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Abstract. In the global methane budget, the largest naturalthe stratosphere or in the marine boundary layer (Allan et al.,
source is attributed to wetlands, which encompass all ecosys2007; Thornton et al., 2010), leading to a residence time of
tems composed of waterlogged or inundated ground, capaabout 9 years (Prather et al., 2012). At the continental sur-
ble of methane production. Among them, northern peatlandgace, 5% to 10 % of all methane sources is removed from
that store large amounts of soil organic carbon have beerthe atmosphere by diffusion in soils and oxidation by soil
functioning, since the end of the last glaciation period, asmicroorganisms (Kriger et al., 2002; Prather et al., 1995;
long-term sources of methane (gHand are one of the most Smith et al., 2003, 1991; Tokida et al., 2007a, b). Among nat-
signi cant methane sources among wetlands. To reduce unural sources, natural wetlands are the largest contributor and
certainty of quantifying methane ux in the global methane the most uncertain one in the global budget (Kirschke et al.,
budget, it is of signi cance to understand the underlying pro- 2013; Saunois et al., 2016). They contribute 25 %—-30 % of
cesses for methane production and uxes in northern peattotal methane emissions estimated by Saunois et al. (2020)
lands. A methane model that features methane productiomnd encompass anaerobic ecosystems composed of water-
and transport by plants, ebullition process and diffusion inlogged or inundated ground that are capable of methane pro-
soil, oxidation to CQ, and CH, uxes to the atmosphere duction, which include peatlands, mineral soil wetlands, and
has been embedded in the ORCHIDEE-PEAT land surfaceoodplains. Peatlands are of particular interests because peat
model that includes an explicit representation of northernis composed of organic detritus and has an average carbon
peatlands. ORCHIDEE-PCHwas calibrated and evaluated content of 52 % dry mass (Gorham, 1991). Consequently,
on 14 peatland sites distributed on both the Eurasian angeatlands are large soil organic carbon reservoirs that could
American continents in the northern boreal and temperate rebe functioning as a source of GHnd a source or sink of
gions. Data assimilation approaches were employed to op€O;, to the atmosphere. They cover around 3 % of surface
timized parameters at each site and at all sites simultanecontinental lands but store approximately one-third of the
ously. Results show that methanogenesis is sensitive to tenglobal soil carbon (Gorham, 1991). They are located in bo-
perature and substrate availability over the top 75 cm of soilreal and sub-arctic regions (80 %, Strack et al., 2008), al-
depth. Methane emissions estimated using single site opthough some smaller areas are found in temperate and tropi-
timization (SSO) of model parameters are underestimateatal regions (10 %—12 %). Since the end of the last glaciation
by 9gCHym 2yr 1 on average (i.e., 50 % higher than the period (around 16500 years ago), northern peatlands have
site average of yearly methane emissions). While using théeen functioning as long-term carbon sinks. This storage re-
multi-site optimization (MSO), methane emissions are over-sults from a delicate balance between carbon inputs;(CO
estimated by 5gClim 2yr 1 on average across all inves- absorbed by photosynthesis) and carbon outputs, (&
tigated sites (i.e., 37 % lower than the site average of yearlyCH,4 production, dissolved and particulate carbon). Clearly,
methane emissions). in these ecosystems, processes controlling methane produc-
tion, uxes between the land surface and the atmosphere, and
feedback on climate are intimately connected.

The major pathway for methane production is via micro-
1 Introduction bial processes, which is limited by the availability of sub-

) ) ) strates (polymeric and monomeric compounds derived from

The atmospheric methane level estimated from ice Coregarbohydrates, fatty acids, amino acids, acetate, and hydro-
analysis (Etheridge et al., 1998) and in situ measurementgen: (Blodau, 2002; Le Mer and Roger, 2001), the low oxy-
(Blake et al., 1982; Dlugokencky, 2021; Prinn et al., 2018) gen content that is directly correlated with soil water con-
has nearly tripled since the preindustrial equilibrium value,tent, and soil temperature. After its production, ghigrates
i.e., from 680 ppb to reach a value of 1892 ppb in Decem-tq the soil surface and is emitted to the atmosphere through
ber 2020 (Dlugokencky, 2021; Saunois et al., 2020). This in-three main processes (Bridgham et al., 2013): (1) diffusion
crease is consistent with the world population increase a”‘i*hrough porous soil media; (2) ebullition, whereby bubbles
industrialization, such as the increase in fossil fuel extrac-grm in pores lled with water then quickly migrate to the
tion and use, organic waste generation, and livestock numgyrface: and (3) plant-mediated uxes via some vascular
bers (Raynaud et al., 2003). plant adapted to live in ooded environments. These plants

Methane is the second most important anthropogenigyaye developed aerenchyma to channel gas uxes; oxygen is
greenhouse gas (GHG) after g@nd accounts for about  transported to roots and cells, and £id transported from
23 % of the cumulative total radiative forcing (Etminan et gots to the atmosphere (Bridgham et al., 2013; Smith et al.,
al., 2016). In the troposphere methane is an ozone precurnpg).
sor, and in the stratosphere, methane interacts with hydroxyl sjnce the late 1980s, many GHycling processes have
radicals and carbon monoxide to produce water vapor. Abouheen mathematically described and included in terrestrial

90% of CHy is oxidized by the hydroxyl radical in the tro-  ecosystem models (Xu et al., 2016). These terrestrial ecosys-
posphere (Smith et al., 2003) and reactions with chlorine in
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tem models have been outlined in two broad categoriexQiu et al., 2018), which includes a peatland PFT (plant func-
by the Xu et al. (2016) review: (1) empirical models em- tional type) with adapted biological parameters created to al-
ployed to evaluate observed processes of the €ytling low a separate calculation of the water balance. This PFT is
and (2) process-based models used for budget quanti catiomle ned as a ood-tolerant g grass with reduced productiv-
and to study sensitivity of Cldprocesses to environmental ity due to the lack of nutrients and with a reduced rooting
drivers. Unfortunately, so far only a few global-scale mod- depth. For the present study, ORCHIDEE-PEAT v2.0 (Qiu et
els have featured peatland ecosystems, permafrost dynanal., 2019) has been further enriched with a module simulat-
ics, and CH uxes, which are essential features to eval- ing methane production, oxidation, and transport in north-
uate future climate changes and interactions between thern peatlands; it is named ORCHIDEE-P£Ho achieve
land surface and the atmosphere (Anav et al., 2013). Rethis, the methane scheme described by Khvorostyanov et
cent developments of the ORCHIDEE land surface modelal. (2008a, b) was revised according to high-latitude pro-
have led to simulations of soil hydrology, permafrost ther- cesses and peatland ecosystem features. This early version
modynamics, and the carbon cycle at northern latitudesvas an idealized 1D soil model that accounted for heat and
(Guimberteau et al., 2018) and in northern peatlands specifgas transport as well as soil organic carbon decomposition
ically (Qiu et al., 2018), including peat carbon decompo- and production of C@and CH, driven by soil water content
sition controlled by soil water content and temperature asand temperature in the soil column. In that early version, only
well as CQ production and consumption processes (Larg-a moss layer that serves as a thermal insulator was consid-
eron et al., 2018; Qiu et al., 2018). In the present study weered for the vegetation above ground (Khvorostyanov et al.,
adapt the Khvorostyanov et al. (2008a, b) methane modeP008a). Soil moisture and carbon dynamics were treated as a
to ORCHIDEE-PEAT (Sect. 2.1) and calibrate and evaluatesingle-layer bucket scheme of 1 m depth containing a xed
simulated emissions at northern peatland sites. To achievamount of soil carbon content. In contrast, ORCHIDEE-
model calibration, parameters were optimized with a data asPCH; is integrated into the peatland soil hydrological dif-
similation approach described in Sect. 2.3. Parameters werkision model (Largeron et al., 2018; Qiu et al., 2018) that
optimized against methane uxes at each site and from mul-incorporates water supply by precipitation and runoff col-
tiple sites simultaneously (Sect. 3) in order to highlight pa- lected from other soils surrounding the peatland in the same
rameter uncertainties while scaling up simulations from sitegrid cell. The deep drainage is blocked to maintain soil wa-
scale to larger scale. The model evaluation is performed byer content at saturation in the bottom part of the peat soil.
discussing both optimization methods. At the top of the water column, a dynamic water reservoir
was added to represent standing water above the soil surface
when water inputs exceed outputs and when soil is fully sat-
2 Model description urated. ORCHIDEE-PEAT simulates peat accumulation and
decomposition to C®of the three soil carbon pools (active,
A general presentation of ORCHIDEE-PGHind associ- slow, and passive) that are vertically discretized in 32 layers,
ated processes is provided in Sect. 2.1. Implementations occounting for a total maximum depth of 38 m (Qiu et al.,
methane production and oxidation as well as transport ar€019).
respectively speci ed in Sect. 2.1.1 and 2.1.2, whereas pa- The methane scheme in Fig. 1 delineates (1) methanogen-
rameter values established for the site simulation conditiongsis of the three carbon pools, (2) methane and oxygen trans-
before observation periods are given in Sect. 2.2. Section 2.®ort in the soil and snow layers, (3) transport of methane to

describes the parameter optimization approaches. the atmosphere by ebullition, (4) plant-mediated transport,
and (5) methanotrophy by soil oxic conditions and root exu-
2.1 ORCHIDEE-PCH4 dates.

