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ABSTRACT

ARTICLE HISTORY
Received 16 November 2022

On 29 June 2022, local observers reported the drainage of a 0.5 ha lake near Qikigtagruk (Kotzebue),
Alaska, that prompted this collaborative study on the life cycle of a thermokarst lake in the Arctic. Prior
to its drainage, the lake expanded from 0.13 ha in 1951 to 0.54 ha in 2021 at lateral rates that ranged
from 0.25 to 0.35 m/year. During the drainage event, we estimate that 18,500 m> of water drained
from the lake into Kotzebue Sound, forming a 125-m-long thermo-erosional gully that incised 2 to
14 m in ice-rich permafrost. Between 29 June and 18 August 2022, the drainage gully expanded from
1 m to >10 m wide, mobilizing ~8,500 m? of material through erosion and thaw. By reconstructing
a pre-lake disturbance terrain model, we show that thaw subsidence occurs rapidly (0.78 m/year)
upon transition from tundra to lake but that over a seventy-year period it slows to 0.12 m/year. The
combination of multiple remote sensing tools and local environmental observations provided a rich
data set that allowed us to assess rates of lake expansion relative to rates of sub-lake permafrost thaw
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subsidence as well as hypothesizing about the potential role of beavers in arctic lake drainage.

Introduction

The formation and drainage of lakes in the Arctic repre-
sent dominant landscape change processes in perma-
frost regions (Grosse, Jones, and Arp 2013; Brosius
et al. 2021; B. M. Jones et al. 2022). Their dynamics
during the Holocene and Anthropocene have shaped
the current state of lowland arctic landscapes and lake
and drained lake basin (L-DLB) systems (Farquharson
et al. 2016; Bouchard et al. 2020; S. Wolfe et al. 2020;
B. M. Jones et al. 2022). Taken together, L-DLB systems
may cover up to 80 percent of the landscape in lowland
permafrost regions in the Arctic (Hinkel et al. 2005;
M. C. Jones et al. 2012; Grosse, Jones, and Arp 2013;
B. M. Jones and Arp 2015; Bergstedt et al. 2021). Several
recent studies have documented an increase in lake
evolution and, in particular, lake drainage across the
permafrost region (Nitze et al. 2018, 2020; Lara,
Chen, and Jones 2021; Webb et al. 2022) with implica-
tions for local-, regional-, and global-scale feedbacks

(Turetsky et al. 2020; B. M. Jones et al. 2022). Better
understanding lake drainage processes and document-
ing lake drainage events is of importance to climate
change research, wildlife and habitat studies, access to
subsistence resources, and the well-being of northern
socioecological systems (B. M. Jones et al. 2022).
L-DLB systems in the northwestern Alaska Arctic
region are continuing to shift to a landscape that is
increasingly dominated by DLBs. B. M. Jones et al.
(2011) found that between 1951 and 2007 on the Cape
Espenberg Lowlands of the northern Seward Peninsula,
the land area gained through lake drainage was nearly 4
times greater than land area lost through lake formation
and expansion. Swanson (2019) conducted lake change
studies for the U.S. National Park Service lands in the
region showing widespread lake losses (mean regional
rate loss of 16 ha/year) between 2000 and 2017. Nitze
et al. (2020) further documented widespread lake area
loss for the northern Seward Peninsula and Baldwin
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Peninsula in 2017 and 2018, where 192 lakes were iden-
tified as draining, which exceeded the long-term average
drainage rate by a factor of approximately ten. Lara,
Chen, and Jones (2021) assessed lake drainage dynamics
across the entirety of the Brooks Range and northwes-
tern Arctic Alaska between 1975 and 2019, showing that
100 to 250 lakes per year had drained between 2015 and
2019 and that by 2050 lake area will likely decline by an
additional 15 to 21 percent. The factors responsible for
the rapid nature of lake drainage in the region have been
attributed to increases in mean annual air temperature
and precipitation, lengthening of the thaw season, and
increasing near-surface permafrost ground temperature
that destabilize ice-rich permafrost soils (Swanson 2019;
Nitze et al. 2020; Lara, Chen, and Jones 2021). However,
an increase in the presence of beaver engineering in the
region has also been well documented through the for-
mation of more than 12,000 new beaver ponds since the
early 1950s (Tape et al. 2018, 2022). The recent and
rapid expansion of beavers in the region adds a level of
complexity when trying to infer the factors responsible
for lake dynamics. For example, B. M. Jones, Tape, et al.
(2020) found that beavers were the primary driver of
surface water area increases on the Baldwin Peninsula
between 2002 and 2019 but their engineering activities

had caused the drainage of some thermokarst lakes. Our
recent observations, both with remote sensing and dur-
ing field studies, in part prompted this study to investi-
gate the complex processes triggering lake drainage.

