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Preface

This thesis was made at the National Space Institute at the Technical University of
Denmark (DTU Space) in close collaboration with the Danish Meteorological Institute
(DMI), as a part of the completion of the degree of Doctor in Philosophy. The PhD project
took place between September 2019 and August 2022 under the supervision of Senior
Researcher Sebastian Bjerregaard Simonsen, DTU Space, Senior Climate Scientist Ruth
Mottram, DMI, and Professor Rene Forsberg, DTU Space.
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Dansk Resume

Afstemning af fundamentale klimavariabler til bestemmelse af den antarktiske masse-
balance

Den antarktiske iskappe er den starste iskappe pa Jorden. Den har, hvis isen smelter
fuldsteendigt, potentialet til at haeve det globale middelhavniveau med 58 meter. Nye
studier har vist, at selvom iskappen endnu ikke er den stgrste bidragsyder til nutidens
havniveaustigninger, har den antarktiske iskappe gget sit massetab i perioden mellem
1993 og 2018. Derfor er det vigtigt at overvage og forstd hvordan iskappen pa Antarktis
udvikler sig.

Denne Ph.D. afhandling fokuserer pa at kvantificere klimavariable for at estimere
overflademassebalancen og den totale massebalance over Antarktis. Overflademasse-
balancen er summen af akkumulation (nedbgr som bade sne og regn) og ablationen (sub-
limering, fordampning og afstrgamning). Overflademassebalancen kan beregnes ud fra
numeriske modeller, som i denne afhandling, hvor der bruges en regional klimamodel til
at modellere atmosfaeren. Ydermere bruges en model der repraesenterer overgangen fra
sne til is for at fa en realistisk repraesentation af firnen pa den antarktiske iskappe. Vi un-
dersg@ger desuden usikkerheden pa den modellerede overflademassebalance fra forskel-
lige regionale klimamodeller. Man anvender typisk tre geodeetiske metoder til at estimere
massebalancen fra telemaling: altimetri, massebudget og gravimetrisk malinger. To af
disse, altimetri og massebudget, kraever kendskab til firnen pa iskappen. Nar massebud-
getmetoden bruges til at estimere massebalancen skal man kende overflademassebalan-
cen og massetabet fra isbjerge der kaelver og smeltevand. Overflademassebalancen er
her beregnet til at veere 1968.0+279.3 gigaton per ar over den del af Antarktis der ligger
pa grundfjeldet. Overflademassebalancen over den samlede antarktiske iskappe findes
til 2574 .4 gigaton per ar i perioden 1979 til 2021.

| altimetrimetoden anvendes satellitdata fra ICESat-2 til at male overfladens hgjdesen-
dringer. For at isolere overfladens hgjdesendringen, som skyldens isdynamiske signaler,
skal der korrigeres for firnens komprimeringshastighed. Denne beregnes med firnmod-
ellen samt en model for den lodrette bevaegelse af grundfjeldet under isen. Nar vi har kor-
rigeret for signaler, det ikke skyldes isens dynamik, kan vi konvertere volumenaendringen
til en masseaendring safremt den korrekte konverteringdensitet er kendt. Denne afhan-
dling praesenterer desuden igangvaerende arbejde med parametrisering af densiteten,
som skal anvendes til at opna en realistisk konvertering fra volumen- til masseasndring
af Antarktis’ iskappe i perioden 2018 til 2021. Endelig praesenteres udvalgte resultater
for Grgnlands Indlandsis med det formal at vise hvordan metoderne fra dette studie kan
anvendes for begge iskapper.
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Summary

The Antarctic ice sheet is the largest ice sheet on Earth, it has the potential to raise the
global mean sea level by 58 metres if it melts completely. Even though it is not the largest
contributor to present-day sea level rise, recent studies have shown that the Antarctic ice
sheet has increased its mass loss between 1993 and 2018. It is therefore important to
monitor and understand how the ice sheet evolves to understand present and future rates
of sea level rise.

This Ph.D. thesis focuses on reconciling climate variables to estimate the surface
mass balance and the total mass balance of Antarctica. The surface mass balance is the
sum of the accumulation (snowfall and rainfall), and the ablation (sublimation, evapora-
tion, and runoff). Total mass balance includes both SMB and the discharge across the
grounding line. In this thesis, a regional atmospheric climate model is used to model the
atmosphere and the output used to compute the surface mass balance. To get a realistic
representation of the subsurface snow and ice layers, a firn model has also been devel-
oped for the Antarctic ice sheet. This thesis investigates the uncertainties in modelled
mass balance from different regional climate models and different methods. There are
three geodetic methods to derive the mass balance from remote sensing; altimetry, mass
budget, and gravimetric measurements. Two of these, altimetry and mass budget, require
knowledge of the firn pack over the ice sheet. When using the mass budget method to
estimate the mass balance the surface mass balance and the discharge values are need.
The surface mass balance is here found to be 1968.0+279.3 Gt year™! over the grounded
part of Antarctica and over the total Antarctic ice sheet it is 2574.4 Gt year™ from the
period 1979 to 2021.

Applying the altimetry method, the satellite ICESat-2 has been used to measure the
surface elevation change. To isolate the surface elevation change, that is due the ice
dynamics, we have to correct for the firn compaction rate, for which we use the firn model,
and correct for the vertical bedrock movement. When we have corrected for the non-
ice dynamic signals we can convert the volume change to mass change if the correct
conversion density is known. This thesis therefore also presents new work for determining
the appropriate density parametrization to be able to make a realistic conversion from
volume change to mass balance change of the Antarctica ice sheet between 2018 and
2021. Finally, this thesis also shows some results for the Greenland ice sheet to show the
applicability of the methods of this thesis for both ice sheets.

iv Reconciling fundamental climate variables for determining the Antarctic Mass Balance



Publication list

Paper I: Mottram, R., Hansen, N., Kittel, C., van Wessem, J. M., Agosta, C., Amory,
C., Boberg, F., van de Berg, W. J., Fettweis, X., Gossart, A., van Lipzig, N. P. M., van
Meijgaard, E., Orr, A., Phillips, T., Webster, S., Simonsen, S. B., and Souverijns, N.:
What is the surface mass balance of Antarctica? An intercomparison of regional climate
model estimates, The Cryosphere, 15, 3751-3784, https://doi.org/10.5194/tc-15-3751-
2021, 2021.

Paper II: Hansen, N., Langen, P. L., Boberg, F., Forsberg, R., Simonsen, S. B., The-
jll, P., Vandecrux, B., and Mottram, R.: Downscaled surface mass balance in Antarctica:
impacts of subsurface processes and large-scale atmospheric circulation, The Cryosphere,
15, 4315-4333, https://doi.org/10.5194/tc-15-4315-2021, 2021.

Paper lll: Hansen, N., Simonsen, S. B., Boberg, F., Kittel, C., Orr, A., Souverijns,
N., van Wessem, J. M., and Mottram, R.:Brief communication: Impact of common ice
mask in surface mass balance estimates over the Antarctic ice sheet, The Cryosphere,
16, 711-718, https://doi.org/10.5194/tc-16-711-2022, 2022.

MC Paper I: Verjans, V., Leeson, A. A., McMillan, M., Stevens, C. M., van Wessem,
J. M., van de Berg, W. J., van den Broeke, M. R., Kittel, C., Amory, C., Fettweis, X.,
Hansen, N., Boberg, F., and Mottram, R.,Uncertainty in East Antarctic Firn Thickness
Constrained Using a Model Ensemble Approach, Geophysical Research Letters, 48, 7,
https://doi.org/10.1029/2020GL092060, 2021.

MC Paper II: Boberg, F., Mottram, R., Hansen, N., Yang, S., and Langen, P. L.,
Uncertainties in projected surface mass balance over the polar ice sheets from dynam-
ically downscaled EC-Earth models, The Cryosphere, 16, 1, 17-33, 10.5194/tc-16-17-
2022,2022.

MC Paperlll: Orr, A, Deb, P, Clem, K., Gilbert, E., Boberg, F., Bromwich, D., Colwell,
S., Hansen, N., Lazzara, M., Mottram, R., Niwano, M., Phillips, T., Pishniak, D.,d Reijmer,
C., van de Berg, W.J., Webster, S., and Zou, X., Summer air temperature extremes over
Antarctic ice shelves and potential “hotspots” of surface melting, Journal of Climate, 2022,
accepted.

Draft I: Hansen, N., Orr, A., Zou, X., Mottram, R., Gilbert, E., Boberg, F., Simon-
sen, S. B., Phillips, T., Webster, S., and Bracegirdle, T., Benefits of using a sophisticated
standalone snow scheme to simulate a surface melt event over the Ross Ice Shelf, West
Antarctica in the HIRHAMS and MetUM regional atmospheric models, in preparation to
Atmospheric Science Letters.

Draft Il: Bunde, C., Mottram, R., Boberg, F., Hansen, N., Hvidberg, C., Gierisch, A.,
and Guo, C., High Resolution Simulations of Eemian Climate in Greenland, in prepara-
tion.

Reconciling fundamental climate variables for determining the Antarctic Mass Balance v



Acknowledgements

| would like to express my sincere gratitude to my supervisors Sebastian Bjerregaard
Simonsen, Ruth Mottram, and Rene Forsberg, for their help and guidance both at the
office and during the periods of working from home.

I would also like to thank all the colleagues at DTU Space and DM for all the inspiring
conversations around the coffee machine and the lunch table.

Furthermore, | would like to thank all the people that made it possible for me to go to
the British Antarctic Survey during my external stay. Especially, Andrew Orr who super-
vised me at BAS and Danny Buss who housed me during my stay in Cambridge.

I would like also to thank my family and friends for all their support during this journey.
Finally, to all my peers, thank you for showing me the way in life. | finally got a grip when
| learned to let go.

Vi Reconciling fundamental climate variables for determining the Antarctic Mass Balance



Dearest Thomas,
No words can honour your struggles,

No wishes will bring you back,
Sometimes we lose our way and stop dreaming,
But you gave me the strength to do what | believe in,
Take the thesis, as my eternal gift to you, my cousin.
| hope you found your peace,

It could have been any of us.

Reconciling fundamental climate variables for determining the Antarctic Mass Balance vii



viii Reconciling fundamental climate variables for determining the Antarctic Mass Balance



Acronyms

AIS Antarctic Ice Sheet.
AP Antarctic Peninsula.

ATLAS Advance Topographic Laser Altimeter System.
D Discharge.

EAIS East Antarctic Ice Sheet.
ELA Equilibrium Line Altitude.
ER Elastic Rebound.

ESM Earth System Model.

GCM General Circulation Model.

GHG Green House Gas.

GIA Glacial Isostatic Adjustment.

GRACE Gravity Recovery and Climate Experiment.

GRACE-FO Gravity Recovery and Climate Experiment Follow On.

GrIS Greenlandic Ice Sheet.
ICESat-2 Ice, Cloud and land Elevation Satellite 2.
MB Mass Balance.

RCM Regional Climate Model.
RCP Representative Concentration Pathways.

RMSE Root-Mean-Square Error.

SAM Southern Annular Mode.

SEC Surface Elevation Change.

SLE Sea Level Equivalent.

SLR Sea Level Rise.

SMB Surface Mass Balance.

SMRT Snow Microwave Radiative Transfer.

SSP Shared Socioeconomic Pathways.

WAIS West Antarctic Ice Sheet.

we Water Equivalent.
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1 Introduction

This thesis will reconcile different climate processes that are important for the Antarc-
tic mass balance, through the use of climate models and remote sensing. Furthermore,
this thesis quantifies the spread and uncertainties in the present numerical models of
the Antarctic climate and how this is projected into the future. Some Greenlandic results
in a few of the papers are also presented, to show that not all methods are specific for
Antarctica.

1.1 Motivation

The global sea level has risen on average 3 mm per year since the early 1990’s
(Horwath et al., 2022; Nerem et al., 2018), with an acceleration of 0.124+0.07 mm year‘2
between 1993 and 2017 (Ablain et al., 2019). Climate projections estimate that the sea
level will continue to rise (Slater et al., 2020). As described in the sixth assessment report
of the intergovernmental panel on climate change (Fox-Kemper et al., 2021), it is esti-
mated that the global sea level will rise between 0.28 m for the low Green House Gas
(GHG) scenario (Shared Socioeconomic Pathways (SSP)1-1.9) and up to 1.01 metres
for the high GHG (SSP5-8.5) scenario by year 2100. Furthermore, it cannot statistically
be ruled out that sea level will rise by up to 5 metres by year 2150 under the high GHG
(SSP5-8.5) scenario (Fox-Kemper et al., 2021; Lee et al., 2021). Studies from (Slater
et al., 2020; Slater & Shepherd, 2018) suggests that currently mass loss from Greenland
and Antarctica is following the high GHG scenarios. Kulp and Strauss, 2019 estimates
that 230 million people lives within a metre of present-day sea level, so if the projections
hold Sea Level Rise (SLR) will have unprecedented consequences for coastal societies,
with an estimated impact on a billion people at the end of this century (Hauer et al., 2020),
with a cost of trillions of dollars to mitigate (Jevrejeva et al., 2018).

The sea level can rise from thermal expansion, glaciers and ice sheets mass loss and
changes in land water storage (Fox-Kemper et al., 2021). In the period from 1993-2018,
8.6% of the SLR came from Antarctic ice mass loss and from 2006-2018 it rose to 10.2%
(Fox-Kemper et al., 2021). Even though Antarctica is not yet the main contributor to SLR,
it is still very important because the Antarctic Ice Sheet (AlS) is the largest body of fresh
water on Earth; it contains enough water to raise global sea level by ~ 58 m (Fretwell
et al., 2013; Morlighem et al., 2020). As tabulated in Tab. 1.1 this contribution can be split
into the different regions of the continent (see Fig. 1.1 for region).

Region SLE [m]
Antarctic ice sheet 57.9-58.3
Antarctic Peninsula (AP) 0.2-0.27

West Antarctic Ice Sheet (WAIS) | 4.3-5.3
East Antarctic Ice Sheet (EAIS) | 52.2-53.3

Table 1.1: Shows the ice volume in Sea Level Equivalent (SLE) for different regions in
Antarctica (Fretwell et al., 2013; Morlighem et al., 2020).

Reconciling fundamental climate variables for determining the Antarctic Mass Balance 1
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Figure 1.1: Panel A shows the different regions of Antarctica, from left to right, the
grounded Antarctic Peninsula (AP) (orange), the grounded West Antarctic Ice Sheet
(WAIS) (light green), and the grounded East Antarctic Ice Sheet (EAIS) (dark green),
defined by Zwally et al., 2012. The gray coloured areas are the ice shelves defined by
Gerrish et al., 2021. Panel B shows the topography from the reference elevation model
of Antarctica data set (Howat et al., 2019). The colour bar only applies to panel B.

It should also be stressed that the mass loss from ice sheets does not give a glob-
ally uniform SLR. Mass loss leads directly to changes in the gravitational field, a mass
loss in Antarctica results in the Northern Hemisphere becoming relatively heavier and
thus having a relatively larger gravitational attraction to the ocean water compared to
the Southern Hemisphere. Hence, a mass loss from the AIS will give the largest effect
on SLR in the Northern Hemisphere and vice versa for the Greenlandic Ice Sheet (GrlS)
mass loss (Forsberg et al., 2017). Figure 1.2 shows the SLR fingerprint from the Antarctic
contribution between 2002 and 2016.

05 -04 -03 -02 -01 00 01 02 03 04 05
rsl mm/yr
Figure 1.2: SLR distribution from the Antarctic contribution gives an integrated positive
signal in the Northern Hemisphere and an integrated negative signal in the Southern
Hemisphere. The data is derived from GRACE between 2002 and 2016 and is in mm
per year, data can be found in Horwath et al., 2022. Figure courtesy of V. Barletta (DTU
Space).
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1.1.1 Objectives of the project

The objective of this project is to investigate the current state of the AlS with a focus
on the Surface Mass Balance (SMB) and Surface Elevation Change (SEC) by doing the
following:

+ Assess present-day SMB estimations from Regional Climate Models (RCMs), and
their internal variability over Antarctica (Paper I, IlI).

* Tailor and develop a firn model for the AIS (Paper II).

» Evaluate important processes in the surface climate in Antarctica (Draft I, MC Paper
L, 11, ).

* Apply SEC from satellites to determine the Mass Balance (MB) of ice sheets (Work
in progress).

The project is described in this thesis and its structure is as follows; Chap. 1 intro-
duces the thesis, furthermore, it goes into more details about MB estimations and mod-
elling, which were in some cases left out of the papers. Chapter 2 is a summary of the
papers that this thesis has contributed to. Chapter 3 is a work in progress chapter on
using altimetric observations to compute the SEC and the challenges with converting it
to mass changes. Chapter 4 discusses and combines the papers and outline ideas for
future work, and finally Chap. 5 concludes the thesis. All papers that are summarized in
Chap. 2 can be found in the appendix.

1.2 Estimating the mass balance

The MB describes whether an ice sheet is losing or gaining mass. The MB is ex-
pressed in Eq. (1.1), where SMB is the surface mass balance and D is discharge. The
SMB (Eq. (1.2)) is the sum of the accumulation (snowfall (Sf) and rainfall (Rf)) and ab-
lation (sublimation (S), evaporation (E), and runoff (RO)). Normally an ice sheet can be
divided into an accumulation zone and an ablation zone, where they meet is called the
equilibrium line. Below this line, the yearly mean SMB is negative and above the yearly
mean SMB is positive. However, in the current climate, most of the grounded AIS have a
positive yearly mean SMB. The positive contributions to the MB are snowfall, and rainfall,
the negative contributors are sublimation, runoff and discharge. Figure 1.3 illustrates the
different variables. Discharge is here defined as ice that has crossed for grounding line,
and thereby no longer contributes to SLR.

MB:%:SMB—D (1.1)

SMB=Sf+Rf—S—E—-RO (1.2)

There are three geodetic methods to derive the MB from remote sensing; altimetry, mass
budget, and gravimetric measurement (Van den Broeke et al., 2011), only the latter does
not include model outputs from (regional) climate models.

Reconciling fundamental climate variables for determining the Antarctic Mass Balance 3
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Figure 1.3: lllustrates important surface and subsurface processes that are essential to
take into account when calculating the SMB and MB over the Antarctic ice sheet, taken
from Lenaerts et al., 2019.

Laser Radar

Figure 1.4: lllustrates the concept of laser and radar altimetry for determining mass bal-
ance, it also shows the Glacial Isostatic Adjustment (GIA) signal, the Elastic Rebound
(ER) signal, and the firn compaction dh,;,, illustrated by Trine S. Dahl-Jensen.

1.21 Altimetry
Using satellite altimetry provides the SEC between different satellite orbits, from
where volume changes can be computed. Several satellites have gathered altimetric
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data for the polar regions, e.g. ICESat, ICESat-2, Cryosat-2. Altimetry is not able to
differentiate between the individual surface elevation signals, such as ice dynamic, firn
densification and vertical bedrock movement, the latter is a combination of the Glacial
Isostatic Adjustment (GIA) and the present-day Elastic Rebound (ER). Since it is only the
ice dynamics component that can change the MB, the firn densification and the vertical
bedrock movement needs to be corrected for. The GIA and ER are usually modelled.
Typically, these vertical bedrock corrections are small (mm to cm per year) compared to
firn densification and ice dynamics (Whitehouse, 2018). The firn can change thickness
through densification, which can give both negative and positive signals to the SEC. The
magnitude of this signal can range from millimetres in cold low precipitation regions to
tens of centimetres in the warm high precipitation regions (Kuipers Munneke et al., 2015;
MC Paper I). It is therefore important to have a representative subsurface model that is
forced with a proper atmospheric RCM, to compute the firn densification signal. Satellite
altimetry has been used to determine the MB estimates and time series in both Green-
land and Antarctica (Khan et al., 2022; Shepherd et al., 2018; Shepherd et al., 2020;
Simonsen et al., 2021; Sgrensen et al., 2011). The altimetry method has also been used
to determine the Greenlandic MB and the Antarctic SEC in this study. See Chap. 3 for
details on how the firn densification is calculated in this study and how the SEC is derived
using the Ice, Cloud and land Elevation Satellite 2 (ICESat-2). The advantage of this
method is that the newer altimetry satellites e.g. ICESat, ICESat-2, and Cryosat-2 have a
high spatial resolution (<250 m) meaning that the narrow outlet glaciers can be resolved
(Drinkwater et al., 2004; Schutz et al., 2005; Smith et al., 2019a), however, since ICE-
Sat and ICESat-2 both use laser altimetry they are unable to measure when it is cloudy.
The disadvantage is that numerical models are needed to derive the firn compaction and
the vertical bedrock movement, both of which have large variabilities and uncertainties
(Martin-Espaniol et al., 2016; MC Paper I). An illustration of this method is shown in Fig.
1.4, it shows the altimetric beam from the satellite, the firn layer on top of the ice sheet, it
is within this layer that the compaction of firn happens, and the bedrock from where the
GIA and ER signals originates from.

1.2.2 Mass budget

This method takes the mass input (SMB) and subtracts the mass output (D). The
main advantage of this method is that the required variables are independent of each
other. The disadvantages to this method are the spread in SMB results. For example,
Paper | found, in a RCM intercomparison study, a SMB spread of 580 Gt per year over
the grounded AlS. Also, the coarse time resolution of the discharge, ranging from decadal
means to yearly values causes uncertainties for this method (Gardner et al., 2018; Rignot
et al., 2019; Van den Broeke et al., 2011). Using a high resolution RCM in combination
with a surface scheme is key to minimize the errors and uncertainties on SMB estimates.
This method has been used over both ice sheets (Enderlin et al., 2014; Gardner et al.,
2018; Rignot et al., 2019; Shepherd et al., 2018; Shepherd et al., 2020; Van den Broeke et
al., 2011). This study models the Antarctic SMB from 1979-2021 using different numerical
models than previous studies, leading to a more robust SMB ensemble, see section 1.3
for more details on numerical modelling.

1.2.3 Gravity

Gravity Recovery and Climate Experiment (GRACE) satellite and its successor Grav-
ity Recovery and Climate Experiment Follow On (GRACE-FO) have been in orbit since
2002, with a gap between 2017 to the beginning of 2019. GRACE/GRACE-FO measures
the gravity field, it is thus possible to derive the mass change for every repeat track. The
GIA still needs to be accounted for, because it is the solid Earth phenomenon responsible

Reconciling fundamental climate variables for determining the Antarctic Mass Balance 5



for the mantle flow i.e. moving mass under the ice sheet, which is a part of the gravimetric
signal (Barletta et al., 2013). Otherwise it is an independent method, no firn nor climate
models are needed, which is the main advantage of this method. This method is thus
very good to validate the altimetry and mass budget method against. A disadvantage of
using the gravity method is the coarse horizontal resolution (hundreds of km) (Velicogna
& Wahr, 2013) meaning ice dynamics on glacier scale are smeared out. This method has
been applied for MB estimations for both ice sheets (Barletta et al., 2013; Forsberg et al.,
2017; Ramillien et al., 2006; Shepherd et al., 2018; Shepherd et al., 2020).

1.3 Numerical Modelling

Climate models are tools to help better understand the complex processes, and test
hypotheses in the climate systems. They use numerical equations, to approximate phys-
ical processes, that simulates the transfer and movement of energy and mass and its in-
teractions with land, atmosphere, ocean and other parts of the climate system (McGuffie
& Henderson-Sellers, 2014). There are multiple different models for the climate system,
depending on the question at hand and the computational infrastructure available. Gen-
eral Circulation Models (GCM) represents the atmosphere, land, ocean, and ice sheet
processes globally, these need the GHG concentrations, solar radiation, and aerosols as
inputs (Lenaerts et al., 2019). Earth System Models (ESM) simulates the processes of
the atmosphere, land, ocean, and ice sheet, like GCMs. However, ESMs also incorpo-
rate biogeochemistry and are thus able to compute the different GHG cycles in the model
(Kawamiya et al., 2020; Lenaerts et al., 2019). Because both ESMs and GCMs are global
models, they are usually simulated in coarse resolution, which does not resolve details
on a local scale, for that RCMs can be used. A RCM is an atmospheric model with a
limited spatial domain to allow for higher spatial-temporal resolution. With the increased
resolution, the topography and local processes are better resolved and adds value to the
RCM simulations (Feser et al., 2011; Rummukainen, 2010, 2016). More complex physical
processes can also be added in RCMs, optimizing them to specific regions. The RCMs;
MAR (Agosta et al., 2019), RACMO2 (Van Wessem et al., 2018), MetUM (Orr et al., 2015),
COSMO-CLM? (Souverijns et al., 2019), and HIRHAMS5 (Langen et al., 2015) all have ver-
sions updated to better resolve the climate over polar regions. Because RCMs are limited
to a specific domain they need boundary conditions. For historical simulations and projec-
tions, these boundary conditions are given by ESMs or GCMs, whereas, for present-day
climate simulations, reanalysis data is used for boundary conditions. Reanalysis takes
observations and combine them with modern weather forecast models to create a de-
tailed state of the atmosphere. Observation data comes from satellites, weather stations,
ships etc.. There are several reanalysis data sets of the atmosphere, two of the most
widely used reanalysis data sets for polar RCMs are ERA-interim that runs from 1979 to
August 2018 (Dee et al., 2011) and its successor ERA-5 that covers the period 1950 to
present (Hersbach et al., 2020).

RCMs generally lacks detailed snow schemes, and offline subsurface models are
thus needed, for studying the snow and firn processes. There are several firn models
with different complexities (Herron and Langway, 1980; Langen et al., 2017; Simonsen
et al., 2013; Vandecrux et al., 2018; Paper Il), common for these firn models is that they
are offline models, meaning that there is no feedback to the atmosphere. Some RCMs
are coupled with a multi layer subsurface model (Langen et al., 2015; van Dalum et al.,
2022) this is however computationally expensive during high resolution simulations. An
illustration of the different models mentioned above and their set-ups is shown in Fig. 1.5,
to the left we see a GCM/ESM where the entire globe is covered in 3 dimensional grid cells,
the schematic diagram in the lower left corner shows the different physical processes. The
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top right corner shows a zoom-in on the a the high resolution region, representing a RCM.
Finally, in the bottom right corner, there is a sketch of the subsurface processes in the firn
pack.
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Figure 1.5: lllustrates a GCM that covers the entire globe in 3 dimensional grid cells, the
little box in the lower left corner shows some of the physical processes in the ocean and
atmosphere, the top right corner represents a RCM, in the lower right corner is schematic
of a firn model and its physical processes, modified from Ambrizzi et al., 2018.

Refreeze

{
@ _Melting
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The studies covered in this thesis use the RCM HIRHAMS, and a firn model to gain
knowledge about the subsurface.

HIRHAMS: is a hydrostatic model, meaning that it uses the hydrostatic approxima-
tion, i.e. that the horizontal scale is large compared to the vertical scale and the atmo-
sphere is in horizontal equilibrium. This assumption holds for synoptic scale (>10 km)
modelling. HIRHAMS5 has 31 atmospheric layers (Christensen et al., 2007) and uses the
physics scheme of the GCM ECHAMS (Roeckner et al., 2003) and the numerical weather
forecast model HIRLAM7 (Eerola, 2006).

For all experiments in this study, HIRHAMS is forced at the lateral boundaries at 6-
hourly intervals with temperatures, relative humidity, pressure, and wind vectors at all
pressure levels, along with daily values for sea surface temperature and sea ice concen-
tration at the lower boundary. The model uses ERA-interim and ERA-5 reanalysis for the
present-day simulations, and ESMs or GCMs for historical simulations and projections.
For the Antarctic simulations the resolution is 0.11°(~12.5 km) and the Greenlandic sim-
ulations the resolution is 0.05 °(x5.5 km), all with a dynamical time step of 90 seconds.
The specific model set-ups are described in the papers.
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Offline firn model: The firn model was built using the ECHAMS physics (Roeckner
et al., 2003), but has been heavily updated to include more vertical layers with a higher
vertical resolution, a sophisticated albedo scheme, complex snow and ice schemes that
computes the firn densification, snow state-dependent hydraulic conductivity, grain growth
of the snow/firn, formation of superimposed ice and calculates the liquid water budget to
control the water saturation retention, refreezing and runoff (Langen et al., 2017). There
are two versions of the firn model, which have been compared as a part of this study. The
main difference between these two versions is the layering scheme, where one uses an
Eulerian framework where the layer thickness has a fixed predefined mass, expressed in
metres of Water Equivalent (we), so when there is added mass at the surface an equal
amount is moved down to the layer below (Langen et al., 2017). The other version of
the firn model uses a Lagrangian framework for the evolution of layers, where the layers
are allowed to spilt or merge, based on some criteria, when mass is added or removed
at the surface (Vandecrux et al., 2018). Both versions have previously been used and
validated over the GrIS (Langen et al., 2017; Vandecrux et al., 2018), but it is in this
thesis that they have been set up and run for the AIS (Paper Il). The firn model runs on a
high performance computer, setting up the Antarctic domain required files describing the
topography, ice mask, and gradients of the slopes, all in the wanted resolution.

All climate models needs to be spun-up to be in a representative state. A fully spun-
up firn pack means that the entire firn column has been renewed by accumulation at least
once (Medley et al., 2020), the spin-up is usually performed by repeating a period over
and over, here it is important that the period is not too short because it needs to be repre-
sentative of the full simulation period. It can however be very computationally expensive
and time-consuming to spin the full Antarctic firn pack up, due to low accumulation rates
in East Antarctica. In this study we have experimented with different spin-up times to see
the added value of a longer spin-up period. We have spun-up the firn pack by repeating
the period 1980 to 1989 multiple times, this is a valid period to use, as there were no
appreciable shifts in the Antarctic climate (Medley et al., 2020).
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2 Summary of papers

This chapter contains summaries of all the papers that this thesis contributed to,
where the papers in section 2.1 have contributed the most to the design of this thesis.
Section 2.1 and Draft | in section 2.3 summarizes the papers where | am the lead author
or have had a significant role in conceptualizing the framework for the study, carrying out
the experiments, analysing and interpret the results, as well as writing the manuscript.
The papers summarized in section 2.2 and Draft Il in section 2.3 are the papers where
| had minor contributions consisting of data preparation in form of running the firn model
or post-processing HIRHAMS5 data to the wanted formats, writing smaller sections and
producing results to some of the manuscripts and revising all manuscripts. All papers are
can be found in the Appendix.

2.1 Main papers

2.1.1 Paper |l: What is the surface mass balance of Antarctica? An
intercomparison of regional climate model estimates
Mottram, R., Hansen, N., Kittel, C., van Wessem, J. M., Agosta, C., Amory, C.,
Boberg, F, van de Berg, W. J., Fettweis, X., Gossart, A., van Lipzig, N. P. M., van Meij-
gaard, E., Orr, A., Phillips, T., Webster, S., Simonsen, S. B., and Souverijns, N.: What is
the surface mass balance of Antarctica? An intercomparison of regional climate model es-
timates, The Cryosphere, 15, 3751-3784, https.//doi.org/10.5194/tc-15-3751-2021, 2021.

Multiple individual RCM groups have simulated the Antarctic SMB, which have let to
a wide spread of SMB estimates. The aim of this paper was thus to evaluate different
RCMs based on their model performance and create a SMB estimate from a model en-
semble.

In the study we used five different RCMs: COSMO-CLM?, HIRHAMS5 (in two res-
olutions, 0.11°and 0.44°), MAR3.10, MetUM, and RACMO2.3p2, to simulate the near
surface climate. All the models were forced by the same reanalysis data ERA-interim,
in the period of 1987 to 2015. MAR3.10 and RACMO2.3p2 used optimized subsurface
schemes for Antarctica, whereas COSMO-CLM?, HIRHAMS5, and MetUM only used very
simple subsurface schemes, thus their SMB were calculated from atmospheric outputs.
We evaluated the model performances by comparing them to firn temperatures, stake
measurements of SMB, and surface pressure, near surface wind speed, and tempera-
tures from automatic weather stations. When computing the continental wide SMB for
each model, we integrated over the ice covered area. However, the size of the ice sheet
mask differed between the RCMs, we thus created a common ice mask to integrate over,
and thereby removed the area bias.

When compared with in-situ measurements, we found that no one model performed
better than the others on a continental wide scale. When comparing the modelled SMB
spatially good agreement was found between models over large areas of the Antarctic
continent, however, there were some local variabilities in the coastal area of West Antarc-
tica and along the Transantarctic Mountains. When the SMB were integrated over the
common ice mask we saw a large spread that ranged from 1961 + 70 (COSMO-CLM?)
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to 2519 + 188 Gt year™! (HIRHAMS5 low resolution) with an ensemble mean of 2329 + 94
Gt year.

The RACMO2.3p2 was the RCM that simulated a yearly mean SMB closest to the en-
semble mean, namely, 70 Gt above the ensemble mean with the low-resolution HIRHAM5
model 190 Gt over the ensemble mean and the COSMO-CLM?2 model 368 Gt below. All
the RCM estimates, except COSMO-CLM?, were within the uncertainty range of the en-
semble mean. By investigating each term of the SMB, it was clear that the precipitation
term had the largest impact on the model spread.

2.1.2 Paper ll: Downscaled surface mass balance in Antarctica: impacts
of subsurface processes and large-scale atmospheric circulation
Hansen, N., Langen, P. L., Boberg, F., Forsberg, R., Simonsen, S. B., Thejll, P,
Vandecrux, B., and Mottram, R.: Downscaled surface mass balance in Antarctica: im-
pacts of subsurface processes and large-scale atmospheric circulation, The Cryosphere,
15, 4315-4333, https://doi.org/10.5194/tc-15-4315-2021, 2021.

In Paper | the SMB results from HIRHAMS5 were only calculated from atmospheric
outputs. This means that physics of the subsurface and how meltwater interacts with the
firn pack were not taken into account. Therefore, we introduced a complex offline firn
model in this paper. The firn model was forced with HIRHAM5 output data from the re-
analysis period 1980 to 2017.

We set up, used, and validated two different versions for the firn model, where the
main difference between the versions was how they managed the layers within the model.
One version used an Eulerian approach where each layer had a predefined thickness,
and this layer thickness stayed constant throughout the simulation. The other version
used a Lagrangian approach to manage the layer thickness, where the model could split
and merge layers based on a number of criteria. This meant that the thickness of the
layers was not constant over time. The Eulerian version had 32 layers and the Lagrangian
version had 64 layers. To validate the performance of the two versions, we compared in-
situ measurements of firn densities profiles, firn temperatures and stake measurements
of SMB. Besides the SMB and validation, we also estimated the MB (Eq. 1.1). We used
our SMB results and discharge estimate from two different studies and compared the MB
estimate to GRACE MB results. Finally, we investigated the relationship between SMB
and the Southern Annular Mode (SAM).

The integrated SMB over the total ice sheet was between 2473.5 + 114.4 and 2564.8
+ 113.7 Gtyear" and for the grounded ice sheet 1963.3 & 96.2 to 1995.2 4+ 95.7 Gt year,
showing that the ice shelves are most sensitive to the choice of subsurface scheme. When
comparing the modelled SMB to the observations, we found that half of them are within
+ 13%, however large areas, especially in the interior part of East Antarctica, lacks ob-
servations.

For an estimation of the MB we used two different discharge data sets and the mod-
elled SMB over the grounded WAIS, AP, EAIS, and the AlS. Furthermore, we compared
the same regions with gravity derived MB from GRACE. We found good agreement with
the estimated MB (from both discharge data sets) and GRACE over the WAIS, whereas
there was only agreement between GRACE and our MB from one of the discharge data
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sets over the EAIS. Over the AP both MB estimates and GRACE widely disagrees, which
is partly due to the narrowness of the AP and the coarse resolution of GRACE.

Finally, we investigated the relationship between SMB and the phase of the SAM on
basin scale (defined by Zwally). We found a statistically robust relation between the SMB
and the SAM in 13 out of the 27 basins. This showed, that the forcing data (ERA-interim)
in combination with HIRHAMS resolved the SAM correctly, which is important since the
distribution of precipitation and thus SMB is strongly correlated with the phase of the SAM.

2.1.3 Paper lll:Brief communication: Impact of common ice mask in
surface mass balance estimates over the Antarctic ice sheet
Hansen, N., Simonsen, S. B., Boberg, F., Kittel, C., Orr, A., Souverijns, N., van
Wessem, J. M., and Mottram, R.:Brief communication: Impact of common ice mask in
surface mass balance estimates over the Antarctic ice sheet, The Cryosphere, 16, 711—
718, https.//doi.org/10.5194/tc-16-711-2022, 2022.

As a consequence of creating the common ice mask in Paper |, it was detected that
a small change in the area could have a large impact on the integrated SMB. The aim of
this paper was to quantify the impact of using different ice masks.

This study adopted the same methods to calculate SMB as in Paper | with the same
RCMs; COSMO-CLM2, HIRHAM5 (in two resolutions, 0.11°and 0.44°), MAR3.10, Me-
tUM, and RACMO2.3p2. We then compared the SMB from the different RCMs integrated
over both the common ice mask (created for Paper I) and the individual native ice masks.
These comparisons were done over the grounded ice sheet, the ice sheet including ice
shelves, and on basin scale (Zwally basin definitions). We computed the Delta values
(A = common - native) for the percentage differences in area, Aareao,; the percentage
difference in SMB, ASMBy,; and the difference in Gt year! ASMB, year-

The integrated SMB values over the total AlS, showed that the common ice mask
was between 40.5 and 140.6 Gt year™' smaller than when integrated over the native ice
masks, the difference corresponded to up to 6.0% of the ensemble mean from Paper I.
However, the area for the common mask was only between 1.85% and 2.89% smaller
than the native masks, there is thus a non-linear relationship between the magnitude
of the SMB and the area. This is due to orographic precipitation which is enforced by
the steep topography at the coast, especially over the WAIS and the AP, basins 20, 23,
24, and 25. If integrated over the grounded ice sheet, the common ice mask values
were between 20.1 and 102.4 Gt year’ smaller than when integrated over the native
mask. This is nearly the same as the Antarctic mass imbalance from IMBIE2 (109+56 Gt
year '), hence, the mask uncertainty could in practise determine if the Antarctica ice sheet
is losing or gaining mass. The six different ice masks could make 63 different ice mask
combinations including the common mask, there were no single mask that stood out, they
all differed arbitrarily around the coast. It should be noted that the common mask were
first introduced after the individual RCM simulations were done and this influenced the
land-depended fluxes, such as the magnitude of the precipitation would be erroneous.

We believe that there is a pressing need for a community wide ice mask protocol, so
the area bias in model intercomparison can be reduced. We suggest that this protocol
consists of some agreed upon up-to-date data for ice extent, grounded ice, ice shelves,
rocks, elevation, and ice cover percentage. All of these should be in very high (sub-
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kilometre) resolution and with this data should follow a tool to create the mask in the
wanted model resolution. This way we would minimize the biases created by the area
and elevation differences and be able to better understand of the differences in model
intercomparisons.

2.2 Minor contributions

2.2.1 MC Paper I: Uncertainty in East Antarctic Firn Thickness
Constrained Using a Model Ensemble Approach
Verjans, V., Leeson, A. A., McMillan, M., Stevens, C. M., van Wessem, J. M., van
de Berg, W. J., van den Broeke, M. R., Kittel, C., Amory, C., Fettweis, X., Hansen, N.,
Boberg, F. and Mottram, R., Uncertainty in East Antarctic Firn Thickness Constrained
Using a Model Ensemble Approach, Geophysical Research Letters, 48, 7,
https://doi.org/10.1029/2020GL092060, 2021.

Using altimetry to estimate the MB requires knowledge of how the firn evolves over
time. However, the firn evolution has large uncertainties in East Antarctica, thus, the
aim of this paper was to study the sensitivity, uncertainties, and thickness change in firn
densification models by using different RCMs as forcing over the region of East Antarctica.

The model ensemble consisted of the three RCMs; MAR, RACMO2, and HIRHAMS.
These were used to force nine different firn densification models with two different val-
ues for the surface density, creating an ensemble of 54 scenarios. All three RCMs were
forced with the reanalysis data ERA-interim, and all scenarios were simulated in the period
between 1992 to 2017.

Over the study period, there was a stable firn thickness in East Antarctica with strong
regional variability. In the interior of East Antarctica there were no significant changes,
in contrast, there were several areas near to the coast where there were thickening and
thinning of the firn. Due to large snowfall rates in Dronning Maud Land, starting in the late
2000’s, the firn thickness did increase in this area. Other areas, such as Totten glacier
and Shacklenton ice shelf, experienced a thinning in the firn thickness due to a decrease
in the snowfall rates. Overall the absolute uncertainties followed the change in the firn
thickness, however, the relative uncertainties were the largest in the interior due to the
low accumulation rates, furthermore, the trends in the firn thickness were close to zero.
In general, the RCMs contributed the most to the ensemble uncertainty, followed by the
firn densification model, and then the surface density. It should be noted that in areas
where temperature and snowfall increased the uncertainties from the firn densification
model and the surface density also increased.

This study also compared the results with altimetry measurements over the same
period. Altimetry measures the surface elevation change which consists of the firn thick-
ness signal, ice dynamical imbalance, and vertical bedrock movement. The latter was
neglected in this study due to its small signal. In 9 of the 16 basins (defined by Zwally)
in East Antarctica, the altimetry and model ensemble uncertainties overlapped, meaning
there were no evidence to support a net ice flow imbalance. However, since this was
studied on basin scale it is very likely that there were local areas near the glacier outlets
where an ice imbalance occurred, such as Totten glacier.

2.2.2 MC Paper lI: Uncertainties in projected surface mass balance over
the polar ice sheets from dynamically downscaled EC-Earth models
Boberg, F., Mottram, R., Hansen, N., Yang, S. and Langen, P. L., Uncertainties in
projected surface mass balance over the polar ice sheets from dynamically downscaled
EC-Earth models, The Cryosphere, 16, 1, 17-33, 10.5194/tc-16-17-2022,2022.
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This study investigated the new version of the ESM EC-Earth version 3 (v3), and
evaluated it against the previous version EC-Earth version 2 (v2) for both Greenland and
Antarctica. All experiments were downscaled with the RCM HIRHAMS and to calculate
the SMB the firn model was forced with the HIRHAMS5 outputs.

Eight experiments were set up, four historical simulations and four high emission
projections. For Greenland these consisted of: v2 and v3 historical data from 1990-2010,
and v2 RCP8.5 and v3 SSP5-85 from 2080-2100, all in 0.05° resolution. For Antarctica:
v2 and v3 historical from 1970-2000, and v2 Representative Concentration Pathways
(RCP)8.5 and v3 SSP5-85 from 2070-2100, all in 0.11° resolution. We compared 2-m
temperature, sea ice extent, precipitation, and SMB.

The global 2-m temperature from v2 and v3 historical simulations were compared
to the reanalysis data from ERA-interim. v2 had a cold bias over Greenland, which had
almost disappeared in v3, however, there was a warm bias in v3 over Antarctica. For the
projections, the SSP5-85 simulated a warmer mean 2-m temperature than the RCP8.5
for both ice sheets. It was only at the eastern coast of Greenland and the eastern part of
Antarctica, where the SSP scenario was colder than the RCP scenario.

An increase in the precipitation at the end of the century was found in both scenar-
ios over both ice sheets. When we compared the two scenarios the relative differences
showed that SSP5-85 was more dry in the eastern part of the domains and wetter in the
western part of the domains compared to RCP8.5. Even though there was an increase in
precipitation there was a decrease in the SMB over Greenland due to an increased runoff.
This was also the case for the Antarctic ice shelves. It was only over the grounded AIS
that there was an increase in SMB.

The results showed that for the two versions of the ESM EC-Earth differences arose in
the SMB at the end of the century even though the GHG emission pathways are similar.
The precipitation and runoff rates at the end of the century, over both ice sheets, were
higher in the SSP5-8.5 scenario, likely enhanced by the increased temperatures projected
under SSP5-8.5 compared to the RCP8.5 scenario.

An increase in GHG concentration leads to larger changes in temperature, runoff,
and precipitation for both Greenland and Antarctica in the projected scenario simulations
compared to the historical simulations. Furthermore, a higher equilibrium climate sensi-
tivity in v3 SSP5-8.5 leads to higher temperatures, precipitation rates, and runoff rates
compared to the RCP8.5 scenario. There are multiple differences between the two ver-
sions like updated physics, different resolutions, revised GHG concentration scenarios
etc. making it difficult to directly compared results. Nonetheless, this study demonstrated
the large range of uncertainties in SMB estimates.

2.2.3 MC Paper lll: Summer air temperature extremes over Antarctic ice
shelves and potential “hotspots” of surface melting
Orr, A., Deb, P, Clem, K., Gilbert, E., Boberg, F., Bromwich, D., Colwell, S., Hansen,
N., Lazzara, M., Mottram, R., Niwano, M., Phillips, T., Pishniak, D., Reijmer, C., van de
Berg, W.J., Webster, S. and Zou, X., Summer air temperature extremes over Antarctic ice
shelves and potential “hotspots” of surface melting, Journal of Climate, 2022, accepted.

Ice shelves cover 75% of the Antarctic coastline and the ice shelves surface climate
is purely understood. This paper studied the extreme summer near-surface temperatures
from 1979 to 2019 by computing the melt potential, its frequency, and intensity. Finally, it
was investigated how or if the temperatures are correlated with large scale atmospheric
and oceanic processes.
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Two RCMs, HIRHAM5 and MetUM, both run at 0.11° resolution from 1979 to 2019,
forced with the reanalysis data from ERA-interim were used for this study. We used mod-
elled 3-hourly 2-m temperatures from December, January, and February (the Antarctic
summer), and 3-hourly measured 2-m temperatures from 20 weather stations on or near
the ice shelves.

When comparing MetUM and HIRHAMS with the stations, both models had a cold
bias. Some stations were located on rock so it was possible that the rock was heated up
and thus created a warm bias. In general, HIRHAMS5 had a larger cold bias, large Root-
Mean-Square Error (RMSE), and lower correlation than the MetUM when compared to
observations. Although the models had this cold bias both modelled the temperature
adequately.

We found that the melt potential (defined as temperatures lower than -2 C°) frequency
was highest over Larson and Wilkins ice shelves, both on the AP, and lowest over the Ross
and Ronne-Filchner ice shelves, especially close to the grounded ice sheet. We saw the
same for the melt potential intensity, which was highest (lowest) over the AP (Ross and
Ronne-Filchner ice shelves). The large melt potential over the AP is important to note
because this region is vulnerable to hydrofractures induced by surface meltwater.

The time series of melt potential showed both significant positive and negative trends
at different locations. These trends were governed by local and large scale circulations.
In East Antarctica the trends were mainly negative, likely due to the circulation that was
strongly correlated with a negative phase of SAM leading to a decreasing melt poten-
tial. Whereas, in West Antarctica, the circulation was correlated with El Nino leading to
increased melt potential. Assuming climate models projections are correct, this study sug-
gests that there will be an increase (decrease) in melt potential over West (East) Antarctic
ice shelves. West Antarctica and the AP will be more likely to lose their ice shelves in the
future.

2.3 In Preparation

2.3.1 Draft I: Benefits of using a sophisticated standalone snow scheme
to simulate a surface melt event over the Ross Ice Shelf, West
Antarctica in the HIRHAMS and MetUM regional atmospheric models

Hansen, N., Orr, A., Zou, X., Mottram, R., Gilbert, E., Boberg, F., Simonsen, S. B.,

Phillips, T., Webster, S., and Bracegirdle, T., Benefits of using a sophisticated standalone

snow scheme to simulate a surface melt event over the Ross Ice Shelf, West Antarctica in

the HIRHAMS and MetUM regional atmospheric models, in preparation for Atmospheric

Science Letters.

