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Abstract. During the Quaternary, ice sheets experienced several retreat-advaneed-retreat-advance cycles, strongly influenc-
ing climate patterns. In order to properly simulate these phenomena, it is preferable to use physics-based models instead of
parameterizations to estimate surface mass balance (SMB)which-has-a-strong-influence-on-the-ice-sheet-evolution, which
strongly influences the evolution of the ice sheet. To further investigate the potential of these SMB models, this work evaluates

BESSI (BErgen Snow Simulator), a multi-layer snow model with high computational efficiency, as an alternative to providing

SMB for the Earth system model /LOVECLIM for paleo studies. We compared the behaviors of BESSI and ITM - Insolation

Temperature Melt, an existing SMB scheme of iLOVECLIM during the Last Interglacial (LIG). First, we validate the snow
mode-two SMB models using the regional climate model MAR (Modele Atmosphérique Régional) as forcing and reference

for the present-day climate over Greenland and Antarctic Ice Sheets. The evolution of SMB over the Last Interglacial period
(LIG) (130-116 kaBP) is computed by forcing BESSI and ITM with transient climate forcing obtained from an-Earth-system
meodeHLOVECLIM for both ice sheets. For present-day climate conditions, BESSFexhibits-both BESSI and ITM exhibit good

performance compared to MAR despite a much simpler model set-up-—The-medel-also-captures-well-the-variation-of SMB-an

setup. While BESSI performs well for both Antarctica and Greenland for the same set of parameters, the ITM parameters need
to be adapted specifically for each ice sheet. This suggests that the physics embedded in BESSI allows better capture of SMB

changes across varying climate conditions, while the ITM displays a streng-much stronger sensitivity to its parameters-and
inputfields-(temperaturejtunable parameters. The findings suggest that BESSI can provide more reliable SMB estimations for

the ILOVECLIM framework to improve the model simulations of the ice sheet evolution and interactions with climate during

paleo periods.
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1 Introduction

The Quaternary (since 2.6 MaBPMa) has experienced several glacial-interglacial cycles. These episodic events-periods influ-
enced the whole Earth system, with climate shifting periodically from cold to warm phases and repeated retreat-advance cycles
of the ice sheets and glaciers. Ice sheets and their interactions with climate strongly influence phenomena such as sea level
evolution (Dutton et al., 2015; Spratt and Lisiecki, 2016; Turney et al., 2020) or changes in the atmospheric circulation (Ullman
et al., 2014; Liakka et al., 2016). Ice sheets gain mass through surface accumulation (snow and rain) and internal accumula-
tion (refreezing). In contrast, they lose mass due to melting and sublimation/evaporation processes on the surface or through
iceberg calving and sub-shelf melting. The difference between mass gains and losses at the surface is called surface mass
balance (SMB), which plays a significant role in the build-up or disappearance of the ice sheets. Studies of ice sheet evolution
through past events unravel the dynamics of glaciation and deglaciation, improving trajectories of ice sheets in the past as well
as confidence in future projections.

Investigating ice sheets and climate feedbackfeedbacks in such long-time scales requires a tool that can simulate the in-
teractions between the main components of the Earth system svith-at a reasonable computational cost. In this context, Earth
system models of intermediate complexity (EMICs) are of interest as they have much lower computational costs compared to
state-of-the-art general circulation models (GCMs) whilst-while still being able to simulate most of the important processes
thanks to their low resolution and simplifications (Claussen et al., 2002; Eby et al., 2013). However, these simplifications result
in some drawbacks, particularly in reproducing the evolution of ice sheets. Because of their coarse resolution, EMICs fail to
capture the narrow ablation zones in the ice sheets’ margin, leading to improper runoff estimation (Ettema et al., 2009; Nogl
et al., 2019). To mitigate this problem, the output of the atmospheric part can be bi-linearly interpolated (Gregory et al., 2012)
or downscaled (Quiquet et al., 2021) to provide finer resolution input to the ice sheet model in the EMICs framework.

Another problem is the missing physical snow models within the EMICs framework to simulate the energy and mass transfer
between the surface and the atmosphere (Lenaerts et al., 2019). In general, EMICs mostly utilize simple parameterizations such
as positive degree day (PDD) (Reeh, 1991) or insolation temperature melt equation (ITM) (Van Den Berg et al., 2008) due to
their simplicity and low computational cost (Born and Nisancioglu, 2012; Stone et al., 2013; Robinson and Goelzer, 2014;
Goelzer et al., 2016b; Quiquet et al., 2021). However, as these schemes depend on locally calibrated parameters, their reliabil-
ity is questioned when climate conditions change or when available data for calibration is limited, particularly in paleo stud-
ies. Bauer and Ganopolski (2017) report a failure of PDD in providing proper SMB values for the last glacial cycle study, which
resulted from the absenrce-of-atbedofeedback-albedo feedback being absent in the simulation. This poses a need to include
a more physical snow model in such long-term climate simulations. The first option is sephisticated-surface-energy-balance
models-(SEBs)ineludedin-to use dedicated snowpack models coupled to regional climate models (RCMs), which have abilities
to simulate not only the physieally-key-key physical processes of SMB (melt, sublimation, and snow drifting) but also snow
properties such as densities and metamorphism (Fettweis et al., 2017; Noél et al., 2018; Agosta et al., 2019; van Dalum et al.,
2022). However, due to their complexity and computational cost, they are not suitable for long-term transient simulations and

large study areas. As a compromise between parameterizations and SEB models, intermediate complexity energy balance mod-
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els are promising SMB schemes for EMIC:s to run long simulations of ice sheet studies (Calov et al., 2005; Willeit et al., 2024)
. These models have the appropriate level of simplicity in their structure and high computational efficiency, such as Born et al.
(2019).

To answer the question of whether a physics-based scheme ean-improve-is a better choice for the representation of SMB for
paleo timescale, this work ai el

SMB scheme in iILOVECLIM with-and a physical-based surface energy balance model BESSI (Bergen Snow SImulator) (Born

evaluates the differences in the behaviors of the simple

et al., 2019) in a paleo study. Thanks to its high computational efficiency, [ILOVECLIM has been used to carry out many pa-
leoclimate studies ranging from ice sheet-climate interactions during the last deglaciation (Roche et al., 2014a; Quiquet et al.,
2021; Bouttes et al., 2023), Heinrich Events (Roche et al., 2014b), to ocean circulation (Lhardy et al., 2021a) and carbon cycle
changes between glacial-interglacial states (Bouttes et al., 2018; Lhardy et al., 2021b). BESSI is a surface energy and mass
balance model designed for Earth system models of intermediate complexity. The snow model has been used to study a-the
surface mass balance of the Greenland ice sheet during different periods (Zolles and Born, 2021; Holube et al., 2022; Zolles
and Born, 2022) and proved to have good performance compared to other more complex models (Fettweis et al., 2020). In
this work, we evaluate the performance of the updated version of BESSI since Zolles and Born (2021) and ITM - the current
SMB scheme of ILOVECLIM for present-day climate using eutputirom-the regional climate model MAR (Modele Atmo-
sphérique Régional) as forcing and benchmark in Greenland and Antarctic Ice Sheets (GrlS and AIS, respectively). By doing
this, we assess the model—s-performanee-models’ behaviors under different climate conditionsand-its-ability—te-be-apphied
toa—new-study-area—Amntaretiea. In the second part, we assess the pessibility-ef-applying BESSHn-a-paleo-simulation-by
impact of using ILOVECLIM as a-climateforeing-the climate forcing on the SMB simulation of BESSI and ITM. Next, we

compare E

We-seleet-the SMB evolution simulated by the two SMB models during the most recent interglacial period (LIG) (130-116
kaBP), which corresponds to the marine isotope stage (MIS) 5e. During this period, as-the-summer-inselation-in-the Northern
Hemisphere-inereases-due to the change in the orbit-orbital configuration of the Earth, the-annual-global-mean-temperature-is
aboutZ-degrees Celsiushigher in the annuatincreasing summer insolation in the high latitude of the Northern Hemisphere leads
wmmwmmmwmym mean temperature fhaﬁ—fhewarggg
MMQMMPW -industrial peri

yranges from almost no change
M%
Turney and Jones, 2010; McKay et al., 2011; Fischer et al., 2018). A warming in the hi
LIG_(Dutton and Lambeck, 2012; Dutton et al., 2015; Dyer et al., 2021). Hence, the LIG provides documented records and

insights into the behaviors of different Earth system components under warm climates to benchmark models and study the

h-latitude regions is nonetheless

dynamics behind the phenomena (Fischer et al., 2018). This period has been well-studied for various aims such as reconstruct-
ing temperature (Lunt et al., 2013; Landais et al., 2016; Obreht et al., 2022) and sea level (Kopp et al., 2013; Dutton et al.,
2015); investigating climate and ice-sheet interactions (Bradley et al., 2013; Goelzer et al., 2016a; Sutter et al., 2016). Applying
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BESSI for the LIG has been done before in the work of Plach et al. (2018) for the Greenland Ice Sheet only by using climate
forcings from MAR with equilibrium runs of some LIG time slices: 130, 125, 120, and 115 kaBP. In our work, as iLOVECLIM
is much more computationally inexpensive compared to MAR, we can run-the-modettransiently-to-investigate-obtain transient
climate forcings for BESSI and ITM to simulate the evolution of SMB throughout the whole LIG period —Fer-this-work;-we
for both GrIS and AIS. We select the LIG to investigate the abilities of ITM-and-BESSHn-reprodueing-the-BESSI and ITM in
simulating the evolution of SMB under different boundary conditions (deglaciation and glacial inception). From this, we can
fully-evaluate-the-advantage-thoroughly investigate the effects of using a more physics-based model in simulating SMB for an
intermediate complexity Earth model.

