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al Resources,

The interaction between glacie n waters is one of the key uncertainties for
projecting future ice mass ect 0 ns at glacier fronts are sparse but studies
indicate that the magnit i water fluxes are crucial in determining fjord

circulation, ice frontal me abitability. Particularly wintertime dynamics are

essible conditions leading to a bias towards summer observa-

ide the summer season, suggesting that meltwater generated at the

discharges into the fjord during winter. Our results have implications for the

Main

In Greenland, marine-terminating glaciers release meltwater at depth causing a mixing of buoyant
meltwater and saline ocean water [1, 2]. The discharge of subglacial meltwater and subsequent mixing
leads to an upwelling of deep fjord waters close to the glacier fronts, influencing the circulation in the

fjord systems [3, 4]. The meltwater impacts glacial frontal melt [5, 6] and ice mélange melt [7], thereby
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modifying the mass loss from marine-terminating glaciers and consequently glacier contribution to
future sea-level rise [8, 9]. The upwelling of subglacial water also impacts the influx and mixing of
nutrients [10, 11, 12] by enhancing biological primary productivity, which in turn provides feeding
grounds for fish and seabirds [13, 14].
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Figure 1: Eqalorutsit Kangilliit Sermiat and su ) s. The locations of our measurement
stations are indicated with coloured circl ‘ the OMG project (Oceans Melting
itural Resources (GINR, KR23034) are indicated
with a brown diamond and brown tr vely. PROMICE (Programme for Monitoring
of the Greenland Ice Sheet) wea, rked with black stars. Ice marginal lakes are

ency - ESA) from 27th March 2025. The location of the map is
Iso showing surface topography contours [17, 18] and surface

data, processed by European Sp
indicated on the overview map in
velocities in blue [19].

e summer surface layer via in-situ measurements of temperature and salinity
inter measurements of subglacial discharge are effectively unprecedented, and
thus the volume of winter subglacial discharge and its impact on fjord systems remains an open
question [21]. As a consequence, model estimates of winter subglacial discharge differ by orders of
magnitude (cf. [5, 22, 23]). One attempt to measure winter subglacial discharge in Kangersuneq
(in Nuup Kangerlua, West Greenland) detected no significant freshwater fluxes [1]. The observa-
tions revealed a considerable difference in temperature-salinity profiles between summer and winter,
suggesting no noteworthy continuous glacial meltwater outflow during winter. Similar findings have

been reported by studies of freshwater discharge during winter in the Milne Fjord epishelf lake in
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northern Canada, suggesting that winter freshwater discharge is negligible [24]. The observations
are in contrast to theoretical estimates of winter freshwater volumes, which suggest that subglacial
meltwater discharges into Greenland fjords all year round [22, 23, 25]. Fjord circulation models also
disagree on the importance of winter discharge for heat and water exchange (cf. [26, 27]). In the
absence of other freshwater fluxes, the discharge of glacial meltwater during winter may have a pro-

nounced influence on fjord dynamics but its impact will depend on water volumes and fjord /glacier

settings [21]. This underscores the complexity of bathymetry and heat exchange dynamics between

Figure 2: (a) Complete UAV platform with CTD payload extended. (b) UAV during profiling in
a narrow section of open water. e the line extending from the UAV to the submerged CTD
instrument. Photos_are from two diffevent deployments, courtesy of Lars Ostenfeld.

of temperature and salinity

d field season in March 2023, we carried out in-situ observations of water properties
at Eqalorutsit Kangilliit Sermiat (also at times referred to by its unofficial name Qajuutaap) and
neighbouring fjords (Fig. 1). Eqalorutsit Kangilliit Sermiat is one of the largest marine-terminating
glaciers in Southwest Greenland with an ice front grounded several hundred metres below sea level.
The glacier discharges into an eastern branch of Sermilik Fjord, which forms the inner part of
Ikersuaq Fjord (formerly, Bredefjord). The fjord depth ranges from 60 m to 600 m below sea level
but bathymetric maps in the middle part of the fjord are highly uncertain due to a lack of in-situ