Melt events have become more frequent over the Antarctic ice shelves and will only
become more frequent in the future. It is therefore important to be able to model the
surface melt correctly in RCMs. Here we investigated a case study for a melt event over
the Ross ice shelf, West Antarctica, in January 2016.

We compared the two RCMs HRIHAMS and MetUM to satellite observations of melt
extent. Furthermore, we used the RCM outputs to force the firn model from Paper Il. We
compared the raw RCMs and the firn model results and found that the raw RCM output
underestimated the number of melt days due to the lack of a sophisticated firn scheme.
When forced through the firn model, we saw an overestimation of the number of melt
days. The next step will be to carry out a statistical analysis to investigate if the firn model
results are significantly better than the raw results.
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Another finding of this study was the fact that the observed melt extent showed a no-
melt area in the East side of the Ross ice shelf. This area stayed a no-melt area throughout
January. In the results from the firn model, this no-melt area was most pronounced when
forced with HIRHAMS and almost non-existing in the results forced with MetUM. We argue
that this is due to a wrong representation of the wind regime in the RCMs. It is known
from previous studies that there exists an air stream along the Transantarctic Mountains
called the Ross air stream, and that there are katabatic winds flowing from the interior of
the ice sheet down onto the ice shelf. We believe that there was a cold pool in the no-
melt area created by katabatic winds from the cold interior of East Antarctica. However,
in the models, the air stream along the Transantarctic Mountains was stronger than the
katabatic winds, meaning that the warm air from Marie Byrd was transported out over the
ice shelf, leading to an ice shelf wide melt event in the models.

Even though this study is still in preparation the results so far clearly shows that RCMs
with no or only a simple firn scheme, are insufficient to model melt realistically. Hence,
a more sophisticated firn model is needed and in complex terrain care should be taken
when analysing the wind results.

2.3.2 Draft ll: High Resolution Simulations of Eemian Climate in
Greenland
Bunde, C., Mottram, R., Boberg, F., Hansen, N.., Hvidberg, C., Gierisch, A. and Guo,
C., High Resolution Simulations of Eemian Climate in Greenland, in preparation.

This study investigated the climate over the GrlS in the Eemian interglacial period
(130 thousand to 115 thousand years ago). This period is interesting because climate
reconstructions suggest that the climate in the Arctic became 2-4 degrees warmer during
the Eemian period, which makes it similar to some end of century projections for the
present-day climate.

To simulate the Eemian climate, we used NorESM as the global model and the RCM
HIRHAMS to downscale the simulations. Finally, we used the firn model to compute the
SMB. Three 20 years time slices in the Eemian period were used: 130 thousand years
(start), 125 thousand years (mid), and 115 thousand years (end) ago, also a pre-industrial
and a present-day simulation have been carried out. The three Eemian simulations and
the pre-industrial simulations were all forced at the lateral boundaries with NorESM with
different GHG concentrations and orbital parameters to represent the different periods.
The present-day simulation has been forced with ERA-Interim. The SMB was computed
both directly from HIRHAMS5 and though the firn model, to investigate the importance of
using a firn model. To validate the simulations, temperatures, and accumulation, derived
from ice cores isotopes, have been used.

We found that the SMB was lower in the Eemian and pre-industrial periods compared
to the present-day SMB and furthermore, we found that integrated over the GrIS the SMB
calculated directly from the HIRHAMS outputs were higher than the SMB from the firn
model. We argued that this was due to the extra subsurface layers in the sophisticated
energy scheme of the firn model. We also evaluated the spatial differences in the SMB,
melt, runoff, temperature, and refreezing between the pre-industrial simulation and the
Eemian simulations. In general, we saw the largest anomalies in South Greenland and
along the eastern coast. We found that the start of the Eemian period was close to the
pre-industrial period.

When comparing our results to the ice cores, we generally found lower temperatures
for the modelled Eemian than from ice record proxies and an overestimation of precipita-
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tion in the climate models compared to the results from the ice cores.

The integrated SMB values from the firn model in the start of the Eemian was -334.19
Gt year', from the mid Eemian period -178.22 Gt year', and increased to -99.43 Gt
year! at the end of the Eemian period, and finally in the pre-industrial period the SMB
was -323.77 Gt year'. The present-day SMB is 351.8 Gt year™ for comparison. The low
SMB values were enhanced by the lower precipitation in the NorESM, which is due to the
coarse resolution of the NorESM.

Finally, we confirmed previous research that suggests, that although the temperature
increase during the Eemian period was similar to current climate projections. The Eemian
period is not a complete analogue for projected climate change and caution should be
taken when interpreting GrlIS and SLR records from the Eemian period and applying them
to a warmer future.
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3 Work in progress

Following Sarensen et al., 2011, who presented a MB estimate for GrIS derived by the
Ice, Cloud and land Elevation Satellite (ICESat) (2003-2008), we here make an extension
of the MB estimate using ICESat’s sucessor ICESat-2 for the GrlIS, furthermore we use
ICESat-2 to derive a volume change over the grounded part of Antarctica. In the following
the principles of SEC will be described, combined with an evaluation on the conversion
from volume change to mass change and what one should take into account when doing
this for Greenland versus Antarctica. Finally, some preliminary results will be shown.

3.1 Surface Elevation Change

The distance between the Earth’s surface and a satellite is measured by altimetry,
as mentioned in section 1.2.1. In general the satellite emits a pulse of electromagnetic
radiation towards the Earth’s surface, where it is reflected and send back to the satellite.
The range (R) from the satellite to the surface can be derived from the two-way travel time
(T) and the speed of light (c), as described in Eq. 3.1:

R= 1cT (3.1)

2

The satellite used here is ICESat-2 which were launched in September 2018, and has an
orbital path with repeat every 91 days and a polar orbit with an inclination of 92°(Smith
et al., 2019a). On board ICESat-2 is the Advance Topographic Laser Altimeter System
(ATLAS) instrument, which is a photon-counting green laser (532 nm) altimeter (Neumann
et al., 2019). In this study we use the fifth release of the ATL0O6 along-track height (Smith
et al., 2019a; Smith et al., 2019b), which provide averaged photon-heights at a 40-metre
posting. To get the elevation change from ICESat-2, we use the repeat track method
(Sgrensen et al., 2018) and perform a least squares regression on all data in 5000 m
along-track segments of the satellite track. The regression parameters are given by:

H(z,y,t) = Ho(Z,7)+ Cil—i[(t —t)+sz(x—T)+ sy(y — ) + acos(wt) + B sin(wt) + e(x, y, t)

(3.2)
where H(x,y,t) is the surface elevation at time ¢ and position = and y, Hy is the mean
elevation, and sx and sy describe the surface topography by its slope, a cos(wt)+ 3 sin(wt)
is the seasonal signal, and ¢ is the residual between the model and the data, the overbars
is the mean measurements in a segment (Sarensen et al., 2018; Sgrensen et al., 2015).

In general the change in surface elevation of an ice sheet (SEC or %) can be written

as follows:

dH b b ds dB
— = — + We + Wice + — + Wpr — Us—— —

. p p de  dr (3-3)

where b is the SMB, p is the density of ice or snow at the surface, w. is the firn compaction
rate, wj. is the vertical ice velocity, b, is basal mass balance, wy, is the vertical bedrock
velocity, u is the horizontal velocity of ice at the surface S and w; is the horizontal velocity
of ice at the bedrock (Sgrensen et al., 2011). Here, the latter two terms are assumed to
negligible. Then following Eq. 3.3 the observed SEC from ICESat-2 needs to be corrected
for the firn compaction and the vertical bedrock movement to isolate the surface elevation
change that is due to ice sheet mass change. To get the firn compaction signal, the firn
model, forced at the surface with HIRHAMS, can be used to calculate the firn air content
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expressed as dhg;- as shown in Eq. 3.4. §h,;,- calculates how much air there is within the
firn column, where ¢ are the layers in the modelled firn pack, z is the bottom layer. pp,
are the density of the firn model layers including ice lenses (Eq. 3.5), p;. is the density of
ice and is set to 917 kg m3, and H is the depth of each layer in metres.

Shair =Y (1 - pb““) H, (3.4)

i1 Pice

irn + Dice
Poulk = M (3.5)
(pfzrn m)

Pfirn Pice
where py;, and p;.. are the concentrations of firn and ice in each layer, and py;,., is the
density of the firn. Jh.;, is calculated from monthly means and from that a linear fit is
computed. This gives the rate of compaction needed in the altimetry method. Further, the
vertical bedrock movement data sets have been provided by Spada and Melini, 2019.

3.1.1 Volume to mass conversion

After correcting for the height changes in Eq. 3.3 for non-mass related contributions,
the next step is to convert height change to mass change. In essence this is fairly straight
forward, multiply the height change with a density, as seen in Eq. 3.6, where p is the
appropriate density. However, the question becomes should it be the density for snow
or ice, this conversion can introduce great uncertainties (Shepherd et al., 2012). For
instance, a positive SEC, here defined as the surface moving upwards, will in areas with
negligible changes in ice dynamics be due to snow accumulation making p = 300-400 kg
m3. Whereas, a negative SEC, here defined as the surface moving downwards, is often
caused by surface melt or ice dynamics, in this case j will be 917 kg m3, as we have
corrected for changes in firn compaction.

dM o dH corrected ~

- a
The simplest way to make the volume to mass conversion is to use a constant density
over the entire ice sheet, like Smith et al., 2020 who used the density of ice for both the
AIS and GrlS. Other studies have made a density parameterization based on the location,
where the ice sheet have been divided into accumulation and ablation zones using the
density of snow ,p,, and ice ,p;, respectively (Thomas et al., 2006; Zwally et al., 2021).
Sgrensen et al., 2011 made another parameterization arguing, that for Greenland, all the
elevation changes in the ablation zone (below the Equilibrium Line Altitude (ELA)) are due
to ice dynamics or surface melt. In the accumulation zone (above ELA) all the elevation
increases are due to snow accumulation and all elevation decreases in the accumulation
zone are assumed to be ice dynamics. Leading to the parameterization of p in Eq. 3.7,
where p; is the snow density calculated in the firn model, and p; is the density of ice.

(3.6)

.. dH
i 5 , if “lcorrected > 0 gnd H > ELA
Parrs = {p = = (3.7)

pi , elsewhere

The parameterization in Eq. 3.7 is valid for Greenland. However, the parameteriza-
tion neglects the possibility of a positive surface elevation caused by a dynamical build up
of ice, which is observed in West Antarctica near the Siple coast (Shepherd et al., 2019).
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The dynamical build up of ice is due to changes in the bedrock near the Siple Coast lead-
ing to a decrease in the ice flow velocity (Anandakrishnan & Alley, 1997; Scheuchl et al.,
2012). To identify the extent of this area with dynamical build up we use the ice flow ve-
locities from Rignot et al., 2011b and Mouginot et al., 2012 to compute the divergence, V,
of the ice flow. The sign of the divergence of the ice flow reveals what is largest, the inflow
or the outflow of an area. A positive ice flow divergence means that the inflow is smaller
than the outflow and vice versa for a negative ice flow divergence. With this knowledge
an additional condition can be added to Eq. 3.7, namely if there is a positive SEC and
the divergence is negative the density of ice is used, g = p;. However, this condition
assumes that, in an area with a positive elevation change and a negative divergence, the
entire signal is due to ice dynamics, where in reality it would likely be a combination of
ice dynamics and snow accumulation. To divide these signals one could use a RCM to
estimate the accumulation part. This is however ongoing work and this thesis has not
definitively found a realistic density parameterization for the AlS. In the next section will
some preliminary results be shown.

3.2 Preliminary Results

Panels A and B in Fig 3.1 show the SEC for GrIS and AIS derived from ICESat-2
between October 2018 and September 2021 after a kriging has been performed, panels
C and D show spatial errors from ICESat-2. Figure 3.2 show the firn compaction rates,
d’;‘;;'", and Fig. 3.3 show the signals from the vertical bedrock movement. Finally, Fig.
3.4 shows the SEC after correcting for the firn response signal and the vertical bedrock

movement signal.

The SEC measured from ICESat-2 shows large negative signals around most of
the Greenlandic coastline, in Antarctica the largest negative signals are from the outlet
glaciers towards Amundsen sea, Fig. 3.1 A and B. The errors from ICESat-2 are largest
in mountainous and steep terrain as seen in Southeast Greenland and the Transantarctic
Mountains, the AP and Oates Land in Antarctica, Fig. 3.1 C and D. The firn compaction
over the GrIS have large negative signals along the Southeast coast and smaller pos-
itive signals in the Central east and Northwest region, Fig. 3.2 A. The firn signals for
Antarctica are within + 5 cm year™! for most of the AlS, it is only around the edge of the
grounded AIS that larger signals are detected. Over the AP, around the Ronne-Filcher
ice shelf, and Wilkes Land, and George V Land (East Antarctica) are there larger nega-
tive signals. Around Princess Elizabeth Land and Amery ice shelf (East Antarctica) and
Marie Byrd Land (West Antarctica) there are positive signal (thickening of the firn), Fig.
3.2 B. The vertical bedrock movement signal for GrlS is between 0 and 20 mm year™', the
strongest signals are seen at Jakobshavn glacier (Central west), Rink, Hayes, and Uper-
navik (Northwest), and Nioghalvfierds and Zachariae Isstrem glacier (Northeast), Fig. 3.3
A. Over the AIS the strongest signal ~ 30 mm year™ is seen in West Antarctica near
the Pine Island, Thwaites, and Getz glacier and small negative (~ -2 mm year™) sig-
nals are seen in East Antarctica, Fig. 3.3 B. Figure 3.4 show the corrected SEC for GrlS,
panel A, and the associated error, panel C. Large negative signals over the GrlS are seen
around the big glaciers Jakobshavn glacier (Central west), Rink, Hayes, Upernavik and
Helprin glacier (Northwest), Petermann glacier (North), Zachariae Isstream and Nioghalvf-
jerds glacier (Northeast) Kangerlussauaq glacier (Central east), and Helheim (Southeast),
Fig. 3.4. For the grounded AIS the majority of the interior has small SEC + 5 cm year™.
There are large (<0.5 m year!) positive elevation changes in the area of the Kamb ice
stream in West Antarctica. The largest negative elevation changes are detected at the
glaciers that have outlets to the Amundsen sea (Thwaites, Pine Island, and Getz glacier)
and Totten glacier in East Antarctica, Fig. 3.4 B and D. Using the density parametrization
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from Eq. 3.7 we get a MB for the GrIS of -263.5+42.6 Gt year' between October 2018
and September 2021.

0.00
Figure 3.1: Ice sheet elevation change from October 2018 to September 2021 derived
from ICESat-2 observations. (A, B) Elevation change, (C, D) the associated error, after
kriging. The gray area around Antarctica is the non-grounded ice sheet (Gerrish et al.,
2021), and the in the middle is the polar gap. Values are in metre of ice equivalent.
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Figure 3.2: Panel A and B shows the firn compaction rate %. The gray area around

Antarctica is the non-grounded ice sheet, and in the middle is the polar gap. Values are
in ice equivalent.
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Figure 3.3: Vertical displacement (GIA plus ER), note the unit is mm per year. Data pro-
vided by Spada and Melini, 2019. The gray area around Antarctica is the non-grounded
ice sheet (Gerrish et al., 2021), and the in the middle is the polar gap.
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Figure 3.4: Panels A and B show SEC after the correcting for the firn compaction and the
vertical bedrock movement, and panel C and D show the error, all panels are expressed in
metres of ice equivalent. The gray area around Antarctica is the non-grounded ice sheet
(Gerrish et al., 2021), and the in the middle is the polar gap.
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4 Discussion

In summary Chap. 2 and 3 presented results for SMB, SEC, and MB of the Antarctic
ice sheet and in a few cases also for the GrIS along with various important processes and
uncertainties. For Antarctica the yearly SMB over the grounded AIS is 1968.0+279.3 Gt
year! and over the total AIS is 2574.37 Gt year™ from the period 1979 to 2021, using
HIRHAMS as the driving RCM to force the firn model. The following subsections will
elaborate on some of the questions and investigations that came up during this project.
A dedicated discussion on the current work on volume to mass conversion can be found
in section 3.1.1. The papers have individual discussions specify to their study, the papers
can be found in Appendix A.1 to A.8.

4.1 Modelled SMB

Knowing the Antarctic SMB is essential to understand and evaluate the state of the
AIS. To compute the ice sheet wide SMB RCMs are used, Paper | made a SMB ensemble
using different RCMs and found that estimates in the ensemble differed by 580 Gt year™'
over the grounded ice sheet, this corresponds to 1.5 mm of global sea level change per
year. The reason for this large spread is due to several things, the RCMs are built on
different physics, executed at different resolutions which has a large impact on precipita-
tion (Rummukainen, 2016). Furthermore, some RCMs including HIRHAMS, did not have
a proper subsurface scheme, leading to different definitions of the SMB equation. For
HIRHAMS5 the SMB was calculated as precipitation minus sublimation, meaning all the
firn physics such as melt, refreezing, percolation and runoff were ignored. These points
are what lead to the development of the firn model over the AIS in Paper Il, which gives a
more realistic computation of the SMB in addition to modelling the firn pack. A concern in
Paper I, when comparing the integrated SMB was that the ice masks within the RCMs dif-
fered leading to different areas of the AlS. To avoid any area bias a common ice mask was
created. This did however result in a SMB bias studied in Paper lll, where it was found
that a small difference in the area between the common ice mask and the native RCM
ice masks could lead to a large difference in the SMB. Even though, it was the ice mask
that was the focus of Paper lll, other physical features such as the model topography and
model resolution also adds to the spread in the SMB ensemble in Paper I. The aim is not
to get all RCMs to agree as they are their own best approximation of the Earth system,
the range in the ensemble provides a confidence interval for the reconciled estimate. But
if we, in the community, create a community ice mask, as suggested in Paper lll, we can
minimize errors or biases we know are introduced in the post-processing. Paper lll also
found that nearly all the native RCM ice masks were made with data that are decades
old. A study from Greene et al., 2022 showed that the area of the Antarctic ice shelves
has decreased by 36701 + 1465 km? from 1997 to 2021, which is equal to 235 + 9 grid
cells in the firn model at 0.11°resolution. This only confirms the need for an up-to-date
community ice mask.

4.1.1 Uncertainties in modelled SMB

For lack of a better method, the uncertainties of the SMB in Paper | and Paper II,
were given as one standard deviation of the modelled SMB time series, which essentially
is a measure of the variability in the modelled time series. However, the true uncertainty
of the modelled SMB should be determined with the use of observations, Fettweis, 2022
has created a method for doing this. This method was originally created for Greenlandic
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SMB, using SMB observations from PROMICE (Machguth et al., 2016), ice cores (Bales
et al., 2009; Bales et al., 2001; Ohmura, 1999), and airborne radar transects (Karlsson
et al., 2016; Karlsson et al., 2020). Here, the method has been further developed to
determine an observation-based SMB uncertainty for the modelled Antarctic SMB, the
Antarctic dataset can be found in Wang et al., 2021. In the following section results from
both Antarctica and Greenland will be shown. Here we use the RCM HIRHAMS to force
the firn model as described in Sec. 1.3 and in Paper Il, furthermore the time series are
extended through 2021. Overall, the SMB error is estimated from an error function com-
puted from a piecewise linear fit estimated from the 80™ percentile best matching RMSE
of a model-observation comparison. First, we compare the modelled SMB with the ob-
servations. The comparison is only done for the modelled SMB with observations that
are located within the grounded ice mask and have a measurement period over at least
6 months in the period of the time series (1980-2021). We then define a range of inter-
vals for the modelled SMB with a spacing of 100 mm we year'. In each interval we find
the mid-point and around each mid-point a local interval is created with an increment of
+ 10 mm we year!. The objective is to increase this local modelled SMB-interval until
at least 100 model-observations pairs are inside the interval bounds. This is repeated
around each midway point. Hereafter, we calculate the RMSE of the 80" percentile best
matching points in each SMB-interval, and the resulting RMSE points are fitted using a
piecewise linear fit. The modelled SMB compared with observations are shown in Fig. 4.1
(A) for Antarctica and (B) for Greenland and the two piecewise error functions are shown
in Fig. 4.2 (A) and (B). In the Antarctic data set there are only very few observations with a
negative SMB, which is why the piecewise error function is only made for positive values,
for SMB values below zero, the error is set to 15%. Because the uncertainty of the SMB is
only given over the grounded AIS there are only a few places near the coast we model a
negative SMB. The error functions can now be used to estimate the corresponding SMB
error of a given value of modelled SMB. The error is subsequently multiplied with the the-
oretical standard deviation of a uniform distribution between -1 and 1 to add a random
error term.
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Figure 4.1: The observed SMB, on the x-axes, are compared with the modelled SMB, on
the y-axes, of the nearest grid cell for Antarctica (A) and Greenland (B). Note the axes
differ.
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Figure 4.2: The yellow dots are the 80" percentile RMSE and the blue line are piecewise
error functions. The x-axes are the magnitudes of modelled SMB and the y-axis are the
associated error, for the grounded Antarctica (A) and for Greenland (B). Note the axes
differ.

Figure 4.2 shows, for both ice sheets, that when a modelled SMB is small so is the
error and vice versa until a limit. For the grounded AIS the error becomes constant around
a modelled SMB greater than 1100 mm we year'. For Greenland the error becomes
constant when the modelled SMB is lower than -3000 mm we year', as shown in Fig.
4.2. This is caused by a lack of observations, as it is unlikely that too high model values
could cause this when compared to other models (Fettweis et al., 2020; Paper I).
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Figure 4.3: The integrated SMB over the grounded AIS in Gt year' from 1980 to 2021,
over the Zwally et al., 2012 defined AIS (blue) and the Rignot et al., 2011a defined AIS
(red). The shaded area are the uncertainties.
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Figure 4.4: The integrated SMB over the GrIS in Gt year' from 1980 to 2021, over the
Zwally et al., 2012 defined GrlS (blue) and the Rignot and Mouginot, 2012 defined GrlS
(red). The shaded area are the uncertainties.

Figures 4.3 and 4.4 display time series of the integrated SMB with the calculated
uncertainties for the grounded AIS and the GrIS respectively. As shown in Paper lll ice
masks can have a large influence on the results. Therefore, we show results from two
different ice masks, for each ice sheet, created by Zwally et al., 2012 and Rignot et al.,
2011a. These two ice masks are widely used in intercomparison studies (Shepherd et
al., 2018; Shepherd et al., 2020). The mean SMB over the grounded AIS is with the
Zwally ice mask 1968.0£279.3 Gt year' and with the Rignot ice mask 1963.34-278.4 Gt
year!, and for the GrlIS it is with the Zwally ice mask 358.8+128.6 Gt year! and with the
Rignot ice mask 377.6+131.5 year', corresponding to an uncertainty of 14.2% for the
grounded AIS and =35% for GrlIS. The large difference in uncertainty between the two
ice sheets could indicate that HIRHAMS5 and the firn model represents the Antarctic SMB
better than the Greenlandic SMB. However, there are multiple factors to take into account
before making such a conclusion; there are large areas with a negative SMB in Greenland
making the SMB range much larger than over the grounded Antarctica (Figs. 4.1 and 4.2),
making it much more complex to model the GrlS. Furthermore, the error function becomes
constant in Antarctica when the SMB reaches 1100 mm we year', whereas in Greenland
the error function does not become constant in the positive SMB range. This is due to a
lack of observations in the high precipitation areas of Antarctica, which likely leads to an
underestimation of the uncertainty on larger SMB values in Antarctica. It requires further
analysis to identify the reasons for this uncertainty difference.

The benefit of this method is that the uncertainty estimates are based on real ob-
servations. The disadvantage is that this method only searches for model-observation
pairs in the range of SMB values, it does not take location into account it purely looks at
the uncertainty of the magnitude of the values. If the uncertainty estimates should take
location into account, it would require much more data, not to mention seasonal variability
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especially in Greenland and over the AP.

4.1.2 Melt and Runoff

The runoff over the grounded AIS has for a long time thought to be negligible, as it
had been assumed that all meltwater refreezes (Lenaerts et al., 2019; Lenaerts & Van
den Broeke, 2012). However, a study by Tuckett et al., 2019 detected surface melt over
the grounded AP draining down to the bedrock and causing an increase in dynamical ice
loss. So, even though meltwater does not end up as surface runoff, i.e. changing the
SMB, it can still impact the MB. The results from this thesis, show that the runoff over
the grounded AIS is too large to be neglected (50-80 Gt year -, (Paper Il)). It is however
difficult to validate the results since there are no independent large scale melt volume or
runoff observations.

Surface melt over an ice sheet or ice shelves can be detected with remote sensing
because the presence of liquid water shows a sharp increase in the microwave bright-
ness temperature (Tedesco, 2009). Several studies have used this method over the AIS
(Johnson et al., 2022; Nicolas et al., 2017; Trusel et al., 2013) to determine the melt ex-
tent. In Draft | we investigate the melt extent in the firn model forced with different RCMs
over the Ross Ice shelf as a case study. To some degree we are able to validate the
melt extent, although the modelled melt extent is very sensitive to the model resolution
(Nicolas et al., 2017; Trusel et al., 2013), especially when it comes to wind induced melt
(Carter et al., 2022; Orr et al., 2021; MC Paper Ill). The problems arise in the conversion
from melt extent to melt volume. Here, we need to use models, which means that all melt
volume estimates are model dependent. The follow-up question is then how much of the
meltwater is retained in the firn pack? and how much becomes runoff? Also here we
lack large scale observations. Our results of melt and runoff are higher than other RCM
results, RACMO2 models a runoff of 3 Gt year' (Van Wessem et al., 2018) and MAR
models a runoff of 1 Gt year! (without the AP) (Agosta et al., 2019), compared to our
values that are greater than 50 Gt year™'. It should be mentioned that the time period, ice
masks, and resolution of these models differ, however it is still a significant difference in
runoff. But as of now there is no way to make an independent validation.

Many of the most preferred firn models, including the one developed in this thesis,
are single column models (Kittel et al., 2021; Van Wessem et al., 2018; Paper Il), which
means that there is no internal horizontal water flow, another limitation when studying
the firn pack. As Tuckett et al., 2019 concluded, when surface meltwater drains through
channels to the base of the glacier, it can have a clear impact on ice discharge. It would
therefore be of great value if horizontal flow features were added to firn models.

Widespread meltwater has already been detected across the AIS in the present-day
climate (Kingslake et al., 2017; Zou et al., 2021). Therefore, the firn model becomes even
more crucial in order to compute the SMB in a warming climate, as is projected for the
end of the century. Here, the simple precipitation minus sublimation approximation, used
in Paper |, does not hold. Several studies have found that melt and runoff, close to the
coast and over the ice shelves will increase in the future (Gilbert & Kittel, 2021; Kittel et al.,
2022; Trusel et al., 2015) and this is in agreement with our results from MC Paper Il. This
is yet another confirmation of the importance of the firn model as melt and runoff are not
only important parameters for the SMB estimates, melt is already an important factor for
the MB in some regions and in the phenomenon of hydrofracturing that occurs over ice
shelves (Banwell et al., 2013; Scambos et al., 2009; MC Paper lll).
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4.2 Firn compaction for SEC corrections

The firn compaction response depends on surface mass fluxes and temperatures, it
can thus fluctuate on seasonally to multiyear timescales (Kuipers Munneke et al., 2015;
Medley et al., 2020; Sgrensen et al., 2011; Zwally & Jun, 2002). The main contributor to
the surface mass fluxes over the AlS is precipitation, and as seen in Paper | there is a large
spread in the precipitation both in the integrated amount and the in the spatial distribution.
This spread is therefore also seen in the firn compaction in MC Paper |, here it is evident
that the outputs from RCMs have a large influence on the firn compaction rates. In East
Antarctica the RCMs accounts for 72% of the spread in the firn compaction ensembile, the
remaining 28% is explained by the choice of firn desification model and surface density.
MC Paper | only investigates East Antarctica, however, due to the warmer temperatures
and larger precipitation fluxes in West Antarctica and over the AP, it is very likely that the
RCMs also have the largest impact on the firn compaction in these regions. Projection
studies argue that Antarctica over all will get warmer and wetter (Bozkurt et al., 2021;
Bracegirdle et al., 2020; MC Paper Il), so the firn compaction signal will likely only get
stronger and more complex in the future. To compute the firn compaction results shown
in Fig. 3.2 we have used the RCM HIRHAMS to force the firn model from Paper Il. Had
another RCM been used to force the firn model then the firn compaction rate would have
been different. However, if it had resulted in a significant difference to the final MB result
is an open question, which could be investigated in future work. It is worth bearing in
mind, especially in Antarctica, that the SEC signal is very small in the interior of the ice
sheet, and the firn compaction is not well determined (MC Paper I). Meaning that it does
not take much to change the sign on the corrected SEC. So if the density parametrization
over the AlS, is dependent on the sign of the corrected SEC, like Eq. 3.7 for GrlS, it can
be difficult to robustly determine if density should be of snow or ice, which can lead to a
larger uncertainty in mass change. Another factor to take into consideration, with regard
to the firn compaction, is that the firn model has a larger meltwater volume than other firn
models, which will lead to a greater firn densification signal in these high meltwater areas,
see Section 4.1.2 for a discussion on melt and runoff.

4.3 Future work

As this thesis evolved some questions got answered, while new questions occurred
and new ideas sprang to mind on what to do next. It is clear that in spite of more models
simulating SMB there remains a high uncertainty on precipitation in Antarctica, while melt
and runoff remain under constrained. These make it challenging to determine the present-
day SMB of the AIS. Given the importance of SLR, these outstanding challenges remain
to be solved. However, the model and observation framework adopted here can help to
tackle these issues in the following manner:

Large scale atmospheric circulation patterns are extremely important in the Antarctic
climate (Fogt and Bromwich, 2006; Fogt and Marshall, 2020; Paper Il; MC Paper lll).
Being able to resolve these circulations in the RCMs are therefore crucial, to get the most
reliable estimates of the present-day and future climate. It could be very interesting to
do an intercomparison, like in Paper I, on the ability of the different RCMs to resolve
the large scale atmospheric circulations in historical simulations and projections using
different GCMs. The historical simulations could then be evaluated against reanalysis
simulations like in MC Paper Il. Then a SMB ensemble could be made for the end of the
century, using the models that best represent and resolve the large scale atmospheric
circulations.

Although melt extent observations already exist, an additional way to possibly get
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a better understanding would be to take the output from the firn model and use it as
input in the Snow Microwave Radiative Transfer (SMRT) model (Picard et al., 2018). The
SMRT model can calculate the brightness temperatures of the surface from the ice, snow,
and liquid water content computed by the firn model. This can then be compared with
the satellite observed brightness temperatures. The idea is that firn model can give 3D
outputs so by forcing the SMRT model with liquid water at different depths, it can be
investigated if this creates different fingerprints at different frequencies, to make a more
advanced algorithm to convert satellite observations of brightness temperatures to melt
extents. The disadvantage with this is that we add another model, which has the potential
to introduce even more uncertainty.

Ice shelves play an important role in state of the AlS it is therefore important to monitor
them, for example with altimetry measurements from ICESat-2. There are however some
additional steps to take in the processing of the data, compared to the grounded ice. Some
of these steps are tide corrections which can be modelled (Egbert et al., 1994; Padman et
al., 2002), and taking into account that the area of ice shelves change over time. Typically,
the ice shelves area increases continuously through advection and reduces suddenly due
to calving (Smith et al., 2020), the time-scales of the area reductions are dependent on
the calving cycle (De Rydt et al., 2019; Fricker et al., 2002; Hogg & Gudmundsson, 2017).
Using altimetric measurements over ice shelves have been done by Smith et al., 2020,
but it would be very interesting to use the firn model developed in this thesis to get another
estimate of the state of the Antarctic ice shelves.

Subtracting the SMB from the MB will give the discharge, which then could be vali-
dated with a data set of observed discharge. This would be a way of making a more robust
validation of the SMB and the MB. However, this only validates if the absolute value of
the MB and the SMB is correct. It would still show a good validation if errors in the MB
and the SMB balanced out. Nonetheless, it could be interesting to do.
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5 Conclusion

It is of the utmost importance to understand the drivers of change of the AIS because
it contains enough fresh water to create serious global disruption via sea level and coastal
inundation if it melts. This thesis has investigated and analysed some of the fundamental
climate variables for the evolution of the AIS, using state of the art numerical climate
models and remote sensing techniques.

Multiple studies have used RCMs to model the Antarctic SMB. In this study an inter-
comparison has been done with some of the most used RCMs in the Antarctic domain,
in the period from 1987 to 2015, using the reanalysis dataset ERA-interim. In this inter-
comparison temperatures, wind speeds, and SMB values have been compared, a spread
of the integrated ice sheet wide SMB of 558 Gt year! was found, corresponding to 24%
of the ensemble mean of 2329-+94 Gt year! (Paper |). The SMB ensemble mean from
Paper | is lower than other studies, this underestimation is attributed to the choice of
ice mask, it was chosen in the intercomparison to satisfy all the RCMs. The choice of
ice mask created an underestimation of the integrated SMB of up to 102 Gt year over
the grounded part of Antarctica, which is close to the ice sheet imbalance of Antarctica
(Paper Ill), showing the importance of ice masks in RCMs and how careful one should be
in intercomparison studies.

To get the most realistic estimate of SMB it is important to take meltwater perco-
lation and refreezing into account. This was done in Paper Il by further developing a
firn model to represent the Antarctic firn pack. The firn model was able to represent the
physics of the firn pack, including but not limited to temperature, density, snow, ice and
liquid water content, refreezing and grain growth. The firn model was run with different
schemes for handling the model layers in the firn pack, it was found that the choice of
layer scheme is important for both surface variables like melt and 3D variables such as
density. From the firn model the rate of firn compaction has been computed and used to
correct the SEC from ICESat-2, so only the SEC signals from the ice dynamics were left.
Altimetric measurement from ICESat-2 have in this thesis been used over both Greenland
and the grounded part of Antarctica to measure the SEC. By knowing a realistic density
parametrization for Greenland it was possible to convert the volume change to a mass
change, the MB for Greenland, in the period from October 2018 to September 2021, was
-263.5+42.6 Gt year!. The density parametrization for the AIS is still work in progress.

Due to the sheer size of the AIS there are processes, from meltwater percolation to
large scale atmospheric circulation, that need to be taken into account when evaluating
the state of the present-day ice sheet. Coastal regions all around Antarctica, including
the ice shelves, have shown the largest variability in the climate like melt events, warmer
temperatures, extreme precipitation events, and stronger firn compaction signals (Paper
1, Il; MC Paper |, lll; Draft I). It is also these coastal areas that will experience the largest
impact of projected climate change (MC Paper Il). This thesis has also shown that some
of the methods used here are also applicable over the GrlS and in different periods of
time (Draft Il; MC Paper II).

This thesis combined with other studies confirms that even though Antarctica is re-
mote and isolated, the ice sheet still susceptible to changes in the global climate. We live
in a golden age of remote sensing and almost unlimited computer resources to execute
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numerical models. Which, if utilized correctly, could give us an unprecedented under-
standing of the Antarctic Ice Sheet and its impact on the global climate system.
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Abstract. We compare the performance of five differ-
ent regional climate models (RCMs) (COSMO-CLM?,
HIRHAMS, MAR3.10, MetUM, and RACMO2.3p2), forced
by ERA-Interim reanalysis, in simulating the near-surface
climate and surface mass balance (SMB) of Antarctica. All
models simulate Antarctic climate well when compared with
daily observed temperature and pressure, with nudged mod-
els matching daily observations slightly better than free-
running models. The ensemble mean annual SMB over the
Antarctic ice sheet (AIS) including ice shelves is 2329 +
94 Gtyr~! over the common 19872015 period covered by
all models. There is large interannual variability, consis-
tent between models due to variability in the driving ERA-
Interim reanalysis. Mean annual SMB is sensitive to the
chosen period; over our 30-year climatological mean pe-
riod (1980 to 2010), the ensemble mean is 2483 Gtyr~!.
However, individual model estimates vary from 1961 £70 to
2519+ 118 Gtyr~!. The largest spatial differences between
model SMB estimates are in West Antarctica, the Antarc-
tic Peninsula, and around the Transantarctic Mountains. We
find no significant trend in Antarctic SMB over either period.

Antarctic ice sheet (AIS) mass loss is currently equivalent to
around 0.5 mmyr~! of global mean sea level rise (Shepherd
et al., 2020), but our results indicate some uncertainty in the
SMB contribution based on RCMs. We compare modelled
SMB with a large dataset of observations, which, though bi-
ased by undersampling, indicates that many of the biases in
SMB are common between models. A drifting-snow scheme
improves modelled SMB on ice sheet surface slopes with an
elevation between 1000 and 2000 m, where strong katabatic
winds form. Different ice masks have a substantial impact on
the integrated total SMB and along with model resolution are
factored into our analysis. Targeting undersampled regions
with high precipitation for observational campaigns will be
key to improving future estimates of SMB in Antarctica.
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1 Introduction

The Antarctic ice sheet (AIS) is the largest body of freshwa-
ter on the planet and an important contributor to global sea
level rise. It is also a significant part of the climate system,
contributing freshwater to the ocean and with high relief that
influences atmospheric circulation. Studies by Rignot et al.
(2011, 2019) and Shepherd et al. (2018) showed the AIS to
have had a net loss since at least 2002. Current estimates sug-
gest that around 10 % of observed sea level rise since 1993 is
from Antarctica; however that rate of contribution is also in-
creasing (Oppenheimer et al., 2019). Most ice loss in Antarc-
tica occurs as a result of submarine melting, that is melt at the
water—ice interface underneath ice shelves, or by the calv-
ing of icebergs from ice shelves. Recent ice dynamics stud-
ies (DeConto and Pollard, 2016; Edwards et al., 2019; Sutter
et al., 2016; Shepherd et al., 2018) have shown that there is
potential for rapid ice sheet loss owing to ice sheet dynam-
ics that are currently poorly understood, especially in West
Antarctica. Ice sheet models of the AIS have thus largely
concentrated on parameterizing sub-shelf and calving pro-
cesses. However, surface mass balance (SMB), also known
as climate mass balance (Cogley et al., 2010), is also of cru-
cial importance in controlling the stability and evolution of
the vast ice sheet. Changes in precipitation and increases in
surface melt and run-off will change the mass balance and
therefore both ice dynamics and the sea level rise contribu-
tion from Antarctica in the future. Moreover there has been
disagreement between studies focused on the SMB contribu-
tion to the total mass budget of Antarctica and therefore the
contribution to sea level rise (Scambos and Shuman, 2016;
Zwally et al., 2015) that makes it essential to understand po-
tential biases and uncertainties.

SMB is the difference between accumulation and ablation
at the surface of a glacier. In Antarctica, accumulation is de-
rived primarily from solid precipitation, but on local or re-
gional scales wind-driven processes can have a significant ef-
fect on accumulation rates. Surface ablation in Antarctica is
primarily a result of erosion and sublimation due to the high
winds and generally dry atmosphere (Scambos et al., 2012;
Das et al., 2013; Agosta et al., 2019), although increasing
melt rates are documented in some areas (Stokes et al., 2019).
In the future, a “Greenlandification” of the ice sheet climate
is projected due to anthropologically induced climate change
(Trusel et al., 2018). This will lead to more melt with more
refreezing in the snowpack as well as increasing run-off.

It is important to distinguish between the continental
grounded ice sheet and ice shelves when considering val-
ues for SMB integrated over a wider area, whether regional
or continent-wide. Snowfall and melt on ice shelves is not
directly relevant to sea level rise contributions as they are
already floating, but precipitation and ablation on grounded
parts of the ice sheet is. As the models used in this study by
and large do not distinguish between grounded and floating
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ice in their ice masks, in this paper when we refer to SMB
over an area, we include ice shelves unless specifically noted.

Currently, run-off is a relatively minor contribution
(Lenaerts et al., 2019) to mass loss in Antarctica. Increasing
snowfall, associated with higher saturated vapour pressure, is
expected to dominate future changes in SMB, compensating
for the projected increase in surface run-off (Krinner et al.,
2008; Lenaerts et al., 2016), but the balance between these
processes is still a matter of debate. This makes it even more
important to evaluate the effectiveness of modelled precipi-
tation and sublimation across the continent to be able to esti-
mate SMB at present. Accurate SMB estimates are required
to both drive ice sheet dynamical models and to accurately
partition sea level rise contributions determined from obser-
vations. SMB from regional climate models (RCMs) is also
used to correct altimetry measurements by accounting for firn
compaction processes for remote sensing applications.

The most common way to observe SMB is by geode-
tic mass balance stakes (Lenaerts et al., 2019), but this is
challenging due to the size and environmental conditions in
Antarctica, and the most practical alternative is to use out-
put from (high-resolution) RCMs to make continent-wide
estimates. There are now an increasing number of RCMs
downscaling Antarctic climate simulations available via the
CORDEX (CoOrdinated Regional climate Downscaling EX-
periments) database. CORDEX is a project of the World
Climate Research Programme that aims to produce rep-
resentative ensembles of regional climate models for dif-
ferent regions of the world. The purpose is to better un-
derstand regional climate change, assess regional impacts,
and improve adaptation to future climate conditions (http://
climate-cryosphere.org/activities/polar-cordex/antarctic, last
access: 5 May 2021).

In the polar regions, CORDEX simulations can also be
used to assess the mass budget of the large polar ice sheets
but have not yet been evaluated together for Antarctica. Sou-
verijns et al. (2019) made a 30-year hindcast with COSMO-
CLM2, and Agosta et al. (2019) estimated the SMB using
MAR, while various versions of RACMO?2 have been used
to estimate the SMB of the AIS (Van Wessem et al., 2014;
van Wessem et al., 2018). Both MetUM and HIRHAMS have
been run for the Antarctic domain, but evaluation of the SMB
results has not yet been published in peer review literature
(Hansen, 2019). Here, we use the framework of the Polar
CORDEX project to assess climate model performance in
Antarctica for the period 1979-2018 derived from an en-
semble of six simulations from five different RCMs. The
RCMs cover a range of resolutions, physical and dynamical
schemes in the atmosphere, and types of surface and snow
and ice schemes. This allows us to determine the relative
importance of individual model components needed to ac-
curately model the climate by comparing the modelled SMB
against the sparse observational datasets available in Antarc-
tica. We also investigate some of the uncertainties within the
individual models and between the ensemble members.
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In this paper, we seek to quantify present-day Antarctic
SMB and understand the sources of variation as a baseline to
assess mass budget changes and better understand sea level
rise observations and projections both directly in terms of
the amount of meltwater added to oceans and indirectly as
surface forcing for ice sheet dynamical models (Robel et al.,
2019; Nowicki et al., 2016).

2 Methods

We compare six climate simulations made with five dif-
ferent RCMs (COSMO-CLM?, HIRHAMS5, MAR, MetUM,
RACMO) in the newest available version of the given RCM.
However, to provide backwards continuity, we also briefly
compare three older versions that have been widely used
in earlier studies to examine how results have varied (or
not) as RCMs have been developed. We assess the climate
of Antarctica in the models and derive estimates for SMB.
All models were forced on the lateral boundaries with the
ERA-Interim climate reanalysis (Dee et al., 2011), but down-
scaling used different grids, over slightly different domains,
and at different resolutions, with slightly different ice masks
used in the different model versions (see Fig. Al). Simula-
tions with MAR forced by different reanalyses (Agosta et al.,
2019) found that results were rather similar to ERA-Interim,
but to exclude additional variability potentially introduced by
using different boundary forcings, we chose to use a single
common reanalysis only. The MAR, RACMO, and COSMO-
CLM? models were nudged within the domain using upper-
air relaxation, and MetUM was run as a 12h reinitialized
hindcast. With this technique the model is run in weather
forecast mode and restarted with new boundary conditions
every 12h. The two versions (high- and low-resolution) of
the HIRHAMS model were allowed to run freely within the
domain and forced only on the boundaries.

We first give a brief overview of each of the participat-
ing models, summarized in Table 1. The CORDEX proto-
col (Christensen et al., 2014) prescribes a simulation domain
for Antarctica with a minimum common analysis extent and
a resolution of 0.44°. Lucas-Picher et al. (2012), Lenaerts
et al. (2012b), Franco et al. (2012), and van Wessem et al.
(2018), among others, have found that a higher spatial model
resolution gives more physically plausible results, especially
with respect to precipitation processes in areas with steep
terrain. Hence, several participating groups have chosen to
run their RCMs at higher spatial resolution. To quantify both
the absolute and relative integrated and basin-scale SMB for
the continent, we compare outputs from the different mod-
els with each other and the ensemble mean. We also evaluate
the models with SMB observations (including ice cores and
stakes) and near-surface climate observations (surface pres-
sure, temperature, and wind speed) measured across the con-
tinent. Unfortunately, as we are constrained to using existing
simulations, the models cover slightly differing periods (see
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Table 1 for details). We have therefore defined a common
30-year climatological period of 1980 to 2010 for all models
to simplify the integrated mass budget comparison, except
for COSMO-CLM?2, where the period covers 1987 to 2010.
Figures that show time series of data show the full period
relevant for each model.

2.1 Models

The model versions we include in this paper all fulfil the re-
quirements of being the most up-to-date model version as
well as being forced on the boundaries with ERA-Interim re-
analysis. We also include the earlier RACMO v2.1 and MAR
v3.6 as part of the initial SMB comparison as these mod-
els have been widely used and are still available for scien-
tific use online; for example, results from RACMO?2.1P were
used in compiling the IPCC ARS climate atlas. However,
they are no longer considered up to date and have been re-
placed by RACMO2.3p2 and MARy3 19, respectively; there-
fore we do not consider them in the detailed results anal-
ysis in this paper. The models also have snow schemes of
differing complexity, so the comparison of SMB necessar-
ily includes slightly different terms for different models. For
example, the RACMO model has been developed to include
the wind-blown snow sublimation terms in SMB, and both
RACMO and MARy3. 10 include melt and refreezing of melt-
water. As these terms cannot easily be removed without re-
tuning the models, we have opted to include these within the
SMB calculation for these two models. We also explicitly in-
clude a second simple SMB calculation Eq. (1) based only
on the precipitation and sublimation for a fairer model inter-
comparison within the results section. The individual model
descriptions give further details of each model’s outputs.

211 COSMO-CLM?

COSMO-CLM? is a non-hydrostatic RCM developed at the
German Weather Service together with an extensive scien-
tific community (Rockel et al., 2008). The model is applied
over the Antarctic at a spatial resolution of ~ 25 km and 40
vertical levels in the atmosphere. The model is forced ev-
ery 6 h at the boundaries by ERA-Interim. Additionally, this
model is coupled to the Community Land Model (version
4.5; Oleson and Lawrence, 2013), with adjustments in the
perennial snow proposed by van Kampenhout et al. (2017)
to better represent the SMB of ice sheets (COSMO-CLM?).
Apart from this, several model parameters were adjusted
for polar regions, particularly those related to the turbulent-
kinetic-energy scheme and the cloud scheme. A full descrip-
tion of the set-up over Antarctica including an evaluation of
its performance in simulating the Antarctic climate and SMB
is available in Souverijns et al. (2019). In this paper, precipi-
tation minus sublimation is taken as a proxy for the SMB.
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2.1.2 HIRHAMS

HIRHAMS is an RCM developed at the Danish Meteorologi-
cal Institute and run in this study at both low (0.44° ~ 50 km)
and high (0.11° ~12km) resolution, with all other model
elements being kept identical. The model combines the at-
mospheric dynamics of the HIRLAM7 numerical weather
prediction model (Eerola, 2006) and the physics of the
ECHAMS global climate model (GCM) (Roeckner et al.,
2003). There are 31 vertical levels in the atmosphere, and the
model is forced at 6 h intervals on the lateral boundaries with
temperature, pressure, relative humidity, and the wind vec-
tors. Sea surface temperature (SST) and sea ice concentration
(SIC) are forced on the lower boundary at daily intervals. The
set-up for Antarctica is similar to that of Lucas-Picher et al.
(2012) in Greenland, that is with only a very simple surface
physics scheme over glacier ice. A subsurface scheme de-
veloped for Greenland by Langen et al. (2017) is currently
undergoing optimization for Antarctic SMB processes but
was not available for use in these simulations. We used the
model outputs of precipitation, evaporation, and sublimation
to compute a simple SMB.

