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Abstract. Northern peatland stores a large amount of organic soil carbon and is considered to be one of the most significant CH,
sources among wetlands. The default wetland CH, emission scheme in JULES (land surface model of the UK Earth System
model) only takes into account the CH, emissions from inundated areas in a simple way. However, it is known that the processes
for peatland CH,4 emission are complex. In this work, we coupled the process-based peatland CH4 emission model HIMMELI
(Helsinkl Model of MEthane builLd-up and emlIssion for peatlands) with JULES (JULES-HIMMELI) by taking the HIMMELI
input data from JULES simulations. Firstly, the soil temperature, water table depth (WTD) and soil carbon simulated by JULES,
as well as the prescribed maximum leaf area index (LAI) in JULES were evaluated against available datasets at the studied
northern wetland sites. Then, the simulated CH, emissions from JULES and JULES-HIMMELI simulations were compared
against the observed CH,4 emissions at these sites. Moreover, sensitivities of CH4 emissions to the rate of anoxic soil respiration
(anoxic Rs), surface soil temperature and WTD were investigated. Results show that JULES can well represent the magnitude
and seasonality of surface (5-10 cm) and relatively deep (34-50 cm) soil temperatures, whereas the simulated WTD and soil
carbon density profiles show large deviations from the site observations. The prescribed maximum LAI in JULES was within
one standard deviation of the maximum LAIs derived from the Sentinel-2 satellite data for Siikaneva, Kopytkowo and Degerd
sites, but lower for the other three sites. The simulated CH4 emissions by JULES have much smaller inter-annual variability than
the observations. However, no specific simulation setup of the coupled model can lead to consistent improvements in the
simulated CH4 emissions for all the sites. When using observed WTD or modified soil decomposition rate, there were only
improvements in simulated CH, fluxes at certain sites or years. Both simulated and observed CH4 emissions at sites strongly
depend on the rate of anoxic Rs, which is the basis of CH4 emission estimates in HIMMELI. By excluding the effect from the

rate of anoxic Rs on CH,4 emissions, it is found that the Rs-log-normalized CH4 emissions (log normalization of the ratio of CH4
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emission to anoxic Rs rate) show similar increasing trends with increased surface soil temperature from both observations and
simulations, but different trends with raised WTD which may due to the uncertainty in simulated O, concentration in HIMMELI.
In general, we consider the JULES-HIMMELI model is more appropriate in simulating the wetland CH, emissions than the
default wetland CH4 emission scheme in JULES. Nevertheless, in order to improve the accuracy of simulated wetland CHy
emissions with the JULES-HIMMELI model, it is still necessary to better represent the peat soil carbon and hydrologic processes
in JULES and the CHy4 production and transportation processes in HIMMELLI, such as plant transportation of gases, seasonality

of parameters controlling oxidation and production, and adding microbial activities.

1 Introduction

Methane (CHy) is a powerful greenhouse gas with 33 times the radiative forcing of carbon dioxide (CO,) over a 100-year time
scale (Myhre et al., 2013). Atmospheric emissions and concentrations of CHy4 continues to increase, making CH,4 the second most
important human-influenced greenhouse gas (GHG) in terms of climate forcing, after CO, (Ciais et al., 2013). Wetland CH,4
emission is not only the single largest but also the most uncertain natural source in the global CH4 budget (Saunois et al., 2020,
Saunois et al., 2016; Denman et al., 2007). As the single largest natural source of CH, emission, natural wetlands account for
around 20% (149 vs. 727 Tg CH,4 yr_l) to 31% (180 vs. 576 Tg CHy4 yr_l) of global CH,4 emissions estimated from bottom-up

and top-down approaches between the year 2008-2017 (Saunois et al., 2020).

The relationship between wetland CH4 emission and its environmental controls is complex and remains unclear. In general, the
controls on wetland CH, emission have been demonstrated to be soil temperature, water table depth (WTD) and vegetation.
However, these relationships can be modified by wetland types, region and disturbance etc. (Knox et al., 2019; Turetsky et al.,
2014). Based on field measured CH4 emissions, Yvon-Durocher et al. (2014) found a temperature dependence of seasonal
variations in wetland CH4 emissions, which is similar to the temperature dependence of CH, production derived from
experiments based on pure cultures of methanogens and anaerobic microbial communities. Lupascu et al. (2012) illustrated that a
lower water table stimulates lower CHy4 production potentials. However, Zhang et al. (2021) concluded that water level becomes
less dominant for CH, productions when sampling wetland sites with a wide range of nutrient gradient but similar water level.
Recently, Chen et al. (2021) showed that a lower WTD is associated with a decrease in the temperature dependence of CHy4
emissions and a higher WTD has the opposite effect, but WTD does not affect the temperature dependence of CO, emissions; i.e.,
wetland CH4 emissions may be less sensitive to increasing temperature than CO, emissions when WTD is low, which could lead
to changes in the ratio of CH4 to CO, emissions and further climate impact (Huang et al., 2021). Moreover, plants provide the
major source of organic matter in wetlands and also play an important role as one of the main pathways for methane transport to

the atmosphere through their vascular tissues (Dorodnikov et al., 2011).

The strong sensitivity of wetland CH, emissions to environmental controls has raised concern on potential positive feedbacks
under future climate change (Dlugokency et al., 2009). Numerical models simulating wetland methane emissions with varied
complexity have been developed for site- and regional-level and implemented in global climate and carbon cycle models, in
order to quantify the magnitude, investigate the spatial and temporal variations, and understand the mechanism and
environmental controls of wetland methane emission and its feedback to climate (Xu et al., 2016). Eight global-scale process-
based models and two regional models with simple to relatively complex schemes in simulating wetland CH4 emission were
compared in the Wetland CH,4 Inter-comparison of Models Project (WETCHIMP) (Melton et al., 2013). Large divergences

(about +40% of the all-model mean) were found in the modelled annual global wetland CH4 emissions from the model ensemble
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in WETCHIMP. The large variations in simulated CH4 emission rates were not only due to the uncertainties in wetland areas, but
also the parameter and structural uncertainty in large-scale CH, emission models. Treat et al. (2018) found that the measured
fraction of annual CH, emissions during the non-growing season was significantly larger than that predicted by process-based
models. Nevertheless, modelling studies show that the potential positive feedback to climate change of wetland methane
emissions can reduce the allowed anthropogenic emissions by around 8.0% to maintain the RCP 2.6 temperature threshold

(Gedney et al., 2019) and by up to 10% to meet the Paris climate agreement (Comyn-Platt et al., 2018).

