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Soil organic carbon and permafrost
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Permafrost : subsurface soil layer, frozen for at least two consecutive years




Soil organic carbon and permafrost
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Soil organic carbon density — mean over the first meter /Scharlemann et al., 2014]

Permafrost : subsurface soil layer, frozen for at least two consecutive years

- 1672 Gt of organic carbon [Tarnocai et al., 2009], i.e. 50 % of total
subterranean stock
- located on 18,782 x 103 km?, i.e. 16 % of earth soil surface

‘ Big pool of old organic matter, subject to microbial
decomposition ...
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Soil organic carbon density — mean over the first meter /Scharlemann et al., 2014]

Permafrost : subsurface soil layer, frozen for at least two consecutive years

- 1672 Gt of organic carbon [Tarnocai et al., 2009], i.e. 50 % of total Rise in global
temperatures
subterranean stock n
- located on 18,782 x 103 km?, i.e. 16 % of earth soil surface
_I__ " Permafrost thaws:
0 ) ; previously stored organic
carbon becomes available

Increased microbial

‘ Big pool of old organic matter, subject to microbial Sanistonleetete.
decomposition ...

emissions

... and critical in a climate change context.



Biogeochemical processes and greenhouse gas emissions in
permafrost soils

Cross-section of a typical
permafrost profile
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Cross-section of a typical
permafrost profile




Biogeochemical processes and greenhouse gas emissions in
permafrost soils
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SURFEX (ISBA) Explicit Soil Configuration

- 14 soil layers, with a 12m “thermical” depth (Fourier Law)

- “Hydrological” depth (soil+roots), depending on the Plant-Functional Type. (1.5m for
grassland, 12m for permafrost)

- 12 snow layers, explicit scheme
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CENTURY Soil organic matter model (Parton et al., 1987)

NEE = Autotrophic respiration + Heterotrophic
respiration - GPP

—
Photosynthesis

GPP

Litterfall /
turnover

Heterotrophic
respiration 1

:Aerial litter

- Simulate soil
carbon dynamic

- CENTURY : single-
layer carbon model

- Non consistent with
- ISBA resolution
- process complexity




CENTURY Soil organic matter model (Parton et al., 1987)

NEE = Autotrophic respiration + Heterotrophic

_ respiration - GPP Al . _ simulate soil
Photosynthesis carbon dynamic
GPP

- CENTURY : single-
layer carbon model

- Non consistent with
- ISBA resolution

- process complexit
Heterotrophic P P y

respiration 1
Litterfall /
turnover Intermediate step :
"Aerial litter Unify hydrology, thermic

and soil carbon
=> Discretize soil
= carbon at ISBA nodes




Soil carbon discretisation

For a carbon pool C aci. o

ot

Si+ Y _(1— ;) fiir;Cj — riCi

j#i
LVJ \ J
N Y
Input Input from other pools ~ OXxic decomposition
from
vegetation

r respired fraction
fij fraction of j'" pool going to it re
ki : time constant + environment

rate modifier (moisture,
temperature)
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Soil carbon discretisation

r respired fraction

For a carbon pool C aC; =8 + E : f £ O k:C; f, fraction of j* pool going to i e
Ot - J? k : time constant + environment
JFi rate modifier (moisture,
\ / ~ \ y J temperature)
Input Input from other pools ~ OXxic decomposition
Discrétisation from
vegetation

dCi(z) :Szi(z)+Z( r;)fjik(2)Cj(2) =y >0 52’[ (Z)a%f)]

N
cryoturbation
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Soil carbon discretisation

r : respired fraction
oC; |
For a carbon pool C <

f fraction of j" pool going to i re
N — * . . PO N . IJ
ot S; + Z(l T-?)f-? ifg O-? KiCi k : time constant + environment
JFi rate modifier (moisture,
\ J
LVJ ~ v temperature)
Input Input from other pools ~ OXxic decomposition
Discrétisation from

vegetation

5C(;£z) = Si(2) + Z(l —15)f;iki(2)C;(2) %(905(2) : [D(z)acﬁ(z)]

¥ 0z 0z
J#i
e
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Koven et al, 2009

Profondeur (m)



Soil carbon discretisation

For a carbon pool C acz

—S+Z

szﬁ'j

r respired fraction

s el fij fraction of j'" pool going to it re
- k : time constant + environment
rate modifier (moisture,
\ y J temperature)

