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Abstract. Southeast Greenland (SEG) is characterized by
complex morphology and environmental processes that cre-
ate dynamic habitats for top marine predators. Active glaciers
producing solid-ice discharge, freshwater flux, offshore sea
ice transport, and seasonal landfast-ice formation all con-
tribute to a variable, transient environment within SEG fjord
systems. Here, we investigate a selection of physical pro-
cesses in SEG to provide a regional characterization that re-
veals physical system processes and supports biological re-
search. SEG fjords exhibit high fjord-to-fjord variability re-
garding bathymetry, size, shape, and glacial setting, influ-
encing some processes more than others. For example, dur-
ing fall, the timing of offshore sea ice formation near SEG
fjords progresses temporally when moving southward across
latitudes, while the timing of offshore sea ice disappearance
is less dependent on latitude. The rates of annual freshwa-
ter flux into fjords, however, are highly variable across SEG,
with annual average input values ranging from ∼ 1× 108 to
∼ 1.25× 1010 m3 (∼ 0.1–12.5 Gt) for individual fjords. Sim-
ilarly, the rates of solid-ice discharge in SEG fjords vary
widely – partly due to the irregular distribution of active
glaciers across the study area (60–70° N). Landfast sea ice,
assessed for eight focus fjords, is seasonal and has a spa-
tial distribution highly dependent on individual fjord topog-
raphy. Conversely, glacial ice is deposited into fjord systems
year-round, with the spatial distribution of glacier-derived
ice depending on the location of glacier termini. As climate
change continues to affect SEG, the evolution of these met-
rics will vary individually in their response, and next steps

should include moving from characterization to system pro-
jection. Due to the projected regional ice sheet persistence
that will continue to feed glacial ice into fjords, it is possible
that SEG could remain a long-term refugium for polar bears
and other ice-dependent species on a centennial to millennial
scale, demonstrating a need for continued research into the
SEG physical environment.

1 Introduction and motivation

Rapid changes across the Greenland coastal environment are
influencing the linked physical and biological fjord systems.
The Greenland Ice Sheet, along with peripheral glaciers and
ice caps, is undergoing substantial retreat along marine- and
land-terminating boundaries, revealing new oceanic and ter-
restrial zones (Moon et al., 2020; Kochtitzky and Copland,
2022; Bosson et al., 2023). For some marine-terminating
glaciers, changing ice dynamics and terminus locations are
altering iceberg calving styles or rates (e.g., van Dongen
et al., 2021), which may influence glacier-derived fjord ice,
which forms an important habitat for polar bears (Ursus mar-
itimus), seals, and many other marine species (e.g., Laidre et
al., 2022). Increases in ice sheet surface melt are also chang-
ing the timing and quantity of subglacial meltwater discharge
and terrestrial riverine-freshwater input into the coastal fjords
(e.g., van As et al., 2018). Depending on the fjord bathymetry
and grounding-line depth of the glacier, this subglacial dis-
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charge may entrain deeper nutrient-rich ocean water and help
redistribute it to the surface photic zone to support enhanced
primary productivity (Hopwood et al., 2018; Meire et al.,
2023), or it may alter the ecosystem in other potentially sig-
nificant ways (e.g., Murray et al., 2015; Holding et al., 2019;
Sejr et al., 2022; Hopwood et al., 2020). Additional terres-
trial runoff contributes to coastal-zone freshwater (e.g., from
Norway; McGovern et al., 2020), although the impacts are
less well documented for Greenland (Meire et al., 2023). De-
spite the rapid physical changes underway, further progress
is needed on the fundamental physical characterization of
the Greenland coastal zone, including the remote southeast
Greenland (SEG) region (Fig. 1).

Earlier work characterized landfast sea ice (also referred to
as fast ice) and glacier-derived fjord surface ice for five SEG
fjords that are biologically relevant to polar bears (Laidre et
al., 2022). This research revealed that glacier-derived fjord
surface ice exists during time periods outside of the landfast-
sea-ice season and that this glacier-derived ice can act as
an alternative habitat platform for marine species, allowing
small populations to persist in areas where they may oth-
erwise not be able to. Surface ice presence may also alter
other factors, such as light availability in the water column,
salinity, or ocean water mixing, which may be of interest to
other biological researchers. Motivated by the biological in-
sights enabled via enhanced physical-system knowledge, we
extend our characterization of the SEG fjord physical envi-
ronment. Examining the full SEG region of interest (Fig. 1),
we describe the behavior of freshwater flux, offshore sea
ice, and solid-glacier-ice discharge across the region from
2015 through 2019. We also expand on the five fjords used
in Laidre et al. (2022) to include eight focus fjords across
SEG (Fig. 1; Table 1). For these focus fjords, we analyze the
presence of landfast sea ice and glacier-derived ice in time
and space and compare the results with offshore sea ice from
satellite observations, as well as freshwater flux, sea surface
temperature, and sea ice cover from a regional climate model.
Our results are designed to expand the knowledge of SEG
fjord environments and complement ongoing and future re-
search into the linked physical and biological systems of the
region.

2 Southeast Greenland (SEG) study region

While some fjords, such as Sermilik on the east coast and
Nuup Kangerlua (previously also known as Godthåbsfjord)
on the west coast, have been studied more extensively, many
Greenland fjords, including those in southeast Greenland
(SEG), have proven difficult to study. Here, we define the
SEG region of interest as extending from 60 to 70° N (Fig. 1).
This region is of particular interest for a variety of reasons.
First, it provides a habitat for a genetically distinct polar bear
subpopulation that was only recently identified (Laidre et al.,
2022). Second, it contains particularly remote regions of the

Greenland coastline that are far from any human settlements
and difficult to access for research. Third, it is an area of very
high levels of winter precipitation (Gallagher et al., 2022),
and modeling work indicates that it may be one of the last re-
gions in Greenland to retain substantial coastal land ice (As-
chwanden et al., 2019; Bochow et al., 2023). Fourth, it is a
region of rapid change, not only with respect to documented
changes in coastal glaciers and ice sheets (Moon et al., 2020)
but also regarding notable declines in offshore sea ice and
the warming of coastal ocean currents (Heide-Jørgensen et
al., 2022).

3 Data and methods

In this study, the fjords in SEG are numbered from 1–52
from north to south (Fig. 1). We also use our own digitized
fjord boundaries, created based on synthetic-aperture-radar
(SAR) image mosaics (Cohen et al., 2024; see the “Code
and data availability” section). Our analysis focuses on 1 Jan-
uary 2015 through 31 December 2019 to align with SEG po-
lar bear data collection and the time period of interest estab-
lished by Laidre et al. (2022).

