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Abstract The Arctic is warming rapidly, significantly reducing the Greenland ice sheet (GrIS) surface mass
balance (SMB) and raising its contribution to global sea-level rise. Since these trends are expected to continue, it
is essential to explore the GrIS SMB response to projected climate warming. We compare projections from three
polar regional climate models, RACMO, MAR, and HIRHAM, forced by the Community Earth System Model
CESM2 under a high-end warming scenario (SSP5-8.5, 1970-2099). We reveal different modeled SMB by
2100, including a twofold larger annual surface mass loss in MAR (—1735 Gt/yr) and HIRHAM (—1698 Gt/yr)
relative to RACMO (—964 Gt/yr). Discrepancies primarily stem from differences in projected runoff, triggering
melt-albedo positive feedback and subsequent modeled ablation zone expansion. In addition, we find different
responses of modeled meltwater production to similar atmospheric warming. Our analysis suggests clear
avenues for model developments to further improve SMB projections and contribution to sea-level rise.

Plain Language Summary We explore how three different polar climate models predict the future
surface mass balance (SMB) of the Greenland ice sheet (GrIS), a major contributor to global sea-level rise. Our
results show that SMB projections among these models differ significantly by the end of the century.
Differences primarily stem from how models convert meltwater into surface runoff toward the ocean, a crucial
SMB component that directly contributes to sea-level rise. Another key factor is the response of these models to
climate warming, substantially affecting future melting rates. Our research highlights the need for further
improvements of these climate models. By identifying and understanding the drivers behind model differences,
we can improve SMB predictions and better estimate future global sea-level rise.

1. Introduction

Mass loss of the Greenland ice sheet (GrIS) currently contributes 25% (or 0.6 mm/yr, 2013-2017) to global mean
sea-level rise (SLR) (Goelzer et al., 2020; IMBIE, 2019). Completely melted, the GrIS would raise global sea-
level by over 7 m (Morlighem et al., 2017). Decreased GrIS Surface Mass Balance (SMB) contributes about
50% of mass loss (IMBIE, 2019), a rate that is projected to increase in the future (Nowicki et al., 2016). Under
high greenhouse gas emissions pathways (SSP5-8.5), projections estimate a SLR of up to 1 m by 2100
(IPCC, 2023), with the current imbalance already implies a 27 cm SLR from the GrIS (Box et al., 2022).

GrIS mass loss is about equally distributed between increased solid ice discharge from calving icebergs, and
increased surface mass loss from runoff (Goelzer et al., 2020). GrIS SMB, that is, the difference between surface
accumulation from snowfall and ablation from runoff, has significantly decreased in recent decades (Noé&l
et al., 2021). Warm summers in 2012 and 2019 have triggered record melt events at the highest altitudes of the
GrlS (Hanna et al., 2021; Tedesco et al., 2020). The associated enhanced runoff has contributed to increase ice
mass loss in Greenland (Bevis et al., 2019). The regional response of surface melt to atmospheric warming, such
as variations in surface albedo in southwestern Greenland, introduces challenges in projecting GrIS SMB and
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future SLR contributions (Bevis et al., 2019), which are further compounded by the disproportionate effects of
short-term atmospheric variability on ice-sheet SMB (Hanna et al., 2024).

In this context, the Ice Sheet Model Intercomparison Project aims at improving future SLR contributions from the
Greenland and Antarctic ice sheets using an ensemble of ice sheet model mass loss projections. The last iteration,
ISMIP6 (Nowicki et al., 2016), produced projections of Greenland's contribution to SLR based on SMB
downscaling of only one polar Regional Climate Model (RCM), namely MAR (Goelzer et al., 2020). Various
studies employing RCMs such as MAR, RACMO, and HIRHAM have been conducted separately to explore
Greenland's future climate scenarios (Hofer et al., 2020; Mottram et al., 2017; Noél et al., 2021, 2022), examining
the sensitivity of these models to different emission scenarios and forcings from large-scale Earth System Models
(ESMs), and highlighting the significant discrepancies in GrIS SMB projections arising from the climate forcing
itself.