On 29 June 2022, between 08:00 and 20:00, a 0.5 ha
thermokarst lake, with bank heights that ranged from 2
to 4 m high, drained on the Schaeffer’s Native allotment
on the Baldwin Peninsula, near Qikiqtagruk (Kotzebue),
Alaska (Figure 1). The event was reported on the Local
Environmental Observer (LEO) Network by Susan and
Tim Tessier, who have their home on the allotment near
the lake (Tessier et al. 2022). Over the course of the next
few months, a cross-disciplinary group of scientists and
local knowledge experts from a variety of countries and
institutions explored the lake basin using aerial and
satellite imagery as well as on-site surveys and discus-
sions with local observers. The presence of a beaver in
the lake just days before the drainage event and beaver-
chewed shrubs on the shore indicate that it may have
played a role in the lake drainage event. To better under-
stand the factors leading up to this lake drainage event,
we investigated various forms of imagery to reconstruct
lake water volume and topographic change and estimate
permafrost thaw subsidence over time. More specifi-
cally, we used historical aerial photography and

T

Figure 1. Photos from the LEO post on the sudden lake drainage event that happened on 29 June 2022 (Tessier et al. 2022). (a) Oblique
aerial photo of the drained lake basin on 10 August 2022 (photo credit: Sebastian Zavoico). (b) Ground photo of the recently exposed
drained lake basin floor and (c) the thermo-erosional drainage gully that formed during the drainage event (photo credits: Susan
Tessier, 29 June 2022). (d) The thermo-erosional drainage gully fifty-four days after the lake drained showing continued permafrost
thaw and ground ice melt since the drainage event (photo credit: Benjamin Jones).



contemporary very high-resolution airborne and satel-
lite imagery to reconstruct lake evolution prior to drai-
nage as well as corroborating the timing of the lake
drainage event. Structure-from-motion (SfM) techni-
ques were used to process digital photography acquired
from a plane mounted camera (2016 and 2021) and
a drone system camera (2022) to provide an estimate
of lake water volume loss and topographic change asso-
ciated with the lake drainage. Simulating a pre-lake
formation terrain surface allowed for the estimate of
permafrost thaw subsidence associated with thermo-
karst lake evolution prior to its drainage in 2022.

Methods
Local environmental observations

The observation of the sudden lake drainage event was
provided through the Alaska Native Tribal Health
Consortium’s LEO Network. The LEO Network is
a community of local and topic experts who share knowl-
edge about the time and location of specific events that
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are signals of environmental change. In 2012, the LEO
Network was launched as an online tool to help the tribal
health system and local observers to share information
about climate and other drivers of environmental change.
The event was reported on the LEO Network by Tim and
Susan Tessier, who have their home on a Native allotment
near the lake, which is located about 5 km northeast of
Kotzebue, Alaska (Figure 2; Tessier et al. 2022). Several
researchers were then approached by the LEO Network to
verify and comment on this reported event, which led to
the scientific analysis reported here in close collaboration
between local observers and researchers.

Reconstructing lake area changes over time

We reconstructed the environmental history and drai-
nage of Schaeffer Lake by analyzing several remote sen-
sing datasets in a geographic information system (Jones
2023). Historical aerial photography from 14 July 1951
(1:20,000 scale), 6 July 1974 (1:6,000 scale), and
31 August 1993 (1:48,000 scale) provided a historical
data set to map changes in the lake area over time due
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Figure 2. The northwestern Arctic region of Alaska where the thermokarst lake drained on 29 June 2022. (a) An inset map showing the
location of the northern part of the Baldwin Peninsula (red box). (b) A Landsat satellite image showing the northern Baldwin Peninsula
and the location of the drained thermokarst lake (yellow box). (c) A Worldview-2 satellite image from 20 July 2017 showing a series of
small thermokarst lakes that have formed in ice-rich permafrost. Schaeffer Lake is the lake that drained on 29 June 2022. ©2023 Maxar.
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Table 1. Historic aerial photograph and contemporary satellite imagery used in our analysis of Schaeffer Lake evolution between 1951

and 2021.
Image Ground control points  Spatial resolution ~ Georegistration root mean square error Lake area
Image date Image source scale (n) (m) (m) (ha)
14 July 51 Aerial photography 1:20,000 10 1 0.95 0.13
6 July 74 Aerial photography 1:6,000 10 1 0.80 0.24
31 August 93  Aerial photography 1:48,000 10 1 0.47 0.36
4 July 07 Quickbird-2 N/A 10 1 0.71 0.44
4 August 21 Worldview-2 N/A N/A 1 N/A 0.54

04 August 2021
©2021 Maxar

30 June 2022

01 August 2022
©2022 Maxar

Figure 3. Very high-resolution satellite image time series bracketing the drainage of Schaeffer Lake to the time period observed by
local environmental observers. The lake drained between 24 June 2022 (note smoke is present) and 30 June 2022 as observed in the
0.5 m resolution satellite images. The observation from 4 August 2021 was the last non-smoke and snow/ice-affected image
available for the site prior to the lake drainage. The image acquired on 1 August 2022 demonstrates that the lake drainage was

complete. ©2023 Maxar.

to lake expansion into ice-rich permafrost. The historical
aerial photograph time series was complemented by very
high-resolution satellite imagery from 4 July 2007
(Quickbird-2) and 4 August 2021 (Worldview-2) to
map lake area in the two decades prior to its drainage
(Table 1). The Worldview-2 image from 2021 was used as
the base image to georegister the other four images in the
time series. The georegistration error was less than 1.0 m
based on using ten ground control points in each image
(Table 1). Visual analysis of very high-resolution satellite
images from 24 June 2022 (Worldview-3), 30 June 2022
(Worldview-2), and 1 August 2022 (Worldview-2)
bracketed the drainage event in 2022 and demonstrated
its complete drainage (Figure 3).

