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Abstract. Recent ice loss from the Greenland Ice Sheet has been driven in part by the retreat of marine-terminating glaciers in
response to ocean warming. Efforts to quantify ocean forcing often rely on far-field ocean properties, which differ from those
adjacent to glacier termini in fjords. To quantify these differences and their significance for glacier ablation, we analyse 58 pairs
of near-glacier and fjord-mouth conductivity-temperature-depth measurements from 38 fjords around Greenland collected be-
tween 2016 and 2021. Relative to fjord mouth properties, near-glacier profiles show consistent near-surface cooling, attributed
to iceberg melt, and intermediate-depth warming caused by plume-driven upwelling of deeper waters. Available results from
Southeast Greenland appear different, with near-glacier waters colder and fresher than fjord mouths at all depths. Our results
show that while it is generally reasonable to use shelf water properties to model submarine melt at depths > 250 m (except for
fjords with shallow sills), this approach will significantly overestimate melt near the surface and underestimate at mid depth,

potentially influencing the predicted rate of glacier ablation.

1 Introduction

The Greenland Ice Sheet has lost significant mass over the past few decades, in part due to changes in ice dynamics driven by
calving and submarine melting at marine-terminating glaciers (Otosaka et al., 2023; Mankoff et al., 2021; Wood et al., 2021;
Holland et al., 2008). This submarine melting acts as both a direct source of mass loss and a driver of glacier calving Motyka
et al. (2003); Slater et al. (2021). In recent decades, periods of warmer waters on the continental shelf in Southeast Greenland
and Disko Bay have been associated with periods of glacier retreat, acceleration and thinning (Howat et al., 2008; Bevan et al.,
2019; Holland et al., 2008; Motyka et al., 2011).

Submarine melt rates depend on the temperature, salinity and velocity of adjacent fjord waters Jenkins (2011). Many of
Greenland’s fjords are connected to dense and warm Atlantic-origin waters (AW) at the continental slope by deep cross-shelf
troughs. Although the hydrography of the East and West Greenland continental shelves differ, both regions share a similar

structure: Atlantic Water (AW) reaches fjord mouths through these deep cross-shelf troughs, while colder, fresher Arctic-origin
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water overlies it across most of the shallow shelf (Sutherland and Pickart, 2008; Rysgaard et al., 2020, 2024; Mortensen et al.,
2022).

As shelf waters transit fjords they can be substantially modified by a range of interacting physical processes (Straneo and
Cenedese, 2015). Subglacial-discharge plumes released at glacier grounding lines drive overturning circulation, whereby buoy-
ant turbulent plumes entrain and transport deep waters to shallower depths, redistributing heat throughout the water column
(Jenkins, 2011; Straneo and Cenedese, 2015). Where grounding lines are in contact with AW, this vigorous upwelling can
drive substantial local submarine melting while also enhancing ambient melt across the ice front (Slater et al., 2018). Iceberg
melting further cools and freshens fjord waters and can modify fjord circulation through buoyancy-driven upwelling (Davison
et al., 2020, 2022; Mortensen et al., 2020). Exchange with the continental shelf is additionally influenced by wind-driven forc-
ing, coastal trapped waves, and storm events, which can episodically renew fjord waters and alter their hydrographic structure
(Jackson et al., 2014; Fraser et al., 2018; Spall et al., 2017). Within fjords, tidal mixing promotes vertical exchange (Geyer and
Cannon, 1982; Mortensen et al., 2011), while shallow sills can inhibit the inflow of deep AW, leading to cooler and fresher
fjord waters than those on the adjacent shelf (Gladish et al., 2015; Mortensen et al., 2011; Bao and Moffat, 2024; Nilsson
et al., 2023). Sills can also promote the recirculation (or reflux) of glacially modified waters, further amplifying fjord cooling
and freshening (Hager et al., 2022). Collectively, these processes can substantially alter the hydrographic properties of waters
entering fjords before they interact with glacier termini, highlighting the need for methods that infer fjord water properties
from shelf observations while accounting for fjord-scale modification processes.

