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Abstract. Current climate warming is accelerating mass loss from glaciers and ice sheets. In Greenland, the rates 11 

of mass changes are now dominated by changes in surface mass balance (SMB) due to increased surface melting. 12 

To improve the future sea-level rise projections, it is therefore critical to have an accurate estimate of the SMB, 13 

which depends on the representation of the processes occurring within the snowpack. The snow scheme (ES) 14 

implemented in the land surface model ORCHIDEE has not yet been adapted to ice-covered areas. Here, we 15 

present the preliminary developments we made to apply the ES model to glaciers and ice sheets. Our analysis 16 

mainly concerns the model’s ability to represent ablation-related processes. At the regional scale, our results are 17 

compared to the MAR regional atmospheric model outputs and to MODIS albedo retrievals.  18 

Using different albedo parameterizations, we performed offline ES simulations forced by the MAR model over 19 

the 2000-2019 period. Our results reveal a strong sensitivity of the modeled SMB components to the albedo 20 

parameterization. Results inferred with albedo parameters obtained with a manual tuning approach present a very 21 

good agreement with the MAR outputs. Conversely, with the albedo parameterization used in the standard 22 

ORCHIDEE version, runoff and sublimation were underestimated. We also tested parameters found from a 23 

previous data assimilation experiment calibrating the ablation processes using MODIS snow albedo. While these 24 

parameters greatly improve the modelled albedo over the entire ice sheet, they degrade the other model outputs 25 

compared to those obtained with the manually-tuned approach. This is likely due to the model overfitting to the 26 

calibration albedo dataset without any constraint applied to the other processes controlling the state of the 27 

snowpack. This underlines the need for performing a “multi-objective” optimisation using auxiliary observations 28 

related to snowpack internal processes. Although there is still room for further improvements, the developments 29 

reported in the present study constitute an important advance in assessing the Greenland SMB with possible 30 

extension to mountain glaciers or the Antarctic ice sheet. 31 

1. Introduction 32 

Satellite observations reveal that the Greenland ice sheet (GrIS) has been losing mass for at least three decades. 33 

Between 1992 and 2018, the net ice mass loss was estimated at 3800 ± 339 Gt, corresponding to a rise in global 34 

mean sea level of 10.6 ± 0.9 mm (The IMBIE team, 2020). Mass loss is driven by dynamic solid ice discharges 35 

(Enderlin et al., 2014) and by enhanced surface meltwater and runoff (Ryan et al., 2019). Over the 2000-2008 36 

period, the GrIS mass loss was equally partitioned between surface and dynamic processes (van den Broeke et al., 37 
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2009). However, recent studies based on regional climate models and remote sensing observations (van den 38 

Broeke, 2016; Ryan et al., 2019; The IMBIE Team, 2020, Fox-Kemper et al., 2021) show that rates of mass change 39 

are now dominated by changes in surface mass balance (SMB), defined as the difference between mass gains (solid 40 

and liquid precipitation) and surface ablation processes (runoff, sublimation and snow erosion). 41 

Besides directly impacting the global mean sea level, the GrIS is also an integral part of the Earth System (Fyke 42 

et al., 2018). As such, it is highly sensitive to climate change and in turn, has a strong influence on global climate, 43 

notably by releasing fresh water into the ocean, which leads to changes in the Atlantic meridional overturning 44 

circulation (Bakker et al., 2016; Martin et al., 2022). Surface melting may also induce changes in the local climate 45 

through the temperature-elevation feedback (Edwards et al., 2014; Sellevod et al., 2019) and the albedo effect 46 

(Box et al., 2012; Helsen et al., 2017; Riihelä et al., 2019). Finally, changes in topography produce modifications 47 

of the local and large-scale atmospheric circulations (Ridley et al., 2005; Hahn et al., 2020).  48 

To capture these feedbacks and to reduce the uncertainties in sea-level and climate projections, a key objective of 49 

the climate-ice sheet modelling community is to incorporate ice-sheet models in Earth System Models (ESMs) 50 

(Vizcaino, 2014). Such coupled climate-ice sheet models have mainly been developed with low resolution climate 51 

models designed for long-term integrations (Kageyama et al., 2004; Charbit et al., 2005; Vizcaino et al., 2010; 52 

Roche et al., 2014). So far, only a few groups have met this goal with CMIP-like models (Vizcaino et al., 2013; 53 

Muntjewerf et al., 2020; Smith et al., 2021). A key challenge in developing such models relates to the realistic 54 

computation of SMB used as a forcing field of the ice-sheet models. 55 

SMB is highly dependent on the radiative properties of snow and on the physical processes occurring within the 56 

snowpack (Helsen et al., 2017). At the surface, snow cover evolves as a function of the surface energy balance and 57 

mass exchanges with the atmosphere. In cold regions, snow melt is largely driven by shortwave radiation: Because 58 

of the high albedo value of fresh snow (0.80 – 0.90), a large fraction of shortwave radiation is reflected to the 59 

atmosphere, limiting the energy available at the surface for melting. Therefore, snow evolution is strongly 60 

dependent on the albedo. The value of snow albedo decreases when snow is ageing (i.e., in the absence of a new 61 

snowfall event), and with the snow metamorphism and liquid water content at the ice sheet’s surface coming either 62 

from rainfall or from snow/ice melting. Surface water may also percolate and refreeze inside the snowpack, thereby 63 

delaying the runoff. The transformation of snow into ice depends on environmental conditions (e.g., winds, near-64 

surface temperatures) and internal processes within the snowpack (e.g., heat conduction and vertical temperature 65 

gradient, compaction), which directly influence the grain microstructure and the snow density. All these processes 66 

affect the SMB of the ice sheet.  67 

There are several ways to compute the SMB. Empirical approaches such as the positive degree-day method (Reeh, 68 

1991) have long been used to compute snow and ice melting from downscaled near-surface temperatures. This 69 

kind of approach requires little computational resources and has often been applied for past and future long-term 70 

integrations (Charbit et al., 2008; 2013; Bonelli et al., 2009; Vizcaino et al., 2010). However, such methods have 71 

been calibrated against the present state of the GrIS, raising the question as to whether they can be applied in a 72 

different climatic context from the present-day one knowing that ablation is projected to increase (van de Wal, 73 

1996; Bougamont et al., 2007). Moreover, they are not physically-based and cannot reproduce the diversity of 74 

snow processes that directly influence the SMB. Snow models implemented in general circulation models have 75 

long been based on simplified physics. They are mainly designed to resolve the seasonal and diurnal variations of 76 

heat fluxes, but with no representation of internal processes (Armstrong and Brun, 2008). By contrast, regional 77 
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climate models developed for polar regions generally incorporate multiple-layer energy balance snow models with 78 

a fine vertical resolution (e.g., Brun et al., 1992; Lefebre et al., 2003; Vionnet et al., 2012; Noël et al., 2018) and 79 

with detailed snow physics to simulate a variety of snowpack processes. However, due to their high computational 80 

cost, they are not used in ESMs, despite a few rare attempts (Punge et al., 2012). An alternative approach consists 81 

in implementing snow models of intermediate complexity in the land surface components of ESMs (Boone and 82 

Etchevers, 2001; Dutra et al., 2010; Wang et al., 2013; Cullather et al., 2014; Decharme et al., 2016; Born et al., 83 

2019). These models have a limited number of layers and are based on simplified representations of the main 84 

processes affecting the SMB changes, but usually do not have any explicit representation of snow metamorphism. 85 

However, they offer a good compromise between models of high complexity and simplified approaches or bulk-86 

layer models for coupling with atmospheric models.  87 

The snow module Explicit Snow (referred hereafter to as ES) implemented in the land surface model ORCHIDEE 88 

(Organising Carbon and Hydrology In Dynamic Ecosystems; Krinner et al., 2005; Chéruy et al., 2020) of the 89 

IPSL-CM ESM (Boucher et al., 2020) belongs to this third class of snow models. It has been successfully evaluated 90 

against observations in Col de Porte (French Alps) and in various sites of Northern Eurasia (Wang et al., 2013). 91 

However, it has not yet been adapted to ice-covered areas. As a result, glaciers are considered as bare soils in the 92 

current ORCHIDEE version, and over ice sheets, snow is handled with the atmospheric component of IPSL-CM 93 

in a very simplistic way. Recently, we made new developments to apply the ES model to glaciers and ice sheets, 94 

with a special focus on the GrIS. These developments meet two objectives. The first one is to treat snow-related 95 

processes in IPSL-CM in a more consistent way for all surface types. The second one is to compute the SMB, 96 

taking the main processes occurring within the snowpack into account. These developments also constitute a 97 

preliminary step for the subsequent use of the computed SMB as an interface between IPSL-CM and ice-sheet 98 

models. In the following, we will refer to ORCHIDEE-ICE to deal with the version of ORCHIDEE that includes 99 

these new developments, and to ORCHIDEE to deal with the former version of the model.  100 

In this study, we evaluate the computation of SMB (and its components) in the ES model. As SMB is strongly 101 

dependent on the albedo, we also examine its sensitivity to various albedo parameterizations. To achieve this, we 102 

performed offline ORCHIDEE-ICE simulations and compared our results against model outputs from the polar-103 

oriented regional atmospheric model MARv3.11.4 (Modèle Atmosphérique Régional, Fettweis et al., 2017) and 104 

the MODIS (MODerate resolution Imaging Spectroradiometer, Hall et al., 1995; Hall and Riggs, 2016) surface 105 

albedo retrievals. The paper is organized as follows. In Section 2, we provide an extensive description of the main 106 

characteristics of the original ES model as well as changes that occurred since its early publication (Wang et al., 107 

2013). The new developments made for applying ES to the GrIS are also presented in this section. Section 3 108 

describes the experimental setup and Section 4 provides a brief overview of the different datasets used for 109 

evaluation. The results are presented in Sections 5 and 6 and discussed in Section 7. 110 

2. Model description 111 

2.1 Snow processes in the current ORCHIDEE-AR6 model 112 

ORCHIDEE is the land surface component of IPSL-CM Earth System Model (Boucher et al., 2020; Chéruy et al., 113 

2020) mainly developed at the French Institute Pierre Simon Laplace (IPSL). It computes both the water and 114 

energy exchanges (SECHIBA module) between land surfaces and the atmosphere at a half-hourly time step and 115 
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includes carbon-related processes (STOMATE module). Within a given grid cell, land cover is represented as 116 

fractions of bare soils and vegetated areas described in terms of plant functional types (PFTs). The snow-vegetation 117 

interactions are not explicitly represented and snow is evenly distributed among the various PFTs. Soil types are 118 

prescribed according to the USDA soil texture maps (Reynolds et al., 2000). The ORCHIDEE model can be run 119 

in off-line mode, driven by atmospheric fields, or coupled with an atmospheric model. In the former ORCHIDEE 120 

version used for CMIP5 (Taylor et al., 2012), the snow scheme over glaciated surfaces was based on the bulk 121 

approach proposed by Chalita and Le Treut (1994). It consisted of a composite soil-snow model accounting for 122 

the thermal and radiative properties of snow cover (i.e., albedo and its variations with snow ageing). Snow was 123 

described as having a constant density (330 kg m-3) and melting occurred when temperature exceeded 0°C. Other 124 

processes such as water percolation and refreezing were ignored, although they directly impact the water budget. 125 

This means that all liquid water coming from melting snow was leaving the snowpack as runoff. 126 