Dynamic modelling approaches such as land surface models provide opportunities to investigate the soil-land surface
(vegetation)-atmosphere system in an integrated manner. However, the key processes should be appropriately represented in
order to improve the accuracy of model simulations. The Joint UK Land Environment Simulator (JULES; Best et al., 2011; Clark
et al., 2011) is the land surface scheme of the UK Earth System Model (UKESM) (Sellar et al., 2019), which contributed to the
CMIP6 model ensemble used by the most recent IPCC report. In addition, JULES has participated in multi-model comparison
projects such as the Inter-Sectoral Model Intercomparison Project (ISIMIP, Rosenzweig et al., 2017) and the Global Carbon
Project (Friedlingstein et al., 2019; Saunois et al., 2020). JULES has also been widely used to make global projections on
hydrology, permafrost thaw, carbon and methane emissions (Burke et al., 2017b; Chadburn et al., 2015a; Comyn-Platt et al.,
2018; Gedney et al., 2019). The original wetland CH,4 emission scheme in JULES is a simple function based on soil temperature
and substrate availability, which can be taken from soil carbon, NPP or soil respiration (Gedney et al., 2004). The gridbox mean
methane emission from JULES is calculated using the estimated wetland fraction from the TOP-model approach which accounts
for saturated surface area within each grid cell (Gedney and Cox, 2003). Recently, a microbial dynamic based wetland methane
emission scheme has been included within JULES and it is now capable of reproducing the observed seasonal dynamics of
methane emissions in fully saturated wetland sites (Chadburn et al., 2020). However, unsaturated wetlands, not currently

included within this model, can also produce CH, emissions.

In this work, we coupled HIMMELI (Helsinkl Model of MEthane buiLd-up and emlssion for peatlands) to JULES by using
environment variables simulated by JULES to drive HIMMELI. HIMMELI takes into account both microbial (including CHy4
production and oxidation, as well as other aerobic microbe processes) and transport (including diffusion in peat, plant transport,
ebullition) processes in a layered one-dimensional peat column, keeping track of the concentration profiles of CHy, O, and CO,
(Raivonen et al. 2017). A set of model simulations using both JULES and JULES coupled with HIMMELI (JULES-HIMMELI)
was performed over six northern wetland sites. The models’ performance was evaluated by comparing modelled results and
observational data, in order to identify the strengths and weaknesses of JULES-HIMMELI and define a pathway for further

model development.

2 Methods
2.1 Site description

Six northern wetland sites located north of 45°N without substantial human influence on ecosystem functioning were selected for
this study (Table 1). These sites are spread between the temperate and boreal climate zones. The type of those wetlands includes
both fen (five sites) and bog (one site), and their topography varies from relatively flat to hummock-lawn-hollow. Most of the
sites are mainly covered by grass, sedge and mosses, but some are also covered by sparse trees, such as the Mer Bleue and
Western Peatland sites in Canada. The CH4 fluxes were measured by eddy covariance (EC) towers at all the sites, with the

timeseries length varying from 5 months to 96 months. A short description of each site can be found in Appendix A.
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2.2 Measurement data
2.2.1 Meteorological data and other site measurement data

CH,4 fluxes and meteorological data, as well as relevant ancillary data (such as WTD and soil temperature data) were provided by
the site principal inverstigators (PIs). In order to prepare the meteorological diving data for the model simulations, the observed
meteorological data for the studied sites (including shortwave and longwave radiation, air temperature, relative humidity,
precipitation, air pressure, wind speed) were processed to 3-hourly temporal resolution, and then used to bias correct the long-
term reanalysis Water and Global Change Forcing Data (WFD) and WATCH-Forcing-Data-ERA-INTERIM (WFDEI) data
(Weedon et al., 2010; Weedon et al., 2014) from the gridboxes where the sites are located. The bias correction method is
described in Section 2.4 in Chadburn et al. (2017), and the bias corrected meteorological forcing data covers the period from
1901 to 2018. The other in situ data including WTD, soil temperature were averaged to daily values to evaluate the simulation
results from JULES. The measured soil carbon profiles at the sites have been collected from literature or databases (Siikaneva
fen from Mathijssen et al. (2016), Lompolojankka from Mathijssen et al. (2014), Degerd from Osterwalder et al. (2017) and
Larsson (2016) and Mer Bleue from Ameriflux datasets (https://ameriflux.lbl.gov/)).

The observed CHy fluxes from site Pls are at thirty-minute temporal resolution for Siikaneva, Lompolojankké, Degerd Stormyr
and Western Peatland 1 sites. For Kopytkowo, the CH,4 flux is given as hourly gap-filled data (Fortuniak et al., 2021). For the
Mer Bleue site, the CH, flux is at daily time scale (Brown et al., 2014). To derive the daily flux values, the thirty-minute CHy4
flux data were processed as described in Peltola et al. (2019). Firstly, the thirty-minute CHy4 flux data were quality filtered by
removing data points with the worst quality flag based on the flagging scheme in Mauder et al. (2013) and with friction velocity
below a site-specific threshold if those are available for the site. Then, for the days with data coverage above 29 out of 48 half-
hourly data points (minimum 10 data points for sites without a diurnal pattern in CH4 flux), daily medians were taken to
represent the daily flux values. Thus, no explicit gap-filling of individual half-hourly values was done in estimation of daily
values. The systematic bias in the derived daily CH4 fluxes through this method is considered to be insignificant as the
magnitude of diurnal patterns in CHy4 fluxes is typically moderate or negligible (Long et al., 2010; Rinne et al., 2018; Peltola et
al., 2019). The daily flux values for Kopytkowo are calculated as the daily averages of the gap-filled hourly data.

2.2.2 Sentinel-2 leaf area index (LAI) data

The daily LAI is an input to HIMMELI. In JULES, the daily LAI is updated by multiplying the annual maximum LAI by a
scaling factor, which depends on temperature-dependent leaf turnover rates (Clark et al., 2011). The annual maximum LAI can
be prescribed in JULES. In this work, we compared the prescribed annual maximum LAI to the annual maximum LAI values
derived from the Sentinel-2 satellite data. The daily Sentinel-2 LAI were obtained for 2017-2020 from the Sentinel-2 level-2A
(L2A) products using the Google Earth Engine (GEE) and a Python implementation (Nevalainen, 2022) of the LAI algorithm in
the Sentinel Application Platform (SNAP) software (Weiss and Baret, 2016). The data influenced by clouds and snow were
filtered out according to the scene classification band available in the L2A product. The LAI values for each site were derived for
a polygon with homogenized land cover around the site coordinate. The mean and standard deviation of the LAIs in the selected
area were calculated to represent the site LAIs. The maximum LAI and its standard deviation of every year was selected from the

time series, and then averaged over all the years to obtain the annual maximum LAI and its standard deviation for each site.
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2.2.3 Global gridded soil carbon data

Due to the scarcity of the in-situ measured soil carbon density profiles, we also adopted the soil carbon density from the Global
Gridded Surface of Selected Soil Characteristics (International Geosphere Biosphere Programme Data and Information System;
IGBP-DIS) dataset (Global Soil Data Task Group, 2000). The dataset contains soil carbon density of the top 1 meter of soil at a
resolution of 5x5 arc-minutes. The dataset was generated by the SoilData System developed by IGBP-DIS, which uses a
statistical bootstrapping approach to link the pedon records in the Global Pedon Database to the FAO/UNESCO digital Soil Map
of the World. In this work, the soil carbon densities for the closest coordinates to the sites were compared with the JULES
simulated soil carbon density in the top 1 meter of soil. The soil carbon density of the IGBP dataset has been used as the initial
conditions for soil carbon at multiple (twenty-four) sites in modeling CH, emissions from natural wetlands by a microbial

functional group-based CH4 model (Song et al., 2020).

