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Abstract. Subarctic West Greenland is populated by thousands of seasonally ice-free lakes. Using remotely sensed observa-
tions, we analyse the surface water temperatures of six lakes during 1995-2022 to identify factors influencing their variability.
The connectivity to the Greenland Ice Sheet (GrIS) has a clear influence on lake surface temperature, with ice-sheet marginal
lakes experiencing smaller average summer maximum temperature (< 6°C) and minimal inter-annual variability. A lake fed by
a GrlS-originating river has the fastest seasonal response and largest seasonal amplitude with average maximum temperatures
above 13°C. The seasonal cycle of surface water temperature for all studied lakes is asymmetrical, with faster warming ob-
served after ice off, and a slower cooling of water towards winter freezing. We find that during the study period, the onset of
positive stratification has occurred earlier, at rates of up to 0.5 days year™!, and that July-August temperatures have increased
atrates up to 0.1°C year™!, although the GrIS-connected lakes show smaller increases. Our analysis suggests that the main me-
teorological factor determining interannual variability of surface water temperature in the studied lakes is air temperature. This

study highlights the important role of remote sensing for long-term monitoring of Greenlandic lakes under climate change.

1 Introduction

The subarctic expanse of West Greenland is home to a multitude of lakes (How et al., 2021), their seasonal ice-free periods
providing a window into the region’s dynamic environmental processes (Anderson et al., 2017; Fowler et al., 2020). Influenced
by climatic and glacial factors, these water bodies offer invaluable insights into the intricate interplay of climatic forces shaping
high-latitude ecosystems (Saros et al., 2019; Prater et al., 2022; Saros et al., 2023). Among the myriad consequences of
climate change on these lakes, one of the most pressing concerns is the direct and indirect impacts of rising lake surface water
temperature (LSWT). This phenomenon not only affects various ecological states, structures, and processes (Williamson et al.,
2009; Woolway et al., 2022) but also holds implications for ice-sheet mass balance (Zhang and Bolch, 2023). Specifically,
the interaction between lakes and ice margin involving lake-ice processes such as instanee-calving (Mallalieu et al., 2021;
Minowa et al., 2023), submarine melting (Sugiyama et al., 2021), lake temperature (Dye et al., 2021), and glacial lake outburst
floods (GLOFs) (Kjeldsen et al., 2017; Grinsted et al., 2017) can accelerate glacier mass loss, particularly in areas where

lakes abut ice fronts. Studies suggest that such lakes contribute to enhanced thermo-mechanical erosion and reduce basal
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resistance, resulting in heightened ice flux towards the margins (King et al., 2019; Maurer et al., 2019; King et al., 2020; Benn
et al., 2007; Tsutaki et al., 2011; Pronk et al., 2021). Given the ongoing trajectory of global climate change, understanding
the factors driving LSWT variability in Greenland is paramount for understanding broader environmental shifts. Traditionally,
global studies investigating variations in LSWT have relied on in situ measurements, yet such data are notably sparse in West

Greenland (Kettle et al., 2004). Few studies have been found in literature reporting temperature measurements on lakes in

Greenland which have been collected during-two-main-ecampaigns—as part of three main efforts:

1. Measurements taken between 2011 and 2022 on small similar lakes (from a minimum of 13 lakes and a maximum of
22 of surface area between 0.022 and 0.824 km?) in southwest Greenland around Kangerlussuaq have been reported in
studies on thermal stratification (Saros et al., 2016), under ice phytoplankton dynamics (Hazukova et al., 2021) and on

the relation between ice melt timing and dissolved oxygen concentration (Hazukova et al., 2024). None of the-takes-was

these lakes are connected to the GrIS. During-the-othercampaign-water

2. Water temperature measurements were collected en-abeut-from approximately 30 lakes aeress-aE—W-along a east-west
transect from the ice-sheet near Kangerlussuaq to the outer coast south of Sisimiut during the-period—+998-2660—a
campaign conducted between 1998 and 2000. The studies reporting the dataset focussed on empirical modelling of
summer lake water temperature in Greenland lakes (Kettle et al., 2004), and on limnology and paleolimnology of lakes

in Greenland (Anderson et al., 1999; Brodersen and Anderson, 2000, 2002). In-addition-to-the-measurementsreportedin
the-above studies, the-

3. The Greenland Ecosystem Monitoring BioBasis programme (GEM, 2025) recorded water temperature from 2009 to

2019 on two small lakes in Kobbefjord, Badesg / Kangerluarsunnguup Tasia and Qassi Sg@, at 2m and 10m respectively.

However, monitoring especially over decadal time scales is limited and happens in areas close to settlements. Access to remote
regions (i.e. far from a well-connected settlement) remains challenging. Consequently, most lakes in West Greenland remain
largely unexplored.

The absence of widespread, long-term monitoring has left the thermal dynamics of many lakes poorly quantified, impeding
accurate estimations of their role in regional energy and mass exchange with the atmosphere and interactions with the GrIS
margins, particularly in the context of climate change impacts (Anderson et al., 2001). Moreover, in situ measurements are
point measurements and generally spatially resolved LSWTs can better give a more representative picture of the temperature
change (Woolway and Merchant, 2018).

Recent advancements in remote sensing have transformed our ability to observe environmental variables across vast spatial
scales and extended time frames. Leveraging these capabilities, our study investigates the thermal behaviours of six repre-
sentative lakes (Figure 1) across West Greenland using satellite-derived time series data of LSWT and Lake Ice Cover (LIC)
from the European Space Agency (ESA) Climate Change Initiative (CCI) Lakes dataset specifically created for climate studies
according to the requirements of the Global Climate Observing System (GCOS) of the World Meteorological Organisation
(WMO) (Buontempo et al., 2022).
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Spanning from 1995 to 2022, our study explores the intricate dynamics of these aquatic ecosystems in response to climatic
and glacial influences using data that are consistent in time and space. These six lakes were carefully chosen to encapsulate
the diverse environmental conditions prevalent in West Greenland. Notably, two lakes are directly linked to the GrIS, serving
as sentinel sites for evaluating the impacts of glacial processes on lake thermal regimes (see Methods). Additionally, one
lake, indirectly connected via a river fed by the GrIS, provides valuable insights into the downstream ramifications of glacial
meltwater discharge on aquatic systems.

Our investigation extends beyond simple characterization of seasonal temperature fluctuations by exploring the complex
interrelationships between climatic variables and lake dynamics. By analyzing LSWT and LIC data alongside concurrent me-
teorological parameters such as air temperature and shortwave radiation, we investigate the underlying mechanisms governing
thermal variability in these lakes in a consistent way. We have included in our study lakes that are connected to the GrIS, as
well as those that are not, in order to gain insights into the influence of the ice-sheet on lake thermal properties. Central to
our investigation is the detection of climatic signals imprinted within the temporal evolution of LSWT, particularly against the
backdrop of observed global warming trends. By examining the inter-annual variability and trends in surface temperature, we
aim to investigate the extent to which climatic warming influences the thermal regimes of these high latitude lakes. Further-
more, by scrutinizing the phenology of warm-stratified conditions, we aim to discern alterations in the seasonal dynamics of

these aquatic environments.

In summary, this work aims to provide a substantial initial contribution to understanding lake thermal dynamics in this critical
region, with the potential to enhance predictive modelling and support the strategic selection of monitoring locations. Lakes
are important sentinels of climate change, as their thermal regimes respond rapidly to atmospheric forcing and reflect broader
environmental shifts—particularly in this region. However, consistent in situ observations in this area remain limited. Remote
sensing offers a powerful tool for capturing spatio-temporal patterns in surface water temperature at otherwise unattainable
scales. By addressing this gap and leveraging satellite-based observations, this study also intends to demonstrate the value of
remote sensing in supporting climate-related assessments of freshwater systems. Our findings contribute to ongoing efforts to
develop robust, observation-driven frameworks for monitoring lake responses to climatic shifts and offer valuable insights for
enhancing lake modelling in the region.

2 Data and Methods
2.1 Study region

The west of Greenland has its most substantial ice-sheet free margin between 63.5°N and 68.5°N. The seasonally ice-and-snow-
free parts of this region generally have an elevation between 0 and 1100 m above sea level (m a.s.l.). The margin of the GrIS
is mostly found at elevations ranging from ~600 m to ~1200 m, and at distances up to 180 km from the west coast (excluding
fjords). The intervening area is characterised by thousands of inland water bodies exhibiting a range of limnological conditions
(Ryves et al., 2002). Specifically, lakes in this region vary in area, depth, elevation, components of water balance (groundwater,

precipitation, surface runoff and stream feeding), surface connectivity to other lakes via streams (which may be seasonal),
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chemistry, connectivity to the ice-sheet margin and water clarity. The latter two aspects are linked, as glacial meltwater contains
fine particulates in suspension, particularly minerogenic glacial flour (Burpee et al., 2018). The particulates cause high turbidity,
with associated ecosystem impacts through reduction in photosynthetically active radiation (Sommaruga, 2015). Turbid lakes
may respond not only directly to climatic changes in weather-driven forcing, but also indirectly via modification of albedo
associated with changing glacial fluxes, since water clarity directly influences lake heat budgets and stratification (Saros et al.,
2019).

The climate of the study-studied region also varies considerably, principally from the coast to the area next to the GrlS
(Cappelen and Jensen, 2021), with consequent changes in vegetation and lake properties. Areas close to the GrlS have a
Low Arctic continental climate, with mean annual surface air temperature of -5°C, an annual temperature range of ~30°C,
continuous permafrost, and low precipitation < 170 mm year—!. The zone from the GrIS to mid-way towards the coast is
characterized by very low (negative) effective precipitation. The coast is characterised by a Low Arctic maritime climate, with
a lower annual temperature range (~22°C) and higher precipitation (~500 mm year—!). The moderated summer maximum
temperatures and the presence of coastal fog banks associated with the more maritime climate imply a longer presence of snow
and snow packs in this region (Cappelen and Jensen, 2021).

In this study, the thermal behaviour of six relatively large lakes from 1995 to 2022 is investigated using satellite-derived time
series of LSWT and LIC from the-European-Space-Ageney-Climate-Change-Initiative (ESA-CE1H-ESA CCI (Hollman et al.,
2013) project dedicated to lakes (Carrea et al., 2023) - see below. The six lakes have diverse properties that are representative
of those distributed throughout West Greenland. Two lakes are directly connected to the GrIS (they are ice marginal lakes),
and one lake is indirectly connected by a river of length ~92 km fed by the GrIS. These three lakes are at elevations of 300 m
or higher. The other three lakes are unconnected to the GrIS and at elevations less than 50 m, with one very close to the coast

(Figure 1).
2.2 Digital elevation model

To explore the topography of the study region, and that near the vicinity of the studied lakes, we used the Terra Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) Version 3
(ASTGTM) (NASA/METI/AIST/Japan Spacesystems and U.S./Japan ASTER Science Team, 2019; Abrams et al., 2020),
jointly created and developed by National Aeronautics and Space Administration (NASA) and Japan’s Ministry of Econ-
omy, Trade, and Industry (METI). It provides a global digital elevation model (DEM) of land surface on Earth that extends
from 83°N to 83°S. The data are projected onto the 1984 World Geodetic System (WGS84)/1996 Earth Gravitational Model
(EGM96) geoid and the spatial resolution is 1 arc second (about 30 metres at the equator) and they have been resampled
at 50 metres resolution to be used with Landsat 8 data for this work. The ASTER GDEM version 3 dataset can be down-

loaded at the Land Processes Distributed Active Archive Center (LP DAAC) https:#/doi—org/HO-506 T ASTERASTGTM-003-
(https://doi.org/10.5067/ASTER/ASTGTM.003).
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Figure 1. (a) Map of Greenland showing the general location of the main western ice-free margin. (b) Map of the western ice-free margin,
showing the north and south study domains (boxes) and (colour-coded) locations of six major lakes for which temperature time-series are
available. The lake names and characteristsics are listed in Table 2. The lake mask shown in the plot is from the ESA CCI FAKES-Lakes
dataset (Carrea et al., 2022b) and it is used for this work.