Section 2 provides background information about the modelsand-, the climate forcings, together with the design of the

experiments. The results are presented in Seet—section 3, followed by a discussion about the medel—s-performance-in-Seet:
models’ behaviors and the climate forcings in section 4. Finally, a summary of the work is in Seet—section 5.

2 Methods
2.1 Models description
2.1.1 BESSI

Bergen-BErgen Snow SImulator - BESSI is a multi-layer snow model simulating the surface energy and mass balance with
high computational efficiency, designed to be coupled with low-resolution Earth system models (Born et al., 2019). The model,
which in its current configuration uses 15 vertical snow layers, requires near-surface air temperature, total precipitation, hu-
midity, surface pressure, and downward long-/short-wave radiation in-daily-timestep-as input. From-theforeingsBESSI runs

at a daily time step and simulates albedo, which decays in exponential relationship with the latest snowfall event. Based on
the energy transfer between the surface and the air, the model simulates important processes of surface mass balance, such as

melt, refreezing, runoff, and sublimation/evaporation, which resulted in the changing mass of the snow column. Among the
snow layers, heat diffusion and mass compaction are also simulated (Fig. 1). Fall-details-on-the-implementation-of-these-two

flux from the input instead of using parameterization. A detailed description of surface energy and mass balance processes is
resented in Appendix A.




Temperature
Humidity

‘ ‘ l Surface pressure

‘ Long-/short-wave radiation
Layer 1 Accumulation
2 Melt
Refreezing
Sublimation/Evaporation
Temperature diffusion
15 Firnification

Snow

Ice Melt and Sublimation/Evaporation

Figure 1. Sketch of BESSI model with required inputs and simulated processes
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2.1.2 iLOVECLIM

The Earth system model of intermediate complexity i[LOVECLIM (version 1.1) is a code fork of the LOVECLIM 1.2 model
originated from Goosse et al. (2010). The key components of the model include the modules ECBILT for the atmosphere, CLIO
for the ocean, and VECODE for the vegetation. ECBILT is a quasi-geostrophic atmospheric model that runs on a T21 spectral
grid (Opsteegh et al., 1998). Meanwhile, CLIO is a 3D free-surface ocean general circulation model coupled to a thermody-

namic sea-ice model and discretized on 3° x3° spherical grid (Goosse and Fichefet, 1999). VECODE is a dynamical vegetation
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model that allocates carbon and simulates land cover and tree fraction on the same grid as the atmospheric model (Brovkin

et al., 1997). iLOVECLIM runs with a 360-day calendar.

__Greenland

3

] o
T21-Greenland : T21-SH40

Figure 2. Topography of iLOVECLIM for different resolution (a) NH40, (b) NH40-Greenland with the red contour indicates present-da
ice sheet extent, (¢) SH40,(d) T21-NH40, (e) T21-Greenland and (f) T21-SH40.

Climate forcings for BESSI are obtained from the online downscaling module within /LOVECLIM framework, which

recomputes the surface energy budget and total precipitation on a subgrid resolution for the ice sheet areas (Quiquet et al., 2018

In this work, we run the downscaling for two polar regions to obtain near-surface air temperature, total precipitation, and

2a-c). To obtain other input variables for BESSI, long-/short-wave radiation, and surface pressure are bi-linearly interpolated

In fact, due to its coarse resolution and simplification in physics, LOVECLIM displays some incorrect climate patterns.
Particularly, Heinemann et al. (2014) reported surface air temperature biases of iILOVECLIM compared to observation in North
America and Northern Europe, which are preserved in the downscaling version NH40 (Quiquet et al., 2018). To evaluate the
impacts of these biases on the SMB_simulation, we carry out a simple bias correction process by using ERAS
(Mufioz-Sabater et al., 2021), a reanalysis climate data as reference (see Appendix C). In general, the variables with strong.
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213 ITM stand-alone

In terms of the SMB scheme, iLOVECLIM used-uses the insolation temperature melt method (ITM) (Van Den Berg et al.,
2008). This medule—is—developed-parameterization is implemented to provide SMB to the ice sheet model embedded in
iLOVECLIM named GRISLI Reche-et-al;2014a)for coupling purposes (Quiquet et al., 2021).

This parameterization calculates the melt-water-A4elt-asrunoff water as

OMelt 6m7-un0ff
= 1—- g T MNToir —273.15)) > 1
ot Jdt_ prm(( aS)SW_‘_CCTNQ‘d—’——”/\WE)u M

in which, p,, is liquid water density (1000 kemkg m™), L,, is the specific latent heat of melting (3.34x10° J kg'), s is the
surface albedo, SW is the surface shortwave radiation aﬂd—qlﬁ%ﬂmufﬁaeﬁempefa&me%ererweﬁsed%—:mw'zl@,

2

CRS D

and T, is the near-surface air temperature (K). Meanwhile, \ and crad are two empirical parameters.
For the coupling between i{LOVECLIM and GRISLI, Quiquet et al. (2021) earried-outlocal-modification-to-the-parametere

ording-to-the-annual-mean-temperature-bias-compared-to ERA-Interim(Dee-etal5 201 H—Quiquetet-al-{20 alse-imple-

mented an albedo interpolation to take into account the altitude of the grid points (vertical) and to create a smooth transition of
albedo value from ocean to land area (horizontal). Here
are-notincladed-

SM B = Precip — Melt

modification of the parameter crad based on the native-T21-grid-to-the NH40/SH40-grid-annual mean temperature difference
compared to ERA-Interim (Dee et al., 2011) is also included in ITM as explained in Quiquet and Roche (2024).
Here, to provide a clean comparison to BESSI, a stand-alone version of ITM is used with the same albedo value as the ice

rid points in i[LOVECLIM (s = 0.85) and )\ = 10 W m™ K'! as in Quiquet et al. (2021). The input data SW and 7, are read

from BESSI input, hence, ITM also runs at a daily time step. The empirical parameter crad is tuned during the present-da
climate with MAR as forcing. The SMB is the remaining of the total precipitation after subtracting the calculated runoff,
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2.2 Present-day climate reference data

For calibration/validation purposes, we use the present-day climate data from one of the state-of-the-art regional climate models
- MAR (Modele Atmosphérique Régional). MAR has been widely applied to study the SMB changes and surface melt for polar
regions (Fettweis et al., 2017; Agosta et al., 2019; Mankoff et al., 2021). The model, with a typical sub-daily time step of 120
s Fettweis (2007)), includes a 3D atmospheric model coupled with a 1D surface-atmosphere energy mass exchange scheme
named SISVAT (Soil Ice Snow Vegetation Atmosphere Transfer) (Fettweis et al., 2017) that is more complex and physical
than BESSI. It can simulate up to 30 layers of snow/ice and consider snow properties and metamorphism (Kittel et al., 2021).
Also, the simulated surface albedo takes into account more variables, including snow’s optical properties, clouds, snow depth,
the presence of bare ice, and liquid water (Tedesco et al., 2016). Detailed about the MAR model and its setup can be found
in Fettweis (2007) and Fettweis et al. (2013).

- Greenland Antarctica

Figure 3. Topography of MAR for (a) Greenland (15km x 15km) with the present-day ice sheet extent in red contour and (b) Antarctica
35km x 35km).

In this study, MAR acts as present-day forcing and reference benchmarks to compare with BESSI and ITM for both Green-
land and Antarctic Ice Sheets (denoted as GrlIS and AIS, respectively). The resolution of the climate forcings is 15kmXx 15km
for GrIS (version 3.13) (Fig. 3a) and 35kmx35km grid for AIS (version 3.12) (Fig. 3b), covering the period 1979 - 2021.