The GrSMBMIP intercomparison exercise conducted by Fettweis et al. (2020), ensuring consistency in data
forcing and output grid, found a general agreement on contemporary SMB estimates (1980-2012) among the
models MAR, RACMO, and HIRHAM, using reanalysis data. Following the same approach, we compare the
three RCMs used to dynamically downscale climate projections from CESM?2 under a high-end warming scenario
(SSP5-8.5) until 2,100. Through this comparison exercise, we aim at highlighting model differences and suggest
improvements to refine future SLR projections.

2. Data and Methods
2.1. Polar-Oriented Regional Climate Models

Polar RCMs forced by ESMs dynamically downscale atmospheric conditions to finer resolution, by incorporating
more detailed or regionally relevant physics. In this study, we use CESM2 (Danabasoglu et al., 2020), a model
developed by the National Center for Atmospheric Research (NCAR), part of the Coupled Model Intercom-
parison Project (CMIP), Phase 6. CESM2 is one of the first CIMP6 ESMs to provide 6-hourly forcing data,
required for RCMs. CESM2 integrates various components of the Earth's climate system including the atmo-
sphere, oceans, land ice and sea ice, and their interactions on a nominal 1° horizontal resolution (Gettelman et al.,
2019). The model was run for the period 1970-2100 under the high emission Shared Socio-Economic Pathways
(SSP5-8.5), that is, with an additional radiative forcing of 8.5 W/m?* by the year 2100 compared to the pre-
industrial period. SSP5-8.5 was selected to explore model sensitivity to extreme warming conditions. The
forcing data of the three RCMs include temperature, specific humidity, pressure, wind speed, and direction,
prescribed at the lateral boundaries for each of the vertical atmospheric hybrid levels of the RCMs. Sea Surface
Temperature (SST) and Sea Ice Concentration (SIC) from CESM2 are also prescribed for the three RCMs. These
RCMs have a fixed ice sheet geometry, excluding melt-elevation feedback and the impact of topography changes
on atmospheric circulation and precipitation. Noél et al. (2020) and van Kampenhout et al. (2020) shows that
RACMO-CESM2 yields realistic SMB in the historical period 1950-2014 compared to ERA-forced RACMO,
GRACE, and in situ SMB observations.

2.1.1. RACMO

The Regional Atmospheric Climate Model - RACMO 2.3p2 is a regional climate model for future applications
over the GrlS run at 11 km horizontal resolution (Nogl et al., 2020, 2021, 2022). RACMO integrates the
dynamical core of the High-Resolution Limited Area Model (HIRLAM) and the physics package from the
ECMWEF Integrated Forecast System (ECMWEF-IES), cY33rl. RACMO includes 40 active snow layers that are
initialized using estimates of temperature and density profiles derived from the IMAU Firn Densification Model
(IMAU-FDM) (Ligtenberg et al., 2011). These profiles are obtained by repeatedly running IMAU-FDM over
1960-1980 until the full firn layer is refreshed. RACMO also includes a snow module simulating melt, retention,
refreezing, and runoff (Ettema et al., 2010). In the present version, snow albedo is simulated based on snow
impurities, zenith angle, and metamorphism (Kuipers Munneke, 2011). Baer ice albedo is derived from a MODIS
albedo product, estimated as the 5% lowest values measured annually, averaged over 2000-2015. The model uses
topography from the GIMP DEM (Howat et al., 2014) at 90 m, down-sampled to 11 km. Further resampling of
RACMO outputs to the ISMIP6 1-km common grid follows a statistical downscaling approach that includes
elevation bias correction of SMB estimates (Noel et al., 2016). Additional setup details for RACMO and other
RCMs are provided in Supporting Information S1 (Table S1).
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2.1.2. MAR

The Modele Atmosphérique Régional - MARvV3.12 (Hofer et al., 2020; Lambin et al., 2023) is a RCM widely used
in polar research, here run at a horizontal resolution of 15 km. It is built on the hydrostatic approximation of the
primitive equations (Gallée & Schayes, 1994) and incorporates a microphysics module from Gallee, 1995. The
model includes a radiative transfer scheme akin to the ECMWF ERA-40 reanalysis (Morcrette, 2002) and the
SISVAT (Soil Ice Snow Vegetation Atmosphere Transfer) module, modeling water mass and energy exchanges
between the atmosphere and the surface (De Ridder & Gallée, 1998). The model also includes a detailed snow
module based on the CROCUS model (Brun et al., 1992; Lefebre et al., 2005), representing 30 layers of snow
metamorphism, with variable vertical depth. MAR dynamically calculates surface albedo, adjusting for snow
properties and cloud presence (Tedesco et al., 2016). Over baer ice, MAR albedo remains constant at 0.55 across
the GrIS ablation zone (with slight variation due to temporal snow). MAR utilizes the ArcticDEM data product
(Porter et al., 2018) for base topography. The resampling to the 1-km common grid utilizes topographic cor-
rections of SMB biases (Franco et al., 2012).