Quantifying thermokarst lake margin expansion
rates

Lake expansion rates between each time period (1951
versus 1974, 1974 versus 1993, 1993 versus 2007, and

2007 versus 2021) were measured using Digital Shoreline
Analysis System (DSAS) Version 5.1 (Himmelstoss et al.
2021) extension installed in ArcGIS Desktop 10.8.1 (ESRI
2022). This method had previously been used to success-
fully quantify thermokarst lake expansion rates
(B. M. Jones et al. 2011). Transects were cast 3 m apart
using the baseline polyline drawn on the outside of the
2021 shoreline for a total of 110 transects. Transects were
initially cast using automated features in DSAS and edited
to ensure that all transects crossed each lake shoreline in
a perpendicular direction. The same transects were used for
each DSAS run for each time period. The net expansion
(m) and mean expansion rate (m/year) were calculated for
each time period using the 110 perpendicular transect lines.

Developing high-resolution digital surface and
terrain models

Predrainage digital images were acquired on
1 September 2016 from a small single-engine airplane



with a Nikon D800OE DSLR camera with a 24 mm lens
mounted vertically and connected to a Trimble 5700
survey-grade Global Positioning System (Fairbanks
Fodar 2019). Photo exposure was continuously moni-
tored and adjusted in flight as needed by the pilot. The
bulk of the missions were planned with a 17-cm ground
sample distance using a two-pass method along the
coast. The coast was followed by eye and then subse-
quent lines offset the appropriate distance to get
a 60 percent across-track overlap. Along-track overlap
was generally 80 percent or more. The photos were
processed using the software Agisoft Photoscan
(Nolan, Larsen, and Sturm 2015) to create an ortho-
photo mosaic, a digital surface model (DSM), and
a point cloud with twelve points per square meter
using North American Datum (NAD)83 UTM Zone 3
North in orthometric heights (North American Vertical
Datum of 1988 (NAVD)88).

Predrainage MACS (Modular Aerial Camera System)
aerial images with red-green-blue and near-infrared sen-
sors were acquired on 3 July 2021 during the Perma-X
2021 flight campaign. Images were captured on a single
flight line with an 80 percent along-track overlap and
a flight altitude of 1,000 m, which translates to an approx-
imate ground resolution of 10 cm. We processed these
data to an orthophoto mosaic, DSM, and colorized point
cloud in Pix4D Mapper (v4.7.5; PIX4D 2022). The single-
track acquisition pattern of the MACS data required the
manual selection of ground control points using the post-
drainage drone system orthophoto mosaic and DSM to
ensure spatial accuracy across data sets.

Postdrainage digital images were acquired from
a DJI P4RTK quadcopter with a DJI D-RTK
2 Mobile Base Station at the Schaeffer Lake drainage
study site on 22 August 2022. The drone system was
flown at 50 m above ground level, and flight speeds
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varied from 7 to 8 m/s. The along-track overlap and
across-track overlap of the mission were set at 80 per-
cent and 70 percent, respectively. All images were
processed in the software Pix4D Mapper (v4.7.5) to
produce an orthophoto mosaic and a DSM at spatial
resolutions of 2 and 5 cm, respectively and a point
cloud with ~400 points per square meter. A Leica
Viva differential Global Positioning System provided
ground control for the mission, and the data were
postprocessed to WGS84 UTM Zone 3 North in
ellipsoid heights.

We developed predrainage (1 September 2016 and
3 July 2021) and postdrainage (22 August 2022) digital
terrain models (DTMs) using the AGL Analyst function
in the software Quick Terrain Modeler (QTM v8.31;
QTM 2022). We reprocessed all point cloud data sets to
a spatial resolution of 30 cm by calculating a bare earth
DTM using the LidarSense algorithm in QTM. The 2016
and 2021 data sets were reprojected to WGS84 UTM
Zone 3 North in ellipsoid heights to match the reference
frame of the 2022 data prior to differencing the DTM
products to estimate the volume of water lost through
lake drainage as well as thermal erosion caused by the lake
drainage event. Prior to differencing the DTMs, Schaeffer
Lake was hydro-flattened to an ellipsoid height of 31 m
in QTM.