2.3 Study design

In this work, we carry out twe-three sets of experiments corresponding to the two climate forcings: MAR for present-day

conditions and iLOVECLIM —for both present-day and the LIG conditions. The climate characteristics of these experiments

are presented in Table 1.
In the first experiment, we investigate the performance-of BESSI-behaviors of BESSI and ITM for present-day climate by

using MAR as forcing (BESSI-MAR )-The-SMB-caleulated-by-MAR-itself-is-used-as-areference—The-and ITM-MAR). The
calibration and validation are carried out for GrIS and AIS during the study period from 1979 to 202+—Initially;-the-snew

medel2021 with the calibration carried out for GrIS only. To evaluate the results, we use two goodness-of-fit metrics, which

10
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Table 1. Climate characteristics of two different climate forcings: MAR and /LOVECLIM for different experiments. Mean summer
short-wave radiation and mean summer temperature are calculated on present-day ice sheet extent.

Present-day climate

Climate forcings MAR iLOVECLIM

Ice sheet. GriS.  AIS GrlS AlS,
Mean summer short-wave radiation (W m?) ~ 289.95 ~ 32258 4801 4848
Mean summer temperature (°C) 767 =199, ALY 1777
Paleo study

Period PI LIG

Ice sheet. Gl AIS GrlS AlS.
Carbon dioxide (ppm) 280.00 202.61 to 283.03

Summer insolation (W m?) 47519 S07.12 437.681054093 460.23 t0 517.6
Mean summer temperature (°C) 4063 2948 822t0:041  -31.2410-26.37
Global mean temperature (°C) 15.89 14.89 to 16.6

are the coefficient of determination R> and the Root Mean Squared Errors (RMSE) to assess the differences of BESSI-MAR

and ITM-MAR refer to MAR (see Appendix B). Initially, BESSI is spun up by looping the forcing several times until it reaches
an equilibrium statewith-an-ice-sheet-mask-of-. The ice mask corresponds to present-day ice sheet extent, classified in MAR

as grid cells with more than 50% of permanent ice. Some of BESSI’s parameters -ineluding-related to albedo simulation
(@freshsnow, firn, A0 Qices) and turbulent latent heat flux calculation (75, and Dyp) are tuned to obtain lowest RMSE

value between BESSI and MAR output and the narrowest gap in term of total SMB (SMB integrated over the ice sheet mask).

The final values of these parameters are presented in Table +—TFhe43-year-mean-SMB—valuefrom-GrlS-and- AlS—+un-is-then

A R2Z R

reach-equilibrivm-before-results-are-obtained-for-analysis—optimized value is -10.

11
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+-LOVECLIM as forcing, we

investigate the influences of the input on the behavior of the two SMB models by comparing the results of BESSI-ILOVECLIM
and BESSI-MAR-is-earried-out-ITM-ILOVECLIM to MAR for the present-day periedcondition. iILOVECLIM forcings for

present-day is obtained by running the model with the prescribed greenhouse gases (GHG) concentrations during the same
period as MAR, 1979-2021-
Finally—from 1979 to ev

is-stmutated-by-BESSE2021. As mentioned above (Sec 2.1 2) we implement a simple bias correction process to correct the
climate field of ILOVECLIM. AtirstTo quantify the impact of these biases on the SMB simulation, we run BESSI and ITM

with the bias-corrected iLOVECLIMtransiently-during-.

For the LIG, 35-+5-0 obtain the climate forcing, we run iLOVECLIM transiently from 135 0 115 kaBP, with present-day
ice sheet topography and varying orbital configuration and concentrations of GHGto-obtainrestart-files—Then;for-. For every
500 years, we sample 50 years of elimatological-daily output to provide forcings for BESSI and ITM. In total, we-have-there

are 41 time-shees-sets of inputs corresponding to 41 timeslices covering the entire LIG period. NextBESSI is spun up with
the input data from the first time slice - 135 kaBP to reach the equilibrium state. Then, for each time slice, we run BESSI for
100 years with the snowpack from the spin-up ef-435-kaBP-and take the annual mean of the last 50 years for further analysis.

The evolution of SMB simulated by BESSI and ITM during the LIG is then compared to investigate the models’ behaviors.

In order to assess the trend of SMB evolution, we compute the differences in the annual mean SMB during the LIG with
respect to the Phpre-industrial (PI) value for both BESSI-LOVECLIM and ¥FM-The-evelution-of-SMB-simulated-by-BESST
and-FEM-during the E1G-is-then-eompared-to-investigate ITM-/LOVECLIM. The climate forcing of PLis obtained by running
downscaled /LOVECLIM for 50 years from a 1000-year spin-up under pre-industrial boundary conditions. To quantify the
biases of climate forcings on the models’ performanee-behaviors, assuming the biases in ILOVECLIM are constant with time,
we use the present-day bias correction factors to correct the climate forcings for LIG and PL The results of before and after the
bias correction are then compared.

12
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Figure 5. Contribution of different key processes to the 43-year mean total SMB of MAR, BESSI-MAR and ITM-MAR in (a) Greenland
and (b) Antarctica (in Gt yr').

3 Results

2.1 BESSIvalidated-bypresent-dayforeingsfromMAR

3 Results

3.1 MAR as present-day climate forcings

3.1.1  Greenland

The map of the annual mean SMB simulated-by-the BESSTand MARfor-Greenland-differences simulated by BESSI-MAR

and ITM-MAR compared to MAR (shown in absolute value) for the Greenland ice sheet durmg the perlod 1979 - 2021 is pre-
sented in Fig. 2a—Generatty;4a. For BESSI-MAR, in the B

14
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there is a widespread of positive SMB anomalies, indicating an underestimation of this ablation zone which is also reported
Plach et al. 2018) Fettweis et al. (2020) (Supplementary Fig. Sﬁ)—HﬁW@%H%%he—SﬁﬁfhW&Stﬂfoeelﬂaﬂd—%he—ab}aﬂﬁﬂ

Such high SMB values in BESSI-MAR for this area is related to the albedo simulation. Compared to MAR, the annual albedo

simulated for the southwest of GrIS is higher in BESSI-MAR, leading to a lower runoff rate (Supplementary Fig. S2). Even
though the extent is underestimated, the magnitude of ablation in BESSFBESSI-MAR is higher than MAR around the mar-

gins, particularly in the North and West of Greenland. For Antz

{these grid points, BESSI-M AR simulates high melt rates while the amount of water refreeze remains low (Supplementary Fig.
S3a-b), resulting in negative SMB anomalies compared to MAR. In the center of the ice sheet, where sublimation/evaporation
is dominant due to dry climate, the SMB is simulated correctly by BESSI-MAR as referred to MAR. However, this process is

slightly underestimated in some areas, noticeably the west of the ice sheet (Supplementary Fig. S3c). In general, the 43-year

For ITM-MAR, the differences in SMB compared to MAR come from the runoff simulation, as the model does not simulate
other processes. Hence, the differences are located mostly in low elevation areas where the temperature is not low enough to
compensate for the short-wave radiation influence (Eq. (1)) during the summer months (Supplementary Fig. S4a-b). Around
the ice sheet margin, ITM-MAR simulates less runoff around the margins due to a constant albedo value (0.85) (Supplementary

Fig. $15)S2), resulting in SMB overestimation for these grid points. The total SMB difference between ITM-MAR and MAR
is around 6.64%, three times more than that of BESSI-MAR. In-terms-ef-total- SMB—-the-difference between-the-two-modelsis

The scatter plots of the grid points with different elevations in the SMB maps are also presented in Fig. 24, with the evaluation
metrics to illustrate the goodness-of-fit between-the-two-models—for-both-ice-sheets—For-GrlS; BESSHof BESSI-MAR and
ITM-MAR to MAR. Compared to MAR, BESSI-MAR tends to underestimate SMB of the low-elevation grid points located
in the ice sheet margin in the North and West (Fig. 2a)-On-the-other-hand;for4b). For points located near the equilibrium line
(with SMB = 0), SMB is slightly overestimated —Unlike-GrIS;thescatter-plot-of-AlS-shewsne-under-/over-estimationin-the
mean-SMB;-consistent-with-the SMB-map-in BESSCLMAR. Meanwhile, ITM-MAR shows a trend of SMB overestimation for
M(MMMWMMWF@ 2b4c). In general the evaluation metrics illustrate a—geedﬁ%betweefrBESS{ﬂﬂd
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~—an acceptable SMB simulation of both

illustrates the mean value of total SMB elements with-the-corresponding-evaluation-metries: R=—and-NRMSE—-We-simulated
by the three models for GrIS. For BESSI-MAR, we can see strong underestimations in melt and refreezing in-BESSIcompared
to MAR, especially refreezing with less than half of MAR’s value. This might result from the model’s-daily—timestepdaily
time step, which causes the model to neglect the diurnal temperature cycle (Krebs-Kanzow et al., 2018). These-However, these

underestimations are compensated in the runoff, leading to an acceptable value in BESSFBESSI-MAR compared to MAR.

evaporation rate in BESSLMAR is slightly lower than MAR due to the underestimation of this process. For ITM-MAR, the
ontribution of runoff to total SMB-in this ice sheet is very small due to cold climate conditions. On the other hand. model
compensates for the absence of the sublimation/evaporation process by simulating more runoff to obtain a similar SMB rate
compared to MAR; Both BESSI-MAR and ITM-MAR overestimate the SMB with MAR as a reference. This trend is consistent
during the study period (Supplementary Fig. S5a).