Each of these processes is constrained by soil temperature,

The ORCHIDEE land surface model is a dynamic global soil water content j), soil O, concentration, atmospheric
process-oriented model that simulates carbon, water, and er©H, concentration, leaf area, and snow cover. The temporal
ergy uxes between the biosphere, land surface geospherejariation of CH, in the soil layer (z) is assessed by
and atmosphere. The carbon scheme describes photosynthe-
sis, respiration, soil carbon cycle, and £froduction and @CHaUz;t/
emissions. One of the branches of the ORCHIDEE land @t
model aimed to improve the implementation of high-latitude femt fwmT: 1)
physical, hydrological, and biogeochemical processes such
as soil thermal processes, hydraulic processes, snowpackhere each term varies in timé) @nd with depth Z). The
properties, and plant and soil carbon uxes (ORCHIDEE- equation expresses methane productigis; MG: methano-
MICT, Guimberteau et al., 2018). genesisa: active pool,s: slow pool,p: passive pool), trans-

A northern peatlands scheme has been recently integratggort by diffusion, ebullition, and plantf 6it, f gpu, T PMT)
into the model (ORCHIDEE-PEAT, Largeron et al., 2018; and oxidation f{jyt, MT: methanotrophy) processes. Net

Dfmc,CfmesCfme, foiff febu
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— times lower than the rate of heterotrophic respiration. Here,

\ (R, emissions \ gvc determines the ratio between the rate of soil oxic and
anoxic decomposition, [§), is the oxygen concentration in
the soil [®]soil (in gO>m 3 of soil) per unit porous vol-
ume (% , soil IS the soil porosity), and [&)anoxialS the sall
oxygen concentration at which anoxic conditions are reached
and enable methane production. This oxygen concentration

threshold is assumed to be 2 gf(Duval and Goodwin,
\ 2000). Soil clay content affects the decomposition of the ac-

tive soil carbon pool (Parton et al., 1988):

\Q\_\ l\\so’\\

Wethanpgenesis

\0 \sn\
O e foayD1 .0:75clay; ()

T SOV termperature '\Q‘g‘:i 3\00\:\ h“(:: where clay is the clay fraction and has a value of 0.2,
LA \eat area index ® ® ®

ryrye———— the neither thel slovy nor the pa;sive pools are modi ed by
- s f clay. Methane is oxidized to C£in aerated soil layers. The
Figure 1. Model diagram of methane cycling processes in amount OT methane Consumeq by methanOterhy is limited
ORCHIDEE-PCH. Carbon uxes are indicated by thin black ar- PY the soil oxygen concentration, {2, following a 1V2
rows. Other variables that in uence each carbon ux are displayed CHa VO2 molar ratio:
on white arrows.

Qi SO Waker content \

~

Mwch, "o, .
Mwo, "cH,

fmr D kvt = [Oz]son

methane uxes to the atmosphere are the sum of methane

transport processdspy (Ebu: ebullition) andf pyt (PMT: wherekyt is the rate of methanotrophy, the value of which
plant-mediated transport) as well as the amount of @tat ~ ranges from 0.06 to 5d (Morel et al., 2019). The conver-
diffuses from the topsoil layer @D 0 to the atmosphere. Sion of oxygen to methane content is provided by methane
Prognostic variables are de ned per air volume, i.e., the vol-and oxygen molecular weights My, and Mwo, and their
ume of gas in the air- lled pores | and gas dissolved in the respective total gas porositiésy, and”o,.

water- lled pores (Khvorostyanov et al., 2008a; Tans, 1998;

Tang et al., 2013; Tang and Riley, 2014), assuming a constarft-1-2 Methane transport

equilibrium between gas concentrations in the air- lled and
the water- lled part of pores. This gas volume is linked to the
soil volume by the total Cidand G in pores (gas gasD Oy,

CHy) de ned as f Ebu D Kepu.[CHalsoil  [CHaler/ PEbU (6)

gasD € soil soilBgas @ where kepu is a rate constant of 1 H. Methane ebullition
where «j is the volumetric water content of the Soilsg occurs when methane concentration exceeds a concentration
is the soil porosity, andgas is the Bunsen gas solubil- threshold that depends on soil temperatdigi and pres-

ity coef cient de ned for CH, and @, respectively, with ~ Sure Psoil in Pa). Above 0.75m depth it is calculated as fol-
Bcr, D0.043 andBo, D 0:038 (Hodgman, 1936; Wiesen- OWS:

burg and Guinasso, 1979). mXrch, Psoil MWcH,

[CH4]er D
R Tsoil BCH4

®)

The formation of methane bubbles in water- lled pores is
determined by

; (7)

2.1.1 Methane production and oxidation

.where mxgn, is the methane mixing ratio in the bubbles.

Methanogenesis in soil occurs when oxygen concentration '%Nalter and Heimann (2000) determined this mixing ratio to
limited for microorganisms and is conS|dered foreachtype Ofrange between 27 % and 53 % for totally vegetated and un-

S|O” carbé)n poo'l'(C.U, i Dajs;p;ingCm ° of soil), active, vegetated soil, and Riley et al. (2011) calculated it at 15 %. It
SIOW, and passive: is converted to g Clper unit porous volume by an ideal gas
constantR), Mwcp,, and the Bunsen methane solubility co-

ef cients (Bch,). It has been suggested that ebullition in soil
occurs when the partial pressure of dissolved gases exceeds
where the rate of methanogenesisii s 1) depends on soil  the hydrostatic pressure (Chanton and Whiting, 1995). We
temperature and moisture according to the same function asstimated that in our model below the layer corresponding
for the heterotrophic respiration (Qiu et al., 2019). This rateto 0.75 m the hydrostatic pressure is always higher than the
has been de ned by Khvorostyanov et al. (2008a) to be 10partial pressure of dissolved gases. Therefore, we considered

ki
f MG; D TCU M e [OZ]p:[OZ]anoxiaf clay; (3)
avc
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the methane ebullition threshold to be constant below 0.75 ndepth. This scheme considered (1) the diffusion of oxygen
and equal to the value de ned at 0.75m in order to avoid from the topsoil to the soil layer, (2) the diffusion of methane

methane accumulation in the deeper layers. The methane uyroduced and remaining in the soil, and (3) methane ex-
provided by ebullition{gpy) is modulated by the probability change between the soil and the atmosphezeda®:

of methane bubbles reaching the soil surface. Indeed, in the

soil column the water table level uctuates, modifying the
connectivity between water- lled pores involving variation

of the surface methane ux. Therefore, the probability that
methane bubbles will escape to the atmosphere is express
as

@gas;-t;z/
@z

ffusion coef cients, Dgag are based on the diffusivity of
each gas in ail gas air) and in water D gas water):

Z/1z:.wsize /. (8) DgasD Dgasair CDgaswater soil soiIBgas ; (12)

PEbu D soil

where <./ is the soil water content,z is the soil layer ~Where is the volume of gas in the air- lled poressoi is
thickness, and the tortuositythat depicts the sinuous path the volumetric water content of soilsoi is the soil poros-
of bubbles is de ned to be =B (Hillel, 1982). The term 1Y, andBgasis the Bunsen coef cient of the gas; the tortu-
wsize sizes the extent of the connected network of water9Sity  is de ned to be 23 (Hillel, 1982). Diffusivities of
lled pores envisioned that can be depicted as droplets dis©Oz in air and in water are respectively de ned to 1.60 >
persed in the pores. Khvorostyanov et al. (2008a, b) de nec@nd 1.6 10 ?m?s ! and for methane 1.7 10 ° and 2.0
wsizeD 1 cm for a carbon-rich loess deposit of the Yedoma, 10 °m”s * (Khvorostyanov et al., 2008a). The diffusion

In wetlands, some vascular plants have developed a straf$ discretized using a forward time-centered space method
egy to carry oxygen down to their root tips by employing (Press gt al., 1993) an_d converted |_nto a tridiagonal system
aerenchyma tissue. These tissues are air channels in whic equations before being solved using a forward then back-
gas exchange depends on the gradient of gas concentratio¥@rd substitution m.etho.d. A time-splitting option is also im-
between the soil and the atmosphere. Oxygen is transferreB'eme”tEd for the diffusion of large concentrations of gas per
from the atmosphere to the roots and creates an aerobic zor{n€ Step. _ _
around them in which methane will be oxidized. The propor-  1h€ only source of oxygen considered is from the atmo-
tion of methane oxidizedMox) in the root zone is emitted sphere and is determined using gtmc_)s:pherlq surface pressure,
as CQ to the atmosphere. Walter and Heimann (2000) es-temperature, and an atmospherig1@ixing ratio of 20.9 %.
timatedM ox to range between 39 % and 98 % of methaneAtmospheric methane contentis also de ned in the same way
located in the root zone. Conversely, the methane concerl?Y €mploying a methane mixing ratio of 1.7 ppm and is used
tration gradient results in a ux to the atmosphere through@S & boundary condition when the topsoil layer is in con-

plants that is expressed by tact with the atmosphere. In winter, when snow accumulates
above the topsoil, these atmospheric boundary conditions are
fpmT D kpmt  Tveg froot LAl applied to the top snow layer, and then gases diffuse from and
[CHalsoi  [CHalapd -1 Mrox: (9) to the atmosphere through the snow layers, then soil layers.