2.1.3 MetUM

The UK Met Office Unified Model (MetUM) is a numer-
ical modelling system based on non-hydrostatic dynamics
(Walters et al., 2017), which can be run as either a global
model or a regional mesoscale model, as presented by e.g.
Orr et al. (2015). Here, we run version 11.1 of the mesoscale
model over the standard Antarctic CORDEX domain at a
spatial resolution of 50km and 70 vertical levels (reach-
ing up to 80km). The mesoscale model is nested within a
global version of the MetUM with a horizontal resolution
of N320 (i.e. 640 x 480 longitude-latitude grid implying a
nominal 40 km horizontal mesh), which was initialized by
ERA-Interim. For this study we ran a series of consecutive
twice-daily 24 h forecasts at 00:00 and 12:00 UTC from the
beginning of 1980 to the end of 2018. The first 12 h of each
forecast were discarded as spin-up, with the remaining out-
put concatenated together to form a continuous time series.
Although the mesoscale model includes a multi-layer snow
scheme (Walters et al., 2019), in these simulations we used a
simplified single-layer scheme with, for example, no refreez-
ing (Cox et al., 1999). We therefore calculate SMB based on
output precipitation and sublimation and evaporation.

214 MARy310

The “Modele Atmosphérique Régional” (MAR) (Gallée and
Schayes, 1994) is a hydrostatic RCM specifically designed
for polar areas (e.g. Fettweis et al., 2017; Kittel et al., 2018;
Agosta et al., 2019). The model has 24 vertical atmospheric
levels and a horizontal resolution of 35km. MAR is cou-
pled to the 1-D multi-layer surface scheme SISVAT (Soil
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Ice Snow Vegetation Atmosphere Transfer; De Ridder and
Gallée, 1998), which simulates mass and energy fluxes be-
tween the atmosphere and the surface. The snow—ice module,
based on the CROCUS model (Brun et al., 1992), represents
the evolution of the snowpack for 30 snow layers through
subroutines of snow metamorphism, surface albedo, melt-
water run-off, percolation, retention, and refreezing. MAR
is forced with ERA-Interim every 6 h over 1979-2018 at its
atmospheric lateral and upper boundaries (pressure, wind,
specific humidity, and temperature at each vertical level)
and over the ocean surface (SST and SIC). Furthermore, an
upper-air relaxation is used to constrain the MAR general
atmospheric circulation (van de Berg and Medley, 2016).
Relative to previous studies over the AIS (Kittel et al.,
2018; Agosta et al., 2019), the version used in this study
(MARy3.10) only improves the cloud lifetime, the model sta-
bility, and its computational efficiency, enhancing a larger in-
dependence of MAR to its time steps. Furthermore, the def-
inition of the AIS mask has also been improved by taking
into account rock outcrops. An extensive description of the
adaptation of MAR to the AIS can be found in Agosta et al.
(2019).

2.1.5 RACMO2.3p2

The Regional Atmospheric Climate Model RACMO2.3p2
combines the dynamical processes of the High Resolu-
tion Limited Area Model (HIRLAM) (Undén et al., 2002)
and the physics package CY33rl of the European Cen-
tre for Medium-range Weather Forecasts (ECMWF) Inte-
grated Forecast System (IFS). RACMO2.3pl was built by
porting the polar-physics components that were part of
RACMO2.1P into the standard climate model RACMO2.3
developed at the Royal Netherlands Meteorology Institute
(KNMI). RACMO2.3p2 is the follow-up of RACMO2.3p1
and has been applied to the polar ice sheets of Green-
land and Antarctica by the Institute for Marine and Atmo-
spheric research Utrecht (IMAU). RACMO2.3p2 includes a
multi-layer snow model that calculates melt, percolation, re-
freezing, and run-off of liquid water (Ettema et al., 2010).
RACMO2.3p2 also uses a prognostic scheme for snow grain
size used to calculate surface albedo (Kuipers Munneke et al.,
2011) and a drifting-snow routine that simulates the interac-
tion of drifting snow with the surface and the lower atmo-
sphere (Lenaerts et al., 2012a). For this study, the model op-
erates at a horizontal resolution of ~ 27 km, with 40 verti-
cal atmospheric levels. Surface topography is based on Cook
et al. (2012a) and Bamber and Gomez-Dans (2009). At the
lateral and the upper-atmospheric boundaries the model is
forced by ERA-Interim reanalysis data every 6h and at the
ocean boundaries by prescribed ocean temperatures and sea
ice cover. The model atmosphere is initialized on 1 Jan-
uary 1979 with the ERA-Interim reanalysis data and the snow
and firn layers with data generated by the IMAU Firn Densi-
fication Model (IMAU-FDM) (Ligtenberg et al., 2011). The
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precursor version, RACMO2.3p1, includes an older ice mask
and surface topography, no upper-air nudging, a more severe
drifting-snow formulation eroding more snow, and changes
in the formulations of surface melting and precipitation. Fur-
ther details can be found in van Wessem et al. (2018), who
intercompare versions pl and p2 more fully.

2.1.6 RACMO2.1P

RACMO2.1P is an earlier version of RACMO?2 using the
ECMWE-IFS physics package CY23r4 that does not include
ice cloud supersaturation and utilizes earlier parameteriza-
tions for short-wave radiation and boundary-layer turbulence
as described in Van Wessem et al. (2014). This version of
RACMO2.1 includes the polar multi-layer snow routines as
well as the schemes for drifting snow and albedo as described
for RACMO2.3p2 above. In essence, its polar-physics com-
ponents are identical to those in RACMO2.3pl. Simulations
with RACMO2.1P have been performed on a modelling do-
main matching the CORDEX ANT-44 domain in the interior
plus a 16-point extension on each domain side for boundary
relaxation of ERA-Interim fields. There is also no nudging
within the domain in this version.

2.2 Model set-up and outputs
2.2.1 Surface mass balance calculations in RCMs

Two of the models (RACMO and MAR) have subsurface
schemes optimized over snow and ice for Antarctica (see ref-
erences under the model descriptions). The models include
parameterizations to account for retention and refreezing of
meltwater and also in the case of RACMO2.3p2 wind-driven
processes such as erosion at the surface and sublimation of
blowing snow. Thus, the definition of the calculation of the
SMB changes depending on the complexity of the model.
Three models (HIRHAMS, METUM, COSMO-CLM?) have
only simple surface snow physics over ice surfaces in these
experiments. The basic SMB we calculate for them in this
study is

SMB = precipitation — evaporation — sublimation. (D

For MAR with optimized subsurface schemes, the SMB is
calculated from Eq. (2):

SMB = precipitation — evaporation — sublimation
— run-off. @)

This differs slightly in RACMO2.3p2 and RACMO2.1P as
sublimation and erosion of drifting snow (SUgs and ERg;, re-
spectively) are also included as a mass loss term as in Eq. (3):

SMB = precipitation — evaporation — sublimation
— run-off — SUgs — ERgs. 3)
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Both models account for refreezing and retention and thus
use run-off rather than melt. Due to the low temperatures in
Antarctica, most meltwater refreezes, and run-off is negligi-
ble in the current climate (van Wessem et al., 2018; Agosta
et al., 2019), so for the remaining models without the multi-
layer subsurface schemes, SMB is calculated without the
run-off component.

2.2.2 Nudging and upper-atmosphere relaxation

As von Storch et al. (2000) pointed out, nudging, whether
spectral or with simpler techniques, keeps a regional model
closer to the driving large-scale fields (GCM or reanalysis)
and is thus a valuable technique where a close match to ob-
servations or to a driving GCM is required. Within Polar
CORDEX, upper-air relaxation and other forms of nudging
have been included as a standard where observational cam-
paigns in large domains require close matches between mod-
elled and observed weather. For example, Arctic cyclone sys-
tems and the presence of clouds in particular appear to be bet-
ter resolved in models that include nudging (Akperov et al.,
2018, and Sedlar et al., 2011). Similarly, nudging of RCMs
run over Antarctica ties their synoptic evolution to these of
the driving reanalysis, improving the representation of the
interannual variability in SMB to similar levels as in the re-
analysis as shown in van de Berg and Medley (2016).

In the experiments presented here, COSMO-CLMZ,
MARy3.10, and RACMO2.3p2 are nudged by adjusting tem-
perature and wind fields to the global fields with a minimum
relaxation timescale of 6h. The strongest relaxation is ap-
plied at the top of the atmosphere, and relaxation decreases
gradually for lower levels. Below typically 4 km (ocean) to
6.2km (4km land topography) no relaxation is applied. In
the case of MARy3 10, the relaxation of the temperature is
weaker than the relaxation of the wind between the highest
cloud level and the lowest nudging level. This prevents in-
consistency between the temperature inherited from the re-
analyses and the humidity and clouds conditioned by the
MAR microphysics scheme. Moisture fields are not adjusted
by nudging as this would introduce artificial uphill moisture
transport. HIRHAMS and MetUM are not nudged, but Me-
tUM is run in a 12-hourly reinitialization hindcast that keeps
the model evolution close to the driving reanalysis.

2.2.3 Grids and land-sea—ice masks

All models have been run for a domain covering the entire
Antarctic continent, but not all of the domains are the same.
HIRHAMS 0.44° and MetUM use the standard CORDEX
domain and grid. However, COSMO-CLM? extends this
slightly to cover more ocean around Queen Maud Land,
while the HIRHAMS 0.11° simulations and MARy3, 19 were
run over slightly smaller domains than the CORDEX do-
main to reduce computational time, though only after run-
ning experiments to determine that e.g. precipitation was not
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Table 1. Summary of differences and similarities between the RCMs. Horizontal resolution is given in degrees and (kilometres), while the
number of atmospheric levels refers to the vertical resolution. Nudging refers to the level of forcing within the domain; refer to the individual

model descriptions for more details.

Model Period Resolution  Nudging SMB Topography Atmospheric

[km] (°) scheme  dataset levels
COSMO-CLM2  1987-2016 25(0.22)  Yes Yes GLOBE? 40
HIRHAMS 1979-2017 50 (0.44); 12.5(0.11) No No GTOPO 31
MetUM 1979-2018 50 (0.44) Reinitialized No GLOBE? 70
MARy36 1979-2018 35  Yes Yes Bedmap2© 23
MARy3. 10 1981-2018 35 Yes Yes Bedmap2¢© 24
RACMO2.1P,;  1979-2012 50(0.44) No Yes RAMPv24 40
RACMO2.3p2 1979-2018 27 (0.25)  Yes Yes Cook, Bamber® 40

2 GLOBE Task Team et al. (1999), b Earth Resources Observation and Science Center (1997), € Fretwell (2013), dLin (2015), € Cook et al. (2012b),

Bamber (1994)

affected. RACMO2.3p2 and RACMO2.1 are run for a do-
main slightly larger than CORDEX but are trimmed back to
remove the relaxation zone such that final results are pre-
sented on the CORDEX domain. As the model resolutions
are different, and each model had its own land—sea mask, the
area of Antarctica is not the same in all models, which com-
plicates the SMB results when integrated over the continent.
To correct for this areal difference, all the data have been
bilinearly regridded to the HIRHAMS 0.11° grid, with the
unglaciated land of MARy3 19 included and a threshold for
the ice mask of 50 %. This was used to generate a common
ice mask for the models in order to calculate the integrated
SMB over the ice sheet and ice shelves and in the individ-
ual basin. In the Appendix, Fig. Al shows all masks com-
pared to the common mask. Most models had very few grid
points different from the common mask, but these are also
areas with high precipitation rates, and this therefore would
give measurable differences in annual SMB. We do not re-
port these differences here, but it is important to bear in mind
the ice masks used when comparing our results with those
from other studies.

Modelled SMB is integrated over drainage basins defined
as in Shepherd et al. (2020). The horizontal resolution of the
models is not altered, and the drainage basin masks are de-
fined by selecting all model grid points that fall within the
drainage basin outlines. In addition to the drainage basins,
which are by definition grounded ice, outlines of the ice
shelves that the basins drain into are also used. This allows
us to partition SMB over the floating ice shelves (ISs) and
grounded ice only excluding floating ice shelves (GrlSs), as
well as the ice sheet as a whole including both grounded ice
and floating shelves (ToTIS).

The Cryosphere, 15, 3751-3784, 2021

2.3 Observations
2.3.1 Automatic weather station (AWS) observations

We use weather observations to assess how well RCMs re-
produce the meteorological conditions over the AIS. Al-
though a detailed evaluation of the near-surface model cli-
mates of each of the models is not the purpose of this study,
this comparison helps to explain model biases in simulat-
ing SMB and especially the coherence between the modelled
SMB and the near-surface climate. The original dataset is
a compilation of surface pressure, near-surface temperature,
and wind speed from 307 AWSs over the ice sheet used in
the MET-READER database (Turner et al., 2004) but also
collected by the BAS (British Antarctic Survey), IMAU (van
Wessem et al., 2014), and the Institut des Géosciences de
I’Environnement (IGE) and Institut Polaire Francais Institut
Paul-Emile Victor (IPEV) (Amory, 2020). The original data
were available at several sampling time steps (sub-hourly,
hourly, 3-hourly) and were averaged to obtain daily values.
Only daily averages computed from more than 75 % of the
original data are considered to be representative of the entire
measurement (UTC) day and are used for comparison. Sev-
eral stations displayed suspicious measurements (sudden dis-
continuity in pressure and temperature, temperature values
capped to the lower bound of the measurement range during
the whole winter season, etc.), and these were removed from
the dataset. Stations occasionally exhibited wind speeds of
0ms~! for day-long periods, probably as a result of sensor
riming. For these cases the daily averages were considered to
be no data (see Kittel, 2021 in preparation for details on the
full list of AWSs and the data selection protocol). Although
we use a homogenized and quality-controlled dataset for the
comparison, observations may still be biased in ways that are
hard to quantify due to e.g. burial of stations by snow, bat-
tery failures, tilt due to strong winds, and other instrument
failures that remained undetected, reflecting the difficulties
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involved in collecting data in the harsh and remote Antarctic
environment.

As the different models have different ice masks and to-
pographies, we only retain stations on the common mask
where the difference in elevation is lower than 500 m for
each model. This gives a total of 184 AWSs (see Fig. A2 in
the Appendix for locations of AWS used in this study). We
compute the modelled surface pressure, near-surface temper-
ature, and wind speed as well as the model elevation using a
four-nearest-neighbours inverse-distance-weighted method.
Finally, since the measurement height is not known for every
station, we use the vertical level closest to the surface (10 or
2 m) of the models for all comparisons with the observations.

2.3.2 Comparison with 10 m snow temperature
observations

Deep snow temperatures in Antarctica are indicative of the
annual long-term mean surface air temperature. Here, we use
64 observations of 10 m snow temperature, collected from a
broad range of climatic regions of Antarctica, representing
a spatially complete picture of climatological surface tem-
perature (Van Wessem et al., 2014), to compare with model
output.

2.3.3 Observed SMB

Observations of SMB are sparse over the wide Antarctic con-
tinent and have been obtained from diverse measurement
techniques such as stake measurements, ice cores, and radar
stratigraphy. For the purpose of our model evaluation, we
use the SAMBA dataset from Favier et al. (2013), which has
been updated with observations from Wang et al. (2016), and
yearly values of shallow ice cores from Thomas et al. (2017),
giving a total dataset of 7136 observations for various time
periods and for a wide range of locations scattered across the
AIS. We did not use the radar measurements published by
Medley et al. (2014) in this study as the spatial variability is
very high and difficult to smooth appropriately for all model
grids.

To evaluate the models, we selected observations of SMB
on the common ice mask and for which the measurement
period falls between 1950 and 2018. These conditions re-
duced the total number of observations used in the compar-
ison to 3671. We used observations between 1950 and 1987
or 2015 and 2018 that are not fully included in the common
modelling period of 1987 to 2015 for evaluation only if they
covered more than 5 years. These 1849 SMB observations
are compared to modelled values averaged over the common
modelling period in order to compute a climatological mean,
while we averaged modelled SMB values over the exact same
period for the observations between 1987 and 2015 (1822 ob-
servations).

Since the models have different resolutions and grids, we
do not directly compare the modelled SMB values to the
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observations. As in Kittel et al. (2018) and Agosta et al.
(2019), we compute modelled and observed SMB values in
two steps. Firstly, the SMB values modelled in the origi-
nal resolution were interpolated, as for AWS observations,
to the observation location using a four-nearest-neighbours
inverse-distance-weighted method. Secondly, all the interpo-
lated SMB values contained in the same grid cell from the
common ice mask were averaged as well as the observations
to finally create 923 comparison pairs. This leads to a fair
comparison for each model that takes into account the benefit
of using a higher resolution for a specific model and remov-
ing the very high spatial variability in the observations that
cannot be reproduced by the models.

Like the meteorological data, SMB observations are sub-
ject to measurement biases notably due to post-depositional
redistribution of snow and the related formation of sastrugi
that can considerably complicate the interpretation of mea-
surements at the very local scale (Andersen et al., 2006).
SMB observations should therefore be considered to be a
best estimate of accumulation rather than an absolute value.
As SMB observations are not evenly distributed over the ice
sheet, the comparison statistics are artificially influenced by
over- and/or undersampled regions.

3 Results

We first focus on how the RCMs characterize the surface cli-
mate over the ice sheet before turning to assessing the SMB
and take note of the differences in precipitation distribution.

3.1 Temperature, surface pressure, and wind speed
from models and observations

Weather observations in Antarctica extend farther back in
time, and there is generally better spatial and temporal cov-
erage than for direct SMB measurements. In Fig. 1, we show
Taylor diagrams for pressure, temperature, and wind veloci-
ties. Taylor diagrams offer an efficient way to assess model
skill by comparing the Pearson correlation coefficient, the
centred root mean square error (CRMSE), and the standard
deviation of the modelled output with the observed values.
CRMSE is equivalent to the root mean square error, but sys-
tematic biases are removed by subtracting the mean observa-
tion and mean modelled values from each value as shown in
Eq. (4):

n . 2
CRMSE = \/ 72":0(": %) _ i), )

where n is the number of observations; m; is the modelled
value; o; is the observed value; and 7 and o are the average
of the modelled and observed values, respectively.

A perfect model should be in the same place as the ob-
servations (shown by the black star in Fig. 1, with a corre-
lation of 1, the same standard deviation, and zero CRMSE).
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The farther away a model is from the observations, the more
poorly it matches the observed weather. Mean biases and the
observational mean are also indicated. In this case, modelled
values closest to the dashed line have a more correct repre-
sentation of the standard deviation, and the closer to the black
reference star, the closer the model correlates to the observa-
tions values. We list the bias below the diagrams.

Figure 1 analysis shows that, depending on the variable, all
the models perform reasonably well though with some varia-
tion. With respect to surface pressure, the majority of models
are similarly skilful, with the exception of HIRHAMS 0.11°,
which has the lowest correlation and highest bias, although
the model is still close to the pattern of the standard devi-
ation. The other models have quite a high degree of nudg-
ing, including upper-atmosphere pressure fields within the
domain, so it is not so surprising to see the good perfor-
mance here as the nudging forces the models to be closer
to the observed pressure. Without nudging, the large do-
main size in Antarctica means that synoptic-scale systems
have more degrees of freedom to evolve away from the ob-
served quantities. This is likely to be a particular problem for
higher-resolution models, where there are more grid points
between the boundary and a given station compared to a
lower-resolution model with fewer grid points. Our results
show that the high-resolution (0.11°) version of HIRHAMS,
which has many more grid cells than the low-resolution
(0.44°) version, has a higher divergence due to internal vari-
ability. MetUM is not nudged by surface relaxation but is run
in daily reinitialization mode, and while this probably also
helps to keep surface pressure close to observed, it is also
likely that the large number of atmospheric levels in Me-
tUM also improves modelled surface pressures. The near-
surface temperatures in Fig. 1 show that, although overall
the models perform well (Pearson correlation of 0.85 and
higher), on average all the models are too cold, and only
MARy3.19 and RACMO2.3p2 have a bias of less than 1K
(respectively —0.16 and —0.51 K), with MetUM having the
highest bias (—3.44 K). As with the surface pressure analy-
sis, the HIRHAMS high-resolution simulations have a rela-
tively lower correlation coefficient (0.85 compared to above
0.9 for the other simulations), and this may well be again the
consequence of the un-nudged simulations. However, biases
in cloud cover and long-wave radiation reaching the surface
are likely the main explanation for divergence from observa-
tions and should be investigated for all RCMs run for Antarc-
tica as shown by van Wessem et al. (2014). In their study,
significant improvements in the RACMO2.3p2 model were
obtained by adjustments to the cloud microphysics. Further-
more, the lack of detailed subsurface snowpack schemes
including processes such as refreezing (and subsequent la-
tent heat release) and densification also likely has an im-
pact on the near-surface and subsurface temperature bias in
HIRHAMS and MetUM (see also Fig. 2).

Figure 1 shows that all of the models perform less well
for wind speeds than for temperature or pressure obser-
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vations. The wind speed plot shows that all models have
higher CRMSE, higher standard deviation, and lower corre-
lation values when compared with observations. Even so, the
RACMO2.3p2, MetUM, and MARy3 19 still show a correla-
tion above 0.9 with observations, suggesting that the nudg-
ing schemes in these models are effective in helping to re-
produce observed wind speeds. There are also likely to be
large uncertainties in the observations, especially at unat-
tended stations, where burial by snow, changes in orientation,
and sensor breakdown are more likely. However, the effects
of different resolution and differences in turbulent schemes
between the models may also be important. In particular, the
extremely stable boundary layer over most of Antarctica is
hard to represent in models, particularly at lower resolutions
(Zentek and Heinemann, 2020). The models appear to fall
into two groups on the Taylor diagram: MARy3 19, MetUM,
and RACMO2.3p2 on the one hand and the two HIRHAMS
runs and COSMO-CLM? on the other hand. In the case of
COSMO-CLM? wind speeds are output at 20 m and then in-
terpolated to 10 m using Monin—Obukhov theory (Souverijns
et al., 2019), which may not be sufficient to properly rep-
resent near-surface winds and associated interactions. The
HIRHAMS results may again be biased due to the lack of
nudging within the domain. However, it is worth pointing out
that HIRHAMS correctly represents the mean spatial vari-
ability (both runs are the closest to the dashed line indicating
the standard deviation) and, in the case of the high-resolution
run, has a very low bias in the mean observed wind speed.

3.2 Comparison with 10 m snow temperature
observations

Figure 2 shows the modelled surface temperature of the
RCMs as a function of 64 measurements of temperature
at 10m depth as also used by Van Wessem et al. (2014).
The majority of the AIS has negligible snowmelt, and in
these regions the 10m snow temperature is representative
of the long-term average annual surface temperature. This
comparison, therefore, is a robust assessment of the clima-
tological surface signal calculated by the models also be-
cause the observations are evenly scattered across the con-
tinent and represent most climatic regions. All models cap-
ture the wide range of surface temperatures from ~ 218 to
260 K. HIRHAMS 0.44° consistently underestimates tem-
perature for most locations, a bias that closely resembles
RACMO2.1 in Van Wessem et al. (2014) and which the au-
thors concluded was predominantly related to biases in the
downwelling long-wave radiation. The other models overes-
timate temperature in the higher-elevation, colder locations
while underestimating temperature at lower elevations in the
coastal regions. For the colder regions below ~ 240 K, these
biases are most likely related to discrepancies in cloud cover,
likely snowfall, affecting downwelling longwave radiation
and surface albedo. Some of the Antarctic models have been
tuned to improve the dry and cold biases in the interior that
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Figure 1. Taylor diagrams showing model performance compared to daily observations of surface pressure (a), near-surface temperature (b),
and observed wind speeds (c). The horizontal and vertical axes represent the standard deviation; the dashed line in bold shows the standard
deviation of the observations. The Taylor plot also shows the correlation which is measured by the angle with the x axis. Finally, the CRMSE
is represented by the curved lines in light grey. The units of standard deviation, CRMSE, mean bias, and mean of the observations are the
same (hPa for surface pressure, K for near-surface temperature, and ms~! for wind speed).

were persistent in earlier model versions (see RACMO2.1P;
Van Wessem et al., 2014; van Wessem et al., 2018) but now
overestimate temperature slightly instead. While subsequent
model updates have led to significant improvements in sim-
ulated SMB, this has come at the expense of surface tem-
perature due to excessive increases in downwelling radiative
fluxes that accompany increases in snowfall.

For the lower-elevation, mostly coastal regions, most mod-
els have a cold bias. This bias is likely related to the effects
of surface meltwater percolating into the firn and refreez-
ing within, raising deeper snow temperature, implying mod-
elled surface temperature is not a good metric for observed
10 m snow temperatures in the percolation zone. A more ac-
curate comparison would therefore be to directly compare
10 m snow temperatures from the models with the observa-
tions. However, not all models calculate snow temperatures,
and given the scope of this paper, we only intercompare the
surface temperature. Here, Fig. 2 illustrates a consistent in-
termodel scatter, with mainly the models that do not include
a sophisticated snow model outside of this range. This points
to a significant potential source of improvements for mod-
elled SMB in the future.

3.3 Comparison with observed SMB
Evaluating SMB is hindered by poor observations across the
cryosphere, particularly in Antarctica, where remoteness and

extreme weather conditions add to the challenge of observ-
ing SMB. Our analysis uses a large dataset of observations,
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Figure 2. Modelled surface temperature as a function of observed
10 m snow temperature (Van Wessem et al., 2014). Observations not
fully located on the model ice mask are excluded.

but there are large areas significantly undersampled (see, for
example, Fig. A2). We therefore separate the comparison of
modelled and observed SMB into elevation bins in Fig. 3 in
order to make the results clearer. Note that Fig. 3 is plot-
ted on logarithmic axes because the distribution of both the
observed and simulated SMB is not Gaussian. As linear re-
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gression is strongly influenced by the extreme values, which
skew 2 errors in both modelled and observed SMB for the
largest values, but is only weakly influenced by the errors
in the smallest absolute values, a logarithmic plot better dis-
plays how well models reproduce SMB in both high- and
low-SMB regions. It is also important to note that for the
scatter plots by elevation class, if an observation or one of
the models had a negative value, the observation and mod-
elled values were removed from the analysis using logarith-
mic values for the scatter plots by elevation class (hereafter,
rlog is the correlation computed on the logarithm of SMB
values) but are retained in the analysis using the original pop-
ulations. We show detailed statistics for the SMB comparison
in Table 2. In order to show the large scatter in the observa-
tions and the models clearly, we also plot all modelled SMB
values against observed SMB values in Fig. 4. We show in-
dividual model comparisons in the Appendix to save space
here (Figs. A3, A4, A5, A6, A7, AS).

Apart from COSMO-CLM? and HIRHAMS 0.11°, the
RCMs show similar root mean square error (RMSE) and
r2 values when compared over the full dataset, but break-
ing them down by elevation class or locally by regions as
in Fig. 4 shows a more complex story. In general, all mod-
els, with the possible exception of MAR3 19, underestimate
SMB at the ice shelf observation locations as well as in the
low-elevation coastal regions of Antarctica (see also statistics
in Table 2a and b and Fig. 3). The highest mean bias, low-
est RMSE, and lowest r values in particular are given in the
COSMO-CLM? and HIRHAMS 0.11° models at the lowest
elevations. However, while all the other RCMs underestimate
SMB, especially over the Ross Ice Shelf, MARy3 19 overes-
timates it, probably related to a poorer representation of the
surface climate by the model over this ice shelf. There are
indications in Fig. 4 that both HIRHAM simulations overes-
timate SMB on the Ronne Ice Shelf, but we lack observations
to be able to test this properly.

The blowing-snow module included in RACMO2.3p2
may explain the lower bias and RMSE in this model at el-
evations between sea level and 1200 m and especially 1200
and 2200m (we show all statistics in detail in Table 2b
and c¢) compared to the other models. A previous com-
parison shows higher sublimation in RACMO2.3p2 than in
MARy3.10 (Agosta et al., 2019), notably at the elevations
where katabatic winds are strong due to the slope of the
ice sheet and where the atmosphere is not too cold, en-
abling large amounts of sublimation from blowing snow par-
ticles. COSMO-CLM? and HIRHAMS 0.44° have the high-
est RMSE, while HIRHAMS5 0.11, MARy3 10, and MetUM
have similar statistics at this elevation. For the highest eleva-
tions (above 2200 m), all the model RMSE scores are rela-
tively low and similar to each other, except HIRHAMS 0.44°
(and to a lesser extent MARy3.10) between 2800 and 3400 m
(Table 2e). However, the less extensively optimized models
(HIRHAMS at both resolutions and MetUM) are both too dry
over the high plateau of the AIS.
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If we look at all the elevation ranges, no model is system-
atically in the top three for every range, but RACMO2.3p2
has the best comparison with all the observations, closely
followed by MetUM, with MARy3 19 and HIRHAMS 0.44°
performing almost equally. It is worth emphasizing though
that as Fig. 4 shows, the observations in this elevation class
are also very noisy, and the poor relative performance of
the models may result as much from unrepresentative and
sparse repeat observations as it does from missing or poorly
resolved processes in models. Analysis of these results in-
dicates not only areas where models need to be improved
but also areas where more observations to test models are
desirable, notably between 1200 and 2200, where the mean
biases of the models used in this study display large dis-
crepancies (Table 2c). It is also likely that there are com-
pensating errors within each model that hide the true perfor-
mance. For example, the mean bias between the two differ-
ent HIRHAM runs has opposite signs in the 1200-2800 m
range, likely reflecting the difference in model resolution.
Orographic precipitation is very sensitive to slope effects,
and the presence of steep topography is very different be-
tween the two resolutions, affecting where precipitation falls
across the continent. The wide scatter in modelled SMB
in the 2200-2800 m elevation range is therefore also likely
to reflect in part the resolution of the different models and
how well they capture orography and the consequent pre-
cipitation. Studies by, for example, Hermann et al. (2018)
and Schmidt et al. (2017) show that hydrostatic models like
HIRHAMS and RACMO2.3 typically overestimate precipi-
tation on the upslope and have a dry bias downwind of ini-
tial steep topography; this pattern seems to some extent to
be repeated in Antarctica in Figs. 3 and 4. Comparing the
observations used in this analysis with the RCM ensemble,
modelled SMB in Fig. 6 also highlights that the largest dif-
ferences between models and compared with the ensemble
mean are mostly in regions with very few or no observations.
These are also regions where precipitation is typically high,
making it difficult to assess the ability of models to truly
simulate the SMB of Antarctica. Our analysis therefore also
helps to identify areas where increased observations will be
most useful to help assess and improve model processes.

Mean bias and RMSE for each model by elevation bin is
summed up in the Appendix in Figs. A3 to A9. However as
Fig. 4 also shows, this is not a straightforward comparison
either due to the large areas with only few observations.

3.4 Assessing the surface mass balance of Antarctica

Bearing in mind the results presented in the preceding section
evaluating the RCMs, we show here the range of best esti-
mates for Antarctic SMB based on RCMs. Figure 5 shows
the modelled specific surface mass balance (SSMB); this is
defined as the SMB integrated over the whole basin and di-
vided by the area. We use the 19 drainage basins defined
in Shepherd et al. (2020) for the full 9 climate simulations
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Figure 3. Comparison between modelled SMB and observed SMB in a gridded dataset. Trend lines and points are plotted for each model in
a different colour. Note different x and y axes for different elevation bins. The figures are plotted on logarithmic axes because the datasets
do not have Gaussian distributions, and this better represents the relative error in both high- and low-SMB regions than linear axes.

as well as the ensemble mean and standard deviation in or-
der to better compare the more recent estimates in this study
with older modelled results. Figure 5 also lists the total in-
tegrated SMB of the basin in units of gigatonnes (shown
by the numbers in a box in each basin). All models sim-
ulate a comparable SSMB for the East Antarctic ice sheet
(EAIS), with values between 100 and 400 mm yr‘l. Due to
the moist coastal climates over the ice shelves, SSMB values
here reach values as high as 1000 mm yr~!. The main inter-
model differences are found over the West Antarctic ice sheet
(WALIS) and the Antarctic Peninsula (AP) and are most likely
related to differences in horizontal resolution and, there-
fore, orographic precipitation. The higher-resolution models
(RACMO2.3p2, HIRHAMS 0.11°, and MAR,3 10) generate
the highest SSMB values over the AP and WAIS basins, up
to 2000 mm yr~!. The other models have considerably lower
SSMB, especially over the adjacent ice shelves. COSMO-
CLM? is drier than the ensemble mean and all other models
in all basins, with the exception of the Queen Mary Land
basin in the EAIS, where HIRHAMS 0.11° is slightly drier,
and the interior of the EAIS, where MAR,3 ¢ is slightly
drier. The two areas with the largest ensemble mean devi-
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ation are the western-peninsula basin but also the interior
of the EAIS bordering the Transantarctic Mountains and in-
cluding the South Pole. In this region the MAR,3 19 model
has the highest SMB (196 Gt), but MetUM has the lowest
(77 Gt). Figure 5 also shows some of the striking features in
the pattern of SMB present in all the models where the mag-
nitude differs; for example, all models have a steep gradient
in the SMB over the Antarctic Peninsula, but this is much
more pronounced in HIRHAMS 0.11° than in HIRHAMS
0.44°, demonstrating the importance of resolution in this re-
gion. MetUM and COSMO-CLM? also show the same pat-
tern but with considerably lower absolute values, particularly
on the western side, than the other models. These differences
in modelled SMB on the basin scale may have a consid-
erable impact on dynamic ice sheet models used to deter-
mine the evolution of the AIS and are consequently impor-
tant to take into account when selecting SMB to force ice
dynamics models. Looking at the total surface mass bud-
get including ice shelves for the period 1980 to 2010 (num-
bers in the caption and summarized in Table 3) generated by
the models, the HIRHAMS 0.44° simulation is the wettest
model (2752 Gt yr‘l; 2328 Gt excluding ice shelves), while
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Figure 4. Observed SMB values and the number of observations at each point. The model plots show the difference between observed and
modelled SMB for COSMO-CLMZ, HIRHAMS 0.44°, HIRHAMS5 0.11°, MARy3. 19, MetUM, and RACMO2.3p2.

COSMO-CLM? i the driest (2031 Gtyr~!; 1751 Gt exclud-
ing ice shelves). The other simulations are all closer to
each other and are within an SMB range of +200Gtyr~!,
while the two dedicated polar models (RACMO2.3p2 and
MARy3.10) have only a small difference of 83 Gt yr*] on av-
erage, corresponding to around 3 % of the total budget. These
two models have been evaluated and optimized for Antarc-
tica the most intensely of all the models (van Wessem et al.,
2018; Agosta et al., 2019). We also include MAR3.6 and
RACMO2.1 in this figure to give context to earlier studies.
The two closest models overall are in fact HIRHAMS 0.11°

The Cryosphere, 15, 3751-3784, 2021

and MARy3 19, which differ by only 26 Gt overall, with much
of the difference accounted for by the SMB of the ice shelves.

As the basin-scale SMB values differ quite substantially
between models, in Fig. 6 we plot the mean annual SMB
from the ensemble mean and the anomaly to that for each of
the different models. The ensemble mean is calculated on a
common grid, but the model anomalies are calculated from
it on their own grids, which more clearly shows the effects
of the different resolutions on the SMB. The figure shows
quite substantial agreement between models over large ar-
eas of Antarctica but also some considerable local variabil-
ity. Features such as the Transantarctic Mountains and the
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Table 2. Comparison of the modelled SMB to the SMB observations over the ice shelves (a), by elevation bins (b—f), and over the whole
AIS (g). Unit of mean bias (MB), root mean square error (RMSE), and mean of the observation is kg m~2 yr’z. N denotes the number of
comparison used for each bin, while L represents the number of comparisons that used the log distribution.

(a) Shelves (N =112, L =112)
Mean of observation: 199 & 132

(b) 0-1200m (N = 130, L = 128)
Mean of observation: 223 4224

MB RMSE r rlog | MB  RMSE r rlog
COSMO-CLM? -85 125 0.75 0.84 | =79 174 0.73 0.81
HIRHAMS 0.44° =37 89 0.79 0.75 | =22 143 0.77 0.82
HIRHAMS5 0.11° =59 122 0.60 0.67 | —26 194  0.68 0.76
MARy3 10 —12 98 0.69 0.79 -5 159 0.74 0.79
MetUM -32 83 0.82 0.82 | —41 142 0.79 0.84
RACMO2.3p2 =25 90 0.78 0.78 | =29 147  0.78 0.87
(c) 12002200 m (N =158, L = 154) | (d) 22002800 m (N = 259, L = 258)
Mean of observation: 225 + 240 Mean of observation: 89 £ 55
MB RMSE r rlog | MB RMSE r rlog
COSMO-CLM? -22 187  0.63 0.75 -9 42 0.67 0.61
HIRHAMS 0.44° 33 143 0.89 0.78 | —18 45 0.65 0.59
HIRHAMS 0.11°  —19 119 0.89 0.68 | —16 46  0.64 0.56
MARy3. 10 20 115  0.90 079 | —14 42 0.70 0.63
MetUM —16 119 0.87 0.80 | —22 46 0.68 0.63
RACMO2.3p2 12 95 094 077 | —13 41  0.68 0.66
(e) 2800-3400m (N = 161, L = 161) (f) 3400 m—top (N = 103, L = 103)
Mean of observation: 58 £+ 27 Mean of observation: 36 £+ 12
MB RMSE r rlog ‘ MB RMSE r rlog
COSMO-CLM? -1 23 0.59 0.61 —1 9 0.70 0.72
HIRHAMS 0.44° —6 40 0.35 0.53 | —12 15 072 0.72
HIRHAMS 0.11° =5 26 055 0.62 -9 12 072 0.72
MARy3.10 -2 32 041 0.54 —1 9 0.67 0.69
MetUM -10 25 059 0.61 | —10 14 073 0.73
RACMO2.3p2 -2 27 046 0.56 0 9 0.70 0.72
(g) All (N =923, L =916)
Mean of observation: 133 4 160
MB RMSE | r rlog
COSMO-CLM? —28 113 0.74 0.79
HIRHAMS 0.44° -9 91 0.85 0.82
HIRHAMS 0.11° -20 101 0.81 0.79
MARy3 10 -3 88 0.85 0.83
MetUM -22 82 0.87 0.84
RACMO2.3p2 -9 79 0.88 0.85

rugged coastal topography in West Antarctica, both of which
substantially influence local weather patterns, are picked out
in the spatial pattern of the SMB. These features are more
clearly delineated in the higher-resolution runs. However, the
ensemble mean can also hide large disagreements between
the models. For example, there is an interesting asymme-
try in the model results for the region of the Queen Maud
Mountains and Queen Elizabeth ranges of the Transantarc-
tic Mountains. The MAR model and to a lesser extent the
HIRHAMS 0.44° model show rather different patterns in
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SMB compared to the other models, with higher SMB south
of the range and lower-than-ensemble mean values north of
the range. The other models show the reverse, with values
lower than the mean south of the range and higher to the
north. A similar but less clear pattern is also seen along the
Ross and Amundsen Sea coastal sectors. The coastal mar-
gin of the whole continent in general shows a blotchy pat-
tern in the SMB anomaly plots that reflects rugged topogra-
phy. In these regions the resolution of the model determines
the location of orographic precipitation. Analysis of similar
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Figure 5. Integrated SMB and specific SMB (SSMB) for the nine models included in this study (RACMO2.1, RACMO2.3p2, RACMO2.3p1,
HIRHAMS 50 km, HIRHAMS 12.5km, MARy3 19, MARy3 6, MetUM, and COSMO-CLM?) as well as the ensemble mean and standard
deviation shown. Colours denote the SSMB in millimetres of water equivalent per year for all grounded ice sheet basins as well as the ice
shelves these drain into, defined in Shepherd et al. (2019). The numbers included in the basins denote the basin-integrated SMB in Gt yr_1
for the grounded ice sheet for the period 1980 to 2010 with the exception of COSMO-CLM2, where the time series starts in 1987. Finally,
the total integrated number for the grounded ice sheet including ice shelves is shown in the figure label.

SMB simulations in Greenland with the HIRHAM, MAR,
and RACMO models (Hermann et al., 2018; Schmidt et al.,
2017) suggests that in these types of locations HIRHAM
and RACMO overestimate precipitation at lower elevations
in steep terrain, whereas MAR tends to have a wet bias at
a slightly higher elevation, where the other two models are
drier. Agosta et al. (2019) related this different pattern of bi-
ases in MAR to the advection of precipitation in the model’s
prognostic precipitation scheme. Understanding these biases
is crucial to understanding and interpreting modelled SMB,
and comparing Fig. 6 with Fig. 4 it is clear that the loca-
tions where there is the highest disagreement between mod-
els are also the regions with the poorest systematic observa-
tional coverage of SMB, especially in coastal regions and in
West Antarctica.

The Cryosphere, 15, 3751-3784, 2021

SMB varies not only spatially but also temporally, and av-
erage annual SMB values hide large interannual variability of
around 4 % in SMB as depicted in Fig. 7. The spread in the
range of estimates of SMB is, however, consistent from year
to year. The integrated continental SMB calculated over the
common mask has a spread of more that 550 Gt between the
highest and lowest estimate on average (see also Table 4), but
all the models show similar annual- and decadal-scale vari-
ability. This implies that the driving model, in this case ERA-
Interim, is the most important source of SMB variability but
that the individual models are important when considering
both the absolute number and the local spatial variability.

We calculate the mean annual SMB and components
across the continent including ice shelves, as given in Ta-
ble 4, over the period 1987 to 2015, for which outputs are
available for all the models. Note that this is calculated over
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Figure 6. Panel (a) shows the SMB ensemble mean for the common period on the common mask. Panels (b)—(g) show the difference between
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Figure 7. Annually resolved SMB integrated over the common ice mask for the different RCMs in the period 1979-2018. All RCMs are
driven by ERA-Interim, and except for MARy3 19 and RACMO2.3p2, SMB is calculated according to Eq. (1). The ensemble is a mean
calculated from all six RCMs in the period 1987-2015, where there are data from all the models. All trend lines are calculated for the period
1987-2015.
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Table 3. Integrated mean annual SMB for the six models used in this
study for the period 1980 to 2010 except for COSMO-CLM?Z, where
the period was 1987 to 2010. Three older model versions, ensemble
mean, and standard deviation as shown in Fig. 5. All calculations
done on the original grid of the individual models using a common
set of drainage basins and ice mask defined by IMBIE2 (IMBIE2 is
the second assessment by the ice mass budget intercomparison exer-
cise, published by Shepherd et al., 2020). The ensemble mean was
calculated by transforming all models to the RACMO2.3p2 grid.
GrlS denotes grounded ice sheet, IS denotes ice shelf, and ToTIS
denotes the full AIS including ice shelves.

Model GrIS IS ToTIS Area

Gtyr~hy  (Gtyr)  (Gtyrl)  10°km?)
RACMO2.1 1929 471 2391 13.85
RACMO2.3p2 2132 430 2555 13.85
RACMO2.3pl 2032 437 2462 13.85
MARV3.10 2227 413 2633 13.92
MARV3.6 2156 395 2545 13.92
HIRHAMS 0.44 2323 437 2752 13.87
HIRHAMS5 0.11 2233 434 2657 13.83
MetUM 1883 452 2327 13.82
COSMO-CLM 1743 287 2023 13.84
Ensemble mean 2073 417 2483 13.86
Ensemble ¥ 306 77 266 0.085

a common ice mask and a common simulation period and us-
ing the simple SMB calculation given in Eq. (1), and results
are therefore slightly different to those already published for
different models or shown in Fig. 5 or Table 3. The sim-
ple SMB is used to compare the models more fairly against
each other and with the ERA-Interim-derived SMB in Figs. 7
and 6. In this time series HIRHAMS 0.11° and MARy3.109
are the closest two models to each other in integrated SMB.
RACMO2.3p2 is closest to the ensemble mean, but COSMO-
CLM2 is closest to the driving ERA-Interim modelled values.
The trend lines are very sensitive to starting and ending years
and in some cases change sign if a longer period is chosen,
but as we have only a short common period we have chosen
to calculate the trend over the common period. For this cho-
sen period, COSMO-CLM? and MARy3 10 show a slightly
increasing trend in SMB, whereas the rest show a slightly
declining trend in SMB, although the trend in RACMO2.3
and MetUM is almost flat. The ERA-Interim trend over the
period declines slightly more than the MetUM trend, which
is otherwise extremely close. The different trends from the
models and in particular the sensitivity to different start and
end points do not give us confidence to ascribe a statistically
significant trend to Antarctic SMB over the whole continent.
We note though that all models show a declining trend in the
1990s and early 2000s but with a recent increase in SMB
since 2014. The early part of the record appears to have
higher variability, but this may be related to changes in data
assimilation in the driving reanalysis (Dee et al., 2011).
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Figure 8 emphasizes the large variability in SMB on an
annual to decadal scale by plotting the variation from the
mean for each model and the variation from ERA-Interim for
each model. We show that while all the models have more or
less the same anomaly when compared to their own mean,
the sign of the anomaly compared to the ERA-Interim value
can be different. Since the most highly constrained models
show the lowest anomaly compared to ERA-Interim, we sug-
gest that most of the variation is related to internal variabil-
ity (weather) within the domain. Both HIRHAMS 0.11° and
0.44° show the highest values of variability, probably due to
the unconstrained nature of the runs, but in different years,
different models show higher variability than the others. The
lower panel in Fig. 8 demonstrates that MetUM is by far
the closest to the driving model, with much less variability
than the others (likely due to its frequent reinitialization).
HIRHAMS again shows the highest difference compared to
the driving model, but from year to year the model showing
maximum difference varies, and there appears to be no sys-
tematic pattern as to whether or not modelled SMB is higher
or lower than the ERA-Interim reanalysis when quantified
on the common mask and over the whole of Antarctica. The
implication is that while the driving model controls broad-
scale pattern of SMB, the downscaling model adds its own
weather variability to the broad-scale pattern. The variabil-
ity, or weather noise, is unsurprisingly largest in un-nudged
models. The effect of this noise on ice sheet dynamics may
be small overall, but, as for example, Mikkelsen et al. (2018)
show, small stochastic variations in SMB can have a non-
negligible impact on ice sheet dynamics.

