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Abstract. Ice-marginal lakes impact glacier mass balance,
water resources, and ecosystem dynamics and can produce
catastrophic glacial lake outburst floods (GLOFs) via sudden
drainage. Multitemporal inventories of ice-marginal lakes
are a critical first step in understanding the drivers of his-
toric change, predicting future lake evolution, and assessing
GLOF hazards. Here, we use Landsat-era satellite imagery
and supervised classification to semi-automatically delineate
lake outlines for four ~ 5-year time periods between 1984
and 2019 in Alaska and northwest Canada. Overall, ice-
marginal lakes in the region have grown in total number
(4183 lakes, 38 % increase) and area (+483 km?, 59 % in-
crease) between the time periods of 1984-1988 and 2016—
2019. However, changes in lake numbers and area were no-
tably unsteady and nonuniform. We demonstrate that lake
area changes are connected to dam type (moraine, bedrock,
ice, or supraglacial) and topological position (proglacial,
detached, unconnected, ice, or supraglacial), with impor-
tant differences in lake behavior between the sub-groups.
In strong contrast to all other dam types, ice-dammed lakes
decreased in number (six fewer, 9 % decrease) and area
(—51km?, 40 % decrease), while moraine-dammed lakes in-
creased (56 more, 26 % and +479 km?, 87 % increase for
number and area, respectively) at a faster rate than the av-
erage when considering all dam types together. Proglacial
lakes experienced the largest area changes and rate of change
out of any lake position throughout the period of study and
moraine-dammed lakes which experienced the largest in-
creases are associated with clean-ice glaciers (< 19 % de-
bris cover). By tracking individual lakes through time and
categorizing lakes by dam type, subregion, and topological

position, we are able to parse trends that would otherwise
be aliased if these characteristics were not considered. This
work highlights the importance of such lake characteriza-
tion when performing ice-marginal lake inventories and pro-
vides insight into the physical processes driving recent ice-
marginal lake evolution.

1 Introduction

Ice-marginal lakes are located adjacent to glaciers, com-
monly forming at glacier termini, tributary junctions, along
glacier margins, or where glacially eroded bedrock or sedi-
ment creates topographic depressions (overdeepenings; Car-
rivick and Tweed, 2013; Cook and Quincey, 2015). These
lakes can impact human societies in a multitude of ways,
ranging from water resources (Immerzeel et al., 2020) and
tourist attractions (Wang and Zhou, 2019; Welling et al.,
2020) to destructive and lethal hazards (Carrivick and Tweed,
2016; Cook et al.,, 2016; Emmer, 2017). Formation or
drainage of lakes can impact ecosystem dynamics by pro-
viding or removing a source of stored freshwater, altering
the sediment flux within a basin, creating new habitat (e.g.,
Milner et al., 2008), or altering downstream flow charac-
teristics (Tweed and Carrivick, 2015; Jacquet et al., 2017).
Glacial lake outburst floods (GLOFs; when a lake dam fails
or is overtopped; Clague and Evans, 2000) from ice-marginal
lakes can have massive impacts on downstream river chan-
nel morphology and sediment supply (e.g., Jacquet et al.,
2017), disrupt ecosystems (e.g., Meerhoff et al., 2018), de-
stroy infrastructure, and cause the loss of human lives (e.g.,
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Carrivick and Tweed, 2016). Time-varying inventories of ice-
marginal lakes are a critical first step in predicting future lake
evolution and assessing GLOF hazards.

Global (Shugar et al., 2020) and regional (Wang et al.,
2013; Carrivick and Quincey, 2014; Glasser et al., 2016; Nie
et al., 2017; Song et al., 2017; Emmer et al., 2020) lake in-
ventories document recent increases in ice-marginal lakes;
however, many studies report solely on the change in to-
tal frequency and cumulative area of lakes within the study
region, or consider only one type of lake (e.g., moraine-
dammed or ice-dammed). By not accounting for individ-
ual lake characteristics and individual lake changes through
time, important trends could be aliased and limit the under-
standing of processes controlling area change. For example,
if a subset of lakes grow while other lakes drain, the positive
and negative growth will offset one another, and the overall
lake frequency and area change would be small and there-
fore misleading. Alternatively, if a few large lakes dominate
the documented area change for a region, applying the re-
gionally averaged lake growth to all lakes would overesti-
mate growth, therefore preventing an accurate physical un-
derstanding of this change. In addition, the ecological con-
sequences of lake changes may differ based on where lake
growth occurs: a change from no lake to a 1 km? lake could
have larger ecological and hazard implications than a large
lake (e.g., > 10km?) expanding by a few square kilometers
(Dorava and Milner, 2000). Cumulative regional studies pro-
vide a first-order estimate of regional changes; however, in-
dividual lake change must be analyzed to develop a process-
based understanding of area change in order to predict future
lake growth and watershed-scale impacts.

Recent studies parse lakes by characteristics which predict
lake behavior, such as dam type and evolution phase (Emmer
et al., 2015, 2020), or the spatial relationship to their source
glacier (e.g., proglacial, supraglacial, unconnected, detached;
Nie et al., 2017; Rounce et al., 2017; Chen et al., 2021). In
the Himalaya, proglacial lakes (located at the glacier termi-
nus, in contact with ice) contributed to 83 % of the total lake
area increase from 1990 to 2015, while only composing 55 %
of the lake population (Nie et al., 2017). In this same re-
gion, supraglacial lakes (located on debris-covered glacier
surfaces) experienced the greatest percent increase in area
(367 %) since 1990, though they only constitute 1.2 % of to-
tal lake area in 2015 (Nie et al., 2017). Himalayan proglacial
lakes tend to be persistent and contribute the most to regional
area growth, whereas supraglacial lakes are small and experi-
ence large spatiotemporal variation in area and location (Nie
et al., 2017; Rounce et al., 2017; Chen et al., 2021). In the
Cordillera Blanca of Peru, many lakes shifted from proglacial
to detached (no longer in contact with ice), and the dominant
dam type for proglacial lakes shifted from moraine-dammed
in 1948 to bedrock-dammed in 2017 (Emmer et al., 2020). In
both the Himalaya and the Cordillera Blanca, dam type and
lake position help characterize lake behavior; this variabil-
ity would be lost if only cumulative changes were reported.
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These studies support the inclusion of dam type and topolog-
ical position (used throughout to indicate spatial relationship
of lakes to their source glacier) in comprehensive regional
ice-marginal lake studies.