For the CMIP6 exercise (Eyring et al., 2016), the bulk approach has been replaced by the ES snow scheme, which 127 

was formerly adapted to the ORCHIDEE architecture (Wang et al., 2013) from a three-layer version of the ISBA-128 

ES scheme (Interactions between Soil, Biosphere and Atmosphere-Explicit Snow scheme; Boone and Etchevers, 129 

2001) developed at the French National Center for meteorological Research. The ES model is now used in the 130 

standard version of ORCHIDEE (version 2.0 onwards). However, it has not yet been considered for use over 131 

mountainous glaciers, which are treated as bare soils, nor over ice sheet areas, which are currently handled by the 132 

LMDZ atmospheric model (Chéruy et al., 2020) with a very elementary snow scheme (i.e., single-layer model, 133 

constant albedo and thermal conductivity). In this section, we provide an extensive description of the snow model, 134 

including the main differences with the original ISBA-ES version (Wang et al., 2013). The new developments 135 

accounting for snow processes over ice-covered areas in the ORCHIDEE model are described in section 2.2. 136 

The ES model represents the snowpack as a one-dimensional physical system (vertical coordinate z). This means 137 

that all the lateral fluxes of mass and energy are ignored. The original version of this snowpack is discretized in 138 

three layers following the parameterization of Lynch-Stieglitz (1994), which sets the upper limits for the thickness 139 

of the first two layers at 5 and 50 cm respectively. This ensures the propagation of variations in the diurnal cycle 140 

of temperature and radiation, and enables vertical heat and density gradients, which are assumed to be larger near 141 

the surface, to be resolved correctly. Each layer is described in terms of snow density, snow age, layer thickness, 142 

heat content, snow temperature and liquid water content, with the first three variables being prognostic variables. 143 

Changes in snow mass are determined by the snowfall rate, snow melting, runoff at the base of the snowpack and 144 

sublimation at the surface. In the absence of coupling with a dynamic ice sheet model, snow mass at the surface 145 

of the ice sheet can be overestimated. Thus, to prevent excessive snow accumulation, we impose a maximum 146 

threshold of 3000 kg m-2 beyond which snow is artificially removed. An overview of the organization of the 147 

different subroutines of the ES snowpack model is provided in Figure 1. The description of the processes is given 148 

in the following subsections and the list of model parameters is provided in Table A1 (Appendix A). 149 

  150 
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 151 

Figure 1: Flowchart of the new Explicit Snow scheme implemented in the ORCHIDEE-ICE model. 152 

 153 

 154 

 155 

 156 
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2.1.1 Surface processes 157 

Energy balance 158 

The evolution of the snowpack is primarily driven by the energy flux at the snow-atmosphere interface. A single 159 

energy balance is computed for all surface types coexisting in one grid cell. The surface energy flux (𝐺𝑠𝑢𝑟𝑓) 160 

available at the snow-atmosphere interface is computed from the energy balance equation: 161 

𝐺𝑠𝑢𝑟𝑓 = 𝑆𝑊𝑛𝑒𝑡 + 𝐿𝑊𝑛𝑒𝑡 − 𝐻𝐿 −𝐻𝑆 +𝐻𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙      (1) 162 

𝐺𝑠𝑢𝑟𝑓 is computed negatively when it cools the atmosphere (i.e., warms the surface). 𝑆𝑊𝑛𝑒𝑡 and 𝐿𝑊𝑛𝑒𝑡  are the net 163 

shortwave and longwave radiations respectively, 𝐻𝐿  is the latent heat flux, 𝐻𝑆 is the sensible heat flux and 𝐻𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙 164 

is the energy released by rainfall (see Eq. (14) in Boone and Etchevers, 2001). Equation (1) is used to compute the 165 

surface temperature (𝑇𝑠𝑢𝑟𝑓) of the grid cell at the next time step and provides the limit condition of the surface 166 

temperature at the snow-atmosphere interface for the calculation of the snow temperature profile. 167 

Above snow-covered surfaces, when 𝑇𝑠𝑢𝑟𝑓   is above the freezing temperature 𝑇0 (273.15 K), the energy excess is 168 

first used to bring the snow temperature to 𝑇0. A surface energy flux 𝐺𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 associated with the freezing 169 

temperature 𝑇0 can be computed using a similar formulation to Eq. (1). The difference between 𝐺𝑠𝑢𝑟𝑓 and 𝐺𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔  170 

is converted in an additional temperature expressed as:  171 

𝑇𝑠𝑛𝑜𝑤
𝑎𝑑𝑑 = 𝑇𝑠𝑢𝑟𝑓 − 𝑇0 = 

𝐺𝑠𝑢𝑟𝑓 − 𝐺𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔

𝐶𝑠𝑜𝑖𝑙
 𝑑𝑡        (2) 172 

 𝐶𝑠𝑜𝑖𝑙   is the surface heat capacity of soil (J m-2 K-1) and is computed as the sum of heat capacities for snow-covered 173 

and snow-free surfaces (for both non-glaciated and glaciated areas) weighted by their respective grid cell fractions. 174 

For snow-covered surfaces, the specific heat capacity is defined as the product of snow density and the specific 175 

heat of ice (2106 J K-1 kg-1). If 𝑇𝑠𝑛𝑜𝑤
𝑎𝑑𝑑 is greater than (or equal to) the freezing temperature, the energy excess is 176 

used for melting snow, and 𝐺𝑠𝑢𝑟𝑓 is further set to 𝐺𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔  for energy conservation. If the new 𝐺𝑠𝑢𝑟𝑓 value is 177 

greater than the total heat content of the snowpack, snow is entirely melted and the excess energy is transferred to 178 

the underlying soil. The energy released by snowfall is accounted for in the snowpack scheme to update the snow 179 

heat content of the snowpack after a snowfall event.  180 

Turbulent heat fluxes  181 

The sensible (𝐻𝑆) and latent heat (𝐻𝐿) fluxes computed for each grid cell are given respectively by:  182 

𝐻𝑆 = 𝜌𝑎𝑖𝑟𝑞𝑐𝑑𝑟𝑎𝑔𝑈(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑎𝑖𝑟)        (3) 183 

𝐻𝐿 = 𝐿𝑠𝜌𝑎𝑖𝑟𝑞𝑐𝑑𝑟𝑎𝑔𝑈(𝑄𝑠𝑎𝑡 − 𝑄𝑎𝑖𝑟)        (4) 184 

where 𝜌𝑎𝑖𝑟 is the air density, 𝑇𝑠𝑢𝑟𝑓  and 𝑇𝑎𝑡𝑚 are the surface and the 2 m atmospheric temperatures, 𝑄𝑎𝑖𝑟  and 𝑄𝑠𝑎𝑡  185 

are the air specific humidity at 2 m and the saturated specific humidity at the surface, 𝐿𝑠 is the latent heat of 186 

sublimation (2.8345 106 J kg-1), U is the wind speed at 10 m and 𝑞𝑐𝑑𝑟𝑎𝑔 is the drag coefficient computed as a 187 

function of the ice roughness length (z0_ice = 0.001 m), following the Monin-Obukhov turbulence theory (Monin 188 

and Obhukov, 1954) and the parameterizations of the eddy fluxes proposed by Louis (1979). 189 

Snow sublimation 190 

The amount of sublimation is simply deduced from the latent heat flux:  191 
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𝑆𝑠𝑛𝑜𝑤 =
𝐻𝐿

𝐿𝑠
            (5) 192 

Snow cover fraction 193 

The snow cover fraction (𝐹𝑠𝑛𝑜𝑤) is derived from the formulation of Niu and Yang (2007) which has been shown 194 

to better represent the seasonal variation of the relationship between snow depth (𝑍𝑠𝑛𝑜𝑤) and snow cover fraction 195 

thanks to its dependence on snow density:  196 

𝐹𝑠𝑛𝑜𝑤 = tanh(
𝑍𝑠𝑛𝑜𝑤

2.5𝑧0𝑔×(
〈𝜌𝑠𝑛𝑜𝑤〉

𝜌𝑚𝑖𝑛
)
𝑚)        (6) 197 

where 〈𝜌𝑠𝑛𝑜𝑤〉 is the snow density averaged over the total thickness of the snowpack, 𝜌𝑚𝑖𝑛 is the minimum snow 198 

density (set to 50 kg m-3), that is the density of fresh snow, 𝑧0𝑔 is the ground roughness length (set to 0.01 m) and 199 

m (set to 1.0 in the present study) is an adjustable parameter.  200 

Snow albedo 201 

Compared to the early version presented in Wang et al. (2013), the albedo scheme has been modified and snow 202 

albedo is now computed following the formulation of Chalita and Le Treut (1994):  203 

𝛼𝑠𝑛𝑜𝑤 = 𝐴𝑎𝑔𝑒𝑑 + 𝐵𝑑𝑒𝑐𝑒𝑥𝑝 (− 
𝜏𝑠𝑛𝑜𝑤

𝜏𝑑𝑒𝑐
)        (7) 204 

where 𝐴𝑎𝑔𝑒𝑑 represents the albedo of a snow-covered surface after snow ageing (old snow) and 𝐵𝑑𝑒𝑐  is defined so 205 

that the sum of 𝐴𝑎𝑔𝑒𝑑 and 𝐵𝑑𝑒𝑐  represents the albedo of fresh snow (i.e., maximum snow albedo). 𝜏𝑑𝑒𝑐  is the time 206 

constant of the albedo decay and 𝜏𝑠𝑛𝑜𝑤 is the snow age and is parameterized as follows:  207 

𝜏𝑠𝑛𝑜𝑤(𝑡 + 𝑑𝑡) = [ 𝜏𝑠𝑛𝑜𝑤(𝑡) + (1 − 
𝜏𝑠𝑛𝑜𝑤

𝜏𝑚𝑎𝑥
) × 𝑑𝑡] × 𝑒𝑥𝑝 (−

𝑃𝑠𝑛𝑜𝑤

𝛿𝑐
)  + 𝑓𝑎𝑔𝑒   (8) 208 

where 𝜏𝑚𝑎𝑥 is the maximum snow age, 𝑃𝑠𝑛𝑜𝑤  is the amount of snowfall during the time interval 𝑑𝑡 and 𝛿𝑐 is the 209 

critical value of solid precipitation necessary for resetting the snow age to zero (i.e., no ageing for fresh snow). In 210 

addition, low surface air temperatures found in polar regions slow down the metamorphism. This effect is 211 

accounted for with the function 𝑓𝑎𝑔𝑒 expressed as: 212 

𝑓𝑎𝑔𝑒 = [
(𝜏𝑠𝑛𝑜𝑤(𝑡)+(1− 

𝜏𝑠𝑛𝑜𝑤
𝜏𝑚𝑎𝑥

)×𝑑𝑡) × 𝑒𝑥𝑝 (−
𝑃𝑠𝑛𝑜𝑤
𝛿𝑐

) −𝜏𝑠𝑛𝑜𝑤(𝑡)

1 + 𝑔𝑡𝑒𝑚𝑝(𝑇𝑠𝑢𝑟𝑓)
]      (9) 213 

𝑔𝑡𝑒𝑚𝑝(𝑇𝑠𝑢𝑟𝑓) =  [
𝑚𝑎𝑥 (𝑇0−𝑇𝑠𝑢𝑟𝑓,   0)

𝜔1
]
𝜔2

        (10) 214 

where 𝜔1 and 𝜔2 are tuning constants. The albedo is computed for the visible and near-infrared spectral bands. 215 

However, to compute the upward shortwave radiation, an arithmetic mean between the visible and the near-216 

infrared albedo is considered.  217 

A single energy balance is computed for all surface types but the albedo is weighted by the different fractions of 218 

