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Supplement

S1 Additional model description
S1.1 Surface tiling and vegetation
S1.1.1 Land surface tiles and vegetation characteristics

SVS2 computes separated surface energy budgets for 6 land surface tiles that can co-exist within a grid cell: (i) exposed snow-
free bare ground (bg), (ii) snow-free low vegetation (lv), (iii) snowpack on bare ground and low vegetation (sno), (iv) high
vegetation (hv), (v) ground below high vegetation (ghv) and (vi) snowpack below high vegetation (snhv). SVS2 makes the
distinction between the fraction of each tile 7 seen from space, f,;, and the fraction of each tile ¢ seen from the underlying
ground, f, ;. The fraction f, . affects surface/atmosphere heat and mass exchanges while the fraction f, . affects surface/soil
heat and mass exchanges. An overview of each tile and the corresponding fraction is given in Table S1.

SVS2 uses the same default vegetation classification as SVS1 (Husain et al., 2016; Alavi et al., 2016) and considers 22
vegetation types as described in Table S2. Within a grid cell, the areal fraction A of each vegetation type is derived from land
cover databases such as the global European Space Agency Climate Change Initiative Land Cover database (ESA-CCILC,
https://www.esa-landcover-cci.org/ ) or the North American Land Change Monitoring System (NALCMS, http://www.cec.
org/north-american-land-change-monitoring-system/). Each vegetation type is classified as low (L) or high vegetation (H)

and is associated with a vegetation-type dependent coverage c,.4. For a given vegetation type, c,q4 represents the fraction
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Table S1. Summary of SVS2 land surface tiles and respective fractions seen from the atmosphere and from the ground. C'x, Cr, and Cg
represents the fractional coverage of the land surface tile by high vegetation, low vegetation and bare ground. ps»no and psnn. represent the

fractions of the ground covered by snow in open terrain and below high vegetation. SVF is the sky view factor through high vegetation.

Index Land surface tile Fraction seen from the atmosphere ~ Fraction seen from the ground
bg Exposed snow-free bare ground CB(1— psno) CB(1 = psno)
lv Snow-free low vegetation Cr(1—psno) CL(1— psno)
sno  Snowpack on bare ground and low veg. (1—CH)psno (1—CH)psno
hv High vegetation Cu(1— SVF) 0
ghv Ground below high veg. CuSVF(1 = Dpsnho) Cu(1 = psnho)
snhv Snowpack below high veg. CuSVFpsnhv CHDsnho

covered by actual vegetation while the rest is covered by bare ground. An annual cycle of c,eq4 is considered for certain
vegetation types, such as crops (Tab. S2). For forest types, the vegetation coverage is set to 0.99 and the forest density, Viens,
is computed using an external database as described in Sect. S1.1.2. In the absence of snow, the fractional coverage of the land
surface tile by high vegetation, low vegetation and bare ground are computed as: Cy = ZL g AiCvegi» CL = 21 1 AiCveg,i
and Cp =1— Cpg — Cp. The sky view factor through high vegetation v depends on forest density (Vge,s) and the average
vegetation area index (V45) of trees composing high vegetation as described in Section 2.3.1 of the main manuscript.

In SVS2, the fractions of different land surface tiles seen from the atmosphere and from the ground are affected by the
presence of snow as detailed in Tab. S1. They depend on the snow cover fractions in open terrain (ps,,) and in forested

environments (Psphy)- Psno and Psnpy are defined as in Brun et al. (2013) and Boone et al. (2017):

Psno = min (17 Wsno/Wcrit) (Sl)

Psnhv = min (Wsnhv/Wcrit) (52)

where W,,, and W, are total snow water equivalent in open terrain and below high vegetation (kg m~?2), respectively, and
Werit 18 a critical value set to 1 kg m~2. This low value for W,,.;; leads to a fully covered open terrain and/or ground below
high vegetation as soon as snow is present. This approach is used in SVS2 to avoid unrealistic soil-snow conduction heat flux
due to the unrealistic assumption of an identical soil physical state between the fractions that are covered by snow and those
that are not (Monteiro et al., 2024). Such approach is not suitable for two-way coupling with an atmospheric model. Therefore,
it will be revised in the future to include two separate soil columns within a grid cell (one below open terrain and one below
forested terrain).

The aggregated surface energy balance for low and high vegetation (Sect S1.2.3, and Sect. 2.3 of the main manuscript)
requires averaged values of vegetation properties, such as albedo, emissivity, V4. For a given property P, the average values
for low (Pr), and high vegetation (Pg) are computed as P, = 1/Cp, x ZqL A;P;and Py =1/Cy x ZZH A, P; where P; is
the property for each vegetation type (Table. S2).



Table S2. Vegetation type in SVS2 and corresponding characteristics. H and L refer to high and low vegetation, respectively, "cycle" refers
to vegetation characteristics with an annual cycle, specified on a monthly basis. Va7 is the vegetation area index of the elements composing

the vegetation (including leaves, stem and branches).

Vegetation type H/L  cypeg (i) Albedo (-) Emissivity (-)  Var (-)
evergreen needleleaf trees H 0.99 0.14 0.996 4
evergreen broadleaf trees H 0.99 0.12 0.996 6
deciduous needleleaf trees H 0.99 0.14 0.990 cycle
deciduous broadleaf trees H 0.99 0.18 0.990 cycle
tropical broadleaf trees H 0.99 0.13 0.996 6
drought deciduous trees H 0.99 0.17 0.990 4
evergreen broadleaf shrub L 0.50 0.14 0.954 3

deciduous shrubs L 0.50 0.18 0.954 cycle
thorn shrubs L 0.50 0.19 0.954 3
short grass L 0.70 0.20 0.993 1

long grass L 0.30 0.19 0.993 cycle

crops L cycle 0.20 0.981 cycle

rice L cycle 0.21 0.981 cycle

sugar L cycle 0.18 0.981 cycle

maize L cycle 0.18 0.981 cycle

cotton L cycle 0.25 0.981 cycle

irrigated crops L 0.85 0.18 0.981 1

tundra L 0.50 0.17 0.992 cycle
swamp L 0.60 0.12 0.995 4
desert L 0.00 0.30 0.941 0

mixed wood forests H 0.99 0.15 0.993 cycle

mixed shrubs H 0.99 0.15 0.993 cycle
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S1.1.2 Density of high vegetation