2.3 Model description
2.3.1 Overview of JULES

JULES is the land surface model of the UK Earth System Model (UKESM) (Sellar et al., 2019). It simulates physical,
biophysical and biochemical processes that control the exchange of radiation, momentum, heat, water, carbon and nitrogen
fluxes between the land surface and the atmosphere (Best et al., 2011; Clark et al., 2011; Harper et al., 2016; Wiltshire et al.,
2021). JULES can be run as a standalone model driven with meteorological forcing data or as the land surface model of UKESM.

The JULES version 5.8 release is used in this work.

JULES has a good representation of soil temperature and soil water, especially in cold regions (Chadburn et al., 2015a; 2015b;
Chadburn et al., 2017), which are important environmental variables in simulating wetland methane emission. The default
wetland methane emission scheme in JULES is a simple function based on soil temperature and substrate (which can be soil
carbon, NPP or soil respiration) availability. The simulated methane emission is then multiplied by the wetland fraction of a
gridbox to calculate the gridbox mean methane emissions (Gedney et al., 2004). The wetland fraction is calculated as the
inundated area within a gridbox by the TOP-model approach (Gedney and Cox, 2003). The default wetland methane scheme
(Gedney et al., 2004) has been updated to calculate the total wetland methane emissions from the methane production on
multiple vertical soil layers (Comyn-Platt et al., 2018). A more detailed description of the default and updated wetland methane
schemes in JULES can be found in Appendix B in Chadburn et al. (2020).

2.3.2 Overview of HIMMELI

HIMMELI (Helsinkl Model of MEthane builLd-up and emlssion for peatlands) simulates CH4 build-up in and emission from
peat soils (Raivonen et al., 2017). It describes microbial processes (including CHy4 production and oxidation, aerobic respiration)
and three transport routes (diffusion in peat, plant transport, ebullition) in a layered one-dimensional peat column, keeping track
of the concentration profiles of CH4, O, and CO,. The model is driven by the rate of anoxic soil respiration (anoxic Rs) for the
area of the peatland, soil temperature profile along the soil column, LAI of aerenchymatous peatland vegetation, and WTD. It
outputs the CH,, O, and CO; fluxes between the soil and the atmosphere, with the ability to separate the contributions of the
three different transport routes. Previously, the model has been tested at two Finnish peatland sites (Siikaneva and
Lompolojiankké) and demonstrated its ability to simulate realistic CHy4 fluxes, when run with a combination of measured and
simulated site-specific inputs (Raivonen et al., 2017). In this work, the HIMMELI v1.0.1 (i.e. the original version with a few bug

corrections) and its default configuration is adopted.
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2.3.3 Simulation setup

Seven different model simulations were performed in order to find out the most suitable setup for predicting methane flux at each

site (Table 2). In the following text and result figures, the model simulations are referred to with their names in Table 2.

The baseline JULES simulation mainly follows the configuration in Chadburn et al. (2020), which was originally derived from

the JULES-ES configuration (see https://jules.jchmr.org/content/core-configurations). The model was set up with a 14-layered

soil column of around 3 meters for both hydrothermal and carbon dynamics, as well as the vertically- resolved methane
production scheme. The nitrogen scheme was switched off. To improve the representation of the northern wetland sites, the plant
functional type (PFT) was prescribed as 100% C3 grass to represent pristine northern wetlands (note there is no PFT to represent
moss in JULES yet); the maximum LAI for C3 grass was changed to be 1.3 instead of 3, according to the site measured LAI at
summer at Lompolojénkké (Aurela et al., 2009); and the soil parameters impacting soil hydrology were adjusted (except for Mer
Bleue site) to improve the simulated WTD. JULES was spun up to equilibrium of soil hydrothermal and carbon quantities by

repeating the forcing data from 1900-1920 for hundreds of times, and then run until the end of 2018.

JULES was also run for all sites with a modified soil carbon decomposition rate (named JULES Rs;ogificd), following an
adjustment to the decomposition function of soil moisture content (Section 2.2 in Chadburn et al. (2022)). This modified
decomposition function leads to a suppressed decomposition rate (reduced from 60%—85% to 20% of its maximum rate) under
saturated conditions, and zero decomposition rate at zero soil moisture content (instead of 20% of its maximum rate). In addition,
we tested additional site-specific runs at Siikaneva, Lompolojidnkkd and Kopytkowo. At Siikaneva, we prescribed the soil
wetness in the JULES soil layers according to the observed WTD at daily time scale, as Siikaneva has the most WTD data
available in all the sites (JULES_RSpodificd_S Wopreseribea, Table 2). This means the soil layers below the observed WTD were set to
be saturated, while the soil moisture above the observed WTD is equal to the simulated one from the baseline JULES runs. By
doing this, the simulated soil temperature changes with the observed WTD and the effect of the water table bias on methane
emission simulations was removed. It should be noted that fixing the soil wetness to the observed WTD violates the water mass
conservation of the model. At Lompolojénkk, the soil wetness was set to saturated for the entire run, because it is almost
saturated throughout the year and only occasionally falls below the surface WTD in summer (JULES WTD,). Finally, at
Kopytkowo, the LAl was set to be 2.35 based on the Sentinel-2 LAI data (JULES LAl,y).

In the coupled model of JULES and HIMMELI, the soil and vegetation dynamics of a site (gridbox) simulated by JULES are
used to drive HIMMELL. The rate of anoxic Rs of the site, which is not directly simulated by JULES, was calculated as the rate
of total soil respiration under the JULES simulated WTD. The simulated soil temperature profile along the prescribed soil layers
in JULES was interpolated to match the soil layers in HIMMELL In the default coupling between JULES and HIMMELI
(JULES+HIMMELI), the WTD simulated by JULES was used as an input to HIMMELIL. In the HIMMELI WTD,, simulation,
the observed WTD (WTD,y) at site was used as the input to HIMMELI model, and the rate of anoxic Rs of the site was
calculated as the total soil respiration rate below the WTDgy,. In the JULES_Rspodifica_S Worescrined ¥ HIMMELI_ WTD,p, run for
Siikaneva, the soil wetness was prescribed according to the observed WTD and the soil temperature simulated by JULES is

consistent with the WTD .

