
Supplement of Improving the CLASSIC (v1.8) Snow Model to
Better Simulate Arctic Snowpacks
Mickaël Lalande1, 2, Alexandre Roy1, 2, Libo Wang3, Diana Verseghy4,*, Vincent Vionnet5,
Florent Dominé2, 6, 7, and Christophe Kinnard1, 2

1Centre for Research on Watershed-Aquatic Ecosystem Interactions, Department of Environmental Sciences, Université du
Québec à Trois-Rivières, Trois-Rivières, QC, Canada
2Centre for Northern Studies, Université Laval, Québec, QC, Canada
3Climate Research Division, Environment and Climate Change Canada, Toronto, ON, Canada
4Formerly at Climate Research Division, Environment and Climate Change Canada, Toronto, ON, Canada
5Meteorological Research Division, Environment and Climate Change Canada, Dorval, QC, Canada
6Takuvik Joint International Laboratory, Université Laval (Canada) and CNRS-INSU (France), Québec, QC, Canada
7Department of Chemistry, Université Laval, Québec, QC, Canada
*retired

Correspondence: Mickaël Lalande (mickael.lalande.phd@gmail.com)

Contents

1 Further details on in situ stations 2

2 Relative to specific humidity conversion 6

3 Snowfall rate sensitivity at Trail Valley Creek 7

4 Code implementation 85

5 Logarithmic wind profile 12

6 CLASSIC spin-up 12

7 Issue with the vegetation and albedo 14

8 Volumetric water content at the Arctic sites 15

9 Arctic winter CO2 emissions 1610

10 Boreal SnowMIP sites 18

1



1 Further details on in situ stations

2



Ta
bl

e
S1

.S
ite

s
se

tu
p.

So
il

co
lo

r
in

de
x

(S
O

C
I)

is
de

riv
ed

fr
om

th
e

So
ilG

ri
ds

25
0m

da
ta

se
t

(H
en

gl
et

al
.,

20
17

),
an

d
pe

rm
ea

bl
e

so
il

de
pt

h
(S

D
E

P)
is

ba
se

d
on

Sh
an

gg
ua

n
et

al
.(

20
17

).
T

he
pr

op
or

tio
ns

of
C

3
an

d
C

4
gr

as
se

s
ar

e
de

riv
ed

fr
om

W
an

g
et

al
.(

20
06

).
fc

an
cm

x
co

rr
es

po
nd

s
to

th
e

C
T

E
M

PF
T

s
(B

dl
Sh

:b
ro

ad
le

af

sh
ru

bs
,B

dl
D

C
oS

h:
br

oa
dl

ea
fd

ec
id

uo
us

co
ld

sh
ru

b)
,r

es
pe

ct
iv

el
y.

T
he

re
m

ai
ni

ng
pe

rc
en

ta
ge

of
fc

an
cm

x
is

at
tr

ib
ut

ed
to

ba
re

gr
ou

nd
.Z

R
FH

an
d

Z
R

FM
co

rr
es

po
nd

to
th

e
re

fe
re

nc
e

he
ig

ht
s

at
w

hi
ch

en
er

gy
(a

ir
te

m
pe

ra
tu

re
an

d
sp

ec
ifi

c
hu

m
id

ity
)

an
d

m
om

en
tu

m
(w

in
d)

va
ri

ab
le

s
ar

e
pr

ov
id

ed
.S

ee
Ta

bl
e

1
fo

r
si

te
ab

br
ev

ia
tio

ns

an
d

Se
ct

.2
.1

of
th

e
m

ai
n

ar
tic

le
fo

rm
or

e
in

fo
rm

at
io

n.

Si
te

(s
ho

rt
)

SD
E

P
(m

)
SO

C
I

fc
an

cm
x

Z
R

FH
(m

)
Z

R
FM

(m
)

C
om

m
en

t

cd
p

13
.3

7
15

∼
98

%
G

ra
ss

C
3

∼
2

%
G

ra
ss

C
4

1.
5

10
G

ra
ss

y
m

ea
do

w
bo

rd
er

ed
by

co
ni

fe
ro

us
fo

re
st

.
So

il:
L

ej
eu

ne
et

al
.

(2
01

9)
.

rm
e

23
.8

7
14

∼
10

0
%

G
ra

ss
C

3
3.

0
3.

0
Sh

el
te

re
d

gr
as

sy
si

te
in

an
as

pe
n

an
d

fir
gr

ov
e.

H
ig

h
or

ga
ni

c
co

nt
en

ti
n

su
rf

ac
e

so
ils

an
d

50
cm

of
si

lty
cl

ay
(4

2
%

cl
ay

,4
2

%
si

lt)
ov

er
ly

in
g

cl
ay

(5
0

%
cl

ay
,4

0
%

si
lt)

.

sn
b

5.
87

17
∼

68
%

G
ra

ss
C

3

∼
2

%
G

ra
ss

C
4

3.
8

4.
0

A
lp

in
e

tu
nd

ra
w

ith
th

in
so

ils
an

d
ex

po
se

d
be

dr
oc

k.

sw
a

5.
87

17
∼

98
%

G
ra

ss
C

3

∼
2

%
G

ra
ss

C
4

3.
4

3.
8

Sh
el

te
re

d
m

ea
do

w
su

rr
ou

nd
ed

by
su

ba
lp

in
e

fo
re

st
.C

ol
lu

vi
um

.

sa
p

25
.3

4
19

10
0

%
G

ra
ss

C
3

1.
5

1.
5

U
rb

an
sh

or
t

gr
as

s
si

te
w

ith
fr

eq
ue

nt
de

po
si

tio
n

of
at

m
os

ph
er

ic

ae
ro

so
ls

.C
la

y
so

il.