observations.
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To retrieve temperature and salinity measurements, we developed and deployed a novel uncrewed
aerial vehicle (UAV) solution (Fig. 2). Dense ice mélange has prevented previous studies from
acquiring near-front measurements in winter conditions and here the use of the UAV was crucial for
our success. The UAV platform consists of a modified kit helicopter with an onboard autonomous
winch and a commercial CTD (conductivity, temperature, and depth) sensor payload (see [28] and
methods). Its maximum total flight time is 24 minutes, allowing for measurements to be collected
up to a distance of 6 km. In addition, we carried out CTD deployments in front of Eqalorutsit

using the practical salinity scale (PSS-78). The measurements show tha

conditions cluster in three characteristic patterns (Fig. 4): the coldes

transitioning to slightly warmer and saltier water in ice ang 3 ), 6, rose, magenta,
pink, and blue lines, respectively) and Sermilik fjordm.

measurements, conditions in Tunulliarfik fjord (St. 8, yello [ and saltier still. For
context, we include summer measurements from the O
August 2018 [29, 15] and from the Greenland Institute urces (GINR) for July 2023
(dark and light brown lines, respectively).

Figure 3: Schematic of the measurement conditions for the UAV and the manual drill in glacier/ice
melange/fjord system. A and B show enlarged versions of our measurement techniques.

In the T-S-diagram, St. 1 and St. 2 data show a two-minima temperature profile (black arrows
in Fig. 4c). Previous studies have interpreted two-minima temperature profiles as an indication of
subglacial discharge [1, 7]. In contrast, two-minima temperature profiles are not seen in our CTD
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observations from the ice mélange (St. 3-6), nor in Sermilik fjord (St. 7). Rather, the down-fjord
observations follow the halocline layer (15-38 m) in the T-S-diagram (Fig. 4c) associated with a melt-
line with an observed slope of 2.50C per salinity unit, which corresponds to the Gade-slope [30]. The
fact that the down-fjord observations follow the halocline layer indicates that the freshening observed
more than 5 km from the glacier front can be explained solely by the melting of the ice mélange
and stranded icebergs [30]. Fig. 4 also includes a rare winter observation from Nuup Kangerlua

in West Greenland acquired ~ 5 kilometres from the glacier front of Kangiata Nunaata Sermia

point line, St. 1 and 2 profiles do not reach the freezing point line a
minima, showing a likely input of warmer waters such as a mixture of a
subglacial discharge of meltwater. Based on our observations, we
fjord subglacially from Eqalorutsit Kangilliit Sermiat,

sing t o freshen. Further,

we suggest that the subglacial release of meltwater accu nge in front of the

— KR 34 June 2023
—— OMG Aug. 2018
= GF10099 April 2010
-- Gade line L

<= Freezing line

glacier in a “fresh surface pool of water” (see Fig. 3) si

Depth (m)

|
.
=]
o
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Figure 4: CTD profiles of temperature (A) and salinity (B), and the corresponding T-S-diagram
(C) (locations are shown in Fig. 1). Observations from GINR (KR23034, July 2023) and the OMG
project (August 2018) are shown as light and dark brown lines, respectively. A GINR winter obser-
vation from Nuup Kangerlua in West Greenland is shown in black (GF10099, April 2010). A melt
line with a slope of 2.5°C per salinity unit is indicated with dashed grey lines. The freezing point
line of seawater is shown as a dashed-dotted grey line. Black arrows indicate the two-temperature
minima seen in St. 1 and 2 data.
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Freshwater volumes and sources

To our knowledge, our study is the first to document the existence of subglacial meltwater accumu-
lation in a fjord during winter. The fact that the freshwater pool is spatially confined is the likely
reason why it has not been observed in ice mélanges by previous studies, as the measurements in
those studies were retrieved more than one kilometre from the glacier front [31, 1]. The two-minima
signal in our data is not as strong as observed during summer conditions [4] indicating that the

subglacial discharge may not be very large.

