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Abstract: High-latitude lakes are sensitive indicators of climate change. Monitoring lake dynamics in
high-latitude regions (e.g., pan-Arctic regions) is essential to improving our understanding of the
impacts of climate change; however, the lack of in situ water level measurements limits comprehensive
quantification of the lake hydrologic dynamics in high-latitude regions. Fortunately, the newly
launched ICESat-2 laser altimeter can provide finer footprint measurements and denser ground
tracks, thus enabling us to measure the water level changes for more lakes than with conventional
radar altimeters. This study aims to comprehensively assess the number and frequency of pan-Arctic
lakes (>1 km?, north of 60°N) observable by the ICESat-2 in space and time over the past three
years. Further, we analyze the spatial and temporal characteristics of the ICESat-2-based water level
observations of these pan-Arctic lakes based on our customized classification of seasonal coverage
patterns (wet/dry season, monthly, and ten-day). We find that the ICESat-2 observed 80,688 pan-
Arctic lakes (97% of the total). Among the observed lakes, the ICESat-2 retrieved the seasonal coverage
patterns for 40,192 lakes (~50% of observed lakes), accounting for nearly 84% of the area and 95% of
the volumetric capacity. Most lakes (99%) have seasonal water-level fluctuation amplitudes within a
range of 0-1 m. The latitudinal zonality analysis demonstrates that the seasonal change in pan-Arctic
lake levels gently fluctuates around 0.5 m between 60°N and 74°N and becomes intense (range of
level change from 1 m to 2 m) beyond 74°N. Our results are expected to offer an overall reference for
the spatio-temporal coverage of the ICESat-2’s observations of pan-Arctic lakes, which is crucial for
comprehending the hydrologic response of high-latitude lakes to ongoing climate change.

Keywords: altimetry; ICESat-2; pan-Arctic lake; satellite observation evaluation; seasonal water level

1. Introduction

About 50% of the world’s lakes are distributed in the high-latitude region north of
60°N [1]. These pan-Arctic lakes remain among the least impacted by humans. As the
prominent feature of Arctic ecosystems, lakes have experienced substantial changes in the
context of the warming climate, including the lake temperature, duration of ice cover, and
precipitation regime [2—4]. Due to the polar amplification of global warming, Arctic lakes
have become sensitive indicators of global climate change [5], yet our knowledge of lake
hydrologic dynamics in Arctic regions is very limited due to the sparseness of in situ water
level measurements. Such a knowledge gap greatly impedes our understanding of changes
to Arctic lakes. This necessitates the demand for monitoring the dynamics of Arctic lakes
and investigating their temporal and spatial variation patterns.

Satellite radar altimetry techniques have been used for many years to measure the sur-
face water level due to the advantages of monitoring the areas where gauge data are difficult
to access [6-14]. For example, Zakharova et al. [15] analyzed the seasonal variability of lake
levels in Western Siberia by using ENVISAT RA-2 altimetry data. Yang et al. [16] employed
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TOPEX/Poseidon and Jason-1/2/3 altimeter missions to measure large ice-covered lake
level changes in the Mackenzie River Basin in the Arctic. Chen et al. [17] estimated seasonal
water budgets for 463 lakes worldwide above 10 km? by combining multi-source satellite
radar altimeter-derived water levels; however, the large ground footprints of conventional
radar altimeters limit their capability to observe small- and medium-sized lakes, which
account for the dominant percentage in the pan-Arctic region. As a result, studies have in-
creasingly opted to use the SAR radar altimeter onboard the Sentinel-3 [18-21] or the ICESat
laser altimeter [22-25] to derive denser elevation measurements with smaller footprints.