J#
—

Input
from
vegetation

N

Input from other pools
Discrétisation

5@;(3)

ALT|

3Xzyp

Profondeur (m)

o = S+ =)l
J#i
DO D (m2/an)
D, Z=Zarr
D(z)= S
z)={D, 1—2><Z ZALTSZ<3XZ ALT
0 z2=3Z, ¢

Koven et al, 2009
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Soil gas governing equations

Soil CO2 equations

Gecoz(z,t)COz(z,t)_ﬁ_D (2.0
= co,\Z>

ot 0z
€co(Z,t)=v(z,t)+w (z,t) By,

. M
Fa=3 2000 f(1)g (0,

0CH ,(z,t)
0z

Mo, €co,

+F0xic(z’t)+FMT(Z’t>

€
My, ~CH.

15



Soil gas governing equations

5€COZ<Z,I)COZ(Z,t) 0 O0CH ,(z,t) Mo, €co,
_ _ ey =57 coz(l’t)az— +Foxic(z)t)+FMT(Z’t)MCH Con,
Soil CO2 equations B ‘
€co(Z,t)=v(z,t)+w (z,t) By,
Ci(z,t) Mg,
Foxic:Z’ti( )M&f(T)g(Wg)
i C
Oeqy (z,t)CH,(z,t) O0CH ,(z,t) Of ppu(2,t)
atCH : 2_ DCH4(Z’t)aZ47 +FMG(Z’t)_FMT(Z’t)_fPMT(Z’t)-’-aZEL
6“‘0&0 i $ \ R $o.}eﬂ
1 |

—

—

Methanotrophy

%
4

——\ N Eaa——
“ W, Wy l—wmr
—

W{ﬂ'l - - - . .
Model schematic. Air, liquid water, ice fractions and

soil porosity are respectively v, w, w_and w_,

16



Soil gas governing equations
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Soil gas governing equations
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Soil gas governing equations
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Soil gas governing equations
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Carbon budget closure

Turnover P Hetero. R.

. oxic decomposition

methanotrophy

Schematic of model soil carbon pools and fluxes between them.
All pools are vertically discretized (not shown here, for simplicity)
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Carbon budget closure

Turnover Feg Hetero.

. oxic decomposition

methanotrophy

Schematic of model soil carbon pools and fluxes between them.
All pools are vertically discretized (not shown here, for simplicity)
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Simulations SURFEX and site validation

—
g L S <
a8 f {‘1 ."’:"'!E\"ﬂ ‘]
T o 3
_.—"w C
=3 .
§ S
- Zackenberg }:,
:1, Basic }
-] T
2 P L
o -
st B
s -~
59
52 >z
v ¢
3 Nuuk AP
‘_::BL‘J‘.IC T
¢
]
) "W ¥
'-'u- :
Lon - Lat
Permafrost
Spin-up

Soil parameters
(clay, sand, organic
matter content, ...)

Data Range

Veg. Type

Nuuk

51.3°W, 66.1°N
No (Wetland)
1500 years

Litterature (annual
reports)

2009-2014
Boreal grasslands

Water table forced to 1m

Chokurdakh

Zackenberg
21°00' W, 74°30'N
Yes

1500 years

Personal
communication
(J. Palmtag)

1996-2014

Boreal grasslands

Chokurdakh
147.49°W, 70.82°N
Yes

1500 years

Litterature

2003-2014

Boreal grasslands

25



Mean annual cycles : Radiative + Snowdepth

Nuuk

Zackenberg

Chokurdakh

Latent haat (W/m2) Latent haat (W/m2)

Latent heat (W/m2)

Latent heat

Sensible heat

120
20
=
E
z o
m
- n
E = :!,(\.l_
[}
=
2
[T
w
m_
T T T T
Apr Ot Ja Apr Ot
120
m a0 -
ol
E
i = @
m
m - [
= a0 -
w
=
. -
B %
w
m_
T T T T T
Agr et Ja Agr et
1 ' 120 1 '
m a1 -
o0
E
i s -
L]
i n
E = a0 -
i+
w
5 °7
3;3_
T T T T
Apr Ot Ja Apr Ot

Met Radiation (W/m2) Met Radiation (W/m2)

et Radiation (W/m2)

203

Net radiation

40

Model

Obs

T
Ot

Snow depth (m)

Snow depth (m)

Snow depth (m)

