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Abrupt drainage of Lago Greve, a large proglacial
lake in Chilean Patagonia, observed by satellite in
2020
Shuntaro Hata 1,2✉, Shin Sugiyama 1 & Kosuke Heki 3,4

Glacial lakes are increasing in number and extent under a warming climate. Despite demand

for lake monitoring and understanding outburst mechanisms, studies of large outburst events

are sparse. Here we report an outburst of Lago Greve, a large proglacial lake in Chilean

Patagonia. During the event in April–July 2020, the lake level dropped by 18.3 ± 1.2 m and the

area decreased by 14.5 ± 0.02 km2. The total water discharge was 3.7 ± 0.2 km3, which is

one of the largest glacial lake outbursts ever reported in satellite era. Satellite data indicated

the collapse of a bump near the lake outlet triggered the event, by initiating erosion of the

bank and bed of the outlet stream. Satellite gravimetry captured a signal of the event,

although the magnitude of the corresponding mass change was inconsistent with the drained

water mass. Our study demonstrated the potential for observing lake outburst using satellite

imagery, altimetry, photogrammetry, and gravimetry.
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As a consequence of glacier retreat under a warming cli-
mate, the number, area, and volume of glacial lakes has
increased in recent decades1. In particular, rapid increase

has been observed in Patagonia2, Alaska3, Himalaya4, and
Greenland5. Glacial lakes affect ice dynamics, frontal ablation, and
hence the evolution of glaciers terminating in the lakes6–9. Because
of the lake influences, freshwater calving glaciers experience more
rapid retreat and greater mass-loss than glaciers terminating on
land10. In Patagonia, freshwater calving glaciers are rapidly
retreating and thinning11–14, which causes rapid mass loss of the
Southern and Northern Patagonia Icefields15. As a result of the
glacier retreat, glacial lakes in the regions are expanding at the
greatest rate in the world1. Freshwater calving is important also
because glaciers affect lake environments via nutrient-rich melt-
water discharge16,17, sedimentation and water circulation18,19,
which play critical roles in the ecosystems of the lakes20. Further,
glacial lake outburst flood (GLOF) has a strong impact on physical
and biological environments downstream21. For example, large-
scale GLOFs during the deglaciation of past ice sheets affected
ocean current and hence regional climate by discharging a large
amount of freshwater into the ocean22,23. Monitoring glacial lakes
is thus important for understanding future changes of freshwater
calving glaciers and the surrounding environment.

GLOF occurs when a moraine-, glacier-, or bedrock-dam is
breached. Tsunami and seiche waves generated by e.g., calving,
landslide, or rockfall trigger outburst by initiating lakewater
overflow and subsequent erosion of the dam24,25. Seepage of
lakewater through a moraine dam and uplift of an ice dam due to
flotation are other mechanisms that trigger lake outburst26,27.
GLOF also occurs when a moraine dam spontaneously collapses
after deglaciation, a process so called “self-destruction” of a
dam28. Sudden release of a large amount of water has the
potential to cause serious damage to communities and infra-
structure downstream29. Several thousand deaths due to GLOFs
have been reported during the last hundred years30. The actual
number of fatalities is most likely greater because the inventory of
lake outburst is incomplete31. Under the influence of formation
and expansion of glacial lakes1–5, the frequency of GLOFs pos-
sibly increases in the 21st century32. Therefore, further under-
standing of outburst mechanism and long-term monitoring of
glacial lakes are required to manage hazards in mountainous
regions.

Satellite remote sensing techniques are powerful tools to
monitor glacial lakes. For example, satellite images have been
used to map glacial lakes and measure aerial changes all over the
world1. Satellite observations were utilized to quantify the chan-
ges in Himalayan glacial lakes from 1990 to 2015 with temporal
resolution of 5 years33. Lake surface elevations have been mea-
sured by satellite laser/radar altimetry34,35 as well as digital ele-
vation models (DEMs)36. Data series of Gravity Recovery And
Climate Experiment (GRACE) and GRACE-FO (follow-on) have
been combined with laser and radar altimeter measurement to
quantify the water mass change of ordinary lakes37,38. Yi et al.39

demonstrated an ability of the GRACE data to identify the change
of 13.0 Gt of water of a reservoir. Nevertheless, GRACE has never
been applied to GLOFs.