Simulating a predisturbance land surface

We simulated a pre-lake formation land surface by
extracting topographic information from a 0.5 ha area
adjacent to Schaeffer Lake in the 2016 DTM. The area
where the elevation values were extracted represented
the same inferred topography as the site where
Schaeffer Lake had developed. These inferences were
based on information in historical U.S. Geological

2022 vs 2016 Simulated vs 2016 Simulated vs 2022
4000 3500 3500
Mean: 0.05 m B Mean: -0.06 m ] Mean: 0.1 m
Min: -0.34 m — 3000 1 Min: -0.47m [ ] 3000 ~ Min: -0.49 m
3000 ] Max:0.26m Max: 0.27 m = Max:0.22m
2500 1 | 2500 -
- = 2000 « 2000 4
c c c
3 2000 A 3 3
o © 1500 - © 1500 -
1000 | 1000
1000
500 - 500 -
0 - : : - : 0 - : - : - 0 : - - : -
-0.4 -0.2 0.0 0.2 04 -0.4 -0.2 0.0 0.2 04 -0.4 -0.2 0.0 0.2 04

Elevation Difference (m)

Elevation Difference (m)

Elevation Difference (m)

Figure 4. Assessing the accuracy of differencing the three digital terrain models (DTMs) used in our assessments of elevation change. The
difference in elevation values was extracted from a 30 m x 30 m area that appeared to have remained stable and undisturbed between
2016 and 2022. Left, 2022 DTM versus 2016 DTM; middle, simulated DTM versus 2016 DTM; right, simulated DTM versus 2022 DTM.
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Survey topographic maps as well as features visible in
the historical aerial photography. The hydro-flattened
surface of Schaefter Lake in the 2016 DTM was replaced
with the extracted elevation values from the adjacent
upland land surface. We downsampled the merged
product using an aggregation factor of seventy-five to
smooth out the terrain surface. We then resampled the
simulated DTM to a spatial resolution of 30 cm for
differencing with the 2022 DTM to estimate the total
thaw subsidence associated with the evolution of the
lake prior to its drainage. We performed an accuracy
assessment of all three DTMs (2016, 2022, and simu-
lated) by differencing each product inside what
appeared to be an undisturbed 30 m x 30 m area
between 2016 and 2022 (Figure 4).

Results

Local environmental observations of the sudden
thermokarst lake drainage

On 29 June 2022, a sudden lake drainage event was
reported on the LEO Network by Susan Schaeffer
Tessier and Tim Tessier, who have their home on the

allotment near the lake, which is located 5 km northeast
of Kotzebue, Alaska (Tessier et al. 2022):

The event occurred on June 29th, on our native allot-
ment (Illivak) near Kotzebue. We left home in the
morning and when we came back around 8:00 PM in
the evening the whole lake had drained! It looked like it
was blown up with dynamite. (Susan Schaeffer Tessier,
29 June 2022)

The Tessiers observed that the drainage gully was 1 m
wide on the north end of the lake and that it eroded
downwards at least 6 to 7 m into ice-rich permafrost
during the drainage event. Very high-resolution satellite
images acquired on 24 June 2022 and 30 June 2022 also
detected lake drainage in this same time span (Figure 3).
The Tessiers also noted the pattern of degraded ice
wedges and intervening ice wedge polygon centers evi-
dent in the drained thermokarst lake basin bottom as
well as accumulations of dead aquatic invertebrates that
were providing forage for ducks. The week before the
sudden lake drainage, Susan saw a beaver in the lake for
the first time (Figure 5a). Following the sudden lake
drainage, Tim also observed signs of beaver-chewed
wood in the willow shrubs adjacent to where the lake
drainage occurred (Figure 5c¢,d).

Figure 5. Evidence for beaver burrowing as a thermokarst lake drainage mechanism (red circles and ovals). (a) A beaver showed up in
the lake a week before the lake drained for the first time in at least four years (photo credit: Susan Schaeffer Tessier). (b) An image
acquired by the drone system during a flight down the drainage gully showing beaver-chewed wood (photo credit: Benjamin Jones).
(c) and (d) Beaver chew on the bush near the location where the drainage gully formed (photo credit: Tim Tessier).



Decadal-scale thermokarst lake evolution prior to
drainage

Historic aerial photographs and contemporary very
high-resolution satellite image time series show
a gradually expanding thermokarst lake between
1951 and 2021 (Figure 6). In 1951, Schaeffer Lake
consisted of two small waterbodies totaling an area of
0.13 ha (Table 1). Between 1951 and 1974, the two
waterbodies coalesced, and the lake expanded at an
average rate of 0.28 m/year, nearly doubling in sur-
face water area (Table 2). From 1974 to 1993, lake
expansion rates increased to 0.35 m/year, which
added an additional 0.12 ha of surface water area to
the lake. Between 1993 and 2007, lake expansion
rates decreased slightly to 0.25 m/year, and the sur-
face water area increased by 0.08 ha, for a total area
of 0.44 ha. Lake expansion rates remained just below
average (0.27 m/year) between 2007 and 2021,
whereas the lake area increased to 0.54 ha. Over the
most recent observation period, the lake expanded
most rapidly toward the direction it eventually
drained, northwards into Kotzebue Sound.
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Differencing digital terrain models—Lake drainage
and gully erosion