To characterize a range of environmental metrics, we take
advantage of existing data products, such as those for fresh-
water flux, solid-ice discharge, and regional-climate-model
output, to create new datasets that support SEG-wide analy-
sis. While remote sensing is necessary to characterize a re-
gion of this scale, the spatial resolution needed (tens to hun-
dreds of meters) for some data types is difficult to achieve
with many standard remote sensing products, such as sea ice
cover data products (which often have a multikilometer res-
olution). Though researchers are working toward automated
classification schemes at the spatial scales needed for this
type of analysis (e.g., Scheick et al., 2019; Soldal et al.,
2019), we are unaware of any that can support our specific
study needs. We therefore conducted extensive manual digi-
tization to create data records for landfast sea ice and glacier-
derived fjord ice. Along with supporting our analysis, these
data (Cohen et al., 2024) should be helpful for ongoing work
aiming to improve machine learning techniques for classify-
ing fjord environments.

Due to the effort required to create manually digitized
datasets, we selected eight focus fjords for our analysis of
landfast sea ice and glacier-derived fjord ice (Fig. 1; Table 1).
Our focus fjords include five that were selected by Laidre
et al. (2022): Skjoldungen (63.3° N), Timmiarmiut (62.6° N),
Naparsuaq (“Napasorsuaq” in the literature; 61.7° N), Anori-
toq (61.5° N), and Kangerluluk (61.1° N). These fjords have
been occupied by polar bears for multiple years, accord-
ing to telemetry data collected since 2015, and comprise
the core range of the SEG polar bear population. Here, we
expand the fjord selection to include three more northerly
fjords: Ikertivaq (65.4° N), Kangerdlugssuaq (68.1° N), and
Nansen (68.2° N). Ikertivaq and Kangerdlugssuaq are heav-
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Figure 1. Southeast Greenland region of study, showing the 52 fjord systems across the entire region (blue shading) and the eight focus
fjords used for analyzing fast ice and glacier-derived ice (pink outlines). Locations of outlet glaciers considered in the analysis of solid-ice
discharge are shown (green points).

ily used by polar bears that inhabit northeast Greenland,
while their presence was scarcer in Nansen during 2015–
2019. No data on glacier-based solid-ice discharge are in-
cluded in our source dataset for Skjoldungen (fjord 37) and
Kangerluluk (fjord 48) (see Sect. 3.1), but we include these
fjords to be able to analyze a wide range of fjord environ-
ments with varying levels of glacier-derived-ice input and
polar bear use (which informed this research design), and we
also digitize some data on glacier-derived ice from these two
fjords (see Sect. 3.5). The map view geometries of our fo-
cus fjords (Fig. 1) cover a wide range, from relatively simply
shaped, long, narrow fjords (e.g., fjords 43 and 48) to com-
plex interconnected channel systems (e.g., fjords 37 and 40).

3.1 Solid-ice discharge across SEG

To compute solid-ice discharge from 2015 through 2019, we
used data derived from glacier gates (Mankoff et al., 2020b,
c). These data were used to create individual glacier dis-
charge time series as well as discharge records categorized by
fjord, including daily, monthly, annual, and seasonal records
for mean and cumulative 2015–2019 discharge (Black, 2024;
Cohen et al., 2024). Beginning with a glacier dataset evolved

from Moon et al. (2020), we manually associated each of
these glaciers (shown in Fig. 1) with a glacier gate from the
Mankoff et al. (2020b) solid-ice-discharge dataset; in some
cases, multiple gates corresponded to a single glacier, and
we summed the discharge from these gates accordingly. We
filtered out data at points when the dataset coverage attribute
was less than 50 % (Mankoff et al., 2020b). We also note that
some glaciers visible in satellite imagery are not included
in either the Moon et al. (2020) dataset or the Mankoff et
al. (2020b) dataset (usually because they are narrow and/or
slow-moving) and are therefore not included in our solid-ice-
discharge results, even though glacier-derived ice in fjords is
recorded in a separate dataset (Sect. 3.5). The availability of
solid-ice-discharge observations is visualized in Fig. A1.

Solid-ice discharge is interpolated for individual glaciers
to create daily time series. We linearly interpolate between
observed discharge values to fill data gaps and use the ob-
served discharge and error to calculate the interpolation er-
ror (Eq. 15; White, 2017). At the fjord level, the interpolated
daily discharge time series for each glacier are summed to-
gether, and the fjord discharge error is the root of the sum of
the squares of the glacier discharge errors. The daily time se-
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Table 1. Spatial information for the focus fjords, including fjord reference names and numbers, areas (km2), and bounding coordinates used
for analysis.

Fjord name and number Analysis area Top right Bottom left
(km2) (lat, long) (lat, long)

Nansen (15) 375 (68.43, −29.51) (68.16, −30.32)
Kangerdlugssuaq (18) 880 (68.64, −31.52) (68.05, −32.98)
Ikertivaq (31) 894 (65.74, −38.96) (65.36, −40.13)
Skjoldungen (37) 793 (63.57, −40.80) (63.08, −41.94)
Timmiarmiut (40) 1079 (62.98, −41.52) (62.37, −43.22)
Naparsuaq (43) 182 (61.83, −42.11) (61.68, −42.90)
Anoritoq (45) 217 (61.61, −42.40) (61.41, −43.12)
Kangerluluk (48) 184 (61.12, −42.64) (61.02, −43.64)

ries are then used to construct other solid-ice-discharge met-
rics, including a monthly time series, as displayed in Fig. 9d.

To construct the daily time series, the ice discharge inter-
polation uses data from 180 d before and after our time period
of interest to ensure a complete daily record for our time pe-
riod of interest. Two glaciers provide no data for these pre-
and post-study periods (as well as for several years prior),
leading to a small discrepancy at the record edges since we
are not able to interpolate the records for periods without suf-
ficient input data. In other words, the two glaciers were likely
discharging, but discharge observations were either absent or
filtered out for quality, meaning the first or last several days
in the interpolated time series for these glaciers are empty.
The resulting discrepancy between the cumulative discharge
from all glaciers and the cumulative discharge from all fjords
is 3.8 Gt (or 0.39 %).

3.2 Freshwater flux across SEG

To compute daily time series for freshwater discharge into
each fjord from 2015 through 2019, we used freshwater
discharge data, including surface runoff and subglacial dis-
charge, from Greenland land and ice basins (Mankoff, 2020a;
Mankoff et al., 2020a). We discuss freshwater as defined
by these data, which allocate regional-climate-model runoff
estimates to ice and coastal outlets. These freshwater flux
data exclude contributions from evaporation, condensation,
sea ice formation and melt, subglacial basal melt, and pre-
cipitation directly onto the ocean surface. Small peripheral
glaciers may also be excluded from the regional-climate-
model domain, although such glaciers are scarce in our re-
gion of interest. Our freshwater flux analysis also excludes
“in-fjord” glacier-derived ice melt, which, in some fjords,
may be a meaningful year-round source of freshwater, par-
ticularly at the surface and within the ocean mixed layer
(Enderlin et al., 2018; Moon et al., 2017). The importance
of in-fjord glacier-derived ice melt is highly variable across
SEG due to large variation in the presence of glacier-derived
ice. For subglacial basal melt, omitted fluxes are depen-
dent on the features of the glacier basins that contribute to

each fjord (e.g., basin size, ice motion, and subglacial hy-
drology). While the dataset presented here represents a step
forward from recently published freshwater flux values for
marine-terminating glaciers (Karlsson et al., 2023) by pro-
viding an integrated fjord perspective and including fluxes
from all ice sheets and terrestrial basins, it does not in-
clude subglacial basal melt, which is available in Karlsson
et al. (2023). Future work could create a regional or pan-
Greenland dataset that includes more freshwater flux sources
and thus advances the provision of a freshwater dataset with-
out exclusions – for example, by including additions from
subglacial melt analyzed across the ice sheet (Karlsson et al.,
2021) or marine-terminating glaciers (Karlsson et al., 2023).
Previous research suggests that pan-Greenland basal melt,
driven by geothermal heat flux, basal friction, and heat from
transported surface meltwater, corresponds to 4.5 % of an-
nual solid-ice discharge but can be a much larger contributor
in marine-terminating glacier basins, where these drivers are
enhanced (Karlsson et al., 2021).