In April 2020, we observed a sudden retreat of the shoreline of
Lago Greve, an extraordinarily large proglacial lake in Patagonia
(Fig. 1). Additional analyses with several types of satellite data
indicated the release of a large amount of water within a short
time period. In this paper, we report changes in the lake area,
water level, and volume during the event, as well as its impact on
the gravity field. We also investigate the mechanism of drainage
based on satellite imagery and DEMs. The data illustrates the
details of a largest glacial lake outburst event observed by satellite
to date.

Study site. Lago Greve (49.0°S, 73.9°W) is a glacier-fed lake situ-
ated on the western side of the Southern Patagonia Icefield (SPI)
(Fig. 1). In November 2020, the lake covered an area of 187.9 km2,
making it the fourth largest proglacial lake in the world1. Although
no lake-depth measurement is available, the depth was estimated to
be ≤150m near the ice-front of the northern terminus of Glaciar
Pío XI based on the lakebed geometry observed before the for-
mation of the lake40,41. The lakewater drains through a gorge at the
northwestern margin of the lake, where an outlet stream falls off to
a marginal lake of Glaciar Occidental over steep terrain with an
elevation difference of ~130m (Fig. 1). From the lake outlet, water
flows through fjords for a distance of ~130 km before entering into
the Pacific Ocean.

The lake is fed by a number of outlet glaciers of the SPI,
including Glaciar Pío XI, the largest glacier in Patagonia (Fig. 1).
Between 1945–1962, Glaciar Pío XI advanced and blocked Río
Greve, a stream from an outwash plain feeding into Eyre Fjord
(e.g., ref. 42). The blocking resulted in the formation of Lago
Greve as an ice-dammed lake (e.g., ref. 42). After the formation of
Lago Greve, between 1945–1962, rapid lake drainage has never
been reported. In recent decades, the lake is fed by seven glaciers,
the northern glacier front and one of the subsidiary outlet glaciers
of Glaciar Pío XI, Glaciar Lautaro, and two outlet glaciers from
each of Glaciar Greve and Glaciar HPS-8 (Fig. 1).

Results and discussion
Drainage event. The lake gradually enlarged from 2016 to 8 April
2020, resulting in an areal increase of 3.1 ± 0.02 km2 (Fig. 2a).
This change was mostly due to the retreat of glaciers terminating
in the lake (2.5 ± 0.1 km2). Sudden retreat of the shoreline was
observed from the images on 8 April and 5 May 2020, followed by
further retreat and lake area reduction of 14.5 ± 0.02 km2 from 8
April to 29 July 2020. The water surface dropped by 12.3 ± 2.7 m
from 8 to 29 April and 18.3 ± 1.2 m from 8 April to 29 July,
whereas change before the event was insignificant (±1.2 m)
(Fig. 2b). Based on the relocation of the outlet stream (Fig. 3a–d)
as well as the displacement of the lake margin (Fig. 3e–h), the
onset of the drainage was determined as between 9 and 19 April
2020. After the drainage event, from 29 July to 1st November
2020, the lake area and water level were stable within the
uncertainty ranges (Fig. 2a, b). The lake area on 1st November
2020 was 187.9 ± 0.02 km2, indicating a 7.2% reduction since 8
April 2020. Water volume released from 8 April to 29 July 2020
was 3.7 ± 0.2 km3 (3.7 ± 0.2 Gt), according to the lake area and
the changes in water level. This is equivalent to 31 ± 8% of annual
ice mass loss from the SPI observed in 2000–2015/16 (ref. 43) and
0.01 mm of sea level rise.

