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Abstract. The oceanic forcing of basal melt under floating ice shelves in Greenland and Antarctica is one of the major sources
of uncertainty in climate ice sheet modelling. We use a high resolution, nonhydrostatic configuration of the Massachusetts
Institute of Technology general circulation model (MITgcm) to investigate basal melt rates and melt driven circulation in the
Sherard Osborn Fjord under the floating tongue of Ryder Glacier, northwestern Greenland. The control model configuration,
based on the first ever observational survey by Ryder 2019 Expedition, yielded melt rates consistent with independent satellite
estimates. A protocol of model sensitivity experiments quantified the response to oceanic thermal forcing due to warming
Atlantic Water, and to the buoyancy input from the subglacial discharge of surface fresh water. We found that the average basal
melt rates show a nonlinear response to oceanic forcing in the lower range of ocean temperatures, while the response becomes
indistinguishable from linear for higher ocean temperatures, which unifies the results from previous modelling studies of other
marine terminating glaciers. The melt rate response to subglacial discharge is sublinear, consistent with other studies. The melt

rates and circulation below the ice tongue exhibit a spatial pattern that is determined by the ambient density stratification.

1 Introduction

Increasing ice mass losses from the Greenland and Antarctic Ice Sheets result from atmosphere-cryosphere-ocean interactions,
which involve a range of processes including surface ice melt, internal ice dynamics and ocean-driven basal melt, wind, tides
and sea ice, often coupled in a nonlinear way (Holland et al., 2008a; Straneo et al., 2012; Smith et al., 2020; Slater and Straneo,
2022). Fresh water flux from the melting ice sheets into the ocean leads to a global sea level rise and local impacts on coastal
communities worldwide, and the observed acceleration of the ice sheet melt has been attributed to anthropogenic climate
change (Fox-Kemper et al., 2021). A large community effort has thus been put forward to observe, quantify and understand
the underlying processes and to develop representations (parameterizations) of the ice melt processes in climate models to
improve the projections of future ice sheet mass loss and its impacts (Asay-Davis et al., 2017; Edwards et al., 2014; Cowton

et al., 2015; Lazeroms et al., 2018; Sheperd and Nowicki, 2017; Nowicki and Seroussi, 2018; Pelle et al., 2019). This task is
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far from simple as the processes involved often feature small scales and complex geometries of both ice and ocean domains
and their interaction with the atmosphere.

The Greenland Ice Sheet (GrIS) holds about seven meters of sea level equivalent. It contributed 13.5 mm to the global sea
level rise in the period 1992-2020, according to the most recent IPCC Report (AR6, Fox-Kemper et al., 2021). During this
time there is evidence that the GrIS mass loss has accelerated in recent years (1995-2012) compared with the earlier perio
(Enderlin et al., 2014; Hill et al., 2018). The IPCC Report estimates a sixfold increase in mass loss rate in these last three
decades from an average of 39 Gt ¥iin the period 1992-1999 to 243 Gt y¥ over the period 2010-2019 and projects the
GrlIS to likely contribute with 90-180 mm to sea level rise until 2100, while the Antarctic Ice Sheet contributes 30-340 mm
(Fox-Kemper et al., 2021, SSP5-8.5). Ice mass loss from GrIS has a signi cant local ngerprint on several densely populated
coastal regions worldwide (Rietbroek et al., 2016). Furthermore, freshwater input from the melting GrlS into the ocean has a
potentially substantial (yet poorly quanti ed, and vividly debated) impacts on freshwater budget and dense water formation
in the subpolar North Atlantic and hence on the strength and stability of the large scale thermohaline circulation (Rahmstorf
et al., 2015; Boning et al., 2016; Luo et al., 2016; Rhein et al., 2018; Swingedouw et al., 2022).