The freshwater discharge data products used and presented
here were created by applying a flow-routing algorithm to
digital elevation models of the land and ice sheet surfaces
and the ice sheet bed to identify land surface and subglacial
streams, stream outlets, and basins upstream of these outlets.
Subsequently, daily runoff from a regional climate model
was summed over each of the identified basins and instan-
taneously routed to the appropriate basin outlets. We calcu-
lated the freshwater discharge into our fjords using a com-
mand line tool provided by Mankoff et al. (2020a) to identify
all outlets within a 500 m buffer of each fjord boundary; we
applied this buffer to account for differences in coastline data
products and to ensure that we captured all freshwater dis-
charge outlets. We then used the command line tool to com-
pute the daily freshwater discharge that originates from the
predefined land and ice basins and flows through the identi-
fied outlets into each of our fjord basins. We used discharge
values from the Modèle Atmosphérique Régional (MAR;
Fettweis et al., 2017) and the Regional Atmospheric Climate
Model (RACMO; Noël et al., 2019), both of which were sta-
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tistically downscaled to a common 1 km grid and archived for
use with these freshwater discharge tools (Mankoff, 2020a);
we used version 4.2 of the archival data. Due to the longer
time series and to align with other sampled metrics, we re-
lied primarily on the MAR time series, but we included the
RACMO discharge output in our own archival data (Black,
2024; Cohen et al., 2024).

We also analyzed freshwater discharge variations with
depth, including terrestrial runoff and subglacial discharge.
We used the same command line interface and source data
(Mankoff et al., 2020a) to identify all freshwater discharge
outlets within each buffered fjord boundary. These outlet
output data include data on outlet elevation above or below
sea level. For outlets above sea level, we clipped the eleva-
tion values to 0 m under the assumption that water flowing
from these outlets enters the fjords at sea level (i.e., surface
runoff). Using these data, we calculated daily time series of
total freshwater discharge, binned by discharge depth, for
each fjord (for example, Fig. 9c).

3.3 Sea ice and sea surface temperature

To characterize the offshore sea ice at the mouths of the
fjords, we used sea ice concentration data derived from
the passive microwave instrument (AMSR2; Advanced Mi-
crowave Scanning Radiometer 2) aboard the GCOM-W
(Global Change Observation Mission – Water) satellite, oper-
ated by the Japan Aerospace Exploration Agency (Kaleschke
and Tian-Kunze, 2016). The brightness temperature data
were processed at the University of Hamburg using the
ARTIST Sea Ice (ASI) algorithm (Beitsch et al., 2014) to
create daily gridded fields of sea ice concentration with a
nominal grid cell size of 3.125× 3.125 km. We defined cir-
cles with a radius of 50 km, centered at the mouths of the
fjords (Fig. 2a). Within each circle, we identified the off-
shore grid cells, excluding a buffer zone of three grid cells
from land because the sea ice signal in such cells may be
contaminated by the signal from land (Fig. 2b). We then cal-
culated the daily sea ice area for the valid grid cells within
each circle during 2015–2019. Figure 9a shows an example
in which the black curve represents the daily sea ice area and
the purple curve represents the 31 d running mean. We de-
fined a threshold equal to 15 % of the mean March–April sea
ice area (horizontal dotted black line) and found the dates for
each year when the 31 d running mean crossed the threshold
(vertical dashed yellow lines). The date in the spring marking
when the sea ice area drops below the threshold before reach-
ing the summer minimum is called the spring transition date;
the date in fall marking when the sea ice area climbs above
the threshold before reaching the winter maximum is called
the fall transition date. The transition dates for all fjords and
years are shown in Fig. 6.

To include further comparison metrics for sea ice cover-
age and sea surface temperatures at the fjord mouth, we sam-
pled outputs from MAR v3.12 (Fettweis et al., 2017). MAR

results have a grid resolution of 6.5 km, and we sampled a
single grid cell centered at the fjord mouth, which we ex-
tracted based on fjord mouth outlines created as part of de-
veloping the SEG fjord boundaries (e.g., Fig. 1; Cohen et
al., 2024). The MAR FRA variable identifies open-water and
sea ice cover percentages, while the ST2 variable provides
the sea surface temperature (SST) for open-water and sea
ice surfaces. These variables are used together to determine
the percentage sea ice cover and the SST for the open-water
fraction. MAR has a hard-coded maximum sea ice cover of
95 %, which we retain in our plotted results (e.g., Fig. 9e).
Note that MAR assimilates SST and sea ice cover data from
ERA5, available at a resolution of 0.3× 0.3° (Hersbach et al.,
2020).

3.4 Landfast sea ice for the eight focus fjords

To analyze landfast sea ice, we combined data extracted from
imagery from the Operational Land Imager (OLI) aboard
the USGS Landsat-8 satellite with data extracted from im-
ages captured by the Moderate Resolution Imaging Spectro-
radiometer (MODIS) instruments aboard the NASA Aqua
and Terra satellites. There are notable differences between
the two datasets: Landsat-8 imagery provides a higher spatial
resolution (30 m) but a lower temporal resolution (16 d repeat
cycle for each image footprint), while MODIS imagery has
a lower spatial resolution (250 m) but a higher temporal res-
olution (daily). Clouds and polar night limit the functional
temporal resolution of both Landsat-8 and MODIS imagery
as the two satellites operate using optical sensors.

The suitability of each image obtained from 1 Jan-
uary 2015 through 31 December 2019 in the region of
interest was manually inspected for use in our analysis.
MODIS imagery was obtained from the NASA World-
view website (https://worldview.earthdata.nasa.gov, last ac-
cess: January 2022), and we downloaded “Corrected Re-
flectance (True Color)” images that were determined to
be cloud-free (Fig. 3a). We used the USGS EarthExplorer
web tool (https://earthexplorer.usgs.gov, last access: March
2022) to preview all available Landsat-8 imagery and eval-
uate cloud cover (using a starting filter with 90 % cloud
cover). We downloaded cloud-free Collection-1 Level-1 data
(Fig. 3a), and we created multiband natural-color images
using bands 4, 3, and 2. We used the R “stack” tool in-
cluded in the “raster” package (https://cran.r-project.org/
web/packages/raster/raster.pdf, last access: March 2022) and
the “Composite Bands (Data Management)” tool in ArcGIS
to produce these composites. These composite imagery
datasets were catalogued and served as the foundation for
further analysis.