The Ice, Cloud, and Land Elevation Satellite-2 (ICESat-2), recently launched by the
National Aeronautics and Space Administration (NASA), which carries the Advanced
Topographic Laser Altimeter System (ATLAS), provides finer footprint (approximately
17 m in diameter) measurements [26] for observing small- and medium-sized lakes in Arctic
regions than the ICESat (approximately 70 m in diameter). A few earlier studies confirmed
the ICESat-2’s potential for water level observation on regional or global scales. For example,
Yuan et al. [27] and Madson et al. [28] evaluated the water levels derived from the ICESat-2
for Chinese and U.S. lakes, respectively, at the national scale. Ryan et al. [29] and Cooley
et al. [30] applied the ICESat-2 altimeter’s observations to examine global surface water
levels and to characterize human influences on global reservoir level changes in comparison
with natural lakes. Several recent studies have estimated the lake water level and storage
change globally during the past two decades by combing two generations of satellite laser
altimeters (the ICESat/ICESat-2) [31-34]. Previous studies have exerted great effort on
the ICESat-2’s observations for lake levels, yet the feasibility of the ICESat-2 altimetry for
characterizing pan-Arctic lake level variations through spatio-temporal coverage analysis
remains unknown. In anticipation of the new altimetry mission, we aim to answer the
following questions: How many pan-Arctic lakes can be observed by the ICESat-2 in space
and time within the denser orbital coverage at high latitudes, and at what frequency?
Can the ICESat-2 (the 91-day repeat cycle) be employed to measure pan-Arctic lake level
changes in seasonal or even monthly intervals?

Here, we first provide a comprehensive assessment of how many pan-Arctic lakes
in the HydroLAKES inventory can be observed by the ICESat-2 during the past three
years. Next, the observed pan-Arctic lakes are classified into different groups based on
their temporal coverage frequency, which contains wet/dry season, monthly, and ten-
day coverage patterns. Based on the classification of temporal coverage patterns, we
calculate the corresponding seasonal water level (SWL) amplitude and explore the spatial
characteristics of SWL changes. Lastly, we select a few lake cases with dense temporal
ICESat-2 observations and compare the ICESat-2 water level retrievals with the radar
altimetry and in situ water level data.

2. Materials and Methods
2.1. ICESat-2 ATLAS ATL13 Data

This study used the fifth release of the ICESat-2 L3A Inland Surface Water Height
product (ATL13) data (1 December 2018 to 30 November 2021) to assess the satellite
altimetry coverage and derived water level change for pan-Arctic lakes above 1 km? situated
north of 60°N. This product provides the along-track surface height for inland water bodies,
including lakes, reservoirs, rivers, etc., with reference to the Earth Gravitational Model 2008
(EGM2008) [35]. More details about the ATL13 algorithm can be found in the Algorithm
Theoretical Basis Document (ATBD) [36]. The new versions (after V3) of the ATL13 product
allow for a robust analysis of all lakes above 1 km? due to its adequate representation of
the water bodies in the product’s water mask.

2.2. Auxiliary Data

To validate the ICESat-2-based lake levels, daily and monthly in situ water level ob-
servations were collected from the Historical Hydrometric Data by the government of
Canada (https://wateroffice.ec.gc.ca/mainmenu/historical_data_index_e.html (accessed


https://wateroffice.ec.gc.ca/mainmenu/historical_data_index_e.html

Remote Sens. 2022, 14, 5971

30f17

on 1 January 2022)) and the Information System on Water Resources and Water Manage-
ment of the Russian River Basins (http://gis.vodinfo.ru/ (accessed on 1 December 2021)).
Moreover, the radar altimetry-based water level time series from the DAHITI platform [37]
was used for comparison. The HydroLAKES [1] dataset was used to determine lake bound-
aries above 60°N to study. A total of 83,183 lakes (>1 km?) are located in the study area.
In addition, the ERA5-land reanalysis dataset, including the monthly total precipitation,
was collected to discuss the influence of climate change on the spatial heterogeneity of
SWL changes.

