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Abstract. The snowpack has a major influence on the land surface energy budget. Accurate simulation of the snowpack en-

ergy and radiation budget is challenging due to e.g. effects of vegetation and topography, and limitations in the theoretical

understanding of turbulent transfer in the stable boundary layer. Studies that evaluate snow, hydrology and land surface models

(LSMs) against detailed observations of all surface energy balance components at high latitudes are scarce. In this study, we

compared different configurations of SURFEX land surface model against surface energy flux, snow depth and soil temper-5

ature observations from four eddy covariance stations in Finland. The sites cover two different climate and snow conditions,

representing the southern and northern subarctic zones, and the contrasting forest and peatland ecosystems typical for the bo-

real landscape. We tested the sensitivity different turbulent flux of surface energy fluxes to different process parameterizations

implemented in the Crocus snowpack model. In addition, we examined common alternative approaches to conceptualize soil

and vegetation, and assessed their performance in simulating surface energy fluxes, snow conditions and soil thermal regime.10

Our results show that a stability correction function that increases the turbulent exchange under stable atmospheric conditions

is imperative to simulate sensible heat fluxes over the peatland snowpacks, and that realistic peat soil texture (soil organic con-

tent) parameterization greatly improves the soil temperature simulations. For accurate simulations of surface energy fluxes and

snow/soil conditions in forests, an explicit vegetation representation is necessary. Moreover, we demonstrate the high sensitivity

of surface fluxes to a previously rather poorly documented parameter involved in snow cover fraction computation. Although15

we focused on models within the SURFEX platform, the results have broader implications for choosing suitable turbulent flux

parameterization and model structures depending on the potential use cases for high-latitude land surface modelling.

Copyright statement.
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1 Introduction

The boreal zone, characterized by a mosaic of seasonally snow-covered peatlands, forests and lakes, is the largest land biome20

in the world. Snow conditions in the boreal zone are rapidly changing due to climate warming, which is found to be the

strongest during the cold seasons in the Arctic (Serreze et al., 2009; Screen and Simmonds, 2010; Boisvert and Stroeve, 2015;

Rantanen et al., 2022). Evidently snow has an important role for water resources and human activities in the cold regions,

but it is also known that the snowpack characteristics affect animal movement (Tyler, 2010; Pedersen et al., 2021) and plant

distribution (Rasmus et al., 2011; Kreyling et al., 2012; Rissanen et al., 2021). Recent studies show that especially cold-25

dwelling species have been shifting towards higher latitudes and altitudes in search for more suitable habitats (Tayleur et al.,

2016; Couet et al., 2022). Therefore, the rapid warming of the Arctic, and its consequences on the quantity and properties of

snow may de�ne the destiny of many species and human activities in the boreal region. To predict future snow conditions,

environmental change, and the consequences for water resources, ecosystems and people, predictive and process-based models

possess great potential (Clark et al., 2015; Boone et al., 2017). Land surface models (LSMs) have been used for decades30

in numerical weather prediction(NWP) and in global circulation models(GCMs) (Douville et al., 1995; Niu et al., 2011;

Lawrence et al., 2019), and have more recently become common tools for interdisciplinary impact studies (Blyth et al., 2021).

Snowpack has a major impact on the wintertime energy budget due to its in�uence on the land surface albedo(LSA) (here-

after albedo) and the surface heat �uxes (Cohen and Rind, 1991; Eugster et al., 2000). The heat diffusion within the snowpack

is determined by the surface heat �uxes, internal properties of the snowpack and soil thermal regime. Correctly representing35

the snowpack is thus essential for simulating energy and mass exchange between the snow surface and the atmosphere, as

well as below the snowpack (e.g. surface temperatures and soil freezing/thawing dynamics, Koivusalo and Heikinheimo, 1999;

Slater et al., 2001). The snowpack energy budget is partitioned into downwards and upwards shortwave(SWD, SWU) and

longwave(LWD, LWU) radiation, turbulent �uxes of sensible(H) and latent heat(LE), snowpack-ground heat �ux(G) and

phase-changes in the snow. The snowpack energy balance and energy partitioning among the �ux components vary strongly40

across diurnal and seasonal timescales, and between different ecosystems (Clark et al., 2011; Stiegler et al., 2016; Stigter et al.,

2021). It is essential that LSMs are able to correctly reproduce this variability.