. SOl ai . l

Methane and oxygen diffusivity in the snow are de ned by

wherekpyT is a rate constant of the unit 0.01h andTyeg
has been fje ned by W_alter and Heima_nn (2000) as a factoD gosD Dgagair 1 Sl”OW Snow: (13)
that describes the ef ciency of plants in methane transport ice

depending on the type and density of these plants. Its Valu@vhereDgas i the diffusion coef cient of each gas in free

ranges between 0 and 15, with shrubs and trees being poorlgir, the snow porosity is de ned by the ratio of density of

ef cient and grasses and sedges being very ef cient in 985 o snowand ice ice, and the tortuosity (now) is equal to

transport. The methane concentration gradient is also modlg | s g density is determined by th K
—snow - Snow density is determined by the snowpac

ed by the vertical distribution of roots in the soil as ice
scheme (Wang et al., 2013), with the density of the ice being
Zroot  Zsoil . (10) 920.0kgm 3.

frootD 2
Zroot . o ) .
2.2 Site description and simulation setup

This function describes the vertical distribution of roots in

the soil in whichz,qt is the rooting depth angsgj the soil The model was evaluated on 14 peatland sites distributed on

depth. The leaf area index (LAI) in uences the methane ux, the Eurasian and American continents in boreal and temper-

which varies by growing stage of the plants. ate northern regions (from 41 to 68). These sites are a
The gas diffusion scheme features the diffusion of4,CH subset of the 30 peatland sites collected for the calibration

and @ in the three top layers of snow when snow cover of ORCHIDEE-PEAT (Qiu et al., 2018), for which, in ad-

is formed and in the 32 soil layers that correspond to 38 mdition to eddy covariance data and physical variables (water

https://doi.org/10.5194/gmd-15-2813-2022 Geosci. Model Dev., 15, 2813-2838, 2022
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table, snow depth, soil temperature), methane emissions welegical conditions, e.g., air temperature, wind speed, wind
measured by eddy covariance at a daily timescale at US-LogJirection, longwave incoming radiation, shortwave incom-
hourly timescale at DK-Nuf, and otherwise at a half-hourly ing radiation, speci ¢ humidity, atmospheric pressure, and
timescale or chamber measurements at a monthly timescalerecipitation. These time series are ux tower measurements
for FR-Lag and RU-Che. All methane emissions data werethat were gap- lled by the 6-hourly CRU-NCEP 0.6lobal
monthly averages. At DE-Sfn, DE-Hmm, Fl-Lom, PL-Kpt, climate forcing dataset (Qiu et al., 2018). Other variables
PL-Wet, and US-Wpt, year-round data were available, andneasured on a half-hourly time step at sites, e.g.;, @
zero values were lled for the rst and the last month of years energy (latent heat: LE; sensible helt) uxes, water ta-
at the beginning and the end of the observation period. Otherble position, soil temperature, and snow depth, served for the
wise, winter months were lled with zero, and during spring, calibration of peatland soil and vegetation phenotype char-
summer, and fall months missing data were gap- lled usingacteristics such as the maximum rate of carboxylation (Vc-
a linear regression. Descriptions of the sites were providednax). Optimized Vcmax values (Qiu et al., 2018) are utilized
in Qiu et al. (2018). In Table 1, sites are assembled by in-to capture spatial carbon ux gradients (gross primary pro-
creasing extreme values of mean monthly measurements afuction, ecosystem respiration, and net ecosystem exchange)
methane emission, then by locations and ecological characat each peatland site. The peat model (Qiu et al., 2019) en-
teristics. The extreme values of mean monthly measurementables a vertical buildup of peat by simulating a downward
are the most reliable quantity of methane uxes since periodsmovement of C when the discretized organic layers reach
of observation and monitoring frequency differ. Among the a threshold de ned from a regression relationship between
14 peatlands, 9 sites are located in temperate regions, 3 ithe carbon fraction and measured bulk density. This scheme
boreal regions, and 2 in arctic permafrost regions. The main ORCHIDEE-PCH serves to constrain the vertical distri-
jority of the sites are fen (9 sites) and the others are thredution of the soil carbon stock to the observed maximum
bogs (DE-Sfn, US-Bog, DE-Hmm), a marsh (US-Wpt), and peat depth. Simulations with ORCHIDEE-Pg¢Hdriven by
a tundra (RU-Che). It is worth noticing that there is no obvi- repeated site-speci ¢ meteorological conditions were per-
ous correlation between the magnitude of the monthly mearformed for various periods of time to reach the observed soll
uxes and types of ecosystems. Indeed, US-Los and DE-Spwearbon content and maximum peat depth (Table 2). During
are temperate fens that release less than 10 mg:«cHd 1. the rst part of those simulations, atmospheric £€dncen-
Sites emitting 10-150mgnfd ! are located in Germany, tration was set to the preindustrial value at 285 ppm, and then
northwestern America, and France, among which half arefrom 1860 until the beginning of the respective observation
fens and the other half are bogs. Half of them, including period of methane emissions listed in Table 1, the,€@n-
DE-Sfn, US-Bog, and CA-Wp1, are forested peatlands thatentration had risen. During soil carbon accumulation sim-
release less than 55mgGhh 2d 1. The others, includ- ulations, methane model parameters were de ned as the de-
ing DE-Zrk, DE-Hmm, and FR-Lag, experienced a tempo- fault values de ned in Table 3. Then during the site-specic
rary drainage event because of anthropogenic activities dutmeasurement periods (Table 1), methane variables are cali-
ing years earlier than the observed period. Sites located itrated against observed monthly average methane ux time
Finland, Denmark, and Poland are fens emitting between 158eries. A site-speci ¢ simulation over the observed period is
and 400mgm?d 1. The largest methane emitters are the run again using the optimized parameters.
arctic tundra RU-Che and the marsh US-Wpt, which released
more than 500mgn¥ d 1. All sites are covered with some 2.3 Optimization of methane parameters
snow during winter, and US-Bog and RU-Che are underlaid
with permafrost located below 0.5 m. The methane scheme revisited in ORCHIDEE-RGHe-
Each peatland site is a sub-grid area embedded in thscribed in Sect. 2.1) is driven by seven parameters (Table 3)
0.5 0.5 grid cells whose extent is determined by a frac- that constrain methane productiogu), oxidation &ur,
tion of grid area as de ned in Table 2. These sub-grid areasMox), and transport (mxjn,, wsize, Tyeg, Zroot). In order
enable the representation of ecosystem variability in which ao optimize these parameters, we employed the ORCHIDEE
speci ¢ scheme simulates soil hydrology, vegetation charac-data assimilation system (Bastrikov et al., 2018) that relies
teristics, and soil carbon cycling for northern peatlands. Theon the minimization of a cost function employing a Bayesian
fraction of peatlands per grid cell was de ned by modifying statistical formalism that expresses the discrepancy between
the prescribed values employed by Qiu et al. (2018) in ordembservations and simulated methane emissions as well as the
to collect enough water to Il the peatland by runoff from the difference between the optimized parameter values and the
other soil fractions and elevate the water table level for north-prior information on them, weighted by the uncertainties as-
ern peatlands. We employed vegetation phenotype propertiesigned to both observations and parameters. A random search
and peatland fractions described in Qiu et al. (2019) as welklgorithm based on the genetic algorithm (GA) serves to ran-
as peatland hydrology and a carbon model as described idomly iterate the set of seven parameters following the prin-
Qiu et al. (2019). Site simulations were then constrained atiples of genetics and natural selection similar to chromo-
the grid cell scale with a half-hourly time series of meteoro- some genetic sequencing (Goldberg, 1989; Haupt and Haupt,
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Table 2. Simulation conditions and framework to constrain peatland soil carbon stocks.

Site Peat fraction Vemax  Carbon accumulation  Maximum peat depth Soil carbon stock References
identi cation period
Observed Simulateq Observed Simulated
fracton pmolm 2s 1 number of years m m kgm ? kgm 2
US-Los 0.16 65 214 0.5 0.7 27.5 28.0 Sulman et al. (2009);
Chason and Siegel (1986)
DE-Spw 0.14 89 272 1.2 15 84.0 84.2 Dettmann et al. (2014)
DE-Sfn 0.18 45 4544 5 5 372.8 372.5 Hommeltenberg et al. (2014)
DE-Zrk 0.9 33 10060 10 ﬂ 696.7 696.6 Zak et al. (2008)
CA-Wp1l 0.16 38 620 2 2 51.0 51.0 Benscoter etal. (2011);
Long et al. (2010)
US-Bog 0.27 42 4305 2 3 207.4 207.7 Manies et al. (2017)
FR-Lag 0.22 42 937 1.6 2 121.0 121.4 Gogo et al. (2011);
Leroy et al. (2019)
DE-Hmm 0.9 35 8963 3 C{ 265.0 266.4 Vybornova (2017)
FI-Lom 0.27 28 6396 3 3\ 200.3 200.5 Lohilaetal. (2010)
DK-NuF 0.5 31 8959 0.75 1.5 54.6 54.6 Bradley-Cook and
Virginia (2016)
PL-Kpt 0.14 52 3819 25 :1 250.0 250.3 Jaszczynski (2015)
PL-Wet 0.11 52 261 0.5 0.7 37.6 37.8 Milecka et al. (2016);
Zak et al. (2008)
US-Wpt 0.27 80 32 0.3 0.7$ 5.3 5.4 Chuetal. (2014)
RU-Che 0.05 35 2968 0.56 0.7#5 45.8 45.8 Dutta et al. (2006)

Table 3. List of parameters driving the methane production, oxidation, and transport scheme in ORCHIDRE-PCH

Parameters  Description Unit Default values Ranges References

aviG Ratio of soil oxic and anoxic proportion 10.0 9.0,11.0 Khvorostyanov et al. (2008a);
decomposition Wania et al. (2010)

kmT Methanotrophy rate ot 5.0 1.0,5.0 Khvorostyanov et al. (2008a);

Morel et al. (2019)

M rox Root methane oxidation fraction 0.5 0.0,1.0 Walter and Heimann (2000)

Zroot Root depth m 0.3 0.01,0.5 Walter and Heimann (2000)

Tveg The ef ciency of methane plant- proportion 7.0 0.0,15.0 Walter and Heimann (2000)
mediated transport

wsize Connectivity of soil moisture m 0.01 0.001,0.1 Khvorostyanov et al. (2008a)

MXIcH, Methane mixing ratio in bubbles fraction 0.27 0.05,0.53 Walter and Heimann (2000);

Riley et al. (2011);
Morel et al. (2019)

2004). At each iteration, eight sets of parameters are de necerturbed during mutation, which is equal to 1. In addition, a
from the previous iteration following crossover and mutation ranking in ascending order of the corresponding cost function
rules (Bastrikov et al., 2018). The frequency at which thesevalues of all sets of parameters serves to selectively preserve
rules are used is governed by the crossover-to-mutation rathe set of parameters that reduces the gap between observa-
tio xed to 4 V1, the number of parameter blocks exchangedtions and simulation data.