We differenced the pre- and post-drainage DTM pro-
ducts from 2016 and 2022 to assess changes in elevation
associated with the loss of water in the lake basin as well
as formation of a 125-m-long drainage gully (Figure 7).
The mean difference in elevations between the two DTMs
in the undisturbed accuracy assessment area was 0.05 m,
with a range from —0.34 m to 0.26 m (Figure 4). We
estimate that the lake was between 3 and 4 m deep on
average prior to drainage, and microtopography asso-
ciated with degrading sub-lake ice wedges was on the
order of 0.6 to 1.0 m, indicating active sub-lake thermo-
karst processes prior to its drainage. Downcutting of ice-
rich permafrost during the drainage event resulted in
a thermo-erosional gully extending for 125 m and exceed-
ing 13 m in depth adjacent to the old lake shoreline
(Figure 8). Further downstream, near the base of the
ocean bluff, the depth of incision was on the order of 2
to 4 m. The estimated lake water volume lost through the
drainage was 18,500 m> and the estimated amount of
material (sediment and ice) transported through erosion

2021

©2021 Maxar

0.13 ha

o
b 4

Figure 6. Remote sensing time series showing the evolution of Schaeffer Lake between 1951 and 2021. Historic photography is from
1951, 1974, and 1993. High-resolution commercial satellite imagery is from 2007 and 2021. The lake area increased by >300 percent
between 1951 and 2021, prior to its drainage in 2022. The grid in the lower row measures 30 m x 30 m. ©2023 Maxar.

Table 2. Reconstructing the evolution of Schaeffer Lake between 1951 and 2021.

Mean expansion rate (m/year) Mean subsidence rate (m/year)

Time period Area change (ha) Area change (%/year)
1951 to 1974 0.11 3.7
1974 to 1993 0.12 26
1993 to 2007 0.08 1.6
2007 to 2021 0.10 1.6

0.28 0.12
0.35 0.17
0.25 0.27
0.27 0.78

Note. Area change was determined by manually digitizing the lake perimeter in georeferenced historic aerial photography and contemporary very high-
resolution satellite imagery. Mean expansion rates were determined using the DSAS tool (Himmelstoss et al. 2021). Mean subsidence rates were determined
by overlaying the past lake perimeters on the estimated permafrost thaw subsidence raster created from the simulated DTM and the 2022 DTM. The mean
subsidence rate is relative to the midpoint in the time period relative to the number of years prior to 2021.
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Figure 7. Elevation changes using DTMs acquired in 2016 and 2022. (a) A DTM derived from a point cloud based on structure-from-
motion analysis of airborne digital photography acquired on 1 September 2016. (b) A DTM derived from a point cloud based on
structure-from-motion analysis of drone system digital photography acquired on 22 August 2022. (c) Elevation changes exceeding
0.5 m for the thermokarst lake and drainage gully between the 2016 and 2022 DTM:s. Elevation change values indicate subsidence, lake

level lowering, and thermo-erosion.

and thawing was 8,555 m>. The 2021 DTM was partially
affected by lingering snow cover and limited spatial reso-
lution relative to the other two DTMs, but it did provide
an assessment of the perimeter near where the lake
drained. It showed that the lake bank was more than
3 m tall and that the distance from the lake edge to an
elevation equal to or lower than that of the lake surface
exceeded 25 m, which allowed us to rule out bank over-
topping as a likely drainage mechanism for Schaeffer
Lake.

Differencing digital terrain models—Subsidence due
to thermokarst lake development

We estimated the total subsidence due to thermo-
karst lake formation and drainage processes by dif-
ferencing the simulated DTM that was developed to
represent the ice-rich permafrost terrain prior to the
formation of any thermokarst lake at the site with the
postdrainage DTM from 2022 (Figure 9). The mean
difference in elevations in the undisturbed accuracy
assessment area between the simulated DTM and the
2016 and 2022 DTMs was —0.06 m and 0.11 m,
respectively, and the range was —0.47 m to 0.27 m
and -0.49 m to 0.22 m, respectively (Figure 4). The
estimated mean permafrost thaw subsidence magni-
tude for the basin was 6.5 m, with a range of 1.9 m to

10.6 m, thus exceeding the estimated uncertainty in
the DTM products. Drained lake basin microtopo-
graphy associated with melting ice wedges and
degrading polygon centers is on the order of 0.6 to
1.0 m, with troughs being between 8 and 10 m wide
in some cases.