3 Results and discussion

In this section, we firstly evaluated the JULES simulated soil temperature, WTD and soil carbon density profile, as well as the
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prescribed LAI in JULES with site measurements and satellite data. Then, we compared the simulated CHy4 fluxes from different
setups of the coupled model to the observed CH4 fluxes. Moreover, sensitivities of site methane emissions to the rate of anoxic
Rs, WTD, and surface soil temperature were studied and compared between observations and modelled results. In this way, we

analyzed the potential for improving the coupled model in simulating CH,4 fluxes at northern wetland sites.

3.1 Comparison between simulated and observed environmental variables
3.1.1 Soil temperature

To compare the simulated and observed soil temperatures, the simulated vertical soil temperature profile in JULES was linearly
interpolated to the soil temperature observation depth. Taylor diagrams show the evaluation of the simulated soil temperature at
the studied sites (Fig. 1). The simulated soil temperature at both shallow (5-10 cm) and relatively deep (34-50 cm) soil depth
show strong correlation (R > 0.9) with the observed soil temperatures at all the sites. All data points are located within the root
mean square error (RMSE) circle of 0.6. The ratio of standard deviation demonstrates the difference in the standard deviations
between the simulated and observed soil temperatures, where the reference point is 1.0. For most of the studied sites, the ratio of
standard deviation is close to the reference point. For the soil temperature at shallow soil depth, the ratio of standard deviation
for Kopytkowo (1.24) is the furthest from the reference point due to both the slight overestimation of summertime soil
temperature and underestimation of wintertime soil temperature by JULES. This can be attributed to the underestimation of
WTD by JULES at Kopytkowo. For the soil temperature at deeper soil depth, the ratio of standard deviation for Degerd is 0.7,
which is the smallest one among the sites. Both the shallow and deep soil temperatures at the Deger6 site were underestimated
throughout the year. The maximum daily difference between model and observations at Deger6 reaches 10.25°C in the deep soil
temperature in the summer of 2013 of three years data (2013-2015). The observed soil temperature in winter was mainly above
zero, while the simulated soil temperature is below zero. The observed WTD in wintertime at the Degerd site is missing (Fig. 2),
but it can be speculated that the observed WTD is much higher than the simulated WTD according to the measured WTD in the
end of autumn and at the beginning of spring. For sites with saturated soil moisture in wintertime (Siikaneva, Lompolojankka
and Kopytkowo), the soil temperature is underestimated as the simulated soil was unsaturated. This simulated drying of the soil
is because excess water becomes surface runoff from the top soil layer or subsurface runoff from the bottom layer when the soil
column is saturated in JULES, instead of ponding. For the MerBleue site, the soil temperature in the winter of 2011 was also
underestimated in JULES but the simulated WTD is higher than the observed WTD. This difference in soil temperature can be
attributed to the underestimation of the snow depth by JULES in 2011 winter at Mer Bleue (figure not shown). The timeseries of

soil temperature at all the sites can be seen in Fig. S1 in supplementary.

3.1.2 Water table depth

The simulated daily WTDs show deviations from the observed WTDs at the studied sites (Fig. 2). Overall, the simulated WTD is
lower than the observed WTD at Siikaneva, Lompolojankka, Kopytkowo and Degerd sites, but is slightly overestimated at Mer
Bleue and Western Peatland 1 site. At Siikaneva, the water table drawdown from the saturated soil in spring to the lowest point
in summer is mostly well captured, however, the water table draw up process in the second half of year is much delayed.
Lompolojankka is a site with almost saturated soil in the period of 2006 to 2011. WTD was below zero only in the summer of
2006. However, as the default JULES hydrology scheme is not able to simulate continuously saturated soil or store extra
stagnant water above the surface, and there are no lateral flow inputs to the soil column, the WTD drops when the temperature
increases and only becomes saturated in a short period after snow melt in the model. In order to simulate the soil water and WTD

at Lompolojénkkd more realistically, we set soil to be always saturated in JULES in JULES_WTDy+HIMMELI run. Although
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the water mass was not conserved in this way, the soil temperature was better simulated under the saturated condition (as shown
in Fig. S1). The Kopytkowo and Mer Bleue sites both show strong correlations with the observed WTD (R=0.75 for both sites),
but the bias at Kopytkowo site (bias = -0.42 m) is much larger than the bias at Mer Bleue site (bias = 0.06m). The WTD at
Kopytkowo site is generally underestimated by JULES, and the very dry years in 2015 and 2018 where the observed WTD is 0.8
m below the surface (mean value of observed WTD is -0.14m from 2013 to 2018) are not captured by the model. The very dry
summer in 2012 at Mer Bleue site is not captured by the model either. The simulated WTD at the Deger6 site shows negative
correlation with the observed WTD, which is mainly because the simulated WTD keeps dropping down in the summer of 2013,
whereas the observed WTD raised up slightly. The dynamic of simulated WTD at Western Peatland 1 site is in line with the
observed WTD, but the simulated WTD is with slightly higher values (Bias = 0.07m) than the observed WTD.

3.1.3 Leaf area index (LAI)

Compared to the annual maximum LAI values derived from Sentinel-2 satellite data, the prescribed maximum LAI in our
simulation is lower for most of the sites except for the Deger6 site. The prescribed maximum LAI is close to the Sentinel-2
maximum LAI at the Deger6 site and falls in the standard deviation ranges of the Sentinel-2 maximum LAls at Siikaneva and
Lompolojankkd. However, the Sentinel-2 maximum LAls at Kopytkowo, Mer Bleue and Western Peatland 1 sites are higher
than the prescribed maximum LAI in JULES. The annual maximum LAIs derived from Sentinel-2 satellite data may have some
uncertainties due to uncertainties in the used LAI algorithm and atmospheric correction or selection of representative area.
Chadburn et al. (2017) showed that simulating correct LAI is important to produce the correct order of magnitude of carbon
fluxes, and the vegetation phenology and dynamics could be improved to simulate realistic LAIL The biases in LAI could impact
the carbon fluxes simulated by JULES and also the transport capability of CH4 and O, in HIMMELI in this work. As the
prescribed and Sentinel-2 maximum LAI at Kopytkowo showed the biggest difference in all the studied sites, a site specific
simulation (JULES LAl +tHIMMELI WTDys in Table 2) with Sentinel-2 maximum LAI was set for this site and the impacts

on simulated CH, flux are shown in Section 3.2.