3.1.2 Antarctica

The annual mean SMB differences of BESSI-MAR and ITM-MAR with respect to MAR for the Antarctic Ice Sheet are
shown in Fig. 6a. For Antarctica, BESSI-MAR shows a high agreement with MAR on the SMB simulation with very limited
differences. The problem related to melting in Greenland is limited here as it has a much colder climate (Supplementa

between the two models come from the underestimation of sublimation/evaporation around the ice sheet margin in BESSI-MAR
(Supplementary Fig. S6b), leading to the larger gap between BESSI-MAR and MAR for this process compared to GrlS (Fig.
5)

Meanwhile, ITM-MAR exhibits large differences from MAR for the annual mean SMB. The anomalies located in the interior
of the ice sheet come from the absence of sublimation/evaporation in this parameterization. The underestimation of SMB
around the edge of the ice sheet and the ice shelves comes from the high simulated runoff by ITM-MAR (Supplementary Fig.
S6a). ITM-MAR simulates runoff for these grid points due to high short-wave radiation that overweights the mild temperature
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differences between the two SMB models compared to MAR are in an acceptable range: 2.64% for BESSEMAR and -5.15%
for ITM-MAR (Fig.5b).

Similar to GrIS, scatter plots of the grid points with different elevations in the maps of Fig. 6a are also presented in Fig.
6b-¢c. For AIS, there is no significant trend of under-/over-estimation of annual mean SMB in BESSI-MAR compared to
MAR (Fig. MMMWWWWMM
mmmwmm (Fig.

aeeep%&b}e6c due to high runoff rates. These points correspond to the ablation zone over ice shelves that is not present in

MAR. This trend is observed throughout the study period (Supplement Fig, S5b). The evaluation metrics suggest a good fit of

the two SMB models to MAR, with BESSI-MAR having a slightly better value.
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3.2 BESSIwithiLOVECLIM as climate forcing: present-day

3.2.1 Climate iniLOVECEIMGreenland

iILOVECLIM has a coarser resolution and simpler model setup than MAR - a state-of-the-art regional climate model used
to calibrate/validate BESSI and ITM. This difference in the simulated climate strongly influences the peffefmaﬁe&ef—fhe
period 1979-2021 simulated by BESSILOVECLIM in-terms
ITM-ILOVECLIM for GrlS is presented in Fig. M@M%@%%WMWMWMQ
climste foreings, hososolution of {LOVECLIM o

study period (Supplement Fig. S1), the narrow ablation zones in the southwest of GrlS is missing while there are larger
a warm climate that induces high melt rates, while the model does not simulate the refreezing process well due to a large
372.73 Gt yr'! vs 351.29 Gt yr'!, respectively). On the other hand, due to the drier atmosphere (Supplement Fig. S4d),
neticeable-that-some-icesheet-areas-arenet-covered-dueto-the eeafse—laﬂdgﬂﬁaexe&ef—fhe—naﬂve%l—gﬂd—eeﬁmafeéﬁe
MAR--sublimation/evaporation in BESSI-i
MM%WMWMWWWW&M%WM
The climate forcing also strongly influences ITM-iILOVECLIM with a-gap-of-mere-than200-Gt-yr(Fable 2)tn-addition;
the-elimate simulated by similar large ablation zones in the South of GrlS as in BESSI-ZLOVECLIM. However, the magnitude
of negative SMB in ITM-/LOVECLIM is as large as in BESSI, which is a result of the low short-wave radiation rates in this
climate forcing (Table 1 and Supplement Fig. $4b). Therefore, the runoff contribution t the total SMB for ITM-LOVECLIM

higher SMB value as indicated in Fig. 7a.
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Figure 7. Comparison of annual mean SMB (in mWE yr'') between BESSI-/LOVECLIM and ITM-/LOVECLIM (a) before and (b) after

bias correction for Greenland Ice Sheet. The total SMB (in Gt ') integrated for the present-day ice sheet extent (red line) is also included.

As the biases in iLOVECLIM exhibits a stron

@M the annual mean SMB during1979-2021-between BESSI-MAR-and-simulated with a corrected
climate forcing is presented in Fig. 7b. With the adjusted input, BESSI- l]:@\lEGI:}M%th—é}—thepa&efﬂs—eﬁfh&ﬂmu%ated

imulates more appropriate SMB patterns
with the narrow ablation zone in the southwest presence and a bigger extent of the low accumulation zone in the center North

of the ice sheetdu

in-BESSI-. For ITM-ILOVECLIM,
i i similar patterns are observed with additional

ablation zones in the North as in ITM-MAR (Supplement Fig. 1), resulting from high short-wave radiation rates in these grid
oints (Fig. C1). The contribution of difference processes to the total SMB of bias-corrected BESSI- zJ:O&LEGHMJ&a%hfghef

range-with-around20-LOVECLIM and ITM-ILOVECLIM are shown in Fig. 8a together with results from MAR and original
iILOVECLIM., Noticeably, the total precipitation after the bias correction in iLOVECLIM decreases from 923 Gt yr'! to 629 Gt
1!, around 10.5% lower than MAR’s value (703 Gt yr'!differenee—
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Figure 8. Comparison of the contribution of different key processes to the 43-year mean total SMB of BESSILOVECLIM and
ITM-ILOVECLIM before and after bias correction in (a) Greenland and (b) Antarctica with MAR as reference (in Gt yr').

: . This is the result of limiting the correction
factors to be in the range of 0.1 to 10.0, neglecting extreme values. For BESSI-ILOVECLIMis-that-the-negative-SMB-zone

ha ain tha ~q ar-N Jhee

nearly three times less than before the bias correction (487 Gt yr'!). Because of the colder climate, the sublimation/evaporation
i i rate increases from 67 Gt yr'! to 101 Gt yr'', nearly double the MAR’s value (51 Gt yr'!).

For ITM-iLOVECLIM¢

mask;-possibly-, the simulated runoff increases slightly from 176 Gt yr! to 203 Gt yr’! after the bias correction, which is due
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Figure 9. Annual-mean—value-Comparison of elimate—variables—inetuding-annual mean SMB (a)-precipitationtin mWE yr'h between

BESSI-ILOVECLIM and ITM-iILOVECLIM (ba) near-surface-temperature(in-degree-Celsius)-before and (eb) relative-humidity-of MAR
and-+EOVECERM-after bias correction for Antaretiea-Antarctic Ice Sheet. The total SMB (in Gt ") integrated for the present-day ice sheet

extent is also included.

to the native-T21-grid-ef-higher short-wave radiation rates. Since there is a reduction in the total precipitation, the total SMB
in ITM-i

eompared-to-379-from 747.26

m ah n hioh
pPTo 5, c 5 vi—OOtd a = ota

| LOVECLIM also declines to 426.10 Gt yr'

Gt yr'1 —(around 43 %), as shown in Fig. 7. The results indicate the importance of the climate forcings quality on the results
of the two SMB models.