We further assessed subsidence rates over time by
quantifying subsidence magnitudes using the time ser-
ies of lake perimeters digitized from the aerial photo-
graphy and very high-resolution satellite imagery
(Figure 10). For example, the mean estimated subsi-
dence based on the perimeters of the two small ponds
that already existed in 1951 was 7.4 m. Next, by iso-
lating out the area of lake expansion that occurred
between 1951 and 1974, we estimate that the mean
subsidence of the land surface was 7.2 m. Isolating out
the area of lake expansion and estimating the respec-
tive subsidence for each of the remaining three time
periods showed that between 1974 and 1993 it was
6.3 m, between 1993 and 2007 it was 5.7 m, and
between 2007 and 2021 it was 5.5 m. These data
show that the mean rate of subsidence was initially
quite rapid (0.78 m/year for the area that transitioned
from tundra to lake between 2007 and 2021) but that
it slowed over time (0.12 m/year for the area that
transitioned from tundra to lake between 1951 and
1974).
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Figure 8. (top) Colorized point clouds developed using structure-from-motion techniques with imagery acquired from a plane
(1 September 2016; Fairbanks Fodar 2019) and a drone system (22 August 2022). The thermo-erosional drainage gully is evident in
the 22 August 2022, fifty-four days after the thermokarst lake drained. Note the patterned ground associated with melting ice wedges
and degrading permafrost that was still present on the lake bottom. The dashed transect lines refer to the topographic plots shown
below. DTM profiles showing the elevation differences associated with the lake drainage event. Transect a is a profile across the middle
of the lake. It shows thermokarst lake expansion between 2016 versus 2022 as well as the drainage of the lake. Transect b is a profile
across the upper portion of the gully that was formed during the drainage event. The maximum downcutting is estimated at 13 to
14 m. Transect c is a profile across the lower portion of the gully, ~100 m downslope of where the lake failure occurred. Note that the
x-axis and y-axis are the same scale for each of the transects.
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Figure 9. Estimating the magnitude of permafrost thaw subsidence using a simulated DTM and the drone system DTM acquired on
18 August 2022. (a) We simulated an “original surface” DTM by digitizing the predrainage lake perimeter, masking it from the 2016
DTM, replacing the values from an adjacent representative upland of the same slope, and then aggregating and resampling the
gridded elevation data. (b) The drone system DTM clipped to the extent of Schaeffer Lake in 2021, prior to drainage. (c) Thaw
subsidence estimated by differencing the simulated DTM and the drone system DTM. The white polygons in the image represent the
lake perimeter at various times in the past. This was used to estimate thaw subsidence magnitude and rates over time.
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Figure 10. Estimated mean terrain subsidence magnitude and rates based on the difference in elevation between the simulated DTM
and the drone system DTM relative to the time periods of thermokarst lake expansion determined with the remote sensing time series
imagery. As shown here, thermokarst processes led to rapid rates of subsidence in the first decade following disturbance but

diminished over time as the lake deepened.

Discussion

The life cycle of a thermokarst lake on the Baldwin
Peninsula

Major knowledge gaps still exist concerning the environ-
mental factors that drive the initiation and long-term
growth of permafrost-region lakes such that reliable pro-
jections of future lake formation remain limited despite
several decades of research focused on these aspects of
L-DLB systems (Jorgenson and Shur 2007; S. Wolfe et al.
2020; B. M. Jones et al. 2022). Our reconstruction of the
evolution and drainage of the small thermokarst lake on
the Schaeffer’s Native allotment provides a unique data set

to assess rates of lake expansion relative to rates of sub-
lake permafrost thaw subsidence. There are many similar
small thermokarst lakes actively evolving in the ice-rich
Yedoma uplands of the Baldwin Peninsula. In the case of
Schaeffer Lake, we were lucky to have a historical image
from 1951 of the site showing a very young thermokarst
lake system that matured relatively quickly. The most
rapid increase in lake surface area occurred in the first
four decades of observation. The lake area more than
tripled, increasing by 4.2 percent/year between 1951 and
1993, whereas lake area increases slowed to 1.8 percent/
year from 1993 to 2021. Lake expansion rates were also
higher in the first two time periods (0.28 and 0.35 m/year)



relative to the latter time periods of observation (0.25 and
0.27 m/year). In addition, we were able to assess the rate
of permafrost thaw subsidence between 2007 and 2021,
estimated to be 0.78 m/year, which contrasts with the
lateral rate of expansion of 0.27 m/year over that same
time period.

The ability to visit the site during the same summer as
the lake drainage event provided an opportunity to
acquire data to create a high-resolution orthophoto
mosaic, DSM, and derived DTM of the freshly drained
lake basin. These data allowed us to use a simulated pre-
thermokarst lake-affected land surface to estimate per-
mafrost thaw subsidence rates below a thermokarst lake
using our remote sensing time series, which is informa-
tion that is not readily available in the literature. Our
results showed the rapid nature of permafrost thaw
subsidence in the first decade following the transition
from tundra to lake through thermokarst but that the
rate of permafrost thaw subsidence declined over time.
These findings are similar to permafrost thaw subsi-
dence rates as observed by Ulrich et al. (2017) for
Yedoma lakes in Central Yakutia where subsidence
rates were nearly double the rate for younger lakes that
had formed in the last thirty years relative to older lakes

Permafrost
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that formed more than seventy years ago. However, the
rates that we measured most recently over the approxi-
mately fifteen-year period from 2007 to 2021 are nearly
four times higher than thermokarst lake subsidence rates
for the middle part of the Lena River basin in eastern
Siberia (Fedorov et al. 2014). This difference in the rate
of subsidence can likely be explained by differences in
the near-surface ground ice content and the distribution
of ice wedges in the upper permafrost between the two
regions (Nitzbon et al. 2021).