The magnitude of the lake outburst, in terms of the discharge
volume, is among the largest reported for glacial lakes in Patagonia
and other regions. Glaciar Perito Moreno in the SPI has repeatedly
blocked a channel connecting Brazo Rico to Canal de los
Témpanos44–46. Rupture of the ice dam caused the drainage of
lakewater from Brazo Rico to Canal de los Témpanos. During the
largest event occurred in 1954–1956 (refs. 43–47), the lake level
dropped by 26m and 5.2 km3 of water drained47. Large GLOFs
were reported also in the Northern Patagonia Icefield (NPI)48–50.
The largest event in the NPI since the 20th century occurred in
2008 at Cachet Lake, a proglacial lake of Glaciar Colonia. The water
volume drained during the event was estimated as 0.2 km3 (ref. 47).

Outbursts of subglacial lakes in Iceland (jökulhlaup) are another
example of large-scale glacial lake drainage. Outbursts from
Grímsvötn, a subglacial lake beneath Vatonajökull, were estimated
to be 4.5 and 0.6–1.2 km3 for events occurring in the 1930s and
1980s, respectively51. An ice-dammed lake formed by advance of
Hubbard Glacier, Alaska, released 5.4 km3 of water when the ice
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dam collapsed in 1986 (ref. 52). In east Greenland, a glacier-
dammed lake Catalina caused four outburst events between 1966
and 2016 (ref. 36). The outbursts were triggered by flotation of the
ice dam, which lead to rapid water discharge of 2.6–3.4 Gt. The
water volume drained from Lago Greve is comparable to those
reported for the previously observed large GLOF events.

Cause of the drainage. Satellite images showed that the channel
leading lakewater to the lake outlet shifted its flowline after the
event. Before the event, in February 2013, the northward water

stream was deflected to west by a ~100 m long bump covered
with vegetation at the top of the waterfall (Fig. 4a, c). After the
event (21 July 2020), the bump disappeared and the stream
shifted northeastward by several hundred meters for a region
extending 250 and 300 m up- and down-stream from the outlet,
respectively (Fig. 4b, d). Vegetation disappeared from the region
bounded by the stream flowlines before and after the event,
implying that the northern bank of the stream was eroded over
the course of the flowline migration.

Comparison of the DEMs in February 2000 and July 2020
indicates large change in the land surface elevation on the northern
bank of the outlet stream (Fig. 4e, f). Elevation dropped by more
than 30m in the region between the lake and the waterfall
(highlighted in red in Fig. 4a). Mean elevation change was
−24.7 ± 5.6 m along the flowline of the stream before the event
(Z–X’ in Fig. 4e) (Fig. 4g) and −33.7 ± 5.6 m along the flowline
after the event (Z’–X’ in Fig. 4h). Change in the topography near
the waterfall was clearly observed by comparing the cross sections
across the flowline (Fig. 4i). Before the event, the stream was
running along the depression situated relatively south in the valley
(Z in Fig. 4i). Because the surface elevation on the northern bank of
the stream dropped by ~20–30m, the depression shifted to the
north by ~100m and deepened by ~20m (Z’ in Fig. 4i), which is
approximately equal to the change in the lake surface elevation
after the lake drainage.

Based on these analyses of the satellite images and DEMs, we
interpret the mechanism of the outburst as below. Between 9 and 19
April 2020, the bump at the top of the waterfall collapsed (Fig. 4c, d)
so that the stream changed its flow direction to north across the
bump location. Because of the change in the flow direction, water
began eroding the northern bank of the stream. As the erosion
proceeded upstream and the valley deepens, the stream gradually

Fig. 1 Study site. Satellite image of Lago Greve (Sentinel-2 MSI image on 1st November 2020). The inset shows the location of the study site in South
America. The area which turned from lake to land surface from 8 April to 1st November 2020 are highlighted in yellow. Areas highlighted in orange and
cyan indicate advance and retreat of glacier calving fronts during the same period. Blue curves indicate glacier boundaries from RGI 6.0 inventory69 (based
on satellite imagery in 2000–2003), with glacier frontal margins delineated in this study. The red box in the upper left corner indicates the location of the
lake outlet and the area shown in Fig. 4. The magenta boxes indicate the areas shown in Fig. 3.