Since SMB is made up of accumulation and ablation com-
ponents, and in Antarctica precipitation is the dominant term,
Fig. 9 shows the precipitation component only over the com-
mon mask for the different models and ERA-Interim. There
is a very similar pattern to that in Fig. 7, but compensating
effects from sublimation, which is higher in HIRHAM than
in MAR, explain the bigger offset between HIRHAMS 0.11°
and MARy3 10. MAR is closer to RACMO2.3 in terms of pre-
cipitation, separated by only 10 Gt. The mean values for the
SMB components of precipitation, evaporation, and subli-
mation as well as SMB for the common period 1987-2015
over the common ice mask are also displayed in Table 4.
These values confirm that the very much higher precipita-
tion in both HIRHAMS runs compared to the other models
is to some extent compensated for by higher values of sub-
limation. Precipitation in HIRHAMS 0.44° is 80 Gt higher
than that in the 0.11° simulation, which in turn is 68 Gt
higher than the next wettest model, MAR,3 10, but precip-
itation in the RACMO2.3 model is only 10 Gt lower than
in MAR. On the other hand, sublimation in HIRHAMS is
higher (192 and 183 Gt in the 0.44 and 0.11° runs, respec-
tively) than in MARy3.10 (122 Gt), RACMO2.3p2 (158 Gt),
and MetUM (175 Gt), but COSMO-CLM and ERA-Interim
both have higher values than HIRHAM (262 and 255 Gt, re-
spectively). Although the RACMO2.3p2 model includes sub-
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Figure 8. Panel (a) shows the annual variability in surface mass balance over the common mask for each of the different RCM:s in the period
1979-2018. It is calculated by subtracting the respective model mean from each RCM’s SMB time series. Panel (b) displays how modelled
SMB from each RCM deviates from the ERA-Interim SMB.
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Figure 9. Annually resolved precipitation integrated over the common mask for the different RCMs in the period 1979-2018. All RCMs use
ERA-Interim. The ensemble is a mean calculated from all five RCMs in the period 1987-2015, where all models have data.

https://doi.org/10.5194/tc-15-3751-2021 The Cryosphere, 15, 3751-3784, 2021

60 Reconciling fundamental climate variables for determining the Antarctic Mass Balance




3768

limation from ventilated snow, the sublimation rates are still
lower than all models except MAR,3.19. MetUM, which per-
forms similarly to RACMO2.3 when compared with SMB
observations, has lower precipitation and higher sublimation
rates than RACMO2.3, however, suggesting that ventilation
of drifting snow alone does not explain the higher sublima-
tion rates. MARy3.10 has the lowest sublimation rates of all
and COSMO-CLM? the highest. Our results suggest that the
dry bias in COSMO-CLM? is a result in part of the lower
precipitation values, which are very close to those of the
driving ERA-Interim model but also a consequence of the
much higher sublimation values. This dry bias is mostly con-
fined to the coastal regions and peninsula and is identified
and discussed in Souverijns et al. (2019). The RACMO2.3
model is closest to the ensemble mean annual precipitation,
but as the MARy3 19 model mean values are only different
to RACMO2.3 by 10 Gt, in some years shown in Fig. 9 it is
actually even closer to the ensemble mean than RACMO2.3
is.

4 Discussion
4.1 The surface mass budget of Antarctica

The range of models in this intercomparison study allows us
to not only estimate the likely range of SMB over Antarctica
but also to identify sources of disagreement and bias within
and between models. Accounting for differences in ice mask,
the ensemble mean annual SMB integrated over the whole
of Antarctica between 1987 and 2018 is 2329 + 94 Gtyr—!.
The RACMO2.3p2 model has a value closest to the en-
semble mean, with the high-resolution HIRHAMS model
190Gt over this number and the COSMO-CLM? model
368 Gt below. The HIRHAMS 0.11° and MARy319 num-
bers are almost exactly the same, at 2452 and 2445 Gt yr‘l,
respectively, around 150 Gt above the mean. MetUM and
COSMO-CLM? are much lower, at about 138 and 368 Gt
below the mean, respectively. Given that the models perform
fairly similarly when evaluated against SMB observations,
we here give all models equal weight, although we suspect
that there is a dry bias in COSMO-CLM? and a wet bias
in HIRHAMS 0.44°. With an identical forcing from ERA-
Interim, the present-day estimate of the surface mass bud-
get of Antarctica ranges from 2519 to 1961 Gtyr~!, a 558 Gt
range that alone is equivalent to around 1.5 mm of global
mean sea level rise. Narrowing this range for the purposes
of estimating sea level change at present and in the future is
an important task, and for this reason we have evaluated the
models against observations in Antarctica (see below).

We can compare our results for the total mass budget of
Antarctica with those produced by the IMBIE2 study (Shep-
herd et al., 2020). In Fig. 10 we show the SMB discharge for
two different datasets, where the IMBIE2-reconciled (Shep-
herd et al., 2020) estimate of mean annual discharge is
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2103 £56 Gtyr~!, and the discharge of 2247 140 Gtyr~!
estimated by Rignot et al. (2019) for the same period is sub-
tracted from SMB calculated from each model. We use the
simple SMB calculation in Eq. (1) for the period 1992 to
2017 over the grounded ice sheet only. The Rignot et al.
(2019) dataset has a wider uncertainty range than the Shep-
herd et al. (2020) estimate and a larger discharge that gives
a lower total mass budget overall, but in all cases the
two overlap within the uncertainty ranges. Note that the
RACMO2.3p2 model was used to produce both the IMBIE2
and Rignot et al. (2019) estimates, and it is thus not a truly
independent comparison. The earlier MARv3.6 model was
also included in the Shepherd et al. (2020) study.

When taking into account the published uncertainties
in the observational mass budget estimates of discharge,
only the COSMO-CLM? and MetUM estimates are com-
pletely outside the range defined by the IMBIE study
(109 56 Gtyr~!) for the total mass budget of Antarctica.
However, as the statistics in Fig. 1 show, both models per-
form well compared to the weather station observations,
particularly MetUM, and both have higher correlations and
lower biases than the two HIRHAM simulations) for pressure
and temperature. Comparison with the SMB observations
shows that while COSMO-CLM? has a large dry bias (of
~ 40 %) over ice shelves and at lower elevations, at higher
elevations the mean bias is close to zero for the COSMO-
CLM? model and in fact much lower than the other models
in the 2800-3400 m elevation range (see Fig. A9). MetUM
on the other hand has a middle-of-the-range mean bias at
low elevations compared to other models but a much higher
(—25 % to —30 %) mean bias as shown in Fig. A9 at the up-
per elevations. The combination of these results, bearing in
mind also the undersampling in the dataset, thus indicates
either that some of the components of SMB are poorly cap-
tured by the models or that there are compensating errors in
the modelled SMB components and/or their spatial variabil-
ity. Most likely a combination of factors is responsible for the
wide variation in integrated SMB estimates. This means that
there are large uncertainties in both observations and the bi-
ases in models that we discuss in this paper that complicate
assessing the contribution to sea level rise from Antarctica
from SMB processes.

Unlike previous studies, we detect no obvious strong trend
in the modelled SMB in any of the models or in the driving
ERA-Interim model. Shorter periods within the time series
appear to have quite strong trends. For example, a steady de-
clining trend is apparent through the 1990s and 2000s but
appears to reverse after 2014. Our results suggest that strong
interannual and decadal variability makes the identification
of meaningful trends over periods shorter than multidecadal
very difficult. Distinguishing noise from signal will be chal-
lenging in the coming decades, and this also emphasizes the
importance of long time series of observations. SMB vari-
ability is a result of low- and mid-latitude weather variability,
but interannual variability is particularly large at the begin-
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Table 4. Mean annual SMB and components on common mask for each model averaged over the 1987-2015 period, where all the models
overlap. Standard deviations are also shown. SMB is calculated using the simple Eq. (1) to enable a fair comparison.

Model SMB (Gtyr~!)  Precipitation (Gtyr—!)  Sublimation (Gtyr—!)
HIRHAMS (0.44°,0.11°)  25194118,24524+107 27114117, 26354107 192 £12,183+£10
MARy;3 1o 2445 +91 2567 £87 122411
RACMO2.3p2 2399 4+ 101 2557 4+100 158+7
MetUM 2191+ 101 2366 4+ 100 175+£9
COSMO-CLM? 1961 =70 2222472 262+ 10
ERA-Interim 2016 +99 2271495 255+ 18
Ensemble mean 2329494 2498 +93 194+9
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Figure 10. Modelled SMB minus discharge calculated from IMBIE2 results (Shepherd et al., 2020) (filled circles indicate mean; light-
grey box indicates IMBIE2 uncertainty range of +56 Gtyr—!) and Rignot et al. (2019) (mean showed in filled square; uncertainty range
of 142Gt yr’] shown by narrow shaded blue box). The range for the Rignot discharge is taken from Table 1 in Rignot et al. (2019). We
assume that the same uncertainty range for the period 2009 to 2017 is applicable over the longer 1992-2017 period. The total mass budget
estimated by IMBIE2 is also shown by the horizontal shaded dark-grey box for ease of comparison. Numbers are mean annual SMB-D for

the 1992-2017 IMBIE period for each model.

ning of the ERA-Interim period up to 1990, and we hypothe-
size this is related to improved data assimilation in the South-
ern Hemisphere in the period between 1979 and 1989 (Dee
etal., 2011). The models disagree on both the magnitude and
the sign of the overall trend in the 1987-2018 common pe-
riod of all models. Figure 8 demonstrates that the external
forcing model, in this case ERA-Interim, is extremely impor-
tant in determining both the total SMB and the year-to-year
variability in the SMB trend, even though the absolute val-
ues are somewhat dependent on the individual RCM. This is

https://doi.org/10.5194/tc-15-3751-2021

not an unexpected result given that these are all limited-area
models forced at the boundaries, but it has important impli-
cations for estimates of future projections of SMB in Antarc-
tica. Decadal- and multidecadal-scale climate variability ex-
pressed in global climate models will have a strong influence
on Antarctica mass budget (including the dynamical com-
ponents via ocean forcing) that may suppress or enhance
the anthropogenic forcing in ways that are difficult to pre-
dict given the large internal variability in the system. Long
climate simulations with large ensembles will be necessary

The Cryosphere, 15, 3751-3784, 2021

62

Reconciling fundamental climate variables for determining the Antarctic Mass Balance




3770

to define the likely range of internal climate variability, and
this poses challenges of computing resources when regional
downscaling is required to represent the spatial patterns of
SMB over the ice sheet at high resolution.

Even between models with similar values for the inte-
grated SMB, there is substantial spatial variability in the
pattern of SMB, as shown by the basin-level breakdown in
Fig. 5 and the variation from the ensemble mean in Fig. 6.
These together show a nuanced picture. Over most of Antarc-
tica, particularly in the east, the variation between models
is rather small; the biggest deviations are largely around the
coast. These small areas have a disproportionate influence
on the continental integrated SMB values due to high ac-
cumulation rates. Basins in West Antarctica, and particu-
larly on the Antarctica peninsula, have very large differences,
where, for example, HIRHAMS 0.11° shows an average an-
nual SMB of 176 Gt, but COSMO-CLM? has the lowest es-
timate of 46 Gt in the same basin. The MAR model, which
shows an integrated SMB value similar to HIRHAMS over
the whole continent, gives 130 Gt in the same basin, closer to
the RACMO2.3p2 value of 134 Gt, while MetUM is again
lower at 96 Gt. Averaging SMB over the whole continent
smooths out a good deal of the spatial variability, which in
turn is also important for driving ice dynamics. Equally, as
some basins especially in West Antarctica have very high
precipitation rates, differences between models in relatively
small areas here can make a large contribution to the differ-
ence in the integrated numbers over the whole continent.

Similarly, relatively small differences in ice masks that are
primarily in coastal regions with high accumulation rates can
lead to relatively large differences in SMB estimates (see
Fig. Al), as Vernon et al. (2013) have also shown in Green-
land. Figure Al in the Appendix compares the ice masks of
all the models. We found that, although the variation looks
quite small, the grid points affected include some of the high-
est precipitation points within the domain, and thus small
differences can have large effects. This is one of the main
differences between the earlier RACMO2.1, with one of the
smallest ice masks, and RACMO2.3 for example. Almost all
the other models were larger around the entire coastline. The
total SMB integrated over the continent is therefore highly
sensitive to the size of the common mask. For example, the
SMB for HIRHAMS 0.11° is computed on its native mask
and gives an integrated SMB on average 9.95 % higher com-
pared to the common mask result, even though the native
mask is only 2.93 % larger than the common mask. These dif-
ferences suggest that the CORDEX community should agree
on a common protocol to calculate the ice mask to reduce
uncertainties in Antarctic SMB. The deviation from ensem-
ble mean SMB shown in Fig. 6 suggests that while over the
high plateau of East Antarctica there is little deviation in gen-
eral, much bigger differences occur between model SMB es-
timates around the Transantarctic Mountains, where the ef-
fect of higher resolution becomes obvious in resolving the
topography, but model physics also likely play a role. We see
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a similar effect in the high-relief topography of West Antarc-
tica. Finally, our results show that between 14 % (COSMO-
CLM?) and 19 % (MetUM) of the SMB is accounted for by
the ice shelves around Antarctica.

A comparison of the high- and low-resolution HIRHAMS
simulations is interesting here as the models are identical
other than resolution. There is a substantial difference in the
location of the maximum upslope precipitation as well as the
downslope precipitation shadow. We attribute these differ-
ences to resolution that allows high-resolution simulations to
better represent steep topography. A similar but less marked
impact is seen between the earlier RACMO?2.1P and newer
RACMO2.3p2, though in this case changes in model physics
may also be responsible.

4.2 Model evaluation with observations

Evaluating the models against observations is very important
for assessing where there are important biases, but evaluation
of model performance is significantly hampered by the lack
of observations in key regions. Nonetheless, Fig. 1 shows that
the models do have skill in simulating surface climate, par-
ticularly temperature and pressure. The skill in simulating
surface climate does not however translate perfectly to sim-
ulating SMB, partly due to the difficulties of modelling and
evaluating precipitation. Our analysis shows that, for exam-
ple, COSMO-CLM? better simulated surface climate com-
pared to observations than HIRHAMS, but it has a lower skill
in SMB. Variables such as temperature and pressure are more
easily measured and are assimilated into the reanalysis used
to drive the models. RCMs have also been optimized to give
good performance compared to these kinds of observations.
However, Antarctic SMB is dominated by the precipitation
term that is much harder to measure accurately and also has
much higher uncertainty in models.

SMB observations themselves are not always very reliable,
and sub-grid-scale surface snow processes, such as the build-
up of sastrugi, can give substantially different results over
short spatial scales (Andersen et al., 2006). Therefore, it is
important to break down the data into different regions and
elevation classes to see where models have better or weaker
performance. We note the scatter in both models and ob-
servations within the different elevation bins and that the
two polar-optimized models (MAR and RACMO) perform,
broadly speaking, better than the others (see also Figs. A3 to
A8 in the Appendix), though the differences are rather small
in some of the elevation bins and are not always very signifi-
cant. It is clear that more work needs to be done to understand
exactly how SMB varies spatially over the continent in order
to better optimize parameterizations. The use of nudging in
models does however seem to make it easier to replicate both
observed climate and SMB in RCMs. We discuss further be-
low the use of nudging in regional climate simulations.
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4.3 Ice sheet SMB processes

Evaluation against observations helps to identify missing and
mischaracterized processes within RCMs. Models that have
not undergone specific adjustments for Antarctica represent
the SMB in Antarctica more poorly than those that have been
adjusted in some regions. However, Table 2 shows that intro-
ducing new parameterizations is not unambiguously an im-
provement as in some elevation bands the unmodified models
have lower bias and RMSE, as also shown in the Appendix
(Fig. A9). Other biases are also evident in this analysis. The
driest model, COSMO-CLM?2, underestimates SMB close to
the coast, a region very relevant for total ice sheet mass bal-
ance. This is due to an overestimated sublimation amplified
by an underestimated snowfall rate close to the coast. High
values for the sublimation originate from an underestimated
albedo due to ageing of the snow that occurs too fast in the
model (Souverijns et al., 2019). The low values for the snow-
fall rate are likely related to cloud microphysics, namely a
too slow conversion of ice to snow or a too slow deposi-
tion of water vapour on the solid hydrometeors. Currently,
efforts are ongoing to improve the coastal SMB performance
in COSMO-CLM?. The HIRHAMS climate simulations both
appear to have a wet bias, likely again related to the cloud
microphysics and precipitation schemes but also probably a
result of a diagnostic precipitation scheme commonly used
in hydrostatic models. The models typically have a wet bias
on the upslope of steep topography and a dry bias on the
downslope. The RACMO2.3 model shows a similar, though
less pronounced effect that derives also from the IFS phys-
ical schemes (Hermann et al., 2018; Schmidt et al., 2017).
New prognostic precipitation schemes have been developed
for numerical weather prediction models to solve this prob-
lem (Forbes et al., 2011), and implementation of a simi-
lar prognostic scheme in MAR probably explains the differ-
ent pattern of SMB in areas with steep topography (Agosta
et al., 2019). As RACMO and MAR are the only two mod-
els that have a specific subsurface scheme for ice sheets, in
this model comparison we have excluded detailed discus-
sion of melt and run-off, and this will likely be the subject
of future work. Given the high amount of precipitation over
Antarctica, this run-off is still very small in absolute and
relative senses, accounting for only 2 Gt of mass loss from
the grounded parts of the AIS in RACMO2.3p2 for instance,
but as a warming future climate is expected to bring increas-
ing amounts of melt, a more sophisticated treatment that in-
cludes refreezing within the snowpack will become increas-
ingly important. More importantly, with respect to the radia-
tive schemes within the models, adding an ice-sheet-specific
snowpack to the surface module in MAR and RACMO does
improve the surface temperature (and 10 m snow tempera-
ture) and therefore the air temperature. This is clear in Fig. 2
and may also be a factor in some of the biases shown in
Fig. 1. Improving these surface schemes is therefore impor-
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tant not just for future projections of SMB but also to im-
prove the near-surface climate.

4.4 Model topography and resolution

The inclusion of two simulations with the HIRHAMS model,
varying only the resolution, allows us to assess the impact
that higher resolution has on the results, as shown in Fig. 7
and Table 4. The higher-resolution version adds value with
higher spatial variability that should better capture local to-
pography and associated weather phenomena. This is espe-
cially important in areas of high relief such as in the coastal
areas and around the Transantarctic Mountains. These are
also the areas where models vary from each other and the en-
semble mean the most. While there are very few observations
to confirm the better performance on a local scale, the pat-
tern of SMB suggests that the high-relief rugged topography
is better captured in HIRHAMS 0.11° than 0.44°. However,
the higher-resolution model is not only more computation-
ally expensive; in a simulation where there is no nudging,
like here, the larger number of grid points gives increased
degrees of freedom for the model to evolve freely and thus
introduces more internal variability. While this is not neces-
sarily a problem for climate simulations in the future, the en-
hanced internal variability is inevitably punished when com-
pared with observations and models that have been internally
nudged.

Nudged models (MAR, RACMO, COSMO-CLM?) show
a generally lower variance from the ERA-Interim mean SMB
compared to the un-nudged models (HIRHAMS, MetUM),
though MetUM, run as a hindcast, shows the closest values
to ERA-Interim overall. They also show a closer match to
observed climate than the un-nudged model runs. The advan-
tages of nudged runs are thoroughly explored in van de Berg
and Medley (2016), who run two versions of RACMO?2 for
Antarctica, one nudged and one not nudged. They find that
RACMO?2 nudged gives SMB results that better represent
the temporal variability in the observations because the top
of the atmosphere is constrained, thus preventing the model
from deviating too far from large-scale systems in the mid-
latitudes. The nudging as applied in RACMO is not spectral
nudging but relaxation of temperature, pressure, and wind
fields, and this leads to some systematic mid-tropospheric
warming and hence to slightly lower SMB in the interior of
Antarctica also. Other studies (Alexandru et al., 2009; Berg
etal., 2013) show that spectral nudging can also lead to lower
precipitation extremes and reduced vorticity, while Akperov
et al. (2018) show better representation of Arctic cyclones
in nudged models. The daily reinitialization and close forc-
ing by ERA-Interim also explain why the MetUM modelled
SMB is closest to the ERA-Interim values when integrated
over the common mask. The MetUM simulation is a hind-
cast series where the full prognostic model state is replaced
daily or twice daily. The series is technically made contin-
uous by construction, but it is in fact likely to be discontin-
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uous in terms of energy, momentum, and moisture budgets,
and like all nudged models, they are in general not energy-,
moisture-, or momentum-conserving. Berg et al. (2013) ar-
gue for caution in applying nudging during climate simula-
tions as, while it compensates for the RCM’s deficiencies
in mesoscale and large-scale circulation, the assumption is
that the driving model represents the large-scale circulation
well. In the ERA-Interim reanalysis dataset, this is a minor
problem, but for free-running GCMs, large-scale circulation
may well be more poorly simulated. As the external forc-
ing controls what is delivered on the boundaries, future pro-
jections of Antarctic climate and ice sheet change will be
highly controlled by the quality of the forcing on the RCM
boundaries. Models nudged internally within the domain will
be further constrained in estimates of SMB by the driving
models, implying that rigorous assessment of global climate
models should be performed before downscaling GCMs for
future projections to determine which biases will be intro-
duced (Agosta et al., 2015; Barthel et al., 2020).

5 Conclusions

The Polar CORDEX regional climate simulations for Antarc-
tica are a valuable and freely available dataset for climate
researchers. In this paper, we compare the models against
each other and against observational datasets. Much more
analysis is possible and will be followed up by this group.
We hope also to encourage other scientists to make use
of the CORDEX dynamically downscaled models. Analysis
and model intercomparison are useful techniques to evalu-
ate models and to show directions for model improvements.
Our results can be summarized as showing that the RCMs
in this analysis produced skilful climate simulations over the
Antarctic continent, though with more uncertainty surround-
ing estimates of SMB due to precipitation uncertainty. There
is a high annual and decadal as well as spatial variability in
SMB across Antarctica and no clear long-term trend. Model
resolution and model dynamics interact in interesting ways
in areas with high relief and complex topography that make
it important to focus on observational campaigns in these re-
gions. In particular, we argue that given the importance of
precipitation for SMB, new observational programmes are
needed that focus on accumulation and snow processes, €.g.
stakes, firn cores, and radar. Furthermore, focusing on new
observations in regions (see, for example, Fig. A2) where
there is both a lack of current data and strong disagreement
between models will be valuable for understanding climate
in Antarctica.

There is closer model agreement on SMB for the interior
of the Antarctic ice sheet than there is in the margins and
on the Antarctic Peninsula. The largest areas of disagree-
ment between models are primarily in West Antarctica. In
this paper we focus mostly on precipitation as well as sub-
limation and evaporation, but reliable subsurface snow and
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firm schemes will become increasingly important, particu-
larly when making projections of SMB in the future. Models
that have been optimized for the Antarctic climate and which
incorporate nudging typically demonstrate more model skill
than those which do not.
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Appendix A: Additional figures
Al Model ice masks

All title masks are larger than the common mask:
HIRHAMS 0.11° is 2.43 % larger, MARy3 10 is 2.89 % larger,
RACMO2.3P2 is 1.85% larger, MetUM is 2.49 % larger,
COSMO-CLM? is 1.94% larger, and HIRHAMS 0.44° is
2.49 % larger. Some of the differences are due to inclusion
of nunataks and mountain ranges within the continent. The
common mask also includes nunataks. The SMB for each
model calculated over the common mask (GrIS) with the
Rignot et al. (2019) regional basins is given in Table Al
below for the common period of 1981 to 2016 (except
COSMO-CLM?, which starts in 1987).

HIRHAMS 0.11
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Table Al. Mean annual SMB for the grounded ice sheet over the
total (GAIS), the East Antarctic (EAIS), West Antarctic (WAIS),
and Antarctic Peninsula (AP) regions over the common mask for
the common 1981-2016 period, where all the models overlap (ex-
cept COSMO—CLMZ, which is shown for 1987-2015). The ensem-
ble mean is calculated only from models that cover the full period
and therefore excludes the COSMO-CLM? results but includes the
driving ERA-Interim model. SMB here is calculated using the sim-
ple Eq. (1) to enable a fair comparison. We used the Rignot et al.
(2019) definitions for the different regions of Antarctica.

Model GAIS EAIS WAIS AP
Gtyr™ Yy (Gtyr™ly  (GtyrTh  (Gryr D)
HIRHAMS(0.44°) 2042 1116 699 227
HIRHAM5(0.11°) 1964 1065 658 242
MARy3 10 2046 1196 643 206
RACMO2.3p2 1939 1094 632 197
MetUM 1751 996 593 162
COSMO-CLM? 1668 1023 548 98
ERA-Interim 1623 915 571 137
Ensemble mean 1894 1064 633 195
RACMO2.3p2
o S

Figure A1l. Ice masks used in this study differ for each model, and we therefore define a common mask where all models have ice present in
the domain. The sub-figures show where the common mask and the individual model masks are identical; black indicates where individual
models have ice that does not occur in the common mask. Most models do not distinguish the physiography between ice shelves and grounded
land ice. Overlaid is the regional mask for the grounded ice sheet as calculated by Rignot et al. (2019). Purple shows the grounded ice in the
East Antarctic (EAIS) and Antarctic Peninsula (AP) regions; dark grey is the grounded West Antarctic (WAIS) ice sheet. Floating ice shelves

within the common mask are shown in light grey.
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A2 Comparison with SMB observations

1000 km

Figure A2. Location of automatic weather stations and SMB observations in Antarctica and used in this study.
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Data availability. Model outputs used in this paper are
available to download from the CORDEX archive; see
https://www.cordex.org/data-access/how-to-access-the-data/

(CORDEX, 2021) for instructions. In addition The COSMO-CLM?
monthly output of key variables is open-access and available at
https://doi.org/10.5281/zenodo.2539147 (Souverijns, 2019). Output
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(Kittel et al., 2020); all other variables are available on request.
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for all models (see Appendix A1) is open-access and available on
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Abstract. Antarctic surface mass balance (SMB) is largely
determined by precipitation over the continent and subject to
regional climate variability related to the Southern Annular
Mode (SAM) and other climatic drivers at the large scale.
Locally however, firn and snowpack processes are important
in determining SMB and the total mass balance of Antarc-
tica and global sea level. Here, we examine factors that in-
fluence Antarctic SMB and attempt to reconcile the outcome
with estimates for total mass balance determined from the
GRACE satellites. This is done by having the regional cli-
mate model HIRHAMS forcing two versions of an offline
subsurface model, to estimate Antarctic ice sheet (AIS) SMB
from 1980 to 2017. The Lagrangian subsurface model esti-
mates Antarctic SMB of 2473.54 114.4 Gtyr~!, while the
Eulerian subsurface model variant results in slightly higher
modelled SMB of 2564.8 + 113.7 Gtyr~!. The majority of
this difference in modelled SMB is due to melt and refreez-
ing over ice shelves and demonstrates the importance of firn
modelling in areas with substantial melt. Both the Eulerian
and the Lagrangian SMB estimates are within uncertainty
ranges of each other and within the range of other SMB
studies. However, the Lagrangian version has better statis-
tics when modelling the densities. Further, analysis of the
relationship between SMB in individual drainage basins and
the SAM is carried out using a bootstrapping approach. This
shows a robust relationship between SAM and SMB in half
of the basins (13 out of 27). In general, when SAM is positive
there is a lower SMB over the plateau and a higher SMB on
the westerly side of the Antarctic Peninsula, and vice versa

when the SAM is negative. Finally, we compare the mod-
elled SMB to GRACE data by subtracting the solid ice dis-
charge, and we find that there is a good agreement in East
Antarctica but large disagreements over the Antarctic Penin-
sula. There is a large difference between published estimates
of discharge that make it challenging to use mass reconcilia-
tion in evaluating SMB models on the basin scale.

1 Introduction

The Antarctic Ice Sheet (AIS) has the potential to raise global
sea level by 58 m (Fretwell et al., 2013) and it is therefore of
utmost importance to understand its role in present sea level
change in order to project it into the future. At present the
AIS contributes 0.3£0.16 mm yr~! to sea level rise based on
the average ice mass loss of 109 + 56 Gtyr~! between 1992
and 2017 (Shepherd et al., 2018). An accelerating mass loss
has been observed in West Antarctica and over the Antarctic
Peninsula (AP) in the last 4 decades (Forsberg et al., 2017;
Rignot et al., 2019). In the light of this acceleration, climatic
changes are of particular interest due to their role in inducing
ice sheet dynamic instability, by changing the mass influx to
the ice sheet. The ice sheet mass balance (MB) can be split
into atmospheric and ice dynamic components:

MB = SMB — D, (1)

where D is the solid ice discharge in the form of iceberg calv-
ing, and SMB is the surface mass balance composed of pre-
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cipitation (P, snowfall and rain), sublimation and evapora-
tion (§) from the surface, runoff (RO) of meltwater, and ero-
sion of blowing snow. However, blowing snow is not taken
into consideration in this study, so the SMB is defined here as
SMB = P —S—RO. Of these components, precipitation is by
far the largest contributor (Krinner et al., 2007) and consists
primarily of snow at higher altitudes. Melt and runoff of sur-
face melt are largely confined to ice shelves and elevations
less than 1400 m a.m.s.l. (above mean sea level) (Bell et al.,
2018). Sublimation and evaporation are however important
across most of the continent due to low humidity and high
wind speeds (Palm et al., 2017). If SMB < D, the total mass
balance is negative and the ice sheet loses mass and thereby
contributes to global sea level rise. Here we focus on the
SMB component of the mass balance, to pinpoint the imme-
diate forcing to ice sheet dynamic instability. To estimate the
SMB, we use an atmospheric regional climate model (RCM)
to force a subsurface model, which outputs the SMB.
Regional climate models are most often used to down-
scale coarser global models and reanalysis because they
add further detail, due to their higher resolution, e.g. in
the mountainous areas where the climate can be affected
by local orography creating katabatic winds or orographic
forced precipitation (Rummukainen, 2010; Feser et al., 2011;
Rummukainen, 2016). Furthermore, RCMs also improve the
physical representations of specific processes over polar ar-
eas (Lenaerts et al., 2019). Mottram et al. (2021) evaluated
Antarctic SMB calculated from the outputs from five differ-
ent RCM simulations driven by ERA-Interim (1987-2017).
These five models showed mean annual SMB ranging from
1961470 to 25194+ 118 Gtyr~!. In the literature, individ-
ual evaluations of different RCMs such as COSMO-CLM?
(Souverijns et al., 2019), MAR v3.6.4: (Agosta et al., 2019),
and RACMO2.3p2 (van Wessem et al., 2018) are found to
be in the same SMB range. The overall model spread in
SMB models corresponds to approximately 2 mm of sea level
change per year. Mottram et al. (2021) also showed that
when compared to in situ observation from both automatic
weather stations and glaciological stake measurements, the
data availability proved insufficient to distinguish between
better-performing model estimates. Fettweis et al. (2020)
found similar conclusions for Greenland, where the RCMs
displayed different strengths and weaknesses when evaluated
both spatially and temporally. Mottram et al. (2021) and Ver-
jans et al. (2021) furthermore showed that subsurface pro-
cesses that drive melt and refreezing are extremely impor-
tant when estimating the SMB. Hence, we here include firn
processes by forcing a newly developed full-subsurface SMB
model for Antarctica with the RCM HIRHAMS (Christensen
et al., 2007) over 1979-2017, to assess the effects of firn pro-
cesses on estimates of ice sheet SMB. This subsurface model
accounts for the physical properties of the uppermost part of
the AIS, including density and temperature and the SMB.
Acknowledging that it might be challenging to judge the
performance of the SMB model against in situ observations
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(Mottram et al., 2021), we also compare our modelled SMB
results with a GRACE gravimetry estimate of the mass bal-
ance to determine any systematic biases. Finally, studies have
shown that precipitation is not only the largest contributor to
Antarctic SMB (Krinner et al., 2007; Agosta et al., 2019),
but it also has a spatial heterogeneous distribution vary-
ing over time, which affects the SMB (Fyke et al., 2017).
Regional-scale events like the heavy snowfall in Dronning
Maud Land have an important measurable effect on Antarc-
tic SMB (Lenaerts et al., 2013; Turner et al., 2019). Differ-
ent representations of these may explain differences between
modelled SMB (e.g. Mottram et al., 2021) as well as discrep-
ancies between the GRACE mass balance and SMB — D so-
lutions. Our study therefore also quantifies how regional cli-
mate indices affect SMB on a basin scale.

Regional circulation patterns including ENSO (EI Nifio—
Southern Oscillation), the BAM (Baroclinic Annular Mode),
and the Pacific-South American patterns (PSA1 and PSA2)
have previously been identified as important determinants on
weather and climate variability in Antarctica (Turner, 2004;
Irving and Simmonds, 2016; Marshall and Thompson, 2016).
However, empirical orthogonal functional analysis of South-
ern Hemisphere 500 hPa geopotential height (Marshall et al.,
2017) demonstrates that the Southern Annular Mode (SAM)
is the most important of these regional circulation indices.
Further, Kim et al. (2020) found a multi-decadal relationship
between the SAM and variations in the SMB; for these rea-
sons we concentrate on its effects in this study. The SAM
is an atmospheric phenomenon found across the extratrop-
ical Southern Hemisphere that influences the climate over
and around Antarctica (Fogt and Marshall, 2020). Marshall
et al. (2017) found that the phase of the SAM, which de-
scribes pressure anomalies and precipitation in the Southern
Hemisphere (Fogt and Bromwich, 2006), strongly affects the
precipitation pattern over the AIS. Studies have shown that
the phase of SAM can have a great impact on the surface
climate in Antarctica, such as the temperature (Thompson
and Solomon, 2002; Van Lipzig et al., 2008), sea ice ex-
tent (Hall and Visbeck, 2002), pressure (Van Den Broeke
and Van Lipzig, 2004), and especially precipitation (Van Den
Broeke and Van Lipzig, 2004; Medley and Thomas, 2019).
Other studies (Marshall et al., 2017; Dalaiden et al., 2020)
have found that a positive SAM reduces precipitation over
the Antarctic plateau and increases it over the western AP
and in some coastal areas in East Antarctica. Finally Vannit-
sem et al. (2019) found that the Antarctic SMB is influenced
by the SAM in most of the coastal areas of East Antarctica
and large parts of West Antarctica. Therefore, we also in-
vestigate the spatial distribution of SMB over the grounded
AIS (GAIS) in relation to the phase of the SAM.

The aims of this study are thus to estimate present-day
Antarctic SMB using our subsurface model forced with the
RCM HIRHAMS and compare and evaluate two subsurface
model versions against each other and in situ data. Further-
more, we estimate the MB, using our modelled SMB re-
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sults combined with discharge values, and compare it with
GRACE. Finally, we investigate the relationship between the
SAM and the SMB. This is done in the following structure:
first, the methods are presented, where the RCM HIRHAMS,
the two subsurface models, and their set-up are described.
This is followed by the results, where the modelled SMB
results are shown, including evaluation against in situ mea-
surements of SMB, firn temperature, and density. Finally, the
MB is estimated and evaluated against GRACE data, and we
discuss the influence of SAM on SMB, followed by the con-
clusions.

2 Methods
2.1 HIRHAMS regional climate model

The HIRHAMS RCM is a hydrostatic model with 31 atmo-
spheric layers, developed from the physics scheme of the
ECHAMS global climate model (Roeckner et al., 2003) and
the numerical weather forecast model HIRLAM?7 (Eerola,
2006). HIRHAMS has been optimized to model ice sheet
surface processes that are often neglected or simplified in
global circulation models. For a full description we refer to
Christensen et al. (2007) and Lucas-Picher et al. (2012). Here
HIRHAMS is forced at the lateral boundaries at 6-hourly in-
tervals with relative humidity, temperature, wind vectors, and
pressure from the ERA-Interim reanalysis (Dee et al., 2011).
Further, daily values for sea ice concentration and sea surface
temperature are also used. HIRHAMS calculates the full sur-
face energy balance at the surface, based on model physics as
described in Lucas-Picher et al. (2012), Langen et al. (2015)
and Mottram et al. (2017). HIRHAMS also calculates the
amount of snowfall, rainfall, water vapour deposition and
snow sublimation that occurs at the surface. Finally, for the
HIRHAMS5 Antarctic simulations, we used the Antarctic do-
main defined in the Coordinated Regional Climate Down-
scaling Experiment (CORDEX) (Christensen et al., 2014)
and downscaled it further to 0.11° (= 12.5km) spatial res-
olution with a dynamical time step of 90 s.

2.2 Subsurface model

The subsurface model was originally built on ECHAMS
physics (Roeckner et al., 2003) but has been updated to
include a sophisticated albedo scheme. Following Langen
et al. (2015) the shortwave albedo is computed internally and
uses a linear ramping of snow albedo between 0.85 below
—5°C and 0.65 at 0°C for the upper-level temperature. The
albedo of bare ice is constant at 0.4. Furthermore, a transi-
tion albedo is calculated for thin snow layers on ice, based
on Oerlemans and Knap (1998) with an e-folding depth of
3.2 cm for snow. Moreover, the snow and ice scheme is fur-
ther developed and thereby updates the subsurface snow lay-
ers with snowfall, melt, retention of liquid water, refreezing,
runoff, sublimation, and rain (Langen et al., 2015, 2017).
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Thereby, the subsurface model is forced with the snowfall,
rainfall, evaporation, sublimation, and surface energy fluxes
from HIRHAMS. These include net latent and sensible heat
fluxes and downwelling shortwave and longwave radiative
fluxes for 6-hourly intervals over the period 1979-2017. To
reduce RCM spin-up effects, such as misrepresentation of the
physical state of the atmosphere, e.g. temperature, the first
year is removed from the results. Furthermore, the model has
been tuned to mimic the average behaviour of the ice sheet
surface at a 5-12km scale. It cannot resolve subpixel pro-
cesses. However, the small-scale features caused by surface
melt translate into an increase in water content in the model.
The subsurface scheme is updated hourly by interpolating
the 6-hourly forcing files to 1-hourly time steps. To ensure
a smooth transition between two 6-hourly files, a linear in-
terpolation in time between the two nearest 6-hourly files is
used. The horizontal resolution of the subsurface model fol-
lows the 0.11° native resolution of HIRHAMS.

As the Antarctic SMB may be sensitive to the subsurface
model set-up, here we use two versions of the subsurface
model (Langen et al., 2017). Common for both model ver-
sions is the albedo scheme, their meltwater percolation, firn
compaction, and heat diffusion schemes. Meltwater in excess
of the irreducible water content (Coléou and Lesaffre, 1998)
is transferred vertically from one layer to the next using a pa-
rameterization of Darcy flow developed by Hirashima et al.
(2010), with hydraulic conductivity values calculated from
Van Genuchten (1980) and Calonne et al. (2012) and coeffi-
cients from Hirashima et al. (2010). The impact of ice content
on a layer’s conductivity is described by the parameterization
by Colbeck (1975). When meltwater can infiltrate into a sub-
freezing layer, it is refrozen and latent heat is released. Firn
density is updated at each time step for compaction under
each layer’s overburden pressure using the parameterization
by Vionnet et al. (2012).

The two model versions differ in the management of the
layers within the model. The first model version developed
by Langen et al. (2017) has 32 subsurface layers with a
fixed predefined mass, expressed in metres of water equiva-
lent (mw.e.), given by Dy = DAV~1 where N is the given
layer and D1 = 0.065 m w.e. This fixed model implies an Eu-
lerian framework, meaning that when snowfall occurs at the
surface, it is added to the first layer, and an equal mass from
that layer is shifted to the underlying layer. The same goes
for each layer in the model column. The same procedure is
followed when mass is removed from the top layer due to
runoff or sublimation. Then each layer takes from their un-
derlying neighbour an amount of snow/firn equivalent to the
mass lost at the surface. The temperature and density of the
layers are updated as the average between the snow or firn
that is received by the layer, and what remains there. In the
following we refer to this model version as the Fixed model.

The second model version uses a Lagrangian frame-
work for the layer evolution developed by Vandecrux et al.
(2018, 20204, b). Layers evolve through a splitting and merg-
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ing dynamic based on a number of weighted criteria. This
dynamical model, henceforth referred to as the Dyn model,
has 64 subsurface layers, the number of which are fixed dur-
ing the simulation. When snowfall occurs at the surface, it is
first stored in a “fresh snow bucket”. When this snow bucket
reaches 0.065 mw.e., its content is added as a new layer at
the surface of the subsurface scheme, and two layers need to
be merged elsewhere in the model column. The layer merg-
ing scheme assesses how likely a layer is to be merged with
its underlying neighbour based on seven criteria: the layers’
difference in temperature, density, grain size, water content,
ice content, depth, and the thickness of the layers. The first
five criteria make it preferable to merge layers with small
differences. The sixth criterion makes it preferable to merge
deep layers rather than shallow layers. In this case the shal-
low layer limit is set to 5 mw.e.; this criterion carries twice
the weight of the first five. The final criterion says that no
layer can be thicker than a maximum thickness, in this case
10 m w.e.; this is set to avoid the deepest layers continuing to
grow. A weighted average of the criteria, where the first five
are weighted equally, while the depth and thickness criteria
are weighted double and triple respectively, is used by the
model to determine which layers should be merged. When
surface sublimation or runoff occurs, it is taken from the
snow bucket and then from the top layer. When a layer de-
creases in thickness and its mass reaches 0.065 m w.e., then
it is merged with the underlying layer, and another layer can
be split in two elsewhere in the model column. The split-
ting routine is based on two criteria: thickness of the layer
where thick layers are more likely to split and shallowness
where shallow layers are more likely to split. The two cri-
teria are weighted 60/40. However, the minimum thickness
of any layer is always 0.065 m w.e. to avoid numerical insta-
bility. The bottom of the lowest model layer is assumed to
exchange mass and energy with an infinite layer of ice with
a temperature, like in the Fixed model (Langen et al., 2015),
calculated from climatological mean of the HIRHAMS 2m
temperature.

Another difference between the two model versions is that
the dynamic-layer model simultaneously melts the snow and
ice content of the top layer while the Fixed-layer model melts
the snow content first and then the ice content of the top layer.
This update aims at preventing the top layer from becom-
ing only ice and a barrier to meltwater infiltration. Further-
more, the Dyn model’s runoff is routed downstream using
Darcy’s law and the local surface slope, whereas the Fixed
model follows Zuo and Oerlemans (1996), and excess water
in a layer cannot be transferred to the underlying neighbour.
Both the Fixed and Dyn versions require a fresh snow density
value when adding snowfall at the surface. We here use the
Antarctic parameterization from Kaspers et al. (2004), who
use local climatological means of skin temperature, 10 m
wind speed, and accumulation rates; here the means from
HIRHAMS have been used.
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2.3 Experimental set-up

The Fixed model was initialized with a firn column with uni-
form density of 330kgm™> and a temperature at the bot-
tom of the firn pack given by the climatological mean of the
HIRHAMS 2 m temperature. Spin-up was performed by re-
peating a decade (1980-1989) multiple times. The state of
the subsurface at the end of each decade was used as the
initial state for the next iteration. There were no apprecia-
ble shifts in the Antarctic climate from 1980-2019 (Med-
ley et al., 2020), so the 1980s can be used as a representa-
tive decade for spinning up the subsurface. The Fixed sub-
surface scheme was spun up over 25 iterations (250 years).
Afterwards, the actual experiment ran from 1979-2017. To
limit computing time, the dynamical model was initialized
with the last spin-up from the Fixed model and extrapolated
to the 64 layers of the Dyn model. From then, additional
spin-ups (1980-1989) ensured that the dynamical splitting
and merging of layers had time to evolve throughout the firn
pack. Two spin-up experiments have been carried out for the
Dyn model: one that uses 3 decades of additional spin-up
(Dyn03), resulting in a total of 280 spin-up years (250 from
the fixed model and 30 years in the dynamical model), and
one that uses 15 decades of spin-up (Dynl15), resulting in a
total of 400 spin-up years.

All three model simulations (summarized in Table 1) pro-
vide outputs of monthly and yearly means of all 3D variables
(density, grain size, firn temperature, and ice/water/firn con-
tent) and daily 2D fields (SMB, runoff, superimposed ice,
melt, albedo, ground heat flux, refreezing, diagnosed snow
depth (which is an estimate based on the snow concentra-
tion in each layer), and net shortwave and net longwave ra-
diation) of the surface variables. Furthermore daily columns
for specified coordinates interpolated to the nearest grid cell
have been retrieved for comparison of in situ measurements.
For the two simulations with dynamical layer thickness, the
daily 3D fields are interpolated into a fixed grid, with the
same number of layers, so time averages could be calculated.

2.4 Regional drivers and mass balance

The SAM is characterized in Fogt and Bromwich (2006)
as the zonal pressure anomalies in the high southern lat-
itudes having opposite sign to those of the midlatitudes.
The SAM drives the westerly winds around Antarctica, but
the stream oscillates north—south. The SAM can have three
phases: positive, neutral, or negative, where positive creates
a higher pressure over the midlatitudes and lower pressure
over Antarctica and thus moves the westerly winds closer to
Antarctica. A negative SAM creates a lower pressure over the
midlatitudes and a higher pressure over Antarctica, moving
the westerly winds north. When neutral there is no pressure
difference anomaly. To investigate how the phase of SAM
affects the SMB, monthly SAM data, as calculated by Mar-
shall (2018), have been used. From 1980-2017, 261 months
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Table 1. Model overview and main differences.

4319

Fixed Dyn03 Dynl5
Thickness Constant over time and space  Varies over time and space Varies over time and space
No. of layers 32 64 64
Spin-up [yr] 250 280 400
Melt First snow and then ice Snow and ice simultaneously ~ Snow and ice simultaneously
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Figure 1. Mean SMB from 1980 to 2017 in mm yr" of w.e. (a) The mean of the model mean; note the nonlinear colour bar. (b) West AIS
where the 5SMB has the largest differences between model versions (model minus ensemble mean).

showed a positive SAM (SAM+), 193 months showed a neg-
ative SAM (SAM—), and 2 months were neutral. The SAM
data are given as one monthly number, i.e. one number for
the entire Antarctic domain. To see whether there is a link
between SAM and SMB, the monthly SMB values were di-
vided into two groups: SAM+ and SAM—. Then the mean
SMB for all months with SAM+ was subtracted from the
mean SMB for the entire period and likewise for SAM—. To
examine whether there was a statistically robust difference
in the 8SMB signals, we performed a bootstrapping analy-
sis, using 1200 random resamplings without replacement of
the SAM data, to see whether the §SMB signals could be
replicated randomly and if it could be produced randomly
whether the signal would not be robust. Statistically robust-
ness has been defined as SMB values falling outside the
5th-95th percentile range. In order to maintain the seasonal
variability in the SMB, the SAM data were shuffled in sets
of 12 — in this way the order of the months was maintained
and thus the seasonal cycle retained. Then confidence inter-
vals were determined as the 5th and 95th percentiles of the
distribution of the resampled §SMB values.

Observing the mass balance can be helpful to assess the
spatial patterns of SMB and evaluate the modelled results.
Mass balance can be derived from gravimetric measurements
from space. Here GRACE/GRACE-FO mass loss time se-
ries data were computed for the period 2002-2020, using a
mascon approach based on CSR R6 level-2 data, complete
to harmonic degree 96 (Forsberg et al., 2017). The lowest-
degree terms were substituted with satellite laser ranging data
and glacial isostatic adjustment corrections from the model
of Whitehouse et al. (2012). From Eq. (1) we know that
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MB should be equal to SMB minus discharge (SMB — D).
So to evaluate our SMB model performance, GRACE and
SMB — D have been plotted. The discharge values were de-
rived from two studies: Gardner et al. (2018) and Rignot
et al. (2019). Gardner et al. (2018) gave values from 2008
and 2015; here we took the mean value and used DgGardner
over the period. Rignot et al. (2019) have derived decadal
mean discharge values from 1999-2010 and 2010-2017; for
DrRignot the relevant discharge values were used. The SMB
value used here is for the grounded AIS only, and since the
modelled SMB values are quite similar over the grounded
AIS, it is only shown here for the Dyn15 simulation.