Alaska’s large glacier extent (86723 km?; second largest
area outside the ice sheets; Fig. 1; Kienholz et al., 2015;
Zemp et al., 2019) and recent retreat (Larsen et al., 2015)
allow for the presence of many ice-marginal lakes, while a
wide range of climate zones (maritime, transitional, conti-
nental, and Arctic; Miller et al., 1999), glacier morpholo-
gies (valleys, cirques, debris, ice fields), and bedrock litholo-
gies/surficial deposits (Wilson et al., 2015) lead to a vari-
ety of lake characteristics (e.g., dam type and topological
position; Fig. 1). Two unique aspects of the Alaska region
are the numerous large, low-elevation coastal lakes (e.g.,
Bear Glacier Lake, Malaspina Lake, Grand Plateau Glacier
Lake) and that lakes tend to be larger than ice-marginal lakes
found around the world (e.g., high-mountain Asia, central
Europe, and Alaska have median lake areas of 0.11, 0.11,
and 0.17 km?, respectively; Shugar et al., 2020). In addition,
the lakes in this region are quite dynamic, as both the largest
number and highest frequency of recorded GLOFs globally
have occurred here, accounting for 25 % of all recorded his-
torical events (Carrivick and Tweed, 2016).

Previous studies of glacial lakes in Alaska have examined
ice-dammed lakes (Post and Mayo, 1971; Wolfe et al., 2014),
a subset of ice-marginal lakes (Field et al., 2021), individ-
ual case studies (e.g., Sturm and Benson, 1985; Anderson
et al., 2003; Pelto et al., 2013; Kienholz et al., 2020), or as
a regional subset within a global study (Shugar et al., 2020).
These studies are limited in their ability to comprehensively
characterize regional trends for all lakes. Glaciers in this re-
gion are losing mass on the order of —75Gtyr~! (Larsen
et al., 2015; Zemp et al., 2019), which represents the largest
mass change and one of the highest specific mass changes for
any region of the world. This change underscores the need for
a time-varying lake inventory, given that ice-marginal lakes
with different dam types and topological positions respond
differently to glacier mass loss (e.g., Field et al., 2021).

The aims of the current study are to systematically take in-
ventory of and characterize all ice-marginal lakes in Alaska
using Landsat satellite imagery between 1984 and 2019. We
aim to (i) characterize ice-marginal lakes and decadal-scale
lake area change in Alaska; (ii) determine whether factors
such as dam type, topological position, and region can char-
acterize area change; and (iii) explore the interplay between
the spatial distribution of lakes and regional characteristics
such as glacier area, glacier complexity, and debris cover.
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Figure 1. Distribution of glaciers as mapped by the Randolph Glacier Inventory (RGI Consortium, 2017) and subregions used to separate
glaciated areas in Alaska and NW Canada (basemap provided by ESRI, 2009). Total glacier area (km2) and percent debris cover (percent of
glacier surface covered by debris; Herreid and Pellicciotti, 2020) are displayed for each subregion.

2 Data and methods
2.1 Imagery and datasets

Cloud-free mosaics were compiled in Google Earth En-
gine (GEE), an open-source, web-based remote sensing plat-
form. Landsat 5 Thematic Mapper (TM), Landsat 7 The-
matic Mapper Plus (ETM+), and Landsat 8 Operational
Land Imager (OLI) surface reflectance Tier 1 images were
used to create 5-year composites (Table 1). Intervals were
selected based on available imagery and to capture average
lake outlines for a 5-year period within each decade (1980s
to 2010s). Few images are available for the late 1980s to
early 1990s, and therefore this time period was excluded.
Imagery was limited to a 10 km buffer around the Randolph
Glacier Inventory, which was created with source imagery
for glacier outlines mostly from 2004 to 2010 for Region 01
(RGI v6.0; RGI Consortium, 2017; Wang et al., 2012; Kien-
holz et al., 2015; Zhang et al., 2018). For each pixel within
the region of interest, the mosaicking algorithm calculates
the median value of all cloud-free pixels between 1 July and
31 September for each year within the given time period
(Fig. S1 in the Supplement). The 5-year mosaics minimize
the impact of frequent cloud cover in Alaska, which com-
plicates region-wide assessments on shorter timescales. In
theory, 5-year composites allow for an average shoreline de-
lineation, capturing longer-term trends rather than seasonal
variation. However, ice-dammed lakes are known to fill and
drain on sub-annual (e.g., Lago Cachet Dos; Jacquet et al.,
2017) to annual (e.g., Hidden Creek Lake; Anderson et al.,
2003) timescales, so a lake may be characterized as persis-
tent (present at every time step) even though it has under-
gone multiple fill-drain cycles between composites. Owing
to this limitation, our focus here is on decadal changes in
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Table 1. Dataset and the resolution of the dataset used for each time
step.

Time Dataset Sensor Resolution  No. of
interval images
1984-1988  Landsat 5 ETM 30m 683
1997-2001 Landsat5&7 ETM/ETM+ 30m 1312
2007-2011 Landsat5&7 ETM/ETM+ 30m 2630
2016-2019  Landsat 8 OLI 30m 1754

lake number and area, not sub-annual lake dynamics relevant
for GLOF frequency.

2.2 Generating lake inventories 1984-2019

Image composites were classified in ArcGIS Pro using an
object-based supervised classification (support vector ma-
chine; Fig. 2). Manual training samples were selected for
snow, ice, water, bedrock, supraglacial debris, and vegeta-
tion for each individual time step as snow, ice, and water can
vary from year to year. To reduce false positives from moun-
tain shadows, which have a similar spectral signal as water
(Fig. S3), a slope threshold of 10° was implemented (Zhang
et al., 2018; Shugar et al., 2020; Chen et al., 2021). We used
a digital elevation model (DEM) composed of the national
elevation dataset (NED; 10 m resolution) and Worldview-
derived DEMs (resampled to 10 m resolution; DEMs created
by the Polar Geospatial Center from DigitalGlobe, Inc. im-
agery). A minimum area threshold of 0.05km? (~ 55 pix-
els) excludes pixel-level noise and small lakes with mini-
mal hydrological impact and GLOF potential (Carrivick and
Quincey, 2014; How et al., 2021). Lakes with margins en-
tirely outside a 1 km buffer from the RGI were eliminated to
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Figure 2. General workflow for creating the ice-marginal lake inventory for the time periods 1984-1988, 1997-2001, 2007-2011, and 2016—

2019.

Table 2. Count (area, km2) of glacial lakes by dam type and location between 1984 and 2019, as well as median area (kmz), range of
areas (kmz), and median area change (kmz) for all lakes. Median area change for lakes with detectable change (kmz) is in the parentheses.