2.3. SWL Calculation by ICESat-2 Temporal Coverage Patterns

In this study, we first divided the temporal coverage patterns of the ICESat-2’s ob-
servations of pan-Arctic lakes into three categories, including wet/dry season coverage,
monthly coverage, and ten-day coverage based on the criteria as listed in Table 1. Specif-
ically, the wet/dry season coverage requires at least two observations each year: one in
the dry season (January—April and November—December) and the other in the wet season
(May—-October) [38]. The observation interval between the wet season and dry season is
no less than four months. For the monthly coverage pattern, at least 11 observations per
year are required for lakes. Lakes in the ten-day coverage pattern are observed at least once
every ten days within at least 11 months of each year. The aforementioned observation
conditions should be met every year during the studied three-year period.

Table 1. Three categories of temporal coverage patterns and combined criteria.

Categories Day Month Year
Wet/dry season Obs. months/year >2 (interval >4) 3/3
Monthly Obs. months/year >11 3/3
Ten-day Obs.! days/ten-day >1 Obs. months/year >11 3/3

1 Obs. is used to shorten observation.

In this study, the difference between the maximum and minimum water levels falling
in the wet and dry seasons, respectively, was defined as the seasonal water level variation
of the observed lakes in Category 1. The observations used to calculate the SWL are, on
average, six months apart in the study. For the lakes covered by Categories 2 and 3, the
difference between the annual maximum and minimum water level throughout the year
was used as the amplitude of the seasonal water level variation. Then, the three-year mean
of the seasonal water level changes for each temporal coverage category was considered as
the final seasonal lake level variation. That is to say, the seasonal water level change in the
lake is not analyzed in this study if it does not meet the three aforementioned categories of
seasonal coverage patterns.

2.4. Spatial Pattern Analysis of SWL

To analyze spatial patterns in the seasonal water level variability, we created a mesh
of rectangles (1° x 1° grid square) and tessellated the pan-Arctic area into uniform units.
Then, we covered each lake with the created 1° x 1° grid square according to the centroid
coordinates for each lake. The median SWL change was calculated at each cell to reveal
spatial patterns of the seasonal amplitude in pan-Arctic lakes. If there are no lakes within
the fishnet cell, the SWL change value for that cell is set to zero. Similarly, we created a
latitudinal zone at a 0.1° interval to analyze the characteristics of the SWL change along
the latitude.

3. Results and Analyses
3.1. ICESat-2 Observation Coverage of Pan-Arctic Lakes

During the three study years of the ICESat-2 observation (December 2018 through
November 2021), a total of 80,688 lakes (>1 kmz) have at least one observation, accounting
for 97% of the lakes in the study. The proportions of pan-Arctic lakes observed by the
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ICESat-2 in the Eastern and Western Hemispheres are 43% (Eurasian continent, hereinafter
referred to as EURA) and 57% (North American continent, hereinafter referred to as NA),
respectively. The observed lake size ranges from 1 km? to 30,450.64 km?, and the size levels
of 1-5 km?2, 5-50 km?, and >50 km? account for 85%, 14%, and 1%, respectively (Figure 1).
Only 55 large lakes (>500 km?) are distributed in EURA (16) and NA (39). Further, the
number of observed lakes in NA is higher than that in EURA at different size levels, as
shown in the right panel in Figure 1.

Lake area (kn?)
12 W25 550 M 50-500 I >500 ———— Aretic circle
North American continent Eurasian continent

10000 100 1 10000 100 1

(yuy) Boay
(;unyy) vaay

Number of lakes Number of lakes

Figure 1. Global distribution of pan-Arctic lakes observed by the ICESat-2 in the HydroLAKES database.
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The right panel shows the number of observed lakes from different size groups in the Eastern and
Western Hemispheres (NA and EURA).