On the vast boreal and arctic peatlands with shallow vegetation, the snow cover can exclusively determine the wintertime

LSA albedo (Aurela et al., 2015). With minimal solar radiation during winter months on these open snow �elds, turbulent

�uxes make an important component in the energy budget of the snowpack, as they compensate the radiative cooling processes45

and further contribute to snow melt (Lackner et al., 2021; Conway et al., 2018). Simulation of turbulent �uxes under stable

atmospheric conditions is known as one of the major sources of uncertainty in snow models (Lafaysse et al., 2017; Menard

et al., 2021). In LSMs the turbulent �uxes are commonly computed with bulk aerodynamic approaches, whereH sensible

andLE latent heat �uxes are proportional to the turbulent exchange coef�cient according to the Monin-Obukhov similarity

theory(MOST). These approaches typically use atmospheric stability correction functions based either on the bulk Richardson50

number (Martin and Lejeune, 1998; Lafaysse et al., 2017; Clark et al., 2015) or the Obukhov length scale (Jordan et al., 1999).

It is established thatMOST the Monin-Obukhov similarity theory does not well represent low-wind and stable atmospheric
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conditions above aerodynamically smooth surfaces such as snow (Conway et al., 2018). In such conditions, the simulated

surface temperatures have been found to be unrealistically low, as the turbulent boundary layer tends to decouple from the

snow surface (Derbyshire, 1999; Andreas et al., 2010). To circumvent this effect, stability correction functions have been55

modi�ed to permit turbulent �uxes above critical stability thresholds (Lafaysse et al., 2017), by manipulating the wind speed

(Martin and Lejeune, 1998; Andreas et al., 2010), or including a windless turbulent exchange coef�cient (Jordan et al., 1999).

Evaluations of these modi�cations often rely on validation with observed surface temperatures and snow depths (e.g. for the

detailed snowpack model Crocus; Martin and Lejeune, 1998; Lafaysse et al., 2017) while comparisons against turbulent energy

�ux data remain scarce (Lapo et al., 2019; Conway et al., 2018).60

The energy budgets of forest canopies and below-canopy snowpack are different to those on open peatlands, as turbulent

exchange is attenuated by the canopy, and the snowpack energy budget and snow melt are mostly driven by the radiation balance

(Rutter et al., 2009; Essery et al., 2009; Varhola et al., 2010). However, due to heterogeneous canopy structures and canopy

processes (radiation transmittance, snow interception and unloading) together with low solar angles, the albedo dynamics of

LSA in seasonally snow-covered boreal forestsis are complex (Malle et al., 2021). The absorption of the shortwave radiation65

can be highly heterogeneousin foreststands, having direct implications on canopy temperatures (Webster et al., 2017), and on

the resulting longwave radiative �uxes between canopy, snowpack and the atmosphere (Mazzotti et al., 2020b). Forest snow

modelling has been identi�ed as a priority in advancing cold region climate and hydrological models (Rutter et al., 2009;

Krinner et al., 2018; Lundquist et al., 2021). Various models that have been proposed to represent the large-scale impact of

forest on the snowpack energy budget (Niu et al., 2011; Lawrence et al., 2019; Boone et al., 2017) are still prone to large errors,70

due to the complexity and unresolved spatial scales of the underlying physical processes (Loranty et al., 2014; Thackeray et al.,

2019). The forest snow model evaluations against concurrent snowpack and surface energy balance data are also surprisingly

scarce. For instance, the explicit forest scheme of SURFEX LSM, MEB (Boone et al., 2017) has so far been evaluated only

against data from three neighbour sites in Saskatchewan, Canada (Napoly et al., 2020). This considerably limits knowledge of

the model skill to represent snow-forest interactions in regional or global applications.75

The texture and thermal properties of the underlying soil can strongly impact the snowpack-ground heat exchange, snow-

pack energy �uxes and snowpack dynamics (Decharme et al., 2016). Peatlands have high soil organic content (SOC) and are

characterized bya high porosity, shallow water table,a weak hydraulic suction, strong gradient in hydraulic conductivity from

high values at the top to low values at the subsurface, low thermal conductivity, and large heat capacity (Decharme et al., 2016;

