at the initial ICESat observation time,
making each time series curve start from zero. This normalization facilitates comparison of
variation patterns across different lakes and time periods. . . . ”

L491-495: This text should be moved to the Methods section (where the simplified volume
change calculation is described) or the Discussion (where the implications of this simplic-
ity should be discussed). In the Discussion, the bias should be addressed - do you think the
method overestimates or underestimates the volume of the lake, and does the magnitude
of the bias depend on the size of the lake? If so, how does that affect the volume change
calculations presented? See Point #4 below.

Response:

The method for volume calculation has been moved to the Methods section.

(Line 216): “. . . The uncertainty in volume change is obtained by combining the uncertainty
in lake-induced surface elevation change with the uncertainty in lake area. The detailed calcu-
lation is described in the supplementary materials. ...”

The uncertainty associated with the volume estimation has been moved to the Discussion sec-
tion (see the detailed explanation in our response to Point #4).

2. Better sophistication of the discussion.

The authors have added text in response to both reviewers’ assessments that a discussion
/ interpretation of the results was missing. However, the text added is inadequate. For
instance, one major point that is made at least twice in this revision is that “under the
influence of basal topographic features, [the lakes] form a complex hydrological connec-
tivity network” (L390-391). This is already pretty well assumed and understood by the
community, and as posed here is too vague to be of any contribution. The authors need to
do some thinking about what their research has revealed that was not previously known,
and go forward from there to present these results toward possible implications. For in-
stance, what is the significance that Lake Rec1 is actually two lakes that fill and drain on
independent schedules? Is there any significance that both these lakes are located exactly
upstream/downstream of one another on the same higher-order stream shown on Figure
9? These are just some examples; I do not mean to suggest that these are the only two
questions that need to be probed, but rather I pose them as ways you might put your
specific results into a broader context about our understanding of subglacial water flow.
This is crucial if the manuscript is to be accepted for publication.

3



Response:

Thank you for clearly identifying the key shortcomings in our previous Discussion section.
Following your suggestions, we have thoroughly revised the Discussion section to focus ex-
plicitly on the new insights revealed by our study rather than reiterating conclusions already
well understood by the community.

In the revised manuscript, we have made five major improvements. Specifically, we (1) clarify
the new finding of cascading subglacial water drainage within the Recovery basin; (2) provide
comparative evidence supporting the new finding of more extensive and long-term hydrolog-
ical connectivity in the Recovery basin; (3) explain the rationale for dividing Rec1 into two
independent lakes, Rec1-1 and Rec1-2; (4) clarify the hydrological relationship between Rec1-
1 and Rec1-2; and (5) de-emphasize the previously established conclusion that the Recovery
subglacial hydrological system is primarily controlled by subglacial topography. Detailed ex-
planations of these five aspects are provided below.

(1) We conducted a more in-depth analysis of the subglacial hydrology in the study area and
found a temporal correlation in the drainage timing of the lakes located along the primary
hydrological pathway, which has not been reported before. Therefore, we provide a detailed
discussion of this new finding and its broader implications.

(Line 649): “. . . Based on Fig. 9c, it is found that the major, periodic filling-drainage events of
the lakes located along the primary drainage pathway are centered on Period III. We examine
the filling-to-draining transition points of these lakes from early 2021 to mid-2023 to determine
the drainage onset time for each lake, as shown in Fig. S6 in Supplementary Material. This
analysis reveals that lakes from upstream to downstream exhibit an almost sequential drainage
pattern, forming a relatively complete subglacial hydrological system response event. Despite
the fact that viscous relaxation of the ice may cause the surface elevation extrema observed
by altimetry (the apparent highstand and lowstand times) to precede the true extrema of the
subglacial water volume, the lakes involved in the cascading drainage event exhibit relatively
short filling–draining cycle period, meaning that the resulting time lag is minimal and viscous
relaxation is unlikely to alter the inferred hydrological connectivity or the sequence of drainage
between lakes (Stubblefield et al., 2021). Therefore, the time offset is neglected in this study, and
the altimetry-derived timing of surface extrema is used in the subsequent cascading drainage
analysis.
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Figure S6: Normalized elevation changes and drainage onset times for lakes along the primary drainage
pathway from early 2021 to mid-2023. Yellow stars indicate the drainage onset time for each lake. Eleva-
tion changes are normalized over the entire observation period for visualization purposes. The subplots
are arranged from top to bottom following the upstream-to-downstream sequence of the lakes along the
drainage pathway. The uppermost lake (RecN10) shows drainage initiation in June 2019, while the two
lowermost lakes (RecN1 and Rec1-2) show no drainage initiation by the end of the observation period;
no clear transition point is identified for Rec6-1.

The schematic diagram of the cascading drainage pattern along the primary drainage path-
ways of RIS is shown in Fig. 12. The drainage process initiates at the most upstream lake,
RecN10, which begins draining in June 2019. The drainage of RecN10 triggers synchronous
water recharge in the downstream lakes Rec9 and RecN9. After nearly two years of almost
continuous filling, these two lakes reach their drainage thresholds in May and August 2021,
respectively, and begin draining successively. Subsequently, lakes RecN6 and Rec6-2, located
approximately 200 km downstream of lake RecN9, begin draining in November of the same
year, with this propagation process taking only about 3 months. This may be attributed to the
descending bed topography in this section, which accelerates the water transport rate. Further
downstream, lake Rec4 begins draining in March 2022, however, its downstream lake RecN4
begins draining approximately one month earlier. This reverse-sequence drainage phenomenon
may stem from the area differences between the two lakes: Rec4 has an area exceeding 200
km², more than three times that of lake RecN4. Large-area lakes may require longer water
recharge time to reach the drainage threshold, suggesting that lake geometric characteristics
play an important role in controlling cascading drainage timing. The section from RecN4 to
RecN2 spans approximately 130 km, where the bed elevation shows an increase, yet the cas-
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cading drainage effect still completes transmission within about six months. This indicates that
although topographic highs may slow the propagation speed, they do not completely block sub-
glacial hydrological connectivity. Subsequently, the propagation reaches the terminal region,
where the two lakes RecN2 and Rec1-2 remain recharging throughout the observation period
without reaching the drainage threshold. This typical cascading drainage pattern indicates that
the subglacial hydrological system beneath the RIS is highly connected, capable of transmit-
ting drainage perturbations over long distances despite modest topographic variability. Such
phenomena could potentially affect basal sliding and thus influence ice mass loss.