Despite the fine footprint (<17 m) and dense cross tracks of the ICESat-2 in the Arctic,
there are still 2130 lakes ranging from 1 km? to 125.11 km? (84% in 1-2 km? and 15% in
2-5 km?) that were not observed (Figure 2). The majority of these unobserved lakes are
too small to be measured by the ICESat-2 due to their unique shape and near-parallel
alignment with the ICESat-2’s ground tracks. A few relatively larger unobserved lakes are
mostly distributed in Greenland and are primarily concentrated north of 75°N. For example,
the largest unobserved lake with an area of 125.11 km? is located in North Greenland. Tt
is a strange situation due to the defects of the ATL13 products (missing from the real
data), which can be resolved by using the ATL06, ATL08, or ATL03 products. Excluding
Greenland, the number of unobserved lakes in NA is proportionally greater than that in
EURA (Figure 2).
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Figure 2. Spatial distribution of unobserved lakes by the ICESat-2 in the HydroLAKES database.
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3.2. Temporal Coverage Patterns of Pan-Arctic Lakes

As shown in Figure 3, it is clear to see that the pan-Arctic lakes with larger areas receive
more annual observations than smaller ones. Among all observed lakes with a mean area of
1.66 km?, 33.7% received at least one observation per year on average. Lakes with increasing
mean sizes of 2.44 km?, 4.93 km?, 20.11 km?, and 387.67 km? receiving 2—4, 4-6, 6-12, and
>12 observations per year account for 36.6%, 22.9%, 6.1%, and less than 1%, respectively.
During the study period, the 33 lakes that received more than 36 observations per year
have a mean area of 3836 km?. Among them, the top four lakes with the most frequent
observations are Taymar Lake in Russia (176 observations), Hazen Lake (116 observations),
Great Slave Lake (226 observations), and Great Bear Lake (132 observations) in Canada;
their areas range from 547.21 km? to 30,450.64 km?.

75°N
P s %
S e
66°34'N
60°N
Observation times/year
-2 2-4 4-6 6-12 12-36 I >36 -— Arctic circle

o081

Arctie Ocean

90°E

1,
N\

Figure 3. Spatial patterns of observed lakes with annual number of observations.

Among the 80,688 observed lakes in the HydroLAKES database, at least 40,192 lakes
(~50%) could be observed by the ICESat-2 in Category 1 (wet/dry season coverage) (Table 2),
which cover 84% of the area and 95% of the volume of pan-Arctic lakes. Another 50% of
lakes that do not meet the seasonal observed characteristics are labeled “Non-seasonal”
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(Table 2). Table 2 shows that the area of the other observed lakes is less than 100 km? and
mostly concentrates between 1-5 km? (95%). The spatial pattern and proportion of lakes in
the wet/dry seasonal coverage are similar overall to those of all observed lakes (Figure 4).
For the pan-Arctic lakes ranging 1-5 km?, most belong to the wet/dry seasonal coverage;
only six lakes match the monthly coverage. By contrast, for lakes with an area in the range
of 10-1000 km?, 78% can reach the monthly coverage. There are only 21 lakes that belong to
the ten-day coverage, with a mean surface area of 5120 km?. All lakes larger than 1000 km?
received at least monthly observations (Table 2).

Seasonal cover type
" Wet/Dry season

" Monthly W Ten days - Arctic circle

Figure 4. Spatial patterns of observed lakes with seasonal coverage patterns.
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Table 2. Seasonal observation of lakes of different sizes.

Time Scale
Area Total
Non-Seasonal Wet and Dry Seasons  Monthly Ten-Day
1-2 km? 27,925 15,454 6 43,385
2-5 km? 10,632 14,094 27 24,753
5-10 km? 1633 5477 29 7139
10-100 km? 306 4624 109 5039
100-1000 km? 196 145 9 350
>1000 km? 10 12 22
Total 40,496 39,845 326 21 80,688

3.3. Spatial Pattern of SWL Changes

A notable spatial pattern of the SWL changes over the study period can be observed
in Figure 4. The median SWL change by 1° x 1° grid square is 0.43 m, ranging from 0.01 m
to 3.78 m. Nearly 90% of grid squares have an SWL change of less than 1 m, specifically
including the groups 0-0.2 m (5%), 0.2-0.5 m (56%), 0.5-1 m (28%), 1-1.5 m (6%), 1.5-2 m
(3%), and 2—4 m (2%) (Figure 5). Generally, lower SWL changes (0.2-0.5 m) are found in
Canada and Alaska of NA as compared to the higher SWL changes (0.5-1 m) in northern
Europe and Siberia of EURA. The highest SWL changes (>1 m) are observed in Greenland
and scattered squares near the ocean, which can largely be explained by the unique and
complex climate changes in these regions. In addition, we find that the range of the SWL
change generally ascended with an increase in the lake area (see Figure 6). Lakes with an
area of 100-1000 km? had the largest range of SWL change with an upper and lower value
of 0.55 and 1.75 m, respectively.