Reassessing potential lake drainage mechanisms

Common mechanisms that may lead to lake drainage in
the continuous permafrost zone include ice wedge degra-
dation (flow through ice wedge troughs), headward
stream erosion, snow dam accumulation, bank overtop-
ping, river channel migration, coastal erosion, under-
ground piping or tunnel flow (drainage through open
frost cracks or layers of permeable material), human dis-
turbance, and expansion of a lake toward a drainage
gradient (Mackay 1988; Hinkel et al. 2007; Grosse,
Jones, and Arp, 2013; B. M. Jones, Arp, et al. 2020). In
“first-order” lakes like Schaeffer Lake, Mackay (1988)

Ice wedge
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Figure 11. (a) Figure 3d from Mackay (1988) depicting the process of lateral, subsurficial drainage via underground tunnel flow,
through a process known as ice wedge tunneling, which happens through contraction cracks developed during the previous winter.
This lake drainage process likely caused the drainage of Schaeffer Lake. (b) Topographic profiles extracted from the DTM created using
the MACS overflights in June 2021 (black line), the year prior to the lake drainage, and in August 2022 (blue dashed line) after drainage.
The lake bank was 2 to 3 m tall where the lake drainage occurred, and a drainage gradient extended away from the lake edge more

than 25 m.
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Figure 12. A photo taken by the drone system in August 2022 of the Schaeffer Lake drainage gully. Annotations have been added to
the photo showing the lake level prior to drainage, the nearshore permafrost table and thawed bank sediments, a potential remnant
contraction crack, wedge ice, and ice-rich permafrost exposed in the drainage gully. The lake likely drained because of tunnel flow
through thermal contraction cracks in ice wedges. Thawed bank and sub-lake sediments could have permitted beaver burrowing near

where the lake drained.

previously identified lateral, subsurficial drainage via
underground tunnel flow, through a process known as
ice wedge tunneling, as a frequent cause of thermokarst
lake drainage in the northwestern Canadian Arctic. Lakes
draining via this mechanism typically drain during the
snowmelt period via tunnel flow through interconnected
ice wedge cracks. However, in the case of Schaeffer Lake, it
drained several weeks following the snowmelt period, so it
is unlikely that snowmelt water triggered the under-
ground erosion that caused the lake to drain (Figure 11).
Prior to drainage, Schaeffer Lake also lacked a drainage
outlet and the banks around the lake perimeter were
between 2 and 4 m tall (Figure 11), so it is unlikely that
bank overtopping triggered the lake drainage.

Though we can only speculate here, the direct obser-
vation by Susan Tessier of a beaver in the lake for the
first time in the week prior to its drainage could point at
a key factor contributing to the sudden lake drainage.
Beavers are known to dig tunnels and burrows adjacent
to waterbodies with bluffs and banks (Zurowski 1992;
Rozhkova-Timina et al. 2018). The burrows are gener-
ally short (1-4 m long) but can have many underground
branches and levels, with the entrance of the burrow
generally being located underwater for protection
against predators (Rozhkova-Timina et al. 2018).
Observations at the recently drained lake basin on
18 August 2022 showed that the permafrost table was
more than 3 m below the lake bed near where the

drainage occurred, which could have provided thawed
sediments that enabled burrowing (Figure 12). Thus, we
hypothesize that beaver burrowing in the banks of ther-
mokarst lakes could promote underground tunnel flow
and erosion of ice wedges, contributing to further
increases in Arctic lake drainage. This valuable local
observation made by the Tessiers provides a potentially
new thermokarst lake drainage mechanism to be con-
sidered in regions where beavers also occur.

L-DLB systems in a warming climate

L-DLB systems are rapidly shifting toward one that is
more heavily dominated by drained lake basins where
the trajectory of the evolution of drained lake basins is
also likely to be disrupted by a changing climate
(B. M. Jones et al. 2022; Webb et al. 2022). Under a cold
climate, following lake drainage, permafrost would typi-
cally form through top-down freezing (epigenetically) in
the freshly exposed basin bottom as well as through quasi-
syngenetic processes associated with peat accumulation in
the basin (Kanevskiy et al. 2014). The thickness of ice-rich
permafrost below DLBs tends to be restricted to the upper
several meters of the land surface because epigenetic ice
wedges tend to grow wider rather than deeper compared
to their syngenetic counterparts (Mackay 1997). However,
given a warmer climate and possibly one with more winter
snowfall, there is likely to be a regime shift in drained lake



basins in continuous permafrost regions such that near-
surface permafrost no longer aggrades and new ice wedges
do not form in the basin following drainage (B. M. Jones
et al. 2022; Lantz, Zhang, and Kokelj 2022). The unique
opportunity provided by the observations documented
through the LEO Network demonstrate the value of the
observation network in connecting local observers to
researchers, which could potentially result in identifying
long-term observation sites for future study. It also docu-
ments the mutual benefit from this type of rapid commu-
nity-based observation and reporting by jointly helping
with the interpretation of local events associated with
rapid environmental change in the Arctic.

The local observations also add insights into the likely
effects of a warming Arctic on the cascading effects on
L-DLB landscapes and ecosystems. Range expansion of
beaver has been reported as soil conditions change and
warming allows for the growth of shrubs providing habitat
for moose, muskrat, beaver, and other wildlife (Tape,
Christie, et al. 2016; Tape, Gustine, et al. 2016). The expand-
ing presence of beavers in the region, with more than 12,000
new ponds mapped in imagery since the early 1950s (Tape
et al. 2022), offers unique opportunities to study the inter-
actions between beavers, permafrost, and thermokarst lake
dynamics (B. M. Jones, Tape, et al. 2020). In addition, from
a public health standpoint, beaver range expansion in the
Arctic has been associated with increased risk of water-
borne illness, which may further compromise subsistence
drinking water sources in the Arctic (DeMarban 2011).