0.80

Snowdepth

0.B0

L L

060 o
Dad -
020 j-
0.00 T T T

Jan Apr Jul Oct

0B o

bad o

0.20 =

0.00

T

0.BD

J

T
dan Apr &

060 o

D40 o

0.20 =

0.0

26



Soil Temperature

Mean annual cycle
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Mean annual cycles : CO2 and methane fluxes
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Methane fluxes : annual intervariability
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Model behaviour : Nuuk
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Sensitivity test : impact of surface hydrology

Ebullition occurs, but never in the first layer.
=> Does the model simulate ebullition in saturated/flooded soil condition ? (as observed in the field ?...)
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Sensitivity test : impact of surface hydrology
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Sensitivity test : impact of surface hydrology

Ebullition occurs, but never in the first layer.
=> Does the model simulate ebullition in saturated/flooded soil coundition ? (as observed in the field ?...)
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Conclusion and perspectives

- Model development : V

- Site validation : V

- Application to regional/global scale : to do ...
- 1DV
- 2D:todo...

- Hydrology impact :

Soil ice

¢ Water Table Depth ¢

2D diffusive Aquifer
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Carbon budget closure
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ANNEX 1 : Framework for gas calculations within the soil column

For a gas within the soil column X (in our model, X can represent CHy or C'Os), let :

S — PR st -3
X?(z,t) = concentration per soil volume (g X.m_7)
X“(z,t) = concentration per air volume (gX.m_")
X ) = concentration per liquid water volume (gX.mg>..)

t
t

v(z,t) = volumetric air fraction(miir.mS_OSiI)

z’
z,t) = volumetric liquid water fraction(mfmter.Tn;o‘jl)

i — ic i i 3 =3
wgi(2,t) = volumetric ice fraction(mg,,.m_))

?
wy(2,

(
(
(s
(
(
(

We have the following relationship :
X2(2,1) = v(z,)X*(2,1) + wy(2,1) X°(2, 1)

We suppose that concentrations in air and liquid water are constantly at equilibrium, i.e. :

Xzt 1= BX .50

with B the Bunsen coefficient (or Henry’s constant) of X. In a first approximation, we consi-

der that the Bunsen is constant.
Introducing the total porosity of element X . defined as ex(z,t) = v(z,t) + Bwy(z,t), we

can write :

X%z, 8) = v(z, )X %(2,t) + wy(z, 1) X°(2,1)
= X°%(z,t) = ex(z,t) X%(2,t) (1)

In a first approach, we look at the simple gas diffusion in the soil, written in terms of X?*

and without external source or sink :

ax* o .  axs
W(Z:t)*a D (Zut) 9z (Zut) (2)

with D?® a diffusion coefficient to determine.

Let us write first the left-hand side of this equation in terms of X%(z,t), which is the

prognostic variable in the model :

ox# . 55XX“
ot Ot
oX“ 9,
=E&Ex—F —F—.X'aﬂ

ot ot
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The term X* 3{‘;—;‘ takes into account the temporal changes in air, water and ice fraction, thus
the total available volume for soil gas. It has a crucial importance on the carbon soil budget
closure (see Annex 4). It does not appear in Khvorostyanov et al, and is mentioned in Kaiser
et al.

For the right-hand side, we consider that diffusion takes place in one hand in the saturated
part, and in the unsaturated one on the other hand. The diffusion coefficient or gas within the
air and within the water are ponderated respectively by v and wy. The soil tortuosity 7 is taken
too into account. Hence, we have :

0X = (QVDQ 0x ) + (Q"UJgDenaX )

ot 52"" "oz 2 02
0 . 0X° (3( er, 0X°
— (EL’D 7 9% ) + (izugD B op )

Introducing the diffusion coefficient D(z,t) = (vD® + wy,BD®) n we can write :

0X* 0 |= axX*
TR lD(z:t)W(zﬂt)}

Finally, we have the diffusion equation of a gas within the soil column written in terms of
the prognostic variable X*(z,t) :

0X“ " dwg  Owgi| _ 0 |5 X
X T [(B_l)ﬁ ot 1 = [D(Z’t) P (Z’tﬂ
oxe. 1 9 [~ . 9X° X ex
AR b {D(Z’” 5 (“)] ~ % B0
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L.ocalisation of measurements sites

Qassinnguit
{Lille-Oassi)

i N g ._.._L/)
anqarsuaq 2
/-//\ (Storfjeld)
/"_’
Naqmne rleq

{Yderdal}]
- i)

6km x 6km

Research station

Climat 1 & 2 with snow depth
M500 & 1000

O m

Snow cameras: K2_300m, K3&4 500m,
K5&6_1000m

@ Heath (SPA+EB+CO02)
@ SoilEmpSa + Texture : Mart 3 and/or 4
+ Temperature
o SoilFen (EB+gaz flux station + eddy
covariance) + Texture : Mart 2
o Soil Emp (WG ) (WG : good simulation)
—Forte héterogénéite spatiale :

Textures du sol, végétation ... différentes
selon les sites de mesure

- Nappe phréatique forceée a Im.