The GrIS' marine terminating glaciers drain into long and narrow fjords that connect to the open ocean. The fjords are
strati ed with a deeper layer of warm and saline Atlantic Water (AW), overlaid by a colder and fresher Polar Water (PW)
of Arctic origin (Straneo et al., 2012). The AW enters the Nordic Seas as an upper layer of the Norwegian Atlantic Current
and undergoes deepening and cooling under its poleward pathway; upon reaching the Fram Strait the AW ow bifurcates into
one branch recirculating cyclonically in the Nordic Seas and the Labrador Sea, and the other one taking a detour around the
Arctic Ocean (Mauritzen et al., 2011; Koszalka et al., 2013; Rudels et al., 2015). The temperature and salinity properties of
AW reaching the glacial fjords around Greenland varies thus regionally. The AW that reaches the northern coast of Greenland
had circulated around the Arctic Ocean and is therefore the coldest variant of AW reaching the GrIS (Straneo et al., 2012). The
exposure to thermal oceanic forcing (temperature difference between the ocean water and the ice) varies therefore regionally
around Greenland in addition to local differences due to wind forcing, sea ice, the mesoscale circulation on the Greenland
shelf, and the fjord geometry (Seale et al., 2011; Rignot et al., 2012; Enderlin and Howat, 2013; Sciascia et al., 2013; Straneo
and Cenedese, 2015; Gelderloos et al., 2017; Schaffer et al., 2017; Jakobsson et al., 2020; Wood et al., 2021).

The interactions at the glacier-ocean interface leading to a freshwater ux from the GrlIS is realized through three different
processes: basal melting of the submerged glacial ice, subglacial discharge (SGD) of the surface melt water (the freshwatel
melting at the surface ice sheet due to atmospheric forcing and percolating down through the ice and toward the ice base) during
the summer, and calving of icebergs at the ice front (Straneo and Cenedese, 2015). The respective importance of the process
is dependent on the time scale and the shape of the glacier terminus. The majority of glaciers in southern Greenland terminate a
grounded, vertical ice fronts (Hill et al., 2018). These so called tidewater glaciers feature fast rising buoyant plumes, because of
the steepness of the ice at the terminus (Rignot et al., 2010; Xu et al., 2012; Sciascia et al., 2013) and frequent iceberg discharg
through calving. They are also subject to a relatively strong seasonal forcing due to the SGD (Sciascia et al., 2014; Straneo
and Cenedese, 2015). A different type of ice-ocean interaction occurs for ice shelves, i.e., the glaciers with ice tongues, found

in the north of Greenland, including the Zachariae Isstrom (ZI), the Nioghalvfjerdsfjorden, eN@g&h Glacier (79NG), the
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Ryder Glacier (RG) and the Petermann Glacier (PG). Under certain conditions, oating ice tongues can stabilize these glaciers
by changing the stress balance and reducing the ice discharge across their grounding lines, an effect known as buttressin
(Gudmundsson, 2013). On the other hand, due to the horizontal extent of the ice base, the area exposed to basal melting i
much larger at ice shelves than it is at tidewater glaciers. The observed signi cant inter annual variability in the grounding line
position of 79NG and the observed and modelled retreat of ZI and PG have been attributed to oceanic forcing (Wilson and
F. Straneo, 2015; Mayer, 2018; Choi et al., 2017; Cai et al., 2017). However, due to remoteness and logistic dif culties with
the measurements, the GrlIS ice shelves and their fjord outlets are still sparsely observed with regards to the ocean-driven bas:
melt processes.