PFTs and glaciated areas and by the snow-covered and snow-free fractions. As a result, the surface albedo (𝛼) of 219 

the grid cell is computed as the sum of snow-free albedo (𝛼𝑠𝑛𝑜𝑤−𝑓𝑟𝑒𝑒) and snow-covered albedo  (𝛼𝑠𝑛𝑜𝑤) weighted 220 

by the fractional area of the grid cell covered by snow 𝐹𝑠𝑛𝑜𝑤  (snow-covered fraction hereafter): 221 
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𝛼 = 𝐹𝑠𝑛𝑜𝑤  × 𝛼𝑠𝑛𝑜𝑤 + (1 − 𝐹𝑠𝑛𝑜𝑤) × 𝛼𝑠𝑛𝑜𝑤−𝑓𝑟𝑒𝑒        (11) 222 

with:  223 

𝛼𝑠𝑛𝑜𝑤 = 𝑓𝑖𝑐𝑒 × 𝛼𝑠𝑛𝑜𝑤
𝑖𝑐𝑒 + ∑ 𝑓𝑃𝐹𝑇,𝑖𝑃𝐹𝑇 × 𝛼𝑠𝑛𝑜𝑤

𝑃𝐹𝑇,𝑖       (11a) 224 

and:  225 

𝛼𝑠𝑛𝑜𝑤_𝑓𝑟𝑒𝑒 = 𝑓𝑖𝑐𝑒 × 𝛼𝑠𝑛𝑜𝑤_𝑓𝑟𝑒𝑒
𝑖𝑐𝑒 + ∑ 𝑓𝑃𝐹𝑇,𝑖𝑃𝐹𝑇 × 𝛼𝑠𝑛𝑜𝑤_𝑓𝑟𝑒𝑒

𝑃𝐹𝑇,𝑖      (11b) 226 

𝑓𝑖𝑐𝑒  and 𝑓𝑃𝐹𝑇,𝑖 are the grid cell fractions of ice-covered areas and the ith PFT respectively; 𝛼𝑠𝑛𝑜𝑤
𝑖𝑐𝑒  (resp. 𝛼𝑠𝑛𝑜𝑤_𝑓𝑟𝑒𝑒

𝑖𝑐𝑒 ) 227 

and 𝛼𝑠𝑛𝑜𝑤
𝑃𝐹𝑇,𝑖

 (resp. 𝛼𝑠𝑛𝑜𝑤_𝑓𝑟𝑒𝑒
𝑃𝐹𝑇,𝑖

) are the corresponding snow albedo (resp. snow-free albedo) values.  228 

Over the GrIS, 𝛼𝑠𝑛𝑜𝑤−𝑓𝑟𝑒𝑒 is given by the albedo of bare ice, prescribed to 0.6 and 0.2 for visible and near-infrared 229 

wavelengths respectively. At the margins of the GrIS, some grid points may be only partially covered by snow or 230 

ice, or even become totally snow-free during the melting season. It is therefore important to take these different 231 

features into account to compute correctly the surface albedo of the GrIS.  232 

2.1.2 Internal processes 233 

When snow falls on a snow-free surface, a new snowpack is generated providing that the ground temperature is 234 

below or equal to the freezing point. The snow mass and the heat content of the snowfall are initially distributed 235 

evenly within the three layers. The snow density is the same for the three layers and is given by the density of the 236 

snowfall computed as a function of wind speed and surface air temperature (Pahaut, 1976). When snowfall occurs 237 

over an existing snowpack, fresh snow is added to the upper layer and the snow age is reset to zero providing that 238 

the snowfall thickness is greater than the critical threshold 𝛿𝑐 (see Eq. 8). The snow thickness, density and heat 239 

content are then modified in this layer. However, as the number of snow layers is kept fixed, redistribution of mass 240 

and heat content within the layers is required when snow depth changes, but the total snow mass and heat content 241 

are conserved.  242 

Heat conduction 243 

The heat conduction from the surface to the bottom of the snowpack is described by a vertical diffusion equation 244 

relating the temporal evolution of the snow temperature in the snowpack at a depth z and the divergence of the 245 

snow heat flux 𝐹𝐶 and is solved using an implicit numerical scheme.  246 

𝜕𝑇𝑠𝑛𝑜𝑤

𝜕𝑡
= −

1

𝐶𝑠𝑛𝑜𝑤
⋅
𝜕𝐹𝐶

𝜕𝑧
              (12) 247 

𝐹𝐶 = − 𝛬𝑠
𝜕𝑇𝑠𝑛𝑜𝑤

𝜕𝑧
              (13) 248 

with 𝐶𝑠𝑛𝑜𝑤 (J m-2 K-1) 𝛬𝑠 and 𝑇𝑠𝑛𝑜𝑤 being the snow heat capacity, the snow thermal conductivity (W m-1 K-1) and 249 

the snow temperature respectively. 250 

At the snow-atmosphere interface, the boundary condition is given by the energy balance equation (𝐹𝑐 = 𝐺𝑠𝑢𝑟𝑓) 251 

and is used in the ORCHIDEE model to compute the surface temperature.  252 

Along with the thermal gradient, a water vapor diffusive flux takes place from the warmer to the colder parts of 253 

the snowpack and sublimation or condensation may occur in the pore spaces depending on the water vapor 254 

saturation pressure. This process is particularly significant in the Arctic because of strong temperature gradients 255 
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between soils and atmosphere and is in great part responsible for snow metamorphism. While it is explicitly 256 

accounted for in detailed snow models, in Explicit Snow, the effect of water vapor diffusion and phase changes is 257 

parameterized through the thermal conductivity (Sun et al., 1999). An effective thermal conductivity (𝛬𝑒𝑓𝑓) is thus 258 

expressed as the sum of empirical formulations for snow thermal conductivity (𝛬𝑐𝑜𝑛𝑑) and thermal conductivity 259 

from vapor transport (𝛬𝑣𝑎𝑝), with: 260 

𝛬𝑐𝑜𝑛𝑑
𝑖 = 𝑎𝜆 + 𝑏𝜆𝜌𝑠𝑛𝑜𝑤

𝑖 2
         (14) 261 

𝛬𝑣𝑎𝑝
𝑖 = (𝑎𝜆𝑣 +

𝑏𝜆𝑣

𝑐𝜆𝑣+𝑇𝑠𝑛𝑜𝑤
𝑖 )

𝑃0

𝑃
            (15) 262 

With 𝑎𝜆= 0.02 W m-1 K-1, 𝑏𝜆 = 2.5 10-6 W m5 K-1 kg-2 (Anderson, 1976), 𝑎𝜆𝑣 = -0.06023 Wm-1K-1, 𝑏𝜆𝑣 = -2.5425 263 

W m-1 and 𝑐𝜆𝑣 = -289.99 K (Yen, 1981). P is the atmospheric pressure in hPa and P0 = 1000 hPa. The superscripts 264 

𝑖 denote the ith layer. 265 

Heat content 266 

The heat content is computed using the following equation: 267 

𝐻𝑠𝑛𝑜𝑤
𝑖 = 𝐷𝑠𝑛𝑜𝑤

𝑖 [𝐶𝑠𝑛𝑜𝑤
𝑣,𝑖 (𝑇𝑠𝑛𝑜𝑤

𝑖 − 𝑇𝑓) − 𝐿𝑠𝜌𝑠𝑛𝑜𝑤
𝑖 ] + 𝐿𝑓𝜌𝑤𝑎𝑡𝑒𝑟𝑊𝑙𝑖𝑞

𝑖     (16) 268 

where 𝐿𝑓 is the latent heat of fusion and 𝜌𝑤𝑎𝑡𝑒𝑟  is the water density. 𝐻𝑠𝑛𝑜𝑤
𝑖  , 𝑊𝑙𝑖𝑞

𝑖 , 𝐷𝑠𝑛𝑜𝑤
𝑖 ,   𝜌𝑠𝑛𝑜𝑤

𝑖  and 𝐶𝑠𝑛𝑜𝑤
𝑣,𝑖

 are 269 

the heat and liquid contents, the depth, the density and the mean volumetric heat capacity (J K-1 m-3) of the 𝑖𝑡ℎ 270 

layer. 271 

After heat redistribution within the snowpack, snow temperature is diagnosed using Eq. (16), assuming no liquid 272 

water in the snowpack. If snow temperature exceeds the freezing point, the liquid content in each layer is then 273 

diagnosed from the snow temperature and heat content of the layer, and the temperature is then reset to the freezing 274 

point. 275 

Compaction 276 

The total snow depth decreases as density increases. Changes in density occur as a result of the weight of the 277 

overlying snow layers and under the influence of snow metamorphism. The local rate of density change in the ith 278 

layer is derived from Anderson (1976):  279 

1

𝜌𝑠𝑛𝑜𝑤
𝑖

𝜕𝜌𝑠𝑛𝑜𝑤
𝑖

𝜕𝑡
= 

𝜎𝑠𝑛𝑜𝑤
𝑖

𝜂𝑠𝑛𝑜𝑤
𝑖 (𝑇𝑠𝑛𝑜𝑤

𝑖 , 𝜌𝑠𝑛𝑜𝑤
𝑖  )

+ 𝜓𝑠𝑛𝑜𝑤
𝑖 (𝑇𝑠𝑛𝑜𝑤

𝑖 , 𝜌𝑠𝑛𝑜𝑤
𝑖  )     (17) 280 

The first term of the right-hand side represents the compaction due to snow load, with 𝜎𝑠𝑛𝑜𝑤
𝑖  (Pa) being the pressure 281 

of the overlying snow and 𝜂𝑠𝑛𝑜𝑤
𝑖  the snow viscosity. 282 

𝜎𝑠𝑛𝑜𝑤
𝑖 = 𝑔 𝑥 𝑀𝑠𝑛𝑜𝑤

𝑖   283 

where 𝑔 is the gravitational constant (m s-2) and 𝑀𝑠𝑛𝑜𝑤
𝑖  the cumulative snow mass (kg m-2). 284 

The viscosity (in Pa s) is expressed as a function of snow temperature and density (Mellor, 1964; Kojima, 1967):  285 

𝜂𝑠𝑛𝑜𝑤
𝑖 = 𝜂0𝑒𝑥𝑝[𝑎𝜂(𝑇𝑓 − 𝑇𝑠𝑛𝑜𝑤

𝑖 ) + 𝑏𝜂𝜌𝑠𝑛𝑜𝑤
𝑖 ]       (18) 286 

with 𝜂0 = 3.7 x 107 Pa s, 𝑎𝜂 = 8.1 x 10-2 K-1 and 𝑏𝜂 = 1.8 x 10-2 m3 kg-1. 287 
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The second term in the right-hand side of Eq. (17) parameterizes the effect of metamorphism which is significant 288 

for newly fallen snow. 289 

𝜓𝑠𝑛𝑜𝑤
𝑖 = 𝑎𝜓𝑒𝑥𝑝[− 𝑏𝜓 ∙ (𝑇𝑓 − 𝑇𝑠𝑛𝑜𝑤

𝑖 ) − 𝑐𝜓 ⋅ 𝑚𝑎𝑥 (0 , 𝜌𝑠𝑛𝑜𝑤
𝑖 − 𝜌𝜓)]     (19) 290 

The values of the parameters are the following: 𝑎𝜓 = 2.8 x 10-6 s-1, 𝑏𝜓 = 4.2 x 10-2 K-1, 𝑐𝜓 = 460 m3kg-1, 𝜌𝜓 = 150 291 

kg m-3.  292 

In the model, density changes due to compaction are allowed as long as density remains below a threshold fixed 293 

to 750 kg m-3. Compaction does not affect the total mass and the heat content of the snowpack but changes the 294 

layer thicknesses. The distribution of snow heat within the layers must therefore be updated using Eq. (16).  295 