In order to better understand the role of ocean forcing in the retreat of Greenland’s glaciers, we need to understand how
fjords modify the temperatures of waters reaching fjord interiors at a Greenland-wide scale. Fjords are generally too small to
be resolved by large-scale ocean, ice, and climate models (Smith et al., 2021; Goelzer et al., 2020; Watanabe et al., 2010, for
example). To address this, submarine melting is commonly parameterised using formulations that relate melt rates to subglacial
discharge and thermal forcing (Rignot et al., 2016), which is often derived from offshore ocean conditions and simplified rep-
resentations of fjord geometry (Slater et al., 2020). While these approaches aim to approximate conditions at glacier grounding
lines, it remains uncertain how well offshore water properties represent fjord and ice—ocean boundary conditions at Greenland-
wide scales.

Cowton et al. (2023) studied fjord water properties at 14 glaciers in North West Greenland and found characteristic warming
at intermediate depths inside fjords relative to shelf water properties, associated with the upwelling of deep AW by subglacial
discharge plumes. Here we expand on this study to include 38 fjords from across Greenland to assess whether these findings
are reproducible for fjords at a Greenland-wide scale, using CTD profiles from the Oceans Melting Greenland (OMG) project
(Fenty et al., 2016; OMG, 2019, 2020). We compare synoptic CTD profiles at the mouth and head of each fjord (taken within 72
hous of each other) to investigate (i) how fjord processes modify the temperature profile of water adjacent to the glacier relative
to the fjord mouth, (ii) the physical mechanisms driving these changes at a Greenland-wide scale, and (iii) the implications for

predictions of submarine melt rates that assume thermal forcing near the glacier matches that offshore.
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2 Methods
2.1 Sampling near-glacier and fjord-mouth pairs

Fig. 1 shows the location of temperature and salinity profiles from ship-borne CTDs and airborne expendable CTD instruments
(AXCTDs) from the OMG project (Fenty et al., 2016; OMG, 2019, 2020). Hereafter, AXCTDs and CTDs are collectively
referred to as CTDs. These surveys were taken in August to October between 2015 and 2021. At this time of year subglacial
discharge is receding from its July peak (King et al., 2018) and sea ice is at its annual minimum (Meier and Stroeve, 2022).

Fjords included in the full OMG dataset were retained in our study if the fjord met the following criteria: (1) the fjord has a
marine terminating glacier at its head; (2) the fjord contains a CTD collected within 10 km of the glacier terminus and inshore
of the shallowest sill; (3) the dataset contains a second CTD collected within 20 km of the fjord mouth, representing water
entering the fjord from the continental shelf; and (4) the two CTDs were collected within 3 days of each other to reduce the
effects of synoptic-scale variability (Jackson et al., 2014). Exceptions to this are at Kangerlussuaq Fjord (Kangersertuaq) and
Sermilik fjord where dense mélange means that near-glacier CTDs were obtained 20km from the terminus.

For each fjord, a CTD at the fjord mouth was selected as indicative of the properties of shelf waters entering the fjord.
We chose to sample within the fjord mouth, rather than outside the fjord, because strong cross-shelf temperature and salinity
gradients can cause water properties to change quickly with distance from the fjord, particularly in southeast Greenland,
where the East Greenland Coastal Current/East Greenland Current and Irminger Current converge near the continental slope
(Sutherland and Pickart, 2008). Furthermore, shelf currents may be topographically steered in ways that limit ingress of water
to fjords (Sutherland et al., 2014). By sampling within the fjord mouth, we can be confident that the observed water properties
are representative of shelf waters entering fjords, better allowing us to isolate the impacts of water modification that takes place
within the fjords themselves.

Fjords are grouped by region into Northwest (NW), Central West (CW), Central East (CE) and Southeast (SE) Greenland.
We do not include South West, North and North East Greenland as they have fewer CTDs available from the Oceans Melting
Greenland project, which we used to limit the practical scope of the study.

In this study, sill and grounding line depths are from Mas e Braga (2025) where available, but otherwise are computed
using BedMachine v5 bathymetry data (Morlighem et al., 2022). To measure the distance between the near-glacier CTD and
the glacier termini the terminus position was digitised from the nearest satellite passover using the Google Earth Engine
Digitisation Tool v2.04 (Lea, 2018). Each fjord is given a unique identifying number, based on the numbering system of

glaciers in Goliber et al. (2021), combined with the year of acquisition.
2.2 Data processing