Differences with Walter’s model (2000)

FORCING RATES FLUXES
z II diffusion | ’ ebullition J I P'mﬂml
1 '
soil surface ns ' 1
z=170 cm L T 3 1 O
= Roxialtiz)= ' cudl] 1 °
f{CH,cone(t,2))" % - 1 *
*-_M HTseilt:z)) ] i 1 °
I 71 michaelis- i i -
| ! I
water H 1
table w B! R
| 1
soil >
U -
fmperivrdl B a2
f(z)*
NPP f(NPP(L)
soil depth nsoil
z=0em -

—

Methanotrophy

._l—

S ~ > VI

W, Woi, =W

« Generalisation » of Walter’s, layer by layer.
Adapted to wetland and permafrost
Non-prescribed carbon soil stock

No water table parametrisation
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Diffusion process (CH4 and CQO2)

2 (02| B (e, 2|
For a gas X*(gX/m3 air) : e X°
aZ (Z:Zmax’t):()

X (z=0"t)=X"(t)

n the soil tortuosity (0.66)

- Diffusivity in a layer : Dy(z,t)=(v(z,t)Dy+w,(z,t)By Di)n With D® the diffusivity in air  (m?s)

- Dy(z.t) interpolated at layers interface, with harmonic mean

- Homogeneous von Neumann condition at the last layer : no flux

- Non-homogeneous Difichlet condition at the interface soil/atmosphere :
- Atmospheric methane concentration fixed at 9.4 10E-4 g/m3
- Atmospheric CO2 concentration in the forcing files
- Diffusivity at the interface soil/atmosphere : DY =Dy (1152 14 (1 £ )

With f_ _ the snow fraction, and p the densities

D° the diffusivity in water (m?/s)
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Methanogenesis, Methanotrophy and plant-mediated transport

Methanogenesis :

For every layer Fo.(t,2)=

C,(z,t) +L(z,t) )Mcm ,t,z) gCH /mesol/s

w
T, Tme,  |M¢ W

- in the anoxic fraction of the soil
- Amount of organic matter (active pool and ground litter) calculated by the model
- Environmental factors : temperature and moisture

Methanotrophy :
For every layer oz, )= 20 (20 otltewled), o goHmesols
- In the oxic fraction of the soil
Plant-mediated transport :
For every layer fPMT(z,t):%ﬂrwfm(z)h(LAI(t>)(1—pOX) h(LAI)zmax(o,-atxmm(%-
Total PMT flux diagnosed as : FPMT(t)=Z;fm four(2,t)(2,t)dz

;1))
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Ebullition process

a]CEBUL(Z’t) febul(z’t):E(Z’t)maX(CH4(Z)t)_XebuI’O)ECHA(Z’t)
oz

=V (2,01 max(CH 4(2,t)~ Xan.0) € (2,1)

sat

CH, .
Ebullition treshold : Xebu1=(2—fveg>BCH with CH,<[8;16]gcH,/m3,,  (Walter et al, 2000)

We restrained numerically bubbles celerity by layer :

Az Az
Az —min( 1. —min( —_L . _ _
VI: min( AZtl ; 0.01) V1 mln( At ) 0'01>ngnow mln( At b 0'01)x(fsnow(max(l pSnOW’O))+<]‘ fsnow))

If in the i layer, cH,2X,, weset E=v—tn . Otherwise, E=0 .
Hence’ In the ith |ayer w :_Ei(CHAi_Xebul)eCH +Ei+1<CH4i+1_Xebul)€CH AAi
t ebullition ! - A i+1
Finally, ebullition flux F_ (gCH4/m?/s) is diagnosed at the first layer :
Az,

Febul(t):El(CH4(Zzzl’t)_Xebul)ECH4(2221’t) At
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Model behaviour : Zackenberg
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Model behaviour : Chokurdakh
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