Vertical temperature profile 296 

The snow temperature profile resulting from heat redistribution is then computed by solving the heat diffusion 297 

equation using an implicit numerical scheme similar to that used for heat diffusion in the soil. The vertical 298 

temperature profile within the snowpack is expressed as: 299 

For the 1st layer: 300 

𝑇𝑠𝑛𝑜𝑤
1 = [

𝜆𝑠𝑛𝑜𝑤∙𝐶𝑔𝑟_𝑠𝑛𝑜𝑤+(𝑇𝑠𝑢𝑟𝑓+𝑇𝑠𝑛𝑜𝑤
𝑎𝑑𝑑 )

1+𝜆𝑠𝑛𝑜𝑤(1−𝐷𝑔𝑟_𝑠𝑛𝑜𝑤)
]           (20) 301 

For the deeper layers (i > 1): 302 

𝑇𝑠𝑛𝑜𝑤
𝑖+1 = 𝐶𝑔𝑟_𝑠𝑛𝑜𝑤 + 𝐷𝑔𝑟_𝑠𝑛𝑜𝑤 ∙ 𝑇𝑠𝑛𝑜𝑤

𝑖         (21) 303 

where 𝜆𝑠𝑛𝑜𝑤, 𝐶𝑔𝑟_𝑠𝑛𝑜𝑤, 𝐷𝑔𝑟_𝑠𝑛𝑜𝑤 are coefficients resulting from the resolution of the numerical scheme and depend 304 

on the snow heat capacity and thermal conductivity and on the characteristics of the vertical discretization.  305 

Melt and refreezing processes 306 

If melt water is produced at the surface, it may remain in the liquid state in the uppermost layer or penetrate in the 307 

next layer where it can remain or refreeze as long as the maximum water holding capacity is not reached; otherwise 308 

it penetrates in the lower layers.  309 

The evolution of liquid water in each layer is controlled by the energy required to induce phase changes and by 310 

the maximum water holding capacity. In the ith layer, the energy used for melting snow (𝐸𝑠𝑛𝑜𝑤
𝑖 ) is expressed as:  311 

𝐸𝑠𝑛𝑜𝑤
𝑖 = 𝑚𝑖𝑛( 𝐶𝑠𝑛𝑜𝑤

𝑣,𝑖 𝐷𝑠𝑛𝑜𝑤 
𝑖 ×𝑚𝑎𝑥(0, 𝑇𝑠𝑛𝑜𝑤

𝑖 − 𝑇𝑓) , 𝑚𝑎𝑥(0, 𝐷𝑠𝑤𝑒
𝑖 − 𝑊𝑙𝑖𝑞

𝑖 ) × 𝐿𝑓𝜌𝑤𝑎𝑡𝑒𝑟)   (22) 312 

where 𝐷𝑠𝑤𝑒
𝑖  is the snow water equivalent in the ith layer. The first term represents the available energy for phase 313 

change in the ith layer and the second term corresponds to the energy required to melt entirely the snow mass that 314 

has not been transformed into liquid water. The maximum water holding capacity is taken from Anderson (1976):  315 

𝑊𝑚𝑎𝑥
𝑖 = [𝑟𝑚𝑖𝑛 + (𝑟𝑚𝑎𝑥 − 𝑟𝑚𝑖𝑛) ∙ 𝑚𝑎𝑥 (0,

𝜌𝑡−𝜌𝑠𝑛𝑜𝑤
𝑖

𝜌𝑡
)] ∙

𝜌𝑠𝑛𝑜𝑤
𝑖

𝜌𝑤
 ∙ 𝐷𝑠𝑛𝑜𝑤

𝑖       (23) 316 

with 𝑟𝑚𝑖𝑛  = 0.03, 𝑟𝑚𝑎𝑥 = 0.10 and 𝜌𝑡 = 200 kg m-3. 317 

Runoff (𝑆𝑚𝑒𝑙𝑡) is computed as the sum of meltwater produced at the surface and the total liquid water that has 318 

percolated down to the bottom layer and that exceeds 𝑊𝑚𝑎𝑥
𝑏𝑜𝑡𝑡𝑜𝑚. It is thus simply given by: 319 

𝑆𝑚𝑒𝑙𝑡 = 
∑ 𝐸𝑠𝑛𝑜𝑤

𝑖
𝑖

𝐿𝑓
             (24) 320 
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At each time step, changes in layer thickness, density and liquid water content in each layer are updated as well as 321 

changes in snow temperature due to melting or refreezing. In case of complete snow melting, the energy excess 322 

that has not been used for phase changes is used to warm the underlying ground. 323 

2.2 New developments 324 

2.2.1 New snow layering scheme 325 

As mentioned in Section 1, snow models of intermediate complexity are a good compromise between detailed 326 

snow models and single-layer models. They are designed to be implemented in ESMs and, as such, should not 327 

require excessive computational time. Although their vertical resolution is generally limited to five layers at most 328 

(Cristea et al., 2022), several studies reported that snow models of intermediate complexity considerably improve 329 

the representation of basic features of the snowpack and reduce biases in surface temperature when they are 330 

compared to single-layer models (Lynch-Stieglitz, 1994; Boone and Etchevers, 2001; Dutra et al., 2012; Wang et 331 

al., 2013). Despite these good performances, increasing the number of snow layers (with finer layers near the 332 

surface or near the snow/ice interface) is expected to improve the modeled heat conduction within the snowpack, 333 

the simulated temperature at the snow/ice interface, and subsequently the vertical temperature profile in the ice 334 

and eventually the simulated SMB (Cristea et al., 2022). We therefore increased the number of snow layers from 335 

3 to 12, following the layering scheme proposed by Decharme et al. (2016) for ISBA-ES in which the new layering 336 

scheme is defined as: 337 

{
 
 
 
 

 
 
 
 𝐷𝑠𝑛𝑜𝑤

𝑖 = 𝑚𝑖𝑛 (𝛿𝑖,
𝑍𝑠𝑛𝑜𝑤

12
)  𝑓𝑜𝑟 𝑖 ≤ 5 𝑜𝑟 𝑖 ≥ 9

𝐷𝑠𝑛𝑜𝑤
6 = 0.3𝑑𝑟 −𝑚𝑖𝑛(0, 0.3𝑑𝑟 − 𝐷𝑠𝑛𝑜𝑤

5 )

𝐷𝑠𝑛𝑜𝑤
7 = 0.4𝑑𝑟 +𝑚𝑖𝑛(0, 0.3𝑑𝑟 − 𝐷𝑠𝑛𝑜𝑤

5 ) −  𝑚𝑖𝑛(0, 0.3𝑑𝑟 − 𝐷𝑠𝑛𝑜𝑤
9 )     

𝐷𝑠𝑛𝑜𝑤
8 = 0.3𝑑𝑟 −𝑚𝑖𝑛(0, 0.3𝑑𝑟 − 𝐷𝑠𝑛𝑜𝑤

9 )

𝑑𝑟 = 𝑍𝑠𝑛𝑜𝑤 − ∑ 𝐷𝑠𝑛𝑜𝑤
𝑖 − 5

𝑖=1  ∑ 𝐷𝑠𝑛𝑜𝑤
𝑖  12

𝑖=9

    (25) 338 

The 𝛿𝑖 values correspond to the maximum widths of the layers 1 to 5 and 9 to 12 and are fixed to 𝛿1 = 0.01 m, 339 

𝛿2 = 0.05 m, 𝛿3 = 0.15 m, 𝛿4 = 𝛿10 =  0.5 m, 𝛿5 = 𝛿9 = 1 m, 𝛿11 = 0.1 m, and 𝛿12 = 0.02 m. For very thin 340 

snowpacks (𝑍𝑠𝑛𝑜𝑤  ≤ 𝑍𝑡ℎ𝑖𝑛 =  0.1 m), each layer has the same thickness  
𝑍𝑡ℎ𝑖𝑛

12
. The layer thickness are updated at 341 

each time step if the first two layers (i = 1, 2) or the bottom layer (i = 12) become too thin 342 

(𝑙𝑒𝑠𝑠 𝑡ℎ𝑎𝑛 𝐷𝑠𝑛𝑜𝑤
𝑖 = 0.5 × (𝛿𝑖 ,

𝑍𝑠𝑛𝑜𝑤

12
) ) or too thick (𝑙𝑎𝑟𝑔𝑒𝑟 𝑡ℎ𝑎𝑛 𝐷𝑠𝑛𝑜𝑤

𝑖 = 1.5 × (𝛿𝑖 ,
𝑍𝑠𝑛𝑜𝑤

12
) ). In that case, the 343 

snow mass and heat content are redistributed according to the new layering scheme. Otherwise, the layer 344 

thicknesses at the current time step are kept to their previous values (i.e., at the previous time step). This allows to 345 

maintain the density and thermal conductivity of fresh snow as long as the depth has not changed too much. This 346 

enables the model to work more closely with more complex models in which new snow layers are associated with 347 

a new snowfall event.  348 

 349 

 350 
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2.2.2 Implementation of ice layers 351 

In case the snow mass has completely melted, ice melting occurs if the available energy is sufficient and contributes 352 

to runoff. To account for the presence of ice below the snow layers, we implemented a new module in ORCHIDEE 353 

to compute the heat diffusion and the vertical temperature distribution in the ice as well as the potential ice melting. 354 

This module works in a similar way as the ES model and only accounts for vertical fluxes. The ice reservoir is 355 

discretized into eight layers whose maximum thicknesses are fixed to 0.01, 0.05, 0.15, 0.5, 1, 5, 10 and 50 m. A 356 

finer vertical spacing is imposed for the upper layers to better resolve heat conduction at the snow-ice or 357 

atmosphere-ice interface. The large thickness of the bottom layer allows it to have an almost constant temperature 358 

throughout the year as it has been observed at a few tens of meters depth (Patterson, 1994). Ice layers are only 359 

implemented above an icy soil-type. If the icy soil is predominant in a given grid cell, then the entire surface 360 

corresponding to this grid point will be considered as icy. 361 

In the absence of a dynamic ice model that transports ice from the interior of the ice sheet (or glacier) to the edges, 362 

the total ice mass may disappear entirely in the ablation zones especially in long-term simulations. To avoid such 363 

situations, ice is considered as an infinite reservoir: melting ice contributes to runoff but, at each time step, the 364 

amount of ice melted in the upper layers is counterbalanced by ice added at the base, and the layer thicknesses are 365 

kept fixed to their initial value. 366 

The vertical distribution of temperature is determined using the same numerical scheme as that for the snowpack. 367 

If snow is still present over the ice soil, the temperature in the top ice layer is given by the temperature of the 368 

bottom snow layer computed using Eq. (21). If snow has completely melted, the temperature in the first ice layer 369 

is given by an expression similar to Eq. (20):  370 

𝑇𝑖𝑐𝑒
1 = [

𝜆𝑖𝑐𝑒∙𝐶𝑔𝑟_𝑖𝑐𝑒+(𝑇𝑠𝑢𝑟𝑓+𝑇𝑠𝑛𝑜𝑤
𝑎𝑑𝑑 )