Temperature and salinity from each near-glacier and fjord-mouth CTD pair were converted to conservative temperature and
absolute salinity using the GSW Oceanographic Toolbox (TEOS-10) (McDougall and Barker, 2011), averaged into 10 m

vertical bins, and the depth-dependent differences calculated as:
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Figure 1. Map of Greenland, showing CTD locations used in this study. Starred locations are the fjords used as case studies in Section
3.3. Study regions are shaded in blue, with region outlines taken from Mouginot et al. (2019). Arrows represent major currents around the
Greenland Ice Sheet based on Straneo et al. (2012). Currents transporting warm, Atlantic-origin waters are in orange and yellow, while

currents transporting cold and fresh Arctic-origin waters are in blue.
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55(2) = Sglacier(z) - Smoulh(z)7 (2)

where z is depth; Ogjacier and Sgacier are the near-glacier conservative temperature and absolute salinity, and Oyouh and Spouth
are the mouth values. Positive §© indicates the near-glacier profile is warmer than the mouth, and positive 4.5 indicates it is
more saline.

The depth-dependent percentage difference in melt rate (PDS) is adapted from Jackson et al. (2014) as:

. . B
_ mglacier(z) - mmouth(z) %« 100 = TFgﬂlacier(Z) - Tquuth(Z)

PDS(z -
( ) mmouth(z) TFrgouth(Z)

x 100, (3)

where mMgacier and Mmoun are the submarine melt rates associated with the near-glacier CTD profile and mouth CTD profile
respectively. T'F' is thermal forcing (i.e. the conservative temperature minus the conservative temperature freezing point of
seawater at that depth), and 3 is an exponent that determines the sensitivity of the melt rate to thermal forcing (Xu et al., 2013;
Rignot et al., 2016; Slater et al., 2020). The exponent [ ranges from 1.6 in fjords with low subglacial discharge to 1.2 in fjords
with high subglacial discharge rates (Xu et al., 2013). Here we assign a value of 1.2, as subglacial discharge remains significant
in late summer, but note that this may lead to an underestimation of the sensitivity of melt rates to fjord water modification.
Results obtained using a scaling 5 = 1.6 can be found in Appendix A, Fig. A1l. Each profile was first binned onto a global 10 m
grid from 0-1000 m, and empty values were masked. PDS profiles were only calculated down to grounding line depth (or the

depth of the shallower profile) as water below grounding line depth is not in contact with ice.

3 Results
3.1 Along-fjord temperature changes

We find consistent regional-scale patterns of fjord temperature modification with depth (Fig. 2). Surface waters near glaciers
are typically 4 to 6°C cooler than at the fjord mouth, while waters at intermediate depths (~ 50 to 250 m) can be 1 to 2°C
warmer. The salinity difference between the fjord mouth and near-glacier environment is highly variable at the surface, and
becomes less variable with depth, except in SE Greenland (Fig. 2e-h). Cold and fresh anomalies at depth are likely associated
with shallow sills that obstruct AW inflow into the fjord (Bao and Moffat, 2024; Hager et al., 2022).

Results from SE Greenland appear different, with the entire water column typically appearing as colder and fresher near
glaciers relative to fjord mouths, albeit with high inter-fjord variability and (Figures 2d,h). Kangersertuaq Fjord (a large fjord
adjacent to Kangerlussuaq glacier in CE Greenland) also shows a pronounced deep cold anomaly (Fig. 2c, Fig. A2). Analysis

of these patterns is presented in Section 3.3.
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Figure 2. Temperature and salinity difference plots, coloured by sill depth (as indicated in the colourbar) for: North West (NW) Greenland (a,
e); Central West Greenland (CW) (b, f); Central East Greenland (CE) (c, g); Southeast Greenland (SE) (d, h). Positive temperature anomalies
(6T > 0) represent depths where the water in the near-glacier profile is warmer. Negative salinity anomalies (65 < 0) occur where near-

glacier water properties are fresher than the mouth profile.