The basal melt beneath the glacier ice tongue acts as a buoyancy source, driving a rising buoyant plume that forms an out ow
of glacially-modi ed water at its neutral density level. The entrainment into the plume drives an in ow of AW towards the ice
base, establishing an estuarine circulation (Straneo and Cenedese, 2015). The basal melt processes beneath ice shelves h
mostly been studied in the context of Antarctic ice shelves, and have been represented in terms of a basal melt parameterizatiol
combining the basic thermodynamic considerations, conservation laws and buoyant plume dynamics, and showing a good
agreement with observations (e.g. Holland et al., 2008b; Jenkins, 1991; Jenkins et al., 2010; Jenkins, 2011; Reese et al., 2018
This has guided attempts to develop generalized versions applicable in climate models (Asay-Davis et al., 2016; Lazeroms et al..
2018; Pelle et al., 2019). However, questions remain regarding the applicability of this parameterization. One issue considers
dependency of the melt on changing ambient ocean temperatures. In theory, the melt rate is linearly dependent on the therma
forcing and the boundary layer velocity, which is also linearly dependent on the thermal forcing through the buoyancy input
from the melt (e.g. Holland et al., 2008b; Jenkins, 2011; Lazeroms et al., 2018); combining to a super linear dependency of
melt on thermal forcing. Modelling studies considering melt rates at Greenland's tidewater glaciers with vertical ice fronts and
exposed to relatively high oceanic forcing due to warm AW, however, simulate a dependency that is not signi cantly different
from a linear one (Xu et al., 2012; Sciascia et al., 2013). Further questions consider the role of ambient ocean strati cation,
the ice-ocean interface geometry and the boundary layer (Holland et al., 2008b; Lazeroms et al., 2019; Bradley et al., 2021,
Dansereau et al., 2013; Jordan et al., 2018). These questions are particularly relevant to the Greenland ice shelves, in additio
to factors like fijord geometry, wind, sea ice, and seasonal variations of SGD. To our knowledge, there have only been few
high-resolution ocean-circulation model studies on Greenlandic ice shelves: Cai et al. (2017) investigated the sensitivity of the
PG basal melt and retreat to the oceanic thermal forcing and SGD.

The third largest remaining ice tongue in North Greenland belongs to the RG in North Greenland/,(B2 N, see
Jakobsson et al. (2020), Figure 1). RG terminates in the Sherard Osborn Fjord (SOF) with an ice tongue extending about 20 km
from the grounding line. In contrast to the other nearby glaciers with ice tongues, RG exhibited a varied retreat and advance
pattern in recent decades (Hill et al., 2018; Wilson et al., 2017). Oceanographic surveys of SOF were completely lacking
until the Ryder 2019 Expeditiom August-September 2019 with the Swedish icebreaker Oden (Jakobsson et al., 2020). The
expedition gathered a unigue data set, including topographic data and hydrographic (temperature and salinity) pro les close
to the ice-tongue front. The hydrographic pro les show a two-layer strati cation typical of Greenlandic fjords (Straneo et al.,
2012) with a cold (about -1.5C) and relatively fresh (salinity below 34 g k&) surface layer (typical of Polar Surface Water,
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PSW) and a warm (0.2C) and salty (34.7g kg') layer of AW below 350 m. SOF is narrow (10 km) rendering effects

of the Earth's rotation negligible on the circulation, and a permanent sea-ice cover outside of SOF inhibits wind-driven water
exchange between the fjord and the open ocean (Jakobsson et al., 2020). The estuarine exchange circulation in the SOF is tht
driven primarily by the basal melt and the seasonal SGD ux. The weak dependence of the hydrography inside the fjord on
the conditions outside distinguish RG-SOF system from the nearby glacier-fiord system at PG, and provides an interesting
"laboratory" for observational and modelling studies of basal melt processes and melt-driven buoyant ows. Furthermore,
observed and modelled increases of the AW temperature in the Nordic Seas and the Arctic Ocean (Minchow et al., 2011;
Straneo and Heimbach, 2013; Wang et al., 2020) raise questions of the response of the RG to increasing oceanic therma
forcing; will it respond similarly or differently to the nearby PG?

This study presents results from a series of high-resolution ocean-circulation model simulations of basal melt and ocean
circulation in a cavity below an ice tongue. The model geometry is idealised, but its qualitative features are selected to be
representative for RG and SOF. Note that SOF has two sills outside of the ice cavity; they are not considered in the model
simulations presented here. The impact of the sills that control properties of AW reaching the ice cavity is a subject to a
oow-up study. In control experiments, the model is initialized and, at the seaward end of the domain, restored to observations
from the Ryder 2019 Expeditiodakobsson et al. (2020). We investigate the spatial variability of melt rates and melt driven
circulation and perform sensitivity experiments to oceanic thermal forcing and SGD. In Section 2, we describe the model
control con guration and the sensitivity experiments. Section 3 presents model results from the summer and a winter control
simulation and the sensitivity experiments. In Section 4, we discuss implications of the results for the future evolution of the

RG and include general considerations regarding the basal melt dependence on oceanic thermal forcing and SGD.