The density of high vegetation in SVS2, Vs, is read as input. In the simulations/tests described in this paper, the density is
derived from the Global Tree Cover dataset (Hansen et al., 2013) at 30-m grid resolution. This dataset represents the estimated
maximum tree canopy cover per pixel in the range 1-100%. The 30-m dataset is then averaged at the simulation resolution
of SVS2 by the processor of geophysical fields used in the GEM atmospheric model. 30-m pixels that are classified as water,
cities, ice, bare ground and low vegetation according to the Global Land Cover and Land Use at 30-m resolution (Hansen et al.,
2022) are excluded from the averaging process to obtain an averaged value that only is representative of the 30-m forested

pixels present within a given SVS2 grid cell.
S1.1.3 Height of Arctic vegetation

To run SVS2 in the Arctic with parameterizations of Royer et al. (2021) and Woolley et al. (2024) that affect the density
of basal snow, a map of distributed height of Arctic vegetation has been developed. It is based on the Circumpolar Arctic
Vegetation Map (CAVM Raynolds et al., 2019) at 1-km resolution. CAVM is a comprehensive mapping project that documents
and classifies vegetation across the entire Arctic region. In CAVM, the Arctic is defined as the area of the Earth with tundra
vegetation, an arctic climate and arctic flora, with the tree line defining the southern limit (Raynolds et al., 2019). To obtain a
value of vegetation height for each CAVM vegetation type over North America and Greenland, rasters of retrieved height of
Arctic vegetation at 20-m resolution from Bartsch et al. (2020) over several areas in Alaska and Yukon have been upscaled
to the CAVM resolution (1 km). Then, the 1-km maps of vegetation height have been combined with the CAVM vegetation
types over the areas considered by Bartsch et al. (2020) to determine a mean vegetation height for each vegetation type in
CAVM. Finally, these mean vegetation heights have been applied to corresponding vegetation classifications over the whole
CAVM domain, generating a map of the height of Arctic vegetation above the tree line. A value of 0 cm was used for the
CAVM category B1, that represents dry to wet barren landscapes with very sparse plant cover. A value of 5 cm was used for
the CAVM categories B2a, B2b and B3 covering partially vegetated (dwarf shrubs, lichen, or alpine vegetation) barren areas.
Figure S1 shows heights of Arctic vegetation for the Canadian Arctic, Alaska and Greenland. The height of Arctic vegetation
is only defined above the treeline where the CAVM is available. Vegetation height decreases from 30-40 cm just north of the

treeline where shrubs are abundant to O cm in the polar desert, in the north of the Canadian Arctic and Greenland.
S1.2 Surface energy budget

The surface energy balance for the two snow-related tiles is simulated by the detailed snowpack model Crocus as described in
the main article (Sect. 2.2). Simulation of the surface energy balance for high vegetation (taking into account intercepted snow
and liquid water) is also described in the the main article (Sect. 2.3). The following subsections describe the computation of
the surface energy balance for the remaining land surface tiles. They rely on the same approach and use a skin temperature that

forms the interface between the soil and the atmosphere as in the ECLand scheme (Boussetta et al., 2021).
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Figure S1. Map of Arctic vegetation height (m) at 1-km resolution over the Canadian Arctic, Alaska and Greenland.
S1.2.1 Exposed bare ground
The energy balance equation for the surface temperature of exposed bare ground is as follows:
Rn,bg - Hbg - LEbg = Ask,bg (Ts,bg - Tsoil,l) (83)

where bg denotes the exposed bare ground, 17, 34 the net radiation fluxes (W m~2), Ts0i1,1 s the temperature of the upper
soil layer (K), Hy, and LE},, are the sensible heat flux and latent heat flux towards the atmosphere (W m~2), respectively, and

A pg the skin conductivity for the exposed bare ground (W m~2 K—1). The net radiation over bare ground is given as:

Ripg = (1 — apg) SW + €5 (LW—aTs‘{bg) (S4)

where SW and LW are the incoming shortwave and longwave fluxes (W m™?2), respectively, as, is the bare ground albedo

(-) and €, is the bare ground emissivity (-). They are determined as in the SVS1 land surface scheme (Husain et al., 2016) and
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rely on a bilinear interpolation between the albedo and emissivity values of four “extreme” soil types—dry sand, wet sand, dry

clay, and wet clay. They are computed as:

abg = adry sandA(]- - SWI) + adry clay(l - A)(]- - SWI) + Qyet sandASWI + Qypet clay(]- - A)SWI (SS)

€bg = €dry sandA(l - SWI) + €dry clay(l - A)(l - SWI) + €wet sand ASW T + et clay(l - A)SWI (S6)

in which A = f.und/(fsand + felay) denotes the soil texture ratio that depends on the fraction of sand and clay (fsqnq and
felay- respectively) and Sy 1 = (w1 — w1 wite)/ (W1,sat — W1, wire) 1S the soil wetness index of the near-surface soil layer, with
w being the soil moisture content for the first soil layer (m® m—2). The properties that characterize the extreme soil types are
obtained from Sumner (1999). The parameters wq i+ and wy sq¢ are the soil water content at wilting point and at saturation
(m® m~—3), respectively, for the first soil layer. Their calculation is described in Sect. S1.3.3.

The sensible heat flux over bare ground follows the same definition as in the SVS1 scheme (Husain et al., 2016):

a Ts - Ta
Hy,y = P Cp(R,b: ) (S7)
a,0g

where p, (kg m~3) and 7, (K) correspond to air density and temperature at the forcing atmospheric level, respectively, ¢,
is the specific heat of dry air (J K~! kg™1), and R, is the aerodynamical surface resistance of bare ground (s m~!) given
by (C’,qJ)gI/a)_1 where Cy 34 is the turbulent exchange coefficient for heat over bare ground (-) and V, is wind speed at
the forcing atmospheric level (m s™1). CH by is computed by the surface turbulent scheme of the GEM model (Beljaars and
Holtslag, 1991; Delage and Girard, 1992).

The latent heat of evaporation from bare ground follows SVS1 (Husain et al., 2016) and is written as LEpg = poLeyf Epg
where Ej, is bare ground water vapor flux and L.y is effective latent heat (J kg—!). Effective latent heat is computed to

account for sublimation of ice in the soil, and is defined as follows:
Leff:ficeLi+(1_fice)Lv (S8)

in which fice = w; 1 /(w; 1 +w1) is the fraction of ice in the surface soil layer (w; ; is the volumetric solid water content of the

3

upper soil layer, m® m~3), and L; and L, are latent heat of sublimation and evaporation, respectively (J kg~ 1). The bare ground

-2

vapor flux, Ep, (kg m~2 s~1), follows the formulation for bare ground evaporation which is implemented in SVS1 (Husain

et al., 2016):

B = Pa [HRngSat (Ts,bg) - Q<L]
bg — R
a,bg

(89)

where H R, is a “relative humidity” of bare ground (-), gsqt (Ts,bg) is saturated specific humidity of air near bare ground (kg
kg™!) at temperature T} 1, (K), and ¢, is atmospheric specific humidity at the forcing atmospheric level (kg kg™!). If the bare

ground vapor flux is negative because low level air is more moist i.e., ¢q > gsat (Ts,ng) , then Ey, is set to zero. The relative
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humidity H Ry, of the bare ground surface is related to the first layer soil moisture w; following:

L [1.0 — cos (u}%w)} if wy <wype

1 ifw1 Z Wi, fe

HRy, = (S10)

where w; . is volumetric water content at the field capacity of the upper soil layer (Noilhan and Planton, 1989). It can be seen
in Eq. S10 that when soil is very humid, it is assumed that the humidity of the bare ground surface is equivalent to a saturated
surface (similar to a water surface). In case of dew flux when gq < ¢sat (Ts.09), H Rpg is also set to 1.0 as in Husain et al.
(2016).