1+𝜆𝑖𝑐𝑒(1−𝐷𝑔𝑟_𝑖𝑐𝑒)
]         (26) 371 

For the deeper layers, the ice temperature is expressed as follows:  372 

𝑇𝑖𝑐𝑒
𝑖+1 = 𝐶𝑔𝑟_𝑖𝑐𝑒 + 𝐷𝑔𝑟_𝑖𝑐𝑒 ∙ 𝑇𝑖𝑐𝑒

𝑖          (27) 373 

Similarly to the snow coefficients (see Eqs 20 and 21), 𝜆𝑖𝑐𝑒, 𝐶𝑔𝑟_𝑖𝑐𝑒, 𝐷𝑔𝑟_𝑖𝑐𝑒  depend on the vertical discretization 374 

and the thermal properties of the ice. The formulations of the heat capacity (𝐶𝑖𝑐𝑒) and thermal conductivity (𝛬𝑖𝑐𝑒) 375 

of the ice have been taken from those used in the GRISLI ice-sheet model (Yen, 1981) and are given by:  376 

𝐶𝑖𝑐𝑒 = 𝜌𝑖𝑐𝑒 (𝑎𝑐𝑖 + 𝑏𝑐𝑖(𝑇𝑖𝑐𝑒 − 𝑇0))         (28) 377 

𝛬𝑖𝑐𝑒 = 𝑎𝜆𝑖𝑒𝑥𝑝(𝑏𝜆𝑖 × 𝑇0)            (29) 378 

where 𝑇𝑖𝑐𝑒 is the ice temperature, 𝑎𝑐𝑖  = 2115.3 J K-1 kg-1, 𝑏𝑐𝑖  = 7.79293 J K-2 kg-1, 𝑎𝜆𝑖 = 6.727 W m-1 K-1 and 𝑏𝜆𝑖 379 

= -0.041 K-1. 380 

A major difference between the hydrology of snow and ice layers lies in the fact that ice is considered as an 381 

impermeable medium. Hence, liquid water coming from melting ice is considered to runoff instantaneously with 382 

no possibility of refreezing. As a result, when the ice temperature is above the melting point, the available energy 383 

for phase change in the ith ice layer (J m-2) is given by: 384 

𝐸𝑖𝑐𝑒
𝑖 = 𝐶𝑖𝑐𝑒

𝑖 (𝑇𝑖𝑐𝑒
𝑖 − 𝑇0)𝐷𝑖𝑐𝑒

𝑖            (30) 385 

Similarly to 𝑆𝑚𝑒𝑙𝑡  (Eq. 24), the total amount of ice melt is given by:  386 
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𝐼𝑚𝑒𝑙𝑡 = 
∑ 𝐸𝑖𝑐𝑒

𝑖
𝑖

𝐿𝑓
           (31) 387 

and the runoff is computed as the sum of 𝑆𝑚𝑒𝑙𝑡  and 𝐼𝑚𝑒𝑙𝑡 . Given the fact that snow drift is ignored, the surface 388 

mass balance is computed as: 389 

𝑆𝑀𝐵 = 𝑃𝑠𝑛𝑜𝑤 + 𝑃𝑟𝑎𝑖𝑛 − 𝑆𝑚𝑒𝑙𝑡 − 𝐼𝑚𝑒𝑙𝑡 − 𝑆𝑠𝑛𝑜𝑤        (32) 390 

2.2.3 Other processes in the new ES model 391 

Another modification made to the ES module concerns the inclusion of rainwater percolation within the snowpack 392 

that may refreeze at depth as long as the maximum water holding capacity is not exceeded. To account for the 393 

darkening effect (i.e., lower albedo) due to dust deposition with liquid precipitation, we also enhanced snow ageing 394 

by a factor of two in case of a rainfall event.  395 

The snow thermal conductivity has been modified to follow a similar formulation to that used in the ISBA-ES 396 

model (Decharme et al., 2016) and the CROCUS model (Vionnet et al., 2012) and early proposed by Yen (1981). 397 

Therefore, the effective thermal conductivity in the ith layer now reads as:   398 

Λ𝑒𝑓𝑓
𝑖 = (𝑎𝜆𝑣 +

𝑏𝜆𝑣

𝑐𝜆𝑣+𝑇𝑠𝑛𝑜𝑤
𝑖 )

𝑃0

𝑃
  +  𝛬𝑖𝑐𝑒 (

𝜌𝑠
𝑖

𝜌𝑤
)
1.88

       (33) 399 

The first term of the right-hand side that parameterizes the water vapor diffusion effects (𝛬𝑣𝑎𝑝
𝑖 ) remains unchanged 400 

(see Eq. 15). The second term replaces Eq. (14) used in the previous ES version (Wang et al. 2013) and corresponds 401 

to the new formulation of the snow thermal conductivity ( 𝛬𝑐𝑜𝑛𝑑
𝑖 ). Here, the ice thermal conductivity (𝛬𝑖𝑐𝑒) differs 402 

from the value found in Decharme et al. (2016) and is given by Eq. (29). 403 

Besides the new snow layering scheme and the changes mentioned in this section, all the other processes simulated 404 

in the new ES module are treated in the same way as in the three-layer version.  405 

3. Experimental setup 406 

3.1 Forcing by the regional atmospheric model MAR 407 

The ORCHIDEE-ICE simulations presented in this paper were driven by the atmospheric outputs of the regional 408 

atmospheric model MAR (Fettweis et al., 2017). This approach was motivated by the fact that MAR was initially 409 

developed for polar regions (Gallée and Schayes, 1994). Moreover, it is coupled to a land surface scheme, SISVAT 410 

(Soil Ice Snow Vegetation Atmosphere Transfer, De Ridder and Schayes, 1997), that includes a physically-based 411 

snowpack model derived from the multi-layered snow model CROCUS (Brun, 1989, 1992). As such, MAR has 412 

been extensively used to simulate the present-day climate and surface mass balance of the GrIS, and compares 413 

well to reanalyses and available data of SMB measurements (e.g., Fettweis et al. 2017, 2020; Franco et al. 2012; 414 

Montgomery et al. 2020; Delhasse et al., 2020). Therefore, the use of atmospheric forcings from MAR offers a 415 

good opportunity to assess the performances of our snow model for simulating the SMB and ablation-related 416 

processes.  417 

The MAR simulations (1960 – 2019) were run at a 20 km x 20 km resolution. Here, we use the version v3.11.4, 418 

identical to the version v3.11.5 for the Greenland ice sheet (Smith et al. 2023). MAR was forced every six hours 419 

at its lateral boundaries by the meteorological fields (temperature, humidity, wind, and pressure) coming from the 420 
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ERA-40 (1960-1978, Uppala et al., 2005) and the ERA-Interim (1979-2019, Dee et al., 2011) reanalyses from the 421 

European Centre for Medium-Range Weather Forecasts (ECMWF). Sea surface temperatures and sea ice cover, 422 

also coming from ECMWF reanalyses, were 6-hourly prescribed.  423 

3.2. The ORCHIDEE-ICE simulations 424 

The ORCHIDEE-ICE simulations are run at a half-hourly time step with the same spatial resolution as the MAR 425 

outputs (20 km x 20 km). The integration domain covers the whole of Greenland. ORCHIDEE-ICE is forced every 426 

three hours by the downward shortwave and longwave radiation, the surface air temperatures and specific humidity 427 

(all at 2 meters) and the wind speed (at 10 meters), the surface pressure and the precipitation rate (split between 428 

rainfall and snowfall). Simulations are performed over the 1995-2019 period. The first five years (1995 to 1999) 429 

are used for the initialization of the snowpack and are not included in the analysis. However, to obtain reasonable 430 

thermal conditions within the ice layers, a longer time integration is required. Thus, we performed a preliminary 431 

spin-up experiment over the same 25 years to infer an initial vertical temperature profile for the subsequent 432 

ORCHIDEE-ICE simulations.  433 

The name and the characteristics of the different experiments presented in this paper are summarized in Table 1. 434 

Using the experimental design described above, we first ran the ES model with three and twelve snow layers (STD-435 

3L and STD-12L experiments respectively) to evaluate the added value of the new layering scheme. These 436 

experiments were carried out with the albedo parameters used in the CMIP6 ORCHIDEE version (Chéruy et al., 437 

2020) and referred hereafter to as the standard snow albedo parameters. 438 

Due to the strong sensitivity of the SMB to the albedo, we also conducted two additional experiments with 439 

modified values of the albedo parameters. In the ASIM-12L experiment, we used the parameters inferred from the 440 

approach of Raoult et al. (2023). This latter was based on a data assimilation experiment using the MODIS 441 

retrievals. The main goal of their study was to optimise the albedo parameters so as to improve the albedo for the 442 

ice sheet as a whole, while giving an extra weight to the edges where the greatest amount of runoff is produced. 443 

In doing this, they also succeeded in improving the model-data fit over the whole GrIS by reducing the root-mean-444 

square error (RMSE) by ~22 %. However, their work was done with a previous version of the ORCHIDEE-ICE 445 

model with only three snow layers and in which the ice layers were not implemented. Instead, ice was mimicked 446 

by a soil type whose porosity and volumetric water content were set to 98% to simulate a soil filled with frozen 447 

water.  448 

The logical follow-up to the work of Raoult et al. (2023) would have been to apply the optimisation algorithm to 449 

the new version of ORCHIDEE-ICE. Since this approach is highly time-consuming, it has not yet been carried 450 

out, albeit it will be the focus of further investigations. Therefore, using the new ORCHIDEE-ICE model version, 451 

we adopted a manual tuning approach (i.e., trial and error method) to adjust the albedo parameters (OPT-12L 452 

experiment). This procedure consists in 1/ changing the parameter values, the new value being taken from the 453 

range reported in Table 1, 2/ running the model with the new parameter values, 3/ evaluating the model 454 

performance using statistical criteria (e.g. RMSE) and 4/ repeating steps 1/ to 3/ until an acceptable calibration is 455 

obtained. 456 

Finally, to assess the impact of the climatic fields used as inputs of ORCHIDEE-ICE, we performed another 457 

experiment (ERA5-12L experiment) by forcing the model with the ERA5 reanalysis (Hersbach et al., 2020) and 458 

using the same albedo parameters than in OPT-12L experiment.  459 
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Table 1: List of the ORCHIDEE-ICE experiments (first column) with values chosen for the different albedo 460 
parameters (standard albedo parameters for STD-3L and STD-12L, optimized albedo parameters inferred from 461 
Raoult et al. (2023) for ASIM-12L and manual-tuned parameters for OPT-12L and ERA-12L. Values in brackets 462 
indicate for each parameter the range of values considered in the manual tuning approach. 463 

Exp. Nb of 

snow 

layers 

𝐴𝑎𝑔𝑒𝑑 

[0.50 - 

0.70] 

𝐵𝑑𝑒𝑐 

[0.10 - 

0.40] 

𝜏𝑑𝑒𝑐  

[1.0 - 

10.0] 

𝛿𝑐 

[0.2 - 2.0] 

𝜔1 

[1.0 - 

7.0] 

𝜔2 

[0.5 - 

6.0] 

𝜏𝑚𝑎𝑥 

[40 - 60] 

𝛼𝑖𝑐𝑒 

[0.30 - 

0.50] 