3.2 The effect on submarine melt rates

Thermal forcing is commonly used to represent the ocean heat available to drive submarine melting, and is a key term in glacier
ablation parameterisations used by large ice sheet models (Slater et al., 2020). However, Fig. 2 shows that water temperatures
change towards the glacier, meaning that the thermal forcing experienced at the glacier terminus may differ from that measured
at the fjord mouth. To quantify this difference, we calculated the depth-dependent difference in thermal forcing (67 F') between
the near-glacier region and the fjord mouth at each depth for each CTD pair:

O0TF(2) = T Faacier(2) — T Frnoun (2)- “)

Positive §T'F' values indicate greater thermal forcing near the glacier than at the fjord mouth at the given depth, whereas
negative values indicate reduced thermal forcing near the glacier. To understand how this pattern changes at different depths,
0T F was binned into three depth ranges: shallow (0—<50 m), intermediate (50-<250 m), and deep (>250 m). Each CTD pair
contributed one mean §7T'F value to each depth range (Fig. 3).
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Figure 3. Boxplots showing the difference in thermal forcing (0TF) between near-glacier and fjord-mouth CTD profiles across three depth
ranges: shallow (0—<50 m), intermediate (50-<250 m), and deep (>250 m). Results are grouped by region (NW, CW, CE, SE). Each point
represents the mean §TF for one fjord CTD pair within the corresponding depth range. Boxes show the interquartile range (IQR), the
horizontal line indicates the median, and whiskers extend to 1.5 x IQR; statistical outliers are not shown. Filled grey circles indicate fjords
with sill depths <300 m, while open circles indicate sill depths > 300 m. The dashed horizontal line denotes §TF = 0, where thermal forcing

at the glacier equals that at the fjord mouth. Positive values indicate greater thermal forcing near the glacier.

The resulting distributions (Fig. 3; Table 1) show that thermal forcing is lower near glaciers than at the fjord mouth in the
upper 50 m across all four regions. NW has the largest median difference (—2.224°C), while CW has the smallest (—1.726°C).
The large interquartile ranges (IQRs) at shallow depths indicate substantial variability between fjords. At intermediate depths,
this pattern weakens and partially reverses: CE and CW show higher thermal forcing near glaciers, NW shows little difference,
while SE remains lower. Below 250 m, thermal forcing near glaciers converges towards fjord-mouth values across all regions,
with smaller IQRs indicating reduced inter-fjord variability. Fjords with sills <300 m show no clear difference in 67F at
shallow or intermediate depths, but exhibit more negative 67 F' below 250 m. SE has the most negative 6T F overall and the
greatest inter-fjord variability.

We use the percentage deviation in melt rate (PDS; Equation 3) to quantify how differences in thermal forcing between
near-glacier and fjord-mouth locations influence predicted melt rates, while holding all other variables (e.g., water velocity
and salinity) constant (Fig. 4e-h). At the surface, cooler waters near glacier termini reduce thermal forcing, corresponding to

approximately 50% lower predicted melt rates across all regions. At intermediate depths, however, increased thermal forcing
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Table 1. Summary statistics of the difference in thermal forcing between glacier and fjord-mouth surface waters (67 F’) by depth layer and

region. IQR = interquartile range; n = number of fjords. Full distributions, including Q1 and Q3, are shown in Fig. 3.

Depth layer Region Median 6TF (°C) IQR(°C) n
Shallow (0-50 m) NW —2.224 2.073 21
CwW —1.726 2.393 9
CE —1.740 1.562 13
SE —2.084 1.384 14
Intermediate (50-250 m) NW —0.062 0.362 21
CwW 0.210 0.218 9
CE 0.438 0488 13
SE —0.706 0.736 14
Deep (>250 m) NwW —0.149 0.319 8
CwW —0.215 0242 9
CE 0.072 0.223 7
SE —0.498 0569 12

enhances predicted melt rates by up to 13% in Northwest Greenland, 30% in Central West Greenland, and 132% in Central
East Greenland (Fig. 4).

Despite these large percentage increases, the corresponding absolute changes in thermal forcing shown in Figures 4a-c
are small, and therefore large PDS values in Fig. 4e-g do not necessarily imply large absolute changes in melt rate. This is
particularly important in CE Greenland, where thermal forcing at the fjord mouth approaches zero (Fig. 4c). Because PDS
is calculated relative to the melt rate predicted using thermal forcing at the fjord mouth, even a small absolute increase in
thermal forcing from a near-zero baseline can produce a large percentage increase in PDS while the resulting melt rates remain

relatively small.
3.3 Physical drivers of temperature changes

Previous sections show a broadly consistent modification of water properties by fjord processes in all regions except SE
Greenland. Here we present two case studies to examine the mechanisms responsible for these changes. Our first case study is
Ikerasaap Sullua fjord (Fig. 5), where surface cooling and intermediate warming near the glacier resemble the regional mean
pattern observed in NW, CW, and CE Greenland (Fig. 2, Fig. A3a). This fjord drains Sermeq Kujalleq (Store Gletsjer), a
marine-terminating glacier with a deep grounding line (480 m) and no shallow sills (defined as a sill < 300 m).