so
d

23
.7

6
14

10
0

%
G

ra
ss

C
3

2.
0

2.
0

Sm
al

lc
le

ar
in

g
in

a
pi

ne
pl

an
ta

tio
n

w
ith

sa
nd

y
lo

am
so

il.
W

in
d

sp
ee

d

an
d

ra
di

at
io

n
ar

e
m

ea
su

re
d

ab
ov

e
th

e
ca

no
py

he
ig

ht
,s

o
fo

rc
in

g
da

ta

ha
ve

be
en

ad
ju

st
ed

fo
rt

he
sh

el
te

ri
ng

of
th

e
cl

ea
ri

ng
.

w
fj

4.
59

13
-

4.
5

5.
5

A
rt

ifi
ci

al
ly

dr
ai

ne
d

m
or

ai
ne

co
nt

ai
ni

ng
cl

ay
se

di
m

en
ts

ov
er

la
in

by
se

r-

pe
nt

in
e

ro
ck

s
of

va
ry

in
g

si
ze

s
up

to
20

cm
di

am
et

er
.

by
l

4.
96

6
10

0
%

G
ra

ss
C

3
2.

3
2.

3
T

he
si

te
is

a
lo

w
-c

en
te

r
po

ly
go

n,
w

ith
he

rb
tu

nd
ra

an
d

no
er

ec
tv

eg
e-

ta
tio

n.

um
t

7.
23

13
50

%
B

dl
D

C
oS

h
2.

3
10

.0
L

ic
he

n
an

d
sh

ru
b

tu
nd

ra
.S

oi
lc

om
po

si
tio

n
is

95
%

sa
nd

an
d

5
%

si
lt

(G
ag

no
n

et
al

.,
20

19
;L

ac
kn

er
et

al
.,

20
22

).

tv
c

9.
84

16

60
%

Se
dg

e

5
%

B
dl

E
vg

Sh

28
%

B
dl

D
C

oS
h

2.
0

4.
0

So
ut

he
rn

A
rc

tic
tu

nd
ra

si
te

,
er

ec
t-

sh
ru

b
tu

nd
ra

,
tu

nd
ra

do
m

in
at

ed

by
lo

w
sh

ru
bs

<
4
0

cm
,

co
nt

in
uo

us
pe

rm
af

ro
st

.
M

in
er

al
so

il
35

%

sa
nd

/4
0

%
cl

ay
(M

ar
sh

et
al

.,
20

10
).

3



Ta
bl

e
S2

.T
he

si
te

s’
in

iti
al

iz
at

io
n

so
il

te
xt

ur
e

co
ns

is
ts

of
a

co
m

bi
na

tio
n

of
si

te
in

fo
rm

at
io

n
an

d
sa

te
lli

te
da

ta
(H

en
gl

et
al

.,
20

17
),

ex
ce

pt
fo

rc
dp

w
he

re
so

il
te

xt
ur

e

w
as

de
riv

ed
fr

om
L

ej
eu

ne
et

al
.(

20
19

)
(s

ee
:h

ttp
s:

//g
ith

ub
.c

om
/m

ic
ka

el
la

la
nd

e/
Sn

ow
C

2/
bl

ob
/m

ai
n/

C
L

A
SS

IC
/in

_s
itu

/S
no

w
M

IP
/F

R
-C

dp
_t

es
t/i

ni
t/s

oi
l_

pr
op

er
tie

s_

L
ej

eu
ne

20
19

.ip
yn

b
fo

rm
or

e
de

ta
ils

;l
as

ta
cc

es
s

24
M

ar
ch

20
24

).
Fl

ag
s

-2
an

d
-3

re
pr

es
en

tp
ea

ta
nd

be
dr

oc
k

la
ye

rs
,r

es
pe

ct
iv

el
y.

T
he

20
so

il
la

ye
rt

hi
ck

ne
ss

es
(m

)

of
th

e
m

od
el

ar
e:

[0
.1

,0
.1

,0
.1

,0
.1

,0
.1

,0
.1

,0
.1

,0
.1

,0
.1

,0
.1

,0
.2

,0
.3

,0
.4

,0
.5

,1
.,

3.
,5

.,
15

.,
30

.,
5.

]a
nd

th
e

bo
tto

m
de

pt
hs

of
th

e
la

ye
rs

(m
)a

re
[0

.1
,0

.2
,0

.3
,0

.4
,

0.
5,

0.
6,

0.
7,

0.
8,

0.
9,

1.
,1

.2
,1

.5
,1

.9
,2

.4
,3

.4
,6

.4
,1

1.
4,

26
.4

,5
6.

4,
61

.4
].

T
he

co
lu

m
n

no
te

bo
ok

lin
ks

to
th

e
de

ta
ile

d
m

et
ho

d
us

ed
fo

re
ac

h
si

te
.T

he
fo

ot
no

te
s

lin
k

to
th

e
de

ta
ile

d
m

et
ho

d
us

ed
fo

re
ac

h
si

te
.S

ee
Ta

bl
e

1
fo

rs
ite

ab
br

ev
ia

tio
ns

an
d

Se
ct

.2
.1

in
th

e
m

ai
n

ar
tic

le
fo

rm
or

e
in

fo
rm

at
io

n.

Si
te

(s
ho

rt
)

SA
N

D
(%

)
C

L
AY

(%
)

O
R

G
M

(%
)

cd
p1

[2
8.

2,
28

.8
,

28
.6

,
29

.9
,

28
.9

,
25

.9
,

28
.6

,
29

.3
,

24
.4

,
24

.4
,

24
.4

,2
4.

4,
24

.4
,2

4.
4,

24
.4

,2
4.

4,
24

.4
,2

4.
4,

-3
.,

-3
.]

[2
5.

8,
27

.2
,

32
.5

,
33

.4
,

31
.9

,
32

.8
,

31
.0

,
29

.7
,

31
.1

,
31

.1
,

31
.1

,3
1.