STD-3L 3 0.620 0.170 10 0.2 7 4 50 0.400 

STD-12L 12 0.620 0.170 10 0.2 7 4 50 0.400 

ASIM-12L 12 0.553 0.320 6.911 0.783 3.037 3.974 56.183 0.476 

OPT-12L 12 0.580 0.280 2.0 1.0 3 6 54 0.420 

ERA-12L 12 0.580 0.280 2.0 1.0 3 6 54 0.420 

 464 

4. Methodology for the model performance evaluation 465 

4.1 Comparison with MAR outputs 466 

Our first objective is to assess the performance of the ORCHIDEE ICE model in representing the GrIS SMB. The 467 

period under study spans over the 2000-2019 period. As mentioned in Section 3, MAR has revealed good 468 

capabilities in simulating the SMB of present-day Greenland when compared to observational data. Therefore, at 469 

the scale of the entire GrIS, our evaluation is made with respect to the MAR outputs (Figs 2a-5a). In all simulations 470 

presented in this paper except ERA5-12L, the forcing fields of the ORCHIDEE-ICE model are provided by MAR 471 

outputs. These include solid and liquid precipitation which constitute the accumulation (and the climatic) 472 

component of the SMB. By using the MAR forcing, our analysis of the ability of ORCHIDEE-ICE to reproduce 473 

ablation processes (runoff and sublimation) is made simpler and is not biased by the use of another forcing. 474 

4.2 MODIS 475 

In this study, we compared the albedo computed in ORCHIDEE-ICE with satellite-derived estimates of daily 476 

albedo. We used Collection 6 from the MOD10A1 product (Hall et al., 1995) retrieved from the NASA space-477 

borne sensor MODIS. We chose this product because it has a good spatiotemporal coverage over snow-covered 478 

areas. It is also one of the best performing products in terms of comparison with in situ data (Urraca et al., 2022, 479 

2023). Moreover, while studies based on the previous Collection 5 reported deficiencies at latitudes higher than 480 

70°N (Alexander et al., 2014), substantial improvements have been made to Collection 6 by using all available 481 

observations for the acquisition period against only four observations per day in Collection 5 482 

(https://lpdaac.usgs.gov/products/mcd43d11v006/, last access 01/22/2024). As a result, better quality retrievals are 483 

obtained at high latitudes despite a slight negative bias (Urraca et al., 2022). To avoid inaccuracies in retrieved 484 

data due to the presence of clouds or aircraft condensation trails, the MOD10A1 albedo product used in this study 485 

was further processed by Box et al. (2017): data have been de-noised, gap-filled, corrected for the sun-angle bias 486 

and validated using daily ground albedo values from the PROMICE (Programme for Monitoring of the Greenland 487 

ice sheet, Fausto et al., 2021) and GC-net automatic weather stations (Box et al. 2017).  488 
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We aggregated the albedo data (500 m x 500 m) onto the MAR grid to make the comparison between MODIS data 489 

and the ORCHIDEE-ICE outputs. In this study, we used the albedo data covering the 2000-2017 period because 490 

data for the years 2018 and 2019 were undefined. The resulting dataset may be used to calibrate the mean 491 

ORCHIDEE-ICE albedo, computed as the mean between the visible (from 0.4 to 0.7 μm) and near infrared (from 492 

0.7 to 2.5 μm) bands (see Section 2). 493 

5. Results  494 

5.1 Evaluation against MAR for standard albedo parameters 495 

Figures 2 to 4 display the spatial distribution of the runoff, sublimation and refreezing simulated by MAR (panels 496 

a) and by ORCHIDEE-ICE in the STD-3L (panels b) and STD-12L (panels c) experiments.  497 

The main runoff areas simulated with MAR are located on the western edge albeit, to some extent, runoff occurs 498 

in all peripheral areas of the ice sheet (Fig. 2a). Locations of the ablation zones are well represented in 499 

ORCHIDEE-ICE but are limited to a very narrow band, especially in the STD-3L simulation (Fig. 2b). Increasing 500 

the number of snow layers favors the inland expansion of the ablation areas on the western and northern margins 501 

(Fig. 2c). However, this expansion remains too restricted compared to MAR (Fig. 2a). Integrated over the whole 502 

ice sheet (Table 2), the runoff values computed in STD-3L (152 Gt yr-1) and STD-12L (205 Gt yr-1) experiments 503 

for the 2000-2019 period are respectively 59 % and 45 % lower compared to MAR (375 Gt yr-1). As a consequence 504 

of the considerably smaller amount of runoff in ORCHIDEE-ICE, and thus of surface meltwater, refreezing is also 505 

much lower (Table 2) and less extended (Figs. 3a-c) compared to MAR. 506 

 507 

 508 

 509 
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 510 

Figure 2: Spatial distribution of the runoff (in mm day-1) averaged over the 2000-2019 period and simulated with 511 
MAR (a) and the ORCHIDEE-ICE model (b-e) using: the three-layer snow scheme and the standard albedo 512 
parameters (b), the twelve-layer snow scheme and the standard albedo parameters (c), the twelve-layer snow 513 
scheme and the albedo parameters optimised using a data assimilation technique (Raoult et al., 2023) and a 514 
previous version of the ORCHIDEE-ICE model (d), the twelve-layer snow scheme and the albedo parameters 515 
obtained after manual tuning. 516 

 517 

Table 2: Simulated values of SMB, runoff, sublimation and refreezing integrated over the entire Greenland ice 518 
sheet and averaged over the 2000-2019 period. Values in brackets indicate the root-mean-square error with respect 519 
to MAR outputs. 520 

Experiments SMB (Gt yr-1) 

[RMSE w.r.t. MAR, 
in m yr-1] 

Runoff (Gt yr-1) 

[RMSE w.r.t. MAR, 
in m yr-1] 

Sublimation (Gt yr-1) 

[RMSE w.r.t. MAR, 
in m yr-1]) 

Refreezing (Gt yr-1) 

[RMSE w.r.t. MAR, 
in m yr-1] 

MAR 286 375 82 186 

STD-3L 504 [0.356] 152 [0.404] 33 [0.036] 72 [0.123] 

STD-12L 450 [0.287] 205 [0.337] 33 [0.035] 104 [0.098] 

ASIM-12L 453 [0.276] 220 [0.324] 15 [0.044] 97 [0.103] 

OPT-12L 301 [0.169] 336 [0.216] 52 [0.028] 158 [0.087] 

ERA5-12L 352 273 89 141 
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 521 

Figure 3: Same as Figure 2 for the simulated refreezing (in mm day-1). 522 

Large differences between MAR and ORCHIDEE-ICE also arise regarding sublimation (32 and 33 Gt yr-1 in the 523 

STD-3L and STD-12L experiments respectively, against 82 Gt yr-1 for the 2000-2019 period in MAR). This feature 524 

concerns the entire ice sheet but is even more striking in peripheral areas and, to a lesser extent, in central 525 

Greenland where condensation occurs (Fig. 4).  526 

The differences in simulated runoff and in sublimation between MAR and ORCHIDEE-ICE translate into 527 

overestimated SMB values simulated with ORCHIDEE-ICE (504 and 450 Gt yr-1 in STD-3L and STD-12L against 528 

286 Gt yr-1 in MAR; see also Fig. 5). Since inland regions are dominated by the accumulation signal, which is 529 

provided by the MAR outputs, the SMB anomalies are primarily driven by differences in the ablation components 530 

occurring at the edges of the ice sheet, and exceed 2 m yr-1 in most parts of the western and southeastern margins.  531 

An important conclusion that can be drawn from these results is that the use of a better resolved snow layering 532 

scheme (twelve-layer as opposed to a three-layer snow scheme) reduces the mismatch between MAR and 533 

ORCHIDEE-ICE. This is illustrated by the integrated SMB and runoff values which are respectively ~35% higher 534 

and ~11% lower in STD-12L, translating into reductions of RMSE values (~19% and ~17% for SMB and runoff 535 

respectively, see Table2). Nevertheless, the differences with MAR are still too large for the model to be used as a 536 

reliable tool to compute the GrIS SMB.  537 

 538 

 539 

 540 

 541 
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 542 

Figure 4: Same as Figure 2 for the simulated sublimation (in mm day-1). Negative values indicate condensation. 543 

 544 
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 545 

Figure 5: Spatial distribution of the GrIS SMB simulated with MAR (in mm day-1) and averaged over the 2000-546 
2019 period (a) Differences in the GrIS surface mass balance between MAR and the ORCHIDEE-ICE model (b-547 
e) with the standard parameter values of the albedo parameterisation and the three-snow layering scheme (b). 548 
Panels (c-e) correspond to simulations performed with the updated twelve-snow layering scheme for standard 549 
values of the albedo parameters (c), optimised values of the albedo parameters (d), values of the albedo parameters 550 
obtained after manual tuning (e). 551 

5.2. SMB and runoff for modified albedo parameters  552 

5.2.1 Impact of optimised albedo parameters 553 

As snow is a highly reflective medium, little changes in albedo may produce large changes in the surface energy 554 

budget, and thus, in the SMB. In the GrIS interior, there is generally a broad agreement between the summer albedo 555 

computed by MAR and the standard ORCHIDEE-ICE simulations (i.e. STD-3L and STD12-L experiments, Figs. 556 

6b and 6c). Slight negative anomalies (~ -0.05) appear, mainly in the northern part of the ice sheet, but with only 557 

little consequences on surface melting owing to the very cold conditions in this region. However, on the western 558 

margin, where most of the melting takes place, larger snow albedo values are found in ORCHIDEE-ICE. This 559 

leads to underestimated surface temperatures compared to MAR (Fig. 7) and, thus, to undervalued runoff that may 560 

explain part of the discrepancies between MAR and ORCHIDEE-ICE. There are also differences between the 561 

observations provided by MODIS retrievals and the MAR albedo (Figs. 8a, 8b), especially in the northern and 562 

southern parts, and the western margin. On the other hand, the summer albedo computed in the STD-3L and STD-563 
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12L experiments (Figs. 8c, 8d) are generally too low in the interior of the ice sheet, and too high on the western 564 

margin with differences from 0.05 to 0.15. 565 

 566 

 567 

Figure 6: Spatial distribution of the summer albedo computed with MAR and averaged over the 2000-2017 period 568 
(a) and differences between the albedo computed with ORCHIDEE-ICE and MAR for the three-layer snow scheme 569 
and the standard albedo parameters (b), the twelve-layer snow scheme and the standard albedo parameters (c), the 570 
albedo parameters inferred from a data assimilation technique and using a previous version of the ORCHIDEE-571 
ICE model (d), the albedo parameters obtained after manual tuning (e). 572 

As mentioned in Section 3.2, we investigated the sensitivity of the SMB and its components on the albedo. We 573 

first performed an ORCHIDEE-ICE experiment (ASIM-12L) with the optimised albedo parameters inferred from 574 

Raoult et al. (2023). Figure 8e illustrates how the representation of the albedo has been improved in the ASIM-575 

12L experiment compared to STD-12L (Fig. 8d). Model-data discrepancies are now reduced with differences 576 

lower than 0.05 except in the northernmost parts of the ice sheet. In addition, the RMSE decreased by ~24 % 577 

(Table 3), which is consistent with Raoult et al. (2023). The ablation areas are now better represented (Fig. 2d) 578 

due to increased surface temperatures (Fig. 7c) as a result of lower albedo values on the western margin (Fig. 8d).  579 

However, despite the smaller mismatch between modeled albedo and MODIS retrievals and the better 580 

representation of the ablation areas, the simulated amount of runoff (220 Gt yr-1) integrated over the whole GrIS 581 

has been only slightly improved with respect to STD-12L (Figs. 2d) and remains quite different from MAR outputs 582 

