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Abstract. The Ross Ice Shelf (RIS) is currently stable but recent observations have indicated that basal melt rates beneath the
ice shelf are expected to increase. It is important to know which areas of the RIS are more sensitive to enhanced basal melting
as well as other external forcings or internal material properties of the ice to understand how climate change will influence RIS
mass balance. In this paper, we use Automatic Differentiation and the Ice Sheet and Sea-level System Model to quantify the
sensitivity of the RIS to changes in basal friction, ice rigidity, surface mass balance, and basal melting. Using Volume Above
Flotation (VAF) as our quantity of interest, we find that the RIS is most sensitive to changes in basal friction and ice rigidity
close to grounding lines and along shear margins of the Siple Coast Ice Streams and Transantarctic Mountains Outlet Glaciers.
RIS sensitivity to surface mass balance is uniform over grounded ice, while the sensitivity to basal melting is more spatially
variable. Changes in basal melting close to the grounding lines of the Siple Coast Ice Streams and Transantarctic Mountains
Outlet Glaciers have a larger impact on the final VAF compared to elsewhere. Additionally, the pinning points and ice shelf
shear margins are highly sensitive to changes in basal melt. Our sensitivity maps allow areas of greatest future vulnerability to

be identified.

1 Introduction

Understanding and predicting how ice sheets will evolve in a warming world has become one of the most important questions
for future climate change. An increase of 1.5 to 2°C in global temperature could lead to multi-meter rise in global sea-level
over the next 100 to 1000 years (Raftery et al., 2017; Pattyn, 2018; Jenkins et al., 2018; Golledge et al., 2019). The Antarctic
Ice Sheet (AIS) holds 91 percent of the global ice and consequently is the largest potential contributor to global sea level rise
(Dirscherl et al., 2020; Mottram et al., 2020). AIS mass loss has accelerated over the past several decades primarily due to the
intrusion of warm Circumpolar Deep Water (CDW) in ice shelf cavities in the Amundsen Sea Embayment, which has increased
ice discharge into the ocean (Shepherd et al., 2012, 2018; Rignot et al., 2019).

Ice shelves along Antarctica’s coast play a fundamental role in controlling mass flux because they buttress the outflow of

mass by reducing longitudinal stresses at the grounding line (Schoof, 2007; Gudmundsson, 2013; Pattyn and Durand, 2013).
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Recently, most of the mass loss from ice shelves has occurred through ocean-forced basal melting (Pritchard et al., 2012,
Jenkins et al., 2018; Pattyn, 2018; Rignot et al., 2019; Robel et al., 2019). Ocean-forced basal melting reduces the buttressing
effect of ice shelves allowing faster ow of grounded ice into the ice shelves. This causes greater discharge across the grounding
line, and subsequent grounding line retreat (Moholdt et al., 2014; Pattyn et al., 2017; Shepherd et al., 2018; Gudmundsson et al.
2019).

The Ross Ice Shelf (RIS) is the largest cold-water ice shelf in Antarctica, buttressing both the West Antarctic Ice Sheet
(WAIS) and the East Antarctic Ice Sheet (EAIS). These catchments, almost entirely buttressed by RIS, represent a total potential
sea level rise contribution of 11.6m (Tinto et al., 2019). The stability of WAIS is a major uncertainty in predicting the AIS's
future contribution to sea level rise (Pattyn and Durand, 2013; Jenkins et al., 2018). Recent research has indicated that a tipping
point may have already been passed in some sectors of WAIS, causing irreversible grounding line retreat and thinning (Rignot
et al., 2014; Golledge et al., 2019; Robel et al., 2019).