during crossover, which is 2, and the number of parameters
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Two types of simulations are performed over the site- US-Wpt site,guc, kmt, andTyeg were adjusted to increase
speci ¢ observation period de ned in Table 1: a single site methane production and uxes in order to balance the carbon
(SS) experiment for which parameters are optimized for eactstock of 5 kg C m2, which is lower than the one at RU-Che.
site and a multi-site (MS) experiment that aims at re ning  Across sitesguc values extend between 4.0 and 10.7,
one set of parameters considering all sites together. The sirand optimizedy values vary between 1 and 5.25'd The
gle site experiments are performed for 100 iterations and ainfraction of methane that is oxidized at the robt {x) level
at nding the lowest cost function employing the model-data uctuates between 0.004 and 0.99, with the lowest values
root mean square difference (RMSD). Prior conditions for obtained at US-Wpt and RU-Che sites that emitted up to
the single site experiment are described and listed in Table 300mgCHm 2d ! and the largest values at US-Los that
Initial parameter values and ranges were derived from thaeleased the lowest amount of methane. The optimization
literature and expert knowledge, and parameter uncertaintiesf the maximum root depthzf) results in values rang-
are de ned as 40% of the prescribed ranges. Across sitesng between 0.057 and 0.68 with a maximum value at the
mean values of each parameter serve as prior conditions fdDK-Nuf site, which is an arctic fen in Greenland. Optimized
the multi-site experiment. The latter was performed for 50values for plant-mediated transport ef ciencliég) fell be-
iterations and aims to evaluate methane emission uncertairtween 0.003 and 23.6. The largdgkg values of 23.6 and
ties at hemispheric scale when only one set of parameters i82.3 were obtained for DK-Nuf and US-Wpt, respectively,
employed. and the lowest value of 0.003 at DE-Spw. The dimension

of water droplets dispersed in the soil depicts the probabil-
ity of methane-rich bubbles being released to the atmosphere

3 Results (wsize). The optimized wsize values vary within the range
0.005 and 0.032. And the optimized mixed ratios of methane

3.1 Single site optimization (SSO) involved in the ebullition process (mgy,) range between
0.06 and 0.53.

For each site, to minimize the discrepancy between observed Differences between observed and simulated methane
and simulated methane emissions, iterative single site sim-uxes employing initial and optimized parameters are
ulations were performed. Successive runs serve to ensurguanti ed by the RMSD prior (RMShor) and posterior
that the minimum reached is not a local minimum. Results(RMSDyos), respectively (Table 5). At sites where methane
from the last minimization experience are reported in Ta- uxes were small, such as US-Los and DE-Spw, RMad»

ble 4 (uncertainties in parameters at sites are in Table S1)alues are respectively 1.1 and 9.5, whereas at US-Wpt, and
As expected, most optimized parameters t within the ini- RU-Che where monthly mean methane emissions reached
tial range de ned in Table 3 except for four of the sites. One up to 550mgCHm 2d 1, RMSDyost are larger, i.e., re-

of these four sites, DE-Spw, is among the sites that emitspectively 249 and 140. At sites that emitted between 10
the lowest amount of methane (up to 7 mghd 1) andfea- and 150mgChm 2d 1, RMSD values uctuate between
tures a larger stock of carbon of 84kg Cfthan at US- 4 and 26, and when methane uxes were between 150 and
Los that features 27 kgC i and emitsupto4mgnfd 1. 400mgCHm 2d !, RMSD was 38-80. Performances of
This explains, at the DE-Spw site, that the optimized valuethe optimization at each site are also evaluated utilizing the
of wsize was reduced to 0.5mm to maintain low methanerelationship (1 RMSDyest=RMSDprior) 100, which com-
emissions. The other three sites, for which some of the oppares the RMSRor de ned by using the prior values and
timized parameters are out of the initial range (DK-Nuf, ranges with the RMSR)s; obtained after parameter opti-
PL-Wet, and US-Wpt), are among the sites that emit moremization. It might seem that optimizations are more ef cient
than 150mgChm 2d 1. The carbon stocks at DK-Nuf at sites with low methane emissions than at sites that emitted
and PL-Wet are respectively 55 and 38 kg Cinwhich is  the most, whereas NRMSD values, which are the RiMssD
lower than at FI-Lom and PL-Kpt that accumulated more normalized by the annual mean of the observed emissions,
than 200 kg C m2. Three parameter ranges were modi ed are close to 1 at each site except for US-Los and DE-Spw for
for DK-Nuf; the minimum value ofguc was lowered to  which NRMSDs are 10 and 19, respectively. This suggests
7.0, zr00t maximum is increased to the maximum peat depththat the optimizations are less ef cient for sites that emit-
at 0.75m in order to consider plant-mediated transport inted the least amount of methane. Direct comparisons during
all the peat layers, the maximum value Bfeg was in-  the period of observation between observed and simulated
creased to 40.0, and the maximum rate of methanotrophynethane emissions are displayed for each site in Figs. 2b, 3b,
kT Was enlarged up to 8 d to decrease the methane oxida- 4b, and 5b. The temporal and average magnitude are equiv-
tion and to obtain in the simulation methane emissions highealent as in measurements except for US-Wpt and RU-Che
than 150mg Clm 2d 1. PL-Wet also required modifying  for which simulated emissions are much lower than observed
range values ofjg to 1.0-11.0, leading to the lowest op- emissions.

timized gqug value of 4.0, which signi cantly reduced the In addition to the mismatch between observed and simu-
RMSD from 227.4 to 80.5 (Fig. S1 and Table S2). For the lated methane emissions during the observed period, Figs. 2,
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Table 4. Single site optimized values of methane scheme parameters for each peatland site. In parentheses are the prior parameter range
which differ from the values in Table 3. Uncertainties for these ranges are speci ed in parentheses.

Sites ame KmT Mrox Zroot Tveg  Wsize mxep,
proportion d1 fraction m proportion m  fraction
US-Los 9.9 1.92 0.994 0.057 3.8 0.0319 0.306
DE-spw 9.9 1.00 0.595 0.188 0.003 0.0005 0.530
DE-Sfn 10.5 1.98 0.493 0.399 0.01 0.0010 0.377
DE-Zrk 10.0 1.98 0.756 0.418 9.8 0.0015 0.259
CA-Wp1 10.2 2.99 0.471 0.122 0.45 0.0059 0.193
US-Bog 9.2 245 0.500 0.173 4.4 0.0098 0.117
FR-Lag 10.7 1.74 0.857 0.291 0.5 0.0085 0.463
DE-Hmm 9.4 3.94 0.147 0.118 3.7 0.0011 0.164
Fl-Lom 9.5 3.97 0.491 0.174 5.7 0.0040 0.140
DK-NuF 8.5(7.0, 11.0) 4.38 0.068 0.677(0.01,0.75) 23.6(0.0,40.0) 0.0255 0.203
PL-Kpt 10.3 1.32 0.541 0.071 9.1 0.0030 0.061
PL-Wet 4.0(1.0,11.0) 1.95 0.165 0.328 6.0 0.0110 0.136
US-Wpt 7.9(7.0,11.0) 5.25(1.0,8.1) 0.035 0.304 22.3(0.0,40.0) 0.0023 0.120
RU-Che 9.8 1.36 0.004 0.404 8.4 0.0171 0.294
Uncertainty 0.8 (1.6) 1.6 (2.8) 0.4 0.196 (0.296) 6.0 (16.0) 0.0398 0.192

Table 5. Discrepancies between observed and simulated methane emissions are quanti ed by the root mean square difference (RMSD)
approach. Minimization ef ciency of each test is indicated by the relationship between the prior using default values and posterior RMSD as
(1 RMSDpost=RMSDprior)  100. Normalized root mean square difference (NRMSD) is de ned by the RMSD posterior normalized by

the annual mean of observed methane emissions.

Sites RMSD RMSD 1 (RMSDpost=RMSDyrior) Observed emissions annual mean  NRMSD
prior  posterior (mgChm 2d 1
US-Los 69.6 1.1 0.98 0.1 9.85
DE-spw 687.9 9.5 0.99 0.5 19.00
DE-Sfn 263.3 9.2 0.97 3.9 2.36
DE-Zrk 16.2 4.6 0.71 6.2 0.74
CA-Wpl 73.6 11.8 0.84 8.9 1.32
US-Bog 33.0 6.7 0.80 28.6 0.23
FR-Lag 91.4 23.0 0.75 26.9 0.85
DE-Hmm 34.4 25.3 0.26 21.2 1.19
Fl-Lom 44.0 38.3 0.12 25.2 1.52
DK-NuF 44.6 40.1 0.10 52.7 0.76
PL-Kpt 146.5 54.6 0.63 56.1 0.97
PL-Wet 181.3 80.5 0.56 93.2 0.86
US-Wpt 265.5 249.0 0.06 196.0 1.27
RU-che 157.4 139.7 0.11 80.4 1.74

3, 4, and 5 show the simulated water table position, theemissions are the result of methane diffusion between the soil
amount of methane that is emitted by diffusion, plant trans-and the atmosphere, while in spring and summer methane
port, and ebullition, the temporal methane concentration inmainly diffuses through aerenchyma of vascular plants. At
the soil and in the snow, and the depth at which the largesDE-Spw, the simulated methane concentration in the soil
amount of methane is produced together with the rate of prothat ranges between 40 and 140 géis more than 10 times
duction at that depth. These variables show the consistency dfigher than at US-Los, for which the observed concentration
the model regarding peatland functioning. US-Los and DE-barely reaches 5g CHn 2 in the fall. The model simulates
Spw emitted less than 10mg Gk 2d 1, and their sim-  methane accumulation in the soil at DE-Spw that stimulates
ulated water table positions uctuate below the surface be-a small release of methane to the atmosphere by ebullition.
tween 10 and 60 cm, while showing a clear seasonal patterrin the model, the largest production of methane occurs con-
and are lower in summer than in winter. In winter, simulated sistently around 20 cm for US-Los and 40 cm for DE-Spw,
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model via simulated diffusion of atmospheric methane in the
snow cover (Fig. 2d). Then the positive ux that appears in
the spring occurs simultaneously with snow melting.