Subglacial water may have different provenance. During the summer, subglacial

water is derived predominantly from surface meltwater that enters the subglacial system

with numerical models show that large parts of the base of the ice melting point [35].
Importantly, because the basal melt is predominantly sed by fro on and geothermal
flux [36], studies suggest that basal meltwater discharges i seasons [22, 36, 25]
(see also methods). Thus, basal meltwater is a potenti e e freshwater.

Two other freshwater sources may also cause sub
lake drainage events. Here, we outline why eltwater sources as potential
explanations for our measurements. Firstly, while s of surface meltwater enter the fjord
at Eqalorutsit Kangilliit Sermiat in the i er surface melt volume is orders of
magnitude smaller due to low air te ). We estimate the likely surface melt

using an improved Positive Deg nd in-situ measurements from the Automatic

ate that surface melt (i.e., where air temperatures

ions for two days in early March (see Fig. S2). The daily melt

year. To constrain freshwater volumes from ice-marginal lakes, we investigated 21 lakes that share
a margin with the glacier’s catchment area (mapped in 2017 by [16]). Of the 21 ice-marginal lakes
that exist around the lateral margins of Eqalorutsit Kangilliit Sermiat, five lakes could be identified
between January and April 2023. Little is known about the dynamics of these lakes, however, visual
inspection and classification through satellite images suggest that the lakes had limited variability

in their areas between January and April 2023. There is no evidence of glacial lake outburst floods
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or full drainage events during the monitoring period (see methods).

To our knowledge, our study is the first to successfully measure basal meltwater at a glacier
front. For Eqalorutsit Kangilliit Sermiat, the estimated monthly basal melt volume is 3.8 x 106 m3
corresponding to 2 % of the glacier’s annual mass loss (Karlsson and others, 2023). This estimate
is highly uncertain and we leverage our CTD observations to evaluate the amount of freshwater
necessary to cause the observed freshening. Our results indicate a freshwater volume corresponding

to 2.4 x 10° m? is needed (see methods), which is an order of magnitude lower than the theoretically

estimated monthly basal melt. We suggest two reasons for this discrepancy that are mutually
exclusive. Firstly, the source area for the basal meltwater is reconstructed based on
bed topography where the latter has uncertainties upwards of 300 m [17]. It i

that the source area is smaller than estimated, which would lower the volume

The shutdown could block the transport of basal meltwater from
until such a time when surface meltwater volumes reagtivate the
This potential disconnection between parts of the subglacial sy ghly dependent on

ice-flow velocities and the glacier’s topographic setting,

and ecosystem

Our measurements indicate that basa.

front. As a t, favourable conditions for a spring phytoplankton bloom are established when
the mélange breaks up. It is noteworthy that the spring bloom might not occur directly in front of
the glacier but further out in the fjord, as the nutrient pool will track the drifting ice pushed by
prevailing winds from the northeast during spring (see observed wind directions in Fig. S6). This
further underscores the seasonal significance of marine-terminating glaciers in stimulating primary
production.

Observations and models suggest that subglacial discharge causes fjord circulation patterns lead-

ing to a renewal of fjord basin waters over seasonal time scales [2, 43]. Although melt from icebergs
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and ice mélange probably dominates the winter freshwater budget for most ice-filled fjords [44] any
inflow of glacial freshwater may be of physical and biogeochemical significance [21]. Nevertheless,
most fjord circulation models focus on summertime dynamics as they aim to understand processes
occurring during the peak meltwater season [45, 46]. In the near future, increasing Arctic tem-
peratures are likely to lead to a speed-up of Greenland glaciers [47] and consequently an increase
in basally-generated meltwater due to increased friction [36] and thereby also an increased winter

freshwater discharge. Thus there is an urgent need to understand the role and impact of winter

subglacial discharge on fjord dynamics.