Fig. 2 Changes in lake area and water level of Lago Greve. a Area and
b water level of Lago Greve from 28 September 2016 to 1st November
2020. Lake levels indicated by squares were measured by DEMs, while
those indicated by circles were obtained by ICESat-2. Gray shaded area
indicates the approximate period of the lake drainage event (from 9 April to
29 July 2020). Errorbars represent uncertainty of measurement.
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shifted to the north and the water surface dropped. Most likely, the
erosion was accelerated by progressive increase in the discharge from
the lake. Elevation change near the bump clearly showed formation
of a deep V-shaped valley after the event, suggesting erosion by the
stream water (Supplementary Note 1 and Supplementary Fig. 1). We
conclude that the collapse of the bump triggered the change in the
flow path of the stream, which resulted in the erosion of the valley
and the drainage of lakewater.

We speculate that the stream eroded unconsolidated glacial
deposits left by the advance of Glaciar Occidental during the
Little Ice Age (LIA). The front position of the glacier was
approximately at the lake outlet in the ~1870s53,54 (dotted line in
Fig. 4a), and the region around the outlet was covered with a
moraine formed in front of the glacier55 (gray line in Fig. 4a).
Therefore, it is likely that the region was mantled with glacial
deposits as well as sediments carried by lakewater.

The satellite images implied that the event was triggered by the
collapse of the bump. However, we do not have information to
identify the cause of the collapse. Since flowline of the stream
showed no change from April 2000 to 8 April 2020, the process of
the collapse was relatively rapid. Given the long distance from the
glaciers (>20 km), the impulse of a wave induced by calving is not
a likely trigger. Waves due to landslide or rockfall into the lake are
not likely as well, because no trace of such an event was found
along the lake shore near the outlet. We also exclude an influence
of intensive snow/ice melt because the onset of the event was in
April. A relatively small earthquake (magnitude 5.2) was recorded
on 5 April 2020 at a depth of 13.6 km and a distance of ~200 km
from the lake outlet (west of Cochrane, Chile) (USGS, https://
earthquake.usgs.gov/earthquakes/eventpage/us10007exm/origin/
detail, last access: 5 December 2021). Nevertheless, this earth-
quake was at least four days before the onset of the outburst, and
probably too weak to destroy the bump. There is no weather
station around the lake, but no extraordinary event was found in
the weather conditions in the ERA5 reanalysis dataset56

(Supplementary Note 2 and Supplementary Fig. 2). A field survey
is required to investigate the triggering mechanism details further.

Presumably, the collapse of the bump was not directly related
to recent warming climate. However, assuming the bump was
composed of morainic materials deposited about 1870, the
collapse occurred ~150 years after the retreat of Glacier
Occidental. Harrison et al.32 proposed that GLOF occurs more
frequently in the near future as a lagging response to warming
climate. The studied event can be regarded as such a delayed
response to the changing climate.

Gravity field. Total masses of mascon (mass concentration) of
land tiles averaged within 200, 300, and 400 km from the lake

showed similar temporal patterns (Fig. 5a). Seasonal variations,
clear in the signal as winter positive and summer negative
changes, can be attributed to snow accumulation and snow/ice
melting. The negative trend over the entire period indicates the
mass loss of the glaciers in the region57,58 The GRACE data
deviate from the fitting curve largely after 2020 (Fig. 5b–d). Root
mean square errors (RMSEs) from January 2020 to August 2021
(0.26–0.54 m w.e.) are substantially greater than those for the
2002–2019 period (4.6–7.1 × 10−2m w.e.). The model under-
estimates the mass loss in this region, implying additional mass
loss event there. The RMSEs after July 2020 can be minimized by
assuming an additional mass reduction event which took place
linearly from April to July 2020 (red curves in Fig. 4b–d). The
regression of the data suggested additional mass losses of
−0.29 ± 0.03, −0.23 ± 0.02, and −0.17 ± 0.02 m w.e. for the
regions within 200, 300, and 400 km, respectively.