(Above line 677)

Figure 12: Cascading drainage pattern along the primary drainage pathway of the RIS. The bed topog-
raphy (brown line, data from BedMachine V3 (Morlighem, 2022)) and subglacial lake positions (blue
filled areas) are shown along the drainage network from upstream (left) to downstream (right). Color
gradient denotes the timing of initial drainage events. Terminal lakes Rec1-2 and RecN1 did not drain
during the observation period (marked ”Filling”). The origin of the x-axis corresponds to the red star
in Fig. 9a.

The drainage onset time of other lakes distributed in the upstream area of RIS, including
RecN12 and RecN14, is around June 2019 and continues until the end of the observation
period. This drainage pattern, characterized by spatially dispersed lake locations but tem-
porally synchronized elevation changes, suggests that there may exist a common catchment
area or meltwater supply system in the upstream region, with these lakes connected to a com-
mon source region through the subglacial river network system. The sustained drainage cycle
lasting four years indicates that this catchment area may possess substantial water storage
capacity, capable of maintaining long-term stable meltwater supply. . . . ”

(2) Based on observations from more than 20 years of altimetry data, we find the drainage
regime in RIS is characterized by long-term, sustained water transport rather than episodic out-
burst floods. We further conduct an in-depth analysis of this new finding and the characteristics
of RIS subglacial water volume changes during the different events.

(Line 683): “. . . Although Fricker et al. (2014) reported a cascading drainage event beneath
the RIS, our observed cascade demonstrates significant expansions: the spatial distance has
widened from the previous 800 km to roughly 1,000 km, while the number of participating lakes
has more than doubled from the original four to ten (RecN10, Rec9, RecN9, RecN6, Rec6-2,
Rec4, RecN4, RecN2, Rec1-2, and RecN1). This increased transmission distance and lake in-
volvement indicate a more extensive and highly interconnected subglacial lake network, which
may reflect improved detection capabilities by ICESat-2 and/or genuine temporal changes in
subglacial connectivity. In addition, elevation changes observed in lower trough lakes during
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IceBridge indicate that hydrological activity still exists during the interval between the two
large-scale cascading events, suggesting that RIS may not have stopped subglacial hydrologi-
cal activity during 2003-2023.

Based on this expanded network, we further analyze the characteristics and possible mecha-
nisms of its water volume changes. We find that the magnitudes of both individual and cumula-
tive water volume changes during the ICESat-2 observation period cascading event are smaller
than those observed during the ICESat period event (Fig. 9). This pattern may reflect several
interconnected processes. For example, over time the RIS region may have developed a more
mature drainage system: enhanced connectivity and increasingly stabilized channels facilitate
downstream transport rather than temporary storage within a single lake, thereby reducing the
amplitude of lake volume fluctuations. At the same time, the number of lakes involved in re-
cent years cascade has increased substantially, which may have distributed the available water
across a larger set of basins and further diminished the volume change observed at individual
lakes. Finally, it is also possible that upstream water supply has decreased, reducing the total
amount of water available for filling and draining. These mechanisms may operate individually
or in combination, collectively contributing to the smaller water volume amplitudes observed
in recent years. Beyond the changes in spatial extent and water volume, on the temporal scale,
the two cascading events show similar characteristics. In the event recorded by Fricker et al.
(2014), drainage propagates from lake Rec9 before 2003 to lake Rec1 in 2008; in the event ob-
served in this study, it propagates from lake RecN10 in June 2019 to lakes RecN2 and Rec1-2
in June 2023 (still filling). Both events show that water propagation along the main drainage
network from upstream to downstream in the RIS system requires at least 4-5 years. More
importantly, although the two drainage events are separated by more than a decade, the prop-
agation time and spatial patterns are relatively consistent, which indicates that the Recovery
system has stable and persistent drainage channels. . . . ”

(3) We provide a more in-depth interpretation of the fact that Lake Rec1 is composed of two
independently filling and draining sub-lakes.

(Line 593): “. . . A typical example is the case of Rec1, where previous studies show differ-
ent delineations of whether Rec1 is a single lake or composed of two lakes, mainly because
the sparse ICESat ground tracks and the uneven distribution of along-track observations limit
the clarity of lake outlines. The elevation change signals at lake margins are weak, making
their delineation subjective; consequently, both the one-lake and two-lake delineations coexist
(Smith et al., 2009; Fricker et al., 2014). With the higher spatial sampling density and im-
proved elevation precision of ICESat-2, we are able to identify lake outlines more accurately (a
comparison of ICESat and ICESat-2 track densities is shown in Fig. 10). Based on elevation
change characteristics during the ICESat-2 period, we find that the two subregions within the
original Rec1 area exhibit opposite elevation change trends in multiple observation periods
(i.e., asynchronous filling and draining behavior). When these new outlines are retrospectively
applied to ICESat period data, asynchronous variations are still observed between the two
areas, further supporting the interpretation that they are two distinct lakes.
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(Above line 603)

Figure 10: Comparison of ground track density between ICESat (blue tracks) and ICESat-2 (orange
tracks) over the Rec1-1 and Rec1-2 subglacial lakes.