The skin conductivity of exposed bare ground, A, 5, ( W m~2 K1), provides the thermal connection between the skin level
and the upper soil layer (Boussetta et al., 2021). It is computed as Agx by = 2A1/A,, where A is the thickness of the upper
soil layer (m) and \; the thermal conductivity of the upper soil layer (W m~! K—1, Eq. S20).

S1.2.2 Bare ground below high vegetation

The energy balance equation for the surface temperature of bare ground below high vegetation follows the same equation as

for exposed bare ground (Eq. S3):

Rn,ghv - thv - LEgh'u = Ask,ghv (Ts7ghv - Tsoil,l) (Sl 1)

where ghv denotes bare ground below high vegetation, 1, 45, net radiation fluxes (W m~2), Ts0i11 1s the temperature of
the upper soil layer (K), Hgp, and LEy, are the sensible heat flux and latent heat flux towards the atmosphere (W m~2),
respectively, and Ak gn, the skin conductivity for bare ground below high vegetation (W m~2 K—1). Net radiation over bare
ground below high vegetation follows the same equation as for bare ground (Eq. S4) and for shortwave and longwave radiation
uses values modified by the presence of high vegetation (Eq. 31 and 32 in the main manuscript). Turbulent fluxes of sensible
and latent heat above bare ground below high vegetation are computed using air temperature and specific humidity taken at
the reference forcing level above the canopy as in Koivusalo and Kokkonen (2002) and Gouttevin et al. (2015). The effect of
canopy on the turbulent heat fluxes is accounted for in the computation of aerodynamic resistance between ground below the
canopy and the reference forcing level above the canopy (Eq. 22 in the main manuscript). The skin conductivity of bare ground
below high vegetation, Ay g1y, is computed as for the exposed bare ground: Agy gny = 2X1 /A, where A is the thickness
of the upper soil layer and \; the thermal conductivity of the upper soil layer (Eq. S20). A future version of SVS2 will consider
the effect of low vegetation and forest litter below the canopy (e.g., Napoly et al., 2017).

S1.2.3 Low vegetation

The energy balance equation for the surface temperature of snow-free low vegetation is as follows:

Rg,lv - Hlv - LEZU = Ask:,lv (Ts,lv - Tsoil,l) (512)
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where [v denotes snow-free low vegetation, R, ;, the net radiation fluxes (W m~2), Ts0i1,1 is the temperature of the upper
soil layer (K), H}, the sensible heat flux (W m~2), and LE, the latent heat flux (W m~2), and Ak, 1v the skin conductivity for

low vegetation (W m—2 K—!). Net radiation over low vegetation is computed as in SVS1 (Husain et al., 2016):

Ryio = (1— ) SW + e, (LW — 0T}, (S13)

where SW and LW are the incoming shortwave and longwave fluxes (W m~2). oy, and €, are the low vegetation albedo
(-) and emissivity (-), respectively, and are grid-average values of the different types of low vegetation in a given grid-cell
weighted by the fraction of each type. Table S2 gives the albedo and emissivity of each vegetation type in SVS2.

The sensible heat flux over low vegetation follows the same definition as the SVS1 scheme (Husain et al., 2016):

a Ts v Ta
Hy, = Pepioslv = 2a) C”(R*vl ) (S14)
a,lv

where p, and T, correspond to the air density (kg m~>) and temperature (K) at the forcing atmospheric level, respectively, c,
is the specific heat of dry air (J kg=! K~1), and R, 1, 1s the aerodynamical surface resistance of the low vegetation (s m™ ).
R 1, is computed by the surface turbulent scheme of the GEM model (Beljaars and Holtslag, 1991; Delage and Girard, 1992).

The latent heat of evaporation from low vegetation follows SVS1 (Husain et al., 2016) and is written as LE;, = Ly Ej,

where L, is the latent heat of vaporization (J kg~!), and Ej,, is the low vegetation vapor flux (kg m~2 s~1) provided by:

hvsa Ts’u 1_hv a— Ya sa Tsv_a
By = py Mesat o) £ (=)o =G0 _ 1 Gsar(Too) — G

S15
Ra,lv Ra,lv ( )

where p, is the air density (kg m—3), hy, is the Halstead coefficient for low vegetation (-) and @sat(Ts,1v) is the saturated
specific humidity (kg kg’l) at temperature T ;, (K). If the vapor flux is negative (i.e., ¢sqt(Ts,1v) < ¢a), it is assumed that
a dew flux occurs at potential rate and hy, is set to 1. When the vapor flux is positive (i.e., ¢sqt(Ts,1v) > ¢a). the Halstead

coefficient hy, is calculated as:

(1 — (511))7'3

By =1 — & Ow)Ts
! Ra,lv+rs

(S16)

in order to account for both direct evaporation of intercepted water and transpiration from the vegetation. In Eq. S16, 7 is the

stomatal resistance, and d;,, is a function of the liquid water intercepted on the low vegetation (e.g., Gouttevin et al., 2015):

2/3
S1p = <Wl“> (S17)

Wrmaw,lv

in which W, ;,, is the liquid water content retained by low vegetation (kg m~2) and Wrmaz,iv 18 @ maximum value of W,.;,, over
which water cannot be retained by vegetation. Water exceedance is transferred to the ground underneath. Following Dickinson
(1984), Wimaa,iv (kg m~2) is proportional to the canopy density: Wyaz,10 = 0.2V Al}, where V Al is the vegetation area

index of low vegetation. A maximal value of 0.25 is imposed to J;, as in Boone et al. (2017) to represent transpiration in
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saturated vegetations. In SVS2, the stomatal resistance, 7, is computed by the same photosynthesis scheme as in SVS1 (Husain
et al., 2016).

The skin conductivity of low vegetation, Ay ;,,, provides the thermal connection between the skin level for low vegetation
and the upper soil layer (Boussetta et al., 2021). In its current version, SVS2 assumes that A, ;,, has a constant value of 10 W
m~2 K~ ! as in EC-Land (Boussetta et al., 2021). A future version of the model could consider values of A, %,1v that depend on

the atmospheric stability as tested in Trigo et al. (2015).
S1.3 Soil thermal regime and hydrology
S1.3.1 Soil layering

In SVS2, the soil is divided into Ny, layers with variable thickness. Both the number of layers and their thickness are config-
urable. For each soil layer k, three prognostic variables are considered: the soil temperature (T’x, K), the soil volumetric liquid

3 3 m~3). In its default configuration, SVS2 uses

water content (w; x, m m~3), and liquid water equivalent ice content (w; j, m
the same vertical layering as the soil hydrology scheme in SVS1 (Alavi et al., 2016) with a total soil depth of 3 m and 7 layers

of increasing thickness (/Ny, = 7): 0-5 cm, 5-10 cm, 10-20 cm, 20-40 cm, 40-100 cm, 100-200 cm and 200-300 cm.
S1.3.2 Soil thermal properties