Marttila et al., 2021; Morris et al., 2022; Menberu et al., 2021). These properties result in a wet soil pro�le resistant to temper-80

ature variations, while the drier top peat and moss layer can also provide effective insulation particularly during summertime

(Beringer et al., 2001; Park et al., 2018; Chadburn et al., 2015). The importance of the soil texture is still often overlooked even

in detailed snow models. For instance, in model comparisons of the ESM-SnowMIP project (Ménard et al., 2019), no SOC

information was used to parameterize the participating LSMs to the reference sites. In addition, many spatial snow simulations

neglect peat soils or SOC altogether, and their hydrological and thermal characteristics are derived from fractions of sand, silt85

and clay (Vernay et al., 2022; Brun et al., 2013; Mazzotti et al., 2021; Richter et al., 2021)
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The goal of this study is to evaluate the ability of SURFEX LSM (Masson et al., 2013) to describe the surface energy balance

and its drivers in boreal and subarctic peatlands and forests. We evaluate the effect of alternative turbulent exchange and

snowpack parameterizations, and examine the skills of alternative model con�gurations to represent the soil-snow-vegetation

interactions. The modelling framework includes �exible parameterizations for different processes within Crocus snowpack90

model (Vionnet et al., 2012), and its coupling to ISBA (Noilhan and Mahfouf, 1996; Decharme et al., 2016) and MEB (Boone

et al., 2017; Napoly et al., 2017) models enable assessments of soil-snow-vegetation interactions. We compare the model

simulations against observed surface energy �uxes, snow depth and soil temperatures from two forest and two peatland sites

in Finland. We focus on the snow cover period, but cover also the snow-free season for a reference.On At the peatland sites,

we test the sensitivity of the surface heat �uxes to different turbulence and snow parameterizations, and assess how sensitive95

soil temperature and snowpack dynamics are to SOC.On At the forest sites, we compare the simulations of ISBA composite

soil-vegetation and MEB big-leaf forest scheme to assess the suitability of different forest-snow model structures.

2 Materials and methods

2.1 Study sites

We consider coniferous forest and peatland ecosystems in southern and northern Finland. Both areas are located in the boreal100

biome and have seasonal snow cover (Fig. 1, Table 1). Site photos can be found in the Supplement (Fig. S8).

2.1.1 Pallas Supersite (N-WET and N-FOR)

The Pallas area represents northern subarctic conditions, and is characterized by pine and spruce forests, wetlands, fells and

lakes (Aurela et al., 2015; Lohila et al., 2015; Marttila et al., 2021). In this study, we use data from its two eddy-covariance

(EC) �ux stations.105

Lompolojänkkä (northern peatland, N-WET) is a pristine northern boreal mesotrophic sedge fen where the wetter parts are

dominated by sedges (Carex rostrata(most abundant),Carex chordorrhiza, Carex magellanicaandCarex lasiocarpa) and the

drier parts consist of shallow deciduous trees (Betula nanaandSalix lapponum). Moreover, the fen has a fairly low coverage

of shrubs, mainlyAndromeda polyfolioandVaccinium oxycoccos. The vegetation height is shallow (� 0.4 m), with exception

of isolated trees/bushes on the drier edges of the peatland.110

Kenttärova (northern forest, N-FOR) is a northern boreal spruce forest, located on a hill-top plateau with mineral soil ap-

proximately 60 meters above Lompolojänkkä wetland. The forest is dominated by Norway spruce (Picea abies) with some

deciduous trees, mainly birch (Betula pubescens) but also aspen (Populus tremula) and pussy willow (Salix caprea). Accord-

ing to the classi�cation by Brunet (2020), Kenttärova is a sparse forest. Both sites and their measurements have been described

in detail by Aurela et al. (2015).115
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Figure 1. A) Study area locations inside the boreal land biome (green area, Olson et al., 2001), B) study site locations in Finland (Esri, 2023)

and C-F) aerial images of each site (NLSF, 2020).