The CTD data from Ikerasaap Sullua fjord shows that water properties become increasingly modified with distance from the

mouth towards the glacier, particularly in the upper 200 m of the water column (Fig. 5). At the fjord mouth, there is a three-
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Figure 4. (a-d) Regional mean depth profiles of thermal forcing for near-glacier (red) and fjord-mouth (black) CTD profiles in the Northwest
(NW), Central West (CW), Central east (CE), and Southeast (SE) regions. (e~h) Percentage difference in submarine melt rate (PDS), calcu-
lated from differences in TF*2 between near-glacier and fjord-mouth profiles at each depth (see Methods). For all plots shading indicates
41 standard deviation. The black dashed line marks zero difference. Black markers show the depth of maximum PDS. Note the extended

x-axis for CE.

layer water mass structure: summer-warmed Polar Water (PWw) overlying cooler PW, with a deep temperature maximum at
400 m corresponding to modified deep Sup-Polar Mode Water (ASPMW), Atlantic Water that has been transported from the
Irminger Sea via Cape Farewell and carried north by the West Greenland Current (Rysgaard et al., 2020). Near the glacier,
the surface layer is colder and fresher than at the mouth (Fig. 5a), consistent with iceberg melting or runoff input. Between
50 and 200 m the near-glacier profile is warmer than at the fjord mouth and follows parallel to the freshwater mixing line,

which is consistent with the intermediate warming being the result of plume-driven upwelling of deep warm dSPMW at the



https://doi.org/10.5194/egusphere-2026-5769
Preprint. Discussion started: 2 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

lkerasaap Sullua (2016)
(a) (b)

0 0
200 200
\
T 400 T 400 \
< Grounding line < Grounding line ]
oy o ,\
o 600 o 600 i
|
8001 __ Mouth | 8001 __ Mouth '
Mid-fjord Mid-fjord
—— Near-glacier —— Near-glacier l
1 1
000—1 0 1 2 3 4 00030 31 32 33 34 35
Conservative Temperature (°C) Absolute Salinity (g/kg)
(c)
577 / T
A (d)
o4 i i
¢ |
53 f / 2000
g [ ~
3 21 1 ' 1000 £
1S / =
(] =y
= 1 [ 0 %
2 . . 3 8
® —-1000
0 |
]
2 * Mouth Y Near glacier
8 -1 Mid-fjord | | Mid-fjord
¢ Near-glacier | | Y Mouth
@ Grounding line ( BBPW ( ’
_ 1 I 1 | |
231 32 33 34 35

Absolute Salinity (g/kg)

Figure 5. CTD profiles from Ikerasaap Sullua fjord (Central West Greenland). Panels show (a) conservative temperature, (b) absolute salinity,
and (c) temperature—salinity (©—S) properties, and (d) a map of CTD locations along the length of the fjord. The colour of each profile denotes
profile location. In ©—S space, dashed orange and blue lines indicate meltwater and freshwater mixing lines, respectively. Circles mark depth
levels, including sill depth (grey) and grounding line depth (blue). Black curves are isopycnals. The upper 10 m are omitted due to focus on
the changes at depth. Black crosses represent typical temperature and salinity characteristics of different water masses found on the West
Greenland shelf and are taken from Rysgaard et al. (2020): dSPMW is deep Sub-Polar Mode Water (a sub-category of Atlantic Water); CW
is South West Greenland Coastal Water (a sub-category of Polar Water), and BBPW is Baffin Bay Polar Water.

calving front. Deep water below 250 m in the fjord shows less modification, but the deep AW in the fjord cools glacier-ward,
consistent with observations from Kangerlussuaq Fjord (Kangersertuaq in Greenlandic) by (Inall et al., 2014), who attributed

the cooling to AW mixing with cooler water masses above and below.