Glacial ice, landfast ice, and pack ice share similar visual
characteristics and are often adjacent to or intermixed with
one another within SEG fjords. Larger fjord systems, where
active glaciers introduce glacial ice and large fjord mouths
facilitate the accretion of pack ice inside fjords during the
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Figure 2. Regions at the mouths of (a) fjords 1–52 and (b) fjords 1–19 (indicated by circles with a radius of 50 km) used to analyze offshore
sea ice. The small black dots indicate the locations of gridded sea ice concentration data from AMSR2. The grid cell size is approximately
3.125× 3.125 km. A buffer zone of three grid cells from land is excluded from the analysis due to land contamination of the ocean data. This
contamination can be seen in the form of spurious sea ice (red, green, and blue cells) for 2 October 2013, when sea ice is almost certainly
not present along this portion of the coast. The black circles are associated with the focus fjords of this study.

frozen season, are especially likely to contain a mixture of
ice types. This is compounded by the intricate geometry of
these fjord systems, in which narrow corridors or tortuous
coastlines entrap ice of various types. Thus, we worked to
distinguish landfast ice from glacier-derived ice, open water,
and pack ice floes (Fig. 4). By having one person complete
the entirety of the visual digitization process, we attempted
to reduce the potential sensitivity of our manual analysis pro-
cedure.

Several visible characteristics in Landsat-8 imagery facil-
itated the identification of landfast ice: a smooth surface tex-
ture (especially relative to glacier-derived ice), a bright sur-
face character, image-to-image persistence, and adhesion to
coastal boundaries. Landfast ice is more challenging to dis-
tinguish in lower-resolution MODIS imagery, where pixel
color was the most useful identifier along with image-to-
image persistence. Several smaller regions in our study area
were poorly resolved by MODIS imagery, resulting in vary-
ing optical properties (e.g., color, saturation, and bright-
ness) for otherwise consistent ice surface characteristics. To
address this issue, the higher-resolution Landsat-8 imagery
was analyzed first, providing landfast-ice boundaries with a
higher level of accuracy on the dates when those images were
available. The MODIS imagery was processed afterward us-
ing the results of the Landsat-8 analysis as a guide for the
characterization of the MODIS imagery. This facilitated in-

creased accuracy of digitization within areas of ambiguous
interpretation (as described below).

To quantify the degree of error introduced using MODIS
imagery when Landsat-8 imagery was unavailable, we dig-
itized 25 MODIS images (one image from 2015–2019
for Skjoldungen, Timmiarmiut, Naparsuaq, Anoritoq, and
Kangerluluk) that were captured on the same dates as the
Landsat-8 images already analyzed. We found a mean differ-
ence of 1.2 km2 in the fast-ice area when comparing the re-
sults of the MODIS and Landsat-8 digitizations, along with a
standard deviation of 12.6 km2. These levels of disagreement
have no significant impact on our conclusions.

Based on early results, landfast-sea-ice boundaries were
analyzed from 1 January until either 1 July or the point when
ice-free conditions were reached (whichever came first) from
2015 through 2019. We digitized one Landsat-8 image from
2 July 2016 for fjords 37 and 40 as it showed end-of-season
landfast-ice-melt conditions at a high resolution and allowed
us to establish the existence of ice-free conditions within 24 h
of our primary target period. We manually delineated the
landfast-ice boundaries for each available image. Based on
visual analysis, we traced the landfast-ice boundaries (with-
out regard to the fjord edge boundary) and recorded the date
and source of the image. Any portions of the resulting poly-
gons outside the fjord boundaries were erased using the “Clip
(Analysis)” tool in ArcGIS, which resulted in fjord surface
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Figure 3. Availability of quality imagery data used for analysis during 2015–2019 for (a) landfast-ice analysis from MODIS and Landsat-8
covering days 0–180 and (b) glacial-ice analysis from Landsat-8 images covering the full year.

measurements of landfast-ice area and percentage coverage.
This method precluded repetitive and time-consuming fjord
boundary tracing, allowing for more rapid digitization of
landfast ice.

After calculating the landfast-ice area in a fjord system
from all available imagery within a single year, we applied
a moving average to obtain a smooth representation of the
formation and breakup of landfast ice. The moving aver-
age on day t is calculated using weights proportional to
exp(−1t2/T 2), where 1t is the number of days from t

to other data points and T is a timescale equal to 7 d. To
demonstrate the likelihood of landfast-ice presence in any
given spatial region across all observations, we also produced
heatmaps of landfast-sea-ice presence (panels a and c in
Figs. 10–13) by overlaying all individual spatial-occurrence

maps and applying a gradient of shading (with a grid cell size
of 50 m× 50 m).

3.5 Glacier-derived ice for the eight focus fjords

To analyze glacier-derived ice, we again used USGS
Landsat-8 data imagery (following the methods outlined in
Sect. 3.4). The low spatial resolution of MODIS imagery
made it unsuitable for this analysis. Because glacial ice has a
year-round presence, we analyzed glacial-ice presence from
1 January to 31 December for each year (Fig. 3b).

We characterized glacier-derived ice using four primary
categories (Fig. 5; Table 2): a spatially dense glacial-ice
mélange (type 3); moderately high-spatial-density, mixed-
size glacier-derived ice with large icebergs (type 2); low-
spatial-density glacier-derived ice with large icebergs (type
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Figure 4. Example of landfast-ice digitization. (a) Landsat-8 and
(b) MODIS image examples for Anoritoq (both from 7 April 2017).
Yellow outlines indicate the fast-ice areas, and red lines indicate the
rest of the fjord boundary. Note the distinct visual characteristics of
the glacial mélange (GM), open water (OW), fast ice (FI), and pack
ice (PI), as indicated in panel (a). The misplacement of the coastline
in the standard MODIS product is also apparent and is shown in
panel (b). We use our own fjord boundary product for analysis. The
figure was reproduced from Laidre et al. (2022).

1); and consistently small ice surfaces without large icebergs
(type 0) – we also used a “type-99” classification for glacier
ice that had not yet been calved. To measure the temporal
and spatial distribution of glacier-derived ice in SEG, we an-
alyzed the optical satellite imagery from Landsat-8 using the
same ArcGIS 10.8 method as that described for landfast sea
ice, applying it to each glacier-derived ice type (Table 2).
For the heatmaps of glacial-ice presence (panels b and d in
Figs. 10–13), we combined the spatial extents for type-2 and
type-3 glacier-derived ice. This approach was motivated by
the assessment that type-2 and type-3 glacier-derived surface
ice can be more feasibly used as polar bear habitat platforms
(e.g., Laidre et al., 2022).