Dam type Location 1984-1988  1997-2001  2007-2011 20162019 Change Median Area  Median change
19841988 to area range 1984-1988 to

2016-2019 2016-2019

Moraine Proglacial 172 (539) 193 (674) 193 (849) 201 (999) 26 (460) 0.71 0.01-143.1 0.3 (0.75)
Detached 37(9.6) 46 (19.3) 59 (24.5) 69 (28.8) 32(19.2) 0.12 0.02-5.9 0.0 (0.08)

Unconnected 4(2.1) 4(2.2) 4(2.0) 4(2.0) 0(-0.1) 0.40 0.05-1.2 0.0 (0.0)

Bedrock Proglacial 12 (4.0) 10 (2.7) 13 (5.0) 16 (7.1) 4@3.1) 0.19 0.04-2.2 0.1 (0.19)
Detached 57 (92.6) 75 (103) 77 (105) 85 (106) 28 (13.4) 0.13 0.03-76.4 0.0 (0.11)

Unconnected 59 (23.9) 71 (35) 80 (36.7) 95 (38.7) 36 (14.8) 0.16 0.02-5.6 0.0 (0.09)

Ice Tributary 42 (113) 41 (96.0) 44 (71.3) 38 (66.2) —4 (—46.8) 0.75 0.01-22.0 0.0 (-0.36)
Margin 26 (13.4) 30 (14.9) 27 (16.9) 24 (9.6) —2(=3.8) 0.16 0.03-7.0 0.0 (=0.13)

Supraglacial 75 (17.8) 104 (21.1) 147 (34.7) 135 (40.7) 60 (22.9) 0.12 0.03-4.1 0.0 (0.03)
Total 484 (815.5) 574(968.0) 644 (1145) 667 (1298.5) 183 (483.0) 0.21 0.01-143.1 0.00 (0.21)

minimize the inclusion of lakes disconnected from a glacial
system (Shugar et al., 2020). Wet, supraglacial debris bands
are often misclassified as lakes, likely due to the presence of
supraglacial water and therefore similar spectral properties
(Fig. S4). A length-to-area threshold of 0.3 was implemented
to remove these long and thin features with atypical lake
shape. For this study, any lake within 1 km of the RGI was
considered an ice-marginal lake, acknowledging that some
low-lying lakes (e.g., Vitus Lake) may have tidal influence.
Lakes which are within 1 km of the RGI and unconnected to
a glacial system are noted (Sect. 2.3.2) and treated separately
(Table 2).

All lake outlines were visually inspected, and, if neces-
sary, the lake margins were manually adjusted to produce a
final delineation (Fig. S2). Lakes were added or excluded
based on visual inspection and consideration of all four
time steps together; lakes < 0.05km? were manually added
back in if the lake grew in subsequent years to minimize
false signals of lake formation. Lakes which coalesced or
separated over time were given the same lake ID to min-
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imize misclassification of a lake forming or draining. Ev-
ery lake in each time step was then classified by (i) dam
type (Sect. 2.3.1), (ii) topological position (Sect. 2.3.2), and
(iii) stability (Sect. 2.3.3).

2.3 Lake characteristics
2.3.1 Dam type classification

Using a combination of DEMs and high-resolution satellite
imagery (i.e., Maxar Technologies in Google Earth), each
lake’s dam type was visually interpreted and manually clas-
sified (Buckel et al., 2018). Four different dam types were
identified in this study (Fig. 3).

i. Moraine-dammed lakes are most frequently located at
the glacier terminus, impounded behind a terminal or
lateral moraine (Otto, 2019).

ii. Ice-dammed lakes are located along glacier margins or
within tributary valleys and blocked by a glacier.

https://doi.org/10.5194/tc-16-297-2022
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| 1984 — 1988 | 2016 - 2019 |

Bedrock-dammed

Figure 3. Examples of typical lake behavior for each dam type — moraine (a, b), ice (¢, d), supraglacial (e, f), and bedrock (g, h) — and
changes in lake area from 1984—-1988 (a, c, e, g; red) and 2016-2019 (b, d, £, h; blue). False color images using Landsat bands for shortwave
infrared (SWIR), near infrared (NIR), and red.

iii. Supraglacial lakes are found on the surface of the 2.3.2 Topological position
glacier, often dammed by glacier surface topography
(ice or debris) within the ablation zone. For this study,
we only observe supraglacial lakes within debris cover.

In addition to dam type, all glacial lakes were classified based
on their spatial relationship to their source glacier (Nie et al.,
2017; Rounce et al., 2017) into one of the following cate-
iv. Bedrock-dammed lakes are frequently located in cirques gories:

with minimal remaining glacial ice, or in other

overdeepenings created from glacial erosion (Otto, i. proglacial —lakes at the terminus of the glacier, in con-
2019). tact with the ice,

ii. supraglacial — lakes on the surface of the glacier, most
commonly within debris,

https://doi.org/10.5194/tc-16-297-2022 The Cryosphere, 16, 297-314, 2022
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iii. detached — lakes fed by glaciers but not in contact with
ice,

iv. unconnected — detached lakes not fed by glaciers,

v. ice —ice-dammed lakes located at ice margins or in trib-
utary valleys.

2.3.3 Lake stability classification

Lake stability simply refers to whether or not a lake is
present, rather than the stability of the lake shoreline. Five
stability classifications are identified within this dataset:

i. forms — lakes which appear after 1984—1988 and are
present in every mosaic through 2016-2019;

ii. forms—drains — lakes which form after 1984-1988 and
drain by 2016-2019;

iii. drains — lakes which were present in 1984-1988 and
disappear by 2016-2019;

iv. drains—refills — lakes which are present in 19841988,
are not present for one or two time steps, and then reap-
pear by 2016-2019;

v. persistent — lakes which are present in all four time
steps.

2.3.4 Lake area change

Absolute area change (AA) was calculated for all lakes
present in the latest time step (2016-2019), taken as the dif-
ference between the last (2016-2019) and first (2007-2011,
1997-2001, or 1984—1988) outline for each lake. For lakes
which first appear in the 20162019 composite, A A is equal
to lake area in 2016-2019. Rate of change (square kilome-
ters per decade, calculated between the midpoint of each
interval) was also calculated to minimize bias of longer-
standing lakes having a larger area change. Rate of change
per time step was also calculated to compare rates of area
change over time.