2.1.2 Hyytiälä and Siikaneva (S-WET and S-FOR)

The sites are located in southern subarctic conditions in the Pirkanmaa region in southern Finland, at about 5 km distance from

each other. Siikaneva fen (southern wetland, S-WET) is a southern boreal oligotrophic fen dominated by sedges (Eriophorum

vaginatum, Carex rostrataandCarex limos), and has an extensive Sphagnum cover (mainlySphagnum balticum, Sphagnum

majusandSphagnum papillosum). The site has been described in detail in Aurela et al. (2007); Alekseychik et al. (2017),120

Rinne et al. (2018).

Hyytiälä (southern forest,N-FOR S-FOR) is a managed boreal Scots pine (Pinus sylvestris) dominated forest on mineral

soil, described in detail byHari et al. (2013) Launiainen (2010); Launiainen et al. (2022). According to the classi�cation by

Brunet (2020), the site is a dense forest.

5



Table 1.General site information.

Site Code Coordinates Ecosystem Soil type

Lompolojänkkä N-WET 67°59.835' N, 24°12.546' E mesotrophic fen peat

Siikaneva S-WET 61°49.961'N, 24°11.567'E oligotrophic fen peat

Kenttärova N-FOR 67°59.237' N, 24°14.579' E sparse spruce forest podzol

Hyytiälä S-FOR 61°50.471' N 24°17.439' E dense pine forest podzol

2.2 Models125

We use components from the SURFEX LSM (Surface Externalisée, Masson et al., 2013) modelling platform. SURFEX was

selected as its modularity and vast range of model structures and incorporated process parameterizations enable its use in

diverse applications. Speci�cally, we used ISBA (Noilhan and Planton, 1989; Noilhan and Mahfouf, 1996) for composite soil-

vegetation(on bothpeatlandandforestsites), MEB (Boone et al., 2017; Napoly et al., 2017) for the canopy(on forestsites)

and Crocus (Vionnet et al., 2012) and its ensemble/multiphysics version ESCROC (Lafaysse et al., 2017) for the snowpack130

simulations(all sites). Speci�cally, ISBA coupled to Crocus is used for both peatland and forest experiments (Fig. 2A,B)

whereas MEB coupled to Crocus is only used for the forest experiments (Fig. 2C). In the next subsections, we brie�y describe

these model componentsandparameterizationsrelevantto this study. Parameterizations and different con�gurations of ISBA,

MEB and Crocus models are detailed in Sect. 2.3.

2.2.1 ISBA135

ISBA (Interactions between the Soil, Biosphere and Atmosphere) is the soil and vegetation component of SURFEX (Noilhan

and Planton, 1989; Noilhan and Mahfouf, 1996). It simulates the mass and energy �uxes in the soil-vegetation composite,

as well as the exchanges between the soil-vegetation and the overlying atmosphere/snowpack (Fig. 2A,B,C). ISBA is used

for the GCM general circulation models by Meteo-France (Mahfouf et al., 1995; Douville et al., 1995; Salas-Mélia et al.,

2005; Voldoire et al., 2013, 2019) and forNWP numerical weather prediction in numerous countries (e.g. Hamdi et al., 2014;140

Bengtsson et al., 2017).

In ISBA, the surface heat �ux between the atmosphere and the soil-vegetation composite (G0, Wm � 2) is computed as the

residual of the sum of all surface/atmosphere energy �uxes:

G0 = Rn SWD(1 � LSA ) + � (LWD � �T 4
s ) + H + LE (1)

whereRn (Wm � 2) is thenetradiation SWD (Wm � 2) and LWD (Wm � 2) are the incoming shortwave and longwave radiations,145

respectively. The land surface albedo is denoted as LSA,� is the surface emissivity,� is the Stefan-Boltzman constant and Ts

(K) is the surface temperature. The sum of the radiation terms is hereafter denoted asRn (Wm � 2)., H (Wm � 2) is thesensible
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heat�ux, andLE (Wm � 2) is thelatentheat�ux. Rn is thesumof thenetshortwaveradiationandthenetlongwaveradiation:

Rn = SWD(1 � LSA ) + � (LWD � �T 4
s ) (2)

whereSWD (Wm � 2) andLWD (Wm � 2) arethe incomingshortwaveandlongwaveradiations,respectively.TheLSA is the150

landsurfacealbedo,and� thesurfaceemissivity,� theStefan-BoltzmanconstantandTs (K) thesurfacetemperature.