3.2.2  Antarctica

For AIS, the elimate-simulated-by-annual mean SMB from 1979-2021 simulated by BESSI-/LOVECLIM is-net-as-wet-as
O "“‘."'- S e e e e e e Lo s e L aoi€ B sl MILOVECLIMISW
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chimate-(presented in Fig. 7e)—

A O A A

Noticeably, there are large ablation zones observed in the center West and some parts of the East of the ice sheet in BESSI-
iILOVECLIMthatare-not-presentin BESS-MAR-oreventTM-is-aresult-of, caused by the very low humidity (Fig. 7e)—Fhis
C2 and Supplement Fig. S7d). As shown in Fig. 8b, this bias leads to unrealistic sublimation/evaporation simulation by BESSI-
485 iLOVECLIMwhich-is-two-times-more-than BESSI-MAR-, around 25% higher than in MAR (around 202 Gt yr'! compared to
%A@thr'l).A e e e e L R e e e
33% lower than in MAR (2736.43 Gt yr'!). Meanwhile, the total SMB simulated by ITM-ILOVECLIM is 2108.96 Gt yr’'.
of short-wave radiation and summer temperature, the contribution of runoff to the total SMB in ITM-LOVECLIM for this ice
sheet is relatively low, which is only 75 Gt yr' compared to 141 Gt yr of BESSI/LOVECLIMsimutation-are-missingfor
example;-the North-of ALS-,
widespread ablation zones are removed. However, the bar chart indicates that the sublimation/evaporation in BESSI-ILOVECLIM
is nearly two times higher after the bias correction (Fig. 8b). This is because of the colder climate as the temperature decreases
while the humidity around the margin remains low after the bias correction (Fig. C€2). For ITM-LOVECLIM, the larger values
of short-wave radiation around the ice sheet edge induce a three times higher runoff rate (Fig. 8)—Fhe-gap-between BESSE

ig. 5). Despite the bias correction, the total precipitation in [LOVECLIM remains below MAR’s value due to the restriction

range of the bias correction factor (see Appendix C). The gap is about 417 Gt yr'!, areund-34%-much-higher than-in-Greentand

for-AlS-is-slightly lewer-than-which is around 14% of the total precipitation in MAR. This leads to lower total SMB rates in

505 both BESSILOVECLIM and ITM-iLOVECLIM in comparison with MAR, with the difference is nearly -29% in BESSI and
around -17% in ITM.

3.3 iLOVECLIM as climate forcing: Last Interglacial

3.3.1 Climate of the Last Interglacial
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Figure 10. (a) Temporal variation of external forcings during the LIG: summer insolation of 65°N and 65°S (in W m?) (Berger, 1978)

as well as the carbon dioxide concentration (in m) (Liithi et al., 2008). The dashed lines indicates summer insolation of

re-industrial (PI). (b) Temporal variation of the 100-year mean of the global mean temperature (in degree Celsius) during the

LIG with the value of PI in dashed line, (¢) The 100-year mean of the simulated temperature (in degree Celsius) and 520 (in
%o) (Andersen et al., 2004; Lemieux-Dudon et al., 2010) at North GRIP (NGRIP). (d) The 100-year mean of the simulated temperature (in
degree Celsius) and 6 D (in %o) (Jouzel et al., 2007; Lemieux-Dudon et al., 2010) at EPICA Dome C (EDC).

The external forcings of (ILOVECLIM, including the summer insolation of 65°N and 65°S together with the carbon dioxide

concentration, are presented in Fig. 10a. The range of these forcings for the LIG and PLis also shown in Table 1. Fig. 10b
illustrates the evolution of simulated global mean temperature by ILOVECLIM (around—132-and+437-Gt-yrrespeetively):

ich-is-di om-GrlS-simulation-due-to-a-colderelimate—Compared-to 1 TM;- BESSI-during LIG compared to PI. The
global mean temperature reaches a maximum value of 16.6 °C at around 128 kaBP, similar to the peak of carbon dioxide and
1000 years before the summer insolation of 65°N. The temperature difference between 127 kaBP and P1 in this work is 0.49.
°C, which is at the upper end of the range -0.48 t0 0.56 °C suggested by the CMIP6/PMIP4 models (Otto-Bliesner et al., 2021)
- The comparison of the simulated temperature of [LOVECLIM and temperature change proxy which reaches back to 123
kaBP at North GRIP (NGRIP) is shown in Fig. 10c. The simulated temperature at NGRIP peaks at nearly the same time as the
global mean temperature (around 128 kaBP). Meanwhile, the proxy-based data shows a similar value around 6500 years later.
This could result from the absence of ice sheet and climate interaction in our simulations, as the ice sheet component is not

activated. The melting of the ice sheet could possibly delay the increase in temperature. The temperature difference between
the LIG and PI at NGRIP in our simulations is 4.2°C, consistent with the range 5.2 + 2.3°C suggested by Landais et al. (2016
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Figure 11. Simulated sea ice extent (in 10° km?) for the Northern (NH) and Southern Hemisphere (SH) (a) during the LIG and (b) durin
127 kaBP.

. For Antarctica, the comparison of the simulated temperature of [LOVECLIM again-has-alewerannual-mean-total-SMB-value
-] tonand temperature change proxy at EPICA Dome C (EDC

is presented in Fig. 10d. The change in the simulated temperature shows a good agreement with the proxy-based data.

The simulated sea ice extent of the Northern and Southern Hemisphere (NH and SH, respectively) during the LIG are shown

in Fig. 11a. For both hemispheres, the sea ice extent decreases during the LIG following the temperature changes, reachin
the minimum value also around 128 - 127.5 kaBP. The evolution of sea ice extent of the two hemisphere during 127 kaBP in our
simulation fall within the range suggested by CMIP6/evaperation-estimation—=PMIP4 models (Fig. 4 in Otto-Bliesner et al. (2021
).
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Greenland. (¢) Same-as-Annual mean total SMB anomalies between LIG and pre-industrial of different cases.(d) and (e) Similar like (a) and

(b) but forAntaretiea-with bias-corrected iILOVECLIM

3.3.2 HiG-transientsimulations-with-BESSHoereed by EOVECEIMSurface mass balance evolution during the Last
Interglacial

Greenland

To study the evolution of SMB during LIG, we present the temporal variation of the external-forcings;-the-annual mean total
SMB ;-and its sub-processes simulated by BESSI-ILOVECLIM for both-iee-sheets-GrlS in Fig. 9-12a. The rise of summer

insolation in the North and the carbon dioxide concentration during the beginning of the LIG (Fig. 9a10a) induce an increase

in the melt rate of Greenland (Fig-9b. 12a). During the same period, runoff-has-a-higher-aceeleratedrate-than-meltthe values of
runoff are higher than melt’s, indicating both rain and melt are not well refreeze refreezed due to warm climate (Eq. (12A12)).
As the insolation starts—to-drep-drops after 127 kaBP, runoff and melt also decrease. In the same figure, total precipitation

is shown to be-slightly-inerease-during-the-peak-ofinselation-increase slightly during the insolation peak, which is expected
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Figure 13. Comparison-of BESSIHEOVECEIM-and-1TM-in-terms-of the-annual-Annual mean tota-SMB differenees-anomalies (in GtmWE
yr'l) between several LIG time slices (135, 128.5 and 115 kaBP) and the pre-industrial fer-simulation of (a) Greentand-BESSI-ILOVECLIM

as the climate is-getting-gets warmer. Meanwhile, sublimation/evaporation remains stable throughout the period with a low
magnitude as this process is not dominant for GrIS. Refreezing-also-remains-intow-vatue-Similarly, refreezing also remains
low for this ice sheet;-; however, a slight increase during the peak of the LIG is observed in Fig. 9b12a. The total SMB, in this
case, is mosthy-mainly driven by runoff (melt)=, strongly decreases during the rise of summer insolation, and then recovers

after 127 kaBP. 0-At 128.5 kaBP, the total SMB shrinks to

AARARRAIAARSIARANAR AR ARANRARANANANANRNAANA
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following the increase of the external forcings in ITM-ILOVECLIM might be-around1000-GtyrHower than BESS-MAR-f

atton—12b). However, the magnitude
of the runoff is low, leading to the positive total SMB throughout the LIG. This results from low short-wave radiation in the
climate forcing (as discussed in Sect. 3.2.1).