10
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Figure 6. CTD profiles from Kangerluluk fjord (South East Greenland). Panels show (a) conservative temperature, (b) absolute salinity, and
(c) temperature—salinity (©—S) properties, and (d) a map of the fjord with bathymetry and CTD locations. Colours denote profile location. In
©-S space, dashed orange and blue lines indicate meltwater and freshwater mixing lines, respectively. Circles mark depth levels, including

sill depth (grey) and grounding line depth (blue). Black curves are isopycnals. The upper 10 m are omitted due to focus on the changes at
depth. Black crosses represent typical temperature and salinity characteristics of different water masses found in East Greenland and are

taken from Rysgaard et al. (2024): SPMW is Sub-Polar Mode Water (a sub-categry of Atlantic Water); EBAW is Eurasian Basin Atlantic
Water, and PW is Polar Water.

Fjords in SE Greenland differ from other regions, with near-glacier waters cooler and fresher than fjord-mouth waters and
high inter-fjord variability (Fig. 3). Fig. 6 shows CTD profiles from Kangerluluk Fjord, where the near-glacier profile is cooler
and fresher than the fjord-mouth profile at all depths (Fig. A3b). Below 300 m, a shallow sill between the fjord mouth and
mid-fjord restricts the inflow of warm deep SPMW (Fig. 6a), as indicated by the similarity between deep mid-fjord waters and

11
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sill-depth properties at the fjord mouth. Above 300 m the cause of the apparent cooling is less clear. The ©-S diagram (Fig.
6¢) shows that mid-fjord and near-glacier profiles follow the Gade line between 130-400 m, indicating a possible role for ice
melt, but the significance of this is unclear given the tendency of shelf water properties to plot along this gradient (Straneo
et al., 2012). A limitation of this dataset is that most observations in SE Greenland (13/17) were collected within a single
field campaign (18 September—4 October 2016), making it hard to assess whether these results are typical of conditions in SE
Greenland or represent a combination of shelf and fjord conditions particular to that point in time. This is discussed further in

Section 4.

4 Discussion

Our results highlight that across Greenland, the transition from the fjord mouth to the glacier is characterised by a substantial
and systematic modification of water properties, with near-glacier waters are typically cooler at the surface, warmer at interme-
diate depths, and only weakly modified below ~250 m. Although the magnitude of these changes varies substantially between
fjords, the consistency of their vertical structure across regions (with the exception of SE Greenland, discussed below) suggests
that common near-glacier processes shape fjord hydrography in late summer.

Surface waters near glaciers are almost ubiquitously colder than those at fjord mouths (Fig. 2). This pattern is likely driven
by enhanced melting of mélange and icebergs within the warm Polar Surface Water (PSWw) layer (Inall et al., 2014; Davison
et al., 2022). In contrast to surface cooling, we find widespread warming at intermediate depths (50-250 m) near glacier
termini across Greenland (Figures 2a—d, 4e-h), likely a result of plume-driven upwelling of Atlantic Water (Holland et al.,
2008; Straneo et al., 2011; Slater et al., 2018; Mortensen et al., 2020). This pattern extends previous observations from NW
Greenland (Cowton et al., 2023) by demonstrating that this subsurface warming is a common feature at glacier termini in late
summer, as is cooler surface waters in the top 50 m. Below 250m, we see relatively little modification of fjord waters relative
to the shelf, except where shallow sills block the ingress of warm AW at depth.

These observations have important implications for the submarine melting and calving at Greenland’s marine terminating
glaciers. At the shallowest depths, surface waters at the fjord mouths are often warmed to temperatures in excess of ~ 5°C
by late summer, typically making them the warmest waters in the fjords. Melting at the waterline by surface warmed waters
can be an important driver of calving (Petlicki et al., 2015), but our results show that the high iceberg concentrations in
Greenland’s fjords cool surface waters sufficiently to reduce melting by on average ~50 % relative to in their absence (Fig.
4e-h), helping to shield the glaciers from this effect. However, there is high variability in the magnitude of surface cooling near
glaciers (Figures 2 and3), which could arise from differences in iceberg abundance (Kinne et al., 2025; Davison et al., 2022),
freshwater inputs from runoff and subglacial discharge (Mortensen et al., 2020), and air-sea heat exchange (Christoffersen
et al., 2011). At intermediate depths however, where very cold Polar Waters inhibit melting, the upwelling of warm Atlantic
Water by subglacial discharge plumes provide a key source of heat. Although the increase in thermal forcing from these plumes
is modest (<1°C), the relative impact of this warming in this cold layer is significant, in some instances leading to a two-fold

increase in submarine melt rates relative to the unmodified Polar Water (Fig. 4). The combined effect of this modification is to
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reduce vertical variation in the melt rate. Given that calving is sensitive to both the rate and vertical distribution of submarine
melting (Slater et al., 2021), these effects may be important in influencing the way in which changes in shelf water properties
translate into impacts on submarine melting and calving.