2.1.3. HIRHAM

HIRHAMS (contraction of HIRLAM and ECHAM models) is a hydrostatic RCM specifically optimized to
represent ice sheet surface processes at high resolution of 5 km (Christensen et al., 2007; Mottram et al., 2017). It
is developed based on the physics scheme of the ECMWF Hamburg Atmospheric Model - ECHAMS global
climate model (Roeckner et al., 2003) and the numerical weather forecast model HIRLAM7 (Eerola, 2006). The
outputs from HIRHAMS are used to force an offline subsurface model, based on ECHAMS physics (Roeckner
et al., 2003) incorporating updates to an advanced albedo scheme. HIRHAMS includes 32 dynamic subsurface
snow layers, updated through processes such as snowfall, melt, retention of liquid water, refreezing, runoff,
sublimation, and rain (Langen et al., 2015). Consequently, the subsurface model is driven by inputs of snowfall,
rainfall, evaporation, sublimation, and surface energy fluxes from HIRHAMS. Following the approach outlined
by Langen et al. (2015), the shortwave albedo is internally computed, employing snow albedo ranging from 0.85
below —5°C to 0.65 at 0°C for the upper-level temperature. The albedo for baer ice remains constant at 0.4.
Additionally, a transition albedo is determined for thin snow layers on ice, utilizing the method proposed by
Oerlemans and Knap (1998). HIRHAM uses the DEM from Bamber et al. (2001) for base topography, utilized for
resampling HIRHAM products to the 1-km common grid.

2.2. Methodology

GrIS mass change is closely linked to its SMB, defined as the net balance at the surface between mass gains from
precipitation and losses mainly due to runoff. Despite their minor contribution, SMB calculation also accounts for
sublimation, deposition, and drifting snow erosion:

SMB = RF + SF — RU — SU + DE (1)

In this equation, Rainfall (RF) and Snowfall (SF) represent liquid and solid precipitation terms, respectively.
Runoff (RU) is the liquid water flowing toward the ocean, Sublimation (SU) is the phase transition from ice to
vapor, and Deposition (DE) refers to the net accumulation of airborne particles minus erosion. Runoff is estimated
within each model snow module as:

Runoff = Melt + Condensation — Retention — Refreeze 2)

The first two terms account for the liquid water filling the snowpack pore space. The last two terms account for the
water maintained within the porous regions of the snow by capillary forces, while refreezing represents the
transition from liquid water to solid water. In these numerical models, the vertical transport of meltwater in the
snowpack follows a bucket model: a saturated gridcell transfers the water downwards (percolation), filling the
underlying gridcell. Excess water in the bottom layer is converted into runoff. The presence of ice lenses in
intermediary layers can modify the percolation scheme (MAR partially converts meltwater to runoff, while
RACMO does not—see Table S1 in Supporting Information S1). The maximum snowpack retention capacity
retained by capillarity is parametrized by the irreducible water saturation index (IWS), that typically ranges from
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2% to 15% across the ice sheet (Coléou & Lesaffre, 1998). Melt production is driven by the ice sheet surface
energy balance (SEB) as:

SEB = SWD + SWU + LWD + LWU + SHF + LHF + GHF 3)

With SWD and SWU being the shortwave downwards and upwards radiations, LWD and LWU the longwave
downwards and upwards radiations, SHF the sensible heat flux, LHF the latent heat flux, and GHF the conductive
ground heat flux from underground layers to the surface snow layers. A positive sign represents energy added to
the surface.

To ensure a meaningful comparison, major model outputs are reprojected onto a common 1 km grid based on the
ISMIP6 effort (Goelzer et al., 2020), including peripheral glaciers and ice caps. The resampling of RCM outputs
follows model-specific topographic corrections of SMB components: Noél et al. (2016) for RACMO outputs,
Franco et al. (2012) for MAR and HIRHAM outputs.