2.3 Lake bathymetry

Bathymetry data (maximum depth, mean depth, area and volume) for each of the studied lakes were extracted from the GLO-
Bathy dataset (Khazaei et al., 2022) to characterise the lakes in the region. GLOBathy provides estimates of bathymetry
for lakes worldwide with reasonable accuracy, given the complexity of estimating underwater topography, as reported in
the article. The bathymetry is derived with a model which has been selected among few candidates. The selection is based
on the comparison of the predicted maximum depth with the observed value for about 1500 lakes giving the root mean
squared error normalized with standard deviation, NRMSE =0.17, and the Spearman’s Rho correlation coefficient, p=0.94
for the selected model. Also, a cross validation has been carried out. The actual validation of the bathymetry reported on
the paper consists of a visual comparison of the predicted bathymetry with the observed bathymetry for eight lakes. Regard-
ing the six lakes of this paper, we have found that the maximum depth of %&M@W
A) is unrealistic (see Section 3.2). The dataset is available at figshare
(https://doi.org/10.6084/m9.figshare.c.5243309.v1).

2.4 Landsat$8

To characterise the studied region and the spatial variability of the lakes in the region, we analysed data from the Thermal
Infrared Sensor (TIRS) and the Operational Land Imager (OLI) instruments on Landsat 8 (www.usgs.gov). The two sensors

provide a spatial resolution of 30 meters for the visible, near-infrared (NIR), short-wavelength infrared (SWIR) and of 100
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meters for the thermal channels. The repeat coverage is about 16 days and the scenes are provided by the Worldwide Reference
System-2 (WRS-2) path/row system, the size of which is 185 km x 180 km, and with a swath overlap percentage increasing
from the equator to extreme latitudes (Vanhellemont and Ruddick, 2015). The Landsat 8 data are available at the Landsat Data
Access web page (https://www.usgs.gov/landsat-missions/landsat-data-access) where-to-discover-how-to-search-and-download

alHbandsat-produetsfrom-within the United States Geological Survey (USGS) data portals—The-USGS-portal. The Landsat
no-cost open access data policy of the USGS remains intact since its inception in 2008.

2.5 ESA CCI Lakes

For most of this work, we utilized LSWT and LIC from the European-Space-Ageney(ESA)-Climate-ChangeInitiative (CCl
»ESA CCI Lakes dataset v2.1 (Carrea et al., 2024) and v2.0.2 (Carrea et al., 2022a) respectively (Carrea et al., 2023). LSWT

observations are derived from the following visible and infrared radiometers on polar orbiting satellites: ATSR-2 (1995-2002),
AATSR (2002-2012), MODIS on Terra (2000-2022), AVHRR on MetOpA (2007-2019), AVHRR on MetOpB (2012-2019),
SLSTR on Sentinel3A (2016-2022), and SLSTR on Sentinel3B (2018-2022). The LIC observations are derived from MODIS
on Terra and Aqua (2000-2020). The LSWT and LIC have been retrieved at a spatial resolution of ~1 km at nadir and then
gridded to a common grid 1/120° cells on a global lake mask at 1/120° resolution (Carrea et al., 2023). The lake mask is
available at zenodo (Carrea et al., 2022b) and it was derived from the GloboLakes mask (Carrea et al., 2015). For LSWT,
the optimal estimation retrieval method of (MaeCallum-and-Merehant; 2042)-MacCallum and Merchant (2012) was applied
on image pixels identified as water according to both the lake mask and a reflectance-based water detection scheme (Carrea
etal., 2023), which was specifically designed to distinguish water from non-water pixels with clouds, ice or land-contaminated.
LSWT are accompanied by per-pixel quality levels which summarise the confidence in the retrieval and by the uncertainty. Only
LSWT of quality levels 4 and 5 (the highest) have been used for this study. Given that the best resolution of the instruments
used for the retrieval of LSWT is 1 km, obtaining reliable information for each of the six lakes is challenging as their maximum
distance to land is between 1.2 km and 1.8 km. In these cases, the LSWT retrieval is very likely to be available only for that part
of the lake and only for a limited proportion of almost daily overpasses (clear sky and observations relatively central within the
swath). The LIC is retrieved using reflectance channels, therefore the illumination at a local time of ~11 am becomes marginal
or absent from November until the middle of January. The LSWT and LIC of the ESA CCI Lakes dataset have been validated
through comparison with in situ data and through manual inspection respectively (Carrea et al., 2023). Because the LSWT
retrieval algorithm is based on physics, a stable performance is expected across domains in times and spaces where LSWT
cannot be directly easily validated through comparison with in situ data, such as for lakes in Greenland. The ESA CCI Lakes
dataset has been created as a climate data record following the requirements of GCOS of the WMO (Buontempo et al., 2022).
This is the first consistent long term LSWT and LIC time-series from satellite for lakes in Greenland. The ESA CCI Lakes
v2.0.2 and v2.1 dataset are available for download at the Centre for Environmental Data Analysis (CEDA - United Kingdom)
archive (https://dx.doi.org/10.5285/7fc9df8070d34cacab8092e45ef276f1).
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2.6 ESA CCI Clouds

The bottom of atmosphere downwelling shortwave radiation from the ESA CCI Clouds dataset (Stengel et al., 2020) has been
used in this study for establishing if any correlation between LSWT and shortwave solar radiation is present. The dataset is
available at https://doi.org/10.5676/DWD/ESA_Cloud_cci/AVHRR-AM/V003.

2.7 ESA CCI Sea Surface Temperature

The sea surface temperature dataset used in this paper to determine the marine influence on the lake close to the coast. We
use the ESA CCI Sea Surface Temperature (SST) dataset (Embury et al., 2024) and it can be downloaded at the CEDA
archive (http://dx.doi.org/10.5285/62c0f97bleac4e0197a674870afe1ee6). The dataset utilised for this work is monthly L4 SST
(analysis data) from 1995 to 2021. The monthly aggregated dataset can be downloaded at the SST regridding service of the
University of Reading (https://surftemp.net/regridding/index.html).

2.8 ECWMF ERAS5-Land data

Data for two atmospheric variables, 2m air temperature (Tair) and solar radiation (surface solar radiation downwards), used in
this study are from the ERA5-Land reanalysis dataset of the European Centre for Medium-Range Weather Forecasts (ECMWF)
(Hersbach et al., 2020; Mufioz-Sabater, 2019). Data at three hourly intervals have been used to create a climatology and monthly
values. The values of Tair have been corrected because of the difference in the nominal altitude of the ERA5-Land dataset and
the high-resolution DEM from ASTER. ERAS5-Land is a high-resolution version of the land component of the ERAS5 reanalysis
(Hersbach et al., 2020). It is run at 9 km resolution, compared to ERAS at 31 km, before being interpolated onto a regular 0.1°
lat/lon grid. This allows for representation of smaller-scale variability than in ERAS and other reanalysis products. However,
there are important limitations to ERAS-Land. Only the land component of the ECMWEF Integrated Forecasting System (IFS)
is run, with interpolated ERAS fields providing forcing from other components (i.e. atmosphere, ocean) without two-way
coupling. Variables such as surface pressure, wind, precipitation and radiative fluxes therefore do not capture variability at
sub-31 km scales, despite being available on the ERAS5-Land grid. There is no data assimilation, although observations do
indirectly affect the simulation via the forcing from ERAS. The dataset can be downloaded at the Copernicus Climate Data
Store (https://doi.org/10.24381/cds.e2161bac).

2.9 Analysis
2.9.1 Characterisation of lakes in the study region

To verify that the six studied lakes are representative of most lakes in the study region, we quantified the physical characteristics
of observable lakes in the region using satellite instruments on Landsat 8. We found that most lakes are smaller than those
detectable with meteorological satellite sensors (used for the ESA CCI Lakes dataset), which provide quality data and offer

frequent revisit time (~2 days) but have a spatial resolution of (nominally) 1000 m. Consequently, to explore the spatial
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variability of the lakes in the region, we utilised higher-resolution remote sensing observations from Landsat 8. Even with
Landsat 8’s finer thermal resolution (nominally ~100 m), careful measures were taken to minimize the influence of mixed
land-lake pixels around lake peripheries on the derived lake-averaged properties.

For this analysis, only lakes with an area exceeding 2.5 km? were characterised using Landsat 8 thermal observations. The
characterisation involved maximum brightness temperature, elevation, water albedo and lake area. The elevation and a limited
(in time) ultra-clear-sky sample of visible reflectance and infrared brightness temperature data from 2015 and 2021 (see Data)
were resampled onto a common 50 m-resolution latitude-longitude rectilinear grid to resolve smaller lakes. A composite image
was created from several clear-sky Landsat 8 images taken between 2015 and 2021. This composite image consisted of the
time-minimum reflectance in the red, blue and green channels in these images.

To identify pixels with liquid water, the modified normalised difference water index (NDWI) (Yang and Du, 2017; McFeeters,
2021; Xu, 2006) was applied to the minimum reflectance composite. Shadows north of cliffs were additionally filtered out from
the resulting inland water mask using the slope of the ASTER DEM. The DEM is also used to compare the thermal/ice char-
acteristics of the study region to elevation. The area of the lakes was estimated using the water-filled pixels derived from the
modified NDWI. Water albedo was estimated by adapting method 1 of Liang (Liang, 2001) to the corresponding bands of Land-
sat 8. Finally, for each selected lake, we calculated the following properties: lake-median elevation, lake-mean time-maximum
temperature, lake-mean time-minimum albedo and lake area. The statistical estimator used for each property was chosen based
on its appropriateness to the property and the nature of possible outliers. For example, taking the minimum across the summer
Landsat samples (“time-minimum”) of albedo ensures it represents the albedo of the ice-free water body, avoiding skewing of

the results by any samples where the lake is only partially ice free.
2.9.2 Determination of the climatological curves

The climatology of all variables in this study, except for LIC, has been calculated at the lake centre for each day of the year
using a 15-day smoothing window (7 days on either side of the central day). This analysis is based on data collected from
1995 to 2020. Additionally, the standard deviation and the number of observations has been evaluated to assess the variability
of temperature on specific days across the years, with particular focus on the number of observations for LSWT and LIC.
The LIC climatology has been computed as the percentage of ice relative to the total number of ice or water observations,
based on data from 2000 to 2020. This climatology is accompanied by the number of days when ice was observed. To reduce
false positives, only days with at least 50 observations and confirmed ice presence were included in the LIC climatology. The
climatological curves for LSWT and LIC have been derived from the ESA CCI Lakes dataset and the curves for Tair and the
solar downwelling flux have been derived from the ERAS-Land-ERAS-Land dataset. Tair and the solar radiation have been
extracted at the closest ERAS-ERAS-Land resolution cell to the lake centre.

2.9.3 A proxy for stratification phenology

Using observations for LSWT and LIC (ESA CCI Lakes dataset), inferences about the mixing state of lakes can be made
(Woolway et al., 2021). In this study, we use LSWT for estimating lake stratification phenology, assuming that the six lakes
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Table 1. Data usage for each of the aspects analysed in this paper.