To further investigate the hydrological connectivity between these two distinct lakes, we con-
ducted quantitative analysis of lake volume changes during the ICESat-2 period (Fig. 11), it is
indicated that most of the water from Rec1-2 is preferentially delivered to Rec1-1 (with the wa-
ter outflow and inflow volumes of the two lakes being relatively consistent during the ICESat-2
period), while RecN1 shows only a small volume change response. However, according to
the Shreve hydropotential model, the water flow from Rec1-2 is expected to flow downstream
along the primary hydrological network toward RecN1, whereas Rec1-1 does not fall on the
connected primary hydrological network, as shown in Fig. 9. This discrepancy may arise from
errors in the surface DEM and bed topography DEM used to construct the hydropotential field.
Previous studies have demonstrated that small changes in the surface topography or moderate
changes in the bed topography can substantially alter the hydraulic potential distribution and
redirect drainage pathways (Wright et al., 2008; Willis et al., 2016). Therefore, it is essential
to integrate actual observations with model predictions to comprehensively assess subglacial
hydrological connectivity. Moreover, although Rec1 was treated as a single lake in Fricker
et al. (2014), a subglacial channel was identified in Shackleton branch based on RES data,
suggesting that its drainage pathways should split into two branches: a dominant near side
route (toward Rec1-1 and possibly along the Shackleton branch, ultimately draining toward
the Slessor Glacier region); and a secondary pathway in the direction of RecN1. By dividing
Rec1 into two parts and analyzing the hydrological interactions between Rec1-1, Rec1-2, and
RecN1, the present study provides more supportive evidence for the earlier inference (Fricker
et al., 2014). . . . ”
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(Above line 619)

Figure 11: Volume changes of Rec1-1, Rec1-2, and RecN1) during the ICESat-2 period (2018–2023).
The solid lines represent the volume changes calculated from ICESat-2 elevation measurements, with
data points marked by filled circles. The shaded areas indicate the uncertainty range for each lake.

(4) We discussed the possible reasons why Rec1-1 and Rec1-2 are not located along the same
higher-order hydrological stream.

(Line 606): “. . . However, according to the Shreve hydropotential model, the water flow from
Rec1-2 is expected to flow downstream along the primary hydrological network toward RecN1,
whereas Rec1-1 does not fall on the connected primary hydrological network, as shown in Fig.
9. This discrepancy may arise from errors in the surface DEM and bed topography DEM used
to construct the hydropotential field. . . . ”

(5) To de-emphasize statements that merely restate known findings, we have removed the gen-
eral influence of basal topography on subglacial hydrological connectivity.

I found the response to Reviewer 2’s first suggestion (“Why did the draining-refilling
pattern change significantly after January 2022 (the end of Period III according to Fig-
ure 9c)? Why did the water stop migrating from the upstream lakes to the downstream
lakes?”) to be unconvincing. If, as the authors say, ”active subglacial lakes reach drainage
thresholds at lower volumes over time, possibly stemming from channel erosion and ex-
pansion,” then what allowed the onset of Period III (May 2021 in Figure 9c)? At this
time, the lakes appear to enter a period of larger (not smaller) capacity, implying higher
thresholds for drainage.

Response:

We apologize for not specifically addressing the question “Why does the water stop migrating
from the upstream lakes to the downstream lakes?” in the revision of the previous version of the
manuscript. In fact, it is important to clarify that water does not cease migrating downstream.
As shown in Fig. 9c, observations indicate that during and after Period III, the system pre-
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dominantly exhibits a pattern of upstream filling and downstream draining. This indicates that
water continues to migrate downstream, and there is no fundamental change in the drainage
pattern. The main change after Period III occurs in the amplitude of water volume changes,
with both draining and filling amplitudes decreasing, and individual fluctuations are generally
smaller than those during Period III. Notably, such variations in water volume are not unique
to this period. Throughout the ICESat-2 observation period (as shown in Fig. 9c), the wa-
ter volume exhibits noticeable fluctuations: it is observed to be relatively high in the first half
of 2019, declines over the subsequent two years, rises again in the latter half of 2021, and
then decreases once more. We suggest that these observed water volume changes may result
from variations in the recharge of subglacial meltwater. Given that subglacial water primarily
originates from basal melting (Fricker et al., 2016), meltwater input may decrease following an
intensified drainage. It may then take a period of accumulation before another large fluctuations
in water volume are triggered.

In addition, fluctuations in water volume may be related to the evolution of subglacial drainage
channels. As shown in Fig. 9c, a large water volume fluctuation is observed in the first half of
2019. Model simulations (Dow et al., 2016; Dow et al., 2018) suggest that periods of intensi-
fied drainage promote channel expansion, allowing water to be routed more efficiently through
the system and accumulated meltwater to be drained rapidly. Over the following approximately
two years (2020, 2021), meltwater recharge to the system decreases substantially, accompanied
by a corresponding reduction in drainage volume. When recharge remains consistently low
and available water decreases, the channels gradually contract or even close (Dow et al., 2016;
Dow et al., 2018), reducing overall drainage efficiency. Over time, the lake accumulates addi-
tional meltwater until channels redevelop sufficiently to produce larger amplitude fluctuations
in drainage volume, as observed in the latter half of 2022 (Period III); once channels mature,
they evacuate meltwater rapidly, so that when meltwater source later declines there is less stored
water and subsequent fluctuations in volume are smaller, consistent with observations after Pe-
riod III. This cyclical pattern of water volume variation within the RIS may primarily reflect
the interaction between regional meltwater recharge and the evolution of drainage channels, as
suggested by both observational and modeling results.

In the revised manuscript, we have added a discussion based on the water volume changes
between 2018 and 2023 shown in Fig. 9c.

(Line 512): “. . . Examining the spatial patterns in more detail (as shown in Fig. 9c), obser-
vations indicate that during and after Period III, the system predominantly exhibits a pattern
of upstream filling and downstream draining, which suggests that water continues to migrate
downstream. The main difference after Period III lies in the amplitude of water volume changes,
with both draining and filling amplitudes decreasing, and individual fluctuations generally
smaller than those during Period III. Such variations in water volume are not unique to this pe-
riod. Throughout the ICESat-2 observation period (Fig. 9c), water volume exhibits noticeable
fluctuations: it is relatively high in the first half of 2019, declines over the following two years,
rises again in the latter half of 2021, and then decreases once more. These observed water
volume changes may result from variations in subglacial meltwater recharge. Given that sub-
glacial water primarily originates from basal melting (Fricker et al., 2016), meltwater source
may decline following periods of intensified drainage, and it may take time for water to accumu-
late before larger fluctuations in water volume occur again. In addition, fluctuations in water
volume may be related to the evolution of subglacial drainage channels. As shown in Fig. 9c,
a large water volume fluctuation is observed in the first half of 2019. Model simulations (Dow
et al., 2016, 2018) suggest that periods of intensified drainage promote channel expansion,
allowing water to be routed more efficiently through the system and accumulated meltwater
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to be drained rapidly. Over the following approximately two years (2020, 2021), meltwater
recharge to the system decreases substantially, accompanied by a corresponding reduction in
drainage volume. When recharge remains consistently low and available water decreases, the
channels gradually contract or even close (Dow et al., 2016, 2018), reducing overall drainage
efficiency. Over time, the lake accumulates additional meltwater until channels redevelop suf-
ficiently to produce larger amplitude fluctuations in drainage volume, as observed in the latter
half of 2022 (Period III). As channels mature, they evacuate meltwater rapidly, so that when
meltwater source later declines there is less stored water and subsequent fluctuations in vol-
ume are smaller, consistent with observations after Period III. The cyclical variation in water
volume within the RIS may be primarily driven by the interaction between regional meltwater
recharge and the evolving subglacial drainage channels, as suggested by both observational
and modeling results; however, higher resolution observations and further model verification
are still required to confirm this behavior. . . . ”