The RIS is currently stable, as its sub-ice shelf cavity has been insulated from in ows of warm CDW (Dinniman et al., 2011;
Tinto et al., 2019; Das et al., 2020). Instead, basal mass loss is driven by subsurface in ows of cold, high salinity shelf water
that melts ice near the grounding lines, and by seasonal in ows of summer-warmed Antarctic Surface Water (ASW) that melts
shallow ice along the ice shelf front (Assmann et al., 2003; Stern et al., 2013; Stewart et al., 2019; Tinto et al., 2019; Adusumilli
et al., 2020). These two different ocean processes cause basal melting, and thus mass loss on the RIS, to be variable in bot
space and time (Adusumilli et al., 2020). For example, basal melt rates exceeding Ithawva been found at the grounding
line of Byrd Glacier (Kenneally and Hughes, 2004), while annual-averaged rates on the order of-lhava been reported
along the ice shelf front (Horgan et al., 2011; Moholdt et al., 2014; Stewart et al., 2019). Additionally, elevated basal melt rates
of 10 m a ! on the ice shelf front near Ross Island have been observed in recent years due to intrusions of seasonal warm
ASW (Stewart et al., 2019; Tinto et al., 2019; Das et al., 2020; Adusumilli et al., 2020). Previous modelling studies have found
that ice shelf thinning close to Ross Island, could have a substantial impact on ice dynamics over a large region, including
grounded ice up to 1000 km away at the WAIS grounding line of RIS (Furst et al., 2016; Reese et al., 2018; Gudmundsson
etal., 2019; Klein et al., 2020). However, averaged over the entire ice shelf, basal melt rates remain low, on the order of 0.1 m
a ! (Rignot et al., 2013; Moholdt et al., 2014; Adusumilli et al., 2020) due to the low temperature of water masses on the Ross
Sea continental shelf (Pritchard et al., 2012). Summer sea-ice concentrations in the Ross Sea are projected to decrease by 56
by 2050 (Smith Jr. et al., 2014) with the ice-free period also expected to increase (Dinniman et al., 2018), which will highly
likely increase ice-shelf basal melting and, subsequently, the future stability of the RIS (Stewart et al., 2019).

It remains unclear whether changes in external forcings (such as basal melting and surface mass balance) or other processt
(such as the internal material properties of the ice) could cause more mass loss in the future. Moreover, glaciers and ice sheet
can respond differently to different melt rate distributions even when the total integrated melt is the same (Gagliardini et al.,
2010). Hence, the spatial pattern of melt rates has a stronger impact than the area-averaged value of basal melt. In addition, i
has been shown that basal melting at the grounding line causes increased grounding line retreat, indicating that knowledge o

basal melt distribution is critical for accurate prediction of grounding line migration (Walker et al., 2008).
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This paper investigates which changes in external forcings and internal material properties of the ice affect the overall mass
balance of the system and identi es areas of sensitivity on the RIS. The external forcings investigated are ocean-forced melt
rates and surface mass balance. The internal material properties we investigate here are ice rigidity and basal friction. These
four properties are chosen as they each have the potential to enhance ice discharge and Volume Above Flotation (VAF) of the
RIS (Shepherd et al., 2012, 2018; Rignot et al., 2019). These parameters are explored using the Automatic Differentiation (AD,
M. Sagebaum, 2019) tool in the Ice-sheet and Sea-level System Model (ISSM). The AD tool produces a spatial map identifying
where, and how sensitive, VAF is to parameter changes. VAF is calculated for the entire domain, while the sensitivity is speci ¢

to the location concerned.

2 Methods

Figure 1. Modelled Ross Ice Shelf surface velocities and ice thickness after initialisation. The grounding line is marked in white. Locations
discussed in this paper are labelled. These include the Siple Coast Ice Streams: Mercer Ice Stream (MIS), Whillans Ice Stream (WIS), Kamb
Ice Stream (KIS), Bindschadler Ice Stream (BIS) and MacAyeal Ice Stream (MaclS). Byrd Glacier (BG) and Ross Island are also labelled.
In addition, the ice rises are labeled on the Siple Coast: CIR = Crary Ice Rise, SIR = Steershead Ice Rise, SCIR = Shirase Coast Ice Rumple:

and Roosevelt Island. The projection of this map and all others presented is polar sterographic with a true sca[EREGB031).

We use the Ice-sheet and Sea-level System Model (ISSM) to explore the in uence that changes in the chosen parameters hav
on the mass balance of the model domain. We use a Shallow Shelf approximation (SSA, (MacAyeal, 1989)) with a rheology
based on Glen's ow law (Glen, 1955) and ice viscosity depending on the ice temperature (Cuffey and Paterson, 2010) (Figures
Al and A2). We use the ice temperature from ISSM's submission to the Ice Sheet Model Intercomparison Project for CMIP6
(ISMIP6) to initialize the ice viscosity (Seroussi et al., 2020). The basal friction is based on a Budd friction law (Budd et al.,
1979), in which basal drag is directly proportional to sliding velocity. This friction law may not be valid under some sectors
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of our model domain such as the Siple Coast. Therefore, we performed additional experiments to test the sensitivity of our
results to the Budd friction law (Figure A3) by using a Weertman friction law (with an exponento8) (Weertman, 1957)

instead. The grounding line evolves assuming hydrostatic equilibrium following a sub-element grid scheme (i.e. Sub-element
Parameterization 1 in Seroussi et al. (2014)) and the ice front remains xed through time during all the simulations performed.