4 Results

This study includes datasets that cover southeast Greenland
and metrics assessed only for the eight focus fjords. This
supports some SEG region-wide analyses and further anal-

Figure 5. Example of glacial-ice digitization for Anoritoq (fjord
45). Landsat-8 background image (1 August 2015) showing the
fjord boundary (red outline) and the digitized zones of different
glacier-derived ice types on the fjord surface (green outlines with
the type indicated). The ice types comprise type 3 (a dense glacial
mélange), type 2 (mixed glacier-derived ice), type 1 (small glacier-
derived ice), type 0 (highly dispersed glacier-derived ice), and type
99 (glacier surfaces) (see Table 2). The boundaries are combined to
determine the final values for the glacier-derived ice area.

ysis to include more ocean surface ice metrics for the eight
focus fjords. Along with providing a more complete picture
of the SEG environment, these results can support ongoing
research into the current and future biological uses of SEG
coastal fjords.

4.1 Regional-scale observations

Datasets for offshore sea ice, freshwater flux, and solid-ice
discharge support an examination of conditions across the
full SEG region of interest.

4.1.1 Offshore sea ice

Figure 6 shows the spring and fall transition dates for off-
shore sea ice at each fjord. First, while there is substantial
year-to-year variability in the spring transition dates, which
range from May to early August, there is little variability
with latitude for a given year. In other words, offshore sea
ice tends to disappear from the coast of SEG in spring over a
relatively short time interval across all latitudes, but the tim-
ing of this disappearance varies from year to year. Second,
the arrival of offshore sea ice in fall has a narrower range of
interannual variability, but there is a distinct dependence on
latitude, with sea ice arriving in October at the more northerly
fjords and in January or early February at the more southerly
fjords. The different nature of the spring and fall transition
dates may be due to the relative influence of thermodynamics
vs. dynamics. In spring, rising temperatures along the coast
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Table 2. Glacier-derived fjord types as applied in this analysis.

Glacial-ice type Description used for manual digitizing

Type 3 (dense glacial mélange) White to pale-blue color that is consistent throughout (considering the variation in tex-
ture) with a bright, vibrant character.
Appears potentially cohesive, with no open-water gaps, and may have sharp edge
boundaries.
Texture includes clear inclusions of many icebergs.
Very large (>1 km width) mélange platforms are also digitized.

Type 2 (mixed glacier-derived ice) Majority of the ice is grayish blue with varying shades and a semi-transparent character.
Discernible floes of apparent glacial origin, varying in size with inconsistent cohesion
and potential small (<250 m) open-water gaps. Possible presence of type-3 platforms.
Includes sizable icebergs.

Type 1 (small glacier-derived ice) Gray-blue to dark-blue coloration with a higher degree of transparency compared to
type-2 and type-3 ice.
Little to no cohesion but still a high spatial concentration of growlers and/or bergy bits.
Few icebergs and type-3 platforms of substantial size (not completely absent).

Type 0 (highly dispersed glacier-
derived ice)

Concentration of icebergs of moderate size (∼ 250 m width) ranging from 10 % to 30 %.
Minimal slushy (gray) background ice (bergy bits and growlers).

Type 99 (glacier surface) Glacier surface (sections of glacier ice that have not yet been calved but are within the
fjord boundary).

may melt the sea ice at more or less the same time across
all latitudes. But in fall, the arrival of sea ice is caused by
transport from the north (via the East Greenland Coastal Cur-
rent) rather than by freezing in place. A sea ice “front” pro-
gresses from north to south every fall at a speed of roughly
10 km d−1 (Fig. 6). Note that previous research identified that
sea ice along the SEG coast had a mean wintertime (January–
April) south-moving speed of about 15 cm s−1 (13 km d−1)
from 2010 to 2018 (Laidre et al., 2022). In spring, sea ice
does not retreat along a well-defined front. Though the sea-
sonal coverage and concentration of offshore sea ice during
our study period are reduced compared to earlier decades
(Heide-Jørgensen et al., 2022) and are expected to continue
to shorten and decline, respectively (Kim et al., 2023), we
suggest that differences in spring and fall transitions may
largely persist (while sea ice continues to form).

4.1.2 Freshwater flux

Figure 7 shows freshwater flux at the fjord scale across SEG.
The results show significant variability, ranging from a low
total annual discharge of ∼ 1× 108 m3 (∼ 0.1 Gt) at fjords 6
and 44 to a higher total annual discharge of∼ 1.25× 1010 m3

(∼ 12.5 Gt) at Sermilik (fjord 30); however, notably, the next
largest fjord freshwater fluxes only amount to 8.48× 109 m3

(8.48 Gt) at Kangerdlugssuaq (fjord 18) and 7.12× 109 m3

(7.12 Gt) at Jens Munk (fjord 33). In the northern region of
SEG, the catchment geography feeds much of the freshwa-
ter to fjord 5, while other fjords in this zone receive minimal
freshwater flux, which remains the case until the southern
fjords, i.e., fjord 15 and subsequently fjord 18 (Kangerd-

Figure 6. Spring and fall transition dates for offshore sea ice with
respect to all fjords (organized by latitude) and years (indicated by
color), based on a 15 % coverage threshold.

lugssuaq), are reached. There is low to moderate flux for
most fjords numbered between 18 and 30 (Sermilik), with a
notable increase in mean annual freshwater flux for a number
of fjords south of Sermilik.

Using discharge elevation/depth, we were also able to
assess how much freshwater was entering fjords at the
ocean surface or at depth, discharging from under marine-
terminating glaciers. Across the SEG study region, ocean
surface input and 0–20 m depth bins receive the most in-
put when considering flux from sea level to 1000 m depth
(Fig. A2). Across the region, flux totals are highest within
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Figure 7. Mean total annual freshwater flux (measured in m3
× 109 m3) from 2015 through 2019. The freshwater discharge is summed

for the entire fjord, including meltwater originating from ice-covered and terrestrial areas (sourced from Mankoff (2020a) and Mankoff et
al. (2020a)). Note that for freshwater, a volume of 1 m3

× 109 is equivalent to a weight of 1 Gt.

the top 100 m. While flux is measured as deep as 900 m (fjord
31, i.e., Ikertivaq), most flux occurs at depths shallower than
600 m. Strong seasonal variability in freshwater flux is also
apparent (e.g., Fig. 9c). Detailed individual fjord plots are
available via our research code (see the “Code and data avail-
ability” section).

4.1.3 Solid-ice discharge

Figure 8 shows annual solid-ice-discharge estimates. We
used a fjord-scale perspective to examine solid-ice discharge
and relied on the availability of glacier-based solid-ice-
discharge data from Mankoff et al. (2020b, c). Because of
this, our solid-ice-discharge values may underestimate dis-
charge or provide no data for fjords in which some glacier-
derived ice is variably present. For example, the source
dataset contains no glacier discharge data for Skjoldungen
despite the fact that glacier ice inputs are apparent in our
satellite image analysis (Figs. A5 and 11d). Within the fjord
dataset that we were able to create (Fig. 8), fjords north
of Sermilik have relatively small annual contributions of
glacier-derived ice, with the exception of Kangerdlugssuaq
(fjord 18) and, to a lesser extent, fjord 21. Slow flow rates

and often relatively thin glacier termini in this region are
the cause of the low glacier-derived concentrations in many
fjords, especially with respect to the Geikie Plateau, where
most glaciers are considered part of a peripheral ice cap
(Rastner et al., 2012). In contrast, Ikertivaq and a number of
fjords south of Sermilik are fed by several glaciers, many of
which receive moderate to high levels of solid-ice discharge.