Other sites that emitted less than 150 mg:@H 2d 1 are
shown in Fig. 3. Except for CA-Wp1l and US-Bog, during
winter these peatlands are nearly inundated in the simula-
tions with a simulated water table position near 10 cm above
ground level. CA-Wp1 and US-Bog are respectively fen and
bog boreal peatlands, and their simulated water table posi-
tion is lower than at the other sites. US-Bog is affected by
permafrost, which might explain the unexpectedly low po-
sition of the simulated water table. At DE-Sfn, methane is
mainly transported in the model via vascular plants and by
ebullition, whereas at the other sites, simulated methane is
predominantly carried via vascular plants only. As for US-
Los and DE-Spw, at CA-Wp1, during the winter the simula-
tions show that in the topsoil layers some methane is trans-
ferred by diffusion (Fig. 3c) to the snow cover (Fig. 3d). Then
a small part of the simulated methane is temporarily stored
in the snow (Fig. 3d) and the other part is released to the
atmosphere via diffusion (Fig. 3c). More simulated snow ac-
cumulated at DE-Sfn, DE-Zrk, CA-Wp1, and US-Bog where
up to 0.8-0.04 g Clim 2 is temporarily stored in the snow
(Fig. 3d). At FR-Lag and DE-Hmm, less methane, with val-
ues less than 0.005 g Girh 2, is contained in the simulated
snow cover (Fig. 3d). As for DE-Spw, at DE-Sfn, simula-
tion results show that up to 140 g Gk 2 accumulates in
the soil layers of the model during winter and provides suf-
cient methane to be expelled to the surface by ebullition.

Figure 2. Temporal distribution of methane at sites emitting less |n contrast, methane accumulated up to 80 g@&H? in the

than 10mgCHm #d . (a) Simulated water table position esti- il Jayers of the model at CA-Wp1 is not suf cient to trig-

mated from the_soil water conter(b)_ Simulated (dark line) and er the methane ebullition process. In all the other sites,

observed (g.ray line) me‘“af‘e emissions released. to the atr.nosphe%iethane concentrations in the soil layers of the model are

(c) Cumulative amount of simulated methane emitted by diffusion, ) Py . )
smaller: between 5 and 359 Gkh <. The maximum of sim-

plant-mediated transport, and ebullitigd) Methane concentration . .
in the soil layers (dark line) and in the snow layers of the model ulated methanogenesis takes place steadily at around 20cm

(gray line).(e) On the left is the depth at which simulated methane _depth at DE-Sfn, FR-Lag, _and DE-Hmm, which in _vyinter
production is the highest in the soil, scaled to the maximum peatS about 30 cm under the simulated water table position. At

depth. On the right is the amount of simulated methane produced athis depth simulated methane production uctuated at 0.01—
these depths. 0.12gCHm 2. At DE-Sfn, CA-Wp1, and US-Bog, simu-
lations show that in the winter most of the methane is pro-
duced at around 75 cm depth, and then in spring and summer
which is above the simulated water table position. It is com-the depth of maximum simulated production becomes shal-
monly expected for methanogenesis to take place below théower to reach 20 cm. In early spring at US-Bog, the maxi-
observed water table position. However, here the simulateegnum simulated production is temporarily near the surface at
water table position is a prognostic variable de ned by the 1 cm depth, which correlates with an increase in methane that
cumulative amount of soil water content over the soil col- accumulates in the simulated snow. At DE-Sfn, the depth at
umn (Figs. S2 and S3). Indeed, in these simulations abovavhich the maximum simulated production occurred uctu-
the water table position soil moisture is still higher than 80 % ates more than at both other sites of CA-Wp1 and US-Bog.
(Figs. S4 and S5). At those depths the simulated methan&nlike CA-Wp1 and US-Bog, during the rst 2 years the
productions reach up to 0.2 and 1.0 g4I 2, respectively, maximum simulated production deepens at 75 cm when the
in the summer. In the winter, simulated methane productiongnaximum value of simulated production is reached.
are very small, and some methane is diffused in the simulated Sites that emitted between 150 and 400 mg@&H?2d !
snowpack covering the peatlands: up to 0.025 g 8H? at are temperate, sub-arctic, and arctic fens (Fig. 4). Simulated
US-Los and 0.17 g Clim 2 at DE-Spw. This explains the water table positions at FI-Lom, DK-Nuf, and PL-Wet are
negative methane ux (Fig. 2c) produced in winter by the lower in winter than in summer. During the observed pe-
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Figure 3. Temporal distribution of methane for sites emitting between 10 and 150 mgrcﬂd 1, (a) Simulated water table position
estimated from the soil water conte(t) Simulated (dark line) and observed (gray line) methane emissions released to the atm@sphere.
Cumulative amount of simulated methane emitted by diffusion, plant-mediated transport, and eb(dljtidethane concentration in the
soil layers (dark line) and in the snow layers (gray line) of the madglOn the left is the depth at which simulated methane production is
the highest in the soil, scaled to the maximum peat depth. On the right is the amount of simulated methane produced at these depths.

riod of 3 years, the simulated water table position at PL-Kptature, pressure, gas content, and porosity, which explain the
is lower in summer the rst and the last year of observa- large diversity of methane uxresponses by ebullition at each
tions and higher in summer during the second year. In thesite. At DK-Nuf and PL-Wet simulated soil methane con-
winter the methane uxes are stored in the simulated snowcentrations are less than 10g @i 2, and therefore ebul-
cover at FI-Lom (Fig. 4d); therefore, the simulated surfacelition is not produced. At FI-Lom, PL-Kpt, and PL-Wet, the
uxes above the snow are driven by diffusion (Fig. 4c). How- highest simulated methane production rates are maximum at
ever, during summer simulated methane uxes essentially0.3gCH,m 2d 1, steadily near 20 cm at PL-Wet, at about
originate from plant-mediated transport. At DK-Nuf, PL- 20 cm depth in summer, and deepen down to 75 cm depth in
Kpt, and PL-Wet, simulation results show that less methanewinter for the two other sites. While at DK-Nuf the highest
with values less than 0.4 g Ghh 2d 1, accumulates in the simulated methane production rates are lower with values up
simulated snow during winter (Fig. 4d). Methane is trans-to 0.08gCHm 2d ! and take place around 20 c¢m in the
ported by vascular plants in summer at DK-Nuf and PL- summer and 40 cm in winter.

Wet, whereas at PL-Kpt simulated methane uxes are pro- The highest simulated methane uxes  of
vided by both vascular plants and ebullition. This is consis-600mgCHm 2d 1 were observed at US-Wpt and
tent with high soil methane concentrations at PL-Kpt during RU-Che that are respectively a temperate marsh and an
summer that are near 70g Ghh 2 the rst year and near arctic tundra site. The simulated water table positions at both
90g CHym 2 the last 2 years of observation. In contrast, sites are lower in the summer than in the winter and vary
at Fl-Lom simulated soil methane concentrations are neafor US-Wpt between 10 cm above ground and 40 cm below
50g CHym 2 during summer, whereas the winter concentra-ground level. At RU-Che the prognostic water table depth
tions are near 80 g CHn 2 (Fig. 4d), which is not suf cient  is very low, i.e., 60 to 90cm below the soil surface as for
to cause methane ebullition (Fig. 4c). Indeed, the ebullitionUS-Bog. Indeed, both sites are underlaid with permafrost,
in Egs. (7) and (8) results from the balance of soil temper-which limits water in Itration to the deepest soil layers and
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Figure 4. Temporal distribution of methane for sites emitting between 150 and 400 mgrcﬁd 1. (a) Simulated water table position
estimated from the soil water conte(t) Simulated (dark line) and observed (gray line) methane emissions released to the atmésphere.
Cumulative amount of simulated methane emitted by diffusion, plant-mediated transport, and eb(dljtidethane concentration in the
soil layers (dark line) and in the snow layers (gray line) of the md@glOn the left is the depth at which simulated methane production is
the highest in the soil, scaled to the maximum peat depth. On the right is the amount of simulated methane produced at these depths.

can explain these deeper simulated water table positions. A8.2 Multi-site optimization (MSO)
US-Wpt and RU-Che, site simulations could only provide

methane uxes up to 100mgCHn ?d * despite the For |arge-scale simulations only one set of parameters is
expansion of ranges for the optimization of the parameterspeeded for the simulation of methane emissions to achieve
These simulated uxes are entirely transported via vasculagpe average of each parameter value optimized on-site be-
plant tissues. During the year of highest uxes at both sites,ing commonly employed. Here, a multi-site optimization has
simulated methane concentrations are around 0.2g€H  peen performed for which prior values correspond to the
of soil; however, simulated methane concentrations in SNOV4yerage values of each parameter obtained from the single
are 10 times lower at the marsh site at 0.3m@@H?  sjte optimizations described in Sect. 3.1. This multi-site opti-
than at the tundra site at 3.0-4.0mgaH 2 At US-Wpt,  mization serves to assess to what extent a multi-site optimiza-
simulations show that methane is primarily produced aroundign is more ef cient than using average values of param-
20cm depth at a rate of 40-60mg @i *d 1. However,  eters optimized on-site independently. Multi-site optimized
at RU-Che, the simulated methane production rate is highebarameter values acquired by using average values of param-
around 100mgChim #d ' and occurs at 20cm depth eters de ned at each site and the initial ranges (Table 3) are
during summer and a few centimeters below the surfac&pngown in Table 6. Compared to the prior valuggg stayed
during winter. about the same, optimizégt shifted to values that promote
lower oxidation of methane, and near the root area the pro-
portion of methane oxidation Mrox is increased. The plant-
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The RMSDuspost Values of the six other sites are larger
than the RMSs prior. Among those RMSRs values, pos-
terior and prior values are very similar by less than 1 unit
for FI-Lom and DK-Nuf. At DE-Hmm, PL-Wet, and US-
Bog the differences are lower than 16 units, whereas at RU-
Che RMSDus postis larger by more than 100 units than the
RMSDws prior- NRMSDys values are larger at US-Los, DE-
Spw, and DE-Sfn where methane emissions are lower. At the
other sites, the differences of NRM&B and NRMSxsare
lower than 1.7 units. These results suggest that for global-
scale simulation parameters de ned by the multi-site opti-
mization should provide methane emissions estimation with
lower uncertainties than when parameters are de ned from
the average of single site optimization values. Indeed, differ-
ences using single site and multi-site optimized parameters,
displayed in Fig. 6, are of the same order of magnitude for
most sites except for the three sites that emitted the largest
amount of methane (PL-Wet, RU-Che, and US-Wpt) and the
lowest amount of methane (US-Los, DE-Spw, and DE-Sfn).
However, for those six sites methane emission differences
between observations and simulations are lower when using
multi-site optimized parameters.