I did not find a response to another of Reviewer 2’s suggestions for discussion, ”What
is the core reason that some lake outlines need to be updated? Is it because the exist-
ing records are inaccurate, or the lake extent naturally changed (due to different water
volume, perhaps) over time?” This is a natural and important question to address in the
Discussion.

Response:

We apologize for not addressing this question clearly in our response to Reviewer 2. There
are two main reasons why the outlines needed to be updated. First, active subglacial lakes
are inherently dynamic features. Their extents may vary during periodic filling-draining cycles
(Wilson et al., 2025). Additionally, their activity states are not static; some previously dormant
lakes may become active, while formerly active lakes may exhibit weakened dynamics over
time or even transition into inactivity (Fricker et al., 2016). Second, the ICESat-2 mission pro-
vides enhanced altimetric precision and spatial resolution, enabling the detection of previously
indiscernible active lake signals and allowing for more accurate delineation of lake outlines at
a finer spatial scale (Siegfried et al., 2021).

In the revised manuscript, we have added a dedicated discussion explaining why some sub-
glacial lake outlines are updated.

(Line 575): “. . . Subglacial lake outlines naturally evolve over time in response to filling-
draining cycles. Furthermore, previous study has shown that under dynamic control of sub-
glacial hydrology, the outlines of subglacial lakes change dynamically, with changes and mi-
gration occurring during the filling-draining cycle (Wilson et al., 2025). During the period
of our study, we observe changes in the outlines of four previously reported subglacial lakes
(Rec1, Rec2, Rec4, and Rec6) (Fricker et al., 2014), suggesting that subglacial lake outlines
are dynamically variable, consistent with the findings of Siegfried and Fricker (2021). Among
these lakes, both Rec1 and Rec6 are reclassified as two independent lake systems. This reclas-
sification is determined by their distinct evolutionary patterns: during the early ICESat period,
sub-lakes Rec1-1/Rec1-2 and Rec6-1/Rec6-2 exhibit correlated change trends, but begin to dis-
play asynchronous fluctuations in the later ICESat period, with completely opposite change
trends still observed in the ICESat-2 period. This indicates that the spatial outlines, activity
intensity, and connectivity relationships of these lakes change over time, reflecting the dynamic
characteristics of subglacial hydrological environments. In addition, five previously reported
lakes (Rec3, Rec5, Rec7, Rec8, and Rec9) show no significant filling or drainage signals during
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this period, possibly because the subglacial hydrology in these regions is no longer connected
or is in a ”dormant” state (Wilson et al., 2025). This observation demonstrates the dynamic
co-evolution of ice sheets and subglacial hydrological systems (Fricker et al., 2016). In con-
trast, the 14 newly detected subglacial lakes may be activated from a previously ”dormant”
state (Fricker et al., 2016).

Moreover, previous study has shown that ICESat-2 can detect small elevation anomalies that
were previously unresolved, thereby enabling more accurate delineation of active lake out-
lines and the identification of new active lakes, which greatly enhances our ability to monitor
subglacial lake dynamics and associated hydrological processes (Siegfried and Fricker, 2021).
. . . ”

(Line 619): “. . . Subglacial drainage can exert substantial influence on basal melting of ice
shelves, localized acceleration of ice flow, and thinning of the ice column (Gourmelen et al.,
2025), yet current projections of Antarctic ice mass loss have not systematically incorporated
the effects of subglacial drainage (Wilson et al., 2025). Consequently, timely updates of ac-
tive lake outlines and the inclusion of newly detected lakes are critical for more accurately
quantifying these hydrological processes, constraining their contribution to ice mass change,
and integrating their impacts into future projections of ice mass loss and sea level rise. More-
over, model simulations suggest that the timing and magnitude of retreat in the East Antarctic
RIS region may constitute a substantial fraction of the continent’s future contribution to global
sea level rise (Golledge et al., 2017). Accordingly, updating and continuous monitoring of
active lakes in the RIS, with particular attention to the structure of interconnected subglacial
networks and their drainage behaviour, will improve mass balance estimates, provide better
constraints for coupled ice-flow–hydrology models, and reduce uncertainties in projections of
East Antarctica’s future dynamics and sea level contribution. . . . ”

L522-523: ”the drainage regime in the RIS is characterized by long-term, sustained water
transport rather than episodic outburst floods.” Is this consistent with previous findings
of the Recovery Lakes, and/or with previous findings of other lakes (e.g. in the Siple
Coast Ice Streams)? This is another opportunity to put your results in the context of the
literature.

Response:

Yes, this is indeed one of the key findings of our study, which is also included as point (2) in
our response to your earlier comments (2.Better sophistication of the discussion). In Fricker
et. al (2014), based on ICESat altimetry from 2003–2008, the authors reported that subglacial
lakes in the RIS region exhibited good hydraulic connectivity during that 5-year period. By
extending the observational window to 2023 and integrating ICESat, ATM, and ICESat-2 al-
timetry datasets collected over the past 20 years, our study reveals that this hydraulic exchange
beneath the RIS has persisted continuously. In this study, the 2019–2023 cascading event re-
veals a markedly broader and more interconnected subglacial drainage system beneath the RIS.
Compared with the 2003–2008 cascade, which is dominated by four lakes (Rec9, Rec6, Rec2
and Rec1), the recent event involves ten lakes located along the primary drainage pathways,
including RecN10, Rec9, RecN9, RecN6, Rec6-2, Rec4, RecN4, RecN2, Rec1-2 and RecN1,
indicating a substantial increase in the number of participating lakes. The affected transect also
expands from approximately 800 km more than a decade ago to 1,000 km at present, suggest-
ing that the RIS hydrological system maintains persistent, long distance connectivity capable of
supporting large scale cascading drainage. In addition, we find that the magnitudes of both indi-
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vidual and cumulative water volume changes during the 2019–2023 cascading event are smaller
than those observed during the 2003–2008 event (Fig. 9). This pattern may reflect several in-
terconnected processes. For example, over time the RIS region may have developed a more
mature drainage system: enhanced connectivity and increasingly stabilized channels facilitate
downstream transport rather than temporary storage within a single lake, thereby reducing the
amplitude of lake volume fluctuations. At the same time, the number of lakes involved in the
2019–2023 cascade has increased substantially, which may have distributed the available water
across a larger set of basins and further diminished the volume change observed at individual
lakes. It is also possible that upstream water supply has decreased, reducing the total amount
of water available for filling and draining. These mechanisms may operate individually or in
combination, collectively contributing to the smaller water volume amplitudes observed during
the 2019–2023 period.

On the other hand, the behavior in RIS contrasts markedly with the subglacial hydrological pat-
tern observed in the Siple Coast Ice Streams. The Siple Coast is highly sensitive to surface and
ice-thickness perturbations, leading to dynamic reorganization of channel-lake connections and
an inability to form a stable spatial network; the RIS, in contrast, possesses a relatively stable
and widespread structure capable of sustaining long-term channel connectivity. Beyond its con-
trast with the Siple Coast, the distinct scale of the RIS becomes evident even when compared
to Jutulstraumen Glacier (JG) with which it shares hydrological mechanisms. Although the
JG and Recovery Glacier share similar hydrological regimes—both channeling subglacial wa-
ter from large upstream catchments through narrow constrictions in a cascading pattern—their
spatiotemporal scales differ significantly. The RIS exhibits a drainage transport distance and
duration nearly five times that of the JG, demonstrating its more extensive catchment system
and substantially larger drainage network.

In the revised manuscript, we have emphasized how our work differs from previous studies
and highlighted the new insights provided here. We have also added a comparison between the
hydrological regimes of the RIS and other systems in the Discussion Section.

(Line 683): “. . . Although Fricker et al. (2014) reported a cascading drainage event beneath
the RIS, our observed cascade demonstrates significant expansions: the spatial distance has
widened from the previous 800 km to roughly 1,000 km, while the number of participating lakes
has more than doubled from the original four to ten (RecN10, Rec9, RecN9, RecN6, Rec6-2,
Rec4, RecN4, RecN2, Rec1-2, and RecN1). This increased transmission distance and lake in-
volvement indicate a more extensive and highly interconnected subglacial lake network, which
may reflect improved detection capabilities by ICESat-2 and/or genuine temporal changes in
subglacial connectivity. In addition, elevation changes observed in lower trough lakes during
IceBridge indicate that hydrological activity still exists during the interval between the two
large-scale cascading events, suggesting that RIS may not have stopped subglacial hydrologi-
cal activity during 2003-2023.

Based on this expanded network, we further analyze the characteristics and possible mecha-
nisms of its water volume changes. We find that the magnitudes of both individual and cumula-
tive water volume changes during the ICESat-2 observation period cascading event are smaller
than those observed during the ICESat period event (Fig. 9). This pattern may reflect several
interconnected processes. For example, over time the RIS region may have developed a more
mature drainage system: enhanced connectivity and increasingly stabilized channels facilitate
downstream transport rather than temporary storage within a single lake, thereby reducing the
amplitude of lake volume fluctuations. At the same time, the number of lakes involved in re-
cent years cascade has increased substantially, which may have distributed the available water
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across a larger set of basins and further diminished the volume change observed at individual
lakes. Finally, it is also possible that upstream water supply has decreased, reducing the total
amount of water available for filling and draining. These mechanisms may operate individually
or in combination, collectively contributing to the smaller water volume amplitudes observed
in recent years. Beyond the changes in spatial extent and water volume, on the temporal scale,
the two cascading events show similar characteristics. In the event recorded by Fricker et al.
(2014), drainage propagates from lake Rec9 before 2003 to lake Rec1 in 2008; in the event ob-
served in this study, it propagates from lake RecN10 in June 2019 to lakes RecN2 and Rec1-2
in June 2023 (still filling). Both events show that water propagation along the main drainage
network from upstream to downstream in the RIS system requires at least 4-5 years. More
importantly, although the two drainage events are separated by more than a decade, the prop-
agation time and spatial patterns are relatively consistent, which indicates that the Recovery
system has stable and persistent drainage channels.

Compared with the Siple Coast, the RIS demonstrates substantially greater hydrological persis-
tence and system scale connectivity. The Siple Coast subglacial network is readily reorganized
by modest, local ice-thickness perturbations, so that channels and lakes frequently change con-
figuration (Anandakrishnan and Alley, 1997; Carter et al., 2013). By contrast, the RIS is char-
acterized by a relatively stable and spatially extensive drainage structure. The bedrock eleva-
tion gradient in the Recovery region is significantly greater than the surface elevation gradient,
rendering the system less sensitive to short-term surface ice thickness perturbations (Fricker
et al., 2014). Modelling by Dow et al. (2018) shows that drainage channels downstream of
Recovery can persist for several years following lake drainage events, with the overall hydro-
logical behaviour governed by a regional drainage network spanning hundreds of kilometres.
Our observations align with this: in the Recovery region, subglacial water can be transported
downstream over distances of approximately 1,000 km, with individual events lasting at least
4–5 years. This long-distance and long-duration transport capability indicates that the high
connectivity in Recovery not only prolong channel persistence but also expand the spatial prop-
agation scale of drainage events, thereby supporting sustained subglacial water transport on a
continental scale.