An important motivation in this work is the desire to improve the ocean forcing applied in ice sheet modelling studies.
Because there are few observations in fjords, and fjords are not well resolved in ocean models, ice sheet models are typically
forced using a frontal ablation parameterisation based on water properties on the shelf. As our results show, these may differ
substantially from the properties of the fjord waters adjacent to glacier termini, potentially introducing error into this forcing.
How significant this error is likely to be depends on the forcing used. For simplicity, it is common to focus on deep water
temperatures (>200 m) in ocean forcing parameterisations (e.g. (Slater et al., 2020; Rignot et al., 2016)). Our results demon-
strate that at this depth, fjord waters are relatively unmodified by ice melt and plume-driven upwelling, and so along-fjord
temperature differences are typically small (Fig. 2). Accordingly, such parameterisations are likely relatively insensitive to
in-fjord processes, except where shallow sills are present, which is relatively easy to account for Slater et al. (2020). This does
not however mean that the modification at shallower depths is not important for marine terminating glaciers or the modelling
of these glaciers. As models become more sophisticated, more complex melting and calving approaches, capable of better
incorporating vertical variability at the calving front are likely to become increasingly important (Wheel et al., 2024; Cook
et al., 2022; van Dongen et al., 2020; Benn et al., 2017). As such, the need to account for fjord modification of water properties
is only likely to grow, and our results support the development of coupled fjord—ice-sheet modelling frameworks that explicitly
account for near-glacier water modification where observations are unavailable.

There are some limitations to what can be shown by this study. In particular, SE Greenland stands out as an exception to the
trends observed in the other regions, with water in fjords anomalously cooler and fresher than those at fjord mouths throughout
the water column (Fig. 2). The conditions do not align with the expected impacts of iceberg melt and plume-driven upwelling
as seen across the other regions, and it is unclear why the physical processes, or their impacts, should be distinct in these fjords
from elsewhere in Greenland. Instead, we suggest the anomalous results may be linked to the regional setting and the timing
of observations. SE Greenland experiences highly variable shelf conditions on synoptic and seasonal timescales (Harden et al.,
2014). Mooring data from the shelf near Sermilik fjord (Harden et al., 2014) and temperature data from tagged seals across
SE Greenland (Sutherland et al., 2013) observed warm water intrusions at shallow depths in autumn on the SE Greenland
continental shelf. Most of the CTD observations from this region come from a 2 week window in Sept/Oct 2016, so it is
possible that the apparent offset between fjord and shelf conditions could result from a recent change in shelf conditions that
had not yet propagated into the fjords; in this scenario, observations obtained on a different date or year may give quite different
results. This explanation does however remain speculative until it can be tested against further observations. More generally,
it should be emphasized that observations in all regions come from late summer and early autumn, and the magnitude of the
observed effects is likely to vary significantly from season to season, with subglacial discharge and near-surface iceberg melt

both likely greatly decreased during winter.
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5 Conclusions

We have analysed water properties adjacent to 38 Greenland fjords between 2016 and 2021. We find a consistent depth-
dependent pattern of fjord modification: surface waters are cooled, intermediate waters are warmed, and deep waters are
comparatively unchanged relative to fjord-mouth conditions. This vertical structure is widespread across Greenland, with the
exception of SE Greenland, where the cause of the difference in fjord and shelf water temperature and salinity remains unclear.

These results demonstrate that far-field thermal forcing on the shelf is not analogous to thermal forcing near glaciers. Fjord
modification is most pronounced in the upper 250 m of the water column. This suggests that glacier retreat implementations
that account for fjord bathymetry and use thermal forcing at grounding line depth or at depths below 250 m (eg Slater et al.
(2020)) may be more robust against fjord modification. However, more sophisticated models that include vertically-varying
undercut/overcut ice geometries will need better thermal forcing data throughout the water column.