A multi-site optimization has also been performed em-
ploying extended ranges of parameter values that are en-
larged to the maximum and minimum values obtained for
the single site optimizations (Tables S4 to S6 and Fig. S9).
Despite a different set of parameters being de ned (Ta-
ble S3), discrepancies between observed and simulated emis-
sions (Tables S5 and S6 and Fig. S10) are similar to the ones

Figure 5. Temporal distribution of methane for sites emitting more gptained using default parameter ranges.
than 400mgChm 2d 1. (a) Simulated water table position es-
timated from the soil water conter{b) Simulated (dark line) and
observed (gray line) methane emissions released to the atmosphere. .
(c) Cumulative amount of simulated methane emitted by diffusion, 4 DiSCussion
plant-mediated transport, and ebullitigd) Methane concentration o o
in the soil layers (dark line) and in the snow layers (gray line) of 4.1 ~Parameterization sensitivity
the model(e) On the left is the depth at which simulated methane
production is the highest in the soil, scaled to the maximum peatSensitivity analyses were previously performed to assess
depth. On the right is the amount of simulated methane produced amethane emission model responsiveness to parameter values
these depths. (Meng et al., 2012; Riley et al., 2011; Spahni et al., 2011;
Waniaetal., 2009; Zhu et al., 2014). These studies (van Huis-
steden et al., 2009; Riley et al., 2011) suggested that temper-
mediated transport rate is stimulated by the increasgdyp  ature dependency of methanogenesis is the most in uential
to a value of 9 and the rooting depth is about the same aparameter affecting methane production, whereas methane
0.27 for the prior and 0.26 for the posterior. Then the ca-emissions are mostly sensitive to oxidation and plant trans-
pability of methane ebullition in the model is decreased byport. Indeed, in large-scale models such as CLM4Me, LPJ-
the increase in the ebullition threshold deriving from ey GUESS, LPX-Bern, CNRM, and ORCHIDEE (Potter, 1997,
and the decrease in the probability of bubbles reaching th&iley et al., 2011; Khvorostyanov et al., 2008b; Wania et al.,
surface (wsize). 2009, 2010; Zhu et al., 2014; Morel et al., 2019) methane
In Table 7, RMSIus prior coONstitutes the difference be- production results from anoxic decomposition of soil organic
tween observed and simulated emissions resulting from avmatter, the rate of which is constrained by the soil oxic and
erage single site optimized parameter values. RM§Rst  anoxic decomposition ratiajc). Therefore, the methano-
is generated from the multi-site optimization of the param- genesis rate is driven by the same variables as the oxic de-
eters. For eight sites, posterior values of the RpMgwre  composition that depends on soil temperature and primary
smaller than prior values (RMSk prior), thereby reducing  production. This ratio was rst established from experimen-
the deviation of simulated emissions from the observationtal studies that determine the microbial production ratioCO
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Table 6. Multi-site prior and optimized values of methane scheme parameters. Parameter prior values are the average value of the parameter
optimized at each site. Parameter descriptions and references are in Table 3.

Parameters  Unit Prior values Ranges Posterior values  Uncertainty
avc ] 9.28 9.0,11.0 9.64 0.8
kvt d 1 2.59 1.0,5.0 3.29 1.6

M rox fraction 0.44 0.0,1.0 0.70 0.4

Z root m 0.27 0.01, 0.5 0.26 0.196
Tveg [ 6.99 0.0, 15.0 8.62 6.0
wsize m 0.0088 0.001,0.1 0.0018 0.396
MXIcH, fraction 0.24 0.05,0.53 0.57 0.28

Table 7. Discrepancies between observed and simulated methane emissions are quanti ed by the root mean square difference (RMSD)
approach. Minimization ef ciency of the multi-site optimization is indicated by the relationship between the prior using average values of
parameters optimized by the single site optimization and posterior RMSI3 (1 RMSDys postRMSDvis prior)  100. Normalized root

mean square difference (NRM®{) is de ned by the RMSIyg posterior normalized by the annual mean of observed methane emissions
in Table 5.

Sites RMSBusprior RMSDmsposterior 1 (RMSDs post=RMSDwmsprior) NRMSDys
US-Los 56.1 24.6 0.56 224.00
DE-spw 855.9 400.1 0.53 800.20
DE-Sfn 325.8 144.6 0.56 37.08
DE-Zrk 26.5 6.6 0.75 1.07
CA-Wp1 91.7 9.0 0.90 1.01
US-Bog 32.2 43.9 0:36 1.53
FR-Lag 138.7 67.6 0.51 2.51
DE-Hmm 31.8 36.3 0:14 1.71
Fl-Lom 52.2 53.0 0:01 2.10
DK-NuF 43.9 44.3 0:01 0.84
PL-Kpt 188.4 78.0 0.59 1.39
PL-Wet 181.1 197.4 0:09 2.12
US-Wpt 272.2 159.4 0.41 0.81
RU-Che 159.0 273.3 0:72 3.40

to CH; (Potter et al., 1996; Segers, 1998) for various wa-2011) lowergug values were obtained at sites located at the
ter table positions. These ratio values were found to be behighest latitudes.
tween 0.58 and 10000. Because of this wide range of val- After methanogenesis, methane is mobilized in pores and
ues, process-based models employed thig-@3CH, ra- ultimately emitted to the atmosphere or is oxidized by
tio as an adjustable parameter that is weighted by environmethanotrophs depending on whether methane travels along
mental factors such as soil moisture and temperature. Wathe anoxic or the oxic parts of the soil. In large-scale mod-
nia et al. (2009) performed a sensitivity analysis study ofels, methanotrophy is formulated employing a Michaelis—
the LPJ-WHyMe model using seven sites in which the multi- Menten or a rst-order kinetic framework based on soil
site optimization value of the GBCHj, ratio was de ned at methane and oxygen content (Morel et al., 2019). These
10, while other models such as CLM4Me use a value of 5.formulations are then driven by the oxidation rate, the val-
Khvorostyanov et al. (2008a) and Morel et al. (2019) respec-ues of which vary from a few hours to days. In the present
tively usedqug values of 9 and 10 to simulate methane emis-work, we employed the rst-order kinetic formulation of
sions from arctic peatlands. Therefore, in the present study akhvorostyanov et al. (2008a) that is driven by methane and
rst gue was optimized in the range of 9-11, and then this oxygen content. Optimization of the oxidation rate leads
range was enlarged only for sites that underestimate metharte values that are spread over the full range of 1 to 5 per
emissions. Results show that for 13 sites out ofc val- day. This is consistent with the review paper of Smith et
ues range 8.0—10.7 for the single site optimization approachal. (2003), highlighting the fact that methanotrophy is more
and using the multi-site approach a value of 9.6 was foundsensitive to soil moisture than soil temperature and that there
As in the previous sensitivity analysis studies (Riley et al.,is a direct link between methane oxidation rate and gas dif-
fusivity. Thus, the optimization of the oxidation rate results
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Figure 6. Simulated and observed (gray line) methane emissions using single site (dashed dark line) and multi-site (solid dark line) optimized
parameters.