3 Results

In the model mean (1980-2017) of the three SMB sim-
ulations (Fig. l1a), we see that the majority of the total
AIS (ToAIS) has a positive SMB; only a few regions show
a negative SMB: Larsen ice shelf, George IV ice shelf,
coastal regions of Queen Maud Land, the Transantarctic
Mountains, near Amery ice shelf, and some coastal areas in
East Antarctica. Near Vostok in East Antarctica, the SMB
is less than 25 mmw.e.yr~!. The SMB increases towards
the coast due to higher precipitation. The highest SMB is
greater than 2000 mm w.e. yr~! and is found on the wind-
ward (western) side of the AP, whereas the most negative
SMB, —500 mm w.e. yr~!, is found on the leeward (eastern)
side of the AP (Fig. 1a). All the model simulations show
nearly identical SMB values over the GAIS; however they
differ the most near the coast in West Antarctica and the
AP as Fig. 1b shows. Here, we see that §SMB (model mi-
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nus mean) shows that the Fixed version has a higher SMB
of up to 550 mm w.e. over the Larsen ice shelf relative to
the model mean. In Dyn03 the SMB values differ between
—350 and 400 mm w.e. from the model mean. This change
occurs over a few grid cells. In Dyn15 the SMB differs up to
—650 mm w.e. compared to the model mean over the Larsen
ice shelf. Since the Fixed version is above the model mean,
over the Larsen ice shelf, and Dynl5 is below the model
mean, it looks like the rapid change from negative to positive
8SMB in Dyn03 over Larsen ice shelf is due to lack of spin-
up. Below the AP, off the coast of Ellsworth Land and Marie
Byrd Land, the Fixed version models a lower (—75 mm w.e.)
SMB than Dyn03 (35 mmw.e.) and Dyn15 (50 mm w.e.) all
relative to the model mean. Around Alexander Island in the
Bellingshausen Sea, both the Fixed and Dyn15 versions have
a lower SMB compared to Dyn03. The differences in spatial
distribution show that in areas where melt occurs, the SMB
is very sensitive to which subsurface scheme is used.

The model differences are seen in the integrated values
for precipitation, SMB, melt, refreezing, and runoff, for both
ToAIS and the GAIS (Fig. 2), and summarized in Table 2. As
all model simulations are forced using the same precipitation
field (Fig. 2a) and since the precipitation is the main driver
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of the SMB, the variability of the modelled SMB closely
follows the precipitation variability. The spread in modelled
mean melt, refreezing, and runoff are respectively 1 %, 11 %,
and 8 % smaller when including the ice shelves compared
to only taking the GAIS, whereas the spread in mean SMB
becomes 3 % greater. To better compare the melt, refreez-
ing, and runoff from the different simulations, the fraction
of runoff to melt is shown in Fig. 2f. Dyn03 has the small-
est runoff fraction whereas Dyn15 and Fixed are quite close
to each other. This implies that even though the magnitudes
between the simulations are quite different, the refreezing ca-
pacity of the Fixed and Dyn15 versions are near equal, and
Dyn03 has the smallest refreezing capacity. Note also that
the melt is 289 and 309 Gt yr~! higher in Dyn03 and Dyn15
respectively, compared to the Fixed model. Again this is fo-
cused largely over the ice shelves, especially over the Larsen
and Amery ice shelves where Dyn03 and Dyn15 have more
bare ice and thus a lower albedo.

3.1 Evaluation against observations

Koenig and Montgomery (2019) have, in the SumUp dataset,
collected accumulation rates over Antarctica. Here we eval-
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Figure 3. (a) The SMB from SumUp. (b) The §SMB (SumUp minus model ensemble mean) and (c) the change in percent.

Table 2. Yearly mean SMB, melt, refreezing, runoff, precipitation, and runoff fraction (runoff over melt), & with respective standard devia-
tions, for both the total ice sheet (ToAIS) and the grounded ice sheet (GAIS). Note that all the model simulations are forced with the same

precipitation.
Model SMB Melt Refreezing Runoff Precipitation ~ Runoff fraction
(Gtyr™'] (Gtyr™'] Gty '] [Gtyr™ ] (Gtyr] (%]

Fixed ToAIS 2564.8+£113.7  6953+132.4  463.74+97.3 208.3+47.5 29709+122.1 0.3040.06

GAIS 1995.2+£95.7 180.0+49.5 125.14+40.3  48.8+£104  2193.8£98.0 0.28+0.05

Dyn03 ToAIS 2583.4+£121.6  984.24166.1 748941325 189.6+£29.9 - 0.204+0.03

Y GAIS 1995.4+£99.3 2477+61.7  2153+54.1 48.6+7.0 0.2140.05

Dynls ToAIS 2473.5+1144 1004.5+173.7 674.5+121.7 299.5+47.1 - 0.30+0.03

Y GAIS 1963.3+£96.2 262.3+65.8  200.8+51.3 80.6£13.7 0.324+0.05

uated the modelled SMB values against the SumUp accu-
mulations assuming that over most of the AIS accumulation
is nearly equivalent to SMB. The SumUp dataset has yearly
measurements for some locations and mean values for longer
periods for other locations. To make it consistent, we com-
puted the yearly mean at each location, shown in Fig. 3a,
and compared it with the nearest grid cell in the ensemble
mean for the period from 1980 to 2017. If there was more
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than one measurement in one grid cell, an average was used
(Fig. 3b). Lastly, we computed the change between the ob-
servations and the ensemble mean in percent (Fig. 3c). In
total 2221 measurements have been used, located in 251 dif-
ferent grid cells. The SumUp accumulation dataset has areas
with a high concentration of measurements, like Marie Byrd
Land, Dronning Maud Land, and Dome Charlie; however, in
East Antarctica there are larger areas that are not represented
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in the SumUp dataset. The accumulation ranges from near
0 to 100mmw.e.yr~! at the South Pole, Dronning Maud
Land, and Dome Charlie and up towards 1000 mm w.e. yr~!
in Marie Byrd Land and the coast of Dronning Maud Land.
Figure 3b shows the difference between the model ensemble
mean and the in situ observations where it is seen that there
are some large numerical differences in Marie Byrd Land
and near the coast in Dronning Maud Land. Figure 3c dis-
plays the difference in percent for the §SMB; it shows that
only three of the 251 grid cell comparisons have a difference
greater than +100 %. Furthermore half of the 251 compari-
son points fit within 13 %.

Modelled firn densities are evaluated using the SumUp
dataset (Koenig and Montgomery, 2019). When disregarding
firn cores shallower than 2 m, there were 139 density profiles
left (Fig. 4). All the references for the firn profiles can be
found in the reference list. These profiles vary in depth, from
a few metres to 100 m, but the majority are drilled to 10m
depth. Knowing the coring date, we compare it to the mod-
elled density of the nearest grid cell on the same date. Before
the inter-comparison, the modelled and observed density pro-
files were interpolated to the same vertical resolution (if the
model resolution is higher than the core resolution, the model
is interpolated to fit the core resolution and vice versa). In
the SumUp dataset 96 profiles had the exact date given, and
seven SumUp profiles only had year and month given. Here
the modelled mean density of the given month was com-
pared. Finally 36 cores had only the year given; in these
cases the modelled mean density of January was compared,
as we assume they were most likely collected in the middle of
the standard Antarctic summer field season. To evaluate the
model performance we calculate mean difference (MD) and
standard deviation (SD) between the modelled and observed
firn densities. A statistical comparison of the mean differ-
ence and 1 standard deviation between the firn cores and the
modelled densities is given in Table 3 for the three simula-
tions. Summed up over the AIS, all simulations overestimate
the densities below 550 kg m—> and underestimate the densi-
ties above 550 kg m~3. It is seen that the Fixed version out-
performs Dyn03 and Dyn15 for densities below 550 kg m~3.
Conversely, Dyn03 and Dyn15 outperform the Fixed version
for densities above 550 kgm™3. All three simulations show
the best statistics for higher densities. The agreement with
the in situ cores also varies spatially (Fig. 5). Generally the
spatial density bias is consistent between the models.

Over the Filchner-Ronne ice shelf, in Dronning Maud
Land and in Marie Byrd Land the distribution of profiles
are quite dense; these areas are marked with boxes (Fig. 5).
All simulations overestimate the density of firn over the
Filchner—Ronne ice shelf. Of the 36 cores on the Filchner—
Ronne ice shelf, only two have underestimated densities in
the simulations. The rest of the cores have overestimated
densities from 2.5 and up to 200 kg m 3. In general all three
simulations have the largest biases in this region. If the cores
on the Filchner—Ronne were not included in the statistics,
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10 m temp |
Density

Figure 4. The white colour shows the GAIS, and the grey colours
show the locations of ice shelves. The spatial distribution of obser-
vations are shown with light brown triangles for borehole temper-
atures and magenta circles for the location of the density profiles.
The grounded basins are derived from Zwally et al. (2012) and out-
lined by black lines.

Table 3. Mean difference between the modelled and observed firn
densities (model — core) and standard deviation of the modelled den-
sities above and below 550kg m~3. In total 139 cores were used;
see Fig. 4 for locations.

Fixed Dyn03 Dynl5

kem™3] [kgm™3] [kgm~3]

MD (p < 550kgm™>) 434 65.6 65.7
SD (p < 550kgm™3) 24.2 28.1 26.6
MD (p > 550kg m~3) -19.2 —5.4 —4.1
SD (p > 550kgm™3) 17.5 21.9 19.4

the mean deviation for densities below 550kgm~> would
be between 36-38 kgm~3; for densities above 550kgm~3
the mean deviation would not change much. Mottram et al.
(2021) show that the HIRHAMS model estimates higher
precipitation over the Filchner—Ronne ice shelf than other
RCMs, and the overestimate in density may therefore relate
to overestimated precipitation in this area, which is compli-
ant with our Fig. 3. However, as they also note, the lack of
continuous SMB observations makes it difficult to be certain
if and by how much precipitation is overestimated in this re-
gion. It could also be due to an overestimation for melt and
refreezing over the ice shelf.
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Figure 5. The density bias between simulations and the observations (model minus core). The outer ring represents densities less than
550kg m™3, and the inner circle represents densities greater than 550 kg m™3. Panel (a) is the Fixed model, (b) is Dyn03, and (c) is Dyn15.
Each panel shows the entire AIS with three dashed black boxes. Each box outlines a zoom-in area: from east to west the Dronning Maud
Land, Filchner—Ronne ice shelf, and Marie Byrd Land. All panels have the same colour bar.

In Dronning Maud Land there are 30 cores with a very
small bias. The majority of the core densities agree within
+25kgm™3, apart from three cores near the coast that are
overestimated by 100kg m~3 in all three simulations.

Marie Byrd Land shows a general pattern of underes-
timated densities in 37 cores in all simulations. However,
Dyn03 and Dyn15 have lower biases compared to the Fixed.
In Dyn03 and Dynl5, four cores were underestimated by
more than 25kgm™3, compared to five cores in the Fixed
model. Both Dyn03 and Dynl5 have six cores where the
mean deviations are between 0 and 2.5kgm™> for densi-
ties less than 550 kgm™3, but they underestimate densities
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greater than 550 kg m—3, with a mean deviation between 10
and 25kgm™3.

For the Ross ice shelf cores and near the South Pole,
the Fixed simulation overestimates most of the cores,
some of them by 50 to 100kgm~> for densities less than
550kg m~3 and more than 100kgm=3 for densities greater
than 550kg m~3. However, for Dyn03 and Dynl5 we also
observe an overestimation of most cores, but only six of them
are overestimated by more than 25kgm™3.

Figure 6 shows 4 of the 139 firn cores: core BER02C90_02
(Wagenbach et al., 1994) (Fig. 6a), core DML03C98_09
(Oerter et al., 2000) (Fig. 6b), core FR114C90_336 (Graf
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Figure 6. Examples of density profiles. In each of the four subfigures, the left-hand plot shows the firn core in black and the modelled density
from Fixed, Dyn03, and Dyn15 in red, blue, and green. The right-hand plot shows the difference. The cores are (a) BER02C90_02 taken in
1990 (Wagenbach et al., 1994), (b) DML03C98_09 taken in 1998 (Oerter et al., 2000), (¢) FRI14C90_336 taken in 1990 (Graf and Oerter,

2006), and (d) Site 11 taken in 2013 (Morris et al., 2017).

and Oerter, 2006) (Fig. 6¢c), and core Site 11 (Morris
et al.,, 2017) (Fig. 6d). These four cores are selected be-
cause they are located in different regions of the AIS,
and, furthermore, they show different examples of under-
/overestimations of modelled densities. The Fixed simulation
fit quite well (£20kgm—>) with the core taken on Berkner
Island (Fig. 6a), whereas Dyn03 and Dynl5 show a larger
bias mainly at the surface and the top 3m of the firnpack.
The core from Dronning Maud Land (Fig. 6b) has a high
vertical resolution; the deeper the cores go, the smaller the
biases become. Cores FRI14C90_336 and Site 11 are taken
on the Ronne ice shelf and in Marie Byrd Land respectively.
The model densities in FRI14C90_336 are overestimated be-
low 1 m depth, and the mean bias is 200kgm~3. At Site 11
all simulations underestimate the density; however below 2 m
depth, the underestimation is nearly constant with a mean
bias of —20kgm 3.

The modelled subsurface temperatures are evaluated
against observed 10 m firn temperature measurements from
49 boreholes (van den Broeke, 2008) (see Fig. 4 for the lo-
cations). Most of the temperatures were taken in the 1980s
and 1990s; however only the year or decade is known for
when these were taken. Therefore they are compared with
the modelled mean 10 m firn temperature from 1980-2000.

The Cryosphere, 15, 4315-4333, 2021

We evaluated the model performance using the root-mean-
square difference (RMSD), mean difference (MD), and co-
efficient of determination (R?). Subsurface temperatures are
only sparsely available in Antarctica. The measured 10 m firn
temperatures are compared with the modelled mean 10 m firn
temperature of the nearest grid cell (Fig. 7). The red, blue,
and green lines are the regression lines of first order, for
Fixed, Dyn03, and Dynl5; they have an R? of 0.98, 0.97,
and 0.98, respectively. It is assumed that the in situ temper-
atures are true, so the errors are in the modelled tempera-
tures. For temperatures below —30 °C the three simulations
are in agreement, but in warmer firn temperatures > —30 °C,
the agreement becomes worse. The mean deviation of the
three model simulations is listed Table 4.

4 Discussion

The annual SMB for the three simulations (Table 2) is of the
same magnitude as the previous HIRHAMS SMB estimate of
2659 Gt yr_1 for the TOAIS (Mottram et al., 2021). However,
we model a lower SMB, with only Fixed and Dyn03 within 1
standard deviation range of Mottram et al. (2021). The lower
SMB estimates are due to the inclusion of the runoff compo-
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Table 4. Mean deviation, root-mean-square deviation, and coeffi-
cient of determination, for the modelled and observed 10 m temper-
ature.

Fixed Dyn03 Dynl5
MD [°C] 0.42 0.52 0.46
RMSD [°C]  1.66 1.77 1.71
R? 098 097 098
=10 -
@ Fixed | LI
¢ o %

Model 10 m [*C)

76‘0 =50 —40 -=30 -20 -10
Borehole 10 m [*C]

Figure 7. The dots are 10 m temperature from boreholes vs. mean

model 10 m temperature. The solid lines are the regression lines of

first order, and the grey dashed line shows the diagonal.

nent in the SMB calculation. The initial SMB results from
HIRHAMS in Mottram et al. (2021) were only calculated
from precipitation, evaporation, and sublimation. Calculating
the SMB by including a subsurface model results in a more
realistic SMB, due to the fact that it takes surface and subsur-
face processes like energy fluxes, meltwater percolation, and
refreezing into account.

The spatial distribution of SMB fits reasonably well com-
pared with the SumUp accumulation measurements; how-
ever, more measurements, especially in East Antarctica, are
needed to be able to do a complete evaluation. Furthermore,
the spatial distribution of SMB broadly agrees with other
studies (Van de Berg et al., 2005; Krinner et al., 2007; Agosta
et al., 2019; Souverijns et al., 2019). However, the total in-
tegrated mean SMB in these published studies differs, likely
due to a number of different reasons. The ice mask, model
resolution and domain, and nudging (if any) are identified
as a source of differences in Mottram et al. (2021). How-
ever, differences in model parameterizations affecting com-
ponents such as sublimation and precipitation are also im-
portant. For example, the modelled annual mean precipita-
tion in HIRHAMS is 2971 + 122 Gt, in COSMO-CLM? it
is 2469 4= 78 (Souverijns et al., 2019), and in RACMO2.3p2
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it is 2396+ 110Gt (van Wessem et al., 2018). However,
the geographical distribution of precipitation is uneven be-
tween these models, with COSMO-CLM? being much drier
in western Antarctica than other models in the comparison.
Even using a common ice mask, Mottram et al. (2021) found
that the difference in precipitation is around 500 Gt yr~! be-
tween HIRHAMS (the wettest model) and COSMO-CLM?2
(the driest model in the intercomparison). The high precipi-
tation in regions of high relief in HIRHAMS is attributed to a
wet bias in the precipitation scheme, also identified in south-
ern Greenland and similarly occurring in the RACMO2.3p2
regional climate model (Hermann et al., 2018). In both mod-
els this wet bias in steep topography is related to the pre-
cipitation and cloud micro-physics schemes (Mottram et al.,
2021). Areas with a negative SMB can be due to large melt
rates, which is what we see in the model over the Larsen
ice shelf with melt values between 1200 and increasing to-
ward the west to 2300 mmw.e.yr~' and SMB values in
the range of 300 to 1800 mmw.e.yr™! increasing toward
the west. In general all three simulations display a higher
melt compared to other RCM studies, e.g. 71Gtyr~! in
RACMO2.3p2 (van Wessem et al., 2018) or 40 Gtyr~! in
MARV3.6.4 (Agosta et al., 2019). These two numbers are
without the AP, but they are nevertheless very low compared
to our melt rates. Trusel et al. (2013) derived satellite-based
melt rate estimates from 1999 to 2009, and over that period,
the Larsen ice shelf experienced the largest melt of around
400 mm w.e. yr—!. However, these estimates were derived us-
ing RACMO2.1, and the satellite detects melt areas on the
Larsen ice shelf that were not simulated in RACMO2.1, most
likely due to coarse resolution, so 400 mm w.e. yr~! might be
on the low end. Nevertheless, Trusel et al. (2013) estimates
are still 3 to 6 times lower than our simulation. This suggests
that the subsurface model may compute a melt rate that is too
high in at least some locations.

Negative SMB values can also be due to high sublima-
tion rates in, e.g., blue ice areas (Hui et al., 2014). For ex-
ample, Kingslake et al. (2017) found blue ice in Dronning
Maud Land and near the Transantarctic Mountains. In these
areas our SMB model mean also shows negative SMB be-
tween —50 and —400 mmw.e.yr~!. A closer investigation
(not shown) reveals that the negative SMB values in these ar-
eas are driven by the sublimation and thereby consistent with
the creation of blue ice areas.

The differences in SMB between the model simulations
(Fig. 1b) are largest near the coast in West AIS and espe-
cially on the Larsen ice shelf. This is confirmed in Fig. 2b,
where the difference in integrated SMB between the model
simulations is greater when the ice shelves are included. We
attribute the differences between the Fixed and Dyn models
to the following differences in model designs. The increased
vertical resolution in the Dyn models, with a higher verti-
cal resolution (the top layers can be 6.5 cm w.e. thick) means
that the cold content in the upper layers is depleted faster,
and it starts to melt while the layer below is potentially still
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below freezing. Conversely the top layers in the Fixed model
get thicker rather quickly, which means it takes longer to be
brought to melting point and start melting. Furthermore, the
two versions of the subsurface model have different melting
schemes. In both versions one layer can contain snow and
ice at the same time, described with a fraction. However, in
the Fixed model snow melts first and then, if there is more
energy left, the ice melts. Conversely, the Dyn melts snow
and ice simultaneously. This simultaneous melting of snow
and ice was introduced in the Dyn version to prevent the
top layer from being depleted of its snow content and left
only with ice (Vandecrux et al., 2018). A top layer composed
of ice would then prevent surface melt from infiltrating be-
low the top layer. By melting snow and ice simultaneously,
there is always snow in the top layer for meltwater infiltra-
tion to happen. This difference of infiltration may cause the
snowmelt to refreeze less and more water to run off than the
simultaneous melt of snow and ice. To investigate these dif-
ferences in melt, refreezing, and runoff, the runoff fractions
have been plotted in Fig. 2f and listed in Table 2. Here it is
seen that even though the difference in melt between Dyn03
and Dyn15 is only around 20 Gt yr~!, the difference between
the runoff and melt fractions is larger. The Fixed model melts
around 300 Gt yr~! less than the dynamical versions, but the
runoff-to-melt ratio is the same for Fixed and Dyn15. This
means that Fixed and Dyn15 have the same relative runoff,
leading to the same relative refreezing, indicating that this
difference does not cause a significant partition of melt be-
tween refreezing and runoff.

The difference in SMB between the three simulations
confirms how complex it is to estimate the SMB. Just
by changing the subsurface scheme, the final result dif-
fers by 90 Gt yr~!. By keeping the same subsurface scheme
and changing the spin-up length, the final result differs by
110Gtyr—!. These changes in SMB illustrate the conse-
quences of including dynamic firn processes since the layer
density and temperature and other firn properties are better
conserved, potentially allowing more retention and refreez-
ing where there is capacity or reducing it where there is not.
Although these differences are currently only a few percent
of the total SMB, as the climate warms and melt becomes
more widespread in Antarctica (e.g. Boberg et al., 2020; Kit-
tel et al., 2021), accounting for these processes will become
more important. Moreover, on local and regional scales, the
differences are more important when determining mass bal-
ance in basins or outlet glacier/ice shelves.

The differences between versions with a different spin-up
period suggest that the snowpack is not quite in equilibrium
in all locations. Therefore, SMB calculations consequently
vary due to the amount of melt calculated during the initial-
ization period. Retention and refreezing of meltwater during
spin-up cause different profiles of temperature and density to
develop depending on how long the spin-up lasts. These re-
sults therefore emphasize the importance of adequate spin-up
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and assessment of the effects of snowpack spin-up in produc-
ing and using SMB in Antarctica.

Vandecrux et al. (2020b) found that the Fixed version
smoothes the firn density profiles, when compared to the
dynamical version; this is confirmed by our results. One of
the criteria for the dynamical version is that it prefers to
merge layers deeper than 5 m of water equivalent, meaning
that the top Smw.e. has a high vertical resolution, which
makes it easier to detect changes in density. In areas such as
the AP, Ronne—Filchner ice shelf, Ross ice shelf, and coastal
areas of Dronning Maud Land where seasonal melt occurs
(Zwally and Fiegles, 1994; Wille et al., 2019), meltwater can
percolate into the firn and refreeze, creating ice lenses that
change the density but that cannot be detected if the subsur-
face scheme has layers with a fixed mass even if the ver-
tical resolution is increased (Vandecrux et al., 2020b). Not
only is there a difference between the models when evaluat-
ing density profiles, but this study also shows the importance
of spatial evaluation. Here the three simulations follow the
same pattern by over-/underestimating the densities in the
same areas (Fig. 5). This systematic bias may indicate ei-
ther further tuning of densification routines is necessary or
that there are systematic biases in accumulation, leading to
these errors. The subsurface scheme does not currently in-
corporate wind-blowing snow processes that may prove im-
portant in correcting biases in accumulation. On the other
hand, although 0.11° is a high-resolution model in Antarctica
and thus better captures topographic variability than lower-
resolution models, it is still relatively coarse when it comes
to capturing steep topography. Errors in orographic precipita-
tion are difficult to measure even in well-instrumented basins
and are poorly captured in Antarctica where observations are
few and far between. The densification bias becomes espe-
cially important when using altimetry data to estimate the
total MB, like in Shepherd et al. (2018) and Rignot et al.
(2019). Here the firn densification rate is needed to correct
the altimetry data (Griggs and Bamber, 2011).

Since the density cores are primarily taken from West
Antarctica and Dronning Maud Land, these statistics rep-
resent complex areas with high precipitation and melt—
refreezing events, whereas density comparisons from less
complex areas (low precipitation and no melt-refreezing)
such as East Antarctica are sparse. Nonetheless they are still
very important. Based on the statistics from these model set-
ups, the Dyn version is preferred when modelling densities
above 550kgm~3.

The simulated 10 m firn temperature depends on the thick-
ness and number of layers above the 10 m point. The thick-
ness of a layer determines how conductive heat fluxes are
resolved in the near-surface snow. A thicker layer will have
more thermal inertia and will require more energy to be
warmed up. A thin layer can respond much more quickly
to fluctuations in the surface energy balance. Differences in
simulated temperatures between models, as we see in Ta-
ble 4, can therefore be explained by vertical resolution, which
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Figure 8. Integrated relative mass change over the grounded Antarctic Peninsula (a), the grounded West AIS (b), grounded East AIS (c), and
the GAIS (d). GRACE relative mass change from 2002 to 2020 (black graph). SMB minus discharge (green/red graphs). SMB values are
from the Dyn15 simulation, and discharge values are derived by Gardner et al. (2018) (in green) and Rignot et al. (2019) (in red). Note that

the y axis differs from panel to panel.

affects both their calculation of temperature and how the heat
is conducted to a depth of 10 m. Note that the models also use
different thermal conductivity parameterizations.

4.1 Satellite gravimetric mass balance

Over the AP there is a large disagreement between
SMB — DgGardner and SMB — Dgignot, the mean discharge
values differ by 90 Gt yr*], with DRjgnot being the largest.
This results in opposite trends of SMB — D. SMB — Dgardner
shows a mass gain of around 600 Gt, and SMB — Dgjgnot
shows approximate mass loss of 1150 Gt over the period,
whereas GRACE has a mass loss of around 400 Gt for the pe-
riod (Fig. 8a). There are times when the variability between
GRACE and the two SMB-D graphs follows each other,
e.g. local peak around year 2006, 2011, and 2017. Since the
discharge is plotted as a constant, this variability originates
from the SMB model, most likely precipitation. This means
that the DGardner value is too small, DRignot values are too
large, or the SMB magnitude is too low or high depending
on which discharge is used. As the resolution of GRACE is
quite coarse, it can add to the uncertainties over the AP, be-
cause of narrow topography. Over the grounded West AIS
the trend of GRACE, SMB — Dgjgnot, and SMB — DGaurdner
agrees. They all see a mass loss, of around 2000, 2150, and
1700 Gt, respectively, for the overlapping period (Fig. 8b).
The discharge values from the two studies differ only by
2Gtyr~! from 2002 to 2010 but by 50 Gtyr—! from 2010
to 2017, with DgGardner being the lowest. GRACE measures
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a smaller mass loss in the beginning of the period, and then
around 2009 the GRACE mass loss increases. Both Gardner
et al. (2018) and Rignot et al. (2019) have found an increas-
ing discharge in West Antarctica. However due to the limited
temporal resolution from Gardner et al. (2018), the discharge
is assumed constant, resulting in an equal offset in SMB — D
from 2002-2009, but then diverging results from 2010. This
shows that in areas where there are large changes in the dy-
namic mass loss, discharge values with a higher temporal res-
olution are needed.

Over the East GAIS the agreement between GRACE and
SMB — DgGardner is remarkably good. Between 2009 and
2011 large snowfall events were observed in Dronning Maud
Land (Boening et al., 2012; Lenaerts et al., 2013) (basins 5—
8 in Fig. 4). These snowfall events led to rapid mass gain,
which is seen in both GRACE and SMB — Dgardner, €spe-
cially in 2009-2010 (Fig. 8c). This mass gain is less pro-
nounced in SMB — DRignot because it estimates an overall
mass loss for the period. In the SMB signal there are yearly
variabilities; however, these variabilities are larger in the
GRACE data compared to SMB — D. For the entire GAIS
GRACE detects a mass loss of 900 Gt, SMB — DgGardner
shows a mass gain of 500Gt, and SMB — DgGardner shows
a mass loss of 4000 Gt, for the overlapping period 2002—
2017. The majority of that difference between GRACE and
SMB — Dgardner can be attributed to the AP. The difference
between GRACE and SMB — Dgjgnot arises from the AP and
East GAIS.
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Figure 9. SMBa (monthly values minus mean values) in months for SAM— (a) and SAM+- (b), for each basin. The vertical dashed lines split
the basins into areas. Starting from the left, we show basins towards the Weddell Sea, Dronning Maud Land, eastern coast, Ross Sea, western
coast/Amundsen Sea, and Bellingshausen Sea. The thin bars are the 5th and 95th percentiles, for the bootstrapping analysis with 1200 runs.
Locations of the basins can be seen in Fig. 4. In basins where the SMBa values fall outside the percentiles, there is a robust relationship

between the SMB and SAM.

4.2 Circulation effects on SMB and the Southern
Annular Mode

‘We observe a robust (outside the 5th-95th percentile range)
relationship between SMB and SAM in 13 out of the
27 basins (Fig. 9a and b). For each phase of the SAM, SMB
anomalies (SMBa) are defined as the SMB in months with a
SAM— or SAM+ monthly mean minus SMB over the full
period. The SMBa for SAM—, when the westerlies are fur-
ther away from the Antarctic continent, shows magnitudes

The Cryosphere, 15, 4315-4333, 2021

well outside the percentiles for all model simulations. Basins
2 and 3 that have outlets to the Filchner—Ronne ice shelf
(EAIS); basin 4 in Dronning Maud Land (EAIS); basin 7 in
Enderby Land (EAIS); basins 9, 10, and 12 surrounding the
Amery ice shelf (EAIS); basins 17, 18, and 19 with an outlet
into Ross ice shelf; basin 20 in Marie Byrd Land (WAIS); and
basins 24 and 25 located on the windward side of the AP are
particularly affected by SAM—. For SAM+, when the west-
erlies are closer to the continent the SMBa magnitudes are
generally smaller and have an opposite sign; however we see
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the same pattern in the same basins as for SAM—. A SAM+
phase results in a relatively low pressure over the AIS com-
pared to the midlatitudes, and we see a negative SMBa in
16 of 27 basins, namely 6, 9-13, 15-23, and 26 (Fig. 9b).
Marshall et al. (2017) reported a similar signal for precipi-
tation, which confirms our results since precipitation is the
main driver of SMB. Basin 26 shows a negative SMBa, and
basin 27 has a slightly positive SMBa, which is due to the
steep orography on the windward side of the AP creating a
shadowing effect on the leeward side of the AP. For SAM—
the SMBa signal is opposite, and the mean magnitude of the
signal is 26 % larger in all basins (Fig. 9a). During months
of SAM+ the average SAM index is 1.45. Figure 9 shows
that basins 1-5, 7, 14, 24-25, and 27 have SMB anoma-
lies (SMBa) of the same sign as the SAM: SMB is 0.28 Gt per
month higher than average in the case of SAM+ and 0.39 Gt
per month lower than average in the case of SAM—. Those
basins are mostly located in the east, Ross, and Amund-
sen Sea sectors. Contrastingly, basins 6, 8—13, 15-23, and
26 have SMB 0.32 Gt per month below average in months
of SAM+ and 0.43 Gt per month above average in months
of SAM—. These basins are mostly located in the Weddell
Sea, Dronning Maud Land, and Bellingshausen sectors. For
months with SAM— the average SAM index is —1.36. We
can see that for SAM of similar absolute magnitude, SAM—
has a stronger impact on SMB over the GAIS.

In both positive and negative SAM events basins 24 and 25
on the windward side of the AP show strong correlation be-
tween the SAM index and SMB magnitude also reported by
Marshall et al. (2017). So even though the AP is narrow (50
to 300 km across) the SAM plays an important role. Compar-
ing with Vannitsem et al. (2019), we see agreement in large
parts of West Antarctica. However, it is difficult to compare
in East Antarctica because we use basins, and most of them
go far inland, whereas Vannitsem et al. (2019) defined nar-
row coastal regions and one large plateau region.

From 1980 to 2017 the SAM has become more positive
(Fogt and Marshall, 2020), this positive trend in the SAM is
attributed to stratospheric ozone depletion (Thompson et al.,
2011; Fogt et al., 2017). If this trend continues the basins on
the leeward side of the AP will see a smaller mass gain in the
future, which could accelerate the collapse of the Larsen ice
shelf. This is also seen in basins 9, 10, 11, and 12 surrounding
the Amery ice shelf and basin 21 where Thwaites glacier is
located. Not all of the above-mentioned basins show §SMB
signals that are statistically robust (i.e. the signals are within
the 5th or 95th percentiles), but if the trend in the positive
SAM continues, it might become an important factor in the
future (Fogt and Marshall, 2020).

It is thus important to take the SAM phases into account
when investigating the SMB at a regional scale. Furthermore
it is extremely important that global circulation models re-
solve the SAM realistically if future climate projections are
to be used with confidence to make projections of sea level
rise from Antarctica.
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5 Conclusions

We estimate the Antarctic SMB to range from 2583.4 +
121.6 to 2473.5+£114.4Gtyr™! over the total area of the
ice sheet including shelves and between 1995.4 +99.3 and
1963.3 £96.2 over the grounded part, for the period from
1980 to 2017. The difference is due to different subsurface
models forced with HIRHAMS outputs. The Dyn03 version
has the highest integrated SMB over the ToAIS (GAIS) at
2583.4 4 121.6 (1995.4 +99.3) Gtyr—!, and Dyn15 has the
lowest 2473.5+114.4 (1963.3496.2) Gtyr~!. The Fixed
version is 22 19 Gtyr~—! lower than Dyn03 over the ToAIS
and 0.2Gtyr~! lower than Dyn03 over the GAIS. The sim-
ulations compute nearly equal SMB over the interior. The
main differences are seen in the coastal areas of West AIS
and the AP. The Dyn15 simulation gives the smallest SMB
estimate and is thus closest to other studies (van Wessem
et al., 2018; Souverijns et al., 2019; Agosta et al., 2019);
however it is still 200-300Gtyr~! higher. Evaluating the
modelled density profiles shows the Lagrangian model set-up
has the lowest bias and standard deviation in density differ-
ences for densities greater than 550 kg m~3; for densities less
than 550kgm~3 the Eulerian performance is best. In gen-
eral all models overestimate the densities on the Filchner—
Ronne ice shelf and underestimate the densities in Marie
Byrd Land and around the Ross ice shelf. It is therefore
clear that there are regional systematic biases. To evaluate
our simulated SMB, we compare our simulations with the
SumUp accumulation rates. Half of the comparing sites fit
with £13 %; moreover we also compare our simulations to
MB estimations (SMB minus discharge) from GRACE. We
use discharge from two sources: Gardner et al. (2018) and
Rignot et al. (2019). There are large differences between the
discharge values over the AP, leading to our simulations over-
estimating MB when using Dgardner and underestimating MB
when using DRignot. Over the East GAIS the MB is underes-
timated using Dgignot but fits quite well to the GRACE MB
when using DGardner- These disagreements between the two
observational datasets makes it hard to distinguish how well
the modelled SMB fits with total mass balance estimates.

Regional precipitation is strongly linked to the phase of
the SAM as shown by the bootstrap analysis. By using out-
puts from HIRHAMS forced with ERA-Interim to resolve
the SAM correctly, robust signals are identified in 13 out of
27 basins. It is clear that the phase of the SAM affects the
spatial distribution of SMB. When SAM is negative, there is
a lower SMB on the windward side of the Antarctica Penin-
sula and a higher SMB over the plateau and vice versa when
SAM is positive. This makes the SAM an important factor
to evaluate in global models when downscaling models for
projecting future Antarctic climate.
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Code availability. A MATLAB  version of the subsur-
face model code used in these study is available here:
https://doi.org/10.5281/zenod0.4542767 (Vandecrux, 2021).
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Abstract. Regional climate models compute ice sheet sur-
face mass balance (SMB) over a mask that defines the area
covered by glacier ice, but ice masks have not been har-
monised between models. Intercomparison studies of mod-
elled SMB therefore use a common ice mask. The SMB
in areas outside the common ice mask, which are typi-
cally coastal and high-precipitation regions, is discarded. Ice
mask differences change integrated SMB by between 40.5
and 140.6 Gt yr*1 (1.8 % to 6.0 % of ensemble mean SMB),
equivalent to the entire Antarctic mass imbalance. We con-
clude there is a pressing need for a common ice mask proto-
col.

1 Introduction

Detailed estimates of the surface mass balance (SMB) of the
Antarctic ice sheet (AIS) are important for interpreting ob-
served ice and sea-level-rise budgets. SMB is the difference
between accumulation and ablation at the surface of the ice
sheet, which in Antarctica is positive due to the precipitation
term dominating, especially in coastal areas, where high re-
lief is often found due to complex/steep orography leading to
orographic precipitation (Lenaerts et al., 2019).

Multiple regional climate models (RCMs) are now used to
provide estimates of present-day and projected SMB. A se-

lection of five of these were recently the subject of an inter-
comparison exercise (Mottram et al., 2021) to explore their
commonalities and differences. Modelled present-day SMB
for the total AIS (ToAIS, which we define as the ice sheet
including ice shelves) in the scientific literature ranges from
2177 480 to 2583 & 122 Gtyr—! (van Wessem et al., 2018;
Souverijns et al., 2019; Agosta et al., 2019; Hansen et al.,
2021a). The intercomparison in Mottram et al. (2021) gives
an ensemble mean of 2329 + 94 Gtyr~! for the common pe-
riod of 1987 to 2015 with a range of 1961 £70 to 2519 +
118 Gtyr~! for individual models. Their results also show
that while all models vary on an interannual basis directed
by the driving ERA-Interim reanalysis, the spread in mean
annual SMB estimates originates predominantly from dif-
ferences in the dynamical core, physical parameterisations,
model set-up and the digital elevation model (DEM). Spatial
differences in the pattern of SMB can be attributed locally
to resolution and differences in orography, but continental-
scale variability in the distribution of precipitation is related
predominantly to model physics and dynamical cores (Mot-
tram et al., 2021). While all models were able to reproduce
observed temperatures, pressures and wind speeds measured
at automatic weather stations across the continent, models
with nudging or daily reinitialisation had in general smaller
biases but even so differing regional patterns of SMB (see
e.g. Fig. 4 in Mottram et al., 2021). Comparisons with the
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limited SMB observations available show that different mod-
els perform better in different regions and at different alti-
tudes, making it challenging to draw general conclusions on a
continental scale. Although there are multiple reasons for the
range in estimates of SMB, we focus solely on the ice masks
in this study in order to assess differences in SMB introduced
in post-processing of model estimates. The Mottram et al.
(2021) intercomparison study used a common ice mask to
remove continent-wide present-day SMB differences related
to variations in native ice mask extent. Ice masks are typi-
cally made up of a binary grid that defines ice-covered areas,
including ice shelves, and the ocean.

Here, we aim to quantify the importance of the ice mask
in explaining the difference in SMB simulated by the five
RCMs used in the Mottram et al. (2021) intercomparison
study: COSMO-CLM? (Souverijns et al., 2019), HIRHAMS
(Hansen et al., 2021a), MARv3.10 (Agosta et al., 2019), Me-
tUM (Orr et al., 2015) and RACMO2.3p2 (van Wessem et al.,
2018). We investigate the importance of the different native
ice masks by creating a surface categorisation that shows the
number of models that are represented in each grid cell. Fur-
thermore, we show the spatial differences on a basin scale in-
duced by the common mask. All the native masks have been
regridded onto the same grid at a 0.11° (= 12.5 km) resolu-
tion.

Usually, SMB estimates over the AIS are confined to
the grounded AIS because it is only the mass change over
the grounded AIS that results directly in sea-level change
(Lenaerts et al., 2019). However, we include the ice shelves
in all results due to their buttressing of the main ice sheet
and thereby importance for the general ice sheet dynam-
ics (Dupont and Alley, 2005). We also show the integrated
ASMB for the grounded ice sheet in Table 1. Thinning of
the ice shelves has already been observed, which results in
less buttressing and increased discharge from the grounded
ice into the ocean (Gudmundsson et al., 2019). Further, the
largest change in end-of-century-projected AIS surface mass
balance is shown to occur over the ice shelves (Kittel et al.,
2021); it is therefore an important feature to get right in
Antarctic modelling.

2 Methods

The five models were run in the Antarctic domain from 1987
to 2015 at different horizontal spatial resolutions and differ-
ent land—sea mask data sets: COSMO-CLM? at a 0.22° res-
olution, with an ice mask created with data from the Sci-
entific Committee on Antarctic Research (SCAR) Antarctic
Digital Database version 5.0 published in 2006 (Lawrence
etal., 2019); HIRHAMS at two resolutions of 0.11 and 0.44°,
with an ice mask derived from data created by the United
States Geological Survey (USGS) Earth Resources Obser-
vation and Science (EROS) Center and consisting of Ad-
vanced Very High Resolution Radiometer (AVHRR) data at
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a 1 km resolution collected from 1992 to 1993 (Eidenshink
and Faudeen, 1994); MetUM at a 0.44° resolution, which
has an ice mask created from the International Geosphere-
Biosphere Programme (IGBP) data in combination with 1 km
AVHRR data from the period of 1992 to 1993 (Loveland
et al., 2000); MARv3.10 at a 0.32° resolution, with an ice
mask created from Bedmap2, which consists of a combi-
nation of different data sources such as satellite images,
radar and laser altimetry gathered between 2000 and 2010
(Fretwell et al., 2013); and RACMO2.3p2 at a 0.25° reso-
lution, with an ice mask made from a 1 km DEM that was
created from the combination of ERS-1 data from 1994 and
ICESat data from 2003 to 2008 (Bamber et al., 2009).
Mottram et al. (2021) regridded all native ice masks and
SMB estimates to a common grid of 0.11°. We adopt this
approach and refer to Mottram et al. (2021) for details. We
then compare the SMB over the common mask and the na-
tive ice masks used in each individual original model sim-
ulation. The common mask is defined as all points where
all the regridded native ice masks have grid cells that are
covered with permanent ice. We break the simulated SMB
down to the basin scale using Antarctic drainage basins de-
rived from Zwally et al. (2012), including ice shelves (see
Fig. 1). Note that the Zwally et al. (2012) basins define an
outer edge of the ToAIS; in all cases the native masks are
slightly larger than the Zwally et al. (2012) definition. To
make the grounded ice sheet values in Table 1, we derived
the values of the grounded ice sheet, using the data set for
grounded ice from Zwally et al. (2012), since not all the
native masks explicitly distinguished grounded from float-
ing ice. This way we insured all the native masks and the
common mask were compared equally. In Table 2 we opted
to define differences only over the basins defined in Zwally
et al. (2012) in order to be consistent with other studies. Both
the area and the SMB have been calculated for the common
mask and native masks in each of the 27 basins. Three val-
ues are given for each model basin: Aareag, the percent-
age difference in area; ASMByg,, the percentage difference
in SMB; and ASMBg, -1, the difference in SMB in Gt yr !,
All calculations are derived by subtracting the regridded na-
tive mask from the common mask (A = common — native).

3 Results

Comparing the area of the common mask to the area of
the native masks, we see that the common mask is between
1.85% and 2.89 % smaller than the different native masks
(Table 1). This results in integrated SMB values that are be-
tween 40.5 and 140.6 Gtyr—! smaller when using the com-
mon mask compared to the native mask, which is up to
6.04 % of the ensemble mean SMB (Mottram et al., 2021)
(Table 1). The two HIRHAMS simulations are very close
to having identical areas; however the SMB is larger in the
0.11° simulation, which is most likely due to the steep coastal
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orography being better resolved and thus leading to increased
orographic precipitation (Webster et al., 2008). In the right-
most column ASMBg, 1 over the grounded AIS is shown;
when excluding the ice shelves there are still differences be-
tween the common mask and the native masks of between
20.1 and 102.4 Gtyr~! (Table 1). It should be pointed out
that a small A value is not necessarily more correct than a
large A value in terms of true area size or SMB magnitude.
It solely refers to how close it is to the common mask and the
ensemble mean from Mottram et al. (2021).

The different model-mask combinations are shown in
Fig. 1. Around the Antarctic Peninsula (basins 24-27) there
are large mask disagreements over the Larsen C ice shelf and
at the tip of the peninsula and the surrounding islands. Parts
of the West AIS, especially glaciers such as Getz (basin 20),
Thwaites (basin 21) and Abbot (basin 23), also have large
mask disagreements as do, in the East AIS, places like the
Fimbul, Amery and West ice shelves (Fig. 1). All around the
coastline we see, going from the ice sheet and out towards
the ocean, that the number of ice masks outside the common
mask decreases. Furthermore, two of the masks, COSMO-
CLM? and MARV3.10, contain non-iced grid cells in their
native masks, simulating some parts of non-ice-covered parts
of the Transantarctic Mountains (Fig. 1a). Moreover, it is
shown how well the common mask agrees to a newly de-
rived ice mask. We compare the common mask to the Ref-
erence Elevation Model of Antarctica (REMA; Howat et al.,
2019) mask over the Antarctic Peninsula (AP); here it is clear
that the common mask is smaller than REMA in most coastal
areas around the AP (Fig. 1b).

In order to investigate the regional and basin-scale vari-
ability, Table 2 shows values of Aareag,, ASMBg, and
ASMBg; -1 for each of the models and for each basin.
ASMBg;, yrl for basins 20, 23, 24 and 25 is the most sensitive

to changes in the mask definition, up to 42.2 Gt yr~!. Of these
four, two basins (20 and 23) are in West Antarctica and two
on the windward side of the Antarctic Peninsula (24 and 25).
Furthermore, the relative difference between Aareag and
ASMBg¢, in the model-basin combinations shows large vari-
ability between the models and between the basins (Table 2).
Summed over all the basins COSMO-CLM? has the smallest
relative difference between Aareaqg, and ASMBg,. COSMO-
CLM? also has the smallest ASMBg;, yr! integrated over the
27 basins, which shows that COSMO-CLM? is the least af-
fected by the change in ice mask (Table 1). Examination of
Mottram et al. (2021) shows that COSMO-CLM? is the dri-
est model in the intercomparison and HIRHAMS 0.44° is the
wettest, followed by HIRHAMS 0.11° and RACMO2.3p2.
All six model simulations show differences of between 0 and
—2Gtyr!in ASMBg;, -1 in basins 2 and 3, which have out-
lets to the Weddell Sea; basins 8, 9, 10 and 11 surrounding
the Amery ice shelf; basins 16, 17, 18, 19 surrounding the
Ross ice shelf; basin 22 with an outlet in the Amundsen Sea;
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and basin 27 on the lee side of the Antarctic Peninsula. Of
these 12 basins, 8 of them are in East Antarctica.