We suggest that future progress in predicting ocean-driven glacier change requires improved representation of near-glacier
fjord processes. In the absence of direct observations, this may be achieved through coupled fjord—ice-sheet—ocean modelling

frameworks that resolve the vertical structure of fjord modification and its influence on submarine melt forcing.

Code and data availability. The data used in the creation of the manuscript can be accessed at Cameron et al. (2026a), with a CC-BY
license. The CTD and AXCTD data were obtained from the Oceans Melting Greenland project, and are available from OMG (2020). and
OMG (2019) respectively. Sill depths and grounding line depths can be accessed from Mas e Braga (2025), and additional fjord bathymetry
can be accessed from Morlighem et al. (2022). The code used for processing and plotting all figures in the manuscript can be accessed at

Cameron et al. (2026b) under the MIT license, with instructions and dependencies listed in the README.md file.

Appendix A: Additional supporting results
Al Thermal forcing and PDS Results, 3 = 1.6

Results in the manuscript assume that melt rate scales with TF*2. Xu et al. (2013) showed that melt rate can scale with TF!-2
when rates of subglacial discharge are high, and with TF*-6 when subglacial discharge is lower. Here we present the same results
as Fig. 3 in the paper, but the scaling factor (3 is set as 1.6 to give a broader range of possible results. Note that increasing the

scaling factor increases the percentage difference in submarine melt rate (PDS) between the mouth and near-fjord profiles.
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Figure Al. (a—d) Regional mean depth profiles of thermal forcing for near-glacier (red) and fjord-mouth (black) CTD profiles in the North-
west (NW), Central West (CW), Central east (CE), and Southeast (SE) regions. (e-h) Percentage difference in submarine melt rate (PDS),
calculated from differences in TF'-® between near-glacier and fjord-mouth profiles at each depth. For all plots shading indicates 41 standard

deviation. The black dashed line marks zero difference. Black markers show the depth of maximum PDS. Note the extended x-axis for CE.
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A2 Temperature-Salinity properties of Kangersertuaq Fjord, CE Greenland.

Kangersertuaq Fjord (also known as Kangerlussuaq Fjord in East Greenland) stands out in Fig. 2 due to its prominent cold
anomaly from 250-400 m depth. The dense mélange in Kangersertuaq fjord means that the near-glacier CTD is 21 km from
the ice-front, so will be modified relative to the water in contact with the ice front. The raw profiles and temperature-salinity

diagram in Fig. S2 suggest that this deep cold anomaly is caused by the absence of warm AWm near the glacier.
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Figure A2. Depth profiles of (a) conservative temperature and (b) absolute salinity for Kangersertuaq fjord in Central East Greenland. CTDs
include a profile in the near-glacier region (red), mid-fjord (orange) and at the fjord mouth (black). Profiles are binned into 10 m bins. The
inset in (a) shows the temperature difference between the mouth and near-glacier profiles. The inset in (b) shows the salinity difference
between the near-glacier and mouth profiles. (c) Profiles corresponding to those in (a) and (b) shown in conservative temperature-absolute
salinity (TS) space. Gade lines and freshwater mixing lines are indicated by orange and blue dashed lines respectively. Crosses indicate depth
levels. The shaded region indicates the AWm water mass, defined in Inall et al. (2014). The black curved lines are lines of equal density
(isopycnals). The 27.8 isopycnal represents the density boundary separating modified Atlantic Water and Denmark Strait Overflow Water.

Note that the axes limits exclude the surface 10 meters.
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A3 Depth profiles showing the difference in temperature (6T) between near-glacier and fjord mouth CTDs for
260 Ikerasaap Sullua and Kangerluluk Fjords

In the main text, Fig. 2 shows temperature difference (J) plots from each region to show the difference in temperature near
glaciers relative to the fjord mouth. At regional scales, fjords behave similarly, which could allow the development of a transfer
function. These 0T plots accompany Figures 5 and 6 in the main text, to show that Ikerasaap Sullua is broadly representative
of the overall trend in fjord modification seen across regions. Kangerluluk is a case study from Southeast Greenland, where

265 fjords appear cooler and fresher at all depths near glaciers relative to fjord mouths.
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Figure A3. Temperature difference (6T) vs depth plots for (a) Ikerasaap Sullua and (b) Kangerluluk fjords from CTDs taken in 2016 by the
OMG project (OMG, 2020).
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