2.3.5 Error

Error in lake delineation was calculated assuming an error of
=+1 pixel for the entirety of each lake perimeter (Chen et al.,
2021):

E=P-R, (H

where P is the perimeter of the lake (km), R is the pixel reso-
lution of the imagery (0.030 km for Landsat), and the result-
ing error (E) is in square kilometers. This error calculation
is more generous than numerous lake inventories which as-
sume £0.5 pixel error (e.g., Fujita et al., 2009; Salerno et al.,
2012; Zhang et al., 2015; Nie et al., 2017; Rounce et al.,
2017; Wang et al., 2020). Error for the difference in areas
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was calculated using the theory of propagation of uncorre-
lated error:

Egifr = (,/ EZ+ Ef) : 2

where E, and Ey are the error for the first and second lake
outlines, respectively. Lakes where the area difference was
greater than Egjf were determined to have detectable area
change.

3 Results
3.1 Lake evolution 1984-1988 to 2016-2019

The overall number of lakes in the Alaska region increased
from 484 in 1984-1988 to 667 in 2016-2019, and total
area grew from 815.5km? in 1984-1988 to 1298.5km?
in 2016-2019 (Fig. 4). The distribution of lakes of each dam
type has remained fairly consistent over time, with 40 %-—
44 % of all lakes being moraine-dammed, 26 %-30 % being
bedrock-dammed, 9 %—14 % being ice-dammed, and 16 %-—
23 % being supraglacial. However, the contribution of each
dam type to the total lake area has changed. The contri-
bution of ice-dammed lakes decreased (16 % in 1984—1988
to 6% in 2016-2019), while moraine-dammed lakes in-
creased (67 % in 1984-1988 to 79 % in 2016-2019). While
supraglacial lakes have increased in number over time, their
contribution to total lake area has remained consistently
around 2 %-3 %. Supraglacial lakes accounted for 20 % of
lakes by number in 20162019, though they only contributed
to 3 % of the total area. Conversely, moraine-dammed lakes
composed 41 % of all lakes yet contributed to 79 % of the
total area.

Lake stability describes whether a lake is persistent or
whether it formed or drained during any of the four time in-
tervals used for analysis. Lakes that appear in all four time
intervals (“persistent lakes”) dominate both the number and
area of bedrock-, ice-, and moraine-dammed lakes (Fig. 5).
Supraglacial lakes are the least stable, as this class is domi-
nated by non-persistent lakes. Changes in the number of per-
sistent lakes from interval to interval is due to lakes either
splitting or merging. The rate of formation of new bedrock
and moraine-dammed lakes appears relatively constant over
time, with ~ 10-30 new lakes of each dam type first appear-
ing in each time interval.

Moraine-dammed lakes added 56 lakes (426 %) and grew
by 479 km? (487 %) from 1984-1988 to 20162019, while
bedrock-dammed lakes added 68 lakes (453 %) and grew by
31.8 km? (426 %; Fig. 5). Though they added a similar num-
ber of lakes, moraine-dammed lakes increased in total area
more rapidly than bedrock-dammed lakes, primarily through
the growth of pre-existing lakes.

While bedrock and moraine-dammed lakes steadily in-
creased in lake frequency and area, supraglacial lakes ex-
hibited more variability. This class increased by 72 lakes

https://doi.org/10.5194/tc-16-297-2022
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from 1984-1988 to 2007-2011, yet lost 12 lakes from 2007-
2011 to 2016-2019, resulting in an overall increase
of 60 lakes (80 % increase). Despite varying frequency,
supraglacial lakes grew in total area between each time pe-
riod, resulting in a total increase of 22.8km? (4127 %)
from 1984-1988 to 2016-2019. Supraglacial lakes had the
largest percent increase in area; however, they contributed
the least (2 %—-3 %) to total lake area across different dam
types.

Ice-dammed lakes are the only dam type with decreas-
ing number and area, losing six lakes (—9 %) and 51 km?
(—40 %) overall from 1984—-1988 to 2016-2019. However, a
total of 20 individual lakes drained and 17 formed through-
out this time period, with an additional three lakes merging,
resulting in an overall loss of six lakes.

Lake frequency, dam type, and area change distribution
vary with lake area (Fig. 6). The majority of lakes (77 %)
in the region are less than 1 km?, but collectively they consti-
tute only 9 % of total lake area. Lakes greater than 1 km? thus
constitute > 90 % of the total lake area and are dominated
(69 %) by moraine dams. The lake area change distribution
by lake area from 1984-1988 to 2016-2019 closely reflects
the total lake area distribution, with lakes greater than 1 km?
experiencing 94 % of the total lake area change. In particular,
there are 19 lakes (17 moraine-dammed, 1 bedrock-dammed,
and 1 ice-dammed; see Table S1 in the Supplement), each
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with individual areas greater than 10 km?, that constitute
60 % of the total lake area and area growth. Of these 19 lakes,
14 occupy piedmont lobe depressions (defined here as a basin
which is not constrained by valley walls), and about half are
found within a coastal plain environment, with four lakes lo-
cated within 2m of sea level. Lake basin geometry and el-
evation have previously been linked to lake area change in
Alaska, with low-elevation lakes growing the most rapidly
(Field et al., 2021). Excluding lakes greater than 10 km?, the
total lake area in the Alaska region grew by 42 % (compared
to the 59 % area increase when considering all lakes).

3.2 Individual lake area evolution

From 1984-1988 to 2016-2019, 791 distinct lakes were
identified, 667 of which were still present in 2016-2019. Of
the 124 lakes which drained, 97 (78 %) were supraglacial,
20 (16 %) were ice-dammed, and 7 (6 %) were moraine-
dammed. Absolute area change was calculated for each indi-
vidual lake, with drained lakes considered to have an area of
0 km? after drainage (Fig. 7). Detectable change (error < area
change) occurred for 334 of the total 791 lakes (44 %).
Within each dam type, 63 % of moraine-dammed, 45 % of
ice-dammed, 39 % of supraglacial, and 24 % of bedrock-
dammed lakes experienced detectable change.

The median area change for lakes of all dam types with de-
tectable change (n = 344) is 0.05 km? between 1984-1988
and 2016-2019 (Fig. 7). Considering only lakes with de-
tectable change, the median change for moraine-dammed
lakes (n =166) is 0.13km?, —0.06km? for ice-dammed
lakes (n =42), 0.03km? for supraglacial lakes (n =93),
and 0.02km? for bedrock-dammed lakes (n = 46). Me-
dian change values remain relatively stable even when
lakes > 10 km? are excluded from analysis (Fig. S6).

Proglacial lakes (moraine- and bedrock-dammed) expe-
rienced the largest median detectable change (0.14km?),
while ice-dammed lakes are the only dam type to expe-
rience negative median detectable change (—0.06 km?; Ta-
ble 2; Fig. S7). Unconnected and detached lakes have a me-
dian change of 0.02 km? for lakes with a detectable change.
Proglacial moraine-dammed lakes have a wider distribu-
tion and higher median change than detached or uncon-
nected moraine-dammed lakes (Table 2). Proglacial moraine-
dammed lakes also have a wider distribution and higher me-
dian change than proglacial bedrock-dammed lakes.