By plotting the total SMB differences between the Last Interglacial and the pre-industrial periods simulated by the same
model, we investigate the magnitude of SMB variation for both BESSILOVECLIM and FFM-ITM-ILOVECLIM (Fig. 10)-
Figure10ashows-that; for-Greenland;-12¢). During the peak of the LIG, the gap between the two models widens during-the

by-the-difference-tn-meltstmutation—tn-eontrast-to- BESSE-much lower than ITM-iEOVECEIM-results;-the-meltrate-tn M

two-medels—LOVECLIM. The difference between the two models reaches a maximum value of nearly 600 Gt yr'! at 128.5 ka
the same time as the highest global mean temperature. As discussed above, the difference between the two models comes from
the runoff simulation, which is also observed in the present-day climate condition (Sect. 3.2.1
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further investigate the differences between the two SMB schemes, the map of SMB anomalies of BESSI and ITM is shown
in Fig. H+-13. In this figure, we select three different time slices from the LIG simulation: the first (135 kaBP), the peak of

the deglaeiation-runoff (128.5 kaBP) and the last (115 kaBP) to further-investigate-the-differences-between-the-two-different
SMB-sehemescompare with the pre-industrial results. The pre-industrial annual mean SMB of the two models is quite similar
to the present-day value (Fig. 6)—For-the-11G;—the-7a). The two models display similar patterns for the first and the last
time slices —Partieutarty,—in-of the LIG. Notably, at the beginning of the LIG, for the two models, positive SMB differences
can be seen in the inner part of the ice sheet as there is more precipitation. Meanwhile, SMB rates around the margin are
lower than the pre-industrial value since the melting process is-aceelerated-accelerates due to warmer climate conditions.
This SMB trend is enhanced during the peak of deglaciation (128.5 kaBP). In the-simulation—of-BESSI-.ILOVECLIM, the
magnitude of the negative differences around the margin is very high compared to IFM;—which-is-due-to-the-modelitself;as

SMB-rate-than-the-pre-industrial-valee ITM-ILOVECLIM, similar to the present-day climate condition (Fi

. 7a). Additionall

BESSI-/LOVECLIM has larger ablation zones with very low SMB than ITM-/ILOVECLIM, leading to a much lower total SMB
rate in BESSI than in ITM (Supplement Fig. S8). Then, at the end of the LIG, both models simulate higher SMB rates around

the margins as colder climate accelerates accumulation.

to a lower total precipitation rate. Similarly, for ITM-/LOVECLIM, the minimum total SMB also declines by nearly 500 Gtyr!,
in bias-corrected LOVECLIM. As the mean total SMB decreases, the SMB anomalies between the LIG and PI of BESSI and
TN also decline (. 126). At the minimum pesk (128 keBP), LIG-P! snomlies in BESSILOVECLIM simslation-s mich
i : i MWXMW@@J&L
-95 Gt yr'"). The results suggest that ITM is more sensitive to the biases in [LOVECLIM than BESSI, which is also
true for present-day experiments (Fig. 8a). After the bias correction, the simulated SMB patterns are improved for both SMB
models with a better shape of ablation zones in FFM-(Supplementary-Fig—53a)-GrlS (Supplement Fig. S9).

correction

Antarctica

Fig. 14a-b illustrates the temporal variation of the annual mean total SMB and its sub-processes simulated by BESSI-/LOVECLIM

meore-restricted(SupplementaryFig—S3byand ITM-ILOVECLIM for AIS. Compared to Greenland, during the same period
the annual mean values of total SMB and its elements fluctuate less in Antarctica for both SMB models. Particularly, in
BESSI-ILOVECLIM, the total SMB peaks at 128.5 kaBP of 1910.27 Gt yr!, nearly 15% higher than the value of 135 kaBP
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Figure 14. Temporal variation of the annual mean total SMB and its elements integrated on the present-day ice sheet extent during LIG

of (a) BESSI-ILOVECLIM and (b) ITM-/LOVECLIM (in Gt yr'") for Antarctica. (¢) Annual mean total SMB anomalies between LIG and

re-industrial of different cases.(d) and (e) Similar like (a) and (b) but with bias-corrected iLOVECLIM

1669.16 Gt yr'!). This number is very low compared to the -170% differences in GrIS. Also, the magnitude of the simulated
annual mean total SMB by BESSI-/LOVECLIM during the LIG is quite low for AIS (less than 2000 Gt r‘l), which is due to

the biases in humidity as discussed in Sect. 3.2.2. During the LIG, even though the insolation at the South Pole decreases (Fig.

10a), AIS still experiences an increase in the melt in BESSIZLOVECLIM (Fig. 12a-b), which is caused by a hi

mean temperature (Fig, 10b). The sublimation is more dominant in AIS than in GrIS because of a much drier climate. Even
though the sublimation is impacted by iLOVECLIM biases, no temporal change of this flux is simulated by the model. This
suggests that the influences of the bias in the humidity of (ILOVECLIM is constant. Due to this and the low value of runoff, for
this ice sheet, the variation of the total SMB simulated by BESSI-/LOVECLIM follows the pattern of the total precipitation. It
slightly increases as the global mean temperature increases since a warmer climate induces more precipitation. Fhen-atthe end

Simitar-to-GriS—for-AlS—we-Similarly, the total SMB in ITM-/ILOVECLIM for AIS is also driven by the total precipitation

due to a low rate of runoff and the absence of sublimation/evaporation processes. The reason for low runoff rates for AIS is the
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Figure 15. Annual mean SMB anomalies (in mWE r'!) between several LIG time slices (135, 128.5 and 115 kaBP) and the pre-industrial
simulation of (a) BESSI-/LOVECLIM and (b) ITM-/LOVECLIM for Antarctic Ice Sheet. The absolute annual SMB value of PI and the total
SMB (in Gt yr'') integrated for the present-day ice sheet extent of each simulation are also included.

low short-wave radiation simulated by the climate forcing, as discussed in Sect. 3.2.2. Such low runoff rates lead to high total
SMB value in ITM-/LOVECLIM, which is 2168.97 Gt yr'! at 128.5 ka, 15.5% higher than the value of 135 kaBP.
Fig. 14c¢ indicates that the discrepancies between BESSI and ITM in terms of the SMB anomalies between the LIG and

PI are less significant for Antarctica than Greenland (Fig. ig. 14a indicates that sublimation/evaporation is almost

constant during the LIG in BESSI-/LOVECLIM, the gap between the two models in Fig. 14c can only be explained by the

difference in runoff simulation.

We also investigate the patterns of the annual mean SMB differences between several time slices of LIG and PI in the
simulations of 1M-and-BESSI-JLOVECLIM and ITM-iILOVECLIM (Fig. +2)-—Again15). Similar to GrlS, the pre-industrial
annual mean SMB of the two models is also consistent to the present-day results of AIS (Fig. 89a). However, contrary to the
GrlS, fig—+2-Fig. 15 suggests not much difference in the SMB value between the LIG and PI as well as between the two models
for ASthis ice sheet. This is consistent with Fig. +6b14c, as the magnitude of the differences is very low compared to that of

the absolute SMB value (Supplementary Fig. S4510).
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Fig. 14d-e). Noticeably, the simulated melt in BESSI-{ILOVECLIM after bias-corrected reaches its peak at 128.5 kaBP, remains
global mean temperature (Fig. 10b) and the increase of summer insolation of 65°S during this period. The peak of refreezing
Compared to before bias correction, the sublimation/evaporation increases by a factor of two, possibly due to the colder
global mean temperature and the summer insolation (Fig. 14¢). Around 122.5 - 121.5 kaBP, the runoff rate reaches its peak
and higher temperatures in some areas, such as the Wilkes Land (Fig. C2 and Supplement Fig. S11b). Such a big change in
runs during the period of 122.5 - 121.5 kaBP in Fig. 14c. However, considering the magnitude of the total SMB in AIS, Fig.
14c suggests the LIG-PI anomalies of the runs are not significant both before and after the bias correction.

4 Discussion

In this work, we assess the feasibility of replacing a parameterization scheme (ITM) with a physical-based-physics-based
surface energy balance model (BESSI) to provide a more physical SMB approach for the iLOVECLIM model framework with
a-view-to-simutating-to simulate the change of ice sheet in the past.

The snow model - BESSI shews-good-performanece-performs well in the calibration/validation with MAR under the present-
day climate. Highlighting the model’s ability to simulate different climates faithfully, the first-ever simulation for Antarctica
(without re-tuning) is in good agreement with MAR, which is more complex and has been intensively used to study this ice

sheet.

main-components-as-more-proeesses-are-taken—inte-aceount—However, the issue related to the strong underestimation of re-
freezing (Plach et al., 2018; Born et al., 2019) stil-remains (Fig. 35a). Lowering the time step of the model from daily to
hourly might solve this problem, as the current model’s large time step (daily) pessiblyneglects the diurnal cycle of tem-
perature (Krebs-Kanzow et al., 2018). On the other hand, the ablation simulated by BESSI is underestimated in extent but
mostly overestimated in magnitude. Particularly, the narrow ablation zone in the south-western part of GrIS is underestimated
in BESSI-MAR, compared to MAR (Fig—2Supplement Fig, S1), which is also reported in Fettweis et al. (2020). However, due

to the compensation of melt and refreezing, the results of the snow model are in good range with respect to MAR. On the other

hand, the parameterization - ITM needs individual tuning for the GrIS and the AIS. Hence, ITM-MAR, with the parameter
crad calibrated for the GrIS, generates an unrealistic runoff rate for the AIS due to the change in the climate condition (e.g.

higher shortwave radiation) (Fig. 6a and Supplement Fig. S6a). With a lower crad value, the runoff rates could be reduced to

obtain a more suitable total SMB value for Antarctica (Supplement Fig. S12a).
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For the paleo study, both BESSI-
iILOVECLIM stmutates—wet-and ITM-/LOVECLIM simulate the SMB evolution during the LIG ;-following the change of

the orbital configuration and carbon dioxide concentration.