4.2 Focus fjord observations

Manual analysis of landfast sea ice and glacier-derived ice
allows us to integrate these observations and compare them
across metrics. Figures 9 and A3–A9 provide stacked time
series (2015–2019) for offshore sea ice area and percent-
age coverage; landfast-ice area, glacier-derived-ice area, and
percentage coverage; freshwater flux binned into sea surface
input and input at depths of 0–100, 100–200, and >200 m;
cumulative fjord-based solid-ice discharge; and fjord mouth
SST and sea ice coverage from MAR v3.12. These figures
give us a sense of temporal evolution across a range of lat-
itudes. In contrast, Figs. 10–13 focus on the results of the
landfast-ice and glacier-derived-ice analysis to provide a spa-
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Figure 8. Mean annual solid-ice discharge (Gt yr−1) from 2015 through 2019 for glacier-derived ice from the indicated glaciers, calculated
using Mankoff et al. (2020b).

tial map view of the presence of landfast ice and type-2 and
type-3 glacier-derived ice.

Across all eight focus fjords, landfast ice regularly accu-
mulates in particularly narrow fjord “corridors” (narrow ar-
eas of the fjord with entrances and exits for ice flux on either
end; e.g., Fig. 11a and c) and/or in the “corners” of fjords (ar-
eas with a single entrance and exit for ice flux and a confined
coastal topography; e.g., Fig. 12a and c). Nansen (fjord 15)
and Kangerdlugssuaq (fjord 18) exhibit periods when they
are fully covered by landfast ice in certain years, while the
more southerly fjords do not achieve full landfast-ice cover-
age in any study years.

Despite the broad seasonality and spatial consistency in
landfast-ice development, there is substantial year-to-year
variability in landfast-ice development within each fjord
(panel b in Figs. 9 and A3–A9). When considering a 15 %
landfast-ice-coverage threshold, the five more northern fo-
cus fjords in our study show lower variability in the timing
of landfast-ice development and breakup, although the tim-
ing of fast-ice peaks shows substantial variability (Table A1).
For example, in 2017, landfast ice in Ikertivaq formed more
slowly, with some expansion and decline, before peaking
at an area coverage close to 80 % in late April, while in
2019, Ikertivaq experienced a relatively rapid development

of landfast ice as well as a similar area coverage peak in
early March (Fig. A4). For the three southernmost fjords,
there is larger variability in the timing of the formation and
breakup of landfast ice. Landfast ice did not exceed a 15 %
ice coverage threshold for Naparsuaq in 2019, Anoritoq in
2015, and Kangerluluk in both 2015 and 2019 (Figs. A7–
A9). Yet, we observe clear instances of landfast ice remain-
ing in place well after offshore sea ice has fully disappeared,
with many of the fjord declines in landfast sea ice lagging be-
hind offshore-sea-ice declines by more than a month in 2016
and by ∼ 2 weeks in 2018 (panel b in Figs. 9 and A3–A9).

The presence of type-2 and type-3 glacier-derived ice
(panels b and d in Figs. 10–13) is dependent on the lo-
cations of marine-terminating glaciers, with a greater pres-
ence observed near the glacier termini. As expected, the
manually digitized imagery highlights glacier ice inputs that
may be absent in other datasets (such as the regional solid-
ice-discharge datasets from SEG that we use). Due to the
intermixing of landfast ice and glacier-derived ice (or, at
least, the inability to distinguish boundaries from satellite
imagery), our results highlight glacier-derived-ice-dominant
or landfast-ice-dominant fjord regions rather than consistent
or clear delineations within most fjord regions. The time se-
ries of glacier-derived ice (Figs. 9 and A3–A9) indicate that
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Figure 9. Time series for fjord 15 (Nansen) showing (a) daily sea ice area (km2) and percentage coverage (black line) based on AMSR2 sea
ice concentrations, along with a 31 d running mean (purple line); (b) area (km2) and percentage coverage for landfast ice from single MODIS
and Landsat-8 image sources (blue and purple dots, respectively), including a smoothed record (blue lines) and all four surface character
types (0–3) for glacier-derived ice; (c) total freshwater flux (m3 s−1; dashed black lines) and depth-binned freshwater flux (solid lines); (d)
cumulative fjord-based solid-ice discharge (Gt yr−1); and (e) sea surface temperature (black line) and sea ice coverage (purple line) measured
at the fjord mouth, taken from MAR climate data. Vertical dashed orange lines in all panels indicate the freeze-up and breakup dates, which
are specified for offshore sea ice in panel (a), measured using a threshold of 15 % of the mean March–April sea ice area. A similar threshold
(horizontal dashed line) is indicated in panel (e), while panel (b) shows a simple 15 % threshold (horizontal dashed line). Similar figures for
other focus fjords are provided in Appendix A.

only Kangerdlugssuaq, Ikertivaq, and Anoritoq more regu-
larly contain type-2 and type-3 glacier-derived ice outside of
the fjord’s landfast-ice season.

Finally, we compared the spring and fall sea ice transition
dates calculated from AMSR2 sea ice coverage data (vertical
dashed orange lines in Fig. 9a (repeated in all panels)) with
those calculated from MAR sea ice coverage data (vertical
dashed blue lines in Fig. 9e) for the eight focus fjords. For
the three northern fjords (fjords 15, 18, and 31), which are all
north of 64° N, the agreement is quite good: the mean dates

(across 5 years) are within 3 d of each other. These fjords
have relatively well-defined annual cycles of sea ice cover-
age, meaning there is little ambiguity in identifying the tran-
sition dates. For the five southern fjords, which are all south
of 64° N, the agreement is less good: mean differences can
be as high as ±16 d, with a larger variability than the north-
ern fjords. These fjords experience relatively large swings in
wintertime sea ice coverage, including lots of spikes, mean-
ing the detection of the transition dates is noisier. For the
four most southerly fjords (fjords 40, 43, 45, and 48), there

The Cryosphere, 18, 4845–4872, 2024 https://doi.org/10.5194/tc-18-4845-2024



T. A. Moon et al.: Southeast Greenland fjords 4857

Figure 10. Maps illustrating fast-ice presence (a, c) and the presence of type-2 and type-3 glacial ice (b, d) with respect to fjord 15 (Nansen;
a, b) and fjord 18 (Kangerdlugssuaq; c, d). Map symbology corresponds to the number of images analyzed (noted in the panel legends).
Landsat-8 background images are from 8 May 2015.

are instances where MAR dates are both earlier and later than
AMSR2 dates for spring and fall transitions. In contrast, the
MAR-based threshold is consistently earlier (or the same)
for the spring transition and later for the fall transition at
Skjoldungen (fjord 37). For cases with high sea ice cover-
age variability, we suggest using other metrics (e.g., mean
wintertime sea ice coverage) to compare the accuracy and
agreement of MAR and AMSR2.