To further qualify the spatial patterns of the SWL change for pan-Arctic lakes, we
calculate the SWL change at 0.1° latitude intervals for NA and EURA (Figure 7). The
latitudinal zonality of the SWL change to the pan-Arctic lakes can be observed in both NA
and EURA. In particular, the SWL change in the pan-Arctic lakes gently fluctuates around
0.5 m between 60°N and 74°N. Then, the SWL change begins to fluctuate and rise beyond
74°N. However, the reason to explain the SWL change fluctuation is different between
NA and EURA at high latitudes. In NA, north of 74°N is mainly northern Greenland and
several Nunavut islands. The lakes in NA beyond 74°N are particularly sensitive to climate
change due to rare anthropogenic activities [39,40]. The SWL change in the lakes in these
regions could be largely attributed to seasonal ice melting and permafrost thawing with
climate warming [3,4]. However, few lakes are situated north of 74°N in EURA. These high-
latitude lakes on the islands are facing lower temperatures and decreasing precipitation
during the winter season and ice-free lakes in the summer season, resulting in the SWL
change fluctuations [41,42].
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SWL change (m)

SWL Range (m) o SWL STD (m)
0-0.2 17700.2-0.5 W 0.5-1 W 1-1.5 W 1.5-2 M 2-3 — Aretic circle 0-0.2 17 0.2-0.5 W 0.5-1 W 1-1.5 —— Arctic circle

Figure 5. Fishnet-based spatial patterns of seasonal water level variability within three years of
observation by the ICESat-2. (a) shows the SWL change patterns. (b) shows the SWL range patterns.
(c) shows the standard deviation (STD) patterns of the SWL.



Remote Sens. 2022, 14, 5971

10 of 17

SWL change (m)
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Area group (km2)
Figure 6. Boxplot of seasonal water level amplitudes for lakes of different sizes. The horizontal line
in the box represents the median SWL variation over the three years. The upper and lower limits of
the box represent the range of SWL variation. Scatters are outliers for each box, and the number of
outliers accounts for 20%, 20%, 17%, 24%, 23%, and 14%, respectively (the total number of lakes in
each group is shown in Table 2).
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4. Discussion
4.1. Comparison of Altimetry and Gauged Water Level

Based on the analysis of the temporal coverage pattern of pan-Arctic lakes by the
ICESat-2 described above, we select four lakes with dense time series from the ICESat-2’s
observations and compare the water levels with those derived from radar altimetry and
gauge stations (Figure 8). We find that the ICESat-2 has high accuracy in water level
monitoring for large lakes compared to the gauged water levels. The assessments of the
comparison results are illustrated in Figure 8, showing a correlation coefficient (R) of
0.79-0.97 and RMSE of 0.07-0.12 m. Compared to the water levels measured by the gauge
stations, the RMSEs of the water level time series derived from radar altimetry at the
corresponding stages with the ICESat-2 (including the freeze-up period) for the selected
lakes are 0.19 m (Great Bear Lake), 0.13 m (Great Slave Lake), 0.15 m (Ladoga Lake), and
0.10 m (Onega Lake), respectively. Obviously, the water levels of the high-latitude lakes
measured by the ICESat-2 are superior overall to those by radar altimeters. One major
reason can be attributed to microwave penetration of the lake ice which may introduce
uncertainty into the water level extraction [43-45].