The thermal heat capacity and thermal conductivity are parameterized following Peters-Lidard et al. (1998), Boone et al.
(2000) and Lawrence and Slater (2008) as functions of the soil moisture and texture with consideration of frozen soils in this
formulation. The soil thermal properties are computed for the different soil layers in SVS2. For clarity, the layer indices are

not written in the following equations. The layer-averaged soil heat capacity, C, can be written as (J m~2 K~1):

C= (1 - wsat)Csoil + W) Cop Pw + WiceCicePice (518)

where w,q; is saturated volumetric water content (Eq. S26), Cl, is the heat capacity of soil matrix (J m™3 K~1), ¢;. and ¢,
are specific heat capacities of ice and liquid water (J kg~! K~!). The contribution of air in the soil is neglected due its extremely
low volumetric heat capacity compared to other soil components. p,, and p;.. are water and ice densities, respectively. w;
and w;., represent volumetric liquid water and liquid water equivalent ice contents of the soil (m® m—2), respectively. They
are related to total volumetric water content through w = w; 4+ w;ee. Cspq1 1S computed following Peters-Lidard et al. (1998)

and Lawrence and Slater (2008):

2.128 X5and+2.385% X c1ay 6
(B2t 29800 Xeten ) 4308 if X gua + Koty > 0.

Cooil = (S19)

733 % 2700. else

where X,,,q and X, represent the percentage of sand and clay content in soil.
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Following Peters-Lidard et al. (1998), soil thermal conductivity, A, is calculated as a combination of the saturated and dry

thermal conductivities weighted by a normalized thermal conductivity K. (known as the non-dimensional Kersten number):
A:I(eAsat"i_(l_I(E)Adry (820)

Dry thermal conductivity (W m~! K~1) is defined as in Johansen (1975):
0.135p50i1 + 64.7

Ndry = S21
Y9700, — 0.947 psort (521)
where ps,i; represents the bulk density of mineral soil (kg m3): peoir = 2700.(1 — wsqt)-
Saturated thermal conductivity (W m~! K1) is written as:
Asat = AL wpet Ajraet=xu \Xu (S22)
where Y, represents the unfrozen volume fraction of soil and is defined as:
wy
W= Wsqt ————— S23
X Waat Wi+ Wice ( )

In Eq S22, \,.. represents thermal conductivity of ice, \,, represents thermal conductivity of water, and thermal conductivity

of solid soils is written as
Asolid = /\éiq/\})iq (824)

Following the method of Noilhan et al. (1995) and Peters-Lidard et al. (1998), the non-dimensional quartz content (0 < g <
1) is expressed as a function of sand content: ¢ = 0.038 + 0.0095 X s4,,4. The thermal conductivity of quartz, )y, is set to 7.7
W m~! K~! and thermal conductivity of other minerals, )., varies with ¢ (A, =2.0 Wm~! K~ forg>02and A\, =3.0 W
m~! K~! for ¢ <0.2).

Finally, the Kersten number is written as (Boone et al., 2000):

w;
K.=——(og(®)+1)+ ——
wy +wice( Og( )+ )+ W + Wice

Wice

0 (S25)
where 6 is the degree of saturation (w/wsq:) of the soil layer.
S1.3.3 Soil hydraulic properties

SVS2 uses the same soil hydrology module as SVS1 (Alavi et al., 2016). Saturated volumetric water content, wsg;, Wilting-
point volumetric water content, w.,;¢, and volumetric water content at field capacity, w., are calculated based on the percent-

age of sand and clay contents in soil, X4y,q and X4,

Wy = 0.489 — 0.00126 X saa (S26)
Wity = 37.1342 x 107 X0, (S27)

10
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wye =89.0467 x 1072 X 53196 (S28)

la

Field capacity for the bottom layer (index V) is determined using an expression developed by Soulis et al. (2011), which

takes into account permeable depth (z;) of the whole overlying soil:

_ Wsat, N ‘Ilsat,Nb
WreN = b—1 2

) [(3b+2)0=1/%) — (2p 4 2)0—1/?) (S29)

where Uy, is saturated soil water potential and b is the slope of the water retention curve calculated based on Brooks and

Corey (1966):

qlsat =0.01 x 10_0'0131X3and+1.88 (830)

b=0.137X¢qy +3.501 (S31)
Saturated hydraulic conductivity, K¢, is also derived from Brooks and Corey (1966):
Kqr = T7.0556 x 107% x 1000193 X sand—0.854 (S32)

In the presence of ice, K.+ and w,; are modified as described in Sect. S1.3.7.
S1.3.4 Impact of soil organic matter

Soil organic matter is not considered by default in SVS2. An optional parametrization can be activated to simulate its impact
on the hydraulic and thermal properties of the soil. The GSDE database (Shangguan et al., 2014) is used to obtain the fraction
of organic content of each soil layer (fs,.). This fraction is derived from soil organic carbon content (OC, % of weight), bulk
soil density (ppuir, kg m™2), and gravel volumetric content (GRAV, % of volume):

oc GRAV

soc — Pbulk T~~ 1——
Fsoe = Poutk 755 ( 100

)/ Pso,maz (S33)
where 50, maz 15 the maximum soil carbon density taken equal to 130 kg m~—3 as in Lawrence and Slater (2008). The fraction
of organic content of each soil layer is used to determine the average soil layer properties between the mineral properties and
organic properties using either weighted arithmetic or geometric averages following Decharme et al. (2016). A future version
of SVS2 will used information on soil organic matter from the SoilGrids 2.0 database (Poggio et al., 2021).

Thermal and hydraulic properties of the organic soil column are calculated following Decharme et al. (2016), i.e. the organic
part of soil follows an idealized soil profile, with organic soil properties in the first 10 cm being 100 % fibric soil, the organic

soil properties below the depth of 1 m being 100 % sapric soil, and organic soil properties in between transition from the two

soil types with an exponential decay:

; B . .
Z(Z) ) with ﬂ _ ln(asapmc/ajzbmc) (834)

Qsoc = O fibri
o fibrie ( ln(dsapric/dfibric)

dsapric

11
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where (usoc, Qsapric, and agipec represent the hydraulic and thermal properties of the soil accounting for the organic carbon
content, for 100% sapric soil and 100% fabric soil, respectively. dsqpric and d yipric are the depth of the fibric and sapric of the
organic soil profiles, taken equal to 1 m and 0.01 m, respectively, following Decharme et al. (2016). The reader is referred to

Table 1 of Decharme et al. (2016) for the values of the hydraulic and thermal properties of fibric and sapric soils.
S1.3.5 Soil heat diffusion