The sensible heat �ux H (Wm � 2) is computed with the bulk aerodynamics approach:

H = � ac� CH Va(Ts � Ta) (3)

where the air density, the speci�c heat capacity, the wind speed and air temperature are denoted with� a (kgm� 3), cp,

(Jkg� 1K � 1), Va (ms� 1) and Ta (K), respectively. CH is the turbulent exchange coef�cient described later and is one of155

the parameters that is the focus of this study. When the soil is not covered by snow, the latent heat �ux LE (Wm � 2) is the

sum of evaporation from the bare soil surface, Eg, evaporation of intercepted water on the canopy, Ec, transpiration from the

vegetation, Etr , and sublimation from bare soil ice, Si :

LE = L v (Eg + Ec + E tr ) + ( L f + L v )(Si ) (4)

where Lv (Jkg� 1) and Lf (Jkg� 1) are the latent heat of vaporization and fusion, respectively. Total evapotranspiration (ET) is160

computed as:

ET = Eg + Ec + E tr = (1 � veg)� aCH Va [hu qsat (Ts) � qa ] + veg�aCH Vahv (5)

whereveg is the fraction of vegetation cover, qsat (Ts) (kgkg� 1) is the saturated speci�c humidity at the surface,qa(Ts)

(kgkg� 1) is the atmospheric speci�c humidity, hu is the dimensionless relative humidity at the ground surface related to the

super�cial soil moisture content and hv is the dimensionless Halstead coef�cient describing the Ec and Etr partitioning between165

the leaves covered and not covered by intercepted water (see Noilhan and Mahfouf (1996) for details)Thesumof evaporation

of canopyinterceptedwater(Ec) andtranspiration(Etr ) is:

Ec + E tr = veg�aCH Vahv [qsat (Ts) � qa ]; (6)

wherehv is thedimensionlessHalsteadcoef�cient describingtheEc andEtr partitioningbetweentheleavescoveredandnot

coveredby interceptedwater(seeNoilhanandMahfouf (1996)for details).170

The turbulent exchange coef�cient CH is based on the formulation of Louis (1979):

CH =
�

k2

ln (zu =z0t )ln (za=z0t )

�
f (Ri ) (7)

where zu (m) is the reference height of Va , za (m) is the reference height of Ta and humidity,z0t (m) is the roughness height

for heat,k (-) is the von Karman constant andf (Ri ) (-) describes the decrease of CH as a function of increasing atmospheric

stability, represented through Richardson number (Ri ) (Louis, 1979).175
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Instead of separate treatment of the vegetation canopy and ground, ISBA considers the composite soil-vegetation energy

budget (Fig. 2A,B,C). In the most detailed soil scheme ISBA-Diffusion (ISBA-DIF, Boone et al., 2000; Decharme et al.,

2011), used in this study, 1D Fourier law is used to solve the soil heat diffusion, while a mixed-form Richards equation is

applied for the 1D soil water movements. Similar as in Napoly et al. (2020), we use theA � gs stomatalresistance conductance

formulation derived from the coupling of photosynthetic CO2 demand and stomatal function (Calvet et al., 1998).180

ISBA uses parameters such as one-sided leaf area index (LAI,m2m� 2), vegetation height, vegetation thermal inertia

(Km2J� 1), albedos of soil and vegetation, fractions of sand and clay as well as SOC content to characterize the compos-

ite soil-vegetation column. These parameters may be de�ned by the user, or obtained from global or regional databases (e.g.

Faroux et al., 2013) and pedotransfer functions (Noilhan and Mahfouf, 1996; Peters-Lidard et al., 1998). In the presence of

full snow cover, the surface energy budget is solved by Crocus (Sect. 2.2.3). For partial snow cover, Crocus is used to solve the185

snow covered fraction while the energy balance of the snow-free fraction is computed by ISBA, and total surface energy �uxes

are computed as weighted averages of the snow and snow-free fractions (Sect. 2.3.1).