Moreover, we find that the ICESat-2 can observe denser water levels than radar
altimetry. For example, the monthly average observations of the selected lakes based on
the ICESat-2 altimetry is 8.2 times, while the monthly average observations based on the
multi-source radar altimetry is 3.4 times. The ICESat-2 can densify the time series by nearly
2.5 times for the selected lakes, on average. For the Great Bear Lake and Great Slave Lake
in NA, the average monthly observations of the ICESat-2 are more than 10 times, while
the average monthly observations for the radar altimetry are only 2.3-2.6 times. However,
the lakes selected for validation are large ones, and the time-series observations by the
ICESat-2 will be denser than those for the radar altimetry of small- and medium-sized lakes.
Therefore, we conclude that the ICESat-2 altimeter has the potential not only to monitor
the water level dynamics of small- and medium-sized lakes but also to produce a denser
water level time series for large lakes [32-34].

4.2. Characteristics of SWL Change and Potential Causes

The spatial patterns and characteristics of the SWL have been shown in the Results
section, in which the area size of a lake may affect the SWL change. To quantify the impact
of the lake area on the SWL variability, we calculated the median value, mean value, range,
and STD of the SWL in different area groups according to Figure 6 (Table 3). As shown
in Table 3, we find that the median, mean, range, and STD of the SWL change generally
ascended with the lake area increase, respectively. When the lake area is above 1000 km?,
the SWL change tends toward stability. Lakes with an area of 100~1000 km? had the largest
median, mean, range, and STD of the SWL change with 0.938 m, 1.050 m, 1.202 m, and
0.350 m, respectively. Therefore, it can be found that the SWL change is correlated with
lake size.

Table 3. SWL numerical statistics grouped by lake area.

SWL Change (m)
Area Threshold

Median Mean Range STD
1-2 km? 0.313 0.323 0.250 0.058
2-5 km? 0.335 0.349 0.260 0.069
5-10 km? 0.361 0.383 0.339 0.091
10-100 km? 0.494 0.519 0.499 0.126
100-1000 km? 0.938 1.050 1.202 0.350

>1000 km? 0.907 0.985 0.451 0.156
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Figure 8. Comparison of water levels from the ICESat-2 and radar altimeters, and gauge stations for
four selected lakes (Great Bear Lake and Great Slave Lake in NA, Ladoga Lake, and Onega Lake in
EURA) with long-time series ICESat-2 observations.

In addition, another characteristic of the SWL change is spatial heterogeneity. The
results show that relatively high SWL changes are found in Greenland and scattered squares
near the ocean, especially at higher latitudes (above 74°N). The high-latitude lakes that are
less affected by anthropogenic use will be more sensitive to climatic change. Considering
that precipitation is an important factor affecting the water budget, which will also directly
affect the change in the SWL, we collect the monthly ERA5-Land precipitation data to detect
the seasonal amplitude of precipitation in different SWL change areas based on the grids
in Figure 5 (Figure 9). We find that the median value of the seasonal precipitation varies
with the SWL change when the SWL is greater than 0.2 m. In particular, the amplitude of
seasonal precipitation is larger in the clusters with a high SWL change and ranges more
than dozens of millimeters based on the median values. Increasing evidence has shown that
precipitation changes are dominated by the effects of warming temperatures due to climate
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change, which results in glacial meltwater [46-51]. Then, the pan-Arctic lakes above 74°N,
shown in Figure 7, with a high SWL change may be contingent on the glacial meltwater
due to climate change. This also indicates that these high-latitude areas with a high SWL
change, such as some islands in EURA and northern Greenland in NA have a water cycle
dominated by snowmelt hydrology.

=~
o
|

Seasonal precipitation (m)
= o
o &~
] ]

0.0

) 3 :
1 I I 1 1
0-0.2 0.2-0.5 0.5-1 1-1.5 1.5-2 2-4

SWL change (m)

Figure 9. Seasonal amplitudes of accumulated precipitation of the grid-based clusters in different
SWL change areas. Black rhombuses are outliers in each SWL change group.