3. Results, or a Descriptive Heading About the Results

Figure 1 presents the GrIS SMB for the period 2080-2099 (Figures la—1c) and anomalies (Figures 1d-1f) as
modeled by RACMO, MAR, and HIRHAM, respectively. In this section, anomalies are always computed with
respect to 1980-1999.

Although forced by the same 6-hourly input from CESM2, we find large discrepancies between models by 2080—
2099. SMB in RACMO (Figure 1a) is generally higher than in MAR (Figure 1b) and HIRHAM (Figure 1c), with a
larger inland accumulation (SMB >0) zone and subsequently smaller ablation zone (SMB <0). In the period
2080-2099, the fraction of the ice sheet being in the ablation zone significantly differs between the three models,
with 47% in RACMO, 70% in MAR, and 87% in HIRHAM. Unlike RACMO and MAR, HIRHAM shows almost
no accumulation zone by the end of the century (Figure 1c).

The SMB anomaly maps (Figures 1d-1f) reveal substantial reductions in SMB, particularly around the periphery
of the ice sheet. The pattern of these anomalies varies significantly between models. While all models show a
progressive increase in the magnitude of SMB anomalies toward the GrIS margins, the transition is steeper for
MAR and HIRHAM compared to RACMO, notably toward the southeastern and western margins where
anomalies can exceed 10 m water equivalent (WE) per year.

Figure 2 represents modeled SMB component anomalies, including SMB (Figure 2a), total precipitation
(snowfall and rainfall, PP, Figure 2b), and runoff (RU, Figure 2c) for the period 1970-2099 for the three models.
For further details, Figures S1 and S2 in Supporting Information S1 show SMB and runoff projections for the
period 1970-2100 for six Greenland basins as utilized in Fettweis et al., 2020.

SMB anomalies indicate a decline in all three models toward the end of the century (Figure 2a). By 2099,
RACMO, MAR, and HIRHAM project SMB anomalies of —1,331 Gt/yr, —2,105 Gt/yr, and —1,895 Gt/yr,
respectively, highlighting pronounced model variability. Notably, MAR shows the largest SMB decline. The
increasingly negative SMB values toward the end of the century reflect the accelerating rate of mass loss.

Figure 2b illustrates precipitation anomalies, indicating increasing precipitation over time. By 2100, all models
simulate precipitation anomalies of approximately 200-250 Gt/year, indicating a similar trend among the models.

Runoff anomalies significantly increase by the end of the century (Figure 2c), reaching 1,560 Gt/year for
RACMO, 2,313 Gt/year for MAR, and 2,144 Gt/year for HIRHAM. The precipitation increase is insufficient to
counterbalance the enhanced surface mass loss from runoff. The relatively small increase in precipitation
anomalies suggest that changes in precipitation have a marginal effect on SMB anomalies, which are dominated
by a significant increase in runoff.

Figure 3 illustrates the ratio of meltwater that runs off to the ocean by the end of the century (2080-2099) for the
RACMO, MAR, and HIRHAM models.

In the ablation zone (Figure 3), meltwater production approximately equals runoff, assuming that rainfall has a
lower magnitude contribution to the total liquid water content. Figure 3 is a clear indicator of the refreezing
fraction, that is, the fraction of total liquid water content that does not run off. It also highlights differences in the
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Figure 1. GrIS annual surface mass balance (a, b, ¢, 2080-2099 average) and annual surface mass balance anomaly (d, e, f, 2080-2099 average relative to 1980-1999)
[mm WE/yr]. From left to right, RACMO (a and d), MAR (b and e), and HIRHAM (c and f). The equilibrium line (SMB = 0) is displayed as a solid black line in (d-f).

firn models used by each climate model, including porosity, retention capacities, and saturation levels, as dis-
cussed later.

Figure 4 illustrates the sensitivity of modeled surface melt (Figure 4a), liquid precipitation (Figure 4b), and runoff
(Figure 4c) to 2-m temperature anomalies. Meltwater is by far the primary contributor to the total liquid water
content within the snowpack, driving runoff and mass loss of the GrlIS (Figure 4a). The models have different
sensitivities to temperature anomalies. At lower temperatures, RACMO produces more melt, but as temperature
anomalies rise, MAR and HIRHAM generate significantly more meltwater. At +8°C anomalies, the differences
between the models become more pronounced, with MAR producing up to 25% more meltwater, eventually
contributing to significant runoff fluxes (2,889 Gt/yr for 2090-2099, compared to 2,323 Gt/yr for RACMO).
Figure 4b shows that liquid precipitation (rainfall) increases linearly with temperature anomalies, but the absolute
variations between models are negligible compared to meltwater production.