Our unique observations of winter subglacial discharge highlight the importance of severely

on fjord waters, coupled with its ability to enhance spring primary prod

nificant impact marine-terminating glaciers can exert on fjord waters, fjord ci d not least

Methods

UAV technology

Crewed aircraft have been used previously to s j itions by employing expendable XCTD

instruments [48, 7, 31]. However, the method i he cost of aircraft hire and equipment

thin narrow openings in fjord ice is
novel uncrewed aerial vehicle (UAV) solution
ing hardware description, cost overview, and
[28].

the Herelink HD Video system with a tested range of 6 km. The

motor, that reels the CTD in and out, and a pivot mechanism.

for the different“stages of operation. The complete system is powered by a 22.2 V 14 Ah lithium
polymer battery pack that is insulated and preheated before deployment to improve performance in
cold environments.

The takeoff weight of the complete UAV platform is 6.5 kg with a length of 1.145 m and a rotor

diameter of 1.455 m. The maximum tested cruise speed is 16 m s~

All components, including
batteries, controller, and CTD payload, can be packed in a 1.400x450x250 mm Zarges box for

shipping and handling. During fieldwork, the UAV was transported within the cabin of an AS350
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helicopter with two crew and three passengers. The total cost of the UAV platform with the CTD
sensor is €13,000.

Basal melt estimate

The basal melt estimate presented here is based on already published [25] based on methods devel-
oped in [36]. We briefly summarise the methods here and refer readers to the original study for more

details. The basal melt rates b, are calculated based on estimates of available heat sources (E)

bm = E/(pL)

Where p is ice density and L is the latent heat of fusion. In the absence of surfa
meltwater derives from heat generated by friction heat and the geotherma
drainage catchments derived from the hydropotential [49] based on su
monthly basal melt volume in March is 3.8 x 10 m3 b [25]. This assumes
that all melt generated at the bed is immediately transpo; e glacier and does

not account for the possibility of subglacial storage or ¢ msport efficiency.

1e9 Average monthly freshwater discharge (2010-2020)
T
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Figure S1: Average monthly freshwater fluzes for Eqalorutsit Kangilliit Sermiat 2010-2020 [25]. In
(A) the shaded areas indicate the range of values that occurred duing 2010-2020. In (B) errorbars
show the uncertainty associated with the average values for runoff and basal melt for March.
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Estimates of surface runoff

The winter surface melt at elevations 280 m, 600 m and 900 m was estimated using an improved
Positive Degree Day (PDD) model that accounts for the time lag in the melt that occurs when
the air temperature is above 0°C while the temperature of the ice surface is not yet at the melting
point (Tsai and Ruan, 2018). We combine the model with measurements from the AWS PROMICE
stations QAST, QASy and QASy [38, 50]. In this study, daily air and surface temperatures are used
as model input. The improved PDD model contains a function for estimating surface temperature

from air temperature but comparisons of the modelled surface temperatures with d from the

AWSs showed that the model performance relies heavily on initial parameter ings\ Thus we
have used measured surface temperatures where available. During the period
surface temperature measurements are available from the AWSs at 280
There are no surface temperature measurements from the AWSs at 600
the parameterisation bias in the PDD model we instead estimate
linear regression model, which is trained on earlier measureme

Simple validation of the linear regression model indicates that sion performs well

with a Mean Squared Error of 1.16 and an R-squared val 0.9

10
a ~ -
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— — Air temperature 280m
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20 ~ — Air temperature 900m 1
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[ melt rate at 280 m \ -15 [l melt rate at 280 m
25 ‘ : /. ‘0 0
2023-01-01 2023-01-15 2023-01-29 2023-02-12 2023-02 023-03-12  2023-03-26 Feb26 Feb28 Mar02 Mar04 Mar06 Mar08

proved PDD to estimate surface melt, based on the observed (for 280 m and 900 m
elevations) or nstructed (for 600 m elevation) surface temperatures. The results show that of
the three sites, surface melt only occurs at the lowest elevation site. The melt rate at the lowest-
elevation AWS is 5.6 mm/day and 6.4 mm/day on the 2nd and 3rd of March, respectively (Fig. S2).
No surface melt was recorded at the AWS at 600 m or 900 m elevation. While we cannot rule out
that some of the surface meltwater penetrated to the bed of the glacier and mixed with the basal
meltwater, we consider this to be unlikely for the following reasons. Firstly, visual inspection of
the glacier surface during our field campaign revealed dry crevasses (Fig. S3a), icicles (Fig. S3S4b),

refrozen puddles of water (Fig. S3c) and snow pockets on the surface (Fig. S3d); all suggesting that