Rate of area change (square kilometers per decade) fol-
lows a similar distribution to absolute area change (Fig. S8).
The median change rate for lakes of all dam types with de-
tectable change (n = 344) is 0.02 km? per decade. When con-
sidering all lakes within each dam type, moraine-dammed
lakes are the only dam type with a change rate greater
than zero (0.05 km? per decade). Supraglacial and bedrock-
dammed lakes experience very small changes on a decadal
scale, with a median change rate of 0 for all lakes as
well as the subset of detectable lakes. Ice-dammed lakes
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with detectable change experienced a median change rate of
—0.02km? per decade.

3.3 Regional lake distribution

Distribution of lake dam type and total lake area varies spa-
tially by subregion (Table 3; Fig. 8), though median lake
area change does not vary substantially when considering all
lakes with detectable change per region (ranges from 0.04—
0.06 km?). Ice-dammed lakes occur most frequently in the
St. Elias Mountains (n =26 in 2016-2019) and least fre-
quently in the western Chugach Mountains (n = 6 in 2016—
2019), Brooks Range (n = 0), and the Aleutians (n = 0). The
N Coast Ranges are dominated by moraine- and bedrock-
dammed lakes, whereas the Alaska Ranges and St. Elias
Mountains are dominated in number by supraglacial lakes.
Supraglacial lakes occur in the regions with the highest de-
bris cover (19 % of glacier area in the Alaska Ranges and
13 % in the St. Elias Mountains; Herreid and Pellicciotti,
2020). However, supraglacial lakes contribute little to the
total lake area. The number of lakes within a region does
not directly predict lake area; the N Coast Ranges host
the highest number of lakes (n =234, 382.5 kmz), yet the
St. Elias Mountains have the greatest total lake area (n =
181, 545.5 km?).

Persistent lakes dominate the total area for each subre-
gion, likely because new lakes tend to be small. The N Coast
Ranges have the most persistent lakes (n = 175 in 2016-
2019), with 57 lakes forming, yet contributing little to the
total area (Fig. S9). Changes in persistent lake numbers
between time steps is due to lakes splitting or coalescing
through time. The Alaska Ranges and St. Elias Mountains
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have the largest number of lakes that ultimately drain, likely
due to the high frequency of supraglacial lakes in these re-
gions and their spatial and temporal heterogeneity.

4 Discussion

Our inventory of ice-marginal lakes in Alaska from 1984
to 2019 demonstrates that lake area changes vary based on
lake dam type and a lake’s topological position. By tracking
individual lakes through time and categorizing lakes by dam
type, region, and spatial relationship to their source glacier,
we are able to identify trends that would otherwise be over-
looked if lakes within Alaska were considered as a whole.

Overall, ice-marginal lakes in Alaska have grown in both
number and area between 1984 and 2019, following the trend
in both regional (Wang et al., 2013; Carrivick and Quincey,
2014; Nie et al., 2017; Song et al., 2017; Emmer et al.,
2020) and global (Shugar et al., 2020) studies. However, ice-
dammed lakes have decreased in number and area, whereas
moraine-dammed lakes have increased at a faster rate than
the average when considering all dam types together. By ex-
amining individual lakes, we identify that the majority (56 %)
of lakes have not experienced a detectable area change over
the period of study and that 19 large (> 10km?), primar-
ily moraine-dammed lakes contributed to 60 % of total area
growth. Analyzing all dam types together would fail to iden-
tify decreases in number and area of ice-dammed lakes,
underestimate the increases in proglacial moraine-dammed
lakes, and likely overestimate the importance of the appear-
ance of small supraglacial lakes.

The Cryosphere, 16, 297-314, 2022
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Table 3. Number of lakes, glacierized area, debris-covered area, percent debris cover, normalized lake frequency, normalized lake area,
normalized lake area change, and specific glacier mass balance (from Jakob et al., 2021) per subregion.

Region No. of Total Total  Total Percent Normalized Normalized Normalized  Specific mass
lakes glacier  debris lake debris lake freq. lake area lake area balance

2016-2019 area cover area cover (no. per (km? per change (km2 (mw.e.yr~ 1)

(km?)  (km?) (km?) 100 km? 100km?  per 100km?
ice) ice) ice)

Brooks Range 11 346 10.3 0.7 3.0 32 0.2 0.1 NA
Alaska Ranges 103 16278 31355 143.0 19.3 0.6 0.9 0.2 —0.41£0.05
Aleutians 25 1912 198.7 30.0 104 1.3 1.6 0.6 —0.64+0.10
Chugach Mtns. 107 12052 586.2 182.8 49 0.9 1.5 0.6 —0.80+0.09
St. Elias Mtns. 181 33174 44463 5455 13.4 0.5 1.6 0.6 —1.03+0.10
N Coast Ranges 234 22963 1553.8 3825 6.8 1.0 1.7 0.6 —1.08+0.09

NA stands for not available.

4.1 Alaska’s ice-marginal lakes

Lake position and dam type, which are often linked, provide
a simple, physically based metric for parsing ice-marginal
lakes in Alaska. The majority of moraine-dammed lakes are
proglacial, located behind a Little Ice Age (LIA; ~ 1250—
1850 AD) moraine at the front of a retreating glacier (e.g.,
Wiles et al., 1999; Santos and Cdérdova, 2009; Solomina
et al., 2015, 2016). They tend to be associated with clean-
ice glaciers (82 %), defined by Brun et al. (2019) as < 19 %
debris cover (Fig. 9). The growth rate of moraine-dammed
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lakes appears to be coupled to the amount of debris cover,
as the lakes with the largest area increase are associated with
clean-ice glaciers, with the exception of Vitus Lake at Bering
Glacier (Fig. 9). Moraine-dammed lakes occur with both
large and small glaciers, as most temperate glaciers can form
a moraine during a period of advancement (e.g., the LIA), as
long as sediment supply to the terminus is high. Basin geom-
etry and glacier hypsometry likely play a large role in deter-
mining the lake expansion rate and maximum lake area, as
the underlying bed slope influences how quickly the glacier
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retreats (depending on glacier mass balance; see Sect. 4.5).
For example, large coastal proglacial lakes can fill piedmont
lobe basins (such as Vitus Lake, Malaspina Lake, and Grand
Plateau Glacier Lake), which accommodate larger lake ex-
pansion than proglacial lakes confined to smaller, steeper val-
leys (Field et al., 2021). Basin geometry also determines the
maximum lake level and the point at which the glacier de-
taches from the lake.