To explain the large melt differences among models, Figure S3 (Supporting Information S1) shows the evolution
of major surface energy balance components (Equation 3) for the Greenland ice sheet during summer months
(June-July-August) from 1970 to 2100. By the end of the century, MAR surface energy balance is 8 W/m? higher
on average than RACMO, explaining the higher meltwater production in MAR.
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Figure 2. Spatially aggregated annual GrIS SMB anomalies (a), total precipitation (PP, b), and runoff (RU, ¢) [Gt/yr]. The solid lines represent the anomalies using a 5-
year moving average, while the transparent lines display the unfiltered model output.

The increasing runoff following atmospheric warming (Figure 4c) strongly correlates with the increasing melt-
water production (Figure 4a), with centered R? between these two variables of 0.98, 0.99, and 0.99 (RACMO,
MAR, and HIRHAM, respectively). Comparing melt and subsequent runoff provides information on firn

retention capacities at higher temperatures. While RACMO's firn model retains a significant portion of the

meltwater within the snowpack (18% of firn refreezing and retention capacity at the end of the century), HIR-
HAM's firn model tends to convert more melt directly into runoff (only 6% of firn refreezing capacity).

Figure 5 summarizes the relationships between SMB, runoff, ablation zone fraction, and temperature anomalies
for the RACMO, MAR, and HIRHAM models. As runoff increases, SMB decreases consistently (R*> > 0.95),

1.0

0.8

S
=)

r0.2

o
'S
RU over ME ratio [-]

[ na

Figure 3. Fraction of meltwater running off from the GrIS by the end of the century (2080-2099), as modeled by (a) RACMO, (b) MAR, and (c) HIRHAM. The map
extent is limited to the ablation zone (delimited by the equilibrium line, in yellow) considering the lower melt amount in the accumulation zone, and consequently noisy
ratio values (numerical artifacts).
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Figure 4. Melt (a), liquid precipitation (b), and runoff (c) sensitivity to 2-m temperature anomalies for RACMO, MAR, and HIRHAM. Each cross in the scatterplot
represents one specific year for a given model (averaged RCM temperature anomaly, and summed y-axis value). Dashed lines represent first-order (b) and second-order
polynomials (a and c).

following Equation 1 (Figure 5a). MAR and HIRHAM exhibit lower SMB values and higher runoff rates
compared to RACMO, which shows a narrower range of SMB and runoff values.

As runoff increases, the ablation zone expands, expressed as a fraction of the total ice sheet area (Figure 5b).
These results align with findings by Ryan et al. (2019) and Noél et al. (2019), highlighting the strong inter-
connection between ablation zone dynamics and runoff (R* > 0.97). The trend lines show different slopes for each
model, indicating varying sensitivities. As shown in Figure 1, the ablation zone by the end of the century in
RACMO is lower compared to MAR and HIRHAM (47% vs. 70% vs. 87%, respectively).

These results illustrate that the extent of the ablation zone is correlated with temperature anomalies (Figure 5c).
As temperatures increase, runoff increases and the ablation zone expands, leading to a larger area deprived of firn,
exposing dark baer ice at the surface. Lower albedo in the ablation zone triggers a positive melt-albedo feedback,
thus enhancing surface runoff and further increasing the ablation zone extent. Increased temperatures also lead to
more rainfall and melt over the current snowpack, depleting firn pore space and reducing retention, in turn
enhancing runoff higher inland. Finally, given that mass gain from precipitation plays a secondary role on SMB
change (Figure 2), enhanced surface runoff dominates the projected SMB decline.