Mascon tiles showing negative mass changes from March to
August 2020 lie mostly within ~200 km from Lago Greve (Fig. 5e).
There the average seasonal changes from March to August in
2002–2019 are already removed from the results. The mass loss
regions do not coincide with the Patagonia Icefields (regions
within blue curves in Fig. 5e) but are localized near the lake.
Therefore, the observed mass loss signals are most likely due to
the observed discharge of lakewater from Lago Greve in 2020.

The GRACE data suggested a range of mass loss from −0.29 to
−0.17m w.e. for the regions within 200–400 km, which correspond
to the water volume of 33.4–58.5 km3. These estimates are
substantially greater than the actual volume of the discharge
(3.7 ± 0.2 km3) quantified from the change in the lake surface
elevation. The discrepancy would be due to the poor spatial
resolution of the GRACE gravimetry. Such an intrinsic low
resolution reflects the satellite altitudes larger than the lake size
by more than an order of magnitude. Lago Greve is the fourth
largest glacial lake in the world, but it occupies only 1.5% of a
typical CSR mascon tile (124 × 102 km2) (ref. 59). A previous study
reported that quantification of water volume changes by GRACE is
not suitable even for larger glacial lakes37. Thus, we conclude that
the satellite gravimetry is able to detect large-scale lake outburst
events, but care should be taken for quantification of the water
discharge. The importance of GRACE in studying GLOF would be
increased if mascon solution is adapted for localized events.

Implications for calving glaciers. The sudden drop in the lake
level should have impacts on the glaciers terminating in the
lake. Previous studies on ice marginal lakes reported impacts of
outburst floods on glacier dynamics (e.g., refs. 27,60). Never-
theless, observation of outburst of a proglacial lake is sparse,
thus its impact on the calving front is poorly understood.

Fig. 3 Satellite images showing initiation of the drainage event. The images were acquired by Landsat-8, Sentinel-1, Sentinel-2 for the locations indicated
by the magenta boxes in Fig. 1a. The acquisition dates are (a and e) 8 April 2020, (b and f) 9 April 2020, (c and g) 19 April 2020, and (d and h) 5 May
2020. Cyan and yellow lines in a–d indicate the outlet stream as observed on the optical images on 8 April and 5 May, respectively. The blue and orange
lines are the same for the lake margin.
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Considering the tidal influence on the ice speed of marine-
terminating glaciers (e.g., ref. 61), speed change of the glaciers is
expected after the outburst of Lago Grave. Further, the drop in
the lake level should affect the frequency and magnitude of
calving, as well as underwater ice front melting. Therefore,
continuing to monitor the glaciers in the future is a unique
opportunity to investigate the dynamics and frontal ablation of
freshwater calving glaciers.

Conclusions
In this study, we reported an outburst of Lago Greve in Patagonia,
one of the largest glacial lakes in the world. Satellite data showed
abrupt lake drainage between 9 and 19 April 2020 and lakewater
discharge from April to July 2020. During the event, lake area
decreased by 14.5 ± 0.02 km2 and the water level dropped by
18.3 ± 1.2 m. Water volume released from the lake was
3.7 ± 0.2 km3 (3.7 ± 0.2 Gt), which indicates the event is among