Dataused Results used from
Region characterisation DEM_
Landsat8
Lake characterisation Bathymetry Region characterisation
Lake seasonal cycle ESA CCI Lakes LSWT | Lake characterisation
Temporal variability in lakemean | ESA CCI Lakes LSWT_ | Lake characterisation
ESA CCISST
Lake stratification phenolo ESA CClLakes LSWT | Lake characterisation
Factor influencing temporal variabilit ERAS5-Land Temporal variability in lake mean
and stratification phenolo ESA CCI Clouds Lake stratification phenolo

are dimictic (or monomictic) such as most of the lakes in southwest Greenland (Saros et al., 2016). The day of year in which
LSWT crosses the threshold of 3.98°C, the temperature of maximum density of freshwater, is taken as a phenological indicator
of stratification (Woolway et al., 2021; Fichot et al., 2019). Where consecutive days with observations are not available, the
available days are linearly interpolated in time before the threshold-crossing day is calculated. We have used the temperature of
maximum density as a proxy for stratification onset and breakup. However, stratification depends on the lake’s depth, size and
shape. Some small and shallow lakes wind may not experience thermal stratification since the wind could be strong enough to

contrast it and mix the entire lake (Boehrer and Schultze, 2008).
2.9.4 Trend and correlation anaylsis

Trends have been calculated using a linear regression model and the standard uncertainty are reported. The correlations are
evaluated as Spearman correlations, assuming a monotonic relationship and statistically significant correlations (with a p-
value<0.05) are highlighted. The relation between LSWT and Tair is evaluated as a function of time to investigate a potential
lag between Tair and LSWT. The LSWT monthly lake mean for each of the ice-free months is correlated with the monthly Tair
values for all the months of the year. The values of Tair and the solar radiation to be compared with the lake monthly mean
have been extracted over a box at the ERAS-ERAS-Land resolution cell covering the full lake and have been averaged in space

and per month.

2.10 Summary of data usage

Table 1 outlines the data usage (described in Section 2.2 - 2.8) for each of the aspects of the present study (described in details

in Section 3) and relations between them.



3 Results
3.1 Physical characterisation of the study region

In this study, we first characterise the physical environment of the studied lakes in terms of the landscape in which they are
located, as well as their elevation, surface reflectance and surface temperature variability. Two domains are addressed: (i) the
255 northern domain, which includes four of the six target lakes, and (ii) the southern domain, which includes two lakes (Figure

1). The colour coding of these water bodies in Figure 1(b) are used throughout the results section.

Elevation

Minimum reflectance composite

> 1400
1200
67.5

1000

800

Elevation / m

67.0

Elevation /m

-50.5 (d) -50.0

Figure 2. t2)On the left hand side, {fe)Natural-colournatural-colour composite of the minimum reflectance in red, green and blue bands of
Landsat 8, for the northern (a) and southern (c) domains showing the clear-sky appearance of the study areas in summer at a time of minimum
snow and ice cover. The images are composited from several clear-sky Landsat 8 images occurring between 2015 and 2021 inclusively (see
Data and Methods). b)On the right hand side, {é)Elevation—elevation from the ASTER DEM resampled at 50m resolution for the northern

(b) and southern (d) domains.

Comparing thermal/ice characteristics (Figure 2(a) and 2(c)) to elevation (Figure 2(b) and 2(d)), we find that ice and snow
persist throughout summer at elevations exceeding ~1200 m (mountains to west in the northern domain) while the ice-sheet
margin is seen at elevations from ~600 m. The modal elevation of the domain is ~400 m. Many dark lakes are visible across the

260 landscape of seasonally snow-free permafrost, as well as several prominent bright-blue ice-free water bodies (most obviously

10
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in the southern domain) (Figure 2). The latter are directly adjacent to glacier termini or are connected to glacial water inputs by
streams or river. Lakes situated in the northern domain are generally more elongated, as is typical of lakes formed in glacially
eroded valleys. The lakes of the southern domain more often represent flooded basins in the landscape, sometimes joined by
rivers. Using Landsat 8 thermal observations, we identify 90 lakes in the northern domain and 48 in the southern. These include
the six lakes for which timeseries data (from the ESA CCI Lakes) are available.

Figure 3 shows the minimum albedo and, in both domains, the higher albedo lakes are either directly connected to the ice-
sheet or connected to other bright lakes by rivers (compare Figures 2 and 3). The physical properties of these 138 water bodies of
both domains are shown in Figure 4. Most (79%) lakes are dark with albedo of <5%. Of these, 86% were observed with a lake-
mean time-maximum temperature exceeding 287.15 K (14°C); however, these warmer lakes tend to be smaller, representing
only 66% of the low-albedo water surface area. There is no apparent role for elevation in determining the maximum observed
LSWT. This is because higher air temperatures can occur across the central band of the margin at middle elevations, which are
maximally distant from the temperature-moderating effects of either the sea or the ice-sheet.

High albedo lakes are not observed at the lowest elevations (<100 m) but occur across the full range of lake surface areas.
High-albedo lakes tend to attain less extreme maximum temperatures. This can be partly explained by these lakes reflecting
more incoming solar irradiance. Additionally, the inflow of meltwater from the ice-sheet (including indirectly via rivers), which
correlates with higher albedo, is likely a contributing factor. Meltwater initially has a temperature just above freezing and likely
remains cooler than the lake temperature when it reaches the lakes. This influx of colder water corresponds to a negative heat
flux to the lake energy balance.

The six target lakes with time-series data mostly lie within the distribution of other lakes in the landscape, except for Lake

Eqalussuit Tasiat (Lake A). ake-Eqalussuit Tasiat (Lake A) has low albedo (indicating good solar absorption), yet its maximum

temperature in the Landsat 8 observations is only 281 K (~ 8°C). This particularly low temperature is partly an artefact of
temporal sampling, as the corner of the domain where Lake-Eqalussuit Tasiat (Lake A) is located was not observed on the same
day that the lakes in the rest of the domain were observed at their maximum temperature. Nonetheless, the general maritime

climate of Lake-Eqalussuit Tasiat (Lake A)’s location may also play a role.
3.2 Characterisation of the six studied lakes

The six studied lakes (Table 2) in west Greenland represent the variety of larger lakes in the region. Each of the six studied
lakes have outflows that at least seasonally connect to fjords or the coastal sea. All six lakes have a maximum distance from the
closest land (Carrea et al., 2015) of less than 2 km. Consequently, the six lakes can be resolved in the satellite imagery, given
that the best nadir resolution of the meteorological instruments used for LSWT retrieval is 1 km. However, observing these six
lakes remains challenging.

Lake-Ammalortog-t(Ammalortog (Lake E) and Tarsartuup Tasersua (F) are situated very close to the GrlS, characterised by a
Low Artic continental climate and directly connected to the ice-sheet (Figure 2(c)). They have high albedo due to the presence
of fine particulates in the meltwater deriving from the GrIS. While Lake-Tarsartuup Tasersua (Lake F) shows a relatively
uniform spatial distribution of the albedo, Eake-Ammatortog{Ammalortoq (Lake E) is composed of three sub-basins with very
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Figure 3. Lake pixels selected for remote sensing of albedo and temperature characteristics in the (a) northern and (b) southern domains.
The lake pixels are coloured according to their lake-mean minimum albedo in the Landsat 8 sample (see Data and Methods). The lake names

and characteristics of the six lakes A-F are listed in Table 2.
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Figure 4. Distribution of physical characteristics of remotely sensible lakes across both study domains. The areas of the scatter points are in
proportion to the lake areas. The points corresponding to the six lakes with time-series data are distinguished by borders in accordance with
the colour scheme of Figure 1. Their names and characteristics are listed in Table 2. (b). Area, albedo and minimum observed brightness

temperature have been derived from Landsat 8 observations as described in Sec 2.9.1. The elevation is from the ASTER DEM.

295 different albedos (0.12, 0.08 and 0.04), suggesting the inter-basin mixing and flows are weak and/or episodic (depending on
lake water levels). Nonetheless, for the purpose of this study, we consider it as a single lake. Most of the LSWT observations

for Eake-AmmalertogtAmmalortoq (Lake E) are from the northern sub-basin where the albedo is 0.08, similar to that of lake
Tasersuaq Aallaartagaq (Lake D).
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Table 2. List of the six lakes present in the ESA CCI Lake-Lakes dataset and their characteristics.

CCI Lake identifier 300002493 300002545 300002685 2199 3219 1099
Name*® Eqalussuit ~ Nassuttuutaata  Itinnerup Tasersuaq Ammalortoq  Tarsartuup
Tasiat Tasia Tasersua Aallaartagaq Tasersua
Identifier in this paper A (red) B (cyan) C (green) D (blue) E (pink) F (purple)
Latitude lake centre 67.779 67.607 66.999 66.754 65.615 65.087
Longitude lake centre -53.179 -52.429 -51.887 -50.937 -50.318 -50.040
Maximum distance to land (km) 1.6 1.4 1.2 1.8 1.8 1.8
Max depth® (m) 95 38 44 28 23 302
Mean depth® (m) 27 11 13 8 6 59
Volume” (km®) 2.0 0.7 0.9 0.6 0.3 10.0
Area® (km?) 76 64 65 82 55 170
Area L8’ ¢ (km?) 68 54 58 63 48 72
Albedo L8* 0.03 0.03 0.03 0.07 0.08 0.11
Elevation DEM" (m) 15 36 5 299 479 671
NWP nominal elevation’ (m) 150 335 318 534 590 904

bQqaasilerffik placename dataset, distributed with the QGreenland spatial dataset suite (https://qgreenland.org/) (Moon et al., 2023)
“From GLOBathy (Khazaei et al., 2022)

dSensiblearenTandsats

Tt et

hFrom ASTER (Abrams et al., 2020; NASA/METI/AIST/Japan Spacesystems and U.S./Japan ASTER Science Team, 2019)
"From ERA5-Land (Hersbach et al., 2020; Mufioz-Sabater, 2019)

Figure 5 shows the number of observations across the time-series for each of the cells of Lake-AmmatertogtAmmalortoq
300 (Lake E) present in a raster of inland water locations used to assist the identification of water-only pixels associated with
the lake in meteorological satellite processing (Carrea et al., 2022b). It illustrates that the lake mean temperature obtained
is dominated by the centre of the largest sub-basin away from the lake margins where pixels are often detected as partially
overlapping land, and therefore not used for LSWT. Some narrow portions of Lake-Ammalortog-(Ammalortoq (Lake E) are
never observed with the meteorological sensors for LSWT, which is also true of the other lakes.
305 TheJakes-Ammalortog(

Ammalortog (Lake E) and Tarsartuup Tasersua (F) are, among the six studied lakes, situated at the highest elevation, and at
the lowest latitudes. Lake-Tarsartuup Tasersua (Lake F) has the largest area and is most likely the deepest lake according to
GLOBathy.

Eake-
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Tasersuaq Aallaartagaq (Lake D) is located about 50 km (directly) from the GrIS with an albedo close to the one of Lake
Ammatortog{Ammalortoq (Lake E). Lake-Tasersuaq Aallaartagaq (Lake D) is connected to the ice-sheet by a ~92 km long
stream. This stream transports particulates from small glacier-terminal lakes at an elevation of about 900 m to Eake-Tasersuaq
Aallaartagaq (Lake D), at an elevation of about 300 m. We expect that this distance is sufficient for the water from the melting
ice-sheet to be modified, in terms of its temperature, before reaching Eake-Tasersuaq Aallaartagaq (Lake D), despite the albedo
of the lake demonstrating that significant glacial flour remains suspended and is transported to the lake.

Thelakes-

Eqalussuit Tasiat (Lake A), Nassuttuutaata Tasia (B) and Itinnerup Tasersua (C) absorb a greater proportion of insolation
than Tasersuaq Aallaartagaq (Lake D), Ammalortogor-Ammalortoq (E), Tarsartuup Tasersua (F), having low albedo. They are
also at lower elevation. Lake-Eqalussuit Tasiat (Lake A) is the lake located at the highest latitude, the lowest elevation, and
nearest to open sea. The maximum depth for Eake-Eqalussuit Tasiat (Lake A), as reported by the GLOBathy database, is 95 m,
but this may be an over-estimate for a lake so close to the sea and at an elevation of 15 m. Fake-Nassuttuutaata Tasia (Lake B)
is further inland, separated from Eake-Eqalussuit Tasiat (Lake A) by a fjord and mountains reaching a height of about 600 m.
Eake-Itinnerup Tasersua (Lake C) is roughly midway between open sea and the GrIS.
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Figure 5. Number of LSWT observations from 1995 to 2022 for £ake-Ammalortoq (Lake E) of the ESA CCI EAKES-Lakes LSWT dataset.
Each dot in the plot represents a 1/120°x 1/120° resolution cell of the common regular grid for all the variables of the ESA CCI Lakes

dataset.