The governing equation for heat from the surface down through the soil column is expressed as in Boone et al. (2000) and
Decharme et al. (2011):

aTsoil _ oG
TR ($35)

where C is soil heat capacity (Eq. S18, J m~3 K~1), T,,;; is soil temperature (K), G is soil heat flux (W m~2), ® is a latent
heat source/sink resulting from phase transformation of soil water (J m~—3 s~1), and soil depth, z (m), is increasing downward.
Heat flow is along the thermal gradient, so that G can be expressed as:

aTs oil

=\
G 0z

(S36)

where ) is soil thermal conductivity (Eq. S20).
The total heat flux from the surface tiles towards the upper soil temperature, G is computed as a weighted average of heat

fluxes from 5 land surface tiles that are thermally coupled with the underlying soil (Table S1) as in Boussetta et al. (2021):

GO = fg,s7z,oGsno+fg,s7Lh,vGsnhv"’fg,l’uAsk,l’u (Ts,lv - Tsoil,l)"’fg,bgAsk,bg (Ts,bg - Tsoi,l,l)+fg,gthsk,glw (Ts,glw - soil,l)
(837)

where Gy and Ggppe are heat fluxes (W m—2) at the bottom of the snowpack in open terrain and below high vegetation
respectively, Agk.1v, Ak bg, Ask,gho are the skin thermal conductivities for low vegetation, exposed bare ground, and bare
ground below high vegetation (W m~! K—1), respectively, and T 10, Ts bg and T g1, are skin temperatures for low vegetation,
exposed bare ground and bare ground below high vegetation (K), respectively. f, . represents the fraction of the respective
land surface tiles seen from the underlying ground as defined in Table S1.

SVS2 considers two options to compute the heat flux at the bottom of the soil column G (W m~2). The first option
considers a zero-flux lower boundary condition (G =0 W m~2) which is suitable if the soil column is sufficiently deep (e.g.,
Decharme et al., 2013). The second option uses a fixed temperature forcing at the bottom of the soil column representative
of the mean annual temperature. This option requires less soil layers than the zero-flux approach and reduces computational
expense and memory/storage requirements. This is the default option in SVS2. When SVS2 distributed simulations are carried
out across North America, the model uses a climatology of deep soil temperature derived from the Canadian Regional Climate
Model version 5 (Martynov et al., 2013).

The numerical solution for Eq. S35 uses a fully-implicit finite-difference scheme applied to an unstaggered vertical grid as

described in Sect. S1.3.1. For details of the discretization and boundary conditions, the reader should refer to Sect. S2.2. Tem-
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perature is computed at the middle of each layer and considered uniform within the layer, while the heat fluxes are calculated

at the layers’ interfaces.
S1.3.6 Soil hydrology

The evolutions of volumetric soil liquid and ice water contents (w; and w, respectively) in different soil layers are calculated

using the following equations:

ow, OF ® S

o =0 Tip (538)
6101‘ P
5" Top (S39)

in which F is the liquid water flow between soil layers (m s 1), ® is latent heat source/sink resulting from soil freezing and
thawing (J m—2 s~1) and S; is a sink term (kg m~3 s~1) resulting from lateral flow, bare-ground evaporation and transpiration

from vegetation. F'(z) is calculated as in SVS1 (Alavi et al., 2016) using Darcy’s equation for one-dimensional fluid flow:

av
F(2) = K(2) ( + 1) (540)
dz
where K (z) represents hydraulic conductivity (m s~1) and ¥ the soil water potential at depth z (m):
2b+3
K(2) = Kout [ ! ] (S41)
Wsat
w 17
U(z)=Vy0 [ l ] (S42)
Wsat

where K4 and Uy, represent saturated hydraulic conductivity (m s™1) (Egs. S32) and saturated soil water potential (m)
(Eq. S30), respectively. b is defined following Brooks and Corey (1966) and is given in Eq. S31.
The water flux reaching the ground surface is obtained by weighting contributions of each land surface tile and can be written

as:

Win,surf = fg,snoRsno + fg,snthsnhv + fg.,bgPR + fg,gthRc + fg,llev (543)

where R, is the rate of liquid water runoff at the bottom of the snowpack above bare ground and low vegetation (m s~1),
Rgnho the rate of liquid water runoff at the bottom of the snowpack below high vegetation (m s~!), PR is the rate of liquid
precipitation falling in open terrain (m s '), PR, is the rate of throughfall and dripping below the high vegetation (m s~ 1), Ry,
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is the liquid dripping rate of water intercepted on snow-free low vegetation (m s~ 1) (Sect. S1.2.3). f, . represents the fraction
of respective land surface tiles seen from the underlying ground as defined in Table S1.

The flux of liquid water infiltrating into the soil (m s~1) is then given by:
FO = Win,surf - RUsurf (544)

where RUy, y is the surface runoff (m s~1). It is calculated as in Alavi et al. (2016) based on the fraction of the surface that is
saturated and is generated when either soil moisture exceeds saturation or when precipitation rate exceeds K, of the first soil
layer. At the bottom of the soil column the amount of liquid water leaving the lowest layer, Fy (m s~!), corresponds to the
baseflow, calculated when soil water content exceeds the water content at field capacity for the bottom layer (Eq. S29) (Alavi
et al., 2016).

The term S; (kg m~2 s~1) in Eq. S38 represents the loss of soil water content associated with lateral flow, evaporation from
exposed bare ground (F},, kg m™2 s71) and bare ground below high vegetation (Ep,, kg m~2 s™1), and transpiration from
high and low vegetation (Ey,. 5, and Ey,.,,, respectively, kg m~2 s~1). Evaporation from exposed bare ground and bare ground
below high vegetation only affects the evolution of soil moisture of the upper soil layer as in SVS1 (Alavi et al., 2016). S for

the different soil layers can be expressed as:

S _ (1/AZ1) X [fa,ngbg + fa,gh'uEgh'u + f’r’ooul (fa,l'uEtr,l'u + fa,hvEtr,h'u) + Latl] lf 1=1 (545)
li —

(1/AZ1) X [froot,i (fa,lvEtr,lv + fa,hvEtr,hv) + Latz] ifi= 2, ...N

where f,,0¢ is the fraction of roots in each soil layer based on a pre-defined root-zone profile (Schenk and Jackson, 2005),
fa,« represents the fraction of the respective land surface tiles seen from the underlying ground as defined in Table S1, and Az;
is the thickness of layer i (m). As in SVS1 (Alavi et al., 2016), lateral flow, Lat (kg m~—2 s~1), is based on the parameterization

of subgrid-scale interflow described in Soulis et al. (2011) for a tilted landscape.
S1.3.7 Soil freezing and thawing

SVS2 uses the approach of Boone et al. (2000) and Decharme et al. (2016) to simulate the evolution of soil ice content and
its impact on soil temperature. A sequential approach is used: (i) soil temperature is first computed using Eq.S35, (ii) phase
change term @ in Eqs. S35, S38 and S39 are then computed, and (iii) soil temperature, liquid water and ice content are finally
adjusted accordingly. During phase change, the total water content in each soil layer, w = w; 4+ wy, is conserved.