Ice-dammed lakes are primarily located next to clean-ice
glaciers (65 %), with larger, lower slope areas and positive
hypsometric indices (bottom-heavy; Fig. 10), such as are
found adjacent to Brady Glacier (Capps et al., 2011; Pelto
et al., 2013). The largest lakes occur in tributary valleys,
dammed by main branch ice, while many small lakes are
found in pockets between glacier margins and valley walls.
The decrease in ice-dammed lake number and area is likely
due to the down-wasting of glacier surfaces (e.g., Larsen
et al., 2015; Jakob et al., 2021), decreasing the height of the
ice dam and therefore decreasing maximum area (and vol-
ume) of the lake (e.g., Kienholz et al., 2020). The formation
of new conduits alongside or beneath the glacier could also
be influencing ice-dammed lake drainage (e.g., Tulsequah
Glacier; Neal, 2007; Post and Mayo, 1971). Previous work
documented ice thinning as the primary factor in the loss
of an ice dam for 82 % of lakes lost from land-terminating
glaciers and 62 % of loss from lake-terminating glaciers be-
tween 1971 and 2008 (Wolfe et al., 2014).
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An overwhelming majority (> 80 %) of bedrock-dammed
lakes are associated with clean-ice glaciers less than 10 km?
in area (Figs. 9 and 10). These types of lakes generally form
within cirques, where a small glacier has retreated and ex-
posed an overdeepening. Bedrock-dammed lakes can indi-
cate an advanced stage of lake development (Emmer et al.,
2020), such as is found in parts of the N Coast Ranges. Most
bedrock-dammed lakes (> 90 %) are either detached or un-
connected, with minimal influence from ice—water contact.
The small changes in area of unconnected bedrock-dammed
lakes could be due to changes in the regional water balance
rather than glacier dynamics.

Supraglacial lakes generally form on low-sloped debris-
covered tongues of glaciers (Reynolds, 2000), where thin
debris enhances melt and thick debris insulates ice and re-
duces surface melt (Ostrem, 1959), often leading to heteroge-
neous surficial topography. Debris cover tends to reduce ice
discharge and surface melt, leading to longer glaciers (An-
derson and Anderson, 2016). The inventoried supraglacial
lakes in Alaska follow these trends, with their distribution
strongly skewed towards flat, bottom-heavy glaciers, as is
characteristic of debris-covered glaciers (Reynolds, 2000).
These lakes can occur on glaciers with any amount of debris
cover, though they have the highest concentration (64 %) out
of any lake dam type on glaciers with > 19 % debris cover
(Fig. 9). A majority of supraglacial lakes are located on a few
large, heavily debris-covered glaciers. For example, 95 % of
supraglacial lakes in the St. Elias Mountain region are lo-
cated on two large piedmont glaciers (Malaspina and Bering
glaciers). Although these lakes are abundant, they exhibit
high spatiotemporal variability and contribute minimally to
total lake area (2 %-3 %; Fig. 5).

Although additional factors are required to comprehen-
sively assess GLOF hazards, a lake inventory that captures
area and dam type provides a foundation for this type of
assessment, as dam type influences stability, lake volume
scales with area (e.g., Huggel et al., 2002; Cook and Quincey,
2015), and peak flood discharge scales with volume (e.g.,
Walder and Costa, 1996; Veh et al., 2020). Ice-dammed lakes
are known to undergo multiple fill-drain cycles with the ca-
pability of producing multiple GLOFs (e.g., Anderson et al.,
2003; Jacquet et al., 2017), whereas moraine-dammed lakes
tend to only GLOF once, as their dam is typically compro-
mised in the process. The observed decrease in number and
area of ice-dammed lakes in Alaska suggests an overall de-
crease in GLOF hazards from these types of lakes, although
the specifics of remaining lakes need to be evaluated individ-
ually (e.g., Suicide Basin, Kienholz et al., 2020; Tulsequah
Glacier, Neal, 2007; Bear Glacier, Wilcox et al., 2014). The
increase in number and area of moraine-dammed lakes pro-
vides a greater number of potential source lakes and a larger
potential flood volume; however, factors such as surround-
ing slope stability (e.g., landslides, rockfalls, permafrost),
moraine geometry and stability (e.g., slope, presence of an
ice core), and downstream impacts must be evaluated first
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to determine GLOF potential and hazard (e.g., Worni et al.,
2013; Rounce et al., 2017). As the nature of the dam type
influences lake stability, the opposing trends of ice-dammed
and moraine-dammed lakes complicate a region-wide assess-
ment of changing GLOF hazards in the Alaska region.

4.2 Regional trends

The Alaska region of the RGI is separated into six second-
order regions (see Fig. 8), used here as subregions for anal-
ysis. Lakes are most numerous in the N Coast Ranges (35 %
of all lakes) and St. Elias Mountains (27 %), though these
ranges also have the largest glacier area (24 % and 41 %
of total ice in Alaska, respectively). Normalized lake fre-
quency (number of lakes per 100km? of glaciers) is high-
est in the Brooks Range, though it has the lowest normal-
ized lake area (lake area per 100 km? of glaciers; 0.2) as total
lake area sums to just 0.7 km? (Table 3). We interpret these
normalized lake statistics as reflecting the late stage of ice-
marginal lake development, minimal LIA glacier advance,
and the relatively small glacier extent in the Brooks Range
even during the Last Glacial Maximum (Kaufman and Man-
ley, 2004). Normalized lake area is highest in the N Coast
Ranges (1.7km? per 100km? of glaciers) due to the abun-
dance of smaller glaciers and many proglacial lakes. The
St. Elias Mountains have the largest total lake area; however,
it also contains large ice fields, which results in a similar nor-
malized lake area as the Aleutians and the Chugach Moun-
tains (1.5-1.6km? per 100km? of glaciers). This suggests
that the area of ice-marginal lakes scales with glacier area
in the coastal ranges (i.e., excluding the Brooks Range and
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Alaska Ranges), with normalized lake area ranging from 1.5
to 1.7.

Accounting for lake area change, the Brooks Range
and Alaska Ranges have a small normalized lake area
change (0.1-0.2; lake area change between 1984 and 2019
per 100 km? of glaciers). The Chugach, Aleutians, St. Elias,
and N Coast Ranges, however, each have a higher normal-
ized lake area change (0.6). These numbers suggest a di-
chotomy in which coastal glacier—lake systems are changing
faster than those in more interior settings, in agreement with
recent work investigating physical controls on ice-marginal
lake area change (Field et al., 2021). The Alaska Ranges have
the highest percent debris cover (19 %), which could be a fac-
tor in the low normalized lake area and normalized lake area
change seen in this region. Supraglacial lakes are the most
abundant dam type in the Alaska Ranges (47 % in 2016—
2019), characterized by small areas and area changes (Ta-
ble 2).