3.3 Seasonality of LSWT and LIC
3.3.1 Relation between LIC and LSWT seasonality

All the six studied lakes have at least partial ice-free water surfaces in May (the timing of which differs between lakes) to
at least mid-November (Figure 6). Figure 6(a) shows the climatology for the centre location of the lakes reported in Table 2.

LSWTs are retrieved through to the middle of November, by which time all lakes have cooled below 4°C, such that water
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column mixing has occurred. All six lakes have complete ice cover at the lake centre for a period starting after mid-November
(timing not observed due to no daylight) and ending in May, Figure 6(b). However, the timing of full freezing (on average)
of the water surface is uncertain in this dataset because of the observational limits LIC from November to mid-January due to
marginal or absent during this period (see Data section). An increase of ice presence can be observed already from mid-October
for the lakes directly or indirectly connected to the GrlS (Tasersuaq Aallaartagaq (Lake D), Ammalertogor-Ammalortoq (E)
and Tarsartuup Tasersua (F)), and it can be assumed that these lakes fully freeze shortly after the last LSWT measurements
are available. During summer, the reported LIC is less than 0.2% but greater than zero for all the lakes, even at the time of
maximum LSWT. This is thought to reflect a base level of misclassification (false ice detection) in these observations rather
than ice being present, although, for the-takes-Ammalortog-(Ammalortog (Lake E) and Tarsartuup Tasersua (F), there might be
some detection of ice detached from the GrIS (Mallalieu et al., 2020). An unambiguous feature is that thelakes-Ammalerteg
fAmmalortoq (Lake E) and Tarsartuup Tasersua (F) have later and slower loss of ice cover during May and June. The earliest
ice breakup (on average) happens for Lake-Itinnerup Tasersua (Lake C), which is the lake with the smallest maximum distance
to land (Table 2). For the-takes-Eqalussuit Tasiat (Lake A), Nassuttuutaata Tasia (B) and Itinnerup Tasersua (C), the seasonal
cycle of the ice cover (Figure 6(b) shows that the percentage of ice pixels is still low by mid-November. LSWTs may therefore

also still be obtained in November for ice-free parts of the lakes.
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Figure 6. (a) Seasonal cycle of LSWT, calculated as day-of-year mean over 1995 to 2020 of a centred 7-day aggregation window temperatures
observations at the lake centre location in °C; the shaded area represents one standard deviation away from the mean (upper panel) and the
grey shaded area features temperatures below 4°C. (b) Seasonal cycle of LIC as the percent of cells covered by ice with respect to the total
number of valid (ice and water) observations on the lake. Only cases where the number of observations were greater than 50 (ice or water)
are included here. The seasonal cycle is plotted for the six lakes (upper panel) and the values of the standard deviation are reported in the

middle panel. The number of days with observations is shown in the lower panel.
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Table 3. Average maximum LSWT and 2m air temperature (Tair); lakes are listed in order of decreasing maximum LSWT.

Lake name Tasersuaq Nassuttuutaata  Itinnerup  Eqalussuit Tarsartuup ~Ammalortoq
Aallaartagaq Tasia Tasersua Tasiat Tasersua

Lake identifier D (blue) B (cyan) C (green) A (red) F (purple) E (pink)

LSWT max (°C) 13.23 13.11 11.37 9.75 7.49 6.50

DoY LSWT max 30/07 07/08 07/08 10/08 15/08 14/08

Tair max (°C) 11.69 9.76 11.33 8.93 5.80 5.68

DoY Tair max 15/07 14/07 14/07 24/07 16/07 15/07

3.3.2 Maximum average temperatures

The climatological peak temperatures are in broad correlation with the maximum temperature from Landsat 8 reported in
Figure 4. Each of the six lakes warm, on average, to a temperature greater than 4°C. The maximum depths estimated for the
studied lakes make it plausible they are stratified during periods when LSWT exceeds 4°C although potential stratification is
only brief in the case of fake-Ammatertog-fAmmalortoq (Lake E) and fake-Tarsartuup Tasersua (F). As the studied lakes are
covered with ice for approximately half of the year, they can most likely be characterised as dimictic. The coolest studied lakes
are Ammalortoq (Lake E) and Tarsartuup Tasersua (F), which are not only situated at the highest elevation but are also directly
influenced by the GrIS meltwater. The-lakes-Ammalortogq(Ammalortog (Lake E) and Tarsartuup Tasersua (F) reach their
climatological maximum value of LSWT of 6.54+1.6°C and 7.54+1.7°C on the 14th and 15th of August respectively. Between
May and the end of August, LSWT in Lake-Tarsartuup Tasersua (Lake F) is between 1°C and 2°C warmer on average than
Lake-Ammalortog-(Ammalortoqg (Lake E). bake-AmmalortogtAmmalortoq (Lake E) is likely colder than Tarsartuup Tasersua
(Lake F) due to its smaller size and shallower depth, and perhaps due to it being more easily cooled by the meltwater from the
GrIS. However, the two lakes have very similar temperatures on average after the end of August, during the cooling period.
The-lakes-Tasersuaq Aallaartagaq (Lake D) and Nassuttuutaata Tasia (B) are the warmest lakes with a very similar maximum
average LSWT 13.241.6°C and 13.1+£1.6°C on the 30th of July and the 7th of August respectively, despite being lakes with
different characteristics. As reported in Table 3 the four lakes that are not directly connected to the GrIS peak on average above

10°C. Similar summer maxima have been reported for smaller lakes, not connected to the GrlS, in previous studies (Anderson

et al., 2001; Saros et al., 2016).
3.3.3 LSWT in relation with Tair and insolation seasonal cycle

Tair and insolation are two very important drivers of LSWT (Woolway et al., 2017). Despite being the coolest lakes among

the six, Ammalortoq (Lake E) and Tarsartuup Tasersua (F) receive the highest insolation (Figure 7(b))
being the lakes at the lowest latitude but Tair is the lowest, being the lakes at the highest elevation showing that very likely

the insolation will result in a lower temperature (on average) contributing to the melt of the GrIS which in turn generates a

cold water influx into the lake which in turn masks the contribution of the insolation. Fhetakes-Tasersuaq Aallaartagaq (Lake
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D) and Nassuttuutaata Tasia (B) experience very similar maximum temperatures. Lake-Tasersuaq Aallaartagaq (Lake D) is
likely shallower than Lake-Nassuttuutaata Tasia (Lake B). Lake-Tasersuaq Aallaartagaq (Lake D) is situated at the lowest
latitude among Eqalussuit Tasiat (Lake A), Nassuttuutaata Tasia (B), Itinnerup Tasersua (C) and Tasersuaq Aallaartagaq (D),
and (Figure 7(a)) has the warmest seasonal cycle of Tair. Moreover, ERA5-Land indicates higher insolation for Fake-Tasersuaq
Aallaartagaq (Lake D) than for Lake-Nassuttuutaata Tasia (Lake B) (Figure 7(b)). Based on depth, Tair and insolation, we
would expect a higher maximum temperature for Eake-Tasersuaq Aallaartagaq (Lake D) compared to Lake-Nassuttuutaata Tasia
(Lake B). The fact that the observed difference is insignificant raises the speculation that the river inflow of fake-Tasersuaq
Aallaartagaq (Lake D), fed by a colder proglacial lake, is a significant negative heat flux and that this damps the maximum
LSWT.

Figure 6(a) suggests that warmer lakes typically experience an earlier timing of maximum temperature while the correspon-
dent Tair and insolation maximums happen at the similar timing. Table 3 reports the maximum annual LSWT and Tair and
the days of the year of these for all lake centres. The maximum Tair occurs, on average, in mid-July, except for Tair near
Eake-Eqalussuit Tasiat (Lake A) which occurs about ten days later. Lake-Eqalussuit Tasiat (Lake A) is located at the highest
latitude and is closest to the open sea. The maximum LSWT is higher on average and occurs two to four weeks later than the
maximum value of Tair. The longest lag between Tair and LSWT are calculated for the coldest lakes, Ammalortoq (Lake E)

and Tarsartuup Tasersua (F), which are connected to the GrIS.
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Figure 7. Seasonal cycle (daily means from 1995 to 2020 with a 7-day smoothing window) at the lake centre of Tair (°C) (a) and solar
downwelling flux (Wm™?) from ERAS-Land reanalysis (b). The seasonal cycle is plotted for the six lakes (upper panel) and for (a) in the

lower panel the values of the standard deviation are reported.
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3.3.4 Asymmetry of the LSWT seasonal cycle

Figure 6(a) (upper plot) shows that all six lakes warm faster and cool more slowly while the cycles of Tair and insolation are
symmetrical. The asymmetry in LSWT over the summer season is due to the effect of ice cover. Upon ice break up in May,
cooler LSWTs are in relatively large disequilibrium with the prevailing Tair and insolation, and the LSWT rapidly increases
in response. During the cooling phase, in contrast, the lake has a steadier lagged response to the progressive decrease in Tair
and insolation through late summer and autumn. On average, the earliest retrieved LSWTs at the lake centre are a few degrees
above 0°C. This is most likely a sampling effect arising because the first cloud-free observation of the lake centre after ice melt
is not immediately after the open water first forms. However, we note that warmer-than-freezing temperatures at the time of
ice melt has been reported for lakes in the Tibetan plateau (Kirillin et al., 2021) and Ontario in Canada (Williams, 1969). In
the circumstances of dry, cold atmospheric conditions, solar radiation may be relatively strong and the ice snow free, enabling
a sufficient flux of insolation through the ice to increase the temperature of the water below, even above 4°C such that there
is convective mixing before ice melt. It is uncertain from the satellite observations alone whether such effects are relevant to

these lakes.
3.4 Temporal variability in lake-mean LSWT

The long term LSWT variations for the six lakes are shown in Figure 8 for the months of June, July, August and September
when the lakes are (mostly) ice-free. The warmest months are July and August, when also the temperatures among the lakes

differ most. The ranking with respect to temperature tends to be maintained throughout the seasonal cycle.
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Figure 8. (a) Monthly spatial lake mean time series for the months of June, July, August and September for the six lakes (upper plot for
each of the months) and the number of observations to create the means (lower plot for each of the months). The grey shaded area features
temperatures below 4°C. (b) Trends (linear regression slopes) with standard uncertainty of trend (black bar) of the monthly spatial lake mean

time series across years for each month and for each lake. The grey shaded area highlights positive values of the trends.
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Table 4. Trend comparison between Lake-Eqalussuit Tasiat (Lake A) and the closest sea for June, July, August and September.