SVS2 takes into account the depression of the freezing point. Soil water matrix potential ¥(7") (m) for each soil layer can

be written as in Fuchs et al. (1978) and Niu and Yang (2006):

Ly (Tsou —TY)

v(T) = JToon

(S46)

where T},; and T are soil temperature and freezing point (K), respectively; L is latent heat of fusion (J kg~') and g is

gravitational acceleration (m s~2). Using the analogy between freezing—thawing processes and drying—wetting processes with
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regard to the dependence of soil matric potential on liquid water content (Eq. S30) (e.g., Kurylyk and Watanabe, 2013), the

expression for the freezing-point depression equation is:

L (Tsoit _Tf)] o

T (S47)
soil * sat

Wl max = Wsat |:

where wj 4, 1s the maximum liquid water content when soil temperature is below freezing. For a given liquid water content
and an associated soil liquid water potential, ¥, the maximum temperature at which ice exists in the soil, can be derived as:

LTy

j—r (S48)

Tmaz =

The latent heat source/sink resulting from soil freezing and thawing, ®, in Eqgs. S35, S38 and S39 is then derived as in Boone

etal. (2000): & = &, — &,,, where ® is the contribution from soil freezing and ®,,, the contribution from soil thawing:

q)f = min [maX(O, Tmaa: - Tsoil)cicepi067 prwmaX(O, wy — wl,maw)] /Ti (849)

q)’m = min [maX(O, Tj - T’max)cicepicw prwwz)] /Ti (SSO)

where c;.. and p;.. are specific heat capacity (J kg=! K—1) and density (kg m~3) of ice, respectively. 7; is a time parameter
(s) that represents the characteristic time scale for phase changes (Giard and Bazile, 2000). It is set to 3300 s as in Boone et al.
(2000). The surface insulation coefficient from Giard and Bazile (2000) in the formulation of ®; and ®,,, is not used in the
current version of SVS2.

Temperature and soil water profiles are updated at the end of the time step, At (s), using the calculated phase change term,

®, as in Boone et al. (2000):

- o ALD

Tioi = Thou+ == (S51)
o AL®

wln—i-l —_ ,win _ (852)
prw

U’?H _ w?' " Atd ($53)
prw

where values at n + 1 represent values at the end of the time step whereas values at n’ represent intermediate values obtained
after solving Egs. S35 and S38.
The presence of frozen soil in SVS2 (w; > 0) modifies the hydraulic conductivity at saturation and the soil porosity. The

saturated hydraulic conductivity in the presence of frozen soil is written as Ksgte = fice Ksat- fice 1S @ parameter that aims at
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reducing K, in presence of frozen water in the soil (e.g., Kurylyk and Watanabe, 2013). It is computed as in the CLASS

land surface scheme (Ganji et al., 2017):

2
fice = [1 ~ min <1., Wi )} (S54)
Wsat

Volumetric liquid water content at saturation is also reduced assuming that frozen water becomes part of the soil matrix
(Zhao et al., 1997):

Wsatc = Wsat — Wy (555)
Evapotranspiration is also indirectly impacted due to the change in liquid water content when freezing or thawing occurs.
S1.4 Sublimation of intercepted snow (O2F option)

In SVS2, the "open to forest" option (O2F) is activated when the model is driven by meteorological forcing transferred from
adjacent open terrain (Sect. 2.3.6 of the main manuscript). With this option, the energy balance of the canopy is not calculated,
the model estimates the sublimation of intercepted snow following Pomeroy et al. (1998) and Essery et al. (2003). In this

approach, the sublimation rate coefficient of an ice particle, Vi (s~1), accounting for shortwave radiative heat is first calculated

Ps

hsd + Dpish

) M(&_1)—S*J (S56)

with 7 the radius of an ideal ice sphere taken equal to 0.5 mm, p, and ps are densities of air and saturated water vapour density

T, \L75
57315

(kg m—3), respectively, m is the mass of the ice sphere (kg), D is diffusivity of water vapor in air (D = 2.06x10~° ( ,
0.5

m? s—1), and Sj, is the Sherwood number (S, = 1.79 + 0.606 (277“> with u the wind speed within the canopy, m s~ ! and

w the air viscosity, m? s=1).

Vs is then scaled up to the total sublimation rate of the snow on the canopy per unit ground of the high vegetation tile:

Vs (857)

—0.37
with C, a scaling coefficient empirically determined by Pomeroy and Schmidt (1993) (C. = 0.0114 ( Sny ) ).

max
Snv

S2 Model numerical implementation
S2.1 Overview

Figure S2 presents a comprehensive overview of the sequential computational framework and order of operations that occur

within a single model time step of SVS2. It is important to note that this computational structure and sequence of operations
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remain consistent with those originally established in SVS (Alavi et al., 2016; Husain et al., 2016), ensuring continuity and
compatibility with previous modeling efforts.

SVS2 employs a sequential computational approach to calculate the energy and mass balance equations across the integrated
soil-vegetation-snow column. To ensure numerical stability, the model utilizes implicit numerical schemes for (i) computing the
energy balance of high vegetation, (ii) solving heat diffusion processes within the snowpack, (iii) determining heat diffusion
through the soil column and (iv) modeling soil hydrology. Section S2.2 provides a description of the numerical techniques
employed in SVS2 for solving heat diffusion in the soil column, while Section S2.3 presents the numerical implementation
for computing the energy balance of high vegetation. The heat diffusion processes occurring within the stratified snowpack
are solved using the implicit time integration scheme implemented in Crocus (Boone and Etchevers, 2001; Vionnet et al.,
2012). Finally, the temporal evolution of soil moisture content throughout the various soil layers is computed numerically
using the same fourth-order Runge-Kutta finite difference method that was implemented in SVS (Alavi et al., 2016). At the
conclusion of each time step, after the new vertical soil temperature and liquid water content profiles have been determined, the
model evaluates potential phase changes (freezing or thawing) that may have occurred in the soil. Following this evaluation,
the temperature profile and soil liquid water and ice contents are updated accordingly, following the methodology described

in Boone et al. (2000).
S2.2 Heat diffusion equation in the soil

In SVS2, the soil column is divided into N}, predefined layers in SVS2. For each soil layer, soil temperature evolves due to
vertical heat transport and phase changes, with surface conditions determined by energy budget closure. The heat diffusion
equation (Eq. S35) is solved using a fully-implicit finite-difference scheme on an unstaggered vertical grid. Temperature is
defined at the middle of each layer and assumed uniform within the layer; each layer is assumed to have a constant conductivity
and heat capacity. The numerical scheme can accommodate arbitrary layer spacing. The finite-difference representation of

Eq. S35 is:

+_ _ 1 =T T, -1 _ —T T —T"
Cku_ 1 {)\k l(l_B)TkH Tk+ k1 k‘|_)\k_1 l(l_ﬁ)Tk Tk—1+6 k k—1

At o Azk 5Zk 5Zk 52’]@,1 (52;6,1

}+<I>k (S58)