Compared-to-the-existing SMB-seheme-of Despite the influences of the biases in the climate forcing, the simulated SMB
during the 130 - 115 kaBP by BESSILOVECLIM of GrlS is in a similar range with the results of MAR and BESSI-MAR
from the work of Plach et al. (2018) (Fig. 12). This indicates that BESSI can provide reliable results even when forced by
iLOVECLIM simulatesess-melt-with-more-complexity-in e ere-we-tsed-the ersion-with

any-modification toadapt-to-the-climate-of, a climate forcing with lower resolution than MAR. On the other hand, compared
to Sommers et al. (2021), the SMB simulated by BESSL-/LOVECLIM to-provide-arobust comparison-between BESStand
FEMATMHs a-simple parameterization that stronghy-depends-on-both before and after the bias correction is much lower during
127 - 123 kaBP for GrlS. The reason for this is the missing interactive elevation and ice sheet mask. As in this work, we use
the present-day ice sheet topography and extent for all the experiments, leading to the runoff overestimation over parts that
had previously melted. Meanwhile, the total SMB simulated by ITM for GrlS remains positive throughout the LIG for both
original and bias-corrected ILOVECLIM forcings. This suggests that the parameterization is unable to give suitable results
without retuning its empirical parametersand-temperature-. As the runoff in ITM is calculated solely by one equation (Eq.

range by tuning its empirical parameters such as crad (Supplement Fig. S12a). Also, the albedo in ITM s fixed at 0.85, which
is_the value of ice grid points in [LOVECLIM, to give a clean comparison to BESSI. This can also be the reason behind
the low runoff simulation in ITM-/LOVECLIM during the LIG. A lower albedo value, which means more solar radiation is
considered, can increase the simulated runoff rate of ITM (Supplement Fig. S12b). However, using only one albedo value for
the whole ice sheet is not realistic. ITM with a range of albedo for different altitudes and locations can provide satisfied results
as in Quiguet et al. (2021).

Results of Sect. 3.2 indicates that the quality of the forcings influences both BESSI and ITM. However, the changes in

the simulated SMB by BESSI-/LOVECLIM before and after bias correction are not as significant as in ITM-iILOVECLIM
for both ice sheets. The same behaviors of the two models are observed in the results of Sect. 3.3.2-For-atower value-of

sensitivity suggests that ITM needs to be retuned whenever there is a change in the climate forcing in order to obtain desired
values. However, this can be problematic for paleo studies that are not well-documented. Also, a critical limitation of ITM is
the missing sublimation/evaporation processes, which resulted in runoff overestimation. For BESST, the runoff calculation is
more realistic, and more processes are included than just solar radiation and heat. Bh—1t-is-hard-to-draw-a-coneclusion-about

and;—therefore;are-more—reliable—Hence, replacing-tuning BESSI is more complicated as it is more physically constrained.
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Replacing ITM with BESSI to provide SMB to the ice sheet model GRISLI in [LOVECLIM framework is possible and can

help to produce more physical results. However, thi

m-BESSI is a more physical model, requirin
more input variables, which makes it more sensitive to certain biases in iIEOVECEIM-climaterelated-to-humidity-in-the-AlS

eHLOVECLIM, such as humidity.
Also, BESSI is more computationally expensive (30 years per minute for the T21 grid) than a parameterization like ITM.
Adding BESSI might increase the energy consumption of [LOVECLIM, which has been its strong point as an EMIC (300
years per day). On the other hand, we can be more confident in its response to a change in climate since it explicitly simulates

many processes, unlike ITM.
As any climate model, i[LOVECLIM displays some biases which can be locally dominant (Heinemann et al., 2014). In this
work, we investigate three-climate—variables:—preeipitation;-near-surface-temperature,—and-relative- humidity-to-docu

bias-the impact of these biases by using a simple delta method to correct the climate of iLOVECLIM in-twe-pelarice-sheet

regions(see Appendix C). The results of Seet—3-21-indicatesthat-the-ehimate-in-experiments with i{LOVECLIM ;<compared

o-NMAR % me ndle hird—fe

as—as climate forcings indicate the
substantial impacts of these biases on the SMB simulation of both BESSI and ITM. Particularly, the low short-wave radiation
provided by [LOVECLIM s tonatelimate h -leads to the missing

representative of insolation change in I'TM, as shown in Sect. 3.3.2. However, transient LIG climate forcings can be obtained
with much more favorable computational efficiency thanks to such-a simple model setup —Carrying-out-bias—correctionfor

ame 1ol atrancnha . hla A O\ E W A atha n

EOVECEHIM-climate(see-AppendixB);results-of BESSHEOVECEHIM-are-improved-for-the-present-day-(Fie-B2)-as-wel
as-the EIG(Fig- BH-With- LOVECLIM. The results of the SMB models are improved with the bias-corrected climate forcings.
The results can be further improved with a more sophisticated bias correction method;-the-results-can-befartherimproved.

5 Conclusions

This work examines the feasibility of switehingreplacing the SMB scheme of the Earth system model of intermediate complex-
ity ILOVECLIM from a simple parameterization (ITM) te-a-physiecal-based-by a physics-based surface energy balance model
(BESSI) for the purpose of improving the simulation of ice sheet-climate interaction. BESStexhibits-good-performaneeFor this

urpose, a comparison between BESSI and ITM stand-alone is carried out for different climate forcings and climate conditions.
Both BESSI and ITM provide acceptable results in the validation in the present-day period by MAR, a state-of-the-art regional
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climate model that includes a full physical energy mass transfer scheme of the surface -for two very different ice sheet climate
conditions: GrIS and AIS. 3 i ~For a paleoclimate

study, the Last Interglacial period, climate fields simulated by an EMIC called (LOVECLIM are used as forcings for both
SMB models. iLOVECLIM displays a large-scale climate change consistent with the forcings that translate to SMB evolution

°Q

in agreement with previous modeling work. Switching from MAR to iLOVECLIM highlights the strong influence of elimate
foreing-the climate forcings on the simulation of srew-and-the SMB evolution. In particular, ILOVECLIM presents important
bias that leads to some targe-significant misrepresentation of present-day SMB for both Greentand-and-Antaretie tee-sheetsGrIS
and AIS. These unrealistic climate patterns hamper the performance of BESSiboth BESSI and ITM, posing the need for bias
correction of the climate fields in [LOVECLIM. The comparison between BESSI fereed-by--OVECEIM-and ITM during the
Last Interglacial indicates-a-strong-suggests a stronger sensitivity of ITM to the temperatureclimate conditions. The current
SMB scheme of iILOVECLIM alse-shows-a-strong-dependenee-on-the-valae-empirical-parameters;-which-meanstt-can—east

be-tuned; not physically-constrained-—needs to be retuned for different climate forcings and study periods, which is not ideal
for application in paleo studies. Also, the absence of sublimation/evaporation processes in ITM leads to the overestimation of
runoff in order to provide SMB in an acceptable range. The results suggest BESSI can be used to replace ITM in-#EOVECERM

as this snow model maintains the low computational cost of the-parameterization-SMB—scheme-whilstiLOVECLIM while

providing more reliable results without the need to be retuned.
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760 Appendix A: Evaluation-metriesfor BESSI-MAR-and-MAR-eomparisonBESSI model

Fhe-In the following, we only detail the methodology used for surface energy and mass balance. Full details on the implementation
of heat diffusion and snow mass compaction are given in Born et al. (2019).

Surface energy balance

The exchange of energy between the surface (the top layer of the model) and the atmosphere results in the change of temperature

765 in this layer (1), influenced by the net solar flux , the net long-wave radiation flux the sensible heat flux , the

latent heat flux the heat flux from the precipitation ;.. and the melting flux <1t (When temperature reaches the

melting point). This can be expressed as follows

aT,
CiceMtop 5, = Qsw +Quw + Qs+ Qrn

surface

TQprecip * Qmets (Al

770 in which, ¢; is the heat capacity of ice (2110 J kg”'K! at -10°C) and my,,, is the mass of the top layer in kg m™=.

Table A1l. Table of physical constants and model parameters of the BESSI model.