(Figs. 2a), and the simulated SMB (453 Gt yr-1) has even been slightly degraded (Figs. 5a and 5d) due to strong 583 

negative temperature anomalies in central Greenland (Fig. 7c). These unsatisfactory results could be explained by 584 
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the use of an earlier version of the ORCHIDEE-ICE model to perform the optimisation, in which ice layers were 585 

not implemented, likely causing an underestimation of runoff.  586 

 587 

 588 

 589 

Figure 7: Spatial distribution of the snow temperature differences with respect to MAR averaged over the 2000-590 
2019 period (in °C) simulated for the STD-3L (a), STD-12L (b), ASIM-12L (c) and OPT-12L (d) experiments. 591 

The low performance for the SMB computation in ASIM-12L is not solely due to a small amount of runoff but 592 

also to strong negative values of sublimation (i.e., large condensation) over central Greenland (Fig. 3d) resulting 593 

in an average level of 15 Gt yr-1 over the entire ice sheet compared to 82 Gt yr-1 in MAR (Table 2). In the ASIM-594 

12L experiment, the albedo in the central GrIS region is slightly higher (up to 0.05) than the albedo retrieved from 595 

MODIS (Fig. 8e), while the albedo computed with MAR is slightly lower (Fig. 8b). This explains why the ASIM-596 

12L surface temperatures are smaller than those simulated with MAR. This can lead therefore to lower saturation 597 

pressures that can drop below the dew point and thus produce solid condensation. This result highlights the key 598 

influence of the albedo on surface processes and, in particular, illustrates how a small departure from observations 599 

may lead to strong biases in sublimation estimates. 600 

5.2.2 Manual tuning  601 

As mentioned in Section 3, we have not yet performed a data assimilation experiment to calibrate the new twelve-602 

layer ES model, given the computational cost of such an experiment. Instead, we chose to follow a trial and error 603 

approach. As runoff dominates the SMB signal, our primary objective was to improve the runoff computation by 604 
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reducing the summer albedo values in the main ablation areas (i.e., the western margin). Given the number of 605 

albedo parameters, several options are available to achieve this:  606 

• lowering the albedo of aged snow (𝐴𝑎𝑔𝑒𝑑) and/or the albedo of fresh snow (𝐴𝑎𝑔𝑒𝑑 + 𝐵𝑑𝑒𝑐); 607 

• modifying the parameter controlling the decay rate of snow albedo (𝜏𝑑𝑒𝑐); 608 

• increasing snow age by changing the parameters related to snow aging: the minimum snowfall thickness 609 

to reset snow age to zero (𝛿𝑐), the tuning parameters 𝜔1, 𝜔2 (see Eq. 10) and the maximum snow age 610 

(𝜏𝑚𝑎𝑥); 611 

• changing the ice albedo (𝛼𝑖𝑐𝑒) because it can also affect SMB and runoff computation if the snowpack 612 

melts entirely during summer months in some places and give rise to bare ice.  613 

Owing to the various influences of the albedo parameters, we had to find a compromise so as to lower the albedo 614 

in ablation areas and improve the computation of runoff and SMB, while keeping reasonable albedo values in the 615 

GrIS interior. Among the values we tested for each of the parameters, the set of parameters providing the best 616 

agreement with MAR outputs (for SMB and SMB components) is highlighted in bold in Table 1 (OPT-12L 617 

experiment). Compared to the ASIM-12L experiment (Fig. 8e), the albedo mismatch between ORCHIDEE-ICE 618 

(OPT-12L experiment) and MODIS is amplified, especially along the western margin and in the northern sector 619 

with differences reaching 0.25 and 0.3 respectively (Fig. 8f). Nevertheless, these results were expected since our 620 

manual tuning was designed to increase the magnitude of the ablation components (especially runoff) and to 621 

decrease the SMB, and therefore to lower the albedo values with a direct impact on surface temperatures, hence 622 

surface melting and sublimation. 623 

5.2.3 Impact on SMB components 624 

Using the new set of albedo parameters obtained with the manual tuning approach, the ablation areas are now 625 

much more extended than those simulated in the STD-12L experiment (Figs. 2c and 2e). Compared to MAR (Fig. 626 

2a), they are even wider in the northern part due to increased surface temperatures (Fig. 7d) in response to lower 627 

albedo values (up to -0.25). The total amount of runoff averaged over the 2000-2019 period is now 336 Gt yr-1 628 

(against 375 Gt yr-1 in MAR). For the OPT-12L experiment, the RMSE value has decreased by ~40% compared 629 

to STD-12L (Table 2), meaning that the improvement in the runoff computation over the whole of GrIS does not 630 

result from compensation biases. In the same way, the sublimation (52 Gt yr-1) and refreezing (158 Gt yr-1) better 631 

match with MAR (Table 2). In particular, condensation over central Greenland has been considerably reduced, 632 

notably with respect to ASIM-12L, but sublimation is still underestimated along the GrIS edges and in the southern 633 

part (Fig. 4e). The increase in refreezing (with respect to STD-12L and ASIM-12L) in the GrIS interior (Fig. 3e) 634 

is likely linked to lower summer albedo values (Figs. 6e, 8f) leading to a smaller amount of melting compensated 635 

by refreezing. In the main ablation areas, a larger refreezing is produced and thus a better agreement with MAR, 636 

though still insufficient, is obtained. 637 

These results for the SMB components are evidently associated with an improved representation of the SMB itself 638 

(Fig. 5e) which now reaches 301 Gt yr-1 (286 Gt yr-1 obtained with MAR), and with a ~41% decrease in the RMSE 639 

value compared to STD-12L (Table 2). 640 

 641 

 642 
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 643 

Figure 8: Spatial distribution of the MODIS summer albedo averaged over the 2000-2017 period (a) and 644 
differences between the albedo computed with MAR and MODIS (b), and with ORCHIDEE-ICE and MODIS for 645 
the three-layer snow scheme and the standard albedo parameters (c), the twelve-layer snow scheme and the 646 
standard albedo parameters (d), the albedo parameters inferred from a data assimilation technique and using a 647 
previous version of the ORCHIDEE-ICE model (e), the albedo parameters obtained after manual tuning (f).  648 

5.3 SMB evolution: impact of the climate forcing 649 

The results presented in the previous sections were averaged over the 2000-2019 period (for SMB and the SMB 650 

components) and over the 2000-2017 period (for the albedo). In this part, we present the temporal evolution of the 651 

SMB between years 2000 and 2019 (Fig. 9). Figure 8 shows that whatever the ORCHIDEE-ICE experiment under 652 

consideration, the evolution of the yearly integrated SMB is in accordance with the evolution simulated by the 653 

MAR model. In particular, the years in which extreme melting events were recorded (such as 2012 and 2019) are 654 

perfectly well represented (Bennartz et al. 2013; Tedesco and Fettweis 2020). As expected, the best agreement 655 

with MAR is obtained for the OPT-12L experiment as a result of the calibration of the albedo parameters.  656 

https://doi.org/10.5194/egusphere-2024-285
Preprint. Discussion started: 14 February 2024
c© Author(s) 2024. CC BY 4.0 License.



25 
 

When forced by the ERA-5 meteorological fields, and using the manually-tuned parameters, ORCHIDEE-ICE 657 

simulates higher SMB values and a lower runoff (Fig. 9 and Table 2), especially during the first period of the time 658 

series (2000-2008). However, the evolution of the yearly integrated SMB in the ERA5-12L experiment follows 659 

exactly the same interannual variations as for the OPT-12L experiment forced with MAR (Fig. 9). This indicates 660 

that the surface climate simulated by MAR is close to that derived from the ERA-5 products. Moreover, in a 661 

comparative study of the ERA-5 reanalyses, Arctic System reanalysis and MAR performances, Delhasse et al. 662 

(2020) showed that MAR outperforms ERA-5 for the near-surface temperatures when compared to observations 663 

from automatic weather stations. As the surface melt, and thus the SMB, largely depend on near-surface 664 

temperatures, there is therefore a strong interest in using MAR to force our snow model and to compare its 665 

performances to those of MAR. 666 

 667 

 668 

Figure 9: Evolution of the yearly surface mass balance of the Greenland ice sheet simulated with MAR (black), 669 
ORCHIDEE-ICE forced by MAR outputs (STD-3L and STD-12L: yellow, solid and dashed lines respectively; 670 
OPT-12L: red line), ORCHIDEE-ICE forced by the ERA-5 reanalyses (green line). 671 

6. Discussion and concluding remarks 672 

The land surface component of the IPSL ESM used for CMIP6 included a three-layer snowpack model operating 673 

over continental surfaces. However, this snow scheme was not adapted to glaciated surfaces, which is a major 674 

drawback and makes it impossible to compute the surface mass balance over ice sheets or glaciers. The aim of this 675 

paper was therefore to present the new developments made to adapt the snow model to ice-covered areas and to 676 

document its performance. Our first step was to calibrate the snow albedo parameterisation over the Greenland ice 677 

sheet. To have a set of climate variables covering the whole ice sheet, we chose to force our model by the 678 

atmospheric outputs of the MAR regional model which shows very good performances to simulate the surface 679 

climate and thus offers undeniable advantages for the representation of the physical processes related to snow and 680 

ice, in particular surface melting (Delhasse et al., 2020). We have shown that the ablation-related processes are 681 
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highly dependent on the choice of the albedo parameters. The set of parameters obtained after manual tuning (OPT-682 

12L experiment) provides a good agreement between the SMB computed in ORCHIDEE-ICE and MAR. 683 

However, the summer albedo computed with this set of parameters has been degraded compared to MAR and 684 

MODIS and to the albedo computed in the ASIM-12L experiment (based on the MODIS-optimised albedo 685 

parameters) as shown in Table 3 and in Figures 6d,e and 7e,f. While the RMSEs computed between ORCHIDEE-686 

ICE and MAR for SMB and runoff have been reduced by ~39% and ~33% respectively from ASIM-12L to OPT-687 

12L, the RMSE for albedo has increased by 47% (Table 3). The mismatch between MODIS retrievals and OPT-688 

12L albedo is mainly observed in the northernmost part of the ice sheet and, to a lesser extent, on the western 689 

edge.  690 

Table 3: Albedo RMSE values between MAR and MODIS (first line), between ORCHIDEE-ICE and MODIS 691 
(second column) and between ORCHIDEE-ICE and MAR (third column). 692 

Experiments RMSE 

(w.r.t MODIS) 

RMSE 

(w.r.t MAR) 

MAR 0.076  

STD-3L 0.098 0.055 

STD-12L 0.097 0.058 

ASIM-12L 0.076 0.045 

OPT-12L 0.111 0.092 

 693 

A more objective method would be to perform a data assimilation experiment similar to the one presented in Raoult 694 

et al. (2023) using the new version of the ORCHIDEE-ICE model. However, albedo is not the only important 695 

parameter governing the snowpack evolution. The albedo parameters inferred from Raoult et al. (2023)’s 696 

optimisation greatly improve the representation of the albedo, but degrade the other model outputs compared to 697 

those obtained with the manually-tuned albedo parameters. This is most likely because their optimisation overfits 698 

the albedo retrievals without applying constraints to the other processes strongly impacting the SMB components 699 

and controlling the state of the snowpack (e.g., snow compaction, snow density, snow viscosity). This underlines 700 

the need for improving the representation of some internal processes and supports the recommendation for a multi-701 

objective optimisation using not only albedo data, but also vertical temperature and density profiles as well as 702 

SMB observations. Since this type of approach is highly time-consuming, it has not yet been undertaken. 703 