The model domain covers the entire RIS and its tributaries as observed today (Zwally et al., 2012) (Figure 1). Ice thickness
and bed elevation are interpolated from the BedMachine v2 dataset (Morlighem and Binder, 2020). Our simulations rely on
a non-uniform mesh that has a resolution of 1 km at the grounding lines and in the shear margins, increasing to 20 km in the
ice sheet interior, and with a nominal resolution of 10 km within the ice shelf. The basal friction coef cient is inferred through
a data assimilation technique (Morlighem et al., 2013) to reproduce observed INSAR surface velocities from the MEaSURES
data-set (Rignot et al., 2017). Environmental boundary conditions include RACMO surface mass balance (Lenaerts et al., 2012)
and basal melt rates which are calculated using the MITgcm ocean-ice shelf model (Losch, 2008; Holland and Jenkins, 1999;
Davis and Nicholls, 2019). The ocean model was initialised and forced with ECCO2 reanalysis (Menemenlis et al., 2005) for
2006-2016 and has compared well with observed seasonal warm water in ow into the cavity and high summer melt rates in the
frontal RIS in 2011-2014 (Malyarenko et al., 2019; Stewart et al., 2019). The ice sheet model is run forward for 4 years to allow
the grounding line position and ice geometry to relax. These results de ne the initial state of our control run and sensitivity
experiments (Figure 1).

A 20 year forward simulation forced by Surface Mass Balance (SMB) from RACMO2.3 1979-2014 mean (Lenaerts et al.,
2012) and by ice shelf basal melt rates from MITgecm 2006-2016 weekly outputs is used in the Automatic Differentiation (AD)
package within ISSM. The AD tool maps the sensitivity of ice Volume Above Flotation (VAF) after a 40-year simulation to
changes in the chosen parameter (i.e. ice rigidity, basal friction, SMB and basal melt) on the RIS domain. We follow a similar
approach as the one described in Morlighem et al. (2021). Speci cally, we investigate the sensitivity of the model with respect

to the ice rigidity parameteB , which controls the ice viscosity de ned as:
B
= 5T @)
2"e"
where is the ice viscosity, ¢ is the effective strain rate, amd= 3 is Glen's exponent. We also consider the sensitivity of the
model's volume above otation to the basal friction coef cient parame@gr,de ned as:

b= Cp’N vy (2

where 4 is the basal stresb| is the effective pressure (assuming perfect hydrological connectivity to the oceany,iaride

sliding velocity. Depth-integrated mass continuity arises from:

@H_
@t

whereH is the ice thicknesy, is the depth integrated ice velocitys is the surface mass balance aigdis the ocean-induced

r Hv+Ms Mg 3

melt under oating ice.
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Automatic differentiation provides the gradient of the nal VA¥, to a model parametd?: DV (P). In other words, the
rst order response of the VAF to a given perturbatid®d in P (where 2 R, and P is a eld de ned over the entire model

domain that can be spatially variable) is given by:
z
V(P+ P)=V(P)+ DV((PP)Pd+ O ?: )

The gradientDV (P), therefore highlights the regions where the model is most sensitive to chanBesaird the regions
where changes iR would not affect the nal VAF ata rst order.

3 Results

Figure 2. Sensitivity maps of nal volume above otation to the basal friction coef ci&@y (left) and ice rigidityB (right) over 40 years.

The blue lines highlight the tracks for the along- ow pro les and the red lines the across- ow pro les.

Figure 2 shows the sensitivity maps of the model to the basal friction coef cient, and the ice rigidity parameter. These maps
show that the sensitivity to basal friction and ice rigidity is low in the majority of the grounded domain, which means that
changing the basal friction or ice rigidity over the majority of the region would not signi cantly in uence the overall mass
balance over 40 years. Conversely, sensitive areas include the vicinity of the grounding lines, with the active Siple Coast Ice
Streams (Mercer, Whillans, Bindschadler and MacAyeal) and Byrd Glacier being the most noticeable grounding lines in the
domain. There is high sensitivity to basal friction and ice rigidity along and inboard (i.e. inside of the shear margins) of the ice
streams' margins which continues for more than 200 km upstream of the grounding lines. Figure 3 shows that the sensitivity to
basal friction and ice rigidity increases at the major Siple Coast Ice Streams' grounding lines with the sensitivity to ice rigidity
continuing to increase downstream of these grounding lines. Negative values are observed in Figure 3, which are likely to be
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numerical artefacts and should be interpreted with caution (Morlighem et al., 2021). Figure 4 shows that basal friction and ice
rigidity sensitivities are highest at the Whillans (Figure 4a,d) and MacAyeal Ice Stream margins (Figure 4c,f). Additionally,
Figure 4 shows that basal friction sensitivities are highest within Bindschadler Ice Stream trunk (Figure 4b) and ice rigidity
sensitivities are highest at its margins (Figure 4e). These sensitivities are positive, highlighting that an increase in basal friction
or ice rigidity in these areas would cause an increase in the overall VAF, and also that a decrease in basal friction or ice rigidity

would induce a decrease in VAF.