2 The model

We use the MITgcm (http://mitgcm.org) that solves the Boussinesq form of the Navier—Stokes equations as a nite-volume
discretization rendered on a horizontal Arakawa C-grid, and with vertical z-levels employing partial cells (Marshall et al.,
1997; Adcroft et al., 2004). The model has been used previously to study the circulation in Greenland fjords with tidewater
glaciers (e.g. Xu et al., 2012; Millgate et al., 2013; Sciascia et al., 2013, 2014, Carroll et al., 2015; Jordan et al., 2018) and the
ice shelf-ocean interactions for Greenland and Antarctic ice shelves (e.g. Dansereau et al., 2013; Cai et al., 2017).

In our study, we consider a high-resolution, idealized, nonhydrostatic setup with a rigid lid based on the survey of Jakobsson
et al. (2020). The width of the inner fjord (ca. 9 km) is comparable to the rst Rossby radius of deformation (7-10 km)
which makes the across-fjord changes negligible compared to the variability along fjord (south-north) axis. Idealized three-
dimensional simulations of the circulation in a SOF-like fjord with the local Coriolis parameter value con rm this notion
(Yin, 2020). The rotational effects are thus neglected henceforth and the con guration is rendered two-dimensional (along
fiord, vertical directions). Even at the neighbouring PG, terminating in a wider fjord of 20 km width, some previous studies
used 2D con gurations, neglecting rotational effects (Cai et al., 2017). On the other hand, Millgate et al. (2013) used a 3D
setup and introduced variations in the ice bathymetry (channels) in the across-fjord direction and found rotational effects on
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Table 1. Dimensional parameters used in the model simulations.

Name Symbol Value [Unit]
Drag coef cient Co 1.5 10 3

Speci ¢ heat capacity Ice Cpi 2000 DK *kg 1]
Speci ¢ heat capacity water Cow 3994 PK?! kg Y
Latent heat of fusion of ice L 3.34 10¢° kg 1
Reference Salinity So 35 [gkg 1]
Reference Temperature To 0 [ C]
thermal expansion Coef cient 0.4 10 * [ CY
saline contraction Coef cient 8 10 *4 [PSU 1]
thermal/saline exchange coef cient TS [ms 1]
thermal conductivity of ice i 154 10 © [m?s 2]
horizontal diffusivity in water (heat & salt) H 25 101 [m?s 2]
vertical diffusivity in water (heat & salt) v 2 105 [m?s 2]
Salinity coef cient of freezing temperature 1 -5.75 10 2 [ Cpsul]
Constant coef cient of freezing temperature  » 9.01 10 2 [ C]
Pressure coef cient of freezing temperature 3 -7.61 10 8 [ CPa 1]
reference Density 0 999.8 [kg m 3]
horizontal viscosity h 25 101 [m?s 2]
vertical viscosity v 1103 [m?s 2]

the circulation under PG. Unlike at PG, the SOF at RG is much narrower and we do not have information about the spatial
variations of the ice base so we keep the 2D setup. The model parameters are listed in Table 1.

The domain's dimensions and geometry are shown in gure 1la and b. We focus on the circulation in the ice shelf cavity,
i.e., the rst 30 km of the SOF with a horizontal grid spacingdxf=10 m along the fjord axis. The model width in the
across-fiord direction is one grid cell of sigg = 10 m. The domain is 1,000 m deep divided in 300 equally-spaced vertical
levels @z =3;33m). The rst 20 km of the domain are covered by a oating ice shelf representing the RGs ice tongue. The
ice tongue terminates in a 50 m deep fronkat 20 km. To represent the observations, the ice base is set to be a constant
linear slope of s = 0.045, which is equivalent to an angle ef0:045 , connecting the grounding line and the lowest point
of the calving front (Fig. 1a). In the absence of detailed data about the ice and sea oor topography at the grounding line we
chose to keep a vertical wall below the lowest point of the ice shelf of 50 m including a 20 m vertical SGD region (970 m to
950 m; see sect. 2.2) to leave room for in owing AW and to avoid generation of strong property gradients at the corner of the
domain. The bottom of the domain is at. A quadratic drag is applied at the bottom of the domain and the ice.