4 Discussion

‘We find the differences between common and native ice mask
areas to be small (< 3 %), but they alter the SMB by up to
6 % over the ToAIS (140.6 Gtyr~!) when compared to the
ensemble mean from Mottram et al. (2021). RACMO2.3p2,
MARv3.10 and HIRHAMS 0.11° all have ASMB;, -1 val-
ues close to or larger than their given uncertainties for their
respective SMB estimate. This means that the effect of us-
ing the common mask in estimating SMB is close to or
greater than the standard deviation of annual mean SMB
estimates derived from the interannual variability in mod-
elled SMB. We consider the standard deviation to be a min-
imum estimate of uncertainty within each model with ac-
tual uncertainties likely to be considerably larger but diffi-
cult to estimate accurately (Lenaerts et al., 2019). Over the
grounded AIS the common mask alters the SMB by up to
102 Gtyr~!; see Table 1. This difference in SMB is close in
magnitude to the grounded AIS mass loss of 10956 Gt yr~!
between 1992 and 2017 determined by the second Ice Sheet
Mass Balance Inter-comparison Exercise (IMBIE2; Shep-
herd et al., 2018) and thereby essentially determines if the
AIS is losing or gaining mass. This means that small changes
in SMB can lead to a non-negligible change in the total
mass budget of the AIS. The model mean of the grounded
ASMBg, -1 is 54.2Gt yr~!, which would make a sizeable
change in the mass balance results (Table 1). Basin 25 has
few or no ice shelves; thus it has one of the largest impacts
for ASMB; -1 for both the grounded basin (not shown) and
when ice shelves are included.

Given the importance of the ice shelves to the dynam-
ics of grounded ice, we argue that they are important to in-
clude in SMB models accurately. Furthermore, we specu-
late that there may be similar considerations when defining
the grounded ice sheet for SMB assessments. This clearly
shows the RCMs ice mask is key in integrated assessments of
the Antarctic mass balance. These differences between area
change and SMB change are the result of the area differences
being located in the coastal regions, some of which are also
high-relief regions, leading to effects on the SMB that are
disproportionately high relative to the area.

In each grid cell between one and six native masks can
have ice in them; this results in 63 combinations of model
coverage, in addition to the common mask (not shown).
These different area coverage combinations around the ice
sheet are partly driven by differences in ice masks and partly
by differences in resolution. However, we cannot identify any
systematic or model-specific biases on a regional scale. The
native ice masks vary around the coastline arbitrarily, which
is partly due to the time when the ice mask was created and
what data are used to create the native ice mask. For example,
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Table 1. From left to right the columns show the RCM name; Aareag, and ASMBg;,, .1 — both between the common mask and the native
mask over the ToAIS; ASMBg¢, — the difference between ASMBGt yr! and the SMB ensemble mean from Mottram et al. (2021), which is

2329Gt yr_l, the yearly SMB for the individual models integrated over the common mask with uncertainties of 1 standard deviation; and
finally ASMB, yrel over the grounded AIS.

Model Aarea[%] ASMB [Gtyr~!] ASMB[%] SMB [Gtyr~!] Grounded ASMB [Gtyr—']
HIRHAMS 0.11° —2.43 —140.6 —6.04 2452+ 107 —102.4
HIRHAMS 0.44° —2.49 —69.5 —2.99 2518+ 118 —40.7
MARV3.10 —2.89 —91.9 —3.95 2445 +91 —54.1
COSMO-CLM? —1.94 —40.5 -1.77 1961 +70 —20.1
RACMO2.3p2 -1.85 —-119.6 —-5.13 2399 + 101 —74.0
MetUM —2.49 —57.6 —2.47 2191 + 101 -33.9

Common

5 masks

4 masks

3 masks

2 masks

1 mask

Figure 1. Panel (a) shows the ice mask agreement; the white area is the common mask (i.e. where all six masks have ice), and the colours
around the coastline represents the number of native masks that have ice outside the common mask. The numbers refer to the 27 drainage
basins with ice shelves, outlined in turquoise, and IS is short for ice shelf and AP, WAIS and EAIS are the Antarctic Peninsula, West AIS
and East AIS respectively. Panel (b) is a section of the AP displaying the REMA mask, the common mask and where they agree.

the HIRHAMS and MetUM ice masks are created from data
collected 3 decades ago, yet there have been multiple calving
events since the data collection. The native ice masks from
COSMO-CLM? and MARvV3.10 are created from data col-
lected more recently and in a higher resolution. The higher
resolution is also a benefit over the Antarctic Peninsula and

The Cryosphere, 16, 711-718, 2022

in coastal areas where there is complex orography, where a
higher resolution can also change the orographic precipita-
tion.

The common mask is introduced during the post-
processing stage after running the RCMs with their native
masks. This has the disadvantage that model variables where
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Table 2. Rows 1 to 27 are basins, and the columns are the RCMs. There are two numbers in each grid cell: the bottom number in magenta is
the difference in area between the common mask and native masks (Aareag,) in each basin. The upper number in orange shows the difference

in SMB between the common mask and native masks (ASMBy¢,) in each basin. The grid cell colour shows the difference in SMB in Gt yr

—1

(ASMBGl yr! ). All calculations are derived by subtracting the native mask from the common mask (A = common — native). The differences
are shifted left if Aareag, is greater than ASMBg, and right if ASMBg, is greater than Aareag,. The bottom row is the summed ASMB

values over 27 basins, for each model.

HIRHAMS 0.11 HIRHAMS 0.44 MARV3.10 MetUM RACMO2.3p2 COSMO-CLM?
Basin 1 045 0.36 098 0.42 050 —70
asin -0.43 -0.41 -1.10 0.44 -0.68
) ~0.30 017 04T ~0.25 2
Basin 2 -0.08 -0.06 0.14 -0.08
) 071 ~0.10 0.08 0.0/
Basin 3 -0.05 -0.05 -0.03 -0.02 1
Basin 4 .06 .02 ~7.08 =220
asin -2.91 -1.75 -6.46 -2.63
) Z13 375 2.82 ~1.88
Basin 5 228 2110 1.80 -0.90
) ~6.02 354 738 229
Basin 6 2.15 -1.53 -3.19 -0.77 >
Basin 7 -4.81 -6.25 -3.13
asin -1.87 -2.82 -0.89
) =3 131 ~1.08 0.36
Basin8] 414 258 -4.24 -0.83
) 304 057 383 755 ~0.39
Basin 9 -0.96 0,26 -1.83 -0.87 -0.35 —4
) .00 0.18 143 0.23 ~0.00
Basin 10 0.00 -0.03 -0.25 -0.03 -0.05
N -0.29 -1.19 -1.55 -0.15
Basin 11 -0.05 -0.33 -0.33 -0.05 5
) 303 .67 - .05
Basin 12 -1.35 -1.49 d -1.29 g
) .75 1.36 : ~0.05
Basin 13 046 069 0.42 2055 g)_
. -2.73 -3.57 -3.79 B
Basin 14 -1.07 -1.68 =il 117/ -0.82 "
) = 3.54 ~7.60 ~6.00 10, 5.
Basin 15 -5.62 311 -6.22 -3.23 5.62 -4.55 g
Basin16] 277 T.80 T.20 2.62 312 T. £
asin -3.80 -2.71 -2.71 -2.42 -3.34 oM
i =
Basin 17 &
Basin 18 <
Basin 19
Basin 20
Basin 21
Basin 22

Basin 23 -4.48 -10.41
Basin 24 :6:55
Basin 25 13.50 4049
Basin 26 2173 -3.03 -3.79 -2.12 2173 2112
Basin 271 217 338 3.90 341 13 210
asin -5.48 -4.57 -5.71 -3.42 -5.48 -4.79
Total SMB -140.58 -69.56 -91.88 -57.60 -119.56 -40.46

the fluxes are linked to the orography, such as precipitation,
can introduce a bias if the native mask is located differently
in the domain compared to the common mask. The same
orography bias can be true for winds and thus the sublima-
tion rates as well. High precipitation rates are often strongly
linked to the steep orography in coastal areas around Antarc-
tica, especially in West Antarctica and on the windward
side of the Antarctic Peninsula (basins 24 and 25), which
is also where we see the largest differences in ASMBg 1
in Table 2. Comparing the size of the common mask with
the REMA mask over the Antarctic Peninsula shows that
the common mask is smaller around most of the coastline
(Fig. 1b).

The large differences in ASMBg, 1 and Aareag, found
in this study suggest the need for more work to be done on
a community basis to define a common mask, ideally before
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further RCM runs are conducted with the aim of contributing
to any model intercomparison study. As the computational
demands vary from model to model, we cannot expect the
modelling groups to run on the same spatial grid resolution.
Therefore, we suggest a three-stage effort be undertaken:

Step 1. Agree on a state-of-the-art DEM of the Antarctic
continent, with a sufficiently high spatial resolution to be ap-
propriate for even kilometre and sub-kilometre models (Orr
etal., 2021). This could in our minds be REMA (Howat et al.,
2019) at a 100 m grid resolution. This 100 m grid would form
the basis for a community grid.

Step 2. Agree on a state-of-the-art delineation of sur-
face types, such as bare rock, ice shelves or ice sheet, for
the Antarctic continent, again with the highest possible res-
olution. Here, we see the grid-independent delineation of
Antarctic glaciers as provided by the Randolph Glacier In-
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ventory’s shapefiles (RGI Consortium, 2017), combined with
the shapefiles from the High resolution vector polygons of
the Antarctic coastline data set (Gerrish et al., 2021) as a pos-
sibility. These two will then be combined to give the ice mask
on the 100 m grid.

Step 3. Provide the community with a common tool for
projecting the 100 m grid onto the RCM grid. We suggest
that this tool will as a minimum give the variables to be
used in further model intercomparisons — grid area (we sug-
gest the Antarctic domain as defined in the Coordinated
Regional Climate Downscaling Experiment (CORDEX));
surface elevation; surface types so one can distinguish
between grounded ice, floating ice (glaciers/tongues) and
rocks/mountain ridges; and ice-cover percentage. The ice-
cover percentage will then provide the information needed to
have the models contributing equally despite being run at dif-
ferent model resolutions, as the topography of the ice sheet
is the same for all models. We imagine the tool consists of
required data in a high resolution and a script that can create
the grid file in the desired resolution, possibly in a netCDF
format since most modelling groups are used to working in
this format and it will be easy to handle. Ideally the ice mask
would evolve over time as the continent changes; however,
we feel it is important to first standardise the approach to cre-
ating and using ice masks. Thus, we suggest that it is noted
in the mask file which data sets are used to create it and when
the data sets were last updated.

5 Conclusions

We have quantified the importance of the choice of ice
mask for the Antarctic domain by comparing six different
ice masks from the RCM — COSMO-CLM2, HIRHAMS (in
two resolutions), MARv3.10, MetUM and RACMO2.3p2 —
with the common mask defined by Mottram et al. (2021). We
find differences of between 40.5 and 140.6 Gt yr~! over the
ToAIS and differences of between 20.1 and 102.4 yr—! over
the grounded AIS (Table 1), comparing the native mask to
the common mask integrated over all the basins in Antarc-
tica. Looking at individual basins, we find area differences
from 0 % (HIRHAMS5 0.11° basin 10 and MetUM basin 11)
up to 40.49 % (HIRHAMS 0.11° basin 25) between the com-
mon and native masks (Table 2). Furthermore, area changes
do not map to SMB change linearly (Table 2). The biggest
differences are in basins 20, 23, 24 and 25, showing that ar-
eas with high SMB are most sensitive to mask differences
(Table 2). As the native masks are created from different data
sets, they do not all include the same ice shelves and ice
tongues. We speculate that we introduce a shift in value by
first defining the common mask after RCM simulations have
been performed on their native masks. Most of the model
variables in the SMB equation are sensitive to the orography
and therefore sensitive to the representation of it when inte-
grating over the common mask. The effort of defining a com-
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mon mask should ideally be a community effort and should
be done before conducting further model intercomparisons
and contributing to joint assessments of mass balance such
as the IMBIE assessment.

Data availability. The common and native grid estimates
of SMB over native and common masks are available at
https://doi.org/10.11583/DTU.16438236.v1 (Hansen et al., 2021b).
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Abstract Mass balance assessments of the East Antarctic ice sheet (EAIS) are highly sensitive to
changes in firn thickness, causing substantial disagreement in estimates of its contribution to sea-level.
To better constrain the uncertainty in recent firn thickness changes, we develop an ensemble of 54 model
scenarios of firn evolution between 1992 and 2017. Using statistical emulation of firn-densification
models, we quantify the impact of firn compaction formulation, differing climatic forcing, and surface
snow density on firn thickness evolution. At basin scales, the ensemble uncertainty in firn thickness
change ranges between 0.2 and 1.0 cm yr™" (15%-300% relative uncertainty), with the choice of climate
forcing having the largest influence on the spread. Our results show the regions of the ice sheet where
unexplained discrepancies exist between observed elevation changes and an extensive set of modeled firn
thickness changes estimates, marking an important step toward more accurately constraining ice sheet
mass balance.

Plain Language Summary Firn is the transition stage between snow and ice. The total
thickness of the firn layer varies in time and space. In East Antarctica, uncertainty about this variability
has a large impact on satellite-based estimates of ice sheet mass change. We combine statistical surrogates
of firn-densification models with different climate models over the entire East Antarctic ice sheet. Our
ensemble of model combinations demonstrates that firn thickness estimates are poorly constrained.
Accounting for their respective uncertainties, modeled firn thickness change and satellite measurements
of elevation change are consistent over most of East Antarctica. However, we identify several areas

of mismatch between model estimates and elevation change observations, which likely indicates that
further improvements are required either in models or in measurement techniques. Alternatively, these
disagreements can hint at possible imbalances in the flow of ice, below the firn layer. We quantify how
much different sources of uncertainty contribute to the total uncertainty in modeled firn thickness
change. The amount of snowfall estimated by climate models mostly dominates the uncertainty, but
modeled firn compaction rates and uncertainty in surface snow density also have major contributions in
certain areas.

1. Introduction

The Antarctic ice sheet (AIS) is the largest ice body on Earth, holding a total potential contribution to
sea-level rise of ~57.2 m (Rignot et al., 2019). The AIS is divided into three entities: the Antarctic Penin-
sula (AP) and the West and East Antarctic ice sheets (WAIS and EAIS, respectively). The EAIS has shown
less dynamic instabilities than the WAIS and AP over the past four decades, but it holds ~90% of the total
AIS ice mass and is the area with highest uncertainty concerning recent mass trends (Rignot et al., 2019;
Shepherd et al., 2018). A layer of firn, the intermediary stage between snow and ice, covers ~99% of the AIS
(Winther et al., 2001). The firn layer thickness, defined here as the depth from the surface until the firn-ice
transition, varies from 0 to more than 100 m (van den Broeke, 2008). Firn thickness also fluctuates in time
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due to changes in firn compaction rates and climatic conditions, primarily net snow accumulation. These
fluctuations affect ice sheet mass balance assessments derived from satellite-based altimetry. Measured sur-
face elevation changes are converted into mass changes, but the conversion requires precise knowledge of
variability in firn thickness and mass. Atmospheric reanalysis products, Regional Climate Models (RCMs)
and Firn Densification Models (FDMs) are therefore used to simulate changes of firn properties and, ulti-
mately, to evaluate ice sheet mass changes with precision (Kuipers Munneke et al., 2015; Li & Zwally, 2011;
McMillan et al., 2016; Shepherd et al., 2019; Smith et al., 2020).

By simulating mass fluxes (snowfall, sublimation, and melt), RCMs estimate the surface mass balance
(SMB) of ice sheets, which partly determines the evolution of the firn layer. These fluxes and modeled
surface temperatures also serve as input forcing for FDMs that explicitly simulate firn compaction rates.
Such coupling is required to reproduce seasonal and multi-annual fluctuations in compaction rates
(Arthern et al., 2010). Uncertainty in SMB estimates across Antarctica are typically assessed by compar-
ing outputs from different RCMs. While SMB is key to firn thickness evolution because it determines
the amount of snow removed and added at the surface, it does not capture the effects of fluctuating
firn compaction that must be estimated with FDMs. Differences between FDMs can lead to substantial
spread in modeled firn thickness and air content (Lundin et al., 2017), especially if scaled up to ice sheet
extent.

Compared to the AP and the WAIS, observed elevation changes across the EAIS over the past 25 years
have been generally smaller, and largely driven by snowfall and compaction variability (Davis et al., 2005;
Shepherd et al., 2018, 2019). Altimetry-derived mass balance assessments of the EAIS are very sensitive
to estimates of firn thickness fluctuations because these are of the same order of magnitude as meas-
ured elevation changes. This sensitivity complicates the interpretation of altimetry measurements in
this area, and it is unclear whether to attribute elevation changes to ice dynamical imbalance or firn
thickness change (Scambos & Shuman, 2016; Shepherd et al., 2018; Zwally et al., 2015). These conflict-
ing assessments motivate precise uncertainty analyses of coupled RCM-FDM systems over the EAIS.
Previously, such analyses have been computationally limited; running multiple FDMs for many years at
the spatial resolution of RCM grids over the EAIS requires many thousands of simulations. The extent
to which estimates of firn thickness change vary by combining different FDMs with different RCMs
remains an open question.

To overcome computational limitations and thus improve evaluation of uncertainty in the evolution of
firn thickness, we build statistical emulators of nine FDMs. An emulator is a fast and statistically driven
approximation of a more complex physical model (O'Hagan 2006; Sacks et al., 1989). By combining the
FDM emulators with climatic output from three state-of-the-art polar RCMs, we develop an ensemble of
54 scenarios of EAIS firn thickness change. We exploit these scenarios to constrain uncertainty analyses of
firn thickness fluctuations on the EAIS and to quantify the contributions of various sources of uncertainty
to the spread of modeled results.

2. Methods
2.1. Ensemble Configuration

To generate our ensemble, we first calibrate each of the nine FDM emulators to its corresponding FDM
(Table 1) in a representative range of EAIS climate conditions, and then we use it to emulate compaction
rates across the entire EAIS. Changes in SMB as well as climatic forcing for the emulators are computed
from three RCMs: RACMO2, MAR and HIRHAM (Table 1). Our modeled scenarios of firn thickness
change span the 1992-2017 period. This period is chosen to match the long-term altimetry record of
Shepherd et al. (2019), hence facilitating intercomparison of observed elevation changes and modeled
firn thickness change experiments of this study. We limit our analysis to the EAIS because surface melt
there is minor compared to the AP and WAIS, and FDM fidelity remains questionable for simulating wet
firn compaction, water percolation and refreezing (Steger et al., 2017; Vandecrux et al., 2020; Verjans
et al., 2019).
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Table 1
The Nine Firn Densification Models (FDM), Three Regional Climatic Models (RCM) and Two Surface Density
Parameterizations (o) Used in This Study
References
FDM
Armap Arthern et al. (2010); Verjans et al. (2020)
GSFC-FDMv0 Smith et al. (2020)
Cr Vionnet et al. (2012); van Kampenhout et al. (2017)
HL Herron and Langway (1980)
HLmap Herron and Langway (1980); Verjans et al. (2020)
Lig Ligtenberg et al. (2011)
LZ15 Li and Zwally (2015)
LZmap Li and Zwally (2011); Verjans et al. (2020)
Morris Morris and Wingham (2014)
RCM
RACMO2.3p2 (27 km) van Wessem et al. (2018)
MARv3.11 (35 km) Agosta et al. (2019); Kittel et al. (2020)
HIRHAMS (12.5 km) Christensen et al. (2007)
Po
L11 Ligtenberg et al. (2011)
fixed-350 Smith et al. (2020)
Note. The horizontal resolutions of the RCM grids are given in brackets. All RCMs were forced by the ERA-Interim
reanalysis at their boundaries (Dee et al., 2011). See supplementary information for details on the FDMs
2.2. Firn Thickness Change Calculations
Observed ice sheet elevation changes, once corrected for glacial isostatic adjustment, are composed of two
different signals: one related to ice dynamical imbalance and one to firn thickness change. In this study, we
focus on the latter. The change in firn thickness at time step ¢, dh(?), is given by:
dhy (1) = dhye, (1) = dhy (t) = dh, (1) = dhig, (1) 1)
with all components expressed in meters and considered positive, and ¢ set to a daily time step in this study.
The subscript M refers to surface firn removal by melting and acc refers to net snow accumulation. Both
dhg.. and dhy, depend on the RCM-computed mass fluxes and on the value assumed for surface snow den-
sity, but they are independent of FDM calculations. The component dh, is the emulated firn compaction
term (Section 2.3). The last component, dh;., quantifies changes in the flux through the lower boundary of
the firn column and thus captures changes in the rate of conversion from firn to ice. Changes in dh; act on
much longer timescales than the other components (Kuipers Munneke et al., 2015; Zwally & Li, 2002). As
such, dh;. can be set constant and equal to the average rate of conversion from firn to ice over a reference
period (we use 1979-2009, following Ligtenberg et al., 2011), dh;,,. By assuming firn thickness in steady
state, thus without trend, over the reference period, dh;,, balances the reference period averages of the other
components:
dhi,, = dhy,. —dhy, — dh, 2)
Substituting dhj,, for dhy.. in Equation 1 yields Equation 3. This is equivalent to calculating firn thickness
change by computing anomalies in each of the acc, M and ¢ components with respect to their average value
in the reference period (Li & Zwally, 2015).
dhy (t) = dhy, (t) = dhy (1) - dh, () - dh, 3)
VERJANS ET AL. 3of 11
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In this study, we are interested in the cumulative 1992-2017 firn thickness changes. We thus integrate Equa-

tion 3 over this time period to compute a total firn thickness change dh‘;".

2.3. Emulation of Firn Compaction

The nine FDM emulators are first calibrated at 50 sites on the EAIS and over the entire time span (1979-
2017) covered by the output of RCMs (Supplementary Information for details). The goal of the emulation is
to capture both long- and short-term sensitivity of dh, to climatic forcing. The long-term (1979-2017) mean
and trend in dh, are estimated by linear regressions on the long-term means and trends of temperature, ac-
cumulation and melt. These linear regressions are specific to each FDM and show good performance in cap-
turing the FDM-computed means and trends at the calibration sites (R* > 0.99 and R* > 0.97, respectively).
Gaussian Process regression complements the linear regression by capturing short-term fluctuations from
the long-term trends as a function of detrended values of temperature and accumulation. We evaluate the
emulation capabilities in a leave-one-out cross-validation framework; the nine FDM emulators reproduce
the FDM output well, both for the total 1979-2017 dh, (R* > 0.99, RMSE = 0.49 m, corresponding to 3.5%
of the mean total dh,) and for daily values (R* > 0.99, RMSE = 0.15 x 10~* m) (supplementary information
for details).

2.4. Uncertainty Contributions

In order to evaluate uncertainty on the time series of cumulative dh(t) and on dhf", we construct a model
ensemble; the spread arising from a large number of simulations provides an estimate of uncertainty (e.g.,
Déqué et al., 2007). Our ensemble includes all combinations of the nine FDM emulators and the three
RCMs (Table 1). Furthermore, surface snow density, po, contributes to uncertainty in all components of
dhy (e.g., Agosta et al., 2019; Ligtenberg et al., 2011). As such, we use two different possibilities for the
value of py: the climate-dependent parameterization of Ligtenberg et al. (2011) and the approach of Smith
et al. (2020), which takes a constant value of 350 kg m~ (B. Medley, personal communication, 2020) (Ta-
ble 1). The different combinations of RCM, FDM and p, provide 54 different firn thickness change scenarios
across the EAIS. We refer to the spread in the model ensemble results as the total ensemble uncertainty
to distinguish it from the true uncertainty, which may not be captured by the ensemble. We then use the
analysis of variance (ANOVA) theory to partition the total ensemble uncertainty among the three factors
RCM, FDM, and p, (Déqué et al., 2007; von Storch & Zwiers, 1999; Yip et al., 2011). This approach allows
us to decompose the variance in model results into the contribution of each factor and of each interaction
between these factors (Equation 4).

2 2 2 2 2 2 2 2
O =Trem + Mepm + My + Mrem-rom + MrRem-py + TEpM-py T TRCM-FDM - 3y @)

where o is the variance in the ensemble results (m?) and the 7” terms are the contributions from each factor
and interaction between factors to . Interaction effects stem from a nonlinear behavior of the three uncer-
tainty sources. Contributions are calculated by computing the sum of squares associated with each 7> term.

2 7LN" _ 2
n = N, El(xi.. x)

1 N

N
J 2
2
W= Y )
i-j I =p= ij i J 5)
) 1 N; Nj Ny 2
Mg =——— 22 2 (x — X~ X — X g+ X FX; X — x)
i—j—k N,’ N/' Nk S ijk ij. ik Jk i J k

where N denotes the number of possible levels for a factor (3 for RCMs, 9 for FDMs, 2 for p), x denotes the
value of the variable of interest (dh_',‘") and a dot represents the arithmetic mean with respect to the index it
is substituted for. Because the sums of squares in Equation 5 are averaged departures from a mean, these
terms are biased estimates of the variance (Déqué et al., 2007). An unbiased estimate should be divided by
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N-1, but dividing by N results in 7)* terms fulfilling Equation 4. As such, any ratio n* 1 otis only interpreted
as a percentage of contribution to the total ensemble uncertainty. We group together all 7)* terms capturing
an interaction effect to quantify the nonlinear behavior of the model experiments with respect to the three
factors (72,)-

3. Results
3.1. Ensemble Scenarios

The model ensemble shows a stable firn thickness over 1992-2017 for most of (Figure 1) the EAIS, but
strong regional changes are evident in several of the 16 basins. The large interior basins (2, 3, 10, 17) show
no significant thickness change; the 2o uncertainty ranges of the ensemble results encompass zero. In con-
trast, the ensemble shows a significant and pronounced (>0.49 m) firn thickening in Dronning Maud Land
(basins 5-8), driven by high snowfall rates since 2009 (Boening et al., 2012; Medley et al., 2018). Conversely,
decreases in snowfall rates cause firn thinning (>0.25 m) in the areas of Shackleton ice shelf and Totten
glacier (basins 12-13), which coincide with localized zones of high ice flow velocities (Rignot et al., 2019).
Low accumulation since 2005 also induced thinning in Victoria Land (basin 14) (Velicogna et al., 2014).
In such cases of accumulation anomalies, the firn compaction signal must be accounted for as it partially
mitigates the overall change in firn thickness; increased accumulation provides more pore space and thus
higher compaction rates, while decreased accumulation has the opposite effect. In other basins, the ensem-
ble suggests thickening (e.g., basins 3-4) or thinning (e.g., basins 9 and 15) but high variability among model
scenarios precludes any firm conclusion.

Model uncertainties in basin-averaged rates of firn thickness change range between 0.2 and 1.0 cm yr’,

translating into relative uncertainties between 15% and 300% (Table 2). Despite low absolute uncertainties,
the interior basins (2, 3, 10, 16, 17) show the largest relative values because their trends in dhy are close to
zero (<0.4 cm yr™'). Basins with trends exceeding 1 cm yr~" have lower relative uncertainties. Yet, some of
these still exhibit relative uncertainties higher than 25% (4, 5, 8, 13, 15). The relative importance of the RCM,
FDM, and p, factors on the model spread varies between basins. An area-weighted averaging demonstrates
the general predominance of the RCM factor (72%) followed by the FDM (20%), p, (4%) and interaction
(4%) factors. The high influence of RCM choice is mostly due to the large and direct impact of SMB on
firn thickness. In addition, there is an indirect impact of RCM output as forcing for FDMs and for the cli-
mate-dependent L11 parameterization of p,.

Cold basins with low snowfall rates (e.g., 2-3, 10-11) are characterized by particularly high contribu-
tions of ey (>90% of o). In such dry conditions, small discrepancies between RCM-modeled snow-
fall anomalies translate into large relative differences in firn thickness change. FDM contribution to
the total ensemble uncertainty increases in basins with higher temperature and accumulation (e.g., 5-7,
12-13), with 57y, explaining ~30%-45% of the spread. These climatic settings drastically increase both
the sensitivity of FDMs to temperature fluctuations and the absolute compaction rates. Consequently,
small relative differences in compaction rates between the FDMs result in large absolute differences in
firn thickness change. Moreover, high total snowfall amounts mitigate the impact of small differences
between RCM estimates of accumulation, thus reducing 773,,. Another aspect that favors high 7%, / ¢
values is spatial variability of climatic conditions within basins; within basins spanning many climatic
zones, there is more likely to be a region in which the FDMs disagree on compaction rates. Contribution
of 77,2,0 is highest in basins with large and positive snowfall anomalies (basins 5-8). In such basins, it ac-
counts for up to 28% of the model spread because the thickening caused by the anomaly is sensitive to the
snow density parameterization. Basins 16 and 17 illustrate the role of interaction effects. In these basins,
MAR simulates substantially higher temperatures and accumulation rates, causing larger disagreements
between FDMs forced by MAR than between FDMs forced by RACMO2 or HIRHAM. This nonconstancy
of variance across FDMs for different RCMs leads to a significant interaction term mz,m. Because interac-
tion effects account for a non-negligible part of the model spread in all basins (1%-8% of %), our results
demonstrate the importance of combining RCMs, FDMs, and p, within different model experiments to
assess firn thickness change uncertainty.
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Table 2
For Each EAIS Basin, Ensemble Mean (d 'r) and Standard Deviation (O y") of Firn Thickness Change

tot tot

trend
dn" o' trenddh;[cm " dh, [cm S Altimetry trend nk, | o*
Basin [cm] [cm] yr'l] yr'] |trend dhy | [%] [em yr™] n,%CM /o> [%] UZ‘DM / % [%] 77,2)0 / o2 [%] [%]
2 —9.1 6.5 —0.3 +0.3 100 0.3+23 92.1 6.2 0.2 1.5
3 7.3 8.8 0.5 +0.4 80 0.7+ 0.1 97.6 1.4 0.0 1.0
4 26.7 21.3 2 +0.8 40 33+04%* 97.3 1.0 0.4 1.3
5 70.9 12.6 27 +0.6 27 44+£06* 49.4 32.5 15.3 2.8
6 54.1 6.9 2 +0.3 15 1.8+0.3 28.5 42.6 26.1 2.8
7 49.0 6.8 1.9 +0.3 16 1.6 £0.3 18.9 46.0 28.2 6.9
8 68.9 16.0 3.6 +1.0 28 41+04 71.9 11.8 12.6 3.7
9 —-13.1 9.1 0.8 +0.7 88 3.0+£0.7* 69.5 23.9 0.3 6.3
10 —10.2 5.5 —0.1 +0.3 300 0.0 £0.2 92.5 6.2 0.1 1.3
11 6.3 2.2 0.5 +0.2 40 0.4 +04 84.9 6.0 5.6 3.5
12 —44.8 12.0 —0.8 +0.4 50 1.8 +£04* 51.0 40.8 3.9 4.3
13 —25.5 9.0 —-1.2 +0.5 42 —0.7£04 60.8 32.8 34 3.1
14 —-17.3 7.9 2.3 +0.4 17 —-15+02* 74.6 21.1 1.3 3.1
15 —18.4 9.4 =2.7 +0.9 33 —62+15%* 72.1 21.6 1.2 5.2
16 2'2) 5.0 —-0.2 +0.4 200 —-0.1+0.3 95.5 1.4 0.0 3.1
17 33 2.5 —0.3 +0.2 67 03+£0.1%* 70.5 21.6 0.1 7.9
"™ dh
Note. Mean (trend dhf) and standard deviation (G"e"ddhf) of the linear trends fitted to the ensemble scenarios, and their ratio W . Altimetry trends
f

are from Shepherd et al. (2019). Superscript * denotes non-overlapping uncertainty ranges from altimetry and from the model ensemble. 772 / 7 ratios show
contributions of the sources of uncertainty to the ensemble spread

3.2. Comparison With Altimetry

We compare our estimates of basin-wide trends in firn thickness with elevation trends reported by Shep-
herd et al. (2019) (Table 2, Figure 2). Firn thickness change is only a single component of the ice sheet
elevation change signal, which also captures ice dynamical imbalance. Thus, accurate estimations of firn
thickness change can be compared to measured elevation changes to identify areas of dynamical imbalance
(Hawley et al., 2020; Kuipers Munneke et al., 2015; Li & Zwally, 2011). For 9 of the 16 basins, the model en-
semble uncertainty ranges and the altimetry uncertainty ranges overlap. In these cases, our results provide
no evidence to support the existence of net ice flow imbalance. However, basin-wide averaging may con-
ceal localized dynamic changes. On Totten glacier (within basin 13) for example, ice dynamical imbalance
close to the grounding line makes a substantial contribution to recent mass loss and thus to local elevation
decrease (Li et al., 2016). On the other hand, the uncertainty ranges do not overlap for several basins, high-
lighting the need to better understand the source of the discrepancies in these regions. In such cases, three
possibilities, or combinations thereof, should be considered: (1) the model ensemble may fail to represent
the true firn thickness change over the 1992-2017 period, (2) the 1o uncertainty range associated with the
altimetry measurements may not adequately capture the true signal or (3) a component of the elevation
changes may be related to ice dynamical imbalance.

At this stage, identifying the exact cause of the discrepancy remains speculative. The long response time
of ice flow makes any dynamical imbalance challenging to evaluate because long-term trends may still
outweigh recent changes (Zwally et al., 2015). Moreover, disagreements persist between simulated SMB
and field observations in certain regions (Wang et al., 2016), which can lead to substantial differences in
mass balance partitioning (Martin-Espafiol et al., 2017; Mohajerani et al., 2019). Similarly, different sources
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Figure 1. Ensemble mean 1992-2017 firn thickness change (dh;”) in each EAIS basin. Simulation results are interpolated by nearest-neighbor to a common

12.5 km grid. The map uses a 3x3 median filter. Each inset shows the basin-averaged modeled time series of all the 54 model scenarios. Red, yellow, and blue
curves represent scenarios forced with RACMO2, HIRHAM, and MAR, respectively. Each curve represents a particular RCM-FDM-p, combination. The thick

tot

black curve represents the ensemble mean. Basin numbers are displayed within the insets. Frame colors show whether dh;” is significantly positive (blue),

negative (red) or not significantly different from zero (black) (at £2¢). Basin limits follow Zwally et al. (2015).

of altimetry data, inter-satellite bias correction, and other processing steps induce uncertainty in altimetry
signals (Shepherd et al., 2019). We use several basins where ensemble- and altimetry-based trends disa-
gree to illustrate these factors. In basins 4 and 5, Medley et al. (2018) demonstrated that global climate
models underestimate recent increases in snowfall. A similar underestimation from the RCMs used here
would explain the lower ensemble trend compared to the observed elevation trend. In basin 12, significant
changes in ice discharge may hint at a dynamic imbalance causing the disagreement (Rignot et al., 2019).
However, this area also shows major discrepancies in SMB anomalies from different model estimates (Wang
et al., 2016) and from probabilistic inversion techniques (Martin-Espafiol et al., 2017), suggesting that mod-
eling SMB in this region is challenging. Basin 15 is characterized by sparse satellite sampling but also shows
alarge spread in our model ensemble and is thus poorly constrained. The relatively high model- and altime-
try-uncertainties may both be related to the complex topography of this basin. Finally, a robust evaluation of
FDM-reliability in all possible EAIS areas and climatic conditions does not exist and models may fail to pre-
dict true compaction rates. The objective of comparing ensemble firn thickness trends and altimetry trends
is not to draw hasty conclusions about dynamical imbalance, but rather to highlight areas which deserve
greater attention because recent measurements and current state-of-the-art model scenarios do not match.

VERJANS ET AL.

7of 11

114

Reconciling fundamental climate variables for determining the Antarctic Mass Balance




~1
AGU

Geophysical Research Letters 10.1029/2020GL092060
— Ensemble trend in
T } firn thickness
’; 4 + Altimetry trend in elevation
€ + ® (Shepherd et al., 2019)
S Vertical lines show +/- 0
~ 2
= boh t
o
§ . } .
o o J ¢
(<)}
3 +
T | 4
g 30 g
E 25 §
g -4 20 %
-~ 15 ;
o 3
8 10y
g -6 05 =
=
w
-8

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Basin number

Figure 2. Comparison of 1992-2017 altimetry-based elevation trends and firn thickness trends of the ensemble, with
their respective 1o uncertainty ranges. Map shows the absolute ensemble-altimetry differences, crosses highlight basins
with non-overlapping uncertainty ranges.

In critically evaluating our work, it is important to highlight sources of uncertainty that are not accounted
for in the ensemble. We use three RCMs forced by ERA-Interim at their boundaries. Different atmospheric
reanalyzes could, in theory, be used to force the RCMs or could be directly taken over the EAIS domain
itself. Both the L11 and fixed-350 parameterizations of p, assume a time-invariant surface density because
possible seasonal and interannual variabilities are unknown. The ensemble is limited by the deterministic
RCM, FDM, and p, combinations considered here. In the future, the work could be extended to consider
stochastic perturbations and parametric uncertainties in climate input, FDMs, and p,, thereby providing a
larger range of results. In principle, the process of emulation might lead to localized discrepancies between
the emulator and a corresponding FDM, although evaluation (Supplementary Information) shows that this
is unlikely when averaged over large spatial areas, as is done here. One critical assumption is the reference
climatic period of 1979-2009. Different ice core analyses and model-based studies disagree on the exist-
ence of a trend in Antarctic SMB over the last decades and centuries, but several agree on existing regional
trends (Frezzotti et al., 2013; Medley & Thomas, 2019; Monaghan et al., 2006; Previdi & Polvani, 2016). The
year 1979 coincides with the start of satellite data assimilation into atmospheric products, and thus with
the earliest RCM output, motivating this choice of reference period for practical reasons (e.g., Ligtenberg
et al., 2011; Rignot et al., 2019). However, we cannot discount that substantially lower/higher past accumu-
lation rates would result in under/over-estimating recent firn thickness change, thus providing a possible
cause of disagreement with elevation change measurements. Nevertheless, because all model scenarios use
the same reference period, it has a minor impact on both the total ensemble uncertainty and the uncertain-
ty partitioning; using another reference period could shift the estimates of each scenario but would affect
differences between the estimates only marginally.

4. Conclusions

Our model ensemble experiment provides a range of modeled scenarios of 1992-2017 firn thickness change
on the EAIS that encompass current state-of-the-art modeling capabilities. Using statistical emulation of
firn model output, we compute a total of 54 scenarios to assess variability associated with different RCMs,
FDMs and surface snow density parameterizations. The ensemble agrees that firn thickness changes in the
interior are minor, but there are pronounced thickening and thinning patterns in coastal areas. At basin-lev-
el, the uncertainty on the model estimates ranges between 0.2 and 1.0 cm yr~" and is generally dominated
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by differences between RCMs due to the strong and direct effect of SMB on firn thickness. However, in
basins with high snowfall and with large spatial variability of climatic conditions, FDM-related variability
increases up to 46% of the total ensemble uncertainty. The surface snow density factor has a large impact on
uncertainty in basins with recent increases in snowfall rates, reaching a maximum contribution of 28%. Fi-
nally, non-linear interactions between the three sources of uncertainty are substantial across the EAIS. Our
results demonstrate that refining SMB estimates in RCMs is the priority for constraining future assessments
of firn thickness change. However, as snowfall and temperatures are expected to increase in Antarctica
(Lenaerts et al., 2019; Ligtenberg et al., 2013), FDMs and snow density will increasingly contribute to model
uncertainty and should not be neglected. By comparing the ensemble scenarios with satellite measurements
of elevation changes over the same 1992-2017 period, we find that these estimates are consistent over a
majority of basins. Nonetheless, we identify several basins where model estimates do not match altimetry
measurements. While ice dynamical imbalance could be the source of the discrepancies in these regions,
so too could be inadequacies in the respective uncertainty characterizations. As such, our analysis serves to
highlight specific areas where further focus on potential sources of errors in model and altimetry results is
needed in order to better constrain mass balance assessments in East Antarctica.

Data Availability Statement

All the modelled annually averaged firn thickness change time series of this study are available at: https://
doi.org/10.5281/zenodo.4515142. All the altimetry data shown in Table 2 and Figure 2 are from Table 1 in
Shepherd et al. (2019).
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Abstract. The future rates of ice sheet melt in Greenland
and Antarctica are an important factor when making esti-
mates of the likely rate of sea level rise. Global climate mod-
els that took part in the fifth Coupled Model Intercompar-
ison Project (CMIPS) have generally been unable to repli-
cate observed rates of ice sheet melt. With the advent of
the sixth Coupled Model Intercomparison Project (CMIP6),
with a general increase in the equilibrium climate sensi-
tivity, we here compare two versions of the global cli-
mate model EC-Earth using the regional climate model
HIRHAMS downscaling of EC-Earth for Greenland and
Antarctica. One version (v2) of EC-Earth is taken from
CMIP5 for the high-emissions Representative Concentra-
tion Pathway 8.5 (RCP8.5) scenario and the other (v3) from
CMIP6 for the comparable high-emissions Shared Socioe-
conomic Pathway 5-8.5 (SSP5-8.5) scenario. For Greenland,
we downscale the two versions of EC-Earth for the historical
period 1991-2010 and for the scenario period 2081-2100.
For Antarctica, the periods are 1971-2000 and 2071-2100,
respectively. For the Greenland Ice Sheet, we find that the
mean change in temperature is 5.9 °C when downscaling EC-
Earth v2 and 6.8 °C when downscaling EC-Earth v3. Corre-
sponding values for Antarctica are 4.1 °C for v2 and 4.8°C
for v3. The mean change in surface mass balance at the end
of the century under these high-emissions scenarios is found
to be —290 Gtyr~! (v2) and —1640 Gtyr~! (v3) for Green-
land and 420 Gt yr~! (v2) and 80 Gt yr—! (v3) for Antarctica.
These distinct differences in temperature change and partic-
ularly surface mass balance change are a result of the higher
equilibrium climate sensitivity in EC-Earth v3 (4.3 K) com-
pared with 3.3 K in EC-Earth v2 and the differences in green-

house gas concentrations between the RCP8.5 and the SSP5-
8.5 scenarios.

1 Introduction

The melt of ice sheets and glaciers now accounts for a greater
proportion of observed sea level rise than thermal expansion
(Chen et al., 2013; IPCC, 2019). With around 150 million
people living within 1 m of the current global mean sea level
(Anthoff et al., 2006), understanding the likely rate of sea
level rise is crucial for planning infrastructure and coastal
development. Global climate models (GCMs) that took part
in the fifth Coupled Model Intercomparison Project (CMIPS5,
Taylor et al., 2012) have generally been unable to replicate
observed rates of ice sheet melt in Greenland in the present
day (Fettweis et al., 2013), and estimates of sea level contri-
butions from both large polar ice sheets are tracking at the up-
per end of the range of estimates from these models (Slater et
al., 2020). Natural climate variability in the Southern Ocean
makes estimating Antarctic surface mass balance (SMB) us-
ing climate models complicated and can mask trends related
to global warming (Mottram et al., 2021). These uncertain-
ties in the current ice sheet response from observations and
models give rise to the possibility that the rate of sea level
rise over the course of the 21st century may be underesti-
mated in current climate assessments driven by CMIP5 and
earlier model intercomparisons (Slater et al., 2020).

While the CMIP5 experiments were driven by the repre-
sentative concentration pathways (RCPs; van Vuuren et al.,
2011), models in the sixth intercomparison project (CMIP6,
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Eyring et al., 2016) use a new set of emissions and land use
scenarios based on socioeconomic developments, shared so-
cioeconomic pathways (SSPs; Riahi et al., 2017; O’Neill et
al., 2016). Here we use only one of the SSPs, called SSP5-
8.5, characterized by fossil-fuel-driven development that is
the only SSP consistent with emissions high enough to real-
ize an anthropogenic radiative forcing of 8.5 W m~2 in 2100.
The total forcing of SSP5-8.5 at 2100 therefore matches that
of the RCP8.5 used in CMIPS5, but the pathway is different
as is the composition in terms of different contributions. For
instance, in SSP5-8.5, CO; emissions and concentrations are
somewhat higher than in RCP8.5, but this is compensated for
by other constituents such as CH4 and N> O. In this study, we
compare results forced by two versions of the EC-Earth cou-
pled global model for RCP8.5 with EC-Earth v2 and SSP5-
8.5 with EC-Earth v3. These two scenarios were chosen as
they are the most similar to each other between the CMIP5
and CMIP6 experiments that have been carried out with both
model versions.

Several different participating models in the latest gener-
ation of GCMs run for CMIP6 (Eyring et al., 2016) have
demonstrated an increase in the equilibrium climate sensitiv-
ity (ECS) of the models compared to the previous versions in
CMIP5 (Voosen, 2019; Zelinka et al., 2020). ECS is defined
as the time-averaged near-surface air warming in response
to doubling CO; in the atmosphere relative to pre-industrial
climate, after the climate system has come into equilibrium.
ECS is a commonly used metric to quantify the global warm-
ing in response to increases in atmospheric CO including
fast feedbacks in the climate system. The higher the ECS, the
greater the likelihood of the climate system reaching higher
levels of global warming and the smaller the permissible car-
bon emissions in order to meet a particular climate target.
Therefore the ECS is also highly relevant for climate policy.

EC-Earth v3 has a higher ECS of 4.3 K compared to 3.3 K
of EC-Earth v2 from CMIP5 due mainly to a more advanced
treatment of aerosols (Wyser et al., 2020b). In this paper, we
compare downscaled climate simulations from both versions
for Greenland and Antarctica, run with the HIRHAMS re-
gional climate model (RCM) to examine the impact of the
higher ECS on estimates of ice sheet surface mass budget for
both Greenland and Antarctica over the 21st century. Higher
ECS leads to more rapid atmospheric warming for a given
forcing and thus enhanced rates of ice sheet melt. However,
as precipitation often increases in lockstep with a warmer at-
mosphere, this enhanced melt may be offset to some degree
by enhanced snowfall.

The relative performance of EC-Earth on a regional scale
in the polar regions has been investigated in several stud-
ies, notably by Barthel et al. (2020) for CMIP5 models and
also in a new work in preparation by Cecile Agosta (per-
sonal communication, 2021) for EC-Earth v3 in the context
of the full CMIP6 ensemble. Barthel et al. (2020) show that
EC-Earth v2 has a large bias for Greenland but with a pro-
jected RCP8.5 warming close to the CMIP5 ensemble mean.
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For Antarctica, Barthel et al. (2020) shows that EC-Earth v2
is among the best models in the atmosphere but performs
poorly in ocean subsurface and surface conditions. EC-Earth
v2 has also been used in a number of studies with a focus on
Greenland and the Arctic, showing that it has an Arctic cold
bias. In EC-Earth v3, this Arctic cold bias has more or less
disappeared, and the current study aims at investigating how
this would affect the SMB for Greenland.

The SMB, sometimes also called the climatic mass bal-
ance, of ice sheets and glaciers is the balance between pre-
cipitation, evaporation, sublimation and runoff of snow and
glacier ice (Lenaerts et al., 2019). SMB controls the dynam-
ical evolution of ice sheets by driving ice sheet flow from
areas of high accumulation to regions of high ice loss. Sur-
face melt and runoff accounts for around 50 % of the ice lost
from Greenland (The IMBIE Team, 2020). When consider-
ing the Antarctic Ice Sheet as a whole, dynamical ice loss
by calving and the submarine melting of ice shelves are the
main mechanisms of ice loss, while SMB processes over the
continent, with some exceptions, especially in the Antarctic
Peninsula, lead to mass gain. It is important to note that calv-
ing and submarine melting of ice shelves do not directly lead
to sea level rise as the ice has already left the grounded part of
the ice sheet and is floating. However, these ice shelves play
an important role in buttressing grounded ice, and their loss
could trigger large-scale retreat and acceleration of marine-
terminating glaciers. As one mechanism of ice shelf collapse
is the accumulation of surface melt leading to hydrofracture
as for instance shown in the collapse of Larsen B (Skvarca
et al., 2004), it is important to also calculate SMB over ice
shelves, particularly given recent work (Kittel et al., 2021)
suggesting large uncertainty over ice shelf SMB in future
projections.