Subscripts index the spatial grid (up to N, layers), superscripts + represent the value at the end of the time step, At is
the time step (s), Az is layer thickness (m), dz is the distance between mid-points of contiguous layers, and [ is a parameter
which determines the "implicitness" of the time-stepping scheme (/3 = 0 means an explicit, forward-in-time, centered-in-space
scheme, 5 = 0.5 yields the Crank-Nicholson scheme, and 5 = 1 yields the fully-implicit scheme which is unconditionally
stable). In SVS2, 3 is set to 1 to allow long time steps and small layer spacing. The rest of the numerical discretization is
presented assuming that S = 1. &y, is an internal heat sink/source resulting from phase transformation of soil water and is
neglected for the first evaluation of a temperature profile. Once the new temperature profile has been determined, phase change

is evaluated and the profile is updated based on Boone et al. (2000) as detailed in Sect. S1.3.7.
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Figure S2. Flowchart showing the order of operations within one model time step of SVS2
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Xk _ Ak Azp+Azpiy

Ak is the interfacial thermal conductivity expressed as:

Azp Az .
+>\k+17Azk+AZk+1 if k< Ny,

AN, if k=Ng
The distance between mid-points of contiguous layer is computed as :

Azp+Az .
% 1fk<NL

Az, if k= Ny,

5Zk =

Without the phase change term ®;, and considering S=1, Equation S58 can be rewritten as:

Ath T Ath,l " Atxk " Atxk,1 + T,

T4+ _—7% — - =
k +OkAZk-(52’k k +CkAZk(SZk_1 k CrAzp0zy, k1 CrAzp0z5_1 k=1

This equation can be rewritten is the form :
akT]:__l + ka,:'_ + CkT];:_l =dy

where

Ath,l ) Ath

"~ b =1— oL =——_— """ . d=T
CkAZk(SZk_17 k h ks Ck CkAZk(SZk’ § k

ap =
Equation S62 can be written as a [N, row tri-diagonal matrix and solved numerically.
S2.3 Energy balance of high vegetation

An implicit scheme is used to solve for canopy temperature (Eq. 2 in the main manuscript):

T —T

N S =SW,l, + LW, + Hf + LES + L;®}

net

(S59)

(S60)

(S61)

(S62)

(S63)

(S64)

where variables with the superscripts + are at the end of the time step At. A first-order Taylor expansion was used to linearize

some terms at then end of At:

T =T +4T3(T, - T,,)

dQS(lt
dT

Asat (TJL) = (sat (Tv) + ‘T:Tv (TUJF - Tv)

Hence, the terms in Eq. S64 after linearization become:

LW,y = 0§ (LWin + 0T2) = 8040 T3T + 600 T
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pL
RG'U

o dqsat
dT

LES = |r=r, (T} —T,) (S66b)

(Qa — {sat (Tv ))

with L = h, (1 — ppy) Ly + proLs from Eq.8 of the main manuscript.

HY =

v =R (T.—T)) (S66¢)

Finally, the linearized energy balance equation becomes:

AT = BT, +C (S67)

where A, B, and C are matrices expressed as:

C; PC pL dQSat

A="248c;0T> P _ S68
ap T8oroTy + o + Rt ar 7=, (S68a)

pL dQSat Cv

B= T3 _ v S68b

6oo T, +Rau aT |T_TC+At ( )
C L
C = SWi, +&F +0; LW, + 00T+ '; PT 4 Rf (do — qsat(T))) (S68¢)

and SW,;;t and @ stay the same as Eq. 4 and Eq. 15 in the main manuscript using the values at the end of the time step,

respectively.
S2.4 Surface energy balance of exposed bare ground, bare ground below high vegetation and low vegetation

Equations of surface energy balance for exposed bare ground (Eq. S3), bare ground below high vegetation (Eq. S11) and low

vegetation (Eq. S12) are similar and can be written in the general form:

Ry —H — LE = Ng (Ts — Tioit,1) (869)
Using a first-order Taylor expansion for surface temperature as in Eq. S65a, net radiation fluxes can be written as:

R, =(1—a)SW +e(LW —40T2T} + 30T) (S70)

where « is surface albedo, € is surface emissivity, o is the Stefan Boltzmann constant, and SW and LW are incoming shortwave

and longwave radiations respectively. Superscript + represents the value at the end of the time step.
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Using Eq. S65b, the latent heat flux for exposed bare ground and bare ground below high vegetation can be written as:

paLeff dQSat
LE = e [HR (qmt (T,) + i (T —T)) ) —qa (S71)

where HR is the relative humidity of the corresponding bare ground surface (see Eq. S10 for exposed bare ground).

For snow-free low vegetation, the latent heat flux can be written as:

paLeffhlv
LE = Pazelity
Rq

dQSat
|:QSat (Ts) + dT X (T;r - Ts) - Qa:| (572)

where hy, is the Halstead coefficient for low vegetation (Eq. S16).

The sensible heat flux can be written as a function of 77

H— pacp(T:_ —T,)

S73
R, (S73)
Finally, Eq. S69 can be reorganized and T%;" can be written as:
A(Ty)
+_ A (S74)
B(Ty)
For exposed bare ground and bare ground below high vegetation, A(T;) and B(T) can be written as:
L dgs
A(T) = A Tooit1 + (1 — a)SW + LW + 3eoT + p]‘;cp T, +La Ref ! [qa _HR ( gT“t T, — qsat>] (S75)
L HR dq t
B(T,) = As 4 T3 PaCp Palieff sa
(Ts) R T (S76)
For snow-free low vegetation, A(T;) and B(T) can be written as:
_ 4 PaCp Palicsphiv dgsat
A(Ty) = AskTsoi1 + (1 — @) SW 4+ eLW + 3eo T, + 7 T, + 7 Qo — Qsat + T T, (S77)
a aLe h v d sa
B(T,) = Ay, + deoT3 4 Lo 4 LaZel v Clsat (S78)

R, R, dr

S3 Additional point scale simulations
S3.1 Evaluation at Marmot Creek research basin
S3.1.1 Methods

SVS2 was evaluated at two sites at Marmot Creek Research Basin, Kananaskis Country (Alberta, Canada). The two sites,

Upper Clearing (UC) and Upper Forest (UF), are about 200 m away from each other. UC (50°57°N, 115°09°W; 1860 m above
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sea level) is in a clearing of approximately 56 m in diameter. UF is in the forest adjacent to the clearing. The reader is referred
to Musselman et al. (2015) for further site details. Meteorological forcing used to drive the model were published in Fang
et al. (2019). Precipitation phase was determined using the parametric equation of Harder and Pomeroy (2013) that has been
developed at Marmot Creek.

Two experiments were conducted between September 2012 and June 2016. The first experiment one used meteorological
forcing at the tripod station at UC ~ 2 m above the ground surface; these forcing were used to simulate sub-canopy snow
using the O2F option (Sect. 2.3.6 of the main manuscript). The second experiment used the meteorological observations for
the tower at UC (denoted UCT) at ~ 20 m above the ground surface; sub-canopy snow at UF was simulated from UCT using
the ABV option (Sect. 2.3.6 of the main manuscript). Meteorological observations were also collected at UF below the canopy
at ~ 2 m above the ground and are used to evaluate simulated meteorological variables below the canopy with the two canopy
options (O2F ans ABV'). Snow simulations in the clearing and sub-canopy were evaluated against in-situ snow survey data of
snow depth and SWE (Fang et al., 2019).