Fig. 4 Surface elevation changes in the lake outlet region. Satellite images acquired a before (Google Earth on February 22, 2013) and b after the outburst
event (World View-2 ©Maxar on July 21, 2020). Magenta curve in a indicates the location of the bump described in the text. Blue and cyan curves in
b indicate side margins of the outlet stream before and after the event. Green dotted and gray solid lines in a indicate the frontal position of Glaciar
Occidental during the Little Ice Age52 and its moraine position54, respectively. Regions highlighted in red in a are where surface elevation decreased by
>30m between 11–22 February 2000 and 21 July 2020. Yellow boxes in a and b show the regions enlarged in c and d, respectively. Surface elevation near
the outlet of Lago Greve based on e SRTM-DEM (February 2000) and f WV-DEM (21 July 2020). Dashed and solid curves indicate the flowlines of the
stream before and after the event, respectively. g Surface elevation along the stream before (X-Z-X’ in e) and h after the event (X- Z’-X’), and i across the
outlet region (Y-Y’).
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the largest GLOFs ever reported. The outburst was triggered by
the collapse of a bump near the lake outlet and subsequent change
in the flow path of the outlet stream. This event activated the
erosion of the bank and the bed of the stream, resulting in
lakewater drainage through a deepened valley. The event was also
detected by the gravity field observed by the GRACE/GRACE-FO
mascon solution. The GRACE data largely overestimate the
volume of water release because its spatial resolution is not suf-
ficient for the GLOF event. Thus, care should be taken when
mascon solution is used to quantify the magnitude of a lake
outburst.

Methods
Lake area. The area of Lago Greve was measured from 28 September 2016 to 1st
November 2020, using 19 satellite images acquired by the Sentinel-2 Multispectral
Imager (MSI) and Landsat 8 Operational Land Imager (OLI). The spatial resolu-
tion of the images were 10 m and 30 m, respectively (Supplementary Table 1). The
lake margin was manually delineated on false-color composite images on the QGIS
geographic information system software. False-color images were converted from
near-infrared, green and red band images (bands 8, 4, 3 of Sentinel-2 MSI, and 5, 4,
3 of Landsat 8 OLI). We utilized normalized differential water index (NDWI) to
distinguish water and land in regions covered by shades (Supplementary Note 3
and Supplementary Fig. 3). NDWI is commonly used to detect water bodies in
satellite images. The index is defined as

NDWI ¼ RG � RNIR

RG þ RNIR
ð1Þ

where RG and RNIR are the reflectance of green and near-infrared bands at the top
of the atmosphere (e.g., ref. 62). To evaluate the contributions of glacier retreat and
advance to the lake area, changes in the glacier areas near the front were also
measured by the images. To constrain the onset of the drainage event, we also used
backscatter images of synthetic aperture radar (SAR) obtained by Sentinel-1
satellites (Fig. 3b, c, f, g).

Uncertainty in the lake area was estimated by assuming that the individual
measurement along the lake margin has an error up to the image resolution. Lake
area computation was repeated 1000 times by randomly shifting the nodes of the
lake polygon within the range of the resolution. Standard deviation of the repeated
computation was ±0.02 km2 for both of the MSI and OLI images. The uncertainty
in the glacier area change was separately evaluated based on the uncertainty in the
ice-front positions reported for the same procedure63 (±7 m).

Lake water level. Water surface elevation of Lago Greve was measured from 28
September 2016 to 1st November 2020 with intervals of five days to six months,
based on satellite laser altimetry and DEMs.

Data from the Advanced Topographic Laser Altimeter System (ATLAS)
mounted on Ice, Cloud, and Land Elevation Satellite-2 (ICESat-2) was analyzed
during a period from November 2018 to July 2020 (Supplementary Table 2). In this
study, we used ICESat-2/ATLAS L3A Inland Water Surface Height products
(ATL13), which provide lake- and river-surface heights above the Earth
Gravitational Model 2008 mean sea level64. We used the ATL13 point data
obtained within the lake area. Data acquired on the same day were averaged and
the standard deviations were taken as a measure of uncertainty.