Jun Jul Aug Sep
correlation 0.44 0.62 0.69 0.72
p-value 0.02 0.0004 107° 107°
trend lake A (°C year ') | 0.06+£0.02 0.074+0.03  0.04+0.03  0.0240.02
trend sea (°C yearfl) 0.00+0.01  0.00+£0.02 0.03£0.02 0.0240.01

In June and July, monthly lake-mean LSWT in Eake-Tasersuaq Aallaartagaq (Lake D) is noticeably higher than the other
lakes across the years, while in August and September the LSWT of thetakes-Tasersuaq Aallaartagaq (Lake D), Nassuttuutaata
Tasia (B) s-and Itinnerup Tasersua (C) are comparable. Thelakes-Ammalortog(Ammalortoq (Lake E) and Tarsartuup Tasersua
(F), being connected to the GrIS, do not exhibit a considerable difference in lake mean temperature throughout the years for
any of the months. The six time series of monthly lake-mean LSWTs in Figure 8(a) reveal temporal trends whose values
are displayed in Figure 8(b). Twelve of the 15 statistically significant trends in Figure 8(b) are positive (warming over time).
The trends for ake-Eqalussuit Tasiat (Lake A) and Nassuttuutaata Tasia (B) in July are respectively 0.09+0.03°C year~!
and 0.09£0.04°C year~!. Comparing the six lakes, Lake-Eqalussuit Tasiat (Lake A) has consistently the highest trends (lake
warming at highest rate) across the months. The highest values for the trend of Lake-Eqalussuit Tasiat (Lake A) are in July
(0.06+0.02°C year~!) and August (0.074-0.03°C year—!). This can be related to the fact that Lake Eqalussuit Tasiat (Lake A)
is not connected to the GrlS, it is close to the coast and therefore possibly more exposed to meteorological drivers than the
other lakes.

To consider the marine influence on Eake-Eqalussuit Tasiat (Lake A), which is close to the coast, SSTs for June to September

has been computed from the ESA CCI SST dataset (Merchant et al., 2019), covering a 2 degree box centred on take-AEqalussuit
Tasiat’s latitude immediately to the west. LSWT is 2°C warmer than the nearby SST during July and August, and warmer by
less a 1°C in June and September. The inter-annual correlation between LSWT and SST is positive and statistically significant
for all four months. The mean trend across the four months is 0.01+0.01°C year_1 in the offshore SST, and is 0.05+0.01°C

year !

in the LSWT. Together, the statistics suggest a coupling to the marine climate and an amplified response. The monthly
statistics are shown in Table 4. The lakes connected to the GrIS (Tasersuaq Aallaartagaq (Lake D), Ammalortoq (E) and
Tarsartuup Tasersua (F)) tend to show smaller interannual trends than the unconnected lakes, although the distinction is not
so clear in August. Lake-Ammalortog(Ammalortoq (Lake E) is overall warming faster than Eake-Tarsartuup Tasersua (Lake
F). Lake-Tasersuaq Aallaartagaq (Lake D) experiences contrasting trends, negative in June and September and positive in
July and August. Speculatively, the overall distinction between the-takes-Eqalussuit Tasiat (Lake A), Nassuttuutaata Tasia (B),
and Itinnerup Tasersua (C) compared to Tasersuaq Aallaartagaq (Lake D), Ammalortoq (E) and Tarsartuup Tasersua (F) may
reflect a negative feedback for the connected lakes via the flux of meltwater. However, Lake-Tasersuaq Aallaartagaq (Lake D)
is connected only via a river, and, speculatively, warming of the meltwater during their passage to Lake-Tasersuaq Aallaartagaq

(Lake D) could act in opposition to this negative feedback, particularly in July and August when the landscape is warmest.
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3.5 Lake stratification phenology

We estimate lake stratification phenology as the day of the year when the LSWT crosses 3.98°C. On average, warmer lakes
in the study region experience an earlier onset and later breakup of thermal stratification. In turn, the cooler lakes, which are
directly connected to the GrIS, experience the latest onset and earliest breakup of stratification (Figure 9(c)). fake-Tarsartuup
Tasersua (Lake F) on average reaches ~4°C on the 1st of July and Lake-AmmalortogtAmmalortoq (Lake E) on 7th of
July, while for the other lakes this happens between the 11th and 28th of June. Following the warm season, LSWTs in Eake
Tarsartuup Tasersua (Lake F) cools, on average, below ~4°C on 22nd of September and Lake-AmmalertogAmmalortoq
(Lake E) on 18th of September, while for the other lakes this happens between the 1st and the 12th of October. The time series
of the days of the year of onset and breakup of stratification follow an asymmetric cycle: the break up date is relatively stable
across the six lakes, while the onset tends to occur substantially earlier in the year during the study period, other than for Eake
Tarsartuup Tasersua (F) (Figure 9(a)). The largest rates of change in stratification onset are -0.5+0.2 days year~! for Lake
Eqalussuit Tasiat (Lake A) and Nassuttuutaata Tasia (B) (Figure 9(b)). The breakup of stratification only occurs later in the
year for Eake-Eqalussuit Tasiat (Lake A) (0.2+£0.2 days year—! ). The warm stratified season is lengthening for the three lakes

that are not connected to the GrIS (Figure 9), while this is less clear for the connected lakes given the trend uncertainties.
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Figure 9. (a) Time series of the stratification onset and breakup timing (day of the year) for the six lakes. (b) Trends (linear regression
slopes) with standard uncertainty (black bar) of the stratification onset and breakup timing (days per year) for the six lakes. (c) Average day
of the year for the stratification onset and breakup, where the shaded area represents one standard deviation from the mean, expressing the

variability of the thermal stratification phenology across the years.
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3.6 Factors influencing the variability in LSWT and stratification phenology

Tair is typically considered the most important atmospheric driver of LSWT (Edinger et al., 1968), but their relationships differ
across seasons. Here, we calculated the correlation (Spearman) between Tair and LSWT anomalies across the studied lakes
(Figure 10) in time. Figure 10(a) and 10(b) show the interannual correlation between the June and August (respectively) LSWT
anomaly and the Tair anomalies of each of the months of the year. For all six lakes, LSWT anomalies in June are best correlated
with Tair anomalies in May (Figure 10(a)). This seems to arise because the lake ice-off date strongly influences the June LSWT
anomaly. Earlier ice-off results in a rapid initial rise of LSWT during summer, thus influencing the June LSWT. Warmer Tair
in May can lead to earlier ice-off. This interpretation is supported by the observation that the stratification onset date is better
correlated with the May Tair anomaly (mean of correlation coefficient across the six lakes: 0.7+0.1) than with that of June
(0.540.1), despite stratification onset usually occurring during June. In contrast, LSWT anomalies in August (Figure 10(b)) are
most significantly correlated with the August Tair anomalies. During this time the lakes are likely thermally stratified and the
volume of water interacting with the atmosphere is relatively small. The exceptions to the high correlation for August are the
takes-Ammatortog(Ammalortoq (Lake E) and Tarsartuup Tasersua (F) that directly receive GrIS meltwater. Since warm Tair is
expected to increase meltwater discharge (but not, for an ice-marginal lake, meltwater temperature), it appears that LSWT-Tair

correlation for August is in these cases suppressed by a negative feedback via enhanced cooling by water influx from the GrIS.
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Figure 10. Correlations (Spearman) between LSWT anomalies for the month of June (a) and August (b) and the Tair anomalies from ERAS-

Land for all the months in the year. The grey circles indicate a p-value greater than 0.05.

The most important driver of the stratification phenology is air temperature (Woolway et al., 2021). The correlation between
stratification phenology and Tair is found to be relevant and significant only for the onset, while for the break up only mild
correlations appear for the lakes connected to the GrlS and £ake-Eqalussuit Tasiat (Lake A). For Eake-Tasersuaq Aallaartagaq
(Lake D), which is connected to the GrlIS through a long stream, the correlations with Tair are not significant, indicating that

the changes in the stratification timing are driven by other factors. The highest correlations are found for stratification onset for
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the lakes directly connected to the GrlIS (Lake-AmmalertogAmmalortoq (Lake E), Lake-Tarsartuup Tasersua (F)) and Lake
for Eqalussuit Tasiat (Lake A)). Correlations with the shortwave solar radiation anomalies have been investigated using the
surface solar irradiance values from Era5-Land and using the ESA €limate-Change Initiative-€loud-CCI Clouds observations
(Stengel et al., 2020). No significant correlation has been found for any of the lakes with either dataset.

4 Discussion

4.1 Spatial thermal characteristics of lakes in the region with high resolution sensor

High-resolution thermal remote sensing allowed to characterise the lakes in the region spatially only since currently high-
resolution sensors have low revisiting time. Analyzing data from 138 lakes observable in Landsat 8 imagery, we observed
a wide spectrum of maximum LSWTs varying from 5°C to 20°C, alongside varying surface albedo values spanning 0.03
and 0.14. Notably, high-albedo lakes, often connected directly to the GrIS or indirectly through river systems, tend to exhibit
cooler temperatures. This cooling effect is attributed to their enhanced reflectivity, which reduces solar absorption, coupled
with the influence of cold glacial meltwater inflows. Conversely, smaller and typically shallower lakes with lower albedo
tend to absorb more solar radiation and consequently reach warmer temperatures (Read and Rose, 2013; Heiskanen et al.,
2015). These findings underscore the complex relationship between lake morphology, solar radiation dynamics, and climatic
influences, essential for understanding the response of these ecosystems to climate change. The six lakes that have been selected
specifically for this study are representative of the lakes in the region exhibiting different albedos, temperatures and elevations.
The only limitation to the variety of lakes was the size since meteorological satellites used to create the ESA CCI EAKES

Lakes dataset have a spatial resolution of about 1km.
4.2 Seasonal trends in LSWT and LIC

Meteorological sensors provided critical time series of LSWT and LIC observations that enabled us to uncover nuanced insights
into the thermal dynamics of these water bodies. These six studied lakes had contrasting elevation and proximity to the GrIS,
as well as to the sea. Seasonally, these lakes exhibit significant variability in ice cover, typically remaining ice-free from June
through to November, although the exact timing of complete ice reformation is affected by some observational uncertainty.
This seasonal pattern, notably asynchronous with the solar insolation cycle, underscores the complex interplay of climatic

factors influencing lake dynamics. The detailed examination of these lakes reveals distinct thermal dynamics and responses to
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environmental stimuli. Lakes not directly connected to the GrIS typically reach peak temperatures ranging from 9°C to 14°C
during the summer months, exceeding average air temperatures due to direct solar heating. In contrast, ice-marginal lakes
exhibit cooler peak temperatures around 7°C, a phenomenon not fully explained by their elevated albedo alone. The influx of
cold meltwater from nearby glaciers likely plays an important role impacting the thermal balance and seasonal variations of
these water bodies. Analysing the seasonal cycle, we found that the warm stratified season of the studied lakes typically spans
from mid-June to early October, though slightly shorter for cooler ice-marginal lakes and that all six lakes warm faster and cool
more slowly due to the effect of the ice cover. In contrast, the forcing cycles of Tair and insolation are relatively symmetrical.
When the ice breaks up in May, the cooler LSWTs are significantly out of balance with the prevailing Tair and solar radiation,
leading to a swift rise in LSWT. In contrast, during the cooling phase, the lake reacts more slowly, with a lagged response to

the gradual decline in Tair and solar radiation throughout late summer and autumn.
4.3 Temporal variability in LSWT

The observed interannual variability in these processes highlights the sensitivity of West Greenland lakes to fluctuations in
atmospheric conditions, emphasizing their role as indicator of broader climatic trends in the region. Over the months of June
to September, LSWT trends varied from insignificantly negative to warming trends of 0.5°C to 1°C decade ™! across different
lakes with clear differences for ice-marginal lakes, coastal lakes and inland lakes. Stratification onset appears to be advancing
by approximately 5 to 8 days per decade, while the end of stratification shows more stability over time, consistent with studies
from other regions worldwide (Woolway et al., 2021). Our findings suggest that ice-marginal lakes may increasingly interact
with the dynamics of the GrIS margin, potentially becoming more important in the future (Mallalieu et al., 2021; Carrivick
et al., 2022). Changes in water temperature and stratification phenology substantially impact light availability, nutrient cycling,
and oxygen levels crucial for lake ecosystems (Woolway et al., 2021). Surface water temperature serves as a ’sentinel’ of
climate change, integrating various climatic and inlake drivers that influence the lake’s surface energy budget (Woolway et al.,
2021; Schneider and Hook, 2010). Understanding these dynamics is crucial for assessing the resilience of West Greenland’s

lakes to ongoing environmental changes and their implications for ecosystem health and function.
4.4 Influence of air temperature and insolation on LSWT and lake stratification