4.3 Temporal trends

Rate of lake area change (square kilometers per decade)
through time indicates whether ice-marginal lake evolution
has remained constant between different time periods, or
whether the lakes have experienced periods of accelerated
or decelerated change. Bedrock-dammed lakes experienced
little variation in rate of area change throughout the period
of study (Fig. 11), with a rate that hovers around zero, likely
due to the fact that a majority (> 90 %) of bedrock-dammed
lakes are either detached from their associated glacier or un-
connected to any glacier. Ice-dammed lakes consistently ex-
perienced a negative median rate of area change, with the
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Figure 11. Median rate of area change between each time step, categorized by dam type (a) and topological position (b).

most negative rate of growth between 2007-2011 and 2016—
2019. This implies drainage of ice-dammed lakes may be
accelerating, which could be due to an increased rate of
glacier thinning since 2013-2014 (Jakob et al., 2021), though
this link requires further investigation. Supraglacial lakes ex-
hibit the opposite trend, growing at a faster rate after 2007—
2011 than they did prior. Moraine-dammed lakes experi-
enced the largest median rate of change between 1984—1988
and 1997-2001. A decreasing median rate of change for
moraine-dammed lakes yet large total area growth is likely
due to the growth of a few large outlier lakes whose influ-
ence is minimized by comparing median rather than mean
rates of change. Proglacial lakes experienced the overall
largest rate of growth, even when compared to all moraine-
dammed lakes, suggesting that topological position, rather
than strictly dam type, is a better indicator for rate of ice-
marginal lake area change. Together, these data suggest
the ice-marginal lakes of Alaska and northwestern Canada
could be undergoing a transition, with an increased role of
supraglacial lakes driving regional lake area expansion.

4.4 Comparison to other regions

Alaska’s glaciers cover a large spatial extent, spanning dif-
ferent climatic, geologic, and glacial environments (Sect. 1).
This makes the region particularly unique in relation to other
glacierized regions, though the best analogue region depends
on which Alaskan mountain range is considered. The heav-
ily debris-covered areas (e.g., Alaska Ranges) have similar
debris cover to the Himalaya, areas with clean-ice valley
glaciers (e.g., N Coast Ranges) could behave similar to the
Peruvian Andes, and the large and complex glaciers/ice fields
(e.g., St. Elias Mountains) have similar glacier and lake dy-
namics as the Patagonian ice fields. Dynamics within these
Alaska subregions could shed light on ice-marginal lake be-
havior in comparable mountain ranges, and vice versa.
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Many studies on ice-marginal lakes concentrate on high-
mountain Asia (e.g., Nie et al., 2017; Zhang et al., 2018;
Veh et al., 2020; Wang et al., 2020; Chen et al., 2021), a re-
gion with abundant proglacial and supraglacial lakes, though
high-mountain Asian lakes tend to be smaller than Alaskan
lakes (median lake area of 0.11 and 0.17 km?, respectively;
Shugar et al., 2020). The Alaska and the Himalaya regions
(RGI regions 14 and 15) have a similar percent debris cover
(~ 15 %), though Alaska contains larger glacier and debris-
covered areas (Herreid and Pellicciotti, 2020). Herreid and
Pellicciotti (2020) calculated a debris stage for each RGI re-
gion from O to 1, where 1 indicates the ablation zone is en-
tirely covered in debris. Debris stage is slightly higher in the
Himalaya (~ 0.6-0.7) than Alaska (~ 0.5), though Alaska
has a higher debris expansion potential (Herreid and Pellic-
ciotti, 2020). This suggests that if debris cover expands in
Alaska, these areas could become more similar to the heavily
debris-covered areas in the Himalaya. Supraglacial lakes in
the Himalaya vary considerably in location, shape, and size,
appearing, disappearing, and coalescing through time (Benn
et al., 2001; Gardelle et al., 2011; Nie et al., 2017), behav-
ior exhibited in Alaska as well. These similarities indicate
that supraglacial lakes within these two regions have similar
characteristics and that understanding one region could aid
in understanding the other.

Glacierized mountain ranges around the world exhibit
varying stages of glacial retreat. The Peruvian Andes are
considered to be in a late stage of glacier retreat with lit-
tle potential for further lake expansion, as ice generally re-
mains in steep, high-elevation parts of the study area (Em-
mer et al., 2020). In Peru, glaciers have retreated far off
their LIA moraines, such that the majority of proglacial lakes
shifted from moraine-dammed in 1948 to bedrock-dammed
in 2017 as glaciers retreated and exposed bedrock overdeep-
ened (Colonia et al., 2017; Emmer et al., 2020). Though
ice remains in many main valleys in the N Coast Ranges,
glaciers are smaller, steeper, cleaner, and less complex than

The Cryosphere, 16, 297-314, 2022



310 B. Rick et al.: Dam type and lake location characterize ice-marginal lake area change in Alaska

other subregions in Alaska, apart from the Juneau Icefield.
Though lakes in the N Coast Ranges are on average larger
than those found in the low-latitude Andes (median lake area
of 0.21 and 0.12km?, respectively; Shugar et al., 2020), the
abundance of moraine-dammed proglacial lakes and increas-
ing proportion of bedrock-dammed lakes (39 % in 1984—
1988 to 44 % in 2016-2019) suggest the N Coast Ranges
could follow a similar trajectory as the Cordillera Blanca,
producing a shift in dominant dam type from moraine to
bedrock in the future.

Ice-marginal lake increases have been documented
throughout the world, though characteristics such as dam
type, lake location, and associated glacier behavior vary
widely. Examining ice-marginal lake behavior at different
stages in various mountain ranges can help predict how these
lakes might evolve in the future, though such analysis is out-
side the scope of this study.