From September 2016 to November 2020, the lake level was also measured by
reading elevation along the lake margin from DEMs. We used a DEM derived from
the Shuttle Radar Topography Mission (SRTM-DEM) on February 2000, which is
distributed by the U.S. Geological Survey (USGS). Spatial resolution and
uncertainty in the vertical coordinates of the SRTM-DEM were 30 and ±7 m,
respectively65. To obtain the elevation of the lake shore which emerged after the
onset of the drainage (April–November 2020), we generated a 5-m resolution DEM
by applying a photogrammetric technique to a stereo pair World View-2 satellite
images acquired on 21 July 2020 (WV-DEM, Supplementary Note 4). The accuracy
of the DEM was estimated as ±5.6 m (Supplementary Note 4 and Supplementary
Fig. 4). Vertical offsets of the DEMs against the altimetry data were corrected by
comparing lake-surface elevation from the DEMs with those obtained by altimetry
within seven days. The mean difference from the altimetry data (+2.5 m for
SRTM-DEM and −1.4 m for WV-DEM) was used for the correction of the DEM
derived lake level. Data during the drainage period was excluded from the offset
evaluation because the water level change in seven days was too large.

Fig. 5 Mass changes over the study region. a Mass changes in the GRACE mascon solution summed over areas within 200, 300, and 400 km from the
lake. Cyan curves are the best-fit time series assuming Eq. 2. RMSEs of the model are shown by the shading around the curves. Red and magenta curves
are results of the regression assuming an additional mass loss event that occurred at a constant rate from 8 April to 29 July 2020 (gray shaded band).
RMSEs, correlation coefficients, p-values of the fitting are also shown. b–d shows the close-up view of the parts after 2019. e Distribution of mass changes
from March to August, 2020. Regions within blue curves indicate the Patagonia Icefields. The white dot indicates the location of Lago Greve. Solid curves
indicate the regions within 200, 300, 400 km from the lake.
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The SRTM-DEM was used for the period before the drainage event (from
September 2016 to April 2020), whereas the WV-DEM was used after the event
(from April to November 2020). The DEMs were used also for investigation of the
terrain near the outlet of the lake.

To specify the onset of the lake drainage, we inspected backscatter images of
Sentinel-1 acquired on 9 and 19 April 2020 (downloaded from the EO browser
https://apps.sentinel-hub.com/eo-browser/). Spatial resolution of the images was
4.4 m. The SAR images were compared with optical images on 8 April and 5 May
2020 to find changes in the lake margin and outlet stream (Fig. 3).

GRACE mascon solution. Monthly mascon data were analyzed in the study
region, using mascon solutions distributed by the Center for Space Research (CSR),
the University of Texas at Austin59. These mascon solutions were derived by
GRACE and GRACE-FO satellite gravimetry systems. Geodesic grids were located
on the earth surface with intervals of ~120 km. Note that the CSR mascon product
is provided as a 0.5° grid data set, which was generated by resampling original
mascon solution. Changes in the mass from April 2002 to December 2019 were
averaged over regions within 200, 300, 400 km from the center of the lake (Fig. 4c)
considering the resolution of the GRACE measurement of 200–400 km (ref. 66).
We modeled the mascon time-series with a function composed of linear, seasonal,
and decadal variation terms.

MðtÞ ¼ ∑
3

i¼1
k2i�1 sin

2π
Ti

t þ k2i cos
2π
Ti

t

� �
þ k7t þ k8 ð2Þ

M is the time-variable mass, t is the elapsed time since 16 April 2002, Ti= 1–3

indicate periods of annual, semiannual and decadal cycles, and k1–8 are coefficients
estimated by the least-squares method. We also compared the spatial distribution
of mascon in March and August 2020. To eliminate seasonal variations, the data
sets were corrected for mean differences between March and August observed from
2002–2019.

Data availability
Timeseries of lake margin, lake area, water level, mascon solutions are deposited and
available at Zenodo repository67 (https://doi.org/10.5281/zenodo.5781833).

Code availability
Map figure of the Study site (Fig. 1) was generated by using an open-source GIS software
(QGIS 3.22). Other figures were generated by using MATLAB 2018b (https://mathworks.
com/products/matlab.html). The MATLAB scripts were written with standard MATLAB
functions and functions included a freely available toolbox as M_Map version 1.4 m
(ref. 68).
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