10
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water forming on the surface refreezes again. Secondly, previous studies suggest that meltwater can

be stored and refrozen in the weathered glacier surface and the surface snow [39]. Finally, scrutiny

of remote sensing images showed no evidence of surface water transport or drainage systems.

Figure S3: Pictures of Eqalorutsit Kangilliit Sermiat taken from a helicopter by Lars Ostenfeld on
the 27th of March 2023. (a) Crevasse photographed from the side. The red squares show the location
of b and c. The arrows point to“some of the snow pockets. (b) Magnification of icicles in a.
(c) Magnificati rozen puddle of water in a. (d) Glacier surface photographed from above.
The black ar ) ome of the snow pockets.

A time series
and April 2023
GEEDit [51]. Our dataset consists of 17 scenes from Sentinel-2 (10 m spatial resolution) and 6

scenes from Landsat 9 (30 m spatial resolution) and all scenes had less than 50% cloud cover (Fig.

rface areas was derived for the five ice-marginal lakes identified between January

(Fig. S4a). The five lakes were delineated manually across 21 timesteps using

S4b). Occlusion of lake outlines occurred in some scenes due to localized cloud cover. The error
estimate in lake surface area was quantified by repeated manual delineation of the Nordbosg lake from
the first Sentinel-2 and Landsat 9 image in the time series; returning an error estimate of +4.5% and

+6.3%, respectively. The time series presented in Fig. S4b suggests that the five ice-marginal lakes

11
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in this region experienced limited variability in the areas between January and April 2023. There is
also no evidence of any glacier lake outburst flood or full drainage events from the five lakes. The
highest variability in surface lake area is evident at the beginning of the time-series record, which
likely reflects the high snow cover at the beginning of the year. Generally, the variability in lake areas
is low in the latter half of the time series, coinciding with higher data coverage, particularly from
the Sentinel-2 record. The smaller lakes exhibit small changes across the time series; for example,
Lake 1644 had a mean surface area of 0.23 km?, varying between 0.19 km? (Sentinel-2 delineation)
and 0.29 km? (Landsat 9 delineation), and a standard deviation of 0.03. Nordbosg e (lake ID

over the entire time series). We thus conclude that there is no evidence of

in our study area.

Sentinel-2 Lal t 9 Erro J 0 > Occluded scene
a. — b. ® (] ‘ l
Lakes identified for delineation | i v Lake 1296
Lake 1296
I Known ice-marginal lakes - [—J

4 o909

L a4

[Lake 1644

S 404 4000 44 40 th

Hoo Nt oeapll

Lake 1897 (Noal;oE»

f o sdedmispesnh
R R LT

2023-02-01 2023-02-15 2023-03-01 2023-03-15 2023-04-01
Date

; ween January and April 2023 within the Eqalorut-
sit Kangilliist Sermiat catchment (a) and the corresponding time-series of lake area change from
Known ice-marginal lakes and lake identification numbers
ory of Greenland ice-marginal lakes [16]. The background

entire glacier but does not extend to our measurement at St. 3. The size of the pool is outlined
in Fig. S5 and estimated at 14 km? area. Assuming that the under-ice lake has uniform salinity
conditions similar to those measured at St. 1 and St. 2, we can calculate the amount of freshwater
by integrating the difference between the average salinity profile of St. 1 and St. 2 and the average
salinity profiles from St. 3 and St. 4 down to 32 m depth where profiles connect (Fig. 4). The
under-ice lake freshwater reservoir amounts to 2.38 x 10> m?® which is an order of magnitude smaller

than the theoretically estimated monthly subglacial discharge due to basal melt.

12
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