5 Discussion

Factors affecting ice in SEG fjords can be broadly divided
into two categories: (1) relatively fixed factors, such as fjord
width and length, bathymetry, orientation, latitude, and the
locations of glaciers feeding into the fjord, and (2) variable
factors, such as katabatic winds coming from the ice sheet,
alongshore winds driven by cyclones, ocean currents, ocean
stratification, ocean heat content, air temperature, the forma-
tion of sea ice, and the discharge of freshwater and glacial
ice into the fjord. The formation of landfast ice and the accu-

mulation of glacier-derived ice in SEG fjords tends to follow
a semi-consistent spatial pattern: landfast ice and glacial ice
can be found in similar areas within each individual fjord
from year to year (Figs. 10–13). This distribution is likely
influenced by a combination of fixed and variable factors.
For example, the morphology of each fjord system is likely a
first-order control. Variable factors, such as ocean currents,
may also produce relatively consistent ice conditions, but
both current and future potential for ocean variations need to
be considered. For example, as the East Greenland Coastal
Current flows past the mouth of a fjord, it turns right (due
to Coriolis forces) and enters the fjord, keeping the shoreline
on the right. The current flows into the fjord along the north
or east side of the fjord and then exits along the south or
west side of the fjord, influencing ice-forming surface condi-
tions and iceberg motion in the process. However, this flow
is not steady over time. Recent examinations of four East
Greenland fjords, including two in SEG (Kangerdlugssuaq
and Sermilik), found periodicity in current patterns ranging
from 2–4 d for Kangerdlugssuaq, with a broad peak around
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Figure 11. Same as Fig. 10 but for fjord 31 (Ikertivaq; a, b) and fjord 37 (Skjoldungen; c, d). Landsat-8 background images are from
21 June 2015 (a, b) and 14 June 2015 (c, d).

10 d (Gelderloos et al., 2022). Thus, factors not included in
this study still warrant examination and future synthesis.

Temporally, landfast ice and glacial ice follow different
patterns. Landfast ice forms seasonally from roughly Febru-
ary to late May, with significant interannual variability in
cover duration (Table A1), while glacier-derived ice can be
found in various fjords year-round. However, the character-
istics (e.g., type 0, 1, 2, or 3), timing, and area coverage
of glacier-derived ice are strongly dependent on the fjord,
with some glacier-fed fjords appearing to provide little po-
tential for substantial glacier-derived ice habitats outside the
landfast-ice season.

Regarding our mapping of landfast-ice locations, these lo-
cations commonly appear in areas that remain poorly mapped
for bathymetry. Comparing landfast-ice locations with bathy-
metric data from BedMachine v5 (Morlighem et al., 2017,
2022), for example, shows that landfast ice often occurs
in regions that are presumably shallow and lack bathy-
metric detail. In Greenland, sea-level responses to climate
change include the possibility for local regions to experience
falling sea levels (Fox-Kemper et al., 2021). This suggests

that understanding shallow-region bathymetry will become
more important, although sea-level changes may occur more
slowly here than along some other global coasts. For exam-
ple, changes in ocean depth have the potential to influence
wave characteristics, contributing to mechanical landfast-ice
breakup (Petrich et al., 2012), and the prevalence of possible
grounding points, which may influence landfast-ice forma-
tion (Mahoney et al., 2014). These shallow regions, which
we speculate are mostly at depths of ∼ 0–50 m, may also ex-
perience substantially different heat budget processes as they
are shallower than potential inflows of warm Atlantic water
and may also be less involved in large-scale fjord water cir-
culation systems.

Glacier-derived ice, produced from marine-terminating
glaciers in SEG fjords, is initially deposited at the glacier
terminus and then drifts into the fjord as it melts, fractures,
and disperses. As glacial ice travels through the fjord sys-
tem, it can become trapped among forming landfast ice, ef-
fectively adding to the landfast ice itself. This is especially
frequent in long, narrow fjords, where landfast ice can clog
passageways and prevent glacial ice from exiting the fjord at
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Figure 12. Same as Fig. 10 but for fjord 40 (Timmiarmiut; a, b) and fjord 43 (Naparsuaq; c, d). Landsat-8 background images are from
20 May 2015.

the mouth. This heterogeneous mixture of frozen landfast ice
and glacial ice provides a stable, optimal springtime habitat
for ice-breeding seals and foraging polar bears (Laidre et al.,
2022). The distribution of glaciers across SEG (e.g., Fig. 1) is
heterogeneous, with some fjord systems having multiple pro-
ductive glaciers (e.g., fjords 18 and 31), while others have
either minor or no glacier-derived flux (e.g., fjord 37). It is
unclear from our observations to what extent glacier-derived
ice enhances or diminishes landfast-ice persistence. For ex-
ample, the production of glacial ice in fjord 15 may help to
compress and possibly thicken landfast ice (Fig. 10a and b),
especially if this glacial ice is paired with sea ice circulat-
ing into the fjord from offshore. On the other hand, glacial
ice traveling from a glacier terminus toward the fjord mouth
might shear against the landfast-ice edges, particularly if it is
subjected to different wind or current forces due to different
surface heights and bottom-ice depths.

Differences in offshore sea ice and landfast-ice develop-
ment across SEG suggest that glacier-derived ice may be
especially important as a fjord surface ice environment, al-
though there is substantial interannual variability (panels a, b,

and e in Figs. 9 and A3–A9). Earlier research demonstrated
that the 1999–2018 mean width of the band corresponding to
offshore wintertime sea ice for 60–65° N was 19 km, while
for 65–70° N, it was 149 km (Laidre et al., 2022). The four
most southerly focus fjords functionally experienced no full
coverage of offshore sea ice throughout 2015–2019 (panel
a in Figs. 9 and A3–A9). Combined with low landfast-ice
coverage, animals may have limited options for sea ice plat-
forms, while glacier-derived ice is present to some extent in
all of these fjords. The extent to which limited and sporadic
coverage of glacier-derived ice (panel b in Figs. 9 and A3–
A9) provides a year-round ice habitat is unknown, but obser-
vations and tracking data of top predators suggest that ani-
mals use this habitat year-round for hauling out (e.g., resting)
or foraging (Laidre et al., 2022).

6 Conclusion

Fjords across southeast Greenland exhibit high fjord-to-fjord
variability with regard to bathymetry, size, shape, and glacial
setting. As a result, some fjords receive substantially higher
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Figure 13. Same as Fig. 10 but for fjord 45 (Anoritoq; a, b) and fjord 48 (Kangerluluk; c, d). Landsat-8 background images are from
20 May 2015.

annual freshwater flux from ice sheet, glacier, and terrestrial
runoff, and some fjords experience a much higher presence
of glacier-derived ice. These inputs mix with in-fjord sea ice,
landfast ice, and offshore sea ice to create a dynamic fjord
surface environment.