2.2.2 MEB

MEB (Multi-Energy Balance) is a recent ISBA development to explicitly describe vegetation and soil energy and mass bal-

ances. It was developed initially for forests (Boone et al., 2017; Napoly et al., 2017) and found to yield improved snow and soil190

temperature simulations (Napoly et al., 2020) but has not been evaluated for boreal and subarctic conditions. MEB simulates

surface energy budget separately for soil and vegetation canopy(a two-sourcemodel). When the ground is snow covered, the

energy budget of the snowpack is also explicitly represented(i.e. a three-sourcemodelis applied). We used the MEB option,

where the forest �oor is covered by a litter layer instead of the bare soil surface (Napoly et al., 2020) (Fig. 2AC). MEB usesa

big-leafapproach,meaningthattheentirevegetationcanopyis lumpedinto asingleeffective'leaf' (Booneetal.,2017). MEB195

describes vegetation canopy as a single big leaf (Boone et al., 2017). The respective energy balance equations for the canopy,

the snowpack and the ground surface/litter layer in MEB are:

8
>>>><

>>>>:

Cv
@Tv
@t = Rnv � H v � LE v + L f � v

Cg;1
@Tg; 1

@t = (1 � � sng )(Rng � Hg � LE g) + � sng (Ggn + � n;Nn SWnn ) � Gg;1 + L f � g;1

Cn; 1
@Tn; 1

@t = Rnn � Hn � LE n � � n; 1SWnn + � n; 1 � Gn; 1 + L f � n; 1

: (8)

whereCv , Cg;1, Cn; 1 (Jm� 2K � 1) andTv , Tg;1, Tn; 1 K are the effective heat capacities and temperatures of the canopy,

ground surface/litter layer and snowpack, respectively. In these equations, the subscriptsg;1 andn; 1 represent the uppermost200

layer for the soil and the snowpack, respectively.Gg;1 andGn; 1 are respectively the conduction heat �ux at the bottom of

the uppermost soil or snow layer.Ggn is the conduction heat �ux at the soil-snow interface.Rnv , Rng , Rnn (Wm � 2) are net

radiation, i.e. the sum of net shortwave radiation and net longwave radiation from/to the corresponding layer. The shortwave

radiation scheme used in MEB is describedin detail in Carrer et al. (2013). Light transmission through the canopy is computed

with a so-called sky view factor, which depends on LAI, solar angle and a vegetation dependant -constant (see Eq. 45 in Boone205
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et al., 2017). H and LE �ux parameterization as well as the stability correction functions are detailed in Boone et al. (2017).

ObviouslyTv , Tg;1, Tn; 1 are also involved in the radiative and turbulent terms, providing a linear system of equations to be

solved by an implicit numerical scheme. In this study, MEB is coupled to the ISBA-DIF soil scheme (Sect 2.2.1) and the

snowpack model Crocus (Sect. 2.2.3). Energy �uxes between the canopy and the ground surfaces are calculated within MEB,

and prescribed as upper boundary conditions in the subsequent Crocus and ISBA-DIF calculations.210

2.2.3 Crocus

Crocus is a 1D physically based multilayer snowpack model (Vionnet et al., 2012). It is the most detailed snow scheme in

ISBA, and has been used for operational avalanche hazard forecasting in the French mountain ranges for the past three decades

(Morin et al., 2020). It aims to mimic the vertical layering of snowpacks with a Lagrangian discretization system, avoiding

the aggregation of snow layers with highly different physical properties. A detailed description of Crocus and its integration in215

SURFEX can be found in Vionnet et al. (2012).

In Crocus,the vertical heatdiffusion in the snowpackis solvedwith an implicit backward-differenceintegrationmethod

(BooneandEtchevers,2000).Thesnoweffectivethermalconductivity,k, follows Yen (1981):

k = kice (
�

� w
)1:88 (9)

wherekice is the thermalconductivityof ice, � w is the densityof liquid waterand� is the densityof snow. The snowpack220

surfacenet energy�ux energy budget is the sum of net radiation, turbulent �uxes and advective �uxes from precipitation.