1,
31

.1
,3

1.
1,

31
.1

,3
1.

1,
31

.1
,3

1.
1,

0.
,0

.]

[6
.7

,4
.3

,2
.2

,0
.8

,0
.5

,0
.4

,0
.3

,0
.3

,0
.4

,0
.4

,0
.4

,0
.4

,0
.4

,0
.4

,

0.
4,

0.
4,

0.
4,

0.
4,

0.
,0

.]

rm
e2

[1
6.

,1
6.

,1
5.

9,
15

.6
,1

5.
3,

15
.0

,1
4.

7,
14

.4
,1

4.
1,

13
.8

,1
3.

3,

12
.6

,1
1.

5,
10

.2
,1

0.
2,

10
.2

,1
0.

2,
10

.2
,-

3.
,-

3.
]

[4
2.

,4
2.

,4
2.

1,
42

.5
,4

2.
9,

43
.3

,4
3.

7,
44

.1
,4

4.
5,

44
.9

,4
5.

5,

46
.5

,4
7.

9,
49

.7
,4

9.
7,

49
.7

,4
9.

7,
49

.7
,0

.,
0.

]

[1
0.

,4
.2

,0
.,

0.
,0

.,
0.

,0
.,

0.
0.

0.
0.

0.
0.

0.
,0

.,
0.

,0
.,

0.
,0

.,

0.
]

sn
b3

[-
2.

,2
9.

6,
29

.6
,2

8.
1,

38
.4

,3
7.

7,
38

.4
,3

7.
7,

36
.9

,3
6.

2,
35

.8
,

33
.9

,3
1.

3,
27

.9
,2

7.
9,

27
.9

,-
3.

,-
3.

,-
3.

,-
3.

]

[0
.,

29
.6

,2
9.

6,
28

.1
,2

0.
4,

19
.7

,1
8.

7,
17

.9
,1

7.
2,

16
.4

,1
5.

1,

13
.2

,1
0.

6,
7.

2,
7.

2,
7.

2,
0.

,0
.,

0.
,0

.]

[0
.,

1.
9,

1.
9,

1.
8,

2.
5,

2.
5,

1.
9,

1.
8,

1.
8,

1.
7,

1.
5,

1.
4,

1.
2,

1.
0,

1.
0,

1.
0,

0.
,0

.,
0.

,0
.]

sw
a4

70
.,

70
.,

70
.,

70
.,

60
.1

,6
0.

1,
61

.6
,6

1.
6,

61
.6

,6
1.

6,
62

.4
,6

2.
4,

62
.4

,6
2.

4,
62

.4
,6

2.
4,

-3
.,

-3
.,

-3
.,

-3
.]

[5
.,

5.
,5

.,
5.

,9
.6

,9
.6

,9
.4

,9
.4

,9
.4

,9
.4

,9
.1

,9
.1

,9
.1

,9
.1

,9
.1

,

9.
1,

0.
,0

.,
0.

,0
.]

[2
.,

0.
8,

0.
,0

.,
1.

6,
1.

6,
1.

1,
1.

1,
1.

1,
1.

1,
1.

0,
1.

0,
1.

0,
1.

0,

1.
0,

1.
0,

0.
,0

.,
0.

,0
.]

sa
p5

[2
0.

,
20

.,
20

.,
20

.,
30

.0
,

30
.0

,
30

.4
,

30
.4

,
30

.4
,

30
.4

,
30

.9
,

30
.9

,3
0.

9,
30

.9
,3

0.
9,

30
.9

,3
0.

9,
30

.9
,-

3.
,-

3.
]

[6
0.

,
60

.,
60

.,
60

.,
42

.0
,

42
.0

,
42

.1
,

42
.1

,
42

.1
,

42
.1

,
41

.7
,

41
.7

,4
1.

7,
41

.7
,4

1.
7,

41
.7

,4
1.

7,
41

.7
,0

.,
0.

]

[2
.,

0.
8,

0.
,0

.,
3.

4,
3.

4,
2.

8,
2.

8,
2.

8,
2.

8,
2.

8,
2.

8,
2.

8,
2.

8,

2.
8,

2.
8,

2.
8,

2.
8,

0.
,0

.]

so
d6

[7
0.

,
70

.,
70

.,
70

.,
63

.2
,

63
.2

,
63

.7
,

63
.7

,
63

.7
,

63
.7

,
63

.9
,

63
.9

,6
3.

9,
63

.9
,6

3.
9,

63
.9

,6
3.

9,
63

.9
,-

3.
,-

3.
]

[1
0.

,1
0.

,1
0.

,1
0.

,7
.6

,7
.6

,7
.6

,7
.6

,7
.6

,7
.6

,7
.6

,7
.6

,7
.6

,7
.6

,

7.
6,

7.
6,

7.
6,

7.
6,

0.
,0

.]

[2
.,

0.
8,

0.
,0

.,
4.

5,
4.

5,
4.

0,
4.

0,
4.

0,
4.

0,
4.

0,
4.

0,
4.

0,
4.

0,

4.
0,

4.
0,

4.
0,

4.
0,

0.
,0

.]

w
fj
7

[9
0.

,
50

.,
20

.,
20

.,
34

.1
,

34
.1

,
35

.5
,

35
.5

,
35

.5
,

35
.5

,
36

.1
,

36
.1

,3
6.

1,
36

.1
,3

6.
1,

36
.1

,-
3.

,-
3.

,-
3.

,-
3.

]

[5
.,

36
.4

,
60

.,
60

.,
35

.2
,

35
.2

,
35

.3
,

35
.3

,
35

.3
,

35
.3

,
35

.4
,

35
.4

,3
5.

4,
35

.4
,3

5.
4,

35
.4

,0
.,

0.
,0

.,
0.

]

[0
.,

0.
,0

.,
0.