The cascading drainage pattern observed along the main RIS pathway shows certain similari-
ties with observations from Jutulstraumen Glacier (JG) (Neckel et al., 2021). The topographic
configuration at JG is characterized by subglacial water generated in a large upstream catch-
ment area that must converge through a relatively narrow constriction zone starting from the
onset of ice streaming (Neckel et al., 2021). This configuration is relatively consistent with that
of the RIS: the upstream region contains spatially dispersed lakes, while the most active down-
stream drainage converges into a relatively narrow bedrock trough. This topographic char-
acteristic, transitioning from a broad upstream catchment to a narrow downstream channel,
is likely a key geomorphological factor promoting the development of an efficient channelized
drainage system. Despite the similarities in drainage pattern and topographic setting, the two
systems differ in their spatiotemporal scales. The cascading drainage event at JG propagates
along approximately 175 km of flow path over about one year (Neckel et al., 2021). In con-
trast, the RIS drainage event we observe exceeds JG in both spatial and temporal scales: the
drainage propagation distance reaches roughly 1,000 km, and the entire event lasts at least 4
years. This significant scale expansion likely reflects the more extensive catchment system and
substantially larger drainage network of the RIS. . . . ”

3. Addition of implications to the Abstract and Conclusions.
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As mentioned above, both reviewers requested additional text of a ”discussion” or ”broader
implications” nature. When these ideas are better developed, they need to be added to the
Abstract and the Conclusions, as well as to the main text.

Response:

Thank you for this guidance. We have added the new findings of this study and the main points
of the discussion into the Abstract and Conclusions.

(Line 11): “. . . Analysis of this extended observational record reveals that the drainage regime
in RIS is characterized by 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). We also provide evi-
dence that the original Rec1 consists of two distinct lakes and analyze the hydrological connec-
tion between them, which offers new support for the previously proposed hypothesis that there
are two subglacial drainage outflows in the RIS. Furthermore, quantitative analysis of volume
changes along the constructed subglacial hydrological networks 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 eluci-
dates 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. . . . ”

(Line 736): “. . . This extended observational record demonstrates that the drainage regime in
RIS is characterized by long-term, sustained water transport. The long-term elevation changes
of these lakes from 2003 to 2023 are established by integrating altimetry data from ICESat,
Operation IceBridge’s ATM measurements, and ICESat-2. Among the reported lakes, lakes
Rec1-1, Rec1-2, Rec2, Rec4, Rec6-1, and Rec6-2 remain active (with elevation changes over
0.5 m) throughout the 20-year time series. Most of the newly detected lakes are identified mainly
due to their activity during the Operation IceBridge and ICESat-2 periods, particularly lakes
RecN4, RecN9, and RecN11, which exhibit high levels of activity (over 2 m). Elevation change
analysis at crossovers on four representative lakes reveals that the lakes’ central regions ex-
hibit greater variation than the surrounding areas, with a maximum difference of up to 4 m.
Our results also reveal that Rec1 consists of two distinct lakes (Rec1-1 and Rec1-2), exhibiting
different drainage and accumulation characteristics. Based on their volume transfer patterns,
we analyze the hydrological connectivity between them, which lends additional support to the
earlier hypothesis that the RIS hosts two subglacial drainage outflows. Additionally, quantita-
tive analysis of volume changes for 11 lakes distributed along primary hydrological pathways
reveals systematic volume fluctuations and temporal synchronization of volume changes, sug-
gesting water exchange relationships among these lakes. Through turning point identification
in the elevation time series, we detect a cascading drainage event involving 10 lakes along pri-
mary drainage pathways and spanning over 1,000 km, with sequential drainage from upstream
to downstream, demonstrating a highly connected subglacial hydrological system in this re-
gion. Future studies could introduce hydrological models to explore the response mechanisms
of ice sheet internal hydrological systems and their impact on glacier dynamics, providing more
comprehensive scientific evidence for assessing Antarctic ice sheet stability and its influence on
global sea level changes. . . . ”
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4. Uncertainty analysis.

A central component of this research is the volume change over time of each individual
lake and of the RIS system as a whole. Fig. 9 shows that the periodic recharge and dis-
charge of each lake are similarly sized; such ”differences of large number”-type problems
in science require uncertainty analysis. Specifically, the uncertainties on the discharge /
recharge volume rates are needed, as this would let us know if the net volume change is
significantly different from zero, within measurement errors. For instance, on L467 and
L481, volume change numbers are presented, but without uncertainty. Similarly, on L474,
the finding is reported to be ”significantly higher than discharge of the previous period”;
however, without quantified uncertainties, it is impossible to say whether the change is
significant or not. The reviewers, and now the modified text, suggest that the coarse ”con-
stant area” approximation for water volume used here is not accurate compared to the
viscous changes described by Stubblefield et al. (2021). What remains is to quantify the
magnitude and (if possible) the sign of the bias, and incorporate this uncertainty into the
volume change numbers reported.

Response:

We sincerely thank you for raising the question regarding the uncertainty of the lake volume
estimation. In the revised manuscript, we have added a dedicated analysis of the uncertainties
associated with the calculated lake volume changes. This analysis includes two components.

:::
On

::::
the

::::
one

::::::
hand,

::::
we

:::::::::
quantify

::::
the

:::::::::::::
uncertainties

:::::::
arising

::::::
from

::::
the

::::::::
volume

:::::::
change

::::::::::::
calculation

::::::::::
procedure

:::::
itself. These mainly include the uncertainty in lake-induced surface elevation changes

and the uncertainty in the estimated lake area. Specifically, the elevation change uncertainty
originates from the altimetry data error combined with the DEM interpolation uncertainty. As
the delineation of lake outlines is based on multi-temporal surface elevation anomalies, a pro-
cess which inevitably introduces uncertainty in the estimated lake area, we adopt a 10% area
estimation error following Kim et al. (2016). The combined volume change uncertainty is then
evaluated by integrating both the lake-induced surface elevation change and lake area uncer-
tainties.

In the revised supplementary materials, we have added a description of how the uncertainty of
the volume change is calculated using the law of error propagation. And we also have tabulated
the uncertainty results for each lake. In the revised manuscript, we have included the principle
for calculating the volume change uncertainty and the associated uncertainty alongside every
estimated lake water volume change.