from the balance between model inputs and outputs that arecale of the plant and are based on gas concentration gra-
respectively available methane and oxygen substrates as walients between the atmosphere and the soil as well as some
as methane uxes, which explain this large variability in ox- plant traits and properties such as plant height, root diame-
idation rate. In addition, in our model, snow is consideredters, aerenchyma porosity, and permeability. Because of the
in the diffusion scheme, which in part controls diffusivity of biodiversity of peatlands, calibration of parameters account-
oxygen from the atmosphere to the ground in winter (e.g.,ing for plant traits and properties of each plant species or
Fig. 2c). family is a cumbersome achievement, and the lack of quan-
Methane emissions mediated by vascular plants resulti cation of aerenchymatous plants at the scale of the ecosys-
from series of processes that include (1) the diffusion andtem reduces the bene t in considering these characteristics.
advective transport of methane and oxygen in aerenchymén the present scheme, vegetation transport of methane is
tissues, (2) autotrophic respiration of a fraction of oxygensimulated by employing the rather simple scheme of Wal-
transiting in aerenchyma of vascular plants (Colmer, 2003;ter and Heimann (2001) that is driven by the rooting depth
Nielsen et al., 2017), (3) methane production by microbial (z,q0t) Of vascular plants with aerenchyma and by the propor-
decomposition of plant exudates, and (4) methane oxidation of methane that is oxidized by the rhizosphédvid).
tion by exudates and by remaining oxygen at the root levelOptimizedz,qot Values at sites ranges between 6 and 68.cm
brought through aerenchyma that increase methanotroph aclepth with the average depth de ned at 26 cm, which is
tivities. Modeling these processes requires (1) understandalso the value obtained using the multi-site approach. These
ing and quantifying them (Kaiser et al., 2017; Raivonen etvalues are consistent with values utilized by Walter and
al., 2017; Riley et al., 2011; Wania, 2007) as well as (2) Heimann (2001) that ranged between 0 and 74 cm. It could
evaluating the average density of vascular plants that are cabe expected fogqot to be set near the depth of maximum
pable of signi cant gas transport across ecosystems. Whilemethanogenesis as is the case at DE-Sfn whggeis de-
a signi cant number of studies provide insight on gas ex- ned at 40 cm. Half of the sites havez,ot de ned between
changes through vascular plants, densities of vascular plants0 and 60 cm above the depth of maximum methanogenesis,
with aerenchyma in peatlands are poorly characterized. Irand the other remaining values are established between 10
the most recent models, formulations of various complex-and 50 cm below the depth of maximum methanogenesis. In
ity were used to simulate vegetation-mediated gas transpothe rhizosphere methane can also be oxidized at alvitg)
considering mainly Chdand & (Kaiser et al., 2017; Morel that is independent of the rate of methanotrophy. Results of
et al., 2019; Raivonen et al., 2017; Riley et al., 2011; Wa-the optimization at site level providedox values that are
nia, 2007). These schemes consider plant transport at thecattered over the range of 0 to 1, with the highest values of
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0.99 at site US-Los, which emitted the least methane. Thecreases and quickly decreases when soil moisture decreases.
lowest value of 0.003 was found at RU-Che; the site emit-In the present study, at each site wsize is optimized to val-
ted the largest amount of methane. Two trends can be distindes of 0.05-3 cm. At most sites, optimized wsize values are
guished; for sites that emitted less than 150 mg @H?2d ! near or below 1cm except for US-Los, DK-Nuf, and RU-
an average of 60% of methane is oxidized by the rhizo-Che. This might be explained by the low methane concentra-
sphere against 22 % at sites emitting more. Across all sitesion in the model soil layers at these sites, which annihilates
the average proportion of methane oxidized is 44 %, whereapossible emissions by ebullition in the model. The average
the optimized value obtained with the multi-site approach isvalue across sites corresponds to the same value determined
70%. In previous models, Zhuang et al. (2004) and Wania eby Khvorostyanov et al. (2008a) at 0.9 cm. A lower value is
al. (2010) employed a xed value of 40 % and 50 %, respec-obtained for the multi-site optimization of 0.2 cm, which re-
tively, at the global scale. With a more realistic and complexduces occurrence of methane ux by ebullition in our model.
formulation in CLM4Me, Riley et al. (2011) estimated that
60 % of methane that would have been transferred to the at4.2 Methane sources
mosphere by aerenchyma tissues is instead oxidized by the
rhizosphereT,eg Was introduced by Walter et al. (1996) to Soil and litter organic carbon and plant exudates are recog-
describe the density of plants and their ef ciency in methanenized to be the main substrates for methanogenesis (Chang et
transport for site estimation. Itis an adjustable parameter thaal., 2019; Riley et al., 2011; Whalen, 2005). Recent work of
was scaled to be between 0 and 15, with lower values foHopple et al. (2019) demonstrates that dissolved organic car-
ecosystems dominated by trees and shrubs and the highelsbn (DOC) also signi cantly contributes to anoxic decom-
values for ecosystems dominated by grasses and sedges. Raosition in peatlands. Some eld studies suggested that high-
our 14 sites, optimization at sites establisfiggy values be-  latitude methanogenesis can be substrate-limited (Chang et
tween 0.003 and 24 with an average value of 7 and an opal., 2019; Riley et al., 2011; Whalen, 2005). In large-scale
timized value at 8.6 for the multi-site approach. Only two models, soil organic carbon (SOC) is considered to be the
values have been de ned above 10 at US-Wpt and DK-Nuf,primary source of methane; however, in order to increase
which are two sites that are limited in methane substrates irthe rate of methanogenesis, labile organic matter, such as lit-
the model; this explains these high valueSqig. ter carbon and plant exudates, is directly combined with soil
When methane is signi cantly produced in the soil, the ac- carbon, bypassing oxic decomposition processes to account
cumulation of methane in the water-saturated pores involvegor them as substrates for the methane production scheme
the formation of methane-rich bubbles that will migrate in (Morel et al., 2019; Khvonostyanov et al., 2008b). In the
the soil layers and eventually deliver methane to the atmopresent study, SOC is the only substrate for methanogen-
sphere. This ux of methane is commonly prompted in land esis for which total soil carbon stock and maximum peat
surface models by the amount of methane that is no longedepth have been adjusted to observation data at each site
soluble in saturated water- lled pores. This excess amountTable 2). Simulation results show that at sites that emit-
is de ned here from the mixing ratio (mex,) of methane  ted more than 400 mg CHn 2d 1, which are US-WPT and
in bubbles. Then this volumetric content of methane is con-RU-Che, methane emissions are lower than expected, re ect-
verted to methane concentration per soil volume in each layeing the lack of substrate for methanogenesis. Indeed, in land
depending on soil temperature and pressure. The optimizasurface models, soil carbon is distributed in three types: the
tion of mxrcy, at each site leads to values ranging betweenactive, slow, and passive pool. The active pool features labile
3% and 53 % with a mean value at 24 %, whereas the multi-SOC, whereas the slow and passive pools exert more stable
site optimization evaluates e, at 57 %. It has been sug- SOC with slower decomposition rates. Figures 2e to 5e dis-
gested in the literature that the methane partial pressure iplay the depth of maximum methane production and reveal
sensitive to uctuations of the hydrostatic and atmosphericthat the deepest methane production depth is 0.75m in all the
pressure (Tokida et al., 2007b) and of the water table positiorsimulation results. Integrated SOC accumulated up to 0.75m
(Fechner-Levy and Hemond, 1996). Vegetation also impactdy our model for each site is reported in Table 8. These car-
the ebullition ux by increasing substrate availability and by bon stocks correspond to available substrate for methanogen-
inde nitely stabilizing bubbles around roots (Klapstein et al., esis occurring at a depth lower than 0.75m. The lowest car-
2014). Migration of methane-rich bubbles to the soil surfacebon stocks were obtained at US-Los, CA-Wp1, PL-Wet, US-
can be modeled as an instantaneous transport to the atmpt, and RU-Che with a total SOC lower than 50 kgt
sphere or to upper layers or by an advective layer-by-layetUnlike the other sites, the active SOC contents at US-Wpt
transport. Here we considered the probability of a methaneand RU-Che are very small at 4 and 3.5kgirespec-
rich bubble reaching the surface depending on the connedively, which limits methane production in the model. At both
tivity between water- lled pores (wsize). Khvorostyanov et sites, simulated vertical carbon contents were constrained
al. (2008a) de ned wsize at 1 cm, which establishes a probausing observed soil bulk density and the carbon accumula-
bility of 1 at the surface that decreases to zero at 1.5 m depttion model described in Qiu et al. (2019). Khvorostyanov et
when soil is saturated. Probability increases when wsize inal. (2008b) previously performed site simulation at RU-Che
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Table 8. Integrated simulated soil organic carbon content of peat-methane was released by ebullition in MSO simulations. For

land sites up to 0.75 m depth. about half of the sites, 3%-11% of uxes were furnished
via ebullition and less than 1% at the other sites using SSO
Site identi cation | Soil organic carbon content parameter values. In simulations employing MSO parame-
| active slow passive total ter values, ebul_lition contributed to less than 2 % of the total
uxes at each site.
| kgm 2 kgm 2 kgm 2 kgm 2 Discrepancies between the observation data and the SSO
US-Los 13.94 13.85 0.05 27.84 and MSO simulations are displayed in Fig. 6. At sites
DE-Spw 3354  41.09 0.17 74.80 that emitted the largest amount of methane e.i. PL-Wet,
DE-Sfn 28.15 49.40 0.28 77.83 RU-Che, and US-Wpt, SSO and MSO simulations were
DE-Zrk 4481  75.92 0.44 12118  underestimated up to 46 and 53g£H 2yr 1, respec-
CA-Wpl 1230  21.75 012 3417 tively (Figs. S6 to S8). At the other sites when using
US-Bog 1416  66.55 069 8140 55O parameters methane emissions were still underesti-
FR-Lag 33.67  52.02 025 8594  mated even though this was only about 7 g@m 2yr 1.
Elli';r:m i;gg gg'gg g'gg 1%5'23 In MSO simulations only the_ three sites of DE-I—_|mr_n, Fl-
DK-NUE 418 4920 118 5456 Lom, and DK-Nuf underestimated methane emissions of
PL-Kpt 14.19 98 61 163 114.44 ;1gCFhm _Zyr 1 c_ompared to observa.ttlon.data. Simula-
PL-Wet 15.36  22.08 0.11 3755 tions that display, in Fig. 7, an overestimation of methane
US-Wpt 3.94 0.84 0.001 4.78 emissions were all performed using MSO parameters. At
RU-Che 3.51 40.04 2.14 45.69 DE-Spw and DE-Sfn methane emissions were overestimated

by 118 and 95g Clim 2yr 1. This large excess of methane
emissions results from a signi cant increase in the param-
in which they prescribed 15gCriyr ! of root exudates eter Tveg between the SSO and MSO. Indeed, optimized

that was added to the active SOC, leading to emissions ua'veg values at these sites are 0.003 and 0.1 when optimized
to 300mgm2d 1. As US-Wpt is a marsh it is expected at site level, whereas it was de ned at 8.6 with the multi-
to have a lower total SOC than the other peatland sites. IfIt€ @pproach. In the model, Tveg established the magni-
is also expected that root exudates and DOC in pore watetde of plant-mediated uxes, which are constrained by soil

as well as in aboveground reservoirs signi cantly contribute Methane content, plant growth, and root expansion in the
to methanogenesis, which is not explicitly considered in theSCll- This shows that for peatlands where methanogenesis

present version of the model. is not substrate-limited, Tveg is a key parameter to evalu-
ate methane uxes. Other sites that display an overestima-
4.3 Methane uxes tion of methane emissions using MSO parameters are US-