3.1.4 Soil carbon

The vertical distributions of soil carbon density from the JULES simulations were compared with the available measured soil
carbon density profile at four studied sites (Fig. 4). The JULES simulated soil carbon profiles decrease steeply with depth.
However, the observed soil carbon density profiles show higher soil carbon densities at the deeper soil depths which is quite
different to the simulated soil carbon profiles. Chadburn et al. (2017) also showed that JULES cannot simulate peat soil carbon
profiles, and thus a new approach to simulate peat accumulation, degradation and stability has recently been introduced into
JULES in Chadburn et al. (2022). In this work, we only adopted the new decomposition function in JULES RS .dified Tuns, which
does not by itself improve the simulated vertical profile of peat soil carbon and soil respiration. It will be highly interesting to
assess how the simulated soil carbon profiles of our study sites will change when using the newly introduced peat soil carbon

module in JULES, and how this impacts the methane emissions. This will be addressed in future work.

The averaged soil carbon densities of the top 1m soil carbon from JULES and from IGBP-DIS data, as well as from the observed
values at Deger6 and Mer Bleue sites are also illustrated in Fig. 4. The soil carbon of the top 1 meter in JULES is overestimated
at Degerd site when compared to observation, but agrees with the observations in Mer Bleue site. This differs from Chadburn
(2017), where the simulated top 1 meter soil carbon stock was underestimated due to the underestimation of vegetation

productivity at most of the studied sites. The comparison of the top 1 meter soil carbon from JULES and IGBP-DIS data for all
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the sites are shown in Fig. 5.

3.2 Simulated vs. observed CH4 fluxes

Fig. 6 shows the observed and simulated time series of CH4 emissions at the sites. The inter-annual variability of the CH, flux
simulated by JULES is much smaller than that of the observed CH, flux in general (Table 3). This is likely caused by the lack of
direct WTD dependence of CH4 emissions in JULES. The variable wetland fraction (Fwet) in a gridbox in the default JULES
methane module could dampen the inter-annual variability as only saturated areas are considered to be wetlands in JULES. In
addition, Fwet is a gridbox based variable and not designed for site simulations. In reality, the topsoil of wetland is not always
saturated and this fluctuation of WTD can impact CH4 emission in wetlands. The JULES+HIMMELI simulations include this
dependence but the simulated CH4 fluxes are generally smaller than the observed CH,4 fluxes. The main reason is that the
simulated WTDs are typically too low (Fig. 2). When using the observed WTD (for Lompolojankkd, WTD was set to the soil
surface, or 0 m) and the corresponding anoxic Rs rate simulated by JULES as the inputs to HIMMELI
(JULES+HIMMELI WTDyys), the simulated CH4 fluxes increased to values higher than the observations for Siikaneva,
Lompolojankka, Kopytkowo and Degerd. In addition, the RMSEs between model and observations increased for all sites except
for Lompolojankka in comparison to the JULES+HIMMELI run. The inter-annual variabilities of the simulated CH,4 fluxes from
the JULES+HIMMELI simulations at Siikaneva, Lompolojankkad and Kopytkowo were smaller compared to the observed CHy4
flux, especially at Kopytkowo site (Table 3). When using the observed WTD in HIMMELLI, the inter-annual variabilities at those
three sites increased, but too high for Siikaneva and Kopytkowo sites. In this work, we used the default model parameter values
for HIMMELI, where the fraction of anaerobic respiration becoming methane (fm) was 0.5. The value of fm affects CH,4
generation and CH,4 emission rate in HIMMELI directly, and the range for fm can vary from 0 to 0.7 (Nilsson and Oquist, 2009).
For the underestimated CH4 emission rates in our JULES+HIMMELI simulations, increasing the value of fm in HIMMELI could
decrease the biases in simulated CH4 emission rates, but would not change the seasonal dynamics of simulated CH4 emission

rates.

When the modified soil decomposition rate was adopted in JULES (as introduced in section 2.3.3.), the overestimated CH, flux
by JULES+HIMMELI WTD,,s at Lompolojankka (Bias changed from 0.13 to -0.53) and Degerd (Bias changed from 0.18 to -
0.13) reduced a lot. This reduction was, however, smaller at Siikaneva (Bias changed from 0.52 to 0.42) and Kopytkowo (Bias
changed from 0.77 to 0.76) sites. This is partly because the observed WTD, especially the lowest values in summer, at Siikaneva
and Kopytkowo are too deep to lead to a notable decrease in the anoxic Rs rate calculated with the observed WTD and the
JULES simulated soil respiration profile which decreases exponentially with depth (Fig. 4). In addition, when using the modified
function of soil carbon decomposition rate in JULES, the soil respiration in the near surface soil layers can increase when the soil
is unsaturated (Fig. S2 in supplementary). Therefore, when using the observed WTD to derive the anoxic Rs rate, the simulated
anoxic Rs rate and CH4 flux in Siikaneva and Kopytkowo do not show obvious changes. For Lompolojinkka, the modified
decomposition factor leads to large decreases in CHy4 fluxes due to the decreased soil respiration in saturated soil (Fig. S2 in
supplementary). However, this leads to too small CH, fluxes compared to the observed CH4 emissions at Lompolojankka, except

the summer peak values in year 2010.

The JULES_RSpodified_S WoprescrieatHIMMELI_ WTDg run for Siikaneva simulated much more realistic methane emissions in
summertime than the JULES RS odgifica tTHIMMELI WTDs run. This is due to the changes in soil temperature and anoxic Rs
rate when the vertical distribution of soil water is prescribed in JULES. However, the JULES LAl +HIMMELI WTD,s

simulation only improves the simulated CH4 emissions slightly at Kopytkowo. Higher LAI could lead to an increase in litter
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input which would mean higher CH,4 substrate. However, here the simulated CH, emissions decreased slightly which is due to
the increased plant transport of O, into the soil with higher LAI (Raivonen et al., 2017). The higher O, concentration can

increase the CH,4 oxidation and also the O, inhibition effect in methanogenesis (Fig. S3 (c,d) in supplementary).

3.3 Sensitivity of (observed and simulated) site methane emissions to the rate of anoxic soil respiration, surface soil
temperature and water table depth

The measured CH, fluxes of Siikaneva, Kopytkowo and Lompolojankka are of relatively long duration and the quality of data is
good, therefore those three sites are selected for further investigation of the sensitivity of CH4 emissions to the rate of anoxic Rs,

soil temperature, WTD and LAI

From Fig. 8, we can see that the simulated CH4 emissions largely depend on the rate of anoxic Rs. This is consistent with the
findings from the sensitivity tests of input data to the standalone HIMMELI, which showed that anoxic Rs rate and the
corresponding potential methane production rate (PMP; the methane production rate in conditions with no O,) determine the
output CH,4 emissions and the other factors (LAl and WTD) only modestly modify the methane emission in the model (Raivonen
et al., 2017). Thus, it is crucial to have a realistic anoxic Rs rate as the input to HIMMELI. Due to the lack of measured anoxic
Rs rate, in Fig. 8, the observed CH4 emission was plotted against anoxic Rs rate from the simulation showing the strongest
correlation with the observed CH, emissions in Fig. 6. Therefore, the anoxic Rs rate calculated with JULES simulated WTD was
chosen for Siikaneva, and the anoxic Rs rate from the JULES WTD, + HIMMELI was taken for Lompolojankki. For
Kopytkowo, the anoxic Rs rate from JULES + HIMMELI WTD,s were adopted. Interestingly, Fig. 8 shows the observed CH,4
emission have linear dependencies on the anoxic Rs rate as well as the simulated CH, emission. For Siikaneva and
Lompolojénkkd, the linear dependencies between observed and simulated CH, emissions are similar. However, for Kopytkowo,
the slope between the observed CH4 emission and anoxic Rs rate is lower than the slopes between the simulated CH4 emission
and anoxic Rs rate due to the overestimation of the simulated CH4 emission. The linear dependencies of CH4 emissions on
anoxic Rs from both simulations and observations illustrate that it is reasonable to adopt the rate of anoxic Rs as the basis of CH,4

emission estimates in HIMMELI.