As suggested by Fettweis et al. (2013), SMB in Greenland,
derived by dynamical downscaling of ERA-Interim reanal-
ysis (Dee et al., 2011) with regional climate models, has a
larger runoff component compared with CMIP5 models. This
has been attributed to, for instance, a cooler-than-observed
Arctic in EC-Earth v2 by Mottram et al. (2017) or inadequate
representation of Greenland blocking and the North Atlantic
Oscillation (NAO) by Hanna et al. (2018). Hofer et al. (2017)
and Ruan et al. (2019) also show that cloud properties in cli-
mate models are the means by which the NAO modulates ice
sheet melt, and inadequacies in their representation may be a
further source of uncertainty within projections of ice sheet
SMB in both Greenland and Antarctica.

Relatively few RCMs have been run or studied in depth for
the SMB of Antarctica, and results used in international ice
sheet modelling intercomparisons have by and large focused
on using results from MAR and RACMO (e.g. Lenaerts et
al., 2016; Agosta et al., 2013, 2019; Kittel et al., 2018; Van
Wessem et al., 2015, 2018). Results of a recent intercompar-
ison of regional models all forced by ERA-Interim (Mottram
et al.,, 2021) show a wide spread of estimates of present-
day SMB (from 1960 to 2520 Gtyr~!) related in large part
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to different resolutions and precipitation schemes. However,
a comparison of future projections from previous studies
(Ligtenberg et al., 2013; Hansen, 2019; Agosta et al., 2013;
Kittel et al., 2021) suggests that on the scale of decades to
centuries a clear upward trend in SMB with large interannual
and decadal variability is expected due to enhanced snowfall
in a warmer climate.

Both the Greenland and the Antarctic ice sheets are im-
portant to understanding when estimating sea level rise due
to both their absolute possible contribution to sea level and
the different timescales and processes that could drive their
disintegration. The Antarctic Ice Sheet stores approximately
90 % of Earth’s freshwater, a potential contribution to the
mean sea level of 58 m (Fretwell et al., 2013). Thus, the
Antarctic Ice Sheet has the potential to be the single largest
contributor to future sea level rise. The Greenland Ice Sheet
contains around 7 m of mean sea level rise (Aschwanden et
al., 2019) and has in the last 2 decades seen increasing mass
loss (450-500 Gtyr~!) due to both large meltwater runoff
amounts and enhanced calving from outlet glaciers (Mankoff
et al., 2019).

Recent projections from both Greenland and Antarctica
have started to include coupled climate and dynamical ice
sheet models from both intermediate complexity models and
fully coupled regional and global models (Robinson et al.,
2012; Vizcaino et al., 2013; Levermann et al., 2020; Le clec’h
etal., 2019; Madsen et al., 2021). However, most studies still
rely on offline ice sheet models forced by higher-resolution
regional climate models that downscale from global models.
In Antarctica, as most ice loss is dynamically driven, SMB is
primarily used to provide accurate forcing for ice sheet mod-
els. Ice Sheet Model Intercomparison Project for CMIP6 (IS-
MIP6) models (Goelzer et al., 2018) suggest a wide spread in
projections of sea level rise for Greenland from 70 to 130 mm
(Goelzer et al., 2020), including both dynamical and SMB
contributions calculated from several different GCMs.

In this study we investigate the differences between two
different versions of the GCM EC-Earth, using an identi-
cal version of the regional climate model HIRHAMS, for
the Greenland and Antarctica ice sheets (see Fig. 1). The
two EC-Earth models are EC-Earth v2.3 and EC-Earth v3.3
(hereafter referred to as EC-Earth2 and EC-Earth3) and are
run for CMIP5 and CMIP6, respectively. The comparison fo-
cuses on temporal changes (end of the century relative to a
reference period) in temperature, precipitation and the sur-
face mass balance.

In Sect. 2 we introduce the model domains and the two
versions of the GCM EC-Earth as well as the regional climate
model HIRHAMS. In Sect. 3 we present, using time slice
experiments and for both Greenland and Antarctica, changes
in temperature and precipitation using the two versions of
EC-Earth, followed by the resulting changes in surface mass
balance for both ice sheets. The paper ends with a discussion
in Sect. 4 and a conclusion in Sect. 5.
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Table 1. List of all eight time slice experiments. The Greenland runs
are 20 years long, while the runs for Antarctica are 30 years long,
not counting the first spin-up year in each experiment.

Domain Resolution  EC-Earth forcing  Period
v2 historical 1990-2010
. v2 RCP8.5 2080-2100
Greenland  0.05 v3 historical 1990-2010
v3 SSP5-8.5 2080-2100
v2 historical 1970-2000
A . v2 RCPS8.5 2070-2100
Antarctica 0.1 V3 historical 1970-2000
v3 SSP5-8.5 2070-2100

2 Methods and materials

Here we compare regionally downscaled climate simulations
for Greenland and Antarctica (see Fig. 1 and Table 1) run
with two different versions of EC-Earth and an identical
version of the HIRHAMS RCM. The two EC-Earth mod-
els, i.e. EC-Earth2 and EC-Earth3, are run for CMIP5 and
CMIP6, respectively. For reasons of computational cost we
run four time slice experiments with HIRHAMS driven with
EC-Earth forcings for each domain. For Greenland, these
cover the period 1990-2010 with historical forcing with both
versions of EC-Earth and the period 2080-2100 with CMIP5
RCP8.5 for EC-Earth2 and CMIP6 SSP5-8.5 for EC-Earth3.
The historical forcing ends in 2005 for CMIPS, and therefore
for the last 5 years of the 1990-2010 period we use RCP4.5
scenario forcing. For Antarctica, the time slice experiments
cover the period 1970-2000 with historical forcing and the
period 2070-2100 with RCP8.5 and SSP5-8.5. The first year
in each time slice experiment is used for spin-up of atmo-
spheric conditions and is not included in the analysis. The
difference between time periods for the two regions (1991-
2010 vs. 1971-2000 and 2081-2100 vs. 2071-2100) given
in Table 1 is a result of the two regions being part of two dif-
ferent studies using the EC-Earth2 downscalings. The subse-
quent EC-Earth3 downscalings were performed for the same
time periods as with the EC-Earth2 downscalings to facilitate
a direct comparison between EC-Earth versions.

For the four time slice experiments in Greenland we in-
clude an offline spin-up routine on the built-in HIRHAMS
subsurface conditions running for 100 years, recycling the
first spin-up year from each of the HIRHAMS simulations.
The HIRHAMS model output for the full time slice simu-
lations for Greenland is subsequently put into a stand-alone
offline subsurface model (Langen et al., 2017). Spin-ups of
more than 100 years are performed on each of these offline
time slice simulations. For the four time slice experiments for
Antarctica, there is no initial offline spin-up routine on the
built-in HIRHAMS subsurface conditions available. Instead,
we put the HIRHAMS output into the stand-alone offline sub-
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180°W

Figure 1. Topography for the two model domains. Sea points are given in blue; non-glacial land grid points are given in green and brown;
Antarctic ice shelves are given in grey, while glacial points are given in white with surface elevation contour lines added. The Greenland
domain (a) has a model resolution of about 5.5 km (0.05°), while the Antarctica domain (b) has a model resolution of about 12.5km (0.11°).

surface model (Hansen et al., 2021) where we perform a 130-
year spin-up for the two historical simulations for Antarctica
and an additional 50 years of spin-up for the two scenario
simulations. The spin-up time for the scenario runs is shorter
in the offline subsurface model since we use the historical
spin-up condition as a starting point for the scenario spin-
up. The outputs from HIRHAMS (precipitation and evapo-
ration + sublimation) and the subsurface model (runoff) are
used to calculate the SMB of the ice sheets over these peri-
ods in order to be able to compare the different forcings. The
HIRHAMS downscaling in combination with the offline sub-
surface model gives a more realistic representation of the sur-
face energy balance over the ice sheet as well as surface snow
properties and firn-pack processes that lead to retention and
refreezing of meltwater. The current version of HIRHAMS
does not have drifting snow implemented.

EC-Earth is a GCM evolving from the seasonal forecast
system of the ECMWF (Hazeleger et al., 2010) and de-
veloped by a large European consortium. EC-Earth2 is the
model used to contribute to CMIP5 and is based on the
ECMWEF Integrated Forecasting System (IFS) CY31R1, the
NEMO version 2 ocean model and the sea ice model LIM2
(Hazeleger et al., 2012). EC-Earth?2 is run on a spectral res-
olution of T159 (equivalent to ~ 125km) and 62 vertical
levels up to ShPa for the atmosphere and a 1° x 1° tripo-
lar grid with 46 vertical levels for the ocean and sea ice.
The new generation of the EC-Earth model is a full Earth
system model and has been developed to perform CMIP6
experiments. A detailed description of this model is given
by Doscher et al. (2021). However, the CMIP6 historical
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and SSP5-8.5 experiments used in the downscaling in this
study were performed with only the GCM configuration,
i.e. EC-Earth3. EC-Earth3 has upgraded all components of
EC-Earth2, with the IFS cy36r4 for the atmosphere model
and the NEMO version 3.6 for the ocean with the sea ice
model LIM3 embedded. EC-Earth3 also runs at a higher res-
olution than EC-Earth2. The spatial resolution of the atmo-
sphere is about 80 km horizontally (T255) and 91 vertical
levels up to 0.01 hPa for the atmosphere. The ocean model
uses the same 1° x 1° tripolar grid as EC-Earth2 but with 75
vertical levels. EC-Earth contributed to CMIP5 and CMIP6
historical and scenario experiments with ensembles of 15 and
25 members in total, performed on various platforms by re-
spective consortium members. The differences among these
members are only on the initial states which are taken from
different snapshots in a 500-year-long control run under the
pre-industrial condition (Taylor et al., 2012; Eyring et al.,
2016). The simulations used in this study were the members
r3ilpl for CMIP5 and r5ilp1fl for CMIP6, carried out at the
Danish Meteorological Institute. Figure 2a and b show the
1991-2010 mean temperature relative to ERA-Interim for
EC-Earth2 and EC-Earth3, respectively. The negative bias
over Greenland for EC-Earth2 in Fig. 2a is not present for
EC-Earth3 in Fig. 2b. EC-Earth3 has, however, a positive
bias over Antarctica. Figure 2c and d show the difference in
the change in 2 m temperature and sea surface temperature,
respectively, between the EC-Earth3 using SSP5-8.5 and the
EC-Earth2 using RCP8.5 at the end of the century relative
to the reference period. For 2 m temperature in Fig. 2c we
see a positive difference for both Greenland and Antarctica:
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Figure 2. Temperature bias relative to ERA-Interim for 1991 to 2010 for EC-Earth2 (a) and EC-Earth3 (b). Difference in the change in 2 m
temperature (c) and sea surface temperature (d) for EC-Earth3 using SSP5-8.5 relative to EC-Earth2 using RCP8.5 for the 2081-2100 period

relative to the 1991-2010 historical period.

between 1 and 3 °C along the coastal regions for Greenland
and about 1°C in the central parts of Antarctica. There is
also a clear difference in sea surface temperature change be-
tween the two versions of EC-Earth in Fig. 2d: between 1 and
3°C along the coast of Greenland and between 1 and 2°C
along the coast of Antarctica. Besides leading to a thinning
and a retreat of the ice sheets (if the increase in melt and sub-
sequent runoff outpace the increase in precipitation), these
differences in both atmospheric temperature and sea surface
temperature are reflected in differences in end-of-winter sea
ice extent shown in Fig. 3.

Figure 4 shows how EC-Earth2 and EC-Earth3 relate to
other CMIP5 and CMIP6 models for changes in temperature
and relative changes in precipitation over the ice sheets. We
have used one realization for each available GCM contain-
ing both a historical run and an RCP8.5/SSP5-8.5 scenario
run, giving a total of 41 CMIP5 model runs including 2 EC-
Earth realizations and 28 CMIP6 model runs including 7 EC-
Earth realizations. Furthermore, all models are regridded to a
common grid, and due to the coarse horizontal resolution of
the GCMs all land grid points for Greenland and Antarctica
are treated as ice sheet points. For the Greenland Ice Sheet
the EC-Earth2 model (panel a) is located at the upper part
of the scatter plot with the largest changes in precipitation
and temperature. This is also true for the EC-Earth3 model
(panel c) even though EC-Earth3 gives the lowest changes
compared with the other EC-Earth members. For the Antarc-
tic Ice Sheet the EC-Earth2 model (panel b) is located in the
middle of the distribution for both precipitation and temper-
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ature. This holds also for the EC-Earth3 model (panel d).
Comparing Fig. 4a and c for Greenland and Fig. 4b and d
for Antarctica, we see a shift in the ensemble mean tempera-
ture going from CMIP5 to CMIP6 (0.3 °C for Greenland and
0.4 °C for Antarctica) of a similar order to when going from
EC-Earth2 to EC-Earth3 (0.5 °C for Greenland and 0.4°C
for Antarctica). We also note that the spread of the EC-Earth
members for a specific domain and a specific generation is
relatively small compared to the full distribution, indicating
that sampling issues associated with the relatively short time
slices are of minor concern.

The HIRHAMS regional climate model (Christensen et
al., 2006) is based on the HIRLAM7 weather forecasting
model (Undén et al., 2002), where the physical routines have
been replaced by those within the ECHAMS climate model
(Roeckner et al., 2003). HIRHAMS uses 31 atmospheric lev-
els, and for the Greenland domain, the model is run at a
resolution of 0.05° (about 5.5km) with 20-year-long time
slices, while the Antarctica simulation is run at a resolution
of 0.11° (about 12.5 km) with 30-year-long time slices. The
HIRHAMS model has previously been validated against ob-
servations for Greenland (e.g. Boberg et al., 2018; Langen et
al., 2017; Lucas-Picher et al., 2012) and Antarctica (Mottram
et al., 2021; Hansen, 2019). Boberg et al. (2018) showed that
monthly means of observed temperature on the west Green-
land Ice Sheet compare well with the EC-Earth2 downscal-
ing using HIRHAMS for the period 1993-2010 with a mean
bias between +1 and —2 °C. Langen et al. (2017) compared
1041 SMB observations from 351 locations in the ablation
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(d)

Figure 3. Mean end-of-winter sea ice extent for the 2081-2100 period. Panels (a) and (b) are for the RCP8.5 scenario using EC-Earth2, and
panels (c) and (d) are for the SSP5-8.5 scenario using EC-Earth3. Panels (a) and (c) are for the month of March, while panels (b) and (d) are
for the month of September.
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Figure 4. Relative change in precipitation as a function of change in temperature for 41 CMIPS and 28 CMIP6 models for the Greenland
and Antarctic ice sheets. The change is calculated for the same time periods as for our RCM runs (see Table 1). Panels (a) and (b) are for
CMIPS5, and panels (c) and (d) are for CMIP6. Panels (a) and (c) are for Greenland, while panels (b) and (d) are for Antarctica. Red symbols
refer to EC-Earth members, while all other models are given by black dots. The red-and-blue dots highlight the EC-Earth members used for
downscaling in this study. The green dots are corresponding values for the HIRHAMS simulations presented in this study.

area of the Greenland Ice Sheet with an ERA-Interim-driven most exactly the same as for the MARv3.10 model, although
HIRHAMS simulation and found a regression slope of 0.95, with a clear difference between the SMB components.

a correlation coefficient of 0.75, a RMSE of 0.98 m w.e. and a

mean bias of —3 %, indicating only a slightly underestimated

net surface mass loss rate. Moreover, comparing the simula- 3 Results
tion to 68 ice cores in the accumulation area of the Greenland ) o
Ice Sheet, they found the simulated mean annual accumula- The temporal and regional changes for temperature, precipi-

tion rate to have a —5 % bias, 25 % RMSE and correlation tation and SMB taken from dynamical downscalings of EC-
coefficient of 0.9. Mottram et al. (2021) showed, using sta- Earth2 and EC-Earth3 are presented in this section. As a ref-

tion observations, that ERA-Interim-forced HIRHAMS sim- erence for these variables we use a HIRHAMS run driven
ulations have a negative bias of —2°C for Antarctica. Us- by ERA-Interim, which in turn has been evaluated by Lan-
ing SMB observations, Mottram et al. (2021) found a model ~ gen et al. (2017) and Mottram et al. (2021) and compared
mean bias of —20kgm~2yr~!, a RMSE of 101 kgm~2yr~! with other similar climate models for Greenland in Fettweis
and a correlation coefficient of 0.81, indicating a small under- et al. (2020) and Antarctica in Mottram et al. (2021).

estimation of the surface mass balance. Mottram et al. (2021)
also compared Antarctic Ice Sheet SMB estimates taken from
five different RCMs forced with ERA-Interim and found that
HIRHAMS had an SMB value for grounded ice about 10 %
above the ensemble mean and an SMB value for the ice
shelves about 4 % above the ensemble mean. They concluded
that HIRHAMS SMB values were in the upper range com-
pared with the other models but that the SMB values were al-

3.1 Modelled temperature

Figure 5a and c¢ show the annual mean change in 2 m tem-
perature for Greenland and Antarctica, respectively, using
HIRHAMS downscaled with EC-Earth3 for 2081-2100 and
2071-2100 for the SSP5-8.5 scenario relative to the 1991—
2010 and 1971-2000 historical runs (cf. Table 2). Figure 5b
and d show the difference between the changes given in
Fig. 5a and c and the equivalent change using EC-Earth2
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Figure 5. Change in 2m temperature for Greenland for 2081-2100 relative to 1991-2010 for the EC-Earth v3 SSP5-8.5 scenario (a).
Difference in the change in 2m temperature for EC-Earth3 SSP5-8.5 relative to EC-Earth2 RCP8.5 (b). Change in 2m temperature for
Antarctica for 2071-2100 relative to 1971-2000 for the SSP5-8.5 scenario (c). Difference in the change in 2 m temperature for SSP5-8.5
relative to RCP8.5 (d). Note that the colour bar limits in panels (a) and (c) differ.

for the same time periods but using the RCP8.5 forcing sce-
nario. Therefore positive values in Fig. 5b and d do not imply
that the scenario period in the EC-Earth3 SSP5-8.5 down-
scaling is warmer than the scenario period in the EC-Earth2
RCP8.5 downscaling — just that the change in temperature is
larger from the historical period to the SSP5-8.5 runs com-
pared with the change between the historical simulation and
the RCP8.5 runs. The mean change in temperature over the
ice sheet is 5.9 °C for Greenland using EC-Earth2 and 6.8 °C
using EC-Earth3. For Antarctica the values are 4.1 °C using
EC-Earth?2 and 4.8 °C using EC-Earth3.

The mean temperature values presented here for the EC-
Earth2 and EC-Earth3 downscalings are compared with
ERA-Interim downscalings using HIRHAMS for the refer-
ence periods in Table 2. We notice that the temperature for
the ERA-Interim-driven run is close to the EC-Earth3-driven
run for Greenland for the 1991-2010 period. The temper-
ature for the EC-Earth2 downscaling is lower, which can be
explained by the negative bias in the forcing data. For Antarc-

https://doi.org/10.5194/tc-16-17-2022

tica (see Table 2), the downscaled ERA-Interim mean tem-
perature is very close to the downscaled EC-Earth2 mean
value, while the downscaled EC-Earth3 value is higher due
to the positive temperature bias for Antarctica in EC-Earth3.
Also note that since ERA-Interim data are only available
from 1979 to August 2019, the time period used for the ERA-
Interim-driven simulation for Antarctica is 8 years shorter
than the GCM-driven historical runs.

For Greenland (Fig. 5b), the change in temperature for the
EC-Earth3 run using the SSP5-8.5 scenario is shown to be
higher for most of the domain compared with the change in
temperature for the EC-Earth2 run using the RCP8.5 sce-
nario. The difference is most pronounced for the northern
part of the ice sheet as well as for the non-glacial northern,
western and southern coastline. Along the eastern coastline,
the difference in temperature change between the two down-
scalings is close to zero. For Antarctica (Fig. 5d), we see sim-
ilar values to those for the Greenland Ice Sheet except for in
the eastern part of Antarctica and on the western side of the
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Table 2. Temperature (Temp) in degrees Celsius and SMB components including precipitation (Precip), evaporation + sublimation
(Evap + Subl) and surface runoff (Runoff) in Gt yr’l for grounded ice for all eight time slice experiments. The temperature is given as
a mean for each period, while the SMB components are given as mean yearly sums for each period. ASMB is the temporal change between
the scenario period and the reference period. §(ASMB) is the model difference in ASMB between EC-Earth3 and EC-Earth2. Also included
are values for the two ERA-Interim-driven HIRHAMS simulations for Greenland and Antarctica. For Antarctica, SMB component numbers
in parentheses denote ice shelf values. Note that the time period used for the ERA-Interim-driven simulation for Antarctica is 8 years shorter

than the GCM-driven historical runs.

Domain GCM Period Temp Precip  Evap + Subl Runoff SMB ASMB §(ASMB)
- ERA-Interim  1991-2010 —19.3 786 52 435 299 n/a n/a
=1
<
= 1991-2010 —23.2 728 26 219 482
=} _ _
8 EC-Earth2 2081-2100 —17.3 1045 32 817 196 287
5 —1350
1991-2010  —20.2 850 24 620 206
EC-Earth3 2081-2100 —13.5 1125 7 2549 _1a3 1637
o ERA-Interim  1979-2000 —36.2 2356 (632) 156 (40) 75 (172) 2124 (420) n/a n/a
Q
3 1971-2000 —35.9 2625 (706) 178 (42) 79 (210) 2345 (454)
g EC-Earth2 2071-2100 —31.8 3395 (881) 235 (45) 321(706) 2762 (130) a7 o
Z _
EC-Earth3 1971-2000 —32.6 3137 (810) 226 (45) 261 (593) 2650 (172) %0
& 2071-2100 —27.8 4111 (1055) 287 (32) 1094 (1945) 2730 (—922)

n/a: not applicable.

peninsula. This pattern is probably related to the temperature
change difference in the GCMs seen in Fig. 2c along part
of the coastal stretches of Antarctica, which in turn could be
explained by a change in model bias and/or as a result of
aerosol differences between the two GCM versions. As the
phase of the southern annular mode (SAM) also controls the
spatial variability in precipitation and temperature on annual
to decadal scales in Antarctica, the pattern may also reflect
different phases of the SAM in the two versions that are, at
least in part, a result of internal variability rather than climate
forcing (Fogt and Marshall, 2020). The largest differences in
temperature change for Antarctica are found on the eastern
part of the peninsula, the Filchner Ice Shelf and the Ross Ice
Shelf.

3.2 Modelled precipitation

For precipitation, we see a positive relative change for both
domains (Fig. 6a and c) using EC-Earth3 and the SSP5-8.5
scenario when downscaling using HIRHAMS (see Table 2).
For Greenland, the largest relative change is found for the
northeastern part, while the southeastern part of Greenland
has changes close to zero. For Antarctica, the largest changes
are found in the interior, while the coastal areas show a more
moderate increase. When comparing the difference in rela-
tive changes in precipitation (Fig. 6b and d), we see negative
values for the eastern part of the domains and positive values
for the western parts. These east—west patterns are reminis-
cent of those in the differences in temperature changes shown
in Fig. 5b and d and in turn are similar to spatial patterns
shown in ice core records by Medley and Thomas (2019),
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which they relate to SAM variability. This suggests that un-
derstanding internal variability in global models is important
for interpreting SMB projections in Antarctica. For Green-
land, the largest positive differences in relative precipitation
change are found over the ice sheet in the northwest and to
some extent also the southwest and northeast. For Antarctica,
the region with a positive difference in relative precipitation
change is more pronounced, covering most of the central and
western parts.

The precipitation values on grounded ice for the refer-
ence periods are compared with downscaled ERA-Interim
values using HIRHAMS in Table 2. For Greenland, the ERA-
Interim-driven run has a precipitation amount between the
two EC-Earth downscalings, with EC-Earth2 having a value
7% lower and EC-Earth3 having a value 8 % higher than
the ERA-Interim downscaled value. For Antarctica, the EC-
Earth2 downscaling has a mean precipitation 11 % higher
than the ERA-Interim-driven run, while the downscaled EC-
Earth3 has a 33 % higher precipitation amount, most likely
linked to the positive temperature bias in EC-Earth3 for
Antarctica.

3.3 Modelled SMB

Figure 7 shows the change in SMB for Greenland (panels a
and b) and Antarctica (panels ¢ and d). Figure 7a and c
show downscaled EC-Earth2 for the RCP8.5 scenario, while
Fig. 7b and d show downscaled EC-Earth3 for the SSP5-8.5
scenario, all relative to the historical periods (see Table 1).
For EC-Earth2 we obtain a change (2081-2100 relative to
1991-2010) in SMB of —290 Gtyr~! for the entire Green-
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Figure 6. Relative change in total precipitation for Greenland for 2081-2100 relative to 1991-2010 for the EC-Earth3 SSP5-8.5 scenario
downscaling (a). Difference in the relative change in total precipitation for Greenland for the EC-Earth3 SSP5-8.5 relative to EC-Earth2
RCP8.5 downscaling (b). Relative change in total precipitation for Antarctica for 2071-2100 relative to 1971-2000 for the EC-Earth3 SSP5-
8.5 scenario downscaling (c). Difference in the relative change in total precipitation for Antarctica for the EC-Earth3 SSP5-8.5 relative to
EC-Earth2 RCP8.5 downscaling (d). Note the differences in colour bar limits.

land Ice Sheet with areas along the western part displaying
changes in the range of —2 to —1 myr~!. For EC-Earth3
(Fig. 7b) almost the entire Greenland Ice Sheet shows a neg-
ative change (2081-2100 relative to 1991-2010) in the SMB
with values well below —2 m yr~! along the margin. Over the
20-year period at the end of the century for which the model
is run, the accumulated SMB anomaly is —1640 Gtyr—!.
This is equivalent to an additional 4.6 mm of sea level rise per
year from the Greenland Ice Sheet at the end of the century,
in line with estimates published by Hofer et al. (2020). We
also note that the area in the southeast part of the Greenland
Ice Sheet with positive contributions for the EC-Earth2 run in
Fig. 7a is no longer present for the EC-Earth3 run in Fig. 7b.
For Antarctica on grounded ice, we obtain a change (2071-
2100 relative to 1971-2000) in SMB of 420 Gtyr~! for the
EC-Earth2 simulation (Fig. 7c) and a value of 80 Gt yr*1 for
the EC-Earth3 simulation (Fig. 7d). Importantly, the location
of the negative SMB in the model coincides with the vul-
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nerable west Antarctic outlet glaciers, whose destabilization
could lead to rapid retreat and dynamical ice loss, multiply-
ing many times the effects of the enhanced ice sheet loss.

The SMB values for the reference periods (1991-2010
for Greenland and 1971-2000 for Antarctica) are com-
pared with downscaled ERA-Interim values (1991-2010 for
Greenland and 1979-2000 for Antarctica) using HIRHAMS
in Table 2. For Greenland, the ERA-Interim-driven run has
an SMB value between the two EC-Earth downscalings,
with EC-Earth2 having a value 180 Gtyr~! above and EC-
Earth3 90 Gt yr~! below the ERA-Interim downscaled value.
For Antarctica, the EC-Earth2 and EC-Earth3 downscalings
have a mean SMB 220 Gt yr~! and 530 Gt yr~!, respectively,
above the ERA-Interim-driven run. The large SMB differ-
ence for the EC-Earth3 run for Antarctica is mostly at-
tributable to the difference in precipitation between the ERA-
Interim and EC-Earth3 runs, but we also note a very high
runoff value of 261 Gtyr—! in the EC-Earth3 run.
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Figure 7. Changes in surface mass balance for Greenland for the period 2081-2100 relative to 1991-2010 for the EC-Earth2-driven run
using RCP8.5 (a) and the EC-Earth3-driven run using SSP5-8.5 (b). Changes in surface mass balance for Antarctica for the period 2071—
2100 relative to 1971-2000 for the EC-Earth2-driven run using RCP8.5 (¢) and the EC-Earth3-driven run using SSP5-8.5 (d). Units are
metres of water equivalent per year. The green colour represents non-glacial land grid points, and the grey colour represents Antarctic ice

shelves (cf. Fig. 1).

Also given in Table 2 are the SMB components for the
Antarctic ice shelves in parentheses. We see that the two EC-
Earth downscalings have comparable numbers for precipita-
tion compared with the ERA-Interim run, which also holds
for the EC-Earth2 run for runoff. However, the runoff for
the EC-Earth3 run is clearly above the ERA-Interim value
owing to the warm bias in EC-Earth3. Gilbert and Kittel
(2021) used MAR to downscale four GCMs and found, for
the historical period, ice shelf SMB values in the range of
441 to 526 Gtyr~!. Our values using HIRHAM downscal-
ing ERA-Interim and EC-Earth2 are at the lower end of this
range, while the EC-Earth3 downscaling has a lower SMB
value due to the warm Antarctic bias in EC-Earth3. Kittel
et al. (2021) presented end-of-century changes in the runoff
component in the range of 32 to 260 Gt yr~! for the grounded
ice and 69 to 558 Gtyr~! for the ice shelves. The end-of-
century changes in the runoff component for our EC-Earth2
downscalings are 242 and 496 Gtyr~! for grounded ice and
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ice shelves, respectively, placing it near the upper ends of
both ranges. The end-of-century changes in runoff for our
EC-Earth3 downscaling for Antarctica are well above these
values, with 835 Gtyr—! for grounded ice and 1352 Gtyr~!
for the ice shelves. These runoff values are probably a result
of the warm bias in EC-Earth3 but partly also inherited from
using HIRHAMS, showing high absolute runoff values when
downscaling ERA-Interim (see Table 2).

When looking at yearly sums of the two ice sheet compo-
nents, precipitation minus sublimation and evaporation and
runoff, we can further study the differences between EC-
Earth3 and EC-Earth2 for our two model domains (cf. Ta-
ble 2). For Greenland during the historical period 1991-
2010 (Fig. 8a), the runoff component for the downscaled EC-
Earth3 simulation is about 400 Gtyr—! larger than for EC-
Earth2, while the precipitation minus sublimation and evapo-
ration component has a mean difference of about 120 Gt yr—!
with relatively large variations for both simulations. For
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Figure 8. Integrated values of precipitation minus sublimation and evaporation (in red using the left y axis) and surface runoff (in blue using
the right y axis) for the Greenland Ice Sheet (GrIS; a, b) and Antarctica Ice Sheet (AIS; ¢, d) using HIRHAMS downscalings of EC-Earth.
EC-Earth2 is marked with diamonds, and EC-Earth3 is marked with circles.

Greenland during the scenario period 2081-2100 (Fig. 8b),
the two simulations show a similar difference (now a mean
difference of 105Gtyr~—!) with respect to the historical pe-
riod 1991-2010 for the precipitation minus sublimation and
evaporation component, whereas runoff shows a steady in-
crease in the difference between the simulations, reaching
in excess of 2300Gtyr—! at the end of the century. The
downscaled end-of-century SMB values for EC-Earth2 and
EC-Earth3 (196 and —1431Gtyr~!, respectively) can be
compared with the ensemble mean SMB, using downscaled
CMIP5 and CMIP6 GCMs given by Hofer et al. (2020),
of about —300Gtyr~! for CMIP5 and —1000Gtyr~! for
CMIP6.
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For Antarctica during the historical period 1971-2000
(Fig. 8c), we see a mean difference of about 460 Gtyr~!
for precipitation minus sublimation and evaporation (cf. Ta-
ble 2) between the two simulations, but for the runoff com-
ponent, the difference is about 180 Gtyr—! and only small
variations are seen, especially for the EC-Earth2 run. For
Antarctica during the scenario period 2071-2100 (Fig. 8d),
we see that the gap between both precipitation minus subli-
mation + evaporation and runoff increases with time, reach-
ing a difference of more than 800 Gt yr~! for both by the end
of the century. The downscaled end-of-century SMB values
for EC-Earth2 and EC-Earth3 (2762 and 2730 Gtyr—!, re-
spectively) are comparable to the likely SMB range, using
CMIP5 and CMIP6 ensembles given by Gorte et al. (2020),
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of 26304663 Gtyr—! for CMIP5 and 24184374 Gtyr—! for
CMIP6.

As the large differences between model versions in ASMB
(1350 Gt yr~! for Greenland and 340 Gt yr~! for Antarctica)
are mostly dominated by differences in runoff changes rather
than precipitation changes (see Table 2), we attribute them to
the warmer reference period for both regions in combination
with an approximately 1 °C higher end-of-century warming
in both Greenland and Antarctica for EC-Earth3 relative to
EC-Earth2. Furthermore, by comparing the spatially aver-
aged temperature values with the runoff values in Table 2,
we obtain an exponential relationship (not shown) that sug-
gests large increases in runoff for relatively small increases
in temperature.

4 Discussion

Our results show that for two different versions of the driving
global model, substantial differences arise in ice sheet sur-
face mass balance at the end of the century when driven by
similar greenhouse gas emission pathways. The runoff and
precipitation rates at the end of the century over both Green-
land and Antarctica are higher and are likely enhanced by
the higher temperatures projected under SSP5-8.5 than under
RCP8.5. The higher temperatures in the EC-Earth3-driven
downscalings for the SSP5-8.5 scenario compared with those
for the EC-Earth2-driven downscalings for the RCP8.5 sce-
nario are partly caused by a higher equilibrium climate sen-
sitivity (4.3 K compared with 3.3 K in EC-Earth2). The dif-
ference between the greenhouse gas emission pathways in
SSP5-8.5 and RCP8.5 also play an important role, how-
ever. Gidden et al. (2019) found that the radiative forc-
ing in SSP5-8.5 matched that of RCP8.5 closely but that
there were clear differences between the individual green-
house gas components of the forcing as well as the aerosols.
Wyser et al. (2020a) compared an EC-Earth run in CMIP6
(called EC-Earth3 Veg) and the CMIP5 EC-Earth run and
concluded that 50 % or more of the end-of-century global
temperature increase going from CMIP5 to CMIP6 was due
to changes in the greenhouse gas concentrations rather than
model changes.

In Fig. 4, we compare CMIP5 with CMIP6 ensembles
where the EC-Earth members are given as red dots, and
the two versions used in this study (v2 and v3) have a
blue ring around them. Also included are values for the
HIRHAMS downscalings (green dots) for both EC-Earth2
and EC-Earth3 and for both Greenland and Antarctica. By
comparing the green dots with the blue rings we see, for
Greenland (Fig. 4a and c), a weakening of the temperature
increases (0.8 °C for EC-Earth2 and 0.4 °C for EC-Earth3)
after downscaling but at the same time a strengthening of the
precipitation increases (8 percentage points for EC-Earth2
and 11 percentage points for EC-Earth3). For Antarctica
(Fig. 4b and d), however, we see a strengthening of the
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temperature increases (0.2 °C for EC-Earth2 and 0.5 °C for
EC-Earth3) but again a strengthening of the precipitation in-
creases (9 percentage points for EC-Earth2 and 13 percent-
age points for EC-Earth3). So downscaling leads in all cases
to a larger increase in precipitation than what is given in the
GCM. For temperature, the warming effect is uniform for
both versions of EC-Earth but reversed between Greenland
(weakening) and Antarctica (strengthening).

For this study, only one RCM has been used when compar-
ing the downscaling of two GCMs. Future work will expand
this to a multi-model and multi-member ensemble. However,
the HIRHAMS model has been used for downscaling EC-
Earth2 and reanalysis data for both Greenland and Antarctica
in a number of studies (Langen et al., 2017; Boberg et al.,
2018; Hansen, 2019; Mottram et al., 2021), and the model
output has been evaluated thoroughly, giving it validity for
climate modelling as a single member for polar conditions
against which other models can be compared.

Our results for Greenland and Antarctica are in line
with previous work using MAR (Hofer et al., 2020; Kit-
tel et al., 2021), showing a general increase in melt and
runoff rates for Greenland and Antarctica when driven by
selected CMIP6 models compared with CMIPS. Hofer et
al. (2020) used MAR to downscale six CMIP5 GCMs and
five CMIP6 GCMs for the Greenland Ice Sheet and found
an ensemble mean change for the 2081-2100 period of
about —700 Gtyr~! (—400 Gtyr~! for the CMIP5 runs and
—1100Gtyr~! for the CMIP6 runs), which is comparable to
the values given in Table 2. Kittel et al. (2021) used MAR
to downscale two CMIP5 GCMs and two CMIP6 GCMs
for the Antarctic Ice Sheet and found that changes in pre-
cipitation, runoff and the resulting SMB increase when go-
ing from CMIPS to CMIP6 but with a significant model
spread. Table 2 shows similar trends for precipitation and
runoff. However, the change in the runoff component for
Antarctica (+834Gtyr~!) is clearly higher than the 32—
260 Gtyr~! range given by Kittel et al. (2021), resulting in
a negative trend in the SMB change going from EC-Earth2
(+417 Gtyr~!") to EC-Earth3 (+80Gtyr~!). However, the
scientific argument of the paper is that the change in tempera-
ture for the end-of-century high-emissions scenario is higher
in the EC-Earth3 downscaling compared with the EC-Earth2
downscaling for both Greenland and Antarctica. This differ-
ence in temperature change leads to a negative value in the
8 A(SMB) (rightmost column in Table 2). The positive tem-
perature bias for Antarctica in EC-Earth3 does indeed give
very high runoff rates and precipitation amounts but, as seen
in Table 2, does not affect the sign of the § A(SMB) value.

Bracegirdle et al. (2015) used 37 CMIP5 models and
showed that, due to a large intermodel spread in sea ice area,
the change in temperature using the RCP8.5 scenario for
Antarctica was in the range of 0 to 6 °C while the change
in precipitation was in the range of 0 % to almost 40 %. This
large model spread for future climate change for Antarctica
clearly shows the importance of using large model ensembles
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for climate projections. Analysis of the CMIP6 ensemble for
Antarctic sea ice by Roach et al. (2020) showed some im-
provement in regional sea ice distribution and historical sea
ice extent as well as a slight narrowing of the multi-model
ensemble spread in CMIP6 compared to CMIP5. Although
the wide spread in projections indicates that a large multi-
model ensemble is desirable, comparing two slightly differ-
ent versions of the same model is helpful to determine which
changes may be affected by the difference in the driving
models as well as the emission pathways, particularly given
the difference in ECS between the two versions. The impor-
tance of sea surface temperature and sea ice extent to SMB in
Antarctica, especially in coastal regions (Kittel et al., 2018),
means that variability in ocean and sea ice representation in
model projections has large implications for SMB estimates.

5 Conclusion

Due to a higher ECS in the driving GCM EC-Earth3 within
CMIP6 compared with the driving GCM EC-Earth2 within
CMIPS together with changes in greenhouse gas concentra-
tions between the RCP8.5 and the SSP5-8.5 scenarios, we
find larger changes in both temperature and precipitation for
both Greenland and Antarctica in the end-of-century scenario
runs compared with the historical simulations. These differ-
ences lead to important changes over the polar ice sheets
with a change in SMB of around —1640 Gtyr~! for Green-
land and +80Gtyr~! for Antarctica at the end of the cen-
tury. Comparing these numbers with those obtained from
the older EC-Earth2 runs (—290 Gt yr~! for Greenland and
+420Gtyr~! for Antarctica) suggests that for very high
emission pathways, considerable uncertainty still exists for
sea level rise contributions from the polar ice sheets due to
climate change — even within a single model family. The
difference between these two versions corresponds to a sea
level rise difference of 3.7mmyr~! from Greenland and
1.0mmyr~! for Antarctica at the end of the century com-
pared with earlier estimates based on EC-Earth2.

We find that it is difficult to directly compare the down-
scalings of EC-Earth2 and EC-Earth3 since the forcing con-
ditions are not equal due to revised greenhouse gas con-
centration scenarios. However this allows us to demonstrate
the potentially wide uncertainties in SMB estimates. More-
over the role of natural variability and the impact of cli-
mate change on regional circulation patterns that affect SMB
are clearly areas that need more research in the future. The
results presented here using EC-Earth3 within CMIP6 are
therefore important to consider when communicating to the
adaptation and mitigation communities.

Data availability. HIRHAMS simulation data and SMB model out-
put for all eight time slice simulations as well as EC-Earth2 and EC-
Earth3 data are available upon request to the corresponding author.
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ABSTRACT

Understanding of the spatiotemporal characteristics of temperature extremes exceeding the melt
threshold over Antarctic ice shelves is severely limited but important to identify those that are
vulnerable to possible melt-induced hydrofracture. We investigate this using an index describing
summertime “melt potential” (MP), characterised by two components measuring the frequency
(MP-freq) and intensity (MP-int) of daily maximum temperatures exceeding a melt threshold of
271.15 K, based on output from high-resolution hindcasts (1979-2019) using the MetUM and
HIRHAMS atmospheric models. MP-freq is highest for Antarctic Peninsula ice shelves
(exceeding 70%), lowest (around 10%) for Ronne-Filchner and Ross ice shelves, and typically
between 40 and 60% for other ice shelves. Many ice shelves are characterised by strong spatial
gradients in MP-int, which varies from 0 to 5 K. Hotspots of MP are apparent over some ice
shelves, which we attribute to local scale processes associated with warm signatures, such as
foehn events, katabatic winds, and barrier winds. Ice shelves in East Antarctica and the eastern
section of West Antarctica show a decreasing trend in MP-freq. The regional circulation patterns
associated with high MP values over West Antarctic and East Antarctic ice shelves are
remarkably consistent for their respective region but tied to different large-scale climate forcings.
The West Antarctic circulation shows a strong connection with El Nifio activity, particularly
anomalous central tropical Pacific sea surface temperatures and/or deep convection in the South
Pacific Convergence Zone. By contrast, the East Antarctic circulation resembles an extratropical
circulation pattern characteristic of the negative Southern Annular Mode.

1. Introduction

The floating ice shelves that fringe around 75% of Antarctica’s coastline have undergone
unprecedented thinning and shrinking in recent decades (Paolo et al., 2015). The melting
responsible for this can be either from below due to increased incursions of relatively warm
water (Pritchard et al., 2012) and/or above due to warming air temperatures (Scambos et al.,
2000). In relation to the latter, the presence of substantial surface meltwater ponds is widespread
over many Antarctic ice shelves during summertime (Kingslake et al., 2017; Stokes et al., 2019;
Arthur et al., 2020; Dell et al., 2020; Banwell et al., 2021) in response to intense or prolonged
surface melting (Trusel et al., 2013; Nicolas et al., 2017; Kuipers Munneke et al., 2018; Johnson
et al., 2021). Ensuing vertical fracturing (hydrofracturing) can occur if the meltwater enters
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54  downward and enlarges fractures in the ice (Scambos et al., 2000; MacAyeal et al., 2003;
55  Banwell et al., 2013, 2015, 2019), potentially triggering their catastrophic collapse (Lai et al.,
56  2020; Lhermitte et al., 2020). This has occurred over several ice shelves on the Antarctic
57  Peninsula in recent decades (Rott et al., 1996; Doake et al., 1998; Scambos et al., 2000, 2009;
58  Glasser etal., 2011).
59 Ice shelves play an essential role in controlling Antarctic ice sheet stability by restraining
60  (buttressing) the flow of inland ice into the ocean (Rott et al., 1996; Rignot et al., 2019). Their
61  thinning and/or collapse therefore causes acceleration of glacier flow into the ocean, resulting in
62  increased rates of ice sheet mass loss and consequent sea level rise (Pritchard et al., 2012; Rignot
63  etal., 2019). Further summertime atmospheric warming in the future will likely result in
64  increased surface melt intensities over many of Antarctica’s ice shelves (Trusel et al., 2015;
65 Chyhareva et al., 2019; Bozkurt et al., 2021; Feron et al., 2021; Gilbert and Kittel, 2021). This is
66  expected to cause more catastrophic ice shelf collapses like those seen on the Antarctic
67  Peninsula, because other ice shelves could be vulnerable to hydrofracture if inundated with
68  meltwater (Lai et al., 2020). Consequently, ice shelf loss in the coming decades could prompt
69  significant dynamic destabilisation/retreat of the Antarctic ice sheet, accelerating ice loss and sea
70  level rise (DeConto et al., 2021).
71 Important local scale processes that are associated with warm signatures and ice shelf surface
72 melting include foehn winds (Orr et al., 2008, 2021; Elvidge et al., 2016; Zou et al., 2021;
73 Gilbert et al., 2022), katabatic winds (Parish and Bromwich, 1989; Bromwich et al., 1992;
74  Heinemann et al., 2019), and barrier winds (Orr et al., 2004; Coggins et al., 2014). Foehn events
75 especially are known to cause extreme anomalous warming in Antarctica, with temperature
76  spikes of >10 K attributed to them (e.g., Spiers et al., 2010; Bozkurt et al., 2018). Relevant
77 synoptic scale processes include warm air intrusions and atmospheric rivers, which can also
78  result in rapid increases in near-surface temperature of >10 K and sometimes the co-occurrence
79  of instances of foehn (Nicolas and Bromwich, 2011; Nicolas et al., 2017; Bozkurt et al., 2018;
80  Scott et al., 2019; Wille et al., 2019, 2022; Clem et al., 2020, Djoumna and Holland, 2021).
81  Additionally, the many synoptic-scale depressions that travel around Antarctica can result in
82  abrupt warming over coastal locations (Simmonds and Keay, 2000a; Orr et al., 2014).
83 Air temperature and surface melt are closely related (Trusel et al., 2015), with surface
84  melting occurring when near-surface air temperatures are greater than a temperature threshold of
3
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271.15 K (Nicolas et al., 2017). However, a comprehensive understanding of the spatiotemporal
characteristics of summertime temperatures over Antarctica’s ice shelves remains elusive
because a) in situ meteorological observations are sparse and unevenly distributed and b)
atmospheric models typically lack the requisite fine spatial resolution required to properly
resolve the smaller ice shelves that extend around 100 km from the grounding line to the calving
front (Deb et al., 2018). Moreover, occurrences of temperature extremes and the local and
synoptic meteorological influences and remote effects that can cause them are especially poorly
quantified (Wei et al., 2019). Temperature extremes may play an important role in ice shelf
surface melt by exceeding the melt threshold for short periods even when daily mean
temperatures are below this.

Here we address this knowledge deficit by using outputs from two high horizontal resolution
(12 km) regional atmospheric model hindcasts (1979-2019) to better understand the
spatiotemporal characteristics of temperature extremes that could cause surface melting of
Antarctic ice shelves. Analysing output from two models enables model-dependence and
consistency to be assessed. The high spatial resolution of the models enables both an improved
representation of the local scale processes that impact ice shelf surface melt and coverage of the
smaller ice shelves by multiple grid boxes (Deb et al., 2016, 2018). The simulations are from
contributions to the coordinated regional downscaling experiment (CORDEX; Gutowski et al.,
2016). We also examine how local and remote effects govern these characteristics by examining
the influence of large-scale atmospheric circulation and local thermal advection associated with
the Southern Annular Mode (SAM) and El Nifio — Southern Oscillation (ENSO). These factors
have all been shown previously to play a key role in surface climate variability over Antarctica’s
ice shelves (Deb et al., 2018; Nicolas et al., 2017; Clem et al., 2018; Scott et al., 2019).

2. Models, data, and methods

a. Atmospheric models

The atmospheric models used are the UK Met Office Unified Model (MetUM) and
HIRHAMS. See Mottram et al. (2021) for a description of the setup and approach used by both
models. The dynamically downscaled models are a) run over the standard Antarctic CORDEX
domain shown in Figure 1 at a grid spacing of 0.11° (~12 km) for the period December 1979
through to February 2019 and b) forced by ERA-Interim reanalysis data (Dee et al., 2011). We
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115  use instantaneous 3-hourly outputs of near-surface temperature, which for the MetUM is based
116 on 1.5 m air temperature T}2EUM while for HIRHAMS it is 2 m air temperature TIRHAMS Thjs

117 vyields 39 summer melt seasons from 1979 to 2018 — i.e., the summer 1979 represents the
118 December of 1979 and January-February of 1980.