From 2015 through 2019, SEG fjords demonstrated sub-
stantial year-to-year variability. While the impacts of climate
change may be expected to push long-term trends in one gen-
eral direction, the variability in separate metrics will likely
be different. For example, the sensitivity of freshwater flux
to ice sheet surface melt introduces a high dependency on at-
mospheric conditions, which change rapidly and exhibit high
interannual variability (Lenaerts et al., 2019). On the other
hand, solid-ice discharge depends on ice sheet and glacier
dynamics, which generally respond more slowly to climate
change and exhibit lower interannual variability (Moon et
al., 2022), and ocean conditions. Landfast-sea-ice variability
introduces further dependence on ocean surface conditions,
which are also a major factor in the formation of mobile sea
ice.

With ongoing sea ice loss along the east coast of Green-
land (Stern and Laidre, 2016) and projections for summer
sea-ice-free conditions to occur within 1 to 2 decades (Kim
et al., 2023), the importance of glacier-derived ice as a habitat
for top predators may increase. Projections for the spatial pat-
terns of Greenland Ice Sheet retreat under a range of future
scenarios point toward a longer-term presence of glacier ice
in SEG than in other coastal areas (Aschwanden et al., 2019;
Bochow et al., 2023). High winter precipitation in SEG com-
pared to other regions (Gallagher et al., 2022) is an important
factor in sustaining glacier ice in the region. This higher re-
gional winter snowfall may also provide a longer-term habi-
tat suitable for ringed-seal birth lairs, which are created as
snow caves on sea ice, with sufficient snow cover associated
with lower predation rates (Kelly et al., 2010). Further, the
heterogeneous mix of glacial ice frozen into fast ice can pro-
vide suitable drifts for ice seal birth lairs, which can form
quickly on any side of an iceberg due to their complex ge-
ometry. This has also been observed in the case of polar bear
maternity dens in northeast Greenland (Laidre and Stirling
2020). As a result, there is the potential for SEG to remain a
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long-term refugium for polar bears and other ice-dependent
wildlife on a centennial to millennial scale (depending on
future climate change pathways), but further investigation is
required to quantitatively assess this potential.

Appendix A

Figure A1. Distribution of solid-ice-discharge observations from 2015 through 2019 for all southeast Greenland fjords, categorized according
to the fjord number (see Fig. 1).

Figure A2. Total freshwater (FW) discharge within SEG fjords from 2015 through 2019, based on data from Mankoff (2020a) and Mankoff
et al. (2020a). Freshwater discharge is binned into 20 m segments, ranging from +20–0 m a.s.l. (above sea level) to 980–1000 m depth, with
all discharge from elevations above 0 m a.s.l. included in the +20–0 m a.s.l. bin. Light-gray areas indicate times when the discharge in the
corresponding bin was below a discharge threshold of 1 m3 s−1, while dark-gray areas indicate depths without subglacial discharge outlets.
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Figure A3. Time series for fjord 18 (Kangerdlugssuaq) showing (a) daily sea ice area (km2) and percentage coverage (black line) based on
AMSR2 sea ice concentrations, along with a 31 d running mean (purple line); (b) area (km2) and percentage coverage for fast ice from single
MODIS and Landsat-8 image sources (blue and purple dots, respectively), including a smoothed record (blue lines) and all four surface
character types (0–3) for glacier-derived ice; (c) total freshwater flux (m3 s−1; dashed black lines) and depth-binned freshwater flux (solid
lines); (d) cumulative fjord-based solid-ice discharge (Gt yr−1); and (e) sea surface temperature (black line) and sea ice coverage (purple
line) measured at the fjord mouth, taken from MAR climate data. Vertical dashed orange lines in all panels indicate the freeze-up and breakup
dates, which are specified for offshore sea ice in panel (a), measured using a threshold of 15 % of the mean March–April sea ice area. A
similar threshold (horizontal dashed line) is indicated in panel (e), while panel (b) shows a simple 15 % threshold (horizontal dashed line).
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Figure A4. Same as Fig. A3 but for fjord 31 (Ikertivaq).
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Figure A5. Same as Fig. A3 but for fjord 37 (Skjoldungen), without solid-ice-discharge data, and with panel (e) presented as panel (d).
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Figure A6. Same as Fig. A3 but for fjord 40 (Timmiarmiut).
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Figure A7. Same as Fig. A3 but for fjord 43 (Naparsuaq).
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Figure A8. Same as Fig. A3 but for fjord 45 (Anoritoq).
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Figure A9. Same as Fig. A3 but for fjord 48 (Kangerluluk), without solid-ice-discharge data, and with panel (e) presented as panel (d).
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Table A1. Statistics for landfast ice with respect to the SEG focus fjords. Using a threshold of 15 % areal coverage to define the landfast-ice
season, each table entry contains the start day (day of the year – doy), end day (doy), and duration (days) of the landfast-ice season. The
landfast-ice analysis did not cover the full 12-month year. The “<” symbol indicates a probable earlier onset, while the “>” symbol indicates
a probable later presence. Years when landfast-ice coverage never exceeded the 15 % threshold are marked with “–”. The last two columns
give the mean and standard deviation of the start day (doy), end day (doy), and duration (days). Standard deviation is not calculated for
records indicating a probable longer duration (“>” or “<” included). Dates are based on the use of smoothed data (see Sect. 3.3).

2015 2016 2017 2018 2019 Mean SD

Nansen Start day (doy) <42 <34 <47 <65 <30 <43.6
End day (doy) >179 >159 175 148 144 >161.1
Duration (d) >137 >125 >128 >83 >114 >117.5

Kangerdlugssuaq <32 <35 <47 <34 <31 <35.8
>182 157 158 158 142 >159.3
>150 >122 >111 >124 >111 >123.4

Ikertivaq 65 <31 34 50 <25 <40.8
160 124 137 119 116 131.1 18.0

95 >93 103 69 >91 >90.2

Skjoldungen 52 28 62 25 31 39.6 16.3
148 163 124 148 120 140.4 18.3

96 135 62 123 89 100.8 28.8

Timmiarmiut 30 11 52 35 43 34.0 15.5
134 164 120 145 159 144.3 18.0
104 153 68 110 116 110.3 30.4

Naparsuaq 43 27 22 70 – 40.3 21.6
147 156 52 151 – 126.4 50.1
104 129 30 81 – 86.1 42.2

Anoritoq – 36 21 94 42 48.4 31.8
– 148 130 127 117 130.4 13.3
– 112 109 33 75 81.9 37.2

Kangerluluk – 34 43 89 – 55.3 29.5
– 143 76 144 – 120.8 39.0
– 109 33 55 – 65.6 38.7

Code and data availability. Data created to support this research
are archived at the National Snow and Ice Data Center (https://doi.
org/10.5067/GWJ0PLI2UF6E, Cohen et al., 2024). The code for
freshwater and solid-ice-discharge data analysis and visualization
is available on GitHub (https://doi.org/10.5281/zenodo.12702462,
Black, 2024). Solid-ice-discharge data (v79) were published on
5 May 2023 and are available at https://doi.org/10.22008/promice/
data/ice_discharge/d/v02 (Mankoff et al., 2020b). Freshwater dis-
charge data (v4.2) were published on 28 August 2022 and are avail-
able at https://doi.org/10.22008/FK2/XKQVL7 (Mankoff, 2020b).
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