Based on the linear dependencies of CH4 emissions and anoxic Rs rates shown in Fig. 8, we normalized CH, emissions by
applying the log normalization of the ratio of CH4 emission to anoxic Rs rate (called Rs-log-normalized CH4 emissions from
here on). Fig. 9 shows the dependence of Rs-log-normalized CH4 emissions on soil temperature for the upper soil layer and
WTD from both observation and model simulations at Siikaneva and Kopytkowo sites. We show that the Rs-log-normalized CH,4
emissions increase with increased upper layer soil temperature from either observations or simulations at both sites. This means
temperature can impact methane emissions in other way in addition to the rate of anoxic Rs. In HIMMELI, temperature can
affect the CHy4 production through inhibition process, the CH4 oxidation from the dissolved O,, and the solubility of CHy
(Raivonen et al., 2017). In cold temperature, the solubility of gases, and thus the concentrations of dissolved O, in water is higher
than in warm temperature. Therefore, CH4 oxidation and inhibition of CH,4 production are higher in low temperatures than in
warmer temperatures although the rates of these reactions are lower (Fig. S3 in supplementary). The steady state tests (fixed
anoxic Rs and WTD inputs) of HIMMELI also showed that a 1°C increase in peat temperature increased the total methane
emissions on average by 0.01-0.02% without gas-transporting vegetation and 0.3% with vegetation (Raivonen et al., 2017).
Apart from the concentration of both CH4 and O, (Watson et al., 1997), laboratory experiments have shown that CH,4 oxidation is
also limited by factors that affect the microbial activity, such as temperature (Whalen and Reeburgh, 1996). Chadburn et al.

(2020) developed a wetland CH4 emission scheme that takes into account methanogenic growth and dormancy (quantity and
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activity of methanogens), and concluded that microbial dynamics strongly influence the seasonal cycle of wetland CH4 emissions.
Riley et al. (2011) showed that CH,4 production is more likely to be temperature sensitive than oxidation when methanogens are

not substrate-limited, although oxidation rate increases with temperature according to Q10 function.

The Rs-log-normalized CH, emissions decrease with rising WTD for Siikaneva from both observation and simulations. The
reason can be mainly attributed to three aspects. First, the WTD and surface soil temperature are anti-correlated in general (upper
panel in Fig. 10). Second, the root mass available for transporting O, into the CH,4 producing peat layer is at its lowest when
WTD is the deepest. Third, the diffusivity of CHy4 in water is lower than that in the air (Tang et al., 2010). For the Kopytkowo
site, the Rs-log-normalized CH4 emissions show a slight increase with rising WTD from simulations, when observed WTD was
used as the inputs to HIMMELL. In contrast, it shows a slightly decreasing trend with rising WTD in the observation. We have
excluded the anoxic Rs effects in the Rs-log-normalized CH, in Fig. 9, so we can not attribute the slightly increasing trends to
the overestimated CH, emissions when WTD is close to the surface and the temperature is high (lower panel in Fig. 10).
However, there are two specific drought years (2015 and 2018) in the study period for Kopytkowo, where the lowest WTD
happened in October but the temperature had already dropped after the summer (Fig. 3 in Fortuniak et al. 2021). For those two
drought events, the low WTD decreases the amount of O, transported into the soil but the lower temperature in autumn compared

to summer leads to a higher amount of dissolved O, in HIMMELI.

When adjusting the maximum LAT to be higher, the simulated CH, emissions decreased slightly at Kopytkowo in the HIMMELI
simulation (Fig. 6 (c) and Fig. 8 (c)). A greater LAI means a higher CH, substrate input in the model and a higher plant transport
capacity of CH4. However, the higher LAI can also increase the O, transported into the soil, and thus leading to higher amount of
the inhibition of CH4 production and oxidized CHy. Here the effect of plant transported O, into soil layers is strong with higher

LALI and as a result, the CH, emissions decreased slightly as we can see from Fig. 9 (c, d).

4 Conclusions

In this study, a process-based wetland CH4 emission model HIMMELI was coupled with a current state-of-art land surface model
JULES. The evaluation of the coupled model (JULES-HIMMELI) was then performed comprehensively at six northern wetland
sites. It is found that the coupled model does not lead to significant improvements in the simulated CH, emissions in comparison
to the default wetland CH,4 emission scheme in JULES. Nevertheless the coupled model is considered to be more realistic in
simulating wetland CH,4 emissions as HIMMELI simulates CH4 production, oxidation and transportation by vascular plants,
ebullition and diffusion in a vertical soil column, while the default wetland methane emission scheme in JULES only takes into

account CH, emission from saturated wetlands in a simple way.

The CH,4 emissions simulated by the coupled model strongly depend on the rate of anoxic Rs, which represents the CHy4 substrate
production rate in HIMMELI. The observed CH4 emissions are also strongly correlated to anoxic Rs, confirming our model
results and underlining the importance of the underlying CHy4 substrate production rate in driving the methane fluxes. It is also
found that, after excluding the anoxic Rs effect, O, concentration in the peat is an important player in simulating CH,4 emission in
terms of the changes in soil temperature, WTD and LAI. Therefore, more realistic representations of peat soil carbon and peat
hydrology processes, especially WTD, as well as wetland vegetation (including moss) are needed to improve the simulated
wetland CH4 emissions by JULES-HIMMELI. Recently, a new approach in simulating peat dynamics (accumulation,
degradation and stability) has been integrated in the vertically-resolved soil carbon scheme in JULES (Chadburn et al., 2022).
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Distributed representation of WTD may also be simulated by the microtopography and ponding scheme developed for JULES
(Smith et al., 2022). Implementing those new schemes in the future JULES-HIMMELI model simulations may improve the
simulated wetland CHy4 emissions. Furthermore, observed O, data in peat soil for validation are largely lacking and expected to

be included in future observations.