Los, CA-Wpl, and PL-Kpt. For these sites the excess of
Sensitivity of methane uxes to model parameters was eval-emissions compared to the observations only extends up to
uated by comparing annual methane emissions obtained2gCH;m 2yr 1. Across sites, differences between ob-
by employing single site (SS) and multi-site (MS) opti- served emissions and simulated emissions employing SSO
mized parameters. Table 9 reports annual observed and sinparameters average around 9 g{H yr ! of methane de-
ulated methane uxes as well as the contributions among ciency. On the contrary, emissions obtained with MSO pa-
the three types of methane transport, i.e., diffusion, ebulrameters are in excess of about 5gQH 2yr 1 on aver-
lition, and plant-mediated. Considering all 14 sites, aver-age compared to observations. Average differences between
age annual methane emissions for the observed values ambservations and simulation results signi cantly decrease to
18 18gm2yr Yand9 6 aswell as 25 38gm 2yr 1 1:2and 0.5gCHm 2yr for SSO and MSO simulations
for simulations using SS and MS optimized parameters, rewhen excluding sites that emitted more than 300 and less
spectively. Diffusion of methane in the topsoil layers of the than 20mgCHm 2d 1, i.e., PL-Wet, RU-Che, and US-
model was minor compared to the other emissions and apWpt for the SSO simulations and DE-Spw, DE-Sfn, PL-Wet,
peared to act as a sink of methane rather than a source. PlariRU-Che, and US-Wpt for the MSO simulations. This shows
mediated transport (PMT) was the largest simulated ux dur-that the model is better constrained at sites emitting between
ing the plant's growth period. For SSO simulations these20 and 300 mg Chim 2d 1.
PMT uxes represent between 52% and 74 % of the total Average methane emissions estimated from these 14 sites
uxes at US-Los, DE-Spw, DE-Sfn, and PL-Kpt and more can be utilized to roughly calculate emissions from peat-
than 97 % at all the other sites, whereas for MSO simula-lands located northern of 30l. In Qiu et al. (2019), northern
tions PMT uxes are all higher than 98 %. Given that diffu- peatland extent has been estimated using ORCHIDEE_PEAT
sion released small amounts of methane to the atmospherg?2.0 and compared with three other peatland inventories and
remaining uxes are emitted by ebullition. The largest ebul- soil data (Batjes, 2016; Joosten, 2009; Xu et al., 2018).
lition uxes were obtained in SSO simulations, whereas lessAll four estimates of northern peatland areas range be-
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Table 9. Yearly methane emissions de ned from the observed data (Obs) as well as simulations employing optimized parameters obtained
by the single site optimization (SSO) and multi-site optimization (MSO). The methane uxes combine methane emitted by diffusion, plant-
mediated transport, and ebullition.

Site Data CH uxes Diffusion  Plant-mediated transport Ebullition
gm 2yr 1 gm 2yr ! gm 2yr 1 ogm 2yr !
US-Los Obs 0.05
SSO 0.01 0.0031 0.01 0.0
MSO 6.70 0:01 6.71 0.0
DE-spw Obs 0.46
SSO 0.07 0:29 0.34 0.02
MSO 118.23 -0.48 117.54 1.17
DE-Sfn Obs 14.01
SSO 9.63 0:22 5.03 4.82
MSO 108.65 0:20 106.47 2.38
DE-Zrk Obs 5.60
SSO 5.68 0:0013 5.53 0.15
MSO 6.27 0:0013 6.27 0.01
US-Bog Obs 5.74
SSO 5.48 0.047 5.44 0.0
MSO 5.85 0.050 5.80 0.0
CA-Wpl Obs 3.29
SSO 3.19 0:12 3.12 0.19
MSO 15.63 0:10 15.72 0.0
FR-Lag Obs 9.91
SSO 9.57 0:006 9.58 0.0
MSO 9.91 29.68 0.0 29.68
DE-Hmm Obs 12.19
SSO 10.77 0:002 10.68 0.09
MSO 5.03 0.0 4.97 0.06
FI-Lom Obs 21.15
SSO 14.48 0:23 14.60 0.11
MSO 9.58 0.040 9.54 0.0
DK-NuF  Obs 8.69
SSO 9.42 0:.05 9.21 0.26
MSO 0.54 0.01 0.54 0.0
PL-Kpt Obs 21.22
SSO 20.35 0:03 13.78 6.61
MSO 33.21 0:.03 33.16 0.08
PL-Wet Obs 58.96
SSO 21.31 0:04 21.25 0.10
MSO 5.52 0:005 5.53 0.0
RU-che Obs 38.92
SSO 8.46 0:0001 8.46 0.0
MSO 0.16 0:0007 0.16 0.0
US-Wpt Obs 53.40
SSO 7.61 0.0 7.61 0.0
MSO 1.55 0.0 1.55 0.0

https://doi.org/10.5194/gmd-15-2813-2022 Geosci. Model Dev., 15, 2813-2838, 2022



2832 E. Salmon et al.: Assessing methane emissions for northern peatlands

similation system (Bastrikov et al., 2018) with a genetic al-
gorithm for random search has been successfully employed
to optimize these seven parameters at each site and con-
sider methane emissions from all sites simultaneously. Our
results show that, as in previous methane emissions models
(Meng et al., 2012; Riley et al., 2011; Spahni et al., 2011;
Wania et al., 2009; Zhu et al., 2014), simulated methano-
genesis is strongly correlated with simulated soil tempera-
ture and moisture content, whereas methane emissions are
more strongly correlated with plant-mediated uxes and soil
methane oxidation proportion. Surprisingly, a weak correla-
tion has been established between the observed water table
positions and the prognostic water table positions established
Figure 7. Difference in annual methane emissions de ned betweenfrom simulated soil moisture content. A correlation between
the observed data (Obs) and simulations employing optimized pag i moisture content and water table position in the eld is
rameters Ob‘.a"?ed_ by the single site optimization (SSO) and byneeded to improve representation of the water table position
multi-site optimization (MSO). in models.

Single site optimization results highlighted the fact that
tween 2823 and 3896 10° km2. Assessment of methane [h€ depth of the highest methane production uctuates be-
emissions for these northern peatland areas estimated ulYe€n 20 cm during the warmer season and 75 cm during the
ing the average uxes from measurements yields annuaFOId season. _Th|s demonstrates the _sen5|_t|V|_ty of methano-
methane uxes of 51-71TgCHr ! (Table 9). These an- genesis tq soil temperature gnd provides |r_15|ght on the ex-
nual uxes are in good agreement with annual methane emis{€Nt t0 which methanogenesis takes place in the soil layers.
sions determined from upscaling of ux measurements of This also serves to identify sites that are substrate-limited
44-54TgCHyr ! by Zhu et al. (2013). Estimates of an- and to emphasize the need for global-scale models to con-
nual methane uxes obtained from the SSO and MSO sim-Sider dissolved organic matter as a source of methane sub-
ulations lead to values of 25-35 and 70-96 Tg@H 1, strate. Indeed, in some sit.e simulat.ion studies prgs_cribed
respectively. Estimates from SSO simulations are consis-methane substrate originating from litter decomposition or

tent with annual methane emissions calculated from inverPlant exudates was added to soil organic content in order
sion models (Bruhwiler et al., 2014; Spahni et al. 2011)t° balance out the lack of labile substrate. In the scheme of

and other process-based models (Chen et al., 2015; PeltoQRCHIDEE'PCH’ th? addition of methane diff_usion in the
et al., 2019; Treat et al., 2018; Zhang et al., 2016). An-Show layers durlng w_mter exposes the poten_tlal of snow to
nual methane emissions assessed from MSO simulations af!2y methane emissions coming from the soil. ,
above the upper range of annual methane uxes provided by OPtimization of parameters simultaneously employing
the global methane budget for natural wetlands located nortfj€thane emissions from all 14 sites produce a reduction in
0f30 Nof12-61TgCHyr 1forabottom-up approach and the rate of methanotrophy and in methane transport in the

31-64TgCHyr ! for a top-down approach (Saunois et al. soil by ebullition, promoting methane oxidation at the root
2020). " level and transport of methane by vascular plants. These in-

volve a large overestimation of sites emitting small amounts

of methane. Nonetheless, on average methane emissions sim-
5 Conclusion ulated employing the multi-site optimization approach are

only overestimated by about 5gGH 2yr ! because the
The methane model developed by Khvorostyanov etoverestimation of low emitting sites is counterbalanced by
al. (2008a) has been modi ed to encompass northern peatthe high emitting sites that are limited in methane sub-
lands and permafrost features embedded in the most recestrates. In contrast, average methane emissions obtained
version of ORCHIDEE-PEAT v2.0. This modi ed version, from the simulations using parameters from the single site
ORCHIDEE-PCH, which was used in this study, integrates optimization underestimate the average observed uxes by
a vertical discretization of oxic and anoxic decomposition 9gCH;m 2yr 1. Nevertheless, extrapolation of these aver-
of soil organic carbon of northern peatlands and subsequerdge methane emissions to northern peatland areas reveals that
methane production, oxidation and transport by vascularemissions estimated from the multi-site simulations are much
plants, and ebullition and diffusion in soil and snow layers. larger than emissions estimated from other peatland process-
A sensitivity analysis of methane emissions was performedased models and inventories, whereas emissions calculated
on changes of seven model parameters optimized with sitefrom the single site optimizations are in good agreement with
level measurements of 14 sites located north ofMbn the  other estimates. This demonstrates the complexity of the in-
Eurasian and American continents. The ORCHIDEE data asteractions of the methane cycle with environmental condi-
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tions considered at various scales and the need for more d&c, BHC, HC, CWE, ESE, LBF, KF, DH, JK, OK, NK, LK, AL,

tailed on-site studies. LM, WP, TS, and KZ produced and provided the quality eld
dataset employed to constrain and validate ORCHIDEE-PEAT and
ORCHIDEE-PCH.

Code availability. The source code (https://doi.org/10.14768/

d385219a-787a-439c-b128-2e2d30a21f87, Salmon, 2021) is

available online via https://forge.ipsl.jussieu.fr/orchidee/wiki/ Competing interestsThe contact author has declared that neither

GroupActivities/CodeAvalaibilityPublication/ORCHIDEE_ they nor their co-authors have any competing interests.

mict_peat_ch4 (last access: 24 March 2022). Readers in-

terested in running the model should follow the guidelines

at http://orchidee.ipsl.friindex.php/you-orchidee (last access:Disclaimer. Publisher's note: Copernicus Publications remains

24 March 2022). neutral with regard to jurisdictional claims in published maps and
The optimization tool is available through a dedicated websiteinstitutional af liations.

for data assimilation with ORCHIDEE (https://orchidas.Isce.ipsl.fr,

Bastrikov, 2018).
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