Air temperature conditions leading up to the ice-free season, particularly in May, emerge as a pivotal factor influencing both
stratification onset and the timing of ice-off events. The onset of stratification correlates closely with air temperature in the
preceding month, influencing the rate of lake ice melt. Our study found no significant influence of insolation on this process.
Warmer temperatures during the period leading to the ice-free season accelerate the melting of lake ice, influencing stratification
dynamics and subsequent thermal regimes. The influx of cold meltwater from nearby glaciers likely acts as a significant cooling
mechanism, influencing the thermal balance and seasonal variability of these water bodies. The high albedo of ice-marginal
lakes suggests substantial influx of mass and meltwater from the GrIS. This meltwater introduces a negative heat flux that

correlates with August air temperatures, affecting glacial melting dynamics. The lack of correlation with August air temperature
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for ice-marginal lakes arises from competing mechanisms, notably warming from solar radiation and cooling from meltwater

influx associated with warmer summer air temperatures, complicating the LSWT response to climate change.
4.5 Implications for LSWT and LIC studies in Greenland and the Arctic

Observations of the temperature of pro-glacial lakes in this landscape are sparse. It has been assumed in some mass balance
models of glaciers terminating in lakes that the lakes do not warm to more than 1°C (Truffer and Motyka, 2016; Chernos et al.,
2016), a notion contradicted by the remotely sensed data analysed in this study. This discrepancy underscores the necessity
of leveraging remote sensing to complement sparse in situ data in regions like West Greenland. However, only large lakes
(of area at least 3km?) can be observed with good temporal resolution by meteorological satellites (used for ESA CCI Lakes
dataset) which offer a sufficiently long time series to detect climatic signals and well-characterised uncertainty and stability.
For smaller lakes, higher spatial resolution satellites, such as Landsat 8, can offer observations at a finer spatial resolution
(100m) but a much longer revisiting time is often insufficient for a good description of the temporal variations. An example
is the use of the high spatial resolution sensor ASTER to characterise the thermal behaviour of lakes in Arctic Sweden where
the measurements considered were very sparse in time (Dye et al., 2021). These are current limitations of remote sensing
data, which will be partly addressed with improvements in spatial and temporal resolution such as those provided by the
satellites for thermal remote sensing such as TRISHNA (Lagouarde et al., 2018) to be launched after 2025. Furthermore,
lake-glacier interaction mechanism could be better investigated through new field work. Collecting ground truth data would
be very useful to more precisely quantify the interactions between lakes and the ice-sheet and to unravel the complex thermal
structure at various depths of these lakes and how it varies in space and time. Such approaches are essential for elucidating the
complex relationships between climatic variables, ice dynamics, and lake behaviours, providing critical insights into ecosystem

responses to climate change in such a key region for local and global climate.

5 Conclusions

Lakes are important features of West Greenland’s seasonally ice-free landscape, their biogeophysical interactions in summer
being in part determined by their energy budget and the LSWT they attain. In this study, we presented new, long-term and
consistent LSWT information for lakes across this landscape using satellite data.

A broader analysis across the region to characterise thermally the lakes in space was achieved with high spatial resolution
data from Eandsat-8-Landsat 8. Investigations on specific dynamics were conducted on six lakes in West Greenland using high
temporal resolution meteorological sensors data, the ESA CCI Lakes data. The six lakes are located at contrasting elevations
and proximity to the GrIS and to the coast, allowing us to unveil their long term thermal behaviour (seasonal climatology and
interannual variability) for the first time and to attempt to disentangle the complex interaction between lake morphology, solar
radiation dynamics, and climatic influences the influence of atmospheric variables on the lake dynamics in details and in a

consistent manner. Contrary to some mass balance models of glaciers terminating in lakes, we found that these lakes warm to
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much more than 1°C reaching on average a water temperature between 6.6 and 7.5°C. The lakes not connected to the ice-sheet
reach an average surface water temperature of more than 13°C.

The most important atmospheric driver is air temperature. However, the ice-sheet significantly impacts the thermal behaviour
of the lakes, frequently overshadowing the atmospheric signatures. For example, no correlation is found in summer between
LSWT anomalies and Tair only for the ice marginal lakes, indicating a mitigation of Tair impact on the lakes by an enhanced
cooling of water influx from the GrIS. The vicinity of the coast also influences lake thermal state. The lake temperature is
influenced by the marine climate and a comparison with nearby SST shows that the lake amplifies the response, exhibiting

consistently the largest trend in temperatures and in stratification onset and breakup timing among the six lakes.

Data availability. All the datasets utilized for the current study are all available online as open data and in particular: the digital ele-
vation model ASTER GDEM Version 3 (ASTGTM) is available at the Land Processes Distributed Active Archive Center (LP DAAC)
https://doi.org/10.5067/ASTER/ASTGTM.003, the bathymetry GLOBathy dataset is available at figshare https://doi.org/10.6084/m9.figshare.
¢.5243309.v1, the ESA CCI Lakes - LWST and LIC dataset available at the Centre for Environmental Data (CEDA) archive http://dx.doi.
org/10.5285/a07deacaffb8453¢93d57ee214676304, the ESA CCI Clouds dataset is available at the Deutscher Wetterdienst archive https:
//dx.doi.org/doi:10.5676/DWD/ESA_Cloud_cci/AVHRR-AM/V003, the ESA CCI SST dataset is available at the CEDA archive http://dx.
doi.org/10.5285/62c0f97bleac4e0197a674870afelee6, and the ECMWF ERA 5 Land data are available at the Copernicus Climate Data
Store https://doi.org/10.24381/cds.e2161bac. The Landsat 8 data are available at the Landsat Data Access web page https://www.usgs.gov/
landsat-missions/landsat-data-access where to discover how to search and download all Landsat products from United States Geological
Survey (USGS) data portals. The USGS Landsat no-cost open access data policy remains intact since its inception in 2008. Also, all the
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Author contributions. L.C. and C.M. designed the study, performed the analysis, interpreted the results, and wrote the manuscript. R.L.LW.

contributed in writing and revising the manuscript. N.M. dealt with the extraction of the Landsat 8 data.

Competing interests. The authors declare no competing interests.

Acknowledgements. The authors acknowledge the European Space Agency for this work with gratitude. The European Space Agency sup-
ported the Climate Change Initiative - New ECVs for Lakes, which in turn has has provided the majority of support leading to the outcomes
herein described, via grant reference 4000125030/18/I-NB. The authors acknowledge the United Kingdom National Center for Earth Obser-
vation (NCEO) for funding the development of some of the software used to process Landsat 8 data, courtesy of the U.S. Geological Survey
and also acknowledge the United Kingdom National Environment Research Council (NERC) for funding part of this work within the project

on Greenland ice marginal lake evolution as driver of ice-sheet change (NERC reference: NE/X013537/1).

25


https://doi.org/10.6084/m9.figshare.c.5243309.v1
https://doi.org/10.6084/m9.figshare.c.5243309.v1
https://doi.org/10.6084/m9.figshare.c.5243309.v1
http://dx.doi.org/10.5285/a07deacaffb8453e93d57ee214676304
http://dx.doi.org/10.5285/a07deacaffb8453e93d57ee214676304
http://dx.doi.org/10.5285/a07deacaffb8453e93d57ee214676304
https://dx.doi.org/doi:10.5676/DWD/ESA_Cloud_cci/AVHRR-AM/V003
https://dx.doi.org/doi:10.5676/DWD/ESA_Cloud_cci/AVHRR-AM/V003
https://dx.doi.org/doi:10.5676/DWD/ESA_Cloud_cci/AVHRR-AM/V003
http://dx.doi.org/10.5285/62c0f97b1eac4e0197a674870afe1ee6
http://dx.doi.org/10.5285/62c0f97b1eac4e0197a674870afe1ee6
http://dx.doi.org/10.5285/62c0f97b1eac4e0197a674870afe1ee6
https://doi.org/10.24381/cds.e2161bac
https://www.usgs.gov/landsat-missions/landsat-data-access
https://www.usgs.gov/landsat-missions/landsat-data-access
https://www.usgs.gov/landsat-missions/landsat-data-access

585

590

595

600

605

610

615

References

Abrams, M., Crippen, R., and Fujisada, H.: ASTER Global Digital Elevation Model (GDEM) and ASTER Global Water Body Dataset
(ASTWBD), Remote Sensing, 12, 1156, https://doi.org/10.3390/rs12071156, 2020.

Anderson, N., Bennike, O., Christoffersen, K., Jeppesen, E., Markager, S., Miller, G., and Renberg, I.: Limnological and palacolimnological
studies of lakes in south-western Greenland, Geology of Greenland Survey Bulletin, 183, 68-74, https://doi.org/10.34194/ggub.v183.5207,
1999.

Anderson, N., Harriman, R., Ryves, D., and Patrick, S.: Dominant factors controlling variability in the ionic composition of West Greenland
lakes, Arctic, Antarctic, and Alpine Research, 33, 418—425, https://doi.org/10.1080/15230430.2001.12003450, 2001.

Anderson, N., Saros, J., Bullard, J., Cahoon, S., McGowan, S., Bagshaw, E., Barry, C., Bindler, R., Burpee, B., Carrivick, J., Fowler, R., Fox,
A., Fritz, S., Giles, M., Hamerlick, L., Ingeman-Nielsen, T., Law, A., Mernild, S., Northington, R., Osburn, C., Pla-Rabes, S., Post, E.,
Telling, J., Stroud, D., Whiteford, E., Yallop, M., and Yde, J.: The Arctic in the twenty-first century: Changing biogeochemical linkages
across a paraglacial landscape of Greenland, BioScience, 67(2), 118—133, https://doi.org/10.1093/biosci/biw158, 2017.

Benn, D., Warren, C., and Mottram, R.: Calving processes and the dynamics of calving glaciers, Earth-Science Reviews, 82, 143-179,
https://doi.org/10.1016/j.earscirev.2007.02.002, 2007.

Boehrer, B. and Schultze, M.: Stratification of lakes, Review of Geophysics, 46, RG2005, https://doi.org/10.1029/2006RG000210, 2008.

Brodersen, K. and Anderson, N.: Subfossil insect remains (Chironomidae) and lake-water temperature inference in
the Sisimiut-Kangerlussuaq region, southern West Greenland, Geology of Greenland Survey Bulletin, 186, 78-82,
https://doi.org/10.34194/ggub.v186.5219, 2000.

Brodersen, K. and Anderson, N.: Distribution of chironomids (Diptera) in low arctic West Greenland lakes: trophic conditions, temperature
and environmental reconstruction, Freshwater Biology, 47, 1137-1157, https://doi.org/10.1046/j.1365-2427.2002.00831.x, 2002.

Buontempo, C., Dolman, A. H., Krug, T., Schmetz, J., Speich, S., Thorne, P., Zemp, M., Chao, Q., Herold, M., et al.: The 2022 GCOS
Implementation Plan, Tech. Rep. Ref. Number GCOS-244, World Meteorological Organization, 2022.

Burpee, B., Anderson, D., and Saros, J.: Assessing ecological effects of glacial meltwater on lakes fed by the Greenland Ice Sheet: the role
of nutrient subsidies and turbidity, Arctic Antarctic and Alpine Research, 50, 995-1014, https://doi.org/10.1080/15230430.2017.1420953,
2018.

Cappelen, J. and Jensen, C. D.: Climatological Standard Normals 1991-2020 - Greenland, Tech. Rep. DMI Report 21-12, Danish Meteoro-
logical Institute, 2021.