SVS2/Crocus relied on the default configuration of the model (Lafaysse et al., 2017), as per evaluation at Snow Crested
Butte (see Sect. 4.1 of the main manuscript). The updated snow albedo parameterization of Gaillard et al. (2025) and changes
of Woolley et al. (2024) specific to arctic environments were not activated since no impact was expected in this environment. In
the clearing (UC), vegetation was considered to be composed of short grass with a height of 20 cm and evergreen needle-leaf
trees are considered in the forest (UF) with an average tree height of 13 m and a canopy density of approximately 80 % . The
canopy density was estimated using the Global Tree Canopy Cover database (Hansen et al., 2013). The percentage of clay and
sand in each of the seven soil layers were taken from the Global Soil Dataset for use in Earth System Models (Shangguan
et al., 2014). The initial temperature and initial water content of soil layers were taken from measurements. Finally, the initial

temperature of the canopy, 7., was chosen to be equal to the air temperature.
S3.1.2 Results and discussions

Figure S3 presents the simulated snow depth and snow water equivalent (SWE) at the two sites between 2012 and 2016, using
two configurations of the SVS2 canopy module (O2F and ABV). Simulations slightly differ in the open due to differences
in meteorological forcings between the tower and tripod at the surface. For the four winters, the model in both configurations
well captured reduced snow accumulation below the forest due to snow interception and sublimation of intercepted snow.
The ABV option usually simulated larger snow depths and SWE during the accumulation period than the 02F option. This
is explained by differences in the simulated sublimation rates of snow intercepted in the canopy (Fig. S4). Using the ABV
option, less sublimation of intercepted canopy snow is estimated by the model, resulting in more unloading of intercepted snow
and thus, more snow on the ground. In the ABV option, sublimation rates of intercepted snow are computed from the latent
heat flux between the vegetation and the atmospheric forcing level as in Koivusalo and Kokkonen (2002) and Gouttevin et al.
(2015), whereas in the O2F option it is computed using the approach of Pomeroy et al. (1998) (Sect. S1.4). Improved SWE

estimation at UF with the O2F option suggests that the sublimation rate at this site is better represented using the approach

22



510

515

520

of Pomeroy et al. (1998). Further investigations are required with SVS2 to reduce the uncertainties associated with sublimation

of intercepted snow.
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Figure S3. Simulated snow depth and SWE between September 2012 and June 2016 at (a,c) the open site, Upper Clearing (UC), and (b,d)
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the forest site, Upper Forest (UF). The O2F simulations use meteorological forcing from the tripod at ~ 2 m above the ground at Upper
Clearing and the ABV simulations use meteorological observations at ~ 20 m above the ground at Upper Clearing. The squares represent

the average of the snow depth or SWE of the snow surveys and the crosses represent the mean of the observations 4 one standard deviation.

Table S3 summarizes the biases and RMSE computed between simulated wind speed, shortwave radiation, and longwave ra-
diation and observations below the canopy and between observations in the open and those below the canopy. This comparison
aims at quantifying the impact of the canopy module (in configuration O2F and ABV’) on the atmospheric forcing provided to
the land surface tiles below high vegetation (bare ground and snowpack below high vegetation). Results show a clear improve-
ment (reduction in absolute bias and RMSE) when these modules are activated compared to using observed forcing collected
in open terrain to simulate snow under the canopy. Both configurations enhance (decrease) longwave (shortwave) radiation

below high vegetation compared to those of the adjacent open terrain. Similar performances are obtained with the O2F and

ABYV configurations.
S3.2 Evaluation of snow interception in trees at Umpqua National Forest (Oregon, USA)

Storck et al. (2002) measured intercepted snow on two Douglas Fir trees in the Umpqua National Forest, Oregon, USA.
Meteorological forcing at this maritime site and were collected in an adjacent open terrain between 1997 and 1998. The
O2F option was used in SVS2/Crocus to simulate the snowpack under the canopy. The reader is referred to Lundquist et al.
(2021) and Storck et al. (2002) for a further description of the meteorological forcing. The phase partitioning method of

Wang et al. (2019) was used to divide total precipitation into solid and liquid precipitation. Figure S5 shows a comparison
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Figure S4. Accumulated sublimation of intercepted snow for four consecutive winters simulated at Upper Forest (UF) using two configura-
15% of each year.

tions of the SVS2 canopy module (02F and ABYV). The sublimation amounts are reset to zero on October

Table S3. Bias and RMSE of incoming shortwave radiation (SW), incoming longwave radiation (LW), and wind speed below the canopy

between the simulations with the two options ABV and O2F as well as between the observations in the open and those below the canopy.

Source Bias RMSE
ABV 1.1 34.6
SW
O2F 0.1 34.1
(Wm™?)
UCT | 1228 | 241.7
ucC 1233 | 246.0
ABV 3.7 8.9
LW
O2F 3.7 7.4
(Wm™?)
UCT | 47.1 | 633
ucC 471 | 635
Wind speed O2F -0.01 0.2
(ms™h ucC 1.0 1.26

of the simulated intercepted snow mass against observations. Overall, the model performs well and similarly to Essery et al.
(2003) and Lundquist et al. (2021). Snow tends to remain too long in the trees and SVS2 does not capture abrupt unloading

525
events observed at this site. This limitation can be associated with the exponential decay relationship used in the SVS2 snow

unloading scheme (Sect. 2.3.4 in the main manuscript, Mazzotti et al. (2020)). Lundquist et al. (2021) demonstrated that, at
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Umpqua, interception schemes in which interception efficiency varies with air temperature—such as the one implemented
in SVS2 (Andreadis et al., 2009)—performed better when paired with temperature-wind unloading compared to exponential
decay unloading. Future versions of SVS2 will consider representing snow unloading as a function of wind speed (e.g., Roesch
et al.,2001). The performance of simulated interception at Umpqua was also very sensitive to phase partitioning of precipitation

(not shown).
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Figure S5. Simulated and observed intercepted snow mass on the canopy in Umpqua, Oregon, USA (Storck et al., 2002).

S4 Distributed snowpack simulations
S4.1 Simulation domain

Figure S6a shows the elevation over the simulation domain that extends from southern Quebec to the north of the Canadian Arc-
tic. The spatial distribution over this domain of the snow darkening coefficient for the Crocus albedo parameterization (Gaillard
et al., 2024, 2025) is shown on Fig. S6b.

S4.2 Snow melt-out date for winter 2015/16

Figure S7 displays the snow melt-out date (SMOD) map derived from the GMASI product for the 2015/16 winter and compares
it against three SVS2/Crocus configurations and two benchmark datasets— FRA5L and ERA5—CRO. Figure S8 shows how
the SMOD in GMASI and different snow products evolves on average with latitude.
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Figure S6. (a) Elevation (m) over the domain of the distributed simulation and (b) optimized snow darkening coefficient taken from Gaillard

et al. (2024) over the same domain.
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