Nevertheless, it will be the focus of a future study.  704 

A second potential limitation is related to missing processes. For example, metamorphism, dust and algae 705 

deposition that strongly affect the albedo, or snow drift, are ignored. In addition, there are also structural 706 

deficiencies related to the fact that in ORCHIDEE-ICE, a single energy budget is computed in one grid cell. This 707 

is detrimental for the albedo computation especially at the edges of the ice sheet where several surface types may 708 

coexist in a 20 km x 20 km mesh. However, the implementation of a multi-tile energy balance is currently under 709 

development.  710 

Finally, as our simulations have been run in off-line mode, the snow feedback onto the atmosphere has not been 711 

taken into account, contrary to the MAR model fully coupled to a snow scheme derived from CROCUS (Brun, 712 

1989, 1992). Ignoring snow-atmosphere feedback may potentially lead to biases related to surface processes and 713 

to an improper representation of the energy and humidity flux exchanges at the snow-atmosphere interface. For 714 
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example, forcing our model with the atmospheric temperature at 2m derived from the full coupled MAR simulation 715 

could lead to an underestimation of the energy available at the snow-atmosphere interface, resulting in less 716 

snowmelt compared to what is simulated in coupled mode. However, our manual tuning approach aims at limiting 717 

the potential underestimation of the surface meltwater production. Conversely, any potential bias in the MAR 718 

forcing may also affect our results (Dietrich et al., 2024). To overcome this problem, it would have been interesting 719 

to force ORCHIDEE-ICE by meteorological fields recorded at the automatic weather stations. This has not been 720 

done in this study because the meteorological fields required to force ORCHIDEE-ICE were not all available at 721 

the PROMICE stations and because our first objective was to obtain a reasonable estimate of the SMB and its 722 

components at the scale of the entire GrIS. 723 

Despite the potential improvements that could still be made to ORCHIDEE-ICE to enhance the model's 724 

performance, the developments presented in this paper represent a major step forward. Indeed, they now allow the 725 

ice-sheet surfaces to be handled by the land surface model, consistently with all the other surface types, and not 726 

by the atmospheric component of the IPSL model (LMDZ), as was the case up to now. In addition, the new snow 727 

model can now be applied to the continental glaciers replacing the very crude snow scheme used previously. Our 728 

developments enable us to provide a reasonable estimate of the surface mass balance of the Greenland ice sheet, 729 

in very good agreement with that simulated by the MAR model which was used as a reference in this study. These 730 

developments constitute a first step towards the full coupling between the IPSL global climate model and ice-sheet 731 

models.  732 

  733 
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Appendix A:  734 

Table A1: List of variables used in ORCHIDEE-ICE and related to snowpack and ice processes 735 

Symbol Variable Units Value/Range 

𝑑𝑡 ORCHIDEE time step s 1800 

𝐺𝑠𝑢𝑟𝑓 Surface energy flux W m-2  

𝐺𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔  Surface energy flux over snow-covered areas W m-2  

𝑆𝑊𝑛𝑒𝑡  Shortwave net radiation W m-2  

𝐿𝑊𝑛𝑒𝑡  Longwave net radiation W m-2  

𝐻𝐿  Latent heat flux W m-2  

𝐻𝑆 Sensible heat flux W m-2  

𝐻𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙  Heat release from rainfall W m-2  

𝐶𝑠𝑜𝑖𝑙  Surface heat capacity of soil J m-2 K-1  

𝐹𝐶  Heat conductive flux W m-2  

𝑞𝑐𝑑𝑟𝑎𝑔 Transfer coefficient -  

𝑈 Wind speed at 10 m m s-1  

𝐹𝑠𝑛𝑜𝑤 Snow cover fraction -  

𝑧0𝑔 Ground roughness length m 0.01 

m Adjustable parameter in the snow cover 

fraction formulation 

 1.0 

𝛼 Surface albedo of the grid cell   

𝛼𝑠𝑛𝑜𝑤 Albedo of snow-covered surfaces   

𝛼𝑠𝑛𝑜𝑤−𝑓𝑟𝑒𝑒  Albedo of snow-free surfaces   

𝑓𝑖𝑐𝑒  Grid-cell fraction of ice-covered areas   

𝑓𝑃𝐹𝑇,𝑖 Grid-cell fraction of the ith PFT   

𝐴𝑎𝑔𝑒𝑑  Snow albedo of old snow   

𝐴𝑎𝑔𝑒𝑑  +  𝐵𝑑𝑒𝑐  Albedo of fresh snow   

𝜏𝑠𝑛𝑜𝑤 Snow age days  

𝜏𝑑𝑒𝑐  Time constant of the albedo decay days  

𝜏𝑚𝑎𝑥  Maximum snow age days  

𝛿𝑐  Snowfall thickness necessary for resetting the 

snow age to zero 

m  

𝜔1, 𝜔2 Tuning constants for snow albedo   
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𝛼𝑖𝑐𝑒  Ice albedo   

𝑓𝑎𝑔𝑒  Snow age function   

𝑇𝑎𝑖𝑟  Surface air temperature at 2 m K  

𝜌
𝑎𝑖𝑟

 Air density kg m-3  

𝑄𝑎𝑖𝑟  Air specific humidity at 2 m -  

𝑄𝑠𝑎𝑡  Saturated specific humidity at 2 m -  

P Atmospheric pressure hPa  

P0 Reference pressure hPa 1000 

𝐿𝑠 Latent heat of sublimation J kg-1 2.8345 106 

𝑇𝑠𝑢𝑟𝑓  Surface temperature K  

𝑇0 Freezing temperature K 273.15 

𝑇𝑠𝑛𝑜𝑤
𝑎𝑑𝑑  Snow temperature adjustment K  

𝑇𝑠𝑛𝑜𝑤  (𝑇𝑖𝑐𝑒) Snow (ice) temperature K  

𝑃𝑠𝑛𝑜𝑤  Snowfall amount during the time step dt m  

𝑃𝑟𝑎𝑖𝑛 Liquid precipitation during the time step dt m  

𝑆𝑠𝑛𝑜𝑤  Snow sublimation  kg m-2 s-1  

𝐶𝑠𝑛𝑜𝑤 Snow heat capacity  J m-2 K-1  

𝐶𝑠𝑛𝑜𝑤
𝑣 , 𝐶𝑖𝑐𝑒  Snow (ice) volumetric heat capacity J m-3 K-1  

𝑍𝑠𝑛𝑜𝑤 Total snow depth m  

𝑍𝑡ℎ𝑖𝑛 Minimum thickness of the snowpack m 0.1 

𝜌
𝑠𝑛𝑜𝑤

 Snow density kg m-3  

𝐻𝑠𝑛𝑜𝑤
𝑖  Heat content in the ith snow layer  W m-2 s-1  

𝐷𝑠𝑛𝑜𝑤
𝑖  Depth of the ith snow layer m  

𝛿𝑖  Maximum thickness of the ith layers for i = 1 

to 5 and 9 to 12  

m  

𝑑𝑟  Total thickness of layers 6 to 8 m  

𝜎𝑠𝑛𝑜𝑤
𝑖  Pressure of the snow load over the ith layer  Pa  

𝑊𝑙𝑖𝑞
𝑖  Liquid content in the ith snow layer m  

𝐷𝑠𝑤𝑒
𝑖  Snow water equivalent in the ith snow layer m  

𝑊𝑚𝑎𝑥
𝑖  Maximum water holding capacity of the ith 

snow layer 

m  

𝑟𝑚𝑖𝑛  Parameter of the maximum water holding 

capacity 

 0.03 

https://doi.org/10.5194/egusphere-2024-285
Preprint. Discussion started: 14 February 2024
c© Author(s) 2024. CC BY 4.0 License.



30 
 

𝑟𝑚𝑎𝑥  Parameter of the maximum water holding 

capacity 

 0.10 

𝜌
𝑡
 Parameter of the maximum water holding 

capacity 

kg m-3 200 

𝜂
𝑠𝑛𝑜𝑤

 Snow viscosity Pa s  

𝜂
0

 Snow viscosity parameter Pa s 3.7 x 107 

𝑎𝜂  Snow viscosity parameter K-1 8.1 x 10-2 

𝑏𝜂  Snow viscosity parameter m3 kg-1 1.8 x 10-2 

𝑎𝜓 Parameter for the effect of metamorphism s-1 2.8 x 10-6 

𝑏𝜓 Parameter for the effect of metamorphism K-1 4.2 x 10-2 

𝑐𝜓 Parameter for the effect of metamorphism m3kg-1 460 m3kg-1 

𝜌𝜓 Parameter for the effect of metamorphism kg m-3 150 

𝛬𝑠𝑛𝑜𝑤 (𝛬𝑖𝑐𝑒) Snow (ice) thermal conductivity W m-1 K-1  

𝛬𝑒𝑓𝑓 = 𝛬𝑠𝑛𝑜𝑤 Effective snow thermal conductivity W m-1 K-1  

𝛬𝑐𝑜𝑛𝑑  Snow thermal conductivity W m-1 K-1  

𝛬𝑣𝑎𝑝 Snow thermal conductivity  W m-1 K-1  

𝜌
𝑖𝑐𝑒

 Ice density  kg m-3 920 

𝐷𝑖𝑐𝑒
𝑖  Depth of the ith ice layer  m  

𝑎𝜆 Parameter of snow thermal conductivity W m-1 K-1 0.02 

𝑏𝜆 Parameter of snow thermal conductivity W m5 K-1 kg-2 2.5 10-6  

𝑎𝜆𝑣 Parameter of snow thermal conductivity from 

vapor transport 

W m-1K-1 -0.06023  

𝑏𝜆𝑣 Parameter of snow thermal conductivity from 

vapor transport 

W m-1 -2.5425 

𝑐𝜆𝑣 Parameter of snow thermal conductivity from 

vapor transport 

K -289.99 

𝑎𝑐𝑖  Parameter of heat capacity of the ice J K-1 kg-1 2115.3 

𝑏𝑐𝑖  Parameter of heat capacity of the ice J K-2 kg-1 7.79293 

𝑎𝜆𝑖  Parameter of ice thermal conductivity W m-1 K-1 6.627 

𝑏𝜆𝑖  Parameter of ice thermal conductivity K-1 -0.041 

𝜌
𝑤𝑎𝑡𝑒𝑟

 Water density Kg m-3 1000 

𝐸𝑠𝑛𝑜𝑤
𝑖  (𝐸𝑖𝑐𝑒

𝑖 ) Energy required to induce phase changes in 

the snowpack (in the ice) 

W m-2 s-1  

https://doi.org/10.5194/egusphere-2024-285
Preprint. Discussion started: 14 February 2024
c© Author(s) 2024. CC BY 4.0 License.



31 
 

𝑆𝑚𝑒𝑙𝑡  (𝐼𝑚𝑒𝑙𝑡) Total amount of snow (ice) melt at each time 

step 

kg m-2  

𝜆𝑠𝑛𝑜𝑤, 𝐶𝑔𝑟_𝑠𝑛𝑜𝑤 , 𝐷𝑔𝑟_𝑠𝑛𝑜𝑤 Integration coefficient for snow thermal 

profile numerical scheme 

  

𝜆𝑖𝑐𝑒 , 𝐶𝑔𝑟_𝑖𝑐𝑒 , 𝐷𝑔𝑟_𝑖𝑐𝑒  Integration coefficient for ice thermal profile 

numerical scheme 

  

𝑆𝑀𝐵 Surface mass balance  Gt yr-1   

 736 
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