Parameter Symbol Value Unit
Albedo of ice Qice. 04 -
Emissivity of the surface Einow, 098 S
Ratio of latent and sensible heat 7y sen 10 S
The net incoming solar radiation is calculated from the albedo of the surface (g or «;..) and the incomin
shortwave radiation Fsyy (Wm'2) available from the forcing:
Qsw = (L - ) Fsw (A2)
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The albedo of ice «;.. is fixed at 0.4 while the albedo of snow « is calculated considering the exponential decay with
time since the last snowfall event (Oerlemans and Knap, 1998; Zolles and Born, 2021):

*Nsnow a
Asnow = Afirn + (afreshsnow - afirn)exp (t*f”> (AS)
in which the albedo of firn « ¢;,, is 0.6, the albedo of the fresh snow o ¢,. is 0.82, N, 11 1s the number of days since

the last snowfall event and ¢ is the number of days for the fresh snow to reach firn condition. Depending on the temperature
of the surface T, tx is set to 20 days for T, < 273.15 K or 5 days for Ty = 273.15 K.

The difference between the upcoming long-wave radiation Fyv from the atmosphere (read from the input) and the emitted
long-wave radiation flux is the net long-wave radiation Q

Qrw = Frw —oe T2 (A4)

in which, o is the Stefan-Boltzmann constant (5.670373 x 10 W m?2 K™), ¢, is the emissivity of the snow (0.98).

The turbulent sensible heat flux equals to the difference between the temperature of the air 7,;, and that of the surface
layer T, multiplied by a coefficient D,;, (15 W m?2 K''):

Qs = Dun(Tuir = T.) (a3)

The turbulent latent heat flux depends on the difference between the water vapor pressure of the air e,;, and of the

surface layer e, the surface pressure p,;,- from input and a coefficient D;;,:

D
QLH - th (eair - es) (A6)
DPair
. o Dsh
with Dip = 0.622r1 31 (Lo + L) (A7)

where 74,55, 18 the ratio of the exchange rates between the latent heat and sensible heat (equal to 1.0 in this work), ¢, is the
heat capacity of the air (1003 J kg”! K™! at 0°C) whilst L, and Ly, are latent heat of vaporization and melting, respectively
(2.5x10° T kgl and 3.34x10° J kg'!). Details of the turbulent sensible and latent heat fluxes calculation methods are available

Based on the air temperature (7}, < 273.15 K) or rain (T, > 273.15

K). When snow/rain falls, the air temperature is transported to the surface. Hence, the equations of heat flux from the snow/rain

are:

, BESSI classifies total precipitation as snow (7,

Qprecipss = Mprecip©ilTair = T) (A%)
@precip.r = MprecipCu(Tair ~ 273:15) (A9)

where Mm,ccin is the mass of precipitation (ke m2 d’!) and ¢ is heat capacity of water (4181 J keg'! K'! at 25°C).
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The model uses an implicit scheme, for which the energy fluxes are calculated first, then the energy required to heat the
top layer to the melting point. As the temperature of the surface cannot exceed the melting point, the remaining energy is

considered as energy available to melt snow/ice + (Eq. (Al)). The main parameters of the model are presented in Table

Al

Surface mass balance

Surface mass balance SMB is an important element of the ice sheet mass balance, apart from the ice discharge and basal
melting. In BESSI, SMB is calculated as the remaining mass of total precipitation from runoff and sublimation/evaporation
processes:

SMB = Mprecip ~ (Mrunofs + Mow) (ALD)

In BESSI, the incomin the precipitation adds

recipitation (rain/snow) accumulates first on the surface (Fig.

snow mass to the top snow layer (1,;. <273.15 K) or liquid mass to the water content of the surface (7,;,. > 273.15 K).

As more snow accumulates in the top layer, BESSI generates new snow layers below to prevent the mass of the layer from
exceeding the maximum threshold (500 kg m™). The mass of the new layer is set at 300 kg m™, and the old layer keeps the
remaining mass, continuing to accumulate snow. Depending on the precipitation and the temperature, up to 15 layers can be
formed. When more than one layer exists, the masses of these layers are shifted down to leave space for the new forming layer.

In contrast, when . 1s available, the snow column melts from the top. To prevent the mass of the surface layer from sinkin

below the minimum threshold (100 kg m), BESSI merges this layer with the next one. After the merging, the masses of the
layers below are shifted up. In case i+ 1s enough to melt all the snow layers, ice starts to melt, adding water to the runoff.

The water resulting from melt and rain is retained by the snow column up to 10% of its pore volume. The excess water
percolates through the snow column, either refreezing due to low temperatures or leaving the lowest layer as runoff. The
energy for refreezing, according to the assumption that the snow and the liquid water inside the snowpack are in thermodynamic
equilibrium (Born et al., 2019), is calculated as:

Qrefreezing = CiM (27315 - Tsnow) (Al 1)

in which T, .., is the temperature of the snow layer where the process takes place. Refreezing can occur anywhere among the
snow layers, unlike melt, which happens only at the top.
The resulting amount of water from processes of rain, melt, and refreezing that leaves the bottom layer is considered as

runoff:

a7n7“unoff
ot

= Myain + Mmelt — Mrefreezing = 0 (A12)
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Sublimation/Evaporation, depending on the humidity of the air, is converted from the turbulent latent heat flux to mass

830 as:

A~

a777‘sub QLH
_ Al
UL 7% £ 278 (A13)

Positive values indicate sublimation/evaporation happens, subtracting mass from SMB. On the contrary, deposition/condensation
occurs, adding mass to SMB,

Appendix B: Evaluation metrics for BESSI-MAR and ITM-MAR with MAR as climate forcin

835 The goodness-of-fit metrics used to evaluate BESSIperformanee-behaviors of BESSI-MAR and ITM-MAR for the present-day
climate condition are presented in the following. The coefficient of determination R? is calculated as:

S (Xppssr, — Xnar)? Yor (Xeesst, — XmAr;)?

R2 =1- n ~ n =
Yo (Xarar, — Xnar)? Y00 (Xmar, — Xmar)?

(BI)

in which (Xpgrssr, — Xamar,) is the difference between the climatological annual mean value of the same variable of twe
models-BESSI-MAR and MAR for the grid cell 4. X ;4 indicates the spatial mean value of MAR of 43-year-mean result.
840 The Root Mean Squared Errors (RMSE) is defined as:

n

1
MSE =, |— X =X )2 B2
RMS - > (XBessi, — Xuar,) (B2)

Here, n is the total number of the grid points of each ice sheet domain: 7,667-665 for GrlS and 11,217 for AIS, which is also
the case for Eq.A4+-B1. The same equations are applied to ITM-MAR.

845 NRMSE =

OMAR

Appendix C: Additional-plets

Bl ITM withe=-40 Wm?

Appendix C: Bias correction procedure for iLOVECLIM
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Figure C1. ComparisonMean values of ¥FM-bias correction factors of
bias-eorreeted-ILOVECLIM in

for ta)-Greenlandand-(b)-Antaretica.

respect to ERAS

C1 Bias correction method for iLOVECLIM

TFe-investigate the influence of bias-correeted-the climate biases in iLOVECLIM on BESSI “s-performaneeand ITM behaviors,
we use the delta method to correct the-bias-inEOVECEIM-by-using-these biases with ERAS (Mufioz-Sabater et al., 2021), a

reanalysis climate data, as reference.
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Input for BESSI includes near-surface temperature, precipitation, surface pressures, humidity, and short-/long-wave radiation

in daily time stepsstep. For temperature, the bias-corrected data is obtained as follows:

Tirc = Tive + (Trras — Tizc) (C1)
in which, Tz-'LC is the bias-corrected daily temperature of iILOVECLIM, T;1¢ is the origin daily output of :LOVECLIM,
(TeErAs — T;Lc) is the differences in the daily climatological mean temperature of the period 1979-2021 between ERAS and
iILOVECLIM.

For other input variables, the bias correction is carried out as:

, Xpnas X
X0 = Xiper ERA5 XERAS5 )
Xire Xirc

in which, X ; 1. 1s the bias-corrected daily data of ILOVECLIM, X ¢ is the origin daily output of [LOVECLIM, X g5 and

X, 1c 1s the daily climatological mean data of the period 1979-2021 correspondent to the reference (ERAS) and i{LOVECLIM.

. oo X 5 .
In order to avoid extreme value, we set a threshold for the ratio );LALAO to be in the range 0.1 -10:0--

onstant-with me.-werun qs OFFe o y v ha with-the-same A< o

factors-obtained-from-present-day-simulations—Theresultsto 10.0. For relative humidity, the range is set to 0.15 to 1.0. These
bias correction factors are presented in Fig. Bl-(also-in-Supplemen ary-Fig—S5)—Compared-to-the pre-industrial-simulation
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Figure C2. Mean values of bias correction factors of iILOVECLIM respect to ERAS for Antarctica.
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