4.5 Feedbacks on glacier mass balance

Lake geometry likely dictates the impact a proglacial lake
has on glacier mass balance. Large, deep lakes can im-
pede a glacier from reaching equilibrium by holding the
terminus at lake elevation until it has retreated out of the
lake basin (Larsen et al., 2015). Ice—water contact can also
enhance calving, resulting in mass loss and lake expan-
sion through terminus retreat (Carrivick and Tweed, 2013).
Larsen et al. (2015) found that lake-terminating glaciers in
Alaska have a more negative median mass balance in coastal
regions where large proglacial lakes have developed. Lake-
terminating glaciers also experienced more rapid thinning
near their terminus than land-terminating glaciers and appear
to be less directly coupled to climate variations (Larsen et al.,
2015). In the Himalaya, lake-terminating glaciers have been
linked with increased glacier mass loss through enhanced ter-
minal retreat and surface lowering (King et al., 2019; Maurer
et al., 2019) and center flow line velocities that are more than
twice that of glaciers which terminate on land (Pronk et al.,
2021). We therefore expect that as glaciers continue to retreat
in Alaska, proglacial lake presence, formation, or detachment
will influence glacier mass balance, increasing thinning and
glacier velocity where lakes are present, though variations in
thinning have been observed (e.g., the Juneau and Stikine ice
fields; Melkonian et al., 2014, 2016).

Regional glacier thinning and mass loss rates appear to
mimic lake area change in parts of Alaska. The N Coast
Ranges and St. Elias Mountains are thinning (—1.27 &
0.11and —1.2140.12myr~!, respectively) and losing mass
(—1.08£0.09 and —1.0340.10m w.e. yr—!) at a greater rate
than other subregions from 2011-2019 (Jakob et al., 2021).
These regions also experienced the largest normalized lake
area growth (see Sect. 4.2). The high thinning rate in the
Aleutians (—0.7540.06 myr—!) does not appear to be re-
flected in the low normalized lake area growth documented in
our survey. This is likely due to the fact that 60 % of lakes in
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the Aleutians subregion are either detached or unconnected
and therefore not directly influenced by glacier dynamics.
The Alaska Ranges are thinning (—0.48 +0.06 myr—!) and
losing mass (—0.41 £0.05 m w.e. yr~!) at the lowest average
rates per region (Jakob et al., 2021) likely due to extensive
debris cover, which is accompanied by the lowest normal-
ized lake area change outside the Brooks Range.

4.6 Future change in ice-marginal lakes

As global temperatures continue to rise and glaciers thin and
retreat (Zemp et al., 2019), Alaska’s glaciated landscape will
change, as will the nature of ice-marginal lakes. Alaskan
glaciers have retreated off their LIA moraines, and therefore
it is unlikely that new moraine-dammed lakes will form with-
out a sustained period of glacial advance or surge. However,
proglacial lake expansion is expected to continue as glacier
retreat accommodates lake growth, dependent on basin ge-
ometry. Using the Cordillera Blanca as an analogue for later
stages of lake development (Emmer et al., 2020), we hypoth-
esize a future shift in new proglacial lakes to mostly bedrock
dammed lakes, as glaciers retreat into higher, steeper terrain
(e.g., Linsbauer et al., 2016; Furian et al., 2021), though it
is uncertain how long the present stage of moraine-dammed
lake growth will persist before glaciers leave their termi-
nal overdeepenings. Alaska’s glacier complexity and relative
abundance of ice-dammed lakes pose an interesting question
as to whether these lakes will continue to drain as they have
since 1970 (Wolfe et al., 2014) or whether new ice-dammed
lakes will form if tributary valley ice retreats faster than main
branch ice, such as has occurred in Suicide Basin since 2011
(Kienholz et al., 2020). Modeling basin geometry and fu-
ture ice extent would provide insight into where ice-marginal
lakes in Alaska are likely to form in the future.

4.7 Inventory challenges

Two primary challenges were encountered while creating
the inventory, which should be understood before using this
dataset or applying its findings. Due to the use of spectrally
based supervised classification for lake identification, only
lakes that have the spectral characteristics of water appear
within our inventory. This limitation results in the exclusion
of some ice-dammed lakes which are iceberg-filled or lake
basins which appear dry in the 5-year mosaics due to a lake
that is more often drained than filled. Therefore, this inven-
tory is a clear minimum of ice-marginal lakes, with several
known omitted lakes. Known lakes which were not identi-
fied in our inventory include Suicide Basin, Valdez Lake,
Snow Lake, Lake Linda, and Summit Lake, all of which
are ice-dammed. These lakes, which have experienced multi-
ple drainage events (e.g., Jones and Wolken, 2019; Kienholz
et al., 2020), are important for individual GLOF hazard as-
sessments, though they have little impact (0.4 % of total lake
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area) on our assessment of regional decadal-scale lake area
trends by dam type.

Dam type classification was performed using manual vi-
sual interpretation for all lakes, with the most likely dam type
identified in cases that are uncertain due to poor image res-
olution and/or possible mixed dam types (i.e., bedrock with
moraine material; Emmer, 2017). A shift in dam type (e.g.,
ice-dammed to bedrock-dammed) was also documented for
a few lakes, particularly where a lake becomes bedrock
dammed after the loss of an ice dam (e.g., Terentiev Lake
which was formerly dammed by Columbia Glacier). These
lakes were classified by their most recent dam type when
performing analysis on change over time. The small num-
ber of cases of transitioning dam types suggests this process
is not particularly important for understanding the regional-
scale behavior of Alaska ice-marginal lakes discussed here.

5 Conclusions

As the second largest glacierized region outside the ice
sheets, characterizing Alaska’s ice-marginal lakes and their
evolution has important implications for glacier mass bal-
ance, ecosystem dynamics, and GLOF hazards. Varying to-
pographic settings (valleys, cirques, debris, ice fields) and a
wide range of glacier complexities allow for an abundance of
ice-marginal lakes of varying dam type and position. Over-
all, ice-marginal lakes in Alaska have grown in both num-
ber (+183 lakes, 38 % increase) and area (+483 km?2, 59 %
increase) between 1984—1988 and 20162019, though 56 %
of inventoried lakes did not experience detectable change.
We demonstrate that lakes with different dam types and
positions relative to their source glacier behave differently.
Moraine-dammed proglacial lakes experienced the largest
growth likely due to clean-ice glacier retreat, while ice-
dammed lakes experienced an overall loss in both number
and area, likely due to thinning or disappearance of ice dams.
Our study highlights the value of parsing ice-marginal lakes
by dam type and location in comprehensive ice-marginal lake
studies to clarify important lake dynamics that are obscured
by coarser regional averages. A clear understanding of which
lakes are growing, and which are shrinking, as quantified
here in a classified multitemporal ice-marginal lake inven-
tory is a crucial first step to understanding the drivers of his-
toric change, predicting future lake evolution, and assessing
GLOF hazard potential in icy mountainous regions.

Code and data availability. The lake inventory is avail-
able for download at Rick and McGrath (2021)
(https://doi.org/10.18739/A2MK6591G). Additional code and
data are available on request.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/tc-16-297-2022-supplement.
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