4.3. ICESat-2 ATL13 Product-Derived Water Levels

We successfully determined the SWL change in pan-Arctic lakes utilizing the ICESat-2
ATL13 product (Inland Surface Water Height product) in the study. We choose the ATL13
product to derive the water levels of the pan-Arctic lakes because the water mask for the
ATL13 product adopts the HydroLAKES database. Of course, other data products (e.g.,
ATLO03, ATL06, and ATLO08) have also been reported in previous works to extract the lake
or reservoir levels combined with the utilization of customized waterbody masks [52-58].
Moreover, we note that there is little difference in the water level extraction of the same
lake with the different ICESat-2 products derived from ATLO03 (Global Geolocated Photon
Data) according to these studies. However, the ICESat-2 ATL13 product is not perfect or
bug-free. For example, the new and expanding lakes not included in the waterbody masks
of ATL13 will be missed by observation in this study. In these special cases, we think that
the other ICESat-2 products can be used to make up for the data defects of the ATL13
product (e.g., the ATLO6 product should be preferred for supplementation in the pan-Arctic
region). Therefore, the ICESat-2 may be able to observe a few more pan-Arctic lakes than
those analyzed in this study. In this study, we only assess the spatio-temporal coverage of
pan-Arctic lakes by the ICESat-2 based on the HydroLAKES database.
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5. Conclusions

This research explores the ICESat-2 coverage performance of pan-Arctic lakes in space
and time based on the lake boundaries from the HydroLAKES database. Moreover, we
analyze the characteristics of seasonal water level amplitude in the lake-size group and
the spatial distribution according to our customized classification of temporal coverage
patterns (wet/dry season, monthly, and ten-day coverages). During the three full years of
the ICESat-2’s observations, we find that the ICESat-2 altimeter observed 97% of lakes above
1 km? around the pan-Arctic region (north of 60°N) with a surface water area ranging from
1 km? to 30,450.64 km?. Among the observed pan-Arctic lakes, the ICESat-2 can retrieve
the SWL change in 40,192 lakes (50%), covering nearly 84% in area and 95% in volume
according to the HydroLAKES inventory. Furthermore, the unobserved lakes are usually
small ones that are concentrated in the pan-Arctic region located south of 75°N. Only less
than 1% of the unobserved lakes are greater than 10 km?, and all are in Greenland.

The pan-Arctic lakes with larger areas received denser observations than the smaller
ones, especially in the seasonal coverage patterns. The lakes with areas ranging from
1 to 5 km? receive wet/dry season observations, and lakes that match the monthly observa-
tion are concentrated within 10-1000 km?2. Only 21 lakes have ten-day observations with
a mean surface area of 5120 km?. We also observe more intense SWL changes for larger
lakes. There is notable spatial heterogeneity and latitudinal zonality of the SWL variation in
pan-Arctic lakes due to their sensitive response to climate change with increasing latitude.
The spatial heterogeneous characteristics of the SWL change can be observed among the
North American continent, the Eurasian continent, and Greenland. The latitudinal direction
zonality demonstrates that the SWL change in pan-Arctic lakes gently fluctuates around
0.5 m between 60°N and 74°N and becomes intense beyond 74°N.

Due to the limitation of only three years of the ICESat-2’s observations, we have not
examined long-term water level changes in pan-Arctic lakes. This study confirms that
the ICESat-2 altimeter has excellent potential for observing water levels and determining
the SWL change in pan-Arctic lakes. Moreover, we conclude that the ICESat-2 altimeter
has the potential not only to monitor the water level dynamics of small- and medium-
sized lakes in high latitudes but also to produce denser water level time series for large
lakes than radar altimeters. In the future, the ICESat-2 mission can further improve its
seasonal and long-term coverage performance in the pan-Arctic lakes as the number of
the ICESat-2’s observations increases year by year. Further, the upcoming altimetry water
level retrievals from existing and newly launched altimetry satellites, combined with multi-
altimetry satellite data fusion technology, has the potential to substantially improve our
understanding of the hydrologic responses of pan-Arctic lakes to climate change.
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