,4
.2

,4
.2

,3
.3

,3
.3

,3
.3

,3
.3

,2
.9

,2
.9

,2
.9

,2
.9

,2
.9

,

2.
9,

0.
,0

.,
0.

,0
.]

by
l8

[-
2.

,4
3.

5,
63

.5
,5

4.
4,

54
.4

,5
4.

4,
54

.6
,5

4.
6,

54
.6

,5
4.

6,
54

.2
,

54
.2

,5
4.

2,
54

.2
,5

4.
2,

54
.2

,-
3.

,-
3.

,-
3.

,-
3.

]

[0
.,

0.
,0

.1
,7

.5
,7

.5
,7

.5
,7

.6
,7

.6
,7

.6
,7

.6
,7

.4
,7

.4
,7

.4
,7

.4
,

7.
4,

7.
4,

0.
,0

.,
0.

,0
.]

[0
.,

1.
5,

1.
5,

6.
4,

6.
4,

6.
4,

6.
0,

6.
0,

6.
0,

6.
0,

5.
7,

5.
7,

5.
7,

5.
7,

5.
7,

5.
7,

0.
,0

.,
0.

,0
.]

um
t9

[-
2.

,9
5.

,9
5.

,9
5.

,9
5.

,9
5.

,9
5.

,9
5.

,9
5.

,9
5.

,9
5.

,9
5.

,9
5.

,9
5.

,

95
.,

95
.,

95
.,

-3
.,

-3
.,

-3
.]

[0
.,

0.
,0

.,
0.

,0
.,

0.
,0

.,
0.

,0
.,

0.
,0

.,
0.

,0
.,

0.
,0

.,
0.

,0
.,

0.
,0

.,

0.
]

[1
.,

0.
25

,0
.2

,0
.2

,0
.2

,0
.2

,0
.2

,0
.2

,0
.2

,0
.2

,0
.2

,0
.2

,0
.2

,0
.2

,

0.
2,

0.
2,

0.
2,

0.
,0

.,
0.

]

tv
c1

0
[-

2,
35

,3
5,

35
,3

5,
35

,3
5,

35
,3

5,
35

,3
5,

35
,3

5,
35

,3
5,

35
,

35
,3

5,
35

,3
5]

[4
0.

0,
40

.0
,

40
.0

,
40

.0
,

40
.0

,
40

.0
,

40
.0

,
40

.0
,

40
.0

,
40

.0
,

40
.0

,4
0.

0,
40

.0
,4

0.
0,

40
.0

,4
0.

0,
40

.0
,4

0.
0,

40
.0

,4
0.

0]

[8
.0

,8
.0

,8
.0

,8
.0

,8
.0

,8
.0

,8
.0

,8
.0

,8
.0

,8
.0

,8
.0

,8
.0

,8
.0

,8
.0

,

8.
0,

8.
0,

8.
0,

8.
0,

8.
0,

8.
0]

1
ht

tp
s:

//g
ith

ub
.c

om
/m

ic
ka

el
la

la
nd

e/
Sn

ow
C

2/
bl

ob
/m

ai
n/

C
L

A
SS

IC
/in

_s
itu

/S
no

w
M

IP
/c

dp
/in

it/
in

it_
cd

p-
R

ef
.ip

yn
b

(l
as

ta
cc

es
s:

9
O

ct
ob

er
20

25
)

2
ht

tp
s:

//g
ith

ub
.c

om
/m

ic
ka

el
la

la
nd

e/
Sn

ow
C

2/
bl

ob
/m

ai
n/

C
L

A
SS

IC
/in

_s
itu

/S
no

w
M

IP
/r

m
e/

in
it/

in
it_

rm
e-

R
ef

.ip
yn

b
(l

as
ta

cc
es

s:
9

O
ct

ob
er

20
25

)
3

ht
tp

s:
//g

ith
ub

.c
om

/m
ic

ka
el

la
la

nd
e/

Sn
ow

C
2/

bl
ob

/m
ai

n/
C

L
A

SS
IC

/in
_s

itu
/S

no
w

M
IP

/s
nb

/in
it/

in
it_

sn
b-

R
ef

.ip
yn

b
(l

as
ta

cc
es

s:
9

O
ct

ob
er

20
25

)
4

ht
tp

s:
//g

ith
ub

.c
om

/m
ic

ka
el

la
la

nd
e/

Sn
ow

C
2/

bl
ob

/m
ai

n/
C

L
A

SS
IC

/in
_s

itu
/S

no
w

M
IP

/s
w

a/
in

it/
in

it_
sw

a-
R

ef
.ip

yn
b

(l
as

ta
cc

es
s:

9
O

ct
ob

er
20

25
)

5
ht

tp
s:

//g
ith

ub
.c

om
/m

ic
ka

el
la

la
nd

e/
Sn

ow
C

2/
bl

ob
/m

ai
n/

C
L

A
SS

IC
/in

_s
itu

/S
no

w
M

IP
/s

ap
/in

it/
in

it_
sa

p-
R

ef
.ip

yn
b

(l
as

ta
cc

es
s:

9
O

ct
ob

er
20

25
)

6
ht

tp
s:

//g
ith

ub
.c

om
/m

ic
ka

el
la

la
nd

e/
Sn

ow
C

2/
bl

ob
/m

ai
n/

C
L

A
SS

IC
/in

_s
itu

/S
no

w
M

IP
/s

od
/in

it/
in

it_
so

d-
R

ef
.ip

yn
b

(l
as

ta
cc

es
s:

9
O

ct
ob

er
20

25
)

7
ht

tp
s:

//g
ith

ub
.c

om
/m

ic
ka

el
la

la
nd

e/
Sn

ow
C

2/
bl

ob
/m

ai
n/

C
L

A
SS

IC
/in

_s
itu

/S
no

w
M

IP
/w

fj
/in

it/
in

it_
w

fj
-R

ef
.ip

yn
b

(l
as

ta
cc

es
s:

9
O

ct
ob

er
20

25
)

8
ht

tp
s:

//g
ith

ub
.c

om
/m

ic
ka

el
la

la
nd

e/
Sn

ow
C

2/
bl

ob
/m

ai
n/

C
L

A
SS

IC
/in

_s
itu

/S
no

w
A

rc
tic

/b
yl

/in
it/

in
it_

by
l-

pe
at

_3
0m

in
_e

xt
.ip

yn
b

(l
as

ta
cc

es
s:

9
O

ct
ob

er
20

25
)

9
ht

tp
s:

//g
ith

ub
.c

om
/m

ic
ka

el
la

la
nd

e/
Sn

ow
C

2/
bl

ob
/m

ai
n/

C
L

A
SS

IC
/in

_s
itu

/S
no

w
A

rc
tic

/u
m

t/i
ni

t/i
ni

t_
um

t-
R

ef
.ip

yn
b

(l
as

ta
cc

es
s:

9
O

ct
ob

er
20

25
)

1
0

ht
tp

s:
//g

ith
ub

.c
om

/m
ic

ka
el

la
la

nd
e/

Sn
ow

C
2/

bl
ob

/m
ai

n/
C

L
A

SS
IC

/in
_s

itu
/S

no
w

A
rc

tic
/tv

c/
in

it/
in

it_
tv

c-
R

ef
_1

pe
at

.ip
yn

b
(l

as
ta

cc
es

s:
9

O
ct

ob
er

20
25

)

4
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https://github.com/mickaellalande/SnowC2/blob/main/CLASSIC/in_situ/SnowMIP/sod/init/init_sod-Ref.ipynb
https://github.com/mickaellalande/SnowC2/blob/main/CLASSIC/in_situ/SnowMIP/wfj/init/init_wfj-Ref.ipynb
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Table S3. Variables used at the sites during the time periods considered in this study. SWE and snow depth include automatic (auto) and

manual (man) measurements. See Table 1 for site abbreviations and Sect. 2.1 for more information.

Site (short)
SWE

(auto)

SWE

(man)

Snow depth

(auto)

Snow depth

(man)
Albedo Surface temperature Soil temperature Soil moisture

cdp x x x x x x x

rme x x x x x

snb x x x x x x

swa x x x x x x

sap x x x x x

sod x x x x x

wfj x x x x x x

byl x x x x x x

umt x x x x x

tvc x x x x x
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2 Relative to specific humidity conversion

CLASSIC uses specific humidity as an input variable, whereas only relative humidity is provided at some sites (Umiujaq and

TVC). The relative humidity RH (%) is the ratio of the partial pressure of water vapor in an air-water mixture e (Pa) to the15

saturated vapor pressure of water at a given temperature es (Pa):

RH =
mv

mvs
=

e

es
, (1)

with mv and mvs the mass of water vapor and the mass of saturated water vapor, respectively. The specific humidity q

(kg kg−1) is the mass of water vapor in the total mass of air:

q =
ρv

ρd + ρv
=

mv

md +mv
, (2)20

with ρd and ρv the density of dry air and the density of water vapor, respectively (kg m−3).

To calculate the saturation vapor pressure of water, Eq. (17) of Huang (2018) is used (even for temperatures lower than 0 °C,

as the relative humidity sensors at Umiujaq and TVC are calibrated only with respect to water):

es =
exp

(
34.494− 4924.99

T+237.1

)
(T +105)1.57

(T> 0◦C) , (3)

with T being the temperature in °C and es in Pa.25

Then the water vapor pressure was derived with: e= RH
es

, which allows the absolute humidity a (kg m−3) to be derived with

the gas equation of state eV = nvRT with nv =
mv

Mv
, where V is the volume considered, R= 8.31446 J K−1 mol−1 is the

molar mass constant, nv is the amount of water vapor (mol), Mv = 0.0180153 kg mol−1 the molecular molar mass of water,

and T the temperature (K):

a= ρv =
mv

V
=

eMv

RT
. (4)30

Finally, the total density of air has to be evaluated to get to the specific humidity:

ρd + ρv =
pdMd + eMv

RT
, (5)

with pd = P − e the partial pressure of dry air (Pa), Md = 0.028965 kg mol−1 the molecular molar mass of dry air, and P

the total air pressure (Pa).

The numerical implementation of this computation can be found at: https://github.com/mickaellalande/SnowC2/blob/main/35

CLASSIC/in_situ/SnowArctic/tvc/forcing/forcing_tvc_to_SnowMIP_correct_SH.ipynb (last access: 10 October 2025).
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3 Snowfall rate sensitivity at Trail Valley Creek
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Figure S1. Time series of snow depth (a), snow density (c), snow thermal conductivity (e), snow surface temperature (g), and soil temperatures at 5 and

15 cm (m and k) at TVC from September 2017 to June 2019. Simulations are shown for the DEF experiment using the original snowfall rate at TVC (blue

line) and for the DEF and TVC_ALL experiments using the doubled snowfall rate applied in this study (orange and green lines, respectively; see Table 2 of

the main text for experiment descriptions). Automatic observations are shown in black. Black shading indicates measurement uncertainties derived at Col de

Porte (Lejeune et al., 2019) and is provided as an indicative reference. Dark and light blue horizontal shadings in panels (c) and (e) represent the mean snow

densities and thermal conductivities of wind slab and depth hoar, respectively, derived from multiple snow pits around the site (Dutch et al., 2022, Table 2).

Right-hand panels show the mean error and RMSE over the 2017–2019 period, computed for snow depths exceeding 10 cm.