Over the snow, the sensible heat �ux is computed similarly as in ISBA (Eq. 3) for soil surface, while the latent heat �ux

(sublimation/deposition),LE s, is computed as:

LE s = ( L f + L v )� aCH Va [qsat (Ts � qa)]; (10)

whereTs (K ) is the snow surface temperature. The bottom of the snowpack and the uppermost soil layer of ISBA are fully225

coupled with a mass and energy conserving semi-implicit solution. The semi-implicit solution refers to a coupled system in

which both components are solved separately with an implicit approach considering that the state of the second system remains

constant during the solving of the �rst system. The heat conduction �ux Ggn at the snow-soil interface is explicitly computed

using the Fourier equation, and depends on the temperature gradient between the bottom snow layer and the uppermost soil

layer (Eq. 4 in Decharme et al., 2011). The soil thermal conductivity and heat capacity are described using pedotransfer230

functions of ISBA (Noilhan and Mahfouf, 1996; Peters-Lidard et al., 1998).

2.3 Model con�gurations and parametrization

2.3.1 Model con�gurations

We use three different con�gurations of ISBA, MEB and Crocus modules (Fig. 2).The �rst con�guration (Fig. 2CA) is

the big-leaf approachwherethe �uxes betweenthe canopyandgroundareexplicitly computedby MEB, andprescribedin235

9



the subsequentCrocussnowpackand ISBA-DIF soil modules(later denotedas MEB). The �rst two other con�gurations

use the composite soil-vegetation conceptualization of ISBA (Fig. 2A,B,C), and differ only in how the snow cover fraction is

representedoverthesoil-vegetationcomposite. ISBA aggregates the properties of soil and vegetation depending onaso-called

vegetation fraction (veg) that covers a given grid-cell.

The �rst con�guration (referred as ISBA-FS) assumes the snowpack to fully cover the soil-vegetation composite regardless of240

the snow depth (Fig. 2CA). It is the common approach for snow simulations over shallow vegetation or bare soil (Vernay et al.,

2022; Nousu et al., 2019), for large-scale reanalyses (Brun et al., 2013) and some hydrological applications (Lafaysse et al.,

2011; Revuelto et al., 2018). In addition, most site-level evaluations of SURFEX snow schemes rely on ISBA-FS con�guration

(Decharme et al., 2016; Lafaysse et al., 2017).

In the second con�guration (referred as ISBA-VS), a part of the soil-vegetation composite is covered by snow while the245

remaining (non-snow) fraction stays in constant contact with the atmosphere. This proportion is governed by snow depth. The

effective snow cover fraction is the weighted average between the snow fraction of vegetation (psnv ) and snow fraction of the

bare ground (psng ), calculated as (Decharme et al., 2019; Napoly et al., 2020):

In the second con�gurationThen, a dynamicsnow fraction determinesthe part of the soil-vegetationcompositethat is

coveredby snow while the remaining(non snow) soil-vegetationfraction staysin constantcontactwith the atmosphere..250

This modelversionis later denotedasISBA varying snowcover(ISBA-VS, Fig. 2B). The effectivesnowcover fraction is

de�ned astheweightedaveragebetweenthesnowfractionof vegetation(psnv ) andsnowfractionof thebareground(psng ),

calculatedas(Decharmeetal., 2019;Napolyetal., 2020):

psn = veg psnv + (1 � veg) psng (11)

255

psnv = min (1:0;
HS

HS + wsw z0
) (12)

psng = min (1:0;
HS
HSg

) (13)

where HS (m) is theheightof snow snow depth, HSg is the threshold value forheightof thesnow snow depth (0.01 m by

default), and z0 (m) denotes the surface roughness. The coef�cient wsw is supposed to relate to scale-dependent vegetation260

characteristics and is assigned as 5 by default in SURFEX and inNWP numerical weather prediction con�gurations (as well

as in this study). However, without clear consistency, highly different values of wsw have been used e.g. in climate simulations

(wsw = 2 by Decharme et al., 2019) and hydrological applications (wsw = 0.2 by Le Moigne et al., 2020). We present a

summary of the application speci�c treatment of the snow cover fraction and wsw in the Appendix (Table C1). This summary

shows that selection of wsw value seems arbitrary and the fractional concept is only loosely linked to any physical relationships265

between soil, vegetation and snow. Yet, it is necessary for such a composite approach.
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