(Line 2 in supplementary materials): “. . . The uncertainty in the estimated subglacial lake
volume change consists of two components: the uncertainty in lake-induced surface elevation
change and the uncertainty in lake area. We compute the uncertainty in lake-induced surface
elevation change following a two-step error propagation procedure. First, we calculate the un-
certainty in ice surface elevation change. This uncertainty includes the altimetry measurement
error, σH (0.15 m for ICESat (Zwally et al., 2014); 0.09 m for ICESat-2 (Brunt et al., 2019)),
and the DEM interpolation uncertainty σdem derived using the Monte Carlo method (Siegfried
et al., 2014). The resulting uncertainty σ in ice surface elevation change is calculated in Equa-
tion S1:

σ =
√
σ2
H + σ2

dem. (S1)
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Next, we compute the uncertainty in lake-induced surface elevation change. As described in
Equation 1 of the main text, lake-induced surface elevation change is obtained from the differ-
ence between the interior and exterior elevation change signals, which removes the regional
ice dynamic background trend. The uncertainty of interior and exterior elevation change can
be calculated by using Equation S1. Then, error propagation yields the uncertainty in lake-
induced surface elevation change for a specific observation period, σ∆h, as given by Equation
S2:

σ∆h = σ ·

√√√√√ ∑Nin

i=1 p
2
i(∑Nin

i=1 pi

)2 +

∑Nout

j=1 p2j(∑Nout

j=1 pj

)2 , (S2)

where Nin, Nout denote the quantities of lake interior and exterior points respectively. pi,
pj correspond to the weights, which are assigned based on the minimum distance from the
elevation measurement points to the lake outline, and are normalized to sum to 1 for the interior
and exterior points separately.

The lake outlines are delineated based on multi-temporal surface elevation anomalies, which
inevitably introduces area estimation uncertainty; accordingly, we adopt a 10% area estimation
error following Kim et al. (2016). Combining the lake area uncertainty with the elevation
change uncertainty yields the final uncertainty of lake volume change.

Given that the distribution of measurement points and the elevation changes vary across dif-
ferent lakes and observation periods, we calculate the average volume change uncertainties
over different observation periods for each lake to facilitate quantitative analysis. Specifically,
for ICESat-2 mission period, we compute the monthly average uncertainties; for ICESat mis-
sion period, we calculate the average uncertainties for each campaign. The resulting volume
change uncertainties are presented in Table S1. . . . ”
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Table S1: Volume change uncertainties of active subglacial lakes in the RIS region during ICESat and
ICESat-2 missions.

σ (m) σ∆h (m) Volume uncertainty (km3)
Lake Name

ICESat ICESat-2 ICESat ICESat-2 ICESat ICESat-2

Rec1-1 3.200 3.197 0.483 0.043 0.058 0.008
Rec1-2 0.835 0.827 0.068 0.005 0.104 0.008
Rec2 1.994 1.991 0.147 0.012 0.090 0.016
Rec3 0.604 0.592 0.079 0.010 0.008 0.001
Rec4 0.378 0.358 0.040 0.003 0.033 0.007
Rec5 0.320 0.296 0.027 0.002 0.019 0.002
Rec6-1 1.448 1.443 0.126 0.011 0.142 0.024
Rec6-2 2.878 2.876 0.537 0.045 0.043 0.003
Rec7 0.239 0.207 0.025 0.002 0.012 0.001
Rec8 0.173 0.124 0.014 0.000 0.034 0.001
Rec9 0.197 0.156 0.016 0.001 0.006 0.001
RecN1 0.924 0.916 0.135 0.010 0.021 0.003
RecN2 1.962 1.958 0.034 0.019 0.008 0.008
RecN3 0.532 0.518 0.077 0.006 0.007 0.003
RecN4 1.005 0.998 0.048 0.015 0.028 0.004
RecN5 0.631 0.619 0.063 0.010 0.045 0.002
RecN6 0.274 0.246 0.037 0.002 0.005 0.004
RecN7 0.320 0.297 0.075 0.005 0.039 0.002
RecN8 0.467 0.452 0.068 0.007 0.005 0.001
RecN9 0.268 0.240 0.044 0.003 0.007 0.005
RecN10 0.320 0.296 0.132 0.002 0.075 0.012
RecN11 0.289 0.263 0.079 0.003 0.052 0.004
RecN12 0.517 0.503 0.092 0.004 0.020 0.005
RecN13 0.347 0.326 0.096 0.004 0.012 0.002
RecN14 0.265 0.237 0.023 0.002 0.009 0.003

(Line 216): “. . . The uncertainty in volume change is obtained by combining the uncertainty
in lake-induced surface elevation change with the uncertainty in lake area. The detailed calcu-
lation is described in the supplementary materials. . . . ”

(Line 482): “. . . The volume change uncertainties for individual lakes are presented in Table
S1. During the ICESat mission period (from February 2004 to October 2009), the subglacial
hydrological system of RIS shows a total discharge of 8.91±0.559 km3, a total recharge of
8.75±0.548 km3, and a net water volume change of -0.16±0.782 km3, indicating that the RIS
hydrological system releases a certain amount of water during this period. From March 2004
to March 2005 (Period I in Fig. 9(b)), the upstream system is predominantly characterized
by discharge, with a cumulative water release of approximately 1.52±0.291 km3, while the
downstream region between October 2004 and November 2005 (Period II in Fig. 9(b)) ex-
hibits a recharge-dominant state, accumulating approximately 1.62±0.290 km3. During this
process, there exists a time lag of about three months between upstream discharge and down-
stream recharge. From June 2006 to February 2008 (Period III in Fig. 9(b)), the midstream
region of the RIS hydrological system is primarily discharge-oriented, with discharge reaching
4.05±0.365 km3 during this phase, significantly higher than the discharge in the previous pe-
riod (Period I), more than twice the earlier volume. Between November 2006 and March 2008
(Period IV in Fig. 9(b)), the downstream continues to be recharge-dominant, with recharge
volume approximately 2.50±0.233 km3, 1.5 times the previous period (Period II). At this time,
the time difference between midstream discharge and downstream recharge is approximately 5
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months, with the system’s maximum discharge occurring in November 2006 and the maximum
recharge happening in October 2007, with an interval of nearly one year.