Carrea, L., Embury, O., and Merchant, C.: Datasets related to in-land water for limnology and remote sensing applications: distance-to-land,
distance-to-water, water-body identifier and lake-centre co-ordinates., Geoscience Data Journal, 2, 83-97, https://doi.org/10.1002/gdj3.32,
2015.

Carrea, L., Crétaux, J.-F,, Liu, X., Wu, Y., Bergé-Nguyen, M., Calmettes, B., Duguay, C., Jiang, D., Merchant, C., Mueller, D., Selmes,
N., Spyrakos, E., Simis, S., Stelzer, K., Warren, M., Yésou, H., and Zhang, D.: ESA Lakes Climate Change Initiative (Lakes_cci): Lake
products, Version 2.0.2, Centre for Environmental Data Analysis, https://doi.org/10.5285/a07deacaffb8453e93d57ee214676304, 2022a.

Carrea, L., Merchant, C., and Simis, S.: Lake mask and distance to land dataset of 2024 lakes for the European Space Agency Climate
Change Initiative Lakes v2 (Version 2.0.1), zenodo https://doi.org/10.5281/zenodo.6699376, 2022b.

26


https://doi.org/10.3390/rs12071156
https://doi.org/10.34194/ggub.v183.5207
https://doi.org/10.1080/15230430.2001.12003450
https://doi.org/10.1093/biosci/biw158
https://doi.org/10.1016/j.earscirev.2007.02.002
https://doi.org/10.1029/2006RG000210
https://doi.org/10.34194/ggub.v186.5219
https://doi.org/10.1046/j.1365-2427.2002.00831.x
https://doi.org/10.1080/15230430.2017.1420953
https://doi.org/10.1002/gdj3.32
https://doi.org/10.5285/a07deacaffb8453e93d57ee214676304
https://doi.org/10.5281/zenodo.6699376

620

625

630

635

640

645

650

655

Carrea, L., Crétaux, J., Liu, X., Wu, Y., Berge-Nguyen, M., Calmettes, B., Duguay, C., Merchant, C., Selmes, N., Simis, S., Warren, M.,
Yésou, H., Miiller, D., Jiang, D., and Albergel, C.: Satellite-derived multivariate world-wide lake physical variable timeseries for climate
studies, Scientific Data, 10, https://doi.org/10.1038/s41597-022-01889-z, 2023.

Carrea, L., Crétaux, J.-F,, Liu, X., Wu, Y., Bergé-Nguyen, M., Calmettes, B., Duguay, C., Jiang, D., Merchant, C., Mueller, D., Selmes,
N., Spyrakos, E., Simis, S., Stelzer, K., Warren, M., Yésou, H., and Zhang, D.: ESA Lakes Climate Change Initiative (Lakes_cci): Lake
products, Version 2.1.0, Centre for Environmental Data Analysis, https://doi.org/10.5285/7fc9df8070d34cacab8092e45ef276f1, 2024.

Carrivick, J., Tweed, F., Sutherland, J., and Mallalieu, J.: Toward numerical modeling of interactions between ice-marginal proglacial lakes
and glaciers, Frontiers in Earth Science, 8, 577 068, https://doi.org/10.3389/feart.2020.577068, 2022.

Chernos, M., Koppes, M., and Moore, R.: Ablation from calving and surface melt at lake-terminating Bridge Glacier, British Columbia,
1984-2013, The Cryosphere, 10, 87-102, https://doi.org/10.5194/tc-10-87-2016, 2016.

Dye, A., Bryant, R., Dodd, E., Falcini, F., and Rippin, D.: Warm Arctic proglacial lakes in the ASTER surface temperature product, Remote
Sensing, 13, 2987, https://doi.org/10.3390/rs13152987, 2021.

Edinger, J., Duttweiler, D., and Geyer, J.: The response of water temperature to meteorological conditions, Water Resources Research, 4,
1137-1143, 1968.

Embury, O., Merchant, C., Good, S., Rayner, N., J.L. Hgyer, C. A., Block, T., Alerskans, E., Pearson, K., Worsfold, M., McCarroll, N.,
and Donlon, C.: Satellite-based time-series of sea-surface temperature since 1980 for climate applications, Scientific Data, 11, 326,
https://doi.org/10.1038/s41597-024-03147-w, 2024.

Fichot, C., Matsumoto, K., Holt, B., Gierach, M., and Tokos, K.: Assessing change in the overturning behavior of the Lau-
rentian Great Lakes using remotely sensed lake surface water temperatures, Remote Sensing of Environment, 235, 111427,
https://doi.org/10.1016/j.rse.2019.111427, 2019.

Fowler, R., Osburn, C., and Saros, J.: Climate-driven changes in dissolved organic carbon and water clarity in Arctic lakes of West Greenland.,
Journal of Geophysical Research: Biogeosciences, 125, https://doi.org/10.1029/2019JG005170, 2020.

GEM: Greenland Ecosystem Monitoring - BioBasis Nuuk - Lakes - Temperature in lakes (Version 1.0), https://doi.org/10.17897/BKTY-J070,
2025.

Grinsted, A., Hvidberg, C., Campos, N., and Dahl-Jensen, D.: Periodic outburst floods from an ice-dammed lake in East Greenland, Scientific
Reports, 7, 9966, https://doi.org/10.1038/s41598-017-07960-9, 2017.

Hazukova, V., Burpee, B., McFarlane-Wilson, ., and Saros, J.: Under ice and early summer phytoplankton dynamics in two Arctic lakes with
differing DOC, Journal of Geophysical Research: Biogeosciences, 126, €2020JG005 972, https://doi.org/10.1029/2020JG005972, 2021.

Hazukovd, V., Burpee, B., Northington, R., Anderson, N., and Saros, J.: Earlier ice melt increases hypolimnetic oxygen despite regional
warming in small Arctic lakes, Limnology and Oceanograhy Letters, 9, 258-267, https://doi.org/10.1002/1012.10386, 2024.

Heiskanen, J., Mammarella, 1., Ojala, A., Stepanenko, V., Erkkild, K.-M., Miettinen, H., Sandstrom, H., Eugster, W., Leppéranta, M., Jérvi-
nen, H., Vesala, T., and Nordbo, A.: Effects of water clarity on lake stratification and lake-atmosphere heat exchange, Journal of Geophys-
ical Research: Atmospheres, 120, 7412-7428, https://doi.org/10.1002/2014JD022938, 2015.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A., noz Sabater, J. M., Nicolas, J., Peubey, C., Radu, R., Schepers, D., Simmons,
A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., Chiara, G. D., Dahlgren, P., Dee, D.,
Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R., H6Im, E., Janiskova,
M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., Rozum, 1., Vamborg, F., Villaume, S., and Thépaut, J.-N.: The
ERAS global reanalysis, Quarterly Journal of the Royal Meteorological Society, 146, 1999-2049, https://doi.org/10.1002/qj.3803, 2020.

27


https://doi.org/10.1038/s41597-022-01889-z
https://doi.org/10.5285/7fc9df8070d34cacab8092e45ef276f1
https://doi.org/10.3389/feart.2020.577068
https://doi.org/10.5194/tc-10-87-2016
https://doi.org/10.3390/rs13152987
https://doi.org/10.1038/s41597-024-03147-w
https://doi.org/10.1016/j.rse.2019.111427
https://doi.org/10.1029/2019JG005170
https://doi.org/10.17897/BKTY-J070
https://doi.org/10.1038/s41598-017-07960-9
https://doi.org/10.1029/2020JG005972
https://doi.org/10.1002/lol2.10386
https://doi.org/10.1002/2014JD022938
https://doi.org/10.1002/qj.3803

660

665

670

675

680

685

690

Hollman, R., Merchant, C., Saunders, R., Downy, C., Buchwitz, M., Cazenave, A., Chuvieco, E., Defourny, P., de Leeuw, G., Fors-
berg, R., Holzer-Popp, T., Paul, F., Sandven, S., Sathyendranath, S., van Roozendael, M., and Wagner, W.: The ESA climate change
initiative: satellite data records for essential climate variables, Bulletin of the American Meteorological Society, 94, 1541-1552,
https://doi.org/10.1175/BAMS-D-11-00254.1, 2013.

How, P., Messerli, A., Mitzler, E., Santoro, M., Wiesmann, A., Caduff, R., Langley, K., Bojesen, M., Paul, F., Kéaib, A., and
Carrivick, L.: Greenland-wide inventory of ice marginal lakes using a multi-method approach, Scientifc Reports, 11, 4481,
https://doi.org/10.1038/s41598-021-83509-1, 2021.

Kettle, H., Thompson, R., Anderson, N., and Livingstone, D.: Empirical modeling of summer lake surface temperatures in southwest Green-
land, Limnology and Oceanography, 49, 271-282, https://doi.org/10.4319/10.2004.49.1.0271, 2004.

Khazaei, B., Read, L., Casali, M., Sampson, K., and Yates, D.: GLOBathy, the global lakes bathymetry dataset, Scientific Data, 9,
https://doi.org/10.1038/s41597-022-01132-9, 2022.

King, O., Bhattacharya, A., Bhambri, R., and Bolch, T.: Glacial lakes exacerbate Himalayan glacier mass loss, Scientific Reports, 9, 18 145,
https://doi.org/10.1038/s41598-019-53733-x, 2019.

King, O., Bhattacharya, A., Ghuffar, S., Tait, A., Guilford, S., Elmore, A., and Bolch, T.: Six decades of glacier mass changes around Mt.
Everest are revealed by historical and contemporary images, One Earth, 3, 608—620, https://doi.org/10.1016/j.oneear.2020.10.019, 2020.

Kirillin, G., Shatwell, T., and Wen, L.: Ice-covered lakes of Tibetan Plateau as solar heat collectors, Geophysical Research Letters, 48,
€2021GL093 429, https://doi.org/10.1029/2021GL093429, 2021.

Kjeldsen, K., Khan, S., Bjgrk, A., Nielsen, K., and Mouginot, J.: Ice-dammed lake drainage in west Greenland: Drainage pattern and
implications on ice flow and bedrock motion, Geophysical Research Letters, 44, 7320-7327, https://doi.org/10.1002/2017GL074081,
2017.

Lagouarde, J.-P., Bhattacharya, B., Crébassol, P., Gamet, P., Babu, S., Boulet, G., Briottet, X., Buddhiraju, K., Cherchali, S., Dadou, I.,
Dedieu, G., Gouhier, M., Hagolle, O., Irvine, M., Jacob, F., Kumar, A., Kumar, K., Laignel, B., Mallick, K., Murthy, C., Olioso, A.,
Ottlé, C., Pandya, M., Raju, P., Roujean, J.-L., Sekhar, M., Shukla, M., Singh, S., Sobrino, J., and Ramakrishnan, R.: The Indian-French
Trishna Mission: Earth observation in the thermal infrared with high spatio-temporal tesolution, IGARSS 2018 - 2018 IEEE International
Geoscience and Remote Sensing Symposium, Valencia, Spain, pp. 4078-4081, https://doi.org/10.1109/IGARSS.2018.8518720, 2018.

Liang, S.: Narrowband to broadband conversions of land surface albedo I: Algorithms, Remote Sensing of Environment, 76, 213-238,
https://doi.org/10.1016/S0034-4257(00)00205-4, 2001.

MacCallum, S. and Merchant, C.: Surface water temperature observations of large lakes by optimal estimation, Canadian Journal of Remote
Sensing, 38(1), 2545, https://doi.org/10.5589/m12-010, 2012.

Mallalieu, J., Carrivick, J., Quincey, D., and Smith, M.: Calving seasonality associated with melt-undercutting and lake ice cover, Geophysical
Research Letters, 47, e2019GL086 561, https://doi.org/10.1029/2019GL086561, 2020.

Mallalieu, J., Carrivick, J., Quincey, D., and Raby, C.: Ice-marginal lakes associated with enhanced recession of the Greenland Ice Sheet,
Global and Planetary Change, 202, 103 503, https://doi.org/10.1016/j.gloplacha.2021.103503, 2021.