Appendix A: site descriptions
1) Siikaneva

The Siikaneva site (N, E, m a.s.l.) is a boreal oligotrophic fen site located in Ruovesi in southern Finland (Rinne et al., 2007).
The peat depth at the site is from 2 to 4 m. The dominant vegetation of the site includes sedges (C. rostrata, C. limosa, E.
vaginatum), Rannochrush (Scheuchzeria palustris) and peat mosses (Sphagnum balticum, S. majus, and S. papillosum). The
annual mean temperature of 3.3 °C and precipitation of 713 mm have been measured at the nearest long-term weather station
during the period 1971 to 2000 (Drebs et al., 2002). For a more detailed description of Siikaneva, see Aurela et al. (2007) and
Rinne et al. (2007).

2) Lompolojinkka

The Lompolojénkki site (N, E, m a.s.l.) is an open, pristine and nutrient-rich sedge fen located in northern Finland. The peat
depth at the site is up to 3 m at the center of the fen. The vegetation layer at the site is relatively dense and dominated by Betula
nana, Menyanthes trifoliata, Salix lapponum and Carex spp. with the mean vegetation height of 40 cm. The mean annual
temperature averaged over the period 1971-2000 at the nearest long-term weather station is 1.4 °C (Pirinen et al., 2012). A small
stream flows through the site and brings water to the site. The soil at this site is almost continuously saturated throughout the

year. More detailed description of Lompolojankka can be found in Aurela et al. (2009); Lohila et al. (2010).

3) Degerd Stormyr

The Degeré Stormyr site (N, E, 270 m a.s.l.) is an undisturbed mixed acid mire system situated in the Kulbacksliden
Experimental Forest in Northern Sweden. The mire is situated on high land between two major rivers, the Umeélven and
Vindeldlven, approximately 70 km from the Gulf of Bothnia. The mire system is composed of interconnected smaller mires
divided by islets and ridges of glacial till (Nilsson et al., 2008). The peat depth of the site is mainly between 3 and 4 m, but
depths of 8 m have also been measured. The deepest peat depth corresponds to an age of 8000 years. The footprint of the
measured CO, and methane fluxes is from a minerogenic oligotrophic mire. The vegetation is dominated by lawn (S. balticum
Russ. C. Jens and S. lindbergii Schimp.) and carpet (Sphagnum majus Russ. C. Jens) plant communities, as well as vascular
( Eriophorum vaginatum L., Trichophorum cespitosum (L.) Hartm., Vaccinium oxycoccos L., Andromeda polifolia L. and Rubus

chamaemorus L., with both Carex limosa L. and Schezeria palustris L. occurring more sparsely) plant community.

4) Kopytkowo

The Kopytkowo site (53°35'30.8"” N, 22°53'32.4" E, 109 m a.s.l.) is a mire located in a large flat area of the Middle Biebrza
Basin in northeastern Poland. The depth of peat in this area reaches 2.5 m. The soil of the mire around the site was slightly
decomposed due to dehydration. The dominant vegetation around the site is a mixture of reeds, sedges and rushes. The wetlands
of Biebrza National Park experienced melioration treatments in the 19™ and 20™ centuries. In the mid-nineteenth century, the

wetlands first drained to intensify agriculture in the region. This human activity has caused partial degradation of the wetland
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peat and the natural succession to trees and shrubs was accelerated. In 1993, the Biebrza National Park was established and
450  restoration work has been conducted to restore the original hydrological conditions. The climate of northeastern Poland is
temperate with continental influences, with relatively cold winters and warm summers. More detailed descriptions can be found

at Fortuniak et al. (2017) and Fortuniak et al. (2021).

5) Western Peatland 1

The Western Peatland 1 site (N, E, m a.s.l. 54.953841N, 112.466981W) is an undisturbed moderately “rich” fen — rich in species
455 richness, not nutrient availability (Flanagan and Syed, 2011). The area around the site is quite flat and with relatively
homogeneous vegetation in around 1.5 to 2 km in all directions, except in the north where upland aspen forest shows in around 1
km away from the measurement site. The site is dominated by stunted trees (Picea mariana and Larix laricina), abundant tall
shrubs (Betula pumila), and a wide range of moss species, including Sphagnum spp. (S. angustifolium, S. fuscum, and others),
brown moss species (Drepanocladus aduncus, Aulocomium palustre, and others) and a feather moss species (Pleurozium
460 schreberi). There are also several herbs and dwarf shrubs with aerenchyma tissue (Triglochin maritima, Menyanthes trifoliata,
and Carex spp.) exist in the area. The total leaf area index for the site was 2.6 + 0.16 m%m?. The total ecosystem carbon stock is
51 kg C/m?, which is dominated by carbon accumulated in below-ground peat. The above ground live plant tissue is only about 1%
of the total ecosystem carbon stock which is contributed by the two tree species. The mean annual temperature and precipitation
at the nearest weather station were 2.1 °C and 504 mm averaged over 1971-2000. Detailed descriptions of vegetation and site

465 characteristics were previously provided by Syed et al. (2006) and Long et al. (2010).

6) Mer Bleue

The Mer Bleue site (5.41 N, 75.52 W) is an undisturbed ombrotrophic bog located east of Ottawa, Canada. The peat depth of the
site varies from 5 to 6 m at the center and 0.3 m at the edges. The surface of the area of the flux tower is dominated by hummock
microtopography (75% of the area) with approximately 25 cm between the tops of hummocks and interhummock spaces (Brown
470 et al., 2014). The vegetation of the site is dominated by evergreen and deciduous shrubs, and Sphagnum mosses (Lafleur et al.,
2005). The mean annual temperature is 6.4 + 0.8 °C, and annual precipitation is 943 mm averaged over 1981-2010. The site has
hosted a long-term carbon cycle research program since 1998. For more detailed site description, see Moore et al. (2002), Lafleur

et al. (2003) and Roulet et al. (2007).

Data and code availability

475 The datasets generated and/or analysed during the current study are available from the corresponding author on reasonable
request. The in-situ measurement data, including the CH, flux and meteorological data as well as other ancillary data can be
requested from the site Pls. The tool for deriving Sentinel-2 LAI data is in an open GitHub repository
(https://github.com/ollinevalainen/satellitetools, https://doi.org/10.5281/zen0do.5993292, Nevalainen, 2022). The Global
Gridded Surfaces of Selected Soil Characteristics (IGBP- DIS) data set is accessible at http://daac.ornl.gov. HIMMELI model