As shown in Fig. 9(c), during the ICESat-2 mission period (from November 2018 to May
2023), the RIS hydrological system shows a total recharge of 2.80±0.179 km3, a total dis-
charge of 2.53±0.151 km3, and a net water volume change of 0.27±0.234 km3, indicating that
the RIS hydrological system accumulates a certain amount of water during this stage. Before
May 2019, the upstream region is primarily in a recharge state; however, from May 2019, the
upstream transitions to a discharge-dominant state. From May 2019 to April 2020 (Period I
in Fig. 9(c)), the system’s discharge significantly exceeds recharge, with a total discharge of
0.96±0.086 km3 and a total recharge of only 0.37±0.065 km3. In the subsequent stage, from
July 2020 to January 2022 (Period II in Fig.9(c)), the hydrological dynamics undergo a rever-
sal, with system recharge (1.24±0.118 km3) surpassing discharge (0.57±0.068 km3). Between
June 2021 and January 2022 (Period III in Fig. 9(c)), upstream discharge and downstream
recharge occur almost simultaneously. Notably, the maximum upstream discharge occurs in
October 2021, reaching 0.06±0.015 km3, while the maximum downstream recharge happens in
November 2021, reaching 0.18±0.027 km3, with a time interval of approximately one month.
After February 2022, discharge is primarily concentrated in the upstream, but the water volume
remains relatively small, averaging approximately 0.03±0.005 km3 per month. . . . ”

:::
On

::::
the

:::::
other

::::::
hand,

::::
we

:::::::::
consider

:::
an

::::::::::
additional

:::::::
source

:::
of

:::::::::::
uncertainty

:::::::
related

:::
to

::::
the

::::::::::::
relationship

::::::::
between

:::
the

::::::::::
observed

:::::::
surface

::::::::
changes

::::
and

::::
the

::::::
actual

::::::::::
subglacial

:::::
lake

:::::::::::::::
filling-draining

:::::::::::
variations.

The transmission of subglacial lake filling or draining signals to the ice surface elevation is in-
fluenced by multiple complex factors, including ice thickness, filling–draining cycle timescales,
and basal drag coefficient. Based on the 20-year observations presented here and the elevation
change time series in Figs. 5–7, lakes along the primary drainage networks underwent multi-
ple filling–draining cycles; in particular, between 2019 and 2023 each lake completed one to
two drainage events, implying a relatively short characteristic cycle. For a given ice thickness
and basal drag, shorter filling–draining periods lead to altimetry-derived volume changes that
more closely match the true subglacial volume changes (Stubblefield et al., 2021). However,
in our calculations, we adopt a relatively long and conservative filling–draining period of 3
years to estimate the maximum possible difference between the altimetry observations and the
true subglacial changes. Following Stubblefield et al. (2021) with parameter values appropri-
ate for the RIS, the results of estimated ratio ∆Vest/∆Vtrue for a 3-year cycle are presented in
Fig. S1, and the summary statistics are listed in Table S2 in the supplementary materials. For
lakes in the primary drainage networks we find ∆Vest/∆Vtrue ranges from 0.53 to 0.93 (mean =
0.76). This indicates that, under the RIS specific filling–draining cycle and ice flow conditions
considered, satellite altimetry captures the primary signals of subglacial lake activity but still
exhibits a discrepancy relative to the true water volume change. Accordingly, the altimetry-
derived values reported here should be interpreted as conservative, lower bound estimates of
the true subglacial volume change. Moreover, the filling–draining periods differ among lakes
in the RIS region, and they may also vary between successive events at an individual lake.
Consequently, this variability makes it difficult to define a single, accurate period for lakes.
Future work should combine higher spatiotemporal-resolution observations to better determine
lake filling–draining periods, and use new estimation methods that include ice flow physics to
reduce the discrepancies introduced by the viscous transmission of basal volume changes to the
surface (Stubblefield et al., 2021). We have included the theoretical calculation results of the
ratio between altimetry-derived volume change estimates and the true volume changes for the
lakes in RIS in the revised supplementary materials. We have also added a new section in the
revised manuscript that discusses these uncertainties in detail.
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(Line 630): “. . . As Stubblefield et al. (2021) point out, altimetry-derived estimates of sub-
glacial volume change can deviate considerably from their true values due to viscous ice flow.
Based on the 20-year observations in this study and combined with the elevation change time
series shown in Figs.5-7, it is evident that the lakes along the primary drainage networks have
experienced multiple filling-draining events. Particularly between 2019 and 2023, all lakes
completed 1–2 drainage events, indicating a relatively short filling-draining cycle for lakes
in the primary drainage networks. For a given ice thickness and basal drag, shorter fill-
ing–draining periods lead to altimetry-derived volume changes that more closely match the
true subglacial volume changes (Stubblefield et al., 2021). Therefore, this study assumes a
conservative cycle for a complete filling-draining cycle in these lakes. Following the approach
of Stubblefield et al. (2021), and using parameter values appropriate for the RIS, we estimated
the ratio of altimetry-derived volume change to the true volume change (∆Vest/∆Vtrue) for a
filling-draining cycle of 3 years. The results are presented in Fig. S1, and the quantitative statis-
tics for all subglacial lakes within the RIS are summarized in Table S2 in the supplementary
materials. For lakes in the main hydrological network, the ratio of satellite altimetry-derived
volume change to the true volume change (∆Vest/∆Vtrue) ranges from 0.53 to 0.93, with a mean
value of 0.76. These results indicate that, under the specific filling-draining cycle and ice flow
conditions in the RIS, satellite altimetry can capture the primary signals of subglacial lake ac-
tivity. Moreover, the filling–draining periods differ among lakes in the RIS region, and they may
also vary between successive events at an individual lake. Consequently, this variability makes
it difficult to define a single, accurate period for lakes. Future work should combine higher
spatiotemporal-resolution observations to better determine lake filling–draining periods, and
use new estimation method that include ice flow physics to reduce the discrepancies introduced
by the viscous transmission of basal volume changes to the surface (Stubblefield et al., 2021).
. . . ”

Figure S1: Spatial distribution of the volume change ratio ( ∆Vest
∆Vtrue

) for subglacial lakes on the RIS,
derived from the model framework of Stubblefield et al. (2021) for a 3-year filling-draining cycle period.
Active subglacial lakes along the primary drainage pathways are indicated by yellow circles positioned
at the centroid of each lake’s minimum bounding rectangle, with circle size scaled by the rectangle’s
longest side (Lest), based on updated lake outlines from this study.
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