7



4 Code implementation

All the code implementations are available at: https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/tree/v0.1.0

(Lalande, 2026). Our developments were based on the CLASSIC development version [commit SHA: 57f7993ac417751c71bb1d815c531b9a8f4bf926;40

https://gitlab.com/jormelton/classic/-/commit/57f7993ac417751c71bb1d815c531b9a8f4bf926, last access: 6 January 2026].

4.1 Snow model: physics improvements

4.1.1 Thermal conductivity at the top of the first soil layer

To solve the issue described in Sect. 2.3.1 of the main text, ZERO is passed to soilHeatFluxPrep.f90 instead ZSNOW to the

subfractions without snow in energyBudgetDriver.f90:45

– CANOPY OVER BARE GROUND: https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blame/SnowC2-1D/

src/energyBudgetDriver.f90#L1357 (last access: 21 December 2025)

– BARE GROUND: https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blame/SnowC2-1D/src/energyBudgetDriver.

f90#L1556 (last access: 21 December 2025)

See more information at: https://gitlab.com/cccma/classic/-/issues/119 (last access: 21 December 2025).50

4.1.2 Bottom snow temperature

In snowTempUpdate.f90 (https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blob/SnowC2-1D/src/snowTempUpdate.

f90#L152; last access: 21 December 2025), the computation of the bottom snow temperature Ts,b has been modified from:

Ts,b =
dsTs + d1T1

ds + d1
(6)

to55

Ts,b =

Ts

ds
+

T1

d1
1

ds
+

1

d1

, (7)

where T1 is the first soil layer temperature, Ts the snow temperature, and d1 and ds their respective thickness.

4.1.3 Windless exchange coefficient

A windless transfer coefficient E0 is introduced into the sensible heat flux QH (W m −2) calculation of 2 W m −2 K−1 during

stable atmospheric conditions over non-vegetated areas (i.e., over bare ground or when snow entirely buries the vegetation), as60

follows in energBalNoVegSolve.f90:

QH = (ρair cP CH U +E0)(Ts − θa) , (8)

8
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where ρair is the density of air (kg m−3), cP is the specific heat capacity of air (set to 1.00464×103 J kg−1 K−1 in CLASSIC),

CH is the surface drag coefficient (unitless), U the wind speed at reference height (m s−1), Ts the surface temperature (K),

and θa the potential air temperature at the reference height (K). E0 is set to 2 W m−2 K−1 when Ts < θa (i.e., for atmospheric65

stable condition) and 0 W m−2 K−1 otherwise. See Brown et al. (2006) their Fig. 11 for more details. The details of the

implementation are described below:

– Set E0 = 2 W m−2 K−1 if there is snow: https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blame/SnowC2-1D/

src/energBalNoVegSolve.f90#L269 (last access: 21 December 2025)

– Add it to the sensible heat flux (last access: 21 December 2025; already coded by Ross Brown; see paper above):70

– https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blob/SnowC2-1D/src/energBalNoVegSolve.f90#

L594

– https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blob/SnowC2-1D/src/energBalNoVegSolve.f90#

L896

4.2 Snow model: Arctic adaptations75

4.2.1 Blowing-snow sublimation losses

The blowing-snow sublimation loss parameterization of Gordon et al. (2006) is implemented:

Qs = 0.0018

(
T0

Tair

)4

Ut ρa qsi (1−RHi)

(
U10

Ut

)3.6

, for U10 > Ut and Tair < T0, (9)

with:

Ut = 6.98+0.0033 (Tair − 245.88)
2
, (10)80

where Ut [m s−1] is the threshold wind speed at 10 m for the initiation of blowing snow, Tair is the near-surface air temper-

ature [K], T0 is the freezing point of water (defined as 273.16 °K in CLASSIC), ρa is the density of air [kg m−3], qsi is the

saturation specific humidity of ice at reference height [kg kg−1], RHi is the relative humidity with respect to ice [fraction],

U10 is the wind speed at 10 m above the snow surface [m s−1]. This equation is only applied over bare ground subareas cov-

ered with snow (i.e., over bare ground and when snow buries the vegetation). The blowing-snow sublimation losses from the85

intercepted snow on the canopy are not considered. The details of the implementation are described below:

– Implementation of the Gordon et al. (2006)’s parameterization in a new file: snowWindSublimation.f90 (https://github.

com/mickaellalande/SnowC2-CLASSIC-1D-model/blob/SnowC2-1D/src/snowWindSublimation.f90; last access: 21 De-

cember 2025)

– 10 m wind speed adjustment in energyBudgetDriver.f90 (https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/90

blob/SnowC2-1D/src/energyBudgetDriver.f90#L1153; last access: 21 December 2025)
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– Blowing-snow sublimation loss rate added to the evaporation flux in energBalNoVegSolve.f90 (last access: 21 December

2025):

– https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blob/SnowC2-1D/src/energBalNoVegSolve.f90#

L60095

– https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blob/SnowC2-1D/src/energBalNoVegSolve.f90#

L902

Ultimately, it may be preferable to distinguish blowing-snow sublimation losses from evaporation, which is treated as a

component of the surface energy budget. Indeed, blowing-snow sublimation losses primarily occur in the lower atmospheric

layers rather than at the surface. Consequently, including this process in the surface energy balance risks misallocating the100

associated latent cooling to the surface rather than the near-surface atmosphere (Dharmadasa et al., 2024). This issue will be

addressed in future work.