Figure 3. Along- ow pro les of the major active Siple Coast Ice Streams' sensitivity to glaciological controls: basal fricm'srﬁ) ((s=m))
and ice rigidity m=(P a s*™))). X axis (distance) increases in the down ow direction. The vertical red line highlights the position of the

grounding line.

Kamb Ice Stream on the Siple Coast shows low to no sensitivity to changes in the basal friction or ice rigidity, highlighting
that the Kamb Ice Stream is currently stagnant and thus changing the friction or ice rigidity will not change the ice discharge
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Figure 4. Across- ow pro les of the major active Siple Coast Ice Streams' sensitivity to glaciological controls: basal frim'ra% (s=m))

and ice rigidity m=(Pa s*="))). These across- ow pro les display sensitivities across the ice streams including their margins.

signi cantly. The sensitivity map tests the sensitivity of the VAF to perturbations in the forcing parameters, assuming that the

general ice sheet con guration does not change. Therefore, the sensitivity map is unable to capture the general reactivation of
the Kamb Ice Stream as the reactivation of a dormant ice stream would be a large perturbation that would constitute a change
in the general ice sheet con guration. In addition, we see that the pinning points of the RIS such as Roosevelt Island and Ross
Island are sensitive to changes in basal friction and ice rigidity. In particular, we see that the smaller ice rises (i.e. Crary Ice Rise
and Steershead Ice Rise) downstream of the Siple Coast Ice Streams show high sensitivity to changes in ice rigidity. Finally, the
interior of the ice sheet, where the ice is slower, shows lower sensitivities due to the time interval used in the model simulation

(Morlighem et al., 2021). The sensitivity maps show changes in basal friction and ice rigidity over 40 years, therefore it will
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take some time before changes in velocities upstream impact ice discharge, ice thickness and consequently mass balance of tt
RIS.

Figure 5 shows the sensitivity maps of the model with respect to changes in external forcings: surface masdvwalance,
and basal melting\ly, over a 40 year period. The sensitivity map related to SMB shows that most of the grounded ice has a
clear positive sensitivity that gradually decreases to 0 as the oating ice is reached. This is expected since oating ice does not
contribute directly to VAF, whereas increasing surface mass balance over the grounded ice would lead to a direct increase in
VAF. Figure 6 highlights the reduction of sensitivity to SMB that occurs across the grounding zones of the major Siple Coast
Ice Streams'. The high spikes observed in Figure 6 downstream of the grounding lines (at 500km for Bindschadler Ice Stream
(Figure 6b) and 350km for MacAyeal Ice Stream (Figure 6c¢)) are numerical artefacts and should be interpreted with caution.
These numerical artefacts are likely due to the sub-element parameterization used within the numerical model's treatment of the
grounding line (Morlighem et al., 2021). The transition zone between high sensitivity and low sensitivity is larger in regions of
fast ow such as the Siple Coast Ice Streams and Byrd Glacier compared to regions of slower ow (Figure 5). Figure 5 further
demonstrates that the Roosevelt Island and Ross Island pinning points are sensitive to changes in SMB as are the smaller ic
rises downstream of the Siple Coast Ice Streams (i.e. Crary Ice Rise and Steershead Ice Rise).

Figure 5. Sensitivity maps of nal volume above otation to the surface mass baldhggleft) and basal meltindl, (right) over 40 years.

The passive ice on the RIS identi ed by First et al. (2016) is outlined in red. The blue lines highlight the tracks for the along- ow pro les.

Finally, the sensitivity to basal melting is zero over grounded ice (Figures 5, 6) as expected because the model only allows
basal melting to be applied on elements that are fully oating, but there is high spatial variability on the oating ice. Figure
5 shows a consistently high sensitivity at all grounding lines of the RIS and along the western and eastern ice-shelf shear
zones over a 40 year period. In particular, we observe a strong sensitivity at the Siple Coast Ice Streams' and Byrd Glacier's
grounding lines (including the vicinity of the grounding lines), and the Ross Island shear zone. Additionally, areas of the ice