Maurer, M., Schaefer, J. M., Rupper, S., and Corley, A.: Acceleration of ice loss across the Himalayas over the past 40 years, Science
Advances, 5, eaav7266, https://doi.org/10.1126/sciadv.aav7266, 2019.

McFeeters, S.: The use of the Normalized Difference Water Index (NDWI) in the delineation of open water features, International Journal of

Remote Sensing, 17, 1425-1432, https://doi.org/10.1080/01431169608948714, 2021.

28


https://doi.org/10.1175/BAMS-D-11-00254.1
https://doi.org/10.1038/s41598-021-83509-1
https://doi.org/10.4319/lo.2004.49.1.0271
https://doi.org/10.1038/s41597-022-01132-9
https://doi.org/10.1038/s41598-019-53733-x
https://doi.org/10.1016/j.oneear.2020.10.019
https://doi.org/10.1029/2021GL093429
https://doi.org/10.1002/2017GL074081
https://doi.org/10.1109/IGARSS.2018.8518720
https://doi.org/10.1016/S0034-4257(00)00205-4
https://doi.org/10.5589/m12-010
https://doi.org/10.1029/2019GL086561
https://doi.org/10.1016/j.gloplacha.2021.103503
https://doi.org/10.1126/sciadv.aav7266
https://doi.org/10.1080/01431169608948714

695

700

705

710

715

720

725

Merchant, C., Embury, O., Bulgin, C., Block, T., Corlett, G., Fiedler, E., Good, S., Mittaz, J., Rayner, N., Berry, D., Eastwood, S., Taylor,
M., Tsushima, Y., Waterfall, A., Wilson, R., and Donlon, C.: Satellite-based time-series of sea-surface temperature since 1981 for climate
applications, Scientific Data, 6, 223, https://doi.org/10.1038/s41597-019-0236-x, 2019.

Minowa, M., Schaefer, M., and Skvarca, P.: Effects of topography on dynamics and mass loss of lake-terminating glaciers in southern
Patagonia, Journal of Glaciology, 69(278), 1580-1597, https://doi.org/10.1017/jog.2023.42, 2023.

Moon, T., Fisher, M., Stafford, T., and Thurber, A.: QGreenland (v3.0.0) [dataset], National Snow and Ice Data Center https://doi.org/10.
5281/zenodo.12823307, 2023.

Muiioz-Sabater, J.: ERAS5-Land hourly data from 1981 to present, Copernicus Climate Change Service (C3S) Climate Data Store (CDS)
https://doi.org/10.24381/cds.e2161bac Accessed 2020-02-23, 2019.

NASA/METI/AIST/Japan Spacesystems and U.S./Japan ASTER Science Team: ASTER Global Digital Elevation Model V003, NASA EOS-
DIS Land Processes DAAC https://doi.org/10.5067/ASTER/ASTGTM.003 Accessed 2025-03-30, 2019.

Prater, C., Bullard, J., Osburn, C., Martin, S., Watts, M., and Anderson, N.: Landscape controls on nutrient stoichiometry regulate lake
primary production at the margin of the Greenland Ice Sheet, Ecosystems, 25, 931-947, https://doi.org/10.1007/s10021-021-00693-x,
2022.

Pronk, J., Bolch, T., King, O., Wouters, B., and Benn, D.: Contrasting surface velocities between lake- and land-terminating glaciers in the
Himalayan region, The Cryosphere, 15, 5577-5599, https://doi.org/10.5194/tc-15-5577-2021, 2021.

Read, J. and Rose, K.: Physical responses of small temperate lakes to variation in dissolved organic carbon concentrations, Limnology and
Oceanography, 58(3), 921-931, https://doi.org/10.4319/10.2013.58.3.0921, 2013.

Ryves, D., McGowan, S., and Anderson, N.: Development and evaluation of a diatom-conductivity model from lakes in West Greenland,
Freshwater Biology, 47, 995-1014, https://doi.org/10.1046/j.1365-2427.2002.00832.x, 2002.

Saros, J., Northington, R., Osburn, C., Burpee, B., and Anderson, N.: Thermal stratification in small arctic lakes of south-
west Greenland affected by water transparency and epilimnetic temperatures, Limnology and Oceanography, 61, 1530-1542,
https://doi.org/10.1002/In0.10314, 2016.

Saros, J., Anderson, N., Juggins, S., McGowan, S., Yde, J., Telling, J., Bullard, J., Yallop, M., Heathcote, A., Burpee, B., Fowler, R.,
Barry, C., Northington, R., Osburn, C., Pla-Rabes, S., Mernild, S., Whiteford, E., Andrews, M. G., Kerby, J., and Post, E.: Arctic
climate shifts drive rapid ecosystem responses across the West Greenland landscape, Environmental Research Letters, 14, 074 027,
https://doi.org/10.1088/1748-9326/ab2928, 2019.

Saros, J., Arp, C., Bouchard, F., Comte, J., Couture, R.-M., Dean, J., Lafreniere, M., Maclntyre, S., McGowan, S., Rautio, M., Prater, C.,
Tank, S., Walvoord, M., Wickland, K., Antoniades, D., Ayala-Borda, P., Canario, J., Drake, T., Folhas, D., Hazukova, V., Kivild, H.,
Klanten, Y., Lamoureux, S., Laurion, I., Pilla, R., Vonk, J., Zolkos, S., and Vincent, W.: Sentinel responses of Arctic freshwater systems
to climate: linkages, evidence, and a roadmap for future research, Arctic Science, 9(2), 356-392, https://doi.org/10.1139/as-2022-0021,
2023.

Schneider, P. and Hook, S.: Space observations of inland water bodies show rapid surface warming since 1985, Geophysical Research Letters,
37, L22 405, https://doi.org/10.1029/2010GL045059, 2010.

Sommaruga, R.: When glaciers and ice sheets melt: consequences for planktonic organisms, Journal of Plankton Research, 37, 509-518,

https://doi.org/10.1093/plankt/fbv027, 2015.

29


https://doi.org/10.1038/s41597-019-0236-x
https://doi.org/10.1017/jog.2023.42
https://doi.org/10.5281/zenodo.12823307
https://doi.org/10.5281/zenodo.12823307
https://doi.org/10.5281/zenodo.12823307
https://doi.org/10.24381/cds.e2161bac
https://doi.org/10.5067/ASTER/ASTGTM.003
https://doi.org/10.1007/s10021-021-00693-x
https://doi.org/10.5194/tc-15-5577-2021
https://doi.org/10.4319/lo.2013.58.3.0921
https://doi.org/10.1046/j.1365-2427.2002.00832.x
https://doi.org/10.1002/lno.10314
https://doi.org/10.1088/1748-9326/ab2928
https://doi.org/10.1139/as-2022-0021
https://doi.org/10.1029/2010GL045059
https://doi.org/10.1093/plankt/fbv027

730

735

740

745

750

755

760

Stengel, M., Sus, O., Stapelberg, S., Finkensieper, S., Wiirzler, B., Philipp, D., Hollmann, R., and Poulsen, C.. ESA
Cloud Climate Change Initiative (Cloud_cci), Version 3.0, Centre for Environmental Data Analysis, Accessed 2022-06-09,
https://doi.org/10.5676/DWD/ESA_Cloud_cci/AVHRR-PM/V003, 2020.

Sugiyama, S., Minowa, M., Fukamachi, Y., Hata, S., Yamamoto, Y., Sauter, T., Schneider, C., and Schaefer, M.: Subglacial dis-
charge controls seasonal variations in the thermal structure of a glacial lake in Patagonia, Nature Communications, 12, 6301,
https://doi.org/10.1038/s41467-021-26578-0, 2021.

Truffer, M. and Motyka, R.: Where glaciers meet water: Subaqueous melt and its relevance to glaciers in various settings, Reviews of
Geophysics, 54, 220-239, https://doi.org/10.1002/2015RG000494, 2016.

Tsutaki, S., Nishimura, D., Yoshizawa, T., and Sugiyama, S.: Changes in glacier dynamics under the influence of proglacial lake formation
in Rhonegletscher, Switzerland, Annals of Glaciology, 52, 31-36, https://doi.org/10.3189/172756411797252194, 2011.

Vanhellemont, Q. and Ruddick, K.: Advantages of high quality SWIR bands for ocean colour processing: Examples from Landsat8, Remote
Sensing of Environment, 161, 89-106, https://doi.org/10.1016/j.rse.2015.02.007, 2015.

Williams, G.: Water temperature during the melting of lake ice, Water Resources Research, 5, 1134-1138,
https://doi.org/10.1029/WR005i005p01134, 1969.

Williamson, C., Saros, J., and Schindler, D.: Sentinels of Change, Science, 323, 887-888, https://doi.org/10.1126/science.1169443, 2009.

Woolway, R. and Merchant, C.: Intralake Heterogeneity of Thermal Responses to Climate Change: A Study of Large Northern Hemisphere
Lakes, Journal of Geophysical Research: Atmospheres, 123, 3087-3098, https://doi.org/10.1002/2017JD027661, 2018.

Woolway, R., Verburg, P., Merchant, C., Lenters, J., Hamilton, D., Brookes, J., Kelly, S., Hook, S., Laas, A., Pierson, D., Rimmer, A., Rusak,
J., and Jones, L.: Latitude and lake size are important predictors of over-lake atmospheric stability, Geophysical Research Letters, 44,
8875-8883, https://doi.org/10.1002/2017GL073941, 2017.

Woolway, R., Sharma, S., Weyhenmeyer, G., Debolskiy, A., Golub, M., Mercado-Bettin, D., Perroud, M., Stepanenko, V., Tan, Z., Grant,
L., Ladwig, R., Mesman, J., Moore, T., Shatwell, T., Vanderkelen, 1., Austin, J., DeGasperi, C., Dokulil, M., Fuente, S. L., Mackay, E.,
Schladow, S., Watanabe, S., Marcé, R., Pierson, D., Thiery, W., and Jennings, E.: Phenological shifts in lake stratification under climate
change, Nature Communications, 12, https://doi.org/10.1038/s41467-021-22657-4, 2021.

Woolway, R., Sharma, S., and Smol, J.: Lakes in hot water: The impacts of a changing climate on aquatic ecosystems, BioScience, 72(11),
https://doi.org/10.1093/biosci/biac052, 2022.

Xu, H.: Modification of normalised difference water index (NDWI) to enhance open water features in remotely sensed imagery, International
Journal of Remote Sensing, 27, 3025-3033, https://doi.org/10.1080/01431160600589179, 2006.

Yang, J. and Du, X.: An enhanced water index in extracting water bodies from Landsat TM imagery, Annals of GIS, 23, 141-148,
https://doi.org/10.1080/19475683.2017.1340339, 2017.

Zhang, G. and Bolch, T.: Quantifying ice mass loss caused by the replacement of glacial ice with lake water, Nature Geoscience, 16, 290-291,

https://doi.org/10.1038/s41561-023-01151-0, 2023.

30


https://doi.org/10.5676/DWD/ESA_Cloud_cci/AVHRR-PM/V003
https://doi.org/10.1038/s41467-021-26578-0
https://doi.org/10.1002/2015RG000494
https://doi.org/10.3189/172756411797252194
https://doi.org/10.1016/j.rse.2015.02.007
https://doi.org/10.1029/WR005i005p01134
https://doi.org/10.1126/science.1169443
https://doi.org/10.1002/2017JD027661
https://doi.org/10.1002/2017GL073941
https://doi.org/10.1038/s41467-021-22657-4
https://doi.org/10.1093/biosci/biac052
https://doi.org/10.1080/01431160600589179
https://doi.org/10.1080/19475683.2017.1340339
https://doi.org/10.1038/s41561-023-01151-0