4.2.2 Snow compaction

Fresh snow density (not modified) in atmosphericVarsCalc.f90 (https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/

blob/SnowC2-1D/src/atmosphericVarsCalc.f90#L135; last access: 21 December 2025)105

Maximum snow density

The snow density ρs in CLASSIC increases exponentially towards a maximum snow density ρmax as follows:

ρs(t+1) = [ρs(t)− ρmax] exp

(
−0.01∆t

3600

)
+ ρmax, (11)

with:110

ρmax = 450− 204.7

ds

[
1.0− exp

(
− ds
0.673

)]
for Ts < 0◦C and, (12)

ρmax = 700− 204.7

ds

[
1.0− exp

(
− ds
0.673

)]
for Ts = 0◦C, (13)

where ds is the snow depth [m], Ts the snow temperature [°C], and ∆t the model time step [s]. The maximum snow density

formulations are based on Tabler et al. (1990), with additional temperature threshold and enhanced settling rates determined

empirically (Brown et al., 2006, unpublished manuscript, 2001) (https://www.dropbox.com/scl/fo/iu8l96afrllug7qs24qwu/115

ALwo3FkohrOK6Pl52W8ULDg?rlkey=bh5od4983961yef5x99zzpugk&st=j2xsh20z&dl=0; last access: 21 December 2025).

The maximum snow density for dry snow (Eq. 12) is modified with the addition of a dependence on the wind speed:

ρmax = 430− 204.7

ds

[
1.0− exp

(
− ds
0.673

)]
for Ts < 0◦C and U < 2.5 ms−1 (= ρno wind) and, (14)
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ρmax = ρno wind +(ρwind − ρno wind)exp

[
− (ds − d0)

2

2σ2

]
for Ts < 0◦C and U ≥ 2.5 ms−1

= 430− 204.7

ds

[
1.0− exp

(
− ds
0.673

)]{
1−

[
1− exp

(
− U

U0

)]
exp

[
− (ds − d0)

2

2σ2

]}
, (15)

with:120

ρwind = 430− 204.7

ds

[
1.0− exp

(
− ds
0.673

)]
exp

(
− U

U0

)
, (16)

where U is the wind speed at 2 m above the snowpack [m s −1], U0 = 2.5 m s −1 (or 3.5 m s −1 for the TVC adjusted

version; see Sects. 2.5 and 2.6 in the main text), d0 = 0.8 m, and σ = 1.0 m. The constant 450 is reduced to 430 to better fit the

observations across all sites, given the increased wind compaction during strong wind events. The wind-induced compaction

is only applied over the bare ground subfraction (i.e., over non-vegetated subareas and/or when the snow entirely buries the125

vegetation) as we consider that there is no further snow compaction within the canopy. Over the vegetated subarea ρno wind

(Eq. 14) is maintained regardless of the wind speed. We adjust the wind speed provided at specific measurement heights to 2 m

above the snowpack in the model using a logarithmic wind profile (Sect. 5). For wet snow, Eq. 13 is kept unchanged.

The implementation is described below:

– Implementation of the new maximum snow density: https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/130

blob/SnowC2-1D/src/snowProcesses.f90#L167 (last access: 21 December 2025)

– 2 m wind speed adjustment: https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blob/SnowC2-1D/src/waterBudgetDriver.

f90#L653 (last access: 21 December 2025)

– snowAging call over the snow cover ground: https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blob/

SnowC2-1D/src/waterBudgetDriver.f90#L661 (last access: 9 January 2026)135

– snowAging call for the canopy snow subarea (pass ZERO for the wind speed within the canopy, as we consider that there is

no further snow compaction due to wind within the canopy): https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/

blob/SnowC2-1D/src/waterBudgetDriver.f90#L576 (last access: 9 January 2026)

4.2.3 Snow thermal conductivity

The current Sturm et al. (1997) snow thermal conductivity parameterization:140

λs =


0.234× 10−3 ρs +0.023, ρs < 156 kgm−3,

3.233× 10−6 ρ2s − 1.01× 10−3 ρs +0.138, ρs ≥ 156 kgm−3,

was replaced with the Calonne et al. (2011)’s one:

λs = 2.5× 10−6 ρ2s − 1.23× 10−4 ρs +0.024, (17)
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with λs the snow thermal conductivity [W m −1 K −1], and ρs the snow density [kg m −3]. The implementation of the

new snow thermal conductivity can be found here: https://github.com/mickaellalande/SnowC2-CLASSIC-1D-model/blob/

SnowC2-1D/src/energyBudgetPrep.f90#L666 (last access: 22 December 2025)145

5 Logarithmic wind profile

To apply the new parameterizations to compute the maximum snow density for dry snow (Eqs. 14, 15, and 16), the wind speed

is considered at 2 m above the snowpack. We use the following logarithmic profile:

U(z) =
U∗

κ
ln

(
z

z0

)
, (18)

where z is the height above the snow surface, z0 the surface roughness length of snow (set to 0.001 m in CLASSIC), κ the150

von Kármán constant, and U∗ the friction velocity (constant for the same wind field). The ratio of wind speeds at two heights

can be expressed as:

U (z2)

U (z1)
=

ln(z2/z0)

ln(z1/z0)
(19)

Therefore, to calculate the wind speed at 2 m above the snow surface, the following equation is used:

U(2) = U(z)
ln(2/z0)

ln(z/z0)
, (20)155

with z = zground − ds where zground is the reference wind measurement height above the ground, and ds the snow depth.

The logarithmic wind profile assumes neutral atmospheric conditions. This simplification is common and typically intro-

duces errors of about 10 to 20 % in the surface layer under moderate winds and near-neutral stratification (e.g., Businger et al.,

1971; Högström, 1988). Under strongly stable or unstable conditions, deviations can be larger, and Monin–Obukhov similarity

theory or more advanced frameworks may be required for greater accuracy (Monin and Obukhov, 1954).160

6 CLASSIC spin-up

To perform the CLASSIC spin-up simulations, we cycled through the meteorological forcing files until the carbon pools

reached equilibrium (while keeping other forcings constant, such as atmospheric CO2 concentrations and land cover). To this

end, four variables were monitored: the carbon mass flux out of the atmosphere due to net primary production on land (NPP),

the natural flux of CO2 from the atmosphere to the land (NEP), the net mass flux of carbon from the atmosphere into the land165

(NBP), and the carbon mass in the full depth of the soil model (cSoil). The spin-ups were performed until a 10-year average

equilibrium state close to 0 was reached for the ratio NEP to NPP and NBP, and cSoil reached an asymptote value. CLASSIC

allows the soil carbon pool to be spun up faster with the spinfast parameter (but without checking carbon conservation).