4. Discussions

The primary source of the different GrIS SMB projections among RACMO, MAR, and HIRHAM, is the runoff
component. The faster expansion of the ablation zone in MAR and HIRHAM (70% and 86% of the ice sheet area,

100

3000 b) X
500
2500 80
0 £
]
- 2000 £ 40
2 =500 5 ©
-~ = S
= 0 =
= = 1500 o
> ~1000 2 z
7 54} 3 40
=}
1000 5
S
—1500 =
20
x
il 500
-2000 <
0 0
500 1000 1500 2000 2500 3000 0 20 40 60 80 100 -2 0 2 4 6 8
RU [Gt/yr] Fraction of Ablation [%] Temperature Anomaly

Figure 5. Relationships between Surface Mass Balance (SMB), runoff (RU), ablation zone extent (%), and temperature anomalies for the RACMO, MAR, and HIRHAM
models. (a) Relationship between SMB and RU. (b) Relationship between RU and ablation zone extent (% of total GrIS area). (c) Expansion of the ablation zone extent
with temperature anomalies. Each cross in the scatterplot represents 1 year for a model. Dashed lines represent trend lines.
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respectively, over 2090-2099) compared to RACMO (47%) contributes to discrepancies in runoff projections.
These discrepancies are influenced by the models' different sensitivities to atmospheric warming, affecting
meltwater production and subsequent runoff. MAR and HIRHAM predict substantially higher meltwater pro-
duction at increased temperature anomalies compared to RACMO, demonstrating a stronger non-linear response
to warming. This higher sensitivity results in greater runoff in MAR and HIRHAM, amplifying the differences in
SMB projections in the long run. In addition, the spatial distribution of mass loss varies between models (see
Figure 1), which can have implications for the dynamic responses of the ice sheet, particularly if coupled with ice
sheet models (Delhasse et al., 2024).

The presented numerical models, RACMO, MAR, and HIRHAM, each have their limitations, such as baer ice
albedo prescription, firn model parameterization, and fixed ice sheet geometry. First, RACMO uses a fixed
MODIS-based product for albedo over baer ice, whereas MAR and HIRHAM employ fixed predefined values.
These albedo values can be quite different compared to observed albedo maps from satellite observations
(Antwerpen et al., 2022), and are subject to future change as the baer ice area increases. Second, the different
firn models used in the three climate models also impact runoff production, notably in the low percolation zone.
As described in Section 2, the IWS threshold, that is, the maximum proportion of pore volume filled with water
retained within the snowpack, varies among the models. MAR and HIRHAM have an IWS of 7%, while
RACMO uses a value of 2%. In addition, the number of layers and the maximum depth of the numerical
snowpack are different. All these parameters influence the retention of liquid water in the snowpack, affecting
the amount of runoff. A higher IWS leads to increased runoff as it increases snow density, lowers albedo,
increases melt and subsequently runoff (Brajkovic et al., 2023). Although a larger IWS provides more potential
for refreezing, the resultant effects on the energy balance outweigh it. Third, the models' fixed ice sheet ge-
ometry has its limitations, including the exclusion of melt-elevation feedback, where increased surface tem-
perature due to reduced surface height enhances melt, although this effect is limited over a one-century
timescale. Addressing these limitations through model improvements and incorporating dynamic processes is
essential for improving future projections.

5. Conclusions

This study highlights significant differences in SMB projections among three RCMs (RACMO, MAR, and
HIRHAM) when forced by CESM2 under the high-end SSP5-8.5 scenario (—964, —1735, and —1698 Gt per year,
respectively, for 2080-2099). The primary drivers of these discrepancies are differences in projected meltwater
and associated runoff (1912, 2648, and 2651 Gt per year, respectively, for 2080-2099), influenced by varying
sensitivities to atmospheric warming. Accurate SMB projections are crucial for understanding the GrIS contri-
bution to global sea-level rise, and the differences identified underscore the need for improved model repre-
sentations of meltwater production, refreezing processes, and surface albedo changes. This can be made possible
by developing common frameworks for intercomparison exercises (Coupled Model Intercomparison Project -
CMIP initiatives, such as Nowicki et al., 2016). This includes addressing parametric uncertainties, such as, but not
limited to, the IWS threshold and albedo schemes. Coordinated efforts in future Ice Sheet Model Intercomparison
Projects (e.g., ISMIP7) are essential to capture a range of potential future scenarios. Despite these differences, all
models indicate a trend toward increased melt and runoff, suggesting a consistent direction in projected GrIS mass
loss. By incorporating multiple RCMs in IPCC assessments and by including improved Greenland climate
forcings, these projections can be made more robust and reliable, thus enhancing our understanding of the GrIS
contribution to global sea-level rise.
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