119 b. Datasets and climate indices

120 Summer near-surface temperature measurements with a time resolution of 3-hourly or better
121 are collected from 20 weather stations (six staffed and fourteen automatic) situated either on or
122 close to Antarctic ice shelves (Lazzara et al., 2012). See Figure 1 for locations. The temperature
123 sensors are located at a standard height of >1.5 m and are naturally (wind) ventilated. The

124  temperature measurements are post-processed to create 3-hourly datasets, which are

125  subsequently used to compute a timeseries of observed summer daily maximum temperatures for
126  each station. The use of natural ventilated sensors can result in daytime measured temperatures
127 being warm biased (by up to 10 K) on occasions of high incoming solar radiation and low wind
128 speed (Genthon et al., 2011). Additionally, some of the weather stations are located on rock

129  outcrops, which during summer could also result in warm biased daytime temperatures. Table 1
130  gives further details of the 20 stations.

131 The location and geographic extent of the Antarctic ice shelves are based on maps assembled
132 from 2007-2009 satellite-based data, which is part of the Making Earth System Data Records for
133 Use in Research Environments (MEaSURES) program (Mouginot et al., 2017).

134 We use timeseries of existing summertime climate indices describing ENSO (Huang et al.,
135  2017a) for the period 1979-2018 based on a) station-based Southern Oscillation Index (SOI) and
136 b) sea-surface temperature (SST) anomalies in the Nifio 4 region (5°N-5°S, 160°E-150°W) from
137 the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation SST
138 analysis (Huang et al., 2021). Timeseries of existing summertime climate indices describing the
139  SAM are also used, based on Marshall (2003).

140
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Figure 1: Map showing the location and names of the 16 ice shelves examined, as well as the
locations of the 20 weather stations used (labelled 1 to 20). The solid box surrounding Antarctica
shows the regional domain used by the MetUM and HIRHAMS simulations. The ice shelves
examined are seven in East Antarctica (Ronne-Filchner, Fimbul, Baudouin, Amery, West,
Shackleton, Totten), six in West Antarctica (Ross, Sulzberger, Getz, Thwaites, Pine Island,
Abbot), and three on the Antarctic Peninsula (George VI, Wilkins, Larsen C).

Spatial variability in tropical convection is examined using a) monthly-mean outgoing
longwave radiation (OLR) at 2.5° x 2.5° horizontal resolution from the NOAA Interpolated OLR
dataset (Liebmann and Smith, 1996) and b) monthly-mean SST at 2° x 2° horizontal resolution
from the NOAA Extended Reconstructed Sea Surface Temperature V5 dataset (Huang et al.,
2017b). Variability in atmospheric circulation is investigated using several monthly-mean fields
from the European Centre for Medium-range Weather Forecasts (ECMWF) fifth generation
atmospheric reanalysis ERA5 (Hersbach et al., 2020) at 1.5° x 1.5° horizontal resolution,
including stream function and horizontal wave flux at 200 hPa (Takaya and Nakamura, 2001),
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160  geopotential height and horizontal wind at 500 hPa, 2 m air temperature, 10 m wind components,

161  and mean sea level pressure (MSLP).

162
No. Station Lat. (°N), Lon. (°E) | No. | Surface | Elev. | MetUM | HIRHAM5
name days | type (m) | Elev. (m) | Elev. (m)
1 Limbert -75.87, -59.15 1570 Ice 58 0 0
2 Filchner -77.07, -50.11 616 Ice 50 0 0
3 Halley -75.43, -26.22 3555 Ice 30 1.65 0
4 Drescher -72.87,-19.07 930 Ice 50 0 0
5 Neumayer -70.67, -8.25 3131 Ice 50 1 0
6 Syowa -69.00, 39.57 3368 | Rock 21 5.8 0
7 Mawson -67.6, 62.87 3329 | Rock 16 165.3 89.0
8 Davis -68.57, 77.97 3334 | Rock 13 15.1 3.0
9 Casey -66.27, 110.52 2492 | Rock 42 56.3 19.3
10 Vito -78.50, -177.75 1180 Ice 50 0 0
11 Gill -79.98, -178.57 2877 Ice 54 0 0
12 Lettau -82.48, -174.59 2368 Ice 38 0 0
13 Margaret -79.98, -165.10 992 Ice 67 0 0
14 Bear -74.55,-111.88 685 | Rock 342 183.0 168.9
Peninsula
15 | Evans Knoll -74.85, -100.40 700 Rock 178 7.5 515
16 Thurston -72.53, -97.56 629 | Rock 245 225.0 96.8
Island
17 Lepley -73.11, -90.30 599 | Rock 159 68.9 20.1
Nunatak
18 Scar Inlet -65.93, -61.85 390 Ice 50 45 0
19 Larsen Ice -67.0,-61.47 1868 Ice 43 1.6 0
Shelf
20 Larsen C -67.57, -62.15 483 Ice 50 0.75 0
South
163
164 Table 1. Details of the 20 weather stations used in the study, showing (from left to right) the

165  number used to label them in Figure 1 (No.), station name (Station name), latitude and longitude
166  [Lat. (°N), Lon. (°E)], the number of days of data availability during the study period (No. days),
167  surface type the station is sitting on (Surface type), surface elevation of the station (Elev.),

168  corresponding elevation of MetUM orography (MetUM Elev.), and corresponding elevation of
169  HIRHAMS orography (HIRHAMS Elev.). Six of the stations are staffed (specifically Halley,

170 Neumayer, Syowa, Mawson, Davis, and Casey) and the remaining fourteen are automatic.

171
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¢. Methodology

The 3-hourly values of TMe:UM and THIRHAMS gre ysed to compute a timeseries of daily
maximum temperatures for 39 summer seasons from 1979 to 2018 for both models. A statistical
analysis is made between the model and observed summer daily maximum temperatures for each
of the 20 weather station locations, based on mean bias, root-mean-square-error (RMSE), and
correlation (Deb et al., 2016). The model-based temperatures at the station locations are
computed by bilinear interpolation of the four surrounding grid points. Any adjustment to
TMetUM and THIRHAMS tq account for differences between the actual and model height of the
orography was assumed to be small and therefore not included. This assumption is justified as a)
over the ice shelves the difference between the actual and model height is typically less than 100
m (Table 1) and b) during summer the atmospheric boundary layer over ice shelves is either
neutrally or weakly stably stratified, i.e., temperature is only weakly dependent on height
(Krinner and Genthon, 1999; Kuipers Munneke et al., 2012).

The MetUM and HIRHAMS timeseries of summer daily maximum temperatures are used to
create a probability distribution function (PDF) at each grid point over an Antarctic ice shelf for
each model. We subsequently use these PDFs and the close relationship between air temperature
and surface melting (Trusel et al., 2015) to describe an air temperature-based measure of
potential melt, which we refer to as the “melt potential” (MP). This is characterised by two
components measuring the frequency and intensity of daily maximum temperatures exceeding a
temperature/melt threshold value To, which we consider to be 271.15 K (-2.0°C). This is the
same value chosen by Nicolas et al. (2017), who show that surface melting can occur even when
the temperature is below the freezing point due to the absorption of solar radiation by the
snowpack. The frequency component (hereafter referred to as MP-freq) is defined as the
percentage of the area under the curve of the PDFs greater than To. The intensity component
(hereafter referred to as MP-int) is defined as the difference between the 95 percentile of the
distribution of summer daily maximum temperatures and To. Essentially these two numbers
describe the right-hand-side tail of the PDFs for daily maximum temperatures exceeding the
threshold To, i.e., conveying physical information such as the likelihood of being exposed to
incidences of high-melt or low-melt.

Climatological MP-freq and MP-int indices (i.e., calculated for all 39 summer seasons) are

subsequently computed for 16 individual ice shelves from the daily maximum temperature
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203  distribution at each grid point over the ice shelf, with the MEaSURES dataset used to define the
204 ice shelf areas. Figure 1 shows the locations of the ice shelves selected, consisting of seven in
205  East Antarctica (Ronne-Filchner, Fimbul, Baudouin, Amery, West, Shackleton, Totten), six in
206  West Antarctica (Ross, Sulzberger, Getz, Thwaites, Pine Island, Abbot), and three on the
207  Antarctic Peninsula (George VI, Wilkins, Larsen C). Additionally, climatological MP indices are
208  computed and mapped for all Antarctic ice shelves to determine localised “hotspots”.
209 The associated timeseries of summer MP indices for the 16 ice shelves examined is
210  subsequently used to investigate long-term trends and interannual variability. Change-points in
211  the trends are detected by applying a sequential Mann-Kendall test to the timeseries (Mann,
212 1945) after a Butterworth lowpass filter has been applied to remove cycles with periodicity > 20
213 years, with change-points identified if the timeseries before and after are statistically significant.
214  Finally, the MP-freq timeseries and the various ERADS fields are used together with correlation
215 and composite analyses to investigate how remote effects and atmospheric circulation patterns
216  can cause high MP values over East and West Antarctic ice shelves (Clem et al., 2018; Deb et
217 al., 2018). Statistical significance of correlations and composite anomalies is calculated using a
218 two-tailed Student’s t-test, with a confidence interval of 95%.
219 3. Results
220  a. Comparison of modelled and observed daily maximum temperatures
221 When compared to the measured values, the MetUM summer daily maximum temperatures
222 derived from TMEUM show a cold bias at most of the 20 weather station locations (Figure 2),
223 which is typically less than -1 K (Table 2). Only Filchner station shows a relatively substantial
224 warm bias of 1.6 K (Figure 2, Table 2). However, larger MetUM cold biases of around -2 K
225  (Figure 2, Table 2) are apparent at four sites situated in East Antarctica (Syowa, Mawson, Davis,
226 and Casey), which is perhaps related to these sites being located on rock outcrops (Table 1) and
227  the observations consequently affected by a possible warm bias (section 2b). Furthermore,
228  MetUM cold biases are particularly evident for temperatures above To at some sites (e.g., Larsen
229  Ice Shelf, Larsen C South, Limbert, Filchner, Halley, Drescher), which is possibly related to
230  daytime measured temperatures being warm biased on occasions of high incoming solar
231 radiation and low wind speed (section 2b). The HIRHAMS5 summer daily maximum
232 temperatures derived from TH!RHAMS typically have a larger cold bias, larger root-mean-square-
9
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error (RMSE), and lower correlation than the MetUM results (Figure 2, Table 2). A much larger
cold bias (up to -4 K) in the HIRHAMDS temperatures is especially evident at sites located on
Ross (Vito, Gill, Lettau, and Margaret) and Ronne-Filchner (Limbert and Filchner).
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Figure 2: Scatterplots comparing the observed daily maximum temperature and MetUM
(blue) and HIRHAMS (green) model daily maximum temperature at each of the 20 weather
stations. The dashed lines show the temperature/melt threshold value To = 271.15 K. The
headings for each panel show the name of each station and the number used to label them in
Figure 1.
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No. Station Daily maximum temperature
name (MetUM, HIRHAMS5)
RMSE (K) BIAS (K) CORR
1 Limbert 2.68,5.83 -0.29, -3.03 0.87,0.69
2 Filchner 3.13,4.38 1.57,-0.75 0.89,0.72
3 Halley 1.93,2.97 0.09, -1.06 0.82, 0.66
4 Drescher 1.93,2.72 -0.54, -0.97 0.79,0.61
5 Neumayer 1.58, 3.07 -0.05, -1.69 0.87,0.75
6 Syowa 292,251 -2.25,-1.90 0.68, 0.73
7 Mawson 2.95,3.45 -2.64,-2.95 0.87,0.77
8 Davis 2.97,3.87 -2.63, -3.40 0.87,0.74
9 Casey 2.18, 2.62 -1.75,-1.98 0.83,0.75
10 Vito 2.53,6.35 -0.67, -4.43 0.90, 0.73
11 Gill 2.37,5.62 -0.14, -3.67 0.90, 0.76
12 Lettau 2.40, 6.07 -0.33,-4.19 0.91,0.76
13 Margaret 2.39,5.00 0.66, -2.56 0.91,0.75
14 Bear Peninsula 2.03, 3.58 -0.59, -1.43 0.82,0.58
15 Evans Knoll 2.02, 3.88 0.39,-1.23 0.83, 0.57
16 | Thurston Island 1.82,3.24 -0.84, -0.82 0.82,0.51
17 | Lepley Nunatak 1.88,3.29 -0.21, -0.47 0.78, 0.49
18 Scar Inlet 2.56, 3.29 -0.38,-1.20 0.71, 0.62
19 | Larsen Ice Shelf 2.92, 3.63 -1.28,-2.12 0.62, 0.57
20 | Larsen C South 2.28,3.12 0.24,-1.00 0.72,0.62
245
246 Table 2: Statistical analysis of the model-based summer daily maximum temperatures at the
247 20 weather stations used in the study, showing the number used to label each site in Figure 1
248  (No.), the station name (Station name), root-mean-square-error (RMSE), bias (BIAS), and
249  correlation (CORR). In the final three columns of the table, the MetUM results are given first
250  and the HIRHAMS results second (i.e., MetUM, HIRHAMDS).
1
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The good performance of the MetUM suggests that PDFs of daily maximum temperatures
over Antarctic ice shelves derived from its output are broadly representative of actual conditions,
which gives us confidence that the MP values derived are physically realistic; much of our
ensuing investigation will therefore focus on analysis of the MetUM results. However, the MP
values derived from HIRHAMS5 output are still an important as they enable the dependency /
consistency between models and robustness of the findings to be assessed (Gutowski et al.,
2016).

b. Hotspots of “melt potential ”

Figure 3 shows that the MetUM and HIRHAMS5 climatological PDFs of summer daily
maximum temperatures for the 16 ice shelves investigated are broadly similar, i.e., the
consistency between models is evidence that the results are robust. The associated values of MP-
freq and MP-int for each ice shelf are shown in Table 3 (as well as displayed on Figure 3). The
PDFs for 14 of the 16 ice shelves show a peak occurring for temperatures above To (the
exception being Ronne-Filchner and Ross). The area of the PDF exceeding To (i.e., MP-freq) is
highest for Larsen C and Wilkins on the Antarctic Peninsula (over 70%), lowest for Ronne-
Filchner and Ross (around 10%), and typically between 40 and 60% for the other West and East
Antarctic ice shelves. The MetUM MP-freq values are typically higher than HIRHAMS5 values
(except for George V1), although the disagreement is within 10% for most of the ice shelves (but
around 30% for Ronne-Filchner, Fimbul, Baudouin, and Amery), which is consistent with
HIRHAMS having a larger cold bias than the MetUM. Some of the highest values of MetUM
MP-int are for George VI (4.2 K), Wilkins (3.5 K), and Larsen C (3.2 K) (Table 3), while the
lowest are for Ronne-Filchner and Ross (1-2 K). For East Antarctica, the values of MetUM MP-
int range from 2.7-3.2 K (excluding Ronne-Filcher), while for West Antarctica the value is
around 2.8 K (excluding Ross and Pine Island). The value for Pine Island (3.7 K) is the highest
outside of the Antarctic Peninsula and suggests that this ice shelf is vulnerable to extreme surface
melt events in addition to the well-known basal melting (Jenkins et al., 2010, 2016). The MetUM
MP-int values are either similar or higher than HIRHAMS values (except for Ross, Wilkins,
Larsen C), with any disagreement within 10% or less.
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283 Figure 3: Probability distribution functions (PDFs) of summer daily maximum near-surface
284  temperature for 16 Antarctic ice shelves (solid lines) based on MetUM (blue) and HIRHAMbS
285  (green) output. The numbers show the “melt potential” (MP) values calculated from these
286  distributions, which measure the frequency (MP-freq, %) and intensity (MP-int, K) of daily
287  maximum temperatures exceeding a temperature/melt threshold value To=271.15 K (shown as
288  the vertical solid line). Values of MP-freq and MP-int are shown for both MetUM (blue) and
289  HIRHAMS (green), with the values of MP-int shown in parenthesis. These numbers are also
290  shown in Table 1. Also shown is the PDFs of summer daily mean temperature (dashed lines).
291  The ice shelves examined are (from top left to bottom right): Ronne-Filchner, Fimbul, Baudouin,
292 Amery, West, Shackleton, Totten, Ross, Sulzberger, Getz, Thwaites, Pine Island, Abbot, George
293 VI, Wilkins, and Larsen C.
294
295
296
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Ice shelf MetUM, HIRHAMb5
MP-freq (%) | MP-int (K)

Ronne-Filchner | 13.2,10.4 17,14
Fimbul 41.0,31.9 27,25
Baudouin 53.5,42.9 31,29
Amery 30.9,20.4 2.7,2.4
West 57.0,51.3 3.0,3.0
Shackleton 59.2,55.5 32,31
Totten 56.0, 52.6 32,31
Ross 10.4, 10.0 14,17
Sulzberger 40.4, 38.6 2.8,2.8
Getz 52.1,48.0 29,29
Thwaites 440, 38.3 29,28
Pine Island 495, 44.0 3.7,3.3
Abbot 56.9, 57.0 2.8,2.8
George VI 63.3,70.2 4.2,3.6
Wilkins 75.3,75.7 3.5,4.0
Larsen C 74.3,68.3 3.2,3.8

Table 3: Climatological values of MP-freq (%, second column) and MP-int (K, third
column) for the 16 ice shelves examined based on MetUM (shown first) and HIRHAMDS5 (shown
second) output. These values are also shown in Figure 3.

Figure 3 also shows the PDFs of summer daily average temperature (dashed lines), which for
many of the ice shelves are primarily determined by climatological factors like latitude and
insolation. For many of the ice shelves, this curve shows a peak that occurs at roughly the same
temperature as the peak in daily maximum temperature (solid lines). For example, for Larsen C
and Wilkins the solid and dashed curves are analogous, albeit noticeably different in size, i.e., a
much smaller area for summer daily average temperatures greater than To. The high values of
MP-freq and MP-int for Larsen C and Wilkins (74.3% and 3.2 K for Larsen C and 75.3% and 3.4
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309 K for Wilkins, based on MetUM) are therefore consistent with these being some of the warmest
310  regions of Antarctica. In the case of Larsen C this is due to its location being relatively far north
311  (so higher insolation during summer) and from the frequent occurrence of warm foehn winds
312 (Orretal., 2008; Elvidge et al., 2016; Gilbert et al., 2022). For Wilkins its location on the
313 western coast of the Peninsula means it is strongly influenced by the circumpolar westerly flow
314  around Antarctica, which is blocked by the orography of the Peninsula and deflected to the right,
315  resulting in relatively warm maritime northerly winds over Wilkins (Orr et al., 2004). By
316  contrast, the low values of MP-freq and MP-int for Ronne-Filcher and Ross (13.2% and 1.7 K
317 for Ronnie-Filchner and 10.4% and 1.4 K for Ross, based on MetUM) are consistent with these
318  being much further south and therefore some of the coldest regions considered, meaning that
319  summer daily maximum (and average) temperatures are typically below To (Costanza et al.,
320 2016).
321 To map localised hotspots of MP, Figure 4 shows the spatial pattern of MP-freq and MP-int
322 over all Antarctic ice shelves. The MetUM MP-freq (Figure 4a) shows that the highest values are
323 again found on the Antarctic Peninsula, which approach 100% over the northern section of
324  Larsen C, i.e., each summer day this region experiences daily maximum temperatures above To.
325  This is followed by West Antarctica and the region of East Antarctica east of Amery, then the
326 region of East Antarctica to the west of Amery (Dronning Maud Land), and finally Ross and
327  Ronne-Filchner. The Ross, Ronne-Filchner, and Larsen C are sufficiently large to show a distinct
328 latitudinal gradient in MP-freg, which is consistent with the broad-scale latitudinal air
329 temperature gradient. Additionally, regional differences in MP-freq are apparent between ice
330  shelves located at similar latitudes in both West and East Antarctica. In West Antarctica, MP-
331 freq is higher over ice shelves located in eastern sectors compared to western sectors, which is
332 consistent with the climatological influence of the Amundsen Sea Low on temperatures (Hosking
333  etal., 2013; Scott et al., 2019). In the region of East Antarctica to the west of Amery, values are
334  also higher over ice shelves located in eastern sectors, which is consistent with the influence of
335 the climatological zonal wavenumber 3 pattern (Goyal et al., 2021).
336
337
338
339
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Figure 4: Climatological “melt potential” (MP) for Antarctic ice shelves, which measure the
frequency (MP-freq; top) and intensity (MP-int; bottom) of daily maximum near-surface
temperatures exceeding a temperature/melt threshold value To=271.15 K based on MetUM
(left) and HIRHAMDS (right) output.

Hotspots of MetUM MP-freq are particularly apparent over Amery and Ross. The Amery ice
shelf is characterised by increased values over its southern and northern edges (resulting in a
minimum over its central section), with the high values over the southern edge likely caused by
the pronounced funnelling of katabatic winds that occurs here and the associated warming
(Parish and Bromwich, 1991). Katabatic winds can cause warming through increased mixing in
the stable boundary layer resulting in relatively warmer air from aloft being mixed to the surface,
as well as by adiabatic warming (Parish and Bromwich, 1989; Bromwich et al., 1992;

Heinemann et al., 2019). The Ross ice shelf has increased MP-freq along its southern and
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355  western sectors bordering the Transantarctic Mountains, which is probably associated with the
356 southerly surface wind regime in this region referred to as the Ross ice shelf Air Stream (RAS).
357  This is made up of interactions between barrier winds and katabatic winds and synoptic forcing
358  from cyclonic systems in the Ross Sea (Parish et al., 2006), and has a marked warming effect on
359  the surface of Ross (Coggins et al., 2014). Additionally, a narrow region of high MP-freq exists
360 along the eastern section of Ross. This is probably associated with the frequent occurrence of
361  foehn winds in this region, which are associated with localised warming that has been shown to
362  cause surface melting (Zou et al., 2021).
363 Examination of HIRHAM5 MP-freq (Figure 4b) shows that they are broadly consistent with
364  the MetUM results. Although it is noticeable that a) HIRHAMDS values are slightly lower than
365  MetUM (as is also shown in Figure 3 and Table 3) and b) local details apparent in the MetUM
366  results are often less apparent in the HIRHAMDS results (e.g., eastern sector of Ross and Amery).
367 The MetUM MP-int values vary from 0 to 5 K (Figure 4c). The higher values (around 5 K)
368  are found over the northern and western sections of Larsen C (and parts of George V1), which is
369  consistent with it being one of the warmest regions of Antarctica and the frequent occurrence of
370  warm foehn winds (Orr et al., 2008; Elvidge et al., 2016; Gilbert et al., 2022). Furthermore, MP-
371 intvalues are often largest over the region of the ice shelf nearest the slopes of the ice sheet for
372 many Antarctic ice shelves, which again is likely explained by katabatic warm signatures. This is
373 especially apparent over the katabatic wind confluence zones in East Antarctica (Parish and
374 Bromwich, 1991), which show MP-int values of 3-5 K. Katabatic outflows and their
375  accompanying warm signatures can extend more than 100 km over flat ice shelves, and even
376  further if favourable synoptic conditions are present that cause katabatic surges (Bromwich et al.,
377 1992; Heinemann et al., 2019). In West Antarctica, Pine Island is identified as a region of
378 relatively high MP-int.
379 The lower values of MetUM MP-int occur over the southern sector of Ronne-Filcher and
380  central sector of Ross, but these ice shelves are also characterised by noticeable spatial gradients.
381  For example, values of MP-int are up to 2-3 K higher over the southern and eastern sections of
382  the Ross, which are also likely associated with the warming effects associated with the RAS and
383  foehn winds, as well as katabatic outflows (Bromwich et al., 1992; Coggins et al., 2014; Zou et
384  al., 2021). For Ronne-Filcher, values of MP-int are 2-3 K higher over its western margins, which
385 s likely related to synoptic conditions (Scott et al., 2019), i.e., many of the atmospheric
17
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circulation patterns that cause surface melting and anomalously warm near-surface temperatures
over West Antarctica also affect Ronne-Filchner. For example, one of the patterns Scott et al.
(2019) identify (labelled synoptic pattern #8) is related to a ridge over the Antarctic Peninsula,
which promotes warm marine air intrusions from the Bellingshausen Sea onto eastern parts of
West Antarctica (Ellsworth Land) that travel as far as Ronne-Filchner. This results in anomalous
near-surface warming (up to 2 K) and surface melting (5-10% of the time) affecting the western
margins of Ronne-Filchner during summer. High MP-int in this location could also be aided by
foehn winds in the lee of the Ellsworth Mountains (>4500 m elevation) and southern section of
the Antarctic Peninsula (Palmer Land).

Examination of HIRHAMS MP-int (Figure 4d) shows that they are again broadly consistent
with the MetUM results, albeit often slightly lower (Table 3) and less locally detailed. In
particular, the high values near the slopes of the ice sheet are less apparent in the HIRHAM5
results (especially around East Antarctica), suggesting that a key difference in the models may be
in their representation of katabatic winds and their flow over the ice shelves (Orr et al., 2014;
Heinemann et al., 2019). Another key difference in the models could also be their representation

of foehn winds, which are likely responsible for some of the detailed spatial variation in MP-int.

¢. Interannual variability of “melt potential ”

Figure 5 shows the timeseries of MetUM and HIRHAMS5 summertime MP-freq for the 16 ice
shelves, including the linear trend for the period and any change-points in the trend (Tables 4 and
5). The interannual variability and linear trends are broadly similar between models. Many of the
ice shelves are characterised by a relatively high interannual variability. This is apparent in both
West Antarctica (Sulzberger, Getz, Thwaites, Pine Island, Abbot, George VI) and East
Antarctica (Fimbul, Baudouin, Amery, West, Shackleton, Totten). The former is consistent with
the high variability of the Amundsen Sea Low that controls much of the climatic variability in
West Antarctica (Hosking et al., 2013; Scott et al., 2019), while the latter is consistent with the
large interannual variability in cyclone frequency (Simmonds and Keay, 2000b). By contrast,
Ross and Ronne-Filchner have a relatively small range of interannual variability, which is
perhaps because these are much larger ice shelves and so any averaged quantity is somewhat
smoothed. The MetUM MP-freq results for many of the ice shelves in the eastern section of
West Antarctica (Getz, Thwaites, Pine Island, Abbot, George VI) and East Antarctica (Amery,

West, Shackleton, Totten) show a statistically significant negative trend, which is largest for
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417  Getz (-4.0 % per decade; Table 4). These trends are largely corroborated by HIRHAMS results.
418  This is consistent with a general cooling trend of East Antarctica and the eastern section of West
419  Antarctica in the late twentieth century and early twenty-first century, in response to decadal
420  changes in the Madden-Julian Oscillation (Hsu et al., 2021).
421 Four of the ice shelves (Fimbul, Baudouin, Ross, Larsen C) show (sometimes multiple)
422 change-points in their trends of MetUM MP-freq (Table 5). In Figure 5 the trend lines before and
423 after a change-point are only given if the length of the timeseries on either side of the change-
424 point is greater than 15 years. Ross (based on MetUM only) shows a decreasing trend of -11.7%
425  dec’t up to 1994, followed by a much weaker increasing trend of 2.1% dec™. This is consistent
426 with a general cooling trend of East Antarctica in the late twentieth century (Hsu et al., 2021)
427  followed by regional warming for Ross in the early twenty-first century (Clem et al. 2018, 2019).
428 Fimbul (based on MetUM only) and Baudouin (based on MetUM and HIRHAMDS) show broadly
429  similar changes in trends in terms of both timing and sign to those for Ross, which as they are
430 located in East Antarctica, could also be related to the aforementioned twentieth century cooling
431 trend that has weakened in recent decades (Hsu et al., 2021). Larsen C (based on Met-UM only)
432 shows an increasing trend of 1.1% dec™ up to 1999, followed by a much stronger decreasing
433 trend of -14.5% dec™®. This is consistent with similar trends in temperature (Turner et al., 2016)
434 inresponse to changes in the Interdecadal Pacific Oscillation. Based on satellite microwave-
435  based estimates of melt, Scott et al. (2019; their Figure 13) found that melting from Ross to Pine
436 Island/Thwaites decreased from 1979 to 1998, followed by a subsequent increase - with opposite
437 melt trends for the Antarctic Peninsula and Ronne-Filchner.
438 Figure 6 is analogous to Figure 5, but showing the timeseries of MP-int. The trend lines are
439  statistically insignificant for 10 of the 16 ice shelves (and there are also no change-points). The
440  exception is Ronne-Filchner and Getz (MetUM only), Shackleton and Wilkins (HIRHAM5
441 only), and Pine Island and George VI (both MetUM and HIRHAMS5), which all show a
442 significant decreasing trend, which is largest for Ronne-Filchner (-0.4 K dec®; Table 4). These
443 ice shelves also all show a decreasing trend in MP-int (Figure 5, Table 4). Interestingly, two ice
444 shelves with the some of the highest MP values (George V1 and Pine Island; Table 3) are
445  characterised by significant negative trends in both MP-freq and MP-int
446
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448 Figure 5: Timeseries of MP-freq for 39 summer melt seasons from 1979 to 2018 for 16

449  Antarctic ice shelves based on MetUM (blue) and HIRHAMS (green) output. MP-freq is based
450  on the percentage of the probability distribution of summer daily maximum near-surface

451 temperatures exceeding a temperature/melt threshold value To=271.15 K. The solid (dashed)
452 lines show the statistically significant (insignificant) linear trends based on MetUM (black) and
453  HIRHAMS (red) output. The solid circle shows when a change-point occurred based on MetUM
454 (blue) and HIRHAMS (green) simulations. The linear trend across change-points is only plotted
455  when the length of the timeseries on either side of the change point is greater than 15 years

456 (Fimbul, Baudouin, Ross, Larsen C). The ice shelves examined are (from top left to bottom

457  right): Ronne-Filchner, Fimbul, Baudouin, Amery, West, Shackleton, Totten, Ross, Sulzberger,
458  Getz, Thwaites, Pine Island, Abbot, George VI, Wilkins, and Larsen C.

459
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Ice shelf MetUM, HIRHAMS5
MP-freq (%) MP-int (K)
Ronne-Filchner | -0.24,-0.01 -0.040, -0.024
Fimbul CP, -0.09 -0.013, -0.0091
Baudouin CP,CP -0.012, -0.0056
Amery -0.31, -0.16 -0.012, -0.013
West -0.21,-0.35 | -0.0042, -0.0059
Shackleton -0.23, -0.30 -0.013,-0.011
Totten -0.28,-0.31 | -0.0083, -0.0036
Ross CP, -0.12 -0.0042, -0.022
Sulzberger 0.02, -0.23 | 0.0053, -0.000040
Getz -0.40, -0.44 -0.015, -0.014
Thwaites -0.38, -0.12 -0.012, -0.0067
Pine Island -0.30, -0.05 -0.022, -0.012
Abbot -0.37,0.11 | -0.0088, -0.0011
George VI -0.39, -0.23 -0.025, -0.0098
Wilkins -0.11, -0.13 -0.012, -0.014
Larsen C CP, -0.12 0.0012, 0.0023
463
464 Table 4: Linear trends in MP-freq (% yr?, second column) and MP-int (K yr?, third column)
465  for the 16 ice shelves examined based on MetUM (shown first) and HIRHAMS5 (shown second)
466 output. Boldface trends are statistically significant at the 95% significance level. CP indicates the
467  occurrence of a change-point, which only occurred for MP-freq for four ice shelves (Fimbul,
468  Baudouin, Ross, Larsen C). Table 5 gives details of the linear trends in MP-freq before and after
469  the change-point, as well as the date of the change-point, for these four ice shelves.
470
471
472
473
474
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Ice Shelf Model CP year Trend before CP | Trend after CP
Fimbul MetUM 2001 -0.21 0.36
Baudouin MetUM 1999 -0.64 0.59
Baudouin HIRHAMb 1997 -0.19 0.30
Ross MetUM 1994 -1.17 0.21
Larsen C MetUM 1999 0.11 -1.45

Table 5: Linear trends in MP-freq (% yr™) before (fourth column) and after (fifth column)
the occurrence of a change-point (CP) at a particular year (third column) for the four ice shelves
in Figure 4 that show a change-point. Boldface trends are statistically significant at the 95%

significance level.

d. Mechanisms responsible for interannual variability

Next, we investigate the large-scale atmospheric circulation associated with interannual
variability in MP-freq. Only MP-freq is analysed as the MP-int and MP-freq timeseries are
strongly positively correlated with values ranging from 0.49 (Wilkins) to 0.93 (Ross) (Table 6;
based on MetUM). Figures 7 and 8 show detrended correlations of MetUM MP-freq for eight
West Antarctic ice shelves (ordered west (Ross) to east (Larsen C)) with tropical SST and OLR
and large-scale atmospheric circulation (Figure 7), and with regional atmospheric circulation
(Figure 8). Analogous correlations for seven East Antarctic ice shelves (ordered west (Ronne-
Filchner) to east (Totten)) are shown in Figures 9 and 10. The detrended correlations with SAM
and ENSO (Nifio 4 and SOI) indices are shown in Table 7. Similar results are found for
HIRHAM MP-freq (not shown).
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494 Figure 6: As Figure 5, but for MP-int (K). MP-int is based on the difference between the 95"
495  percentile temperature of the probability distribution of summer daily maximum near-surface
496  temperatures and a temperature/melt threshold value To=271.15 K.
497
498 In West Antarctica, most ice shelves show a positive correlation with SST in the tropical
499 Indian and central tropical Pacific oceans (significant for Sulzberger to Pine Island), and a
500 significant negative correlation with OLR (i.e., enhanced deep convection) in eastern equatorial
501  Africa and in the central tropical Pacific, along with positive OLR correlations (i.e., suppressed
502  deep convection) over the Maritime Continent (Figure 7). In general, the West Antarctic ice shelf
503  correlations reflect an El Nifio pattern, with the Amundsen Sea Embayment ice shelves (Getz,
504  Thwaites, and Pine Island) showing the strongest correlations with this tropical pattern;
505 additionally, Getz, Thwaites and Pine Island are significantly correlated with both the oceanic
506  (Nifio 4) and atmospheric (SOI) components of ENSO, suggesting a robust relationship between
507  MP-freq and ENSO (Table 7). However, looking spatially the strongest positive SST correlations
23
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514
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520

in the Pacific are located near the dateline rather than over the eastern tropical Pacific, possibly
reflecting more of a Central Pacific El Nifio rather than a canonical El Nifio pattern (Ashok et al.,
2007), and the strongest negative OLR correlations in the Pacific are oriented diagonally south of

the Equator more characteristic of enhanced convective activity in the South Pacific

Ice shelf MetUM HIRHAM5
Ronne-Filchner 0.85 0.87
Fimbul 0.78 0.84
Baudouin 0.67 0.73
Amery 0.80 0.88
West 0.57 0.69
Shackleton 0.71 0.70
Totten 0.62 0.60
Ross 0.93 0.88
Sulzberger 0.69 0.64
Getz 0.73 0.70
Thwaites 0.61 0.58
Pine Island 0.66 0.49
Abbot 0.79 0.47
George VI 0.68 0.64
Wilkins 0.49 0.49
Larsen C 0.53 0.59

Table 6: Correlation between MP-freq and MP-int timeseries for the 16 ice shelves examined
based on MetUM (second column) and HIRHAMDS (third column) output. Boldface correlations
are statistically significant at the 95% significance level.

Convergence Zone (SPCZ). In fact, ice shelves east of the Amundsen Sea Embayment

(Abbot, George VI, and Larsen C) show almost no correlation with equatorial Pacific SST or
OLR and are significantly correlated with SPCZ convection only. Indeed, despite tropical

24

Reconciling fundamental climate variables for determining the Antarctic Mass Balance 161




521 teleconnections to southern high latitudes being generally weak in summer (Scott Yiu and
522 Maycock, 2019), previous studies have shown both ENSO and SPCZ variability can have a
523  significant influence on West Antarctic surface air temperature and surface melt in summer
524  (Nicolas et al., 2017; Deb et al., 2018; Clem et al., 2019). The relationships found here are
525  consistent with previous studies linking EI Nifio to strong summer surface melt on the Ross Ice
526 Shelf (Nicolas et al. 2017), and the SPCZ to multi-decadal summer climate variability across
527  West Antarctica (Clem et al., 2019).
528
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530
531 Figure 7: Detrended correlation (shaded) between MetUM MP-freq for West Antarctic ice
532 shelves and sea surface temperature (first column), outgoing longwave radiation (second
533 column), stream function at 200 hPa (third column), and geopotential height at 500 hPa (fourth
534  column). The ice shelves examined are (from top to bottom) Ross, Sulzberger, Getz, Thwaites,
535  Pine Island, Abbot, George VI, and Larsen C. The bold black contour denotes statistically
536  significant correlations at the 95% significance level.
537
538
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541 Figure 8: As Figure 7 but zoomed in over West Antarctica and showing results for

542  geopotential height at 500 hPa (first column), mean sea level pressure (second column), 2 m
543  temperature (third column) and 10 m meridional wind speed (fourth column).

544

545 The extra-tropical Southern Hemisphere atmospheric circulation is strongly zonally

546 symmetric during summer reflecting the summertime SAM structure (Fogt et al., 2012), and the

547  spatial pattern of the summertime ENSO teleconnection tends to also manifest as a zonally
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548  symmetric high-latitude response through a zonal-mean transfer of transient eddy momentum
549  (Karoly, 1989; L’Heureux and Thompson, 2006). However, West Antarctic MP-freq correlations
550  (Figure 8) show a zonally asymmetric pattern more characteristic of a Rossby wave, particularly
551 over the South Pacific. The most prominent asymmetric feature is a strong regional high-pressure
552 anomaly in the high-latitude South Pacific with which all West Antarctic ice shelves are
553  significantly correlated (e.g., Scott et al., 2019); the only variation among ice shelves is the
554 longitudinal location of the center of the anticyclone. Western ice shelves in this region (e.g.,
555  Ross and Sulzberger) are correlated with a broader high-pressure anomaly over the entire high-
556 latitude South Pacific, while moving east toward the Amundsen Sea Embayment and Antarctic
557 Peninsula, MP-freq becomes more strongly tied to a regional high-pressure anomaly over the
558  Peninsula and Weddell Sea. The zonally asymmetric pattern is further reflected in West
559  Antarctic ice shelves mostly showing no significant correlation between MP-freq and the SAM
560 index (Table 7) (the only exception being a weak negative SAM correlation for Getz) as
561  variability in the SAM would largely result in zonally symmetric circulation anomalies. By
562  contrast, Scott et al. (2019, their Table 3) found that melting for Getz, Thwaites, Pine Island and
563  Abbott based on satellite passive microwave observations were significantly negatively
564  correlated with the SAM.
565 Figure 8 shows the 500 hPa anticyclonic anomaly over the South Pacific is equivalent
566  barotropic and reflected at the surface as a strong high-pressure anomaly in MSLP. The
567  correlations with 10 m meridional wind and 2 m temperature show that the surface high-pressure
568  anomaly produces significant warm north-north-westerly flow to the coast along its western
569  flank leading to enhanced MP-freq. The northerly wind and positive temperature correlations are
570  maximized locally near each respective ice shelf, but the regional circulation pattern is similar
571 for all the West Antarctic ice shelves and shows anomalous warm northerly flow along most of
572 the coast, which would favour rather widespread enhanced MP-freq helping to explain the
573 analogous circulation (and tropical) correlation patterns for all the West Antarctic ice shelves.
574
575
576
577
578
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579

580
581
582
583
584
585
586
587
588
589
590
591

Ice shelf Nifio4 SOl SAM
Ronne-Filchner 0.21,-0.13 -0.13,0.18 0.14,0.10
Fimbul 0.12,0.17 -0.04,-0.14 -0.44,-0.42
Baudouin 0.17,0.19 -0.25, -0.27 -0.55,-0.18
Amery 0.32,0.20 -0.29, -0.22 -0.62, -0.36
West 0.31,0.41 -0.27,-0.48 -0.61, -0.54
Shackleton 0.38, 0.40 -0.34,-0.45 -0.51, -0.54
Totten 0.37,0.36 -0.39, -0.46 -0.57, -0.57
Ross 0.27,0.18 -0.26, -0.28 -0.02, -0.27
Sulzberger 0.26, 0.15 -0.07,-0.23 -0.17,-0.36
Getz 0.44, 0.40 -0.35,-0.40 -0.31,-0.13
Thwaites 0.43, 0.41 -0.43,-0.51 -0.10, -0.01
Pine Island 0.34, 0.42 -0.39, -0.46 0.06, 0.12
Abbot 0.23, 0.46 -0.27,-0.48 0.05, 0.19
George VI 0.07, 0.37 -0.19, -0.37 0.26, 0.45
Wilkins -0.12,0.28 -0.02,-0.23 0.23, 0.61
Larsen C 0.00, 0.17 -0.11,-0.32 -0.01, 0.21

Table 7: Detrended correlation between MP-freq and Nifio 4 (second column), SOI (third
column), and SAM (fourth column) for the 16 ice shelves examined based on MetUM (shown
first) and HIRHAMS (shown second) output. Boldface correlations are statistically significant at

the 95% significance level.

Turning to East Antarctica, many ice shelves also show significant positive correlations with
central tropical Pacific SSTs (Figure 9), with several being significantly correlated with Nifio 4
SSTs (Amery, West, Shackleton, and Totten) and the SOI (Shackleton and Totten) (Table 7).
Ronne-Filchner, technically located in West Antarctic but east of the Antarctic Peninsula, stands
in stark contrast to the other East Antarctic ice shelves and generally shows a zonally asymmetric
circulation pattern more consistent with the West Antarctic ice shelves, specifically a deepened
Amundsen Sea Low and a regional high-pressure anomaly in the Weddell Sea (Figure 10), which
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592  together leads to anomalous warm northerly flow toward the ice shelf both from the
593  Bellingshausen Sea across Ellsworth Land and from the Weddell Sea (Figure 10), and Ronne-
594  Filchner shows no significant correlation with the SAM (Table 7). This is consistent with Scott et
595 al. (2019) who found enhanced surface melt on Ronne-Filchner to be associated with warm
596  advection from Ellsworth Land. In contrast, moving east toward the Indian Ocean sector, the
597  atmospheric circulation associated with enhanced MP-freq becomes zonally symmetric, with
598  strong positive geopotential height and MSLP correlations over continental Antarctica and a
599  zonal band of negative geopotential height/MSLP correlations across middle latitudes, reflecting
600 the negative phase of the SAM. Indeed, all East Antarctic ice shelves (Fimbul to Totten) are
601  strongly and significantly negatively correlated with the SAM index (Table 7). The 10 m
602  meridional wind and 2 m temperature correlations (Figure 10) show MP-freq variability is less
603  related to northerly wind anomalies than in West Antarctica, but rather tied to a widespread
604  temperature anomaly over all of East Antarctica, implying that variations in the zonally
605  symmetric SAM pattern rather than meridional thermal advection may dominate interannual
606  variability in East Antarctic ice shelf MP-freq.
607 We further investigate the circulation patterns and their mechanisms with a composite
608  analysis of the top six highest minus the top six lowest MP-freq years (85" and 15™ percentiles,
609  respectively) (Figure 11). Given the similarity in the circulation patterns for East and West
610  Antarctica, the years selected for compositing are based on averaged MP-freq anomalies on Pine
611  Island and Thwaites ice shelves for “West Antarctica”, and West and Amery ice shelves for
612  “East Antarctica”.
613 For West Antarctica (left column, Figure 11), high versus low MP-freq years are strongly
614  associated with EI Nifio conditions including significant positive (negative) central and eastern
615  (western) tropical Pacific SSTs. No significant SST differences are seen in the tropical Indian or
616  Atlantic Ocean, suggesting the correlations seen there in Figure 7 may be spurious and more tied
617  to the far-reaching impacts of El Nifio on tropical SST (e.g., El Nifio favours positive SST
618  anomalies in the tropical Indian Ocean; Alexander et al., 2002) rather than being physically
619  related to MP-freq. The 200 hPa stream function and wave flux more clearly illustrate a zonally
620  asymmetric stationary Rosshy wave arching from the central tropical Pacific into the high-
621 latitude South Pacific and South Atlantic, with stationary wave propagation following a great
622  circle path. This Pacific-South America-like pattern is reflected in the 500 hPa geopotential
29
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height field, and it results in a strong regional high-pressure anomaly centered over the Antarctic
Peninsula region leading to significant warm northerly flow along the West Antarctic coast.
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Figure 9: As Figure 7 but showing results for East Antarctic ice shelves. The ice shelves
examined are (from top to bottom) Ronne-Filchner, Fimbul, Baudouin, Amery, West,
Shackleton, and Totten.

For East Antarctica (right column, Figure 11), there is no significant difference in tropical
SSTs between high and low MP-freq years, and the atmospheric circulation more strongly
reflects the negative phase of the SAM with strong positive pressure anomalies over continental
Antarctica and negative pressure anomalies along ~40°S. In contrast to West Antarctica, the
horizontal wave activity broadly shows zonal propagation within the mid-latitude storm track,
albeit the mid-latitude jet being highly amplified with four strong mid-latitude troughs that
encircle the ridge over East Antarctica. There are two regions of strong poleward wave
propagation into interior East Antarctica, each downstream of a trough, one near ~50°E and one
near ~120°E. These regions of poleward wave propagation into East Antarctica may aid in
dynamically building the locally amplified ridge of high pressure over East Antarctica that
favours widespread warming. It is possible these may be related to tropical variability in the
Atlantic or Indian Ocean, but given there are no significant tropical SST anomalies and the
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644  relatively short wavelengths suggests they may be more tied to internal short-wave propagation
645  within the mid-latitude jet rather than a planetary Rossby wave forced from the tropics. Lastly,
646  the strong high pressure over East Antarctica is associated with significantly weakened mid-

647 latitude westerly winds and strengthened surface easterlies along coastal East Antarctica, which
648  altogether appear to produce local conditions conducive for surface warming and enhanced MP-

649  freq over the East Antarctic ice shelves.
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652
653 Figure 10: As Figure 8 but zoomed in over East Antarctica. The ice shelves examined are

654  (from top to bottom) Ronne-Filchner, Fimbul, Baudouin, Amery, West, Shackleton, and Totten.

655
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Figure 11: Composite differences between high minus low MP-freq years (top six minus
bottom six, 851"/15" percentiles) of sea surface temperature (first row), stream function and
horizontal wave flux at 200 hPa (second row), geopotential height and horizontal wind at 500
hPa (third row), and 2 m temperature and 10 m wind (fourth row) for Thwaites/Pine Island (left
column; reflecting West Antarctic ice shelves) and West/Amery (right column; reflecting East
Antarctic ice shelves). The bold black contour denotes differences that are significant at the 95%
significance level; only vectors with at least one wind component significant at the 95%
significance level are shown in the bottom two rows (wind at 500 hPa and at 10 m). The
stationary Rosshy wave propagation at 200 hPa and wave train at 500 hPa for West Antarctic ice

shelves are schematically drawn with a black arrow.

4. Discussion and Conclusions
Clarification of the spatiotemporal characteristics of summertime temperature extremes over
Antarctica’s ice shelves, and the drivers of their variability, is important to identify regions that
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671  may be especially vulnerable to strong surface melting and potential hydrofracture. Our
672  investigation identifies these regions using an air temperature-based index of possible melt,
673  which we refer to as the “me