Therefore, a final spin-up phase was run with the spinfast parameter set to 1. The first spin-up phase was performed at all sites

with the spinfast parameter set to 10 over 100 to 300 years (the equilibrium state generally took longer to reach in cold Arctic170
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regions), and a final spin-up was then performed over the same duration with the spinfast parameter set to 1. During the spin-up

phases, the CO2 concentration was held constant at the value corresponding to the first year of the meteorological forcing file

specific to each station. An example is shown for Col de Porte in Fig. S2.
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7 Issue with the vegetation and albedo

Figure S3 (third column) illustrates the differences between the simulated total grid cell albedo and the simulated snow albedo175

(Fig. 3; third column in the main text), which are primarily caused by vegetation protruding above the snow. This effect varies

across sites, and the simulated vegetation height may differ from observed values.
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8 Volumetric water content at the Arctic sites
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Figure S4. Time series of volumetric water content at the two first measured levels at Bylot (a, b), Umiujaq TUNDRA (c, d), and TVC (e, f)

for the DEF (blue) and ALL_TVC (orange) experiments and the observations (black). When DEF experiment (blue line) is not visible, it is

superimposed with the ALL_TVC experiments (orange line).
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9 Arctic winter CO2 emissions

Soil temperatures play a crucial role in driving winter CO2 fluxes when the soil is frozen (Mavrovic et al., 2023). Therefore,180

improving simulated soil temperatures can lead to an improved Arctic winter carbon budget. In this section, we analyze the net

ecosystem exchange (NEE)—the net flux of CO2 between the land surface and the atmosphere—at Bylot, Umiujaq, and TVC.

The DEF and ALL_TVC experiments are analyzed without flux-tower observations (Fig. S5), and compared to observations

where available (Fig. S6).
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Figure S5. Net ecosystem exchange annual cycles in gC m−2 d−1 at Bylot (a), Umiujaq TUNDRA (b), and Trail Valley Creek (c). The

blue and orange lines correspond to the DEF and ALL_TVC experiments, respectively, and the black line to the observations. The annual

budgets are shown in brackets on the labels with the positive and negative contributions corresponding to net carbon source and sink periods,

respectively.

At all the Arctic sites, the ecosystem acts as a carbon sink during the growing season and becomes a carbon emitter from185

about September to May. The annual budget varies between the DEF (blue line) and ALL_TVC (orange line) experiments. The

new developments included in the ALL_TVC experiment reduce the annual NEE at Bylot and TVC from 7.0 (source) to -2.0

(sink) and 23.0 to 7.0 gC m−2 y−1 respectively (panels a and c). Indeed, the reduced simulated winter soil temperatures in

ALL_TVC result in lower simulated respiration rates, especially visible at Bylot and TVC during the soil water phase change
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periods (spring and autumn). At Umiujaq the changes led to a slight increase in NEE (2.0 to 7.0 gC m−2 y−1), indicating that190

additional factors—such as soil moisture dynamics or plant productivity changes—may also be at play, although the simulated

soil temperature changes are much smaller at this site than at to Bylot and TVC (Fig. 3ss in the main text), and the yearly net

carbon emission rates remain stable at 29.09 gC m−2 y−1.
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Figure S6. Same as Fig. S5 but with flux-tower observations where available (black line).

The simulated NEE deviates significantly from the observed NEE (Fig. S6 black line), particularly in terms of amplitude,

which is much smaller in the simulations. Large uncertainties affect flux tower measurements in winter (Natali et al., 2019),195

and discrepancies in modeled vegetation cover could contribute to these biases—such as the absence of moss and lichen in

CLASSIC. For example, if we prescribe full shrub cover at Umiujaq instead of a 50% shrub–bare ground mix, the simulated

carbon fluxes become comparable to observations (not shown). This highlights a key limitation of using a peat layer to indirectly

represent moss and lichen in CLASSIC, as it fails to capture the correct carbon dynamics fully. Therefore, further investigation

is needed—specifically focusing on carbon flux processes—to better understand the discrepancies between simulated and200

observed NEE.
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10 Boreal SnowMIP sites

The boreal BERMS sites (Bartlett et al., 2006) were excluded from our study to avoid the complexity of interception of snow

by trees. We performed simulations at those sites to check that our new model developments did not degrade the model’s

performance there (not shown). The impacts of our new developments are negligible at all BERMS sites (Old Aspen, Old205

Jack Pine, and Old Black Spruce; Saskatchewan, Canada), and the model shows good skill in simulating snow depth and soil

temperatures compared to the observations, except during some snow seasons where the simulated soil temperatures tend to

be too cold (the soil sometimes freezes in the model while it stays close to the 0 °C curtain in the observations), but that

was already the case in the DEF configuration. Indeed, our new Arctic adaptation model developments are restricted to the

bare ground subareas covered with snow (i.e., snow over bare ground or when the snow depth exceeds the vegetation height),210

and the improved bottom snow temperature and snow thermal conductivity tend to compensate for each other (see Sect. 3.1

in the main text). At Old Aspen, the simulated albedo (above the canopy) tends to be overestimated by about 0.4, which

appears to be related to an underestimated plant area index (PAI) falling below a threshold, leading the model to create a bare-

ground subarea during winter. Further investigation will be needed to determine whether the PAI threshold in CLASSIC for

determining subareal fractions is realistic and/or why the model underestimates PAI relative to observations. Additional work215

could also be carried out to reevaluate the interception scheme using new datasets at other sites in future studies (e.g., Sicart

et al., 2023).
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