480 source code can be required from Maarit Raivonen (Raivonen et al., 2017). JULES model code and the files for running it are

available from the Met Office Science Repository Service: https://code.metoffice.gov.uk/. Registration is required, and code is

freely available subject to completion of a software license.
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Figure 1: Taylor diagrams of soil temperatures at (a) shallow (5-10cm) and (b) deeper (34-50cm) soil depths. All statistics were
calculated using daily averaged data. All points were normalized by dividing the standard deviation of model results by the standard
deviation of the corresponding measurements; thus, the reference point is 1.0. Sites are represented with different colors. For the
Kopytkowo site, the measured soil temperature is only collected at Scm. (The time series of observed and simulated soil temperatures
at sites are shown in Figure S1 in supplementary).
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Figure 2: Simulated and observed daily water table depth (WTD) at each site. The box plot shows the median (line), mean value (green
triangle), Q1 (25%) and Q3 (75%) quartiles of the data (the bottom and top of the box), and the lower and upper whiskers represent
the range of 1.5 times interquartile range (Q3-Q1) from the Q1 and Q3. The data points outside the 1.5 times interquartile range can
be considered as extremes. The same period as the observed methane flux was selected for the observed WTD data, and the statistics
shown in the figure were calculated by filtering the simulated WTD according to the availability of observed WTD.
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Figure 7: The box plots show the median (line), mean (green triangle), 25% (Q1) and 75% (Q3) quartiles (the top and bottom of the
box) of the observed and simulated methane (CH,) fluxes at the studied sites, and the whiskers represent the range of 1.5 times
interquartile range (Q3-Q1) from the Q1 and Q3. The data points outside the whiskers are shown in (a) Box Plot 1, and the mean
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Figure 10: Responses of log-normalized methane (CH,) fluxes to surface soil temperature (Tsoil) and water table depth (WTD) from
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790 2019 for Siikaneva and Kopytkowo sites, respectively.
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Table 1: Site characteristics of studied wetland sites.

Sites Lat., Climate Wetland type  Peat Dominant Climate  Data Reference
(Abbre.) Long. Zone depth Vegetation (average resolution
(m) temp. and
and period
precip.)
Siikaneva Boreal Oligotrophic 2-4 Sedges, 33°C 30 min, Aurela et al.
(FI-SI) 61.8 °N (nutrient poor) Rannoch-rush, and 713 2005-2012  (2007),
24.2°FE Fen peat mosses mm Rinne et al.
(2018)
Lompolojiankkd 68.0°N  Boreal Minerotrophic ~ 2-3 Moss cover -1.4°C 30 min, Aurela et al.
(FI-LO) 242 °F (mesotrophic 57%, sedges,  and 484  2006-2010 (2015,
(nutrient rich) birch, willow 2009)
Fen
Degero 64.2°N  Boreal Minerogenic 3-4mon Sedges and 1.2°C 30 min, Sagerfors et
Stormyr 19.6 °E Oligotrophic average,  mosses and 523 2013-2015  al. (2008)
(SE-DE) (nutrient poor)  YP to 8m mm
Fen (a mixed
acid mire)
Kopytkowo 53.6°N  Temperate Fen (mire) 2.5 Mixture of 6.6 °C Houly, Fortuniak et
(PL-KO) 22.9°E reeds, sedges, and 583 2013-2018 al. (2017,
and rushes mm 2021)
Mer Bleue 45.4°N  Temperate Ombrotrophic 5-6mat Dominant low 6.4+/- Daily, Lafleur et
(CA-ME) -75.5°E bog the status 0.8°C 2011-2012  al. (2005),
center, evergreen and and 943 Moore et al.
0.3m at deciduous mm (2011),
the Brown et al.
margins  Shrubs, sparse (2014)
cover of
sedges and a
few small
trees,
underlying
moss
Western 55.0°N  Temperate Moderately ~2 Dominated by 2.1 °C 30 min, Long et al.
Peatland 1 - ‘rich’ treed Fen stunted trees,  and 504 2007 (2010),
(CA-WP1) 112.5°E with high mm Flanagan
abundance of and Syed
a shrub, and a (2011)

wide range of
moss species.
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Table 2: Model simulations performed in this study.

Experiment Model setup
Results from the JULES default methane module (with the layered soil
JULES temperature scheme switched on and the microbial methane production scheme
switched off)
HIMMELI simulation using JULES model results as HIMMELI inputs. JULES
simulated soil temperature, LAI, the rate of total soil respiration, WTD were
JULES+HIMMELI used. The rate of anoxic soil respiration (anoxic Rs) for HIMMELI was

calculated as the rate of total soil respiration below the simulated WTD.

HIMMELLI simulation using JULES results as inputs. Observed water table depth
(WTDgs) was used instead of JULES simulated WTD. The rate of anoxic Rs for
HIMMELI was calculated as the rate of total soil respiration below WTD,s. Note
that in this way, the JULES simulated soil temperature is inconsistent with
WTD,s, and the total soil respiration at soil layers above the JULES WTD could
include contribution from oxic soil respiration. Nevertheless, we consider the rate
of anoxic Rs as the total soil respiration rate below WTD,, here because JULES
does not simulate oxic and anoxic soil respiration separately.

JULES run with the modified soil carbon decomposition rate. Other settings
followed JULES + HIMMELL WTD .

Site

common

run
JULES + HIMMELI WTDp,
JULESiRSmOdiﬁCd‘*‘
HIMMELI_WTDp
JULE siRsmodiﬁedistrescribed +
HIMMELI WTD

Site

specific

run

WTD,,s was used to prescribe the soil moisture content in JULES. For the JULES
soil layers above observed WTD, soil moisture content is equal to the JULES
simulated soil moisture content. For the JULES soil layers below WTD, soil
moisture content equals 1 i.e., saturated soil. The modified soil carbon
decomposition rate was used in JULES. WTD,, was used in HIMMELI. The
simulation was done for the Siikaneva site only.

JULES_WTDy+ HIMMELI

The entire soil column was set to be saturated, thus the WTD in JULES equals
zero. This was done for the Lompolojiankkai site only.

JULES_LAlpa+
HIMMELI WTD,ys

The maximum LAI in JULES was set to be 2.35 instead of 1.3. WTD,, was used
in HIMMIELI. This simulation was done for the Kopytkowo site only.
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Table 3: Standard deviation of annual means of methane emissions (10'6g CH, m'zs") from observation and simulations for Siikaneva,

Lompolojinkki and Kopytkowo sites. Results are only shown for those three sites with better data coverage throughout the study

periods.
: Standard Deviation
Site
Obs. JULES JULES+ JULES + JULES_RSmOdiﬁed+ JULES_Rsmodiﬁed_sWprescribed
HIMMELI  HIMMELI WTDy,, HIMMELI WTD, + HIMMELI_WTD,,
Siikaneva
0.0998 0.0370 0.0447 0.3020 0.2826 0.0833
Obs. JULES JULES+ JULES WTD, + JULES_RSpodifica WTDg+
HIMMELI HIMMELI HIMMELI
Lompolojénkka
0.0826 0.0176 0.0564 0.0630 0.0684
Obs. JULES JULES+ JULES + JULES_RSodifiedt JULES LAluxt+
HIMMELI HIMMELI_WTD,p, HIMMELI WTD,s HIMMELI WTD,s
Kopytkowo
0.3144 0.0381 0.0254 0.7226 0.7018 0.4794
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