The impact of lake drainage on drinking water
sources

Lakes are a key subsistence resource in the Arctic (Berkes
1990; Brinkman et al. 2016; Arp et al. 2019). They provide
important habitat for the subsistence harvest of fish, birds,
and other wildlife resources (R. J. Wolfe and Walker 1987;
Fauchald et al. 2017), are important transportation routes
(Brinkman et al. 2016; Wrona et al. 2016), and serve as
a source of year-round drinking water (Martin et al. 2007;
White et al. 2007; Medeiros et al. 2017). Lakes and streams
are often the only viable source of drinking water in perma-
frost regions due to the lack of access to groundwater
resources (Martin et al. 2007; Alessa et al. 2008). In the
winter, lakes are particularly important drinking water
sources because freshwater ice may get harvested to provide
water during the eight- to nine-month-long cold season
(Crate 2012; Medeiros et al. 2017). The drainage of
Schaeffer Lake has resulted in the loss of the Tessiers’
preferred wintertime source of drinking water. To them,
the clear water and once reliable source provided an unlim-
ited supply of freshwater ice that sustained their drinking
water needs during the entire winter. Now that their local
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water source has drained, they will either need to melt snow
for drinking, which is not as desirable, or travel further to
access and harvest ice for their drinking water needs.

The importance of local observations in a changing
Arctic

Despite widespread observations of lake drainage in Arctic
Alaska using remote sensing data (Hinkel et al. 2007;
B. M. Jones et al. 2011; Nitze et al. 2018, 2020; Swanson
2019; Lara, Chen, and Jones 2021), there are very few field-
measured or eyewitness records of lake drainage events
(Mackay 1997; Hinkel et al. 2007; B. M. Jones and Arp
2015; Burn 2020; Rozell 2022; Turner, Wolfe, and
McDonald 2022). If the Tessiers had not documented
the lake drainage event that occurred on their Native
allotment on 29 June 2022 (Tessier et al. 2022), it is likely
that the drainage of the small lake would have gone unno-
ticed and/or it would have taken time for it to be detected
in remote sensing data. The rapid reporting associated
with the LEO Network post along with the back-and-
forth dialogue between the local observers and national
and international scientists provided an opportunity to
visit the site soon after the drainage event so that timely
observations and data collection could take place in
August 2022. The presence of historical remote sensing
observations available for the site combined with the
detailed local observations has provided new insights
into thermokarst lake dynamics in the Arctic. For exam-
ple, the presence of a beaver in the lake for the first time in
the week prior to its drainage and the presence of beaver-
chewed wood near the drainage outlet would have been
overlooked as a possible drainage mechanism in the
absence of local observations and a mechanism to connect
communities in the Arctic through the LEO Network.
Since 2009, the Alaska Native Tribal Health Consortium
has been developing a conversation with Arctic residents to
facilitate sharing their experiences, better understand these
event-based symptoms, and describe relationships between
climate change, environmental impacts, and health effects
through their Center for Climate and Health. In 2012, the
LEO Network was launched as a tool to help the tribal
health system and local observers to share information
about climate and other drivers of environmental change.
LEO serves as an almanac of first-person accounts of
unusual environmental events, which are often the first
signals of significant and systemic changes occurring in
their environment. The LEO Network itself is part obser-
vation system, part social and consultation network, and
part publishing platform. This approach works because
people who have intimate knowledge about their local
environment share their observations on the platform
and, by doing so, share information with people in other
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communities and countries. The LEO Network now has
approximately 3,600 members from 700 different commu-
nities worldwide. The drainage of Schaeffer Lake has
undoubtedly sparked the most in terms of observations
and contributions from local observers being connected
to national and international scientists. The example of the
sudden lake drainage event documented by the Tessiers’ is
evidence that the LEO Network is effective at connecting
with others in the community, sharing observations, rais-
ing awareness, and discussing the significance of environ-
mental events. It also provides that often missing link
between local environmental observations and engaging
with topic experts in different organizations and from
different disciplinary backgrounds that serves to strengthen
the broader Arctic community.

Conclusions

In this study, we combine local environmental observations
and remote sensing data to reconstruct the evolution and
drainage of a small thermokarst lake formed in ice-rich
permafrost on the Baldwin Peninsula in northwestern
Arctic Alaska. The lake drained on 29 June 2022 as
observed and documented by the LEO Network. The
LEO Network provided a valuable platform for local obser-
vers and national and international scientists to exchange
observations and information. The online discussion
prompted a site visit invitation to the local observer’s
Native allotment that resulted in the collection of valuable
scientific data that has provided new insights into the
evolution of thermokarst lakes in the Arctic and this colla-
borative study. In particular, new information on sub-lake
permafrost thaw subsidence rates was made possible as well
as observations that led to the hypothesis that beaver bur-
rowing may facilitate tunnel erosion of ice wedges and lead
to the sudden drainage of Arctic lakes. This study highlights
the importance of local environmental observations for
better understanding and addressing changes occurring in
the Arctic in a more timely and collaborative manner.
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