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Abstract  25 

Northern wetlands are considered to be one of the most significant natural sources of methane 26 

(CH4) emissions. The default wetland CH4 emission scheme in JULES, a current state-of-art land 27 

surface model, only takes into account the CH4 emissions from inundated wetland areas in a simple 28 

manner based on soil temperature and substrate availability. In this work, a process-based peatland 29 

CH4 emission model HIMMELI was integrated with JULES, and the HIMMELI parameters were 30 

optimized with measured CH4 flux at six northern wetland sites for each site separately or multi-31 

sites simultaneously. The simulated CH4 emission was significantly improved when using the 32 

optimized parameter values, with the bias of 54.88 mg m-2 d-1 averaged across all the studied sites 33 

in the simulation using the default parameter (DPR) values being reduced to -0.70 mg m-2 d-1 in 34 

the simulations using parameters values derived from the single site optimization (SSO) for each 35 

site. In the simulations using parameters values from the averages of single site optimization 36 

(SSO_AVG) and the multi-site optimization (MSO), the biases averaged across all the studied 37 

sites were -7.39 mg m-2 d-1 and -8.36 mg m-2 d-1, respectively. The MSO simulations demonstrated 38 

more stable root mean square error (RMSE) between the simulated and observed methane 39 

emissions than the SSO_AVG simulations over the studied sites, when the RMSEs of SSO 40 

simulations were used as reference points. To further reduce the uncertainties in the simulated CH4 41 

emissions by the JULES-HIMMELI model, model processes related to the environment conditions 42 

(e.g. water table, soil carbon and vegetation) of wetland and northern wetland CH4 emission 43 

processes (e.g. snow and ice covering effect) are suggested to be improved in JULES and 44 

HIMMELI, respectively. This study presents a comprehensive analysis of the impact of different 45 
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parameters on the CH4 emission in the JULES-HIMMELI model and obtains optimal parameter 46 

values for modelling CH4 emissions at the studied northern wetlands. These findings pave the way 47 

for accurate regional estimates of northern wetland CH4 emission. 48 

Keywords 49 

Northern wetland; Methane emission; Modelling; Parameter optimization; Single-site 50 

optimization; Multi-site optimization;  51 

1 Introduction 52 

Methane (CH4) is a powerful greenhouse gas with 28 times the global warming potential of carbon 53 

dioxide (CO2) over a 100-year time scale (Myhre et al., 2013). Emissions and consequently 54 

atmospheric concentrations of CH4 continue to increase, making CH4 the second most important 55 

human-influenced greenhouse gas (GHG) after CO2 (IPCC, 2021). Wetland CH4 emission is not 56 

only the single largest but also the most uncertain natural source in the global CH4 budget, 57 

accounting for around 24% (158 vs. 664 Tg CH4 yr−1) to 29% (166 vs. 575 Tg CH4 yr−1) of global 58 

CH4 emissions estimated from bottom-up and top-down approaches between the year 2000-2020 59 

(Saunois et al., 2024). Northern wetlands, located north of 30 °N, take up to 50% of the total global 60 

wetland area (Lehner and Döll, 2004). The wetland CH4 emissions of northern wetland 61 

substantially contribute to the total terrestrial wetland CH4 emissions by around 29% (Saunois et 62 

al., 2024).  63 

The relationships between wetland CH4 emissions and its environmental controls are complex and 64 

remain unclear. In general, the controls on wetland CH4 emission have been demonstrated to be 65 
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soil temperature, water table depth (WTD) and vegetation. However, these relationships can be 66 

modified by wetland types, region and disturbance etc. (Rosentreter et al., 2021; Knox et al., 2019; 67 

Turetsky et al., 2014). Based on field measured CH4 emissions, Yvon-Durocher et al. (2014) found 68 

a temperature dependence of seasonal variations in wetland CH4 emissions, which is similar to the 69 

temperature dependence of CH4 production derived from experiments based on pure cultures of 70 

methanogens and anaerobic microbial communities. Lupascu et al. (2012) illustrated that a lower 71 

water table stimulates lower CH4 production potentials. However, Zhang et al. (2021) concluded 72 

that water level becomes less dominant for CH4 production when sampling wetland sites with a 73 

wide range of nutrient gradients but similar water levels. Recently, Chen et al. (2021) showed that 74 

a lower WTD is associated with a decrease in the temperature dependence of CH4 emissions and 75 

a higher WTD has the opposite effect, but WTD does not affect the temperature dependence of 76 

CO2 emissions; i.e., wetland CH4 emissions may be less sensitive to increasing temperature than 77 

CO2 emissions when WTD is low, which could lead to changes in the ratio of CH4 to CO2 78 

emissions and further climate impact (Huang et al., 2021). Vegetation provides the major source 79 

of organic matter in wetlands and plays an important role as one of the main pathways for methane 80 

transport to the atmosphere through their vascular tissues (Dorodnikov et al., 2011). 81 

The strong sensitivity of wetland CH4 emissions to environmental controls has raised concern on 82 

potential positive feedback under future climate change (Yuan et al., 2024; Zhang et al., 2023; 83 

Dlugokency et al., 2009). Numerical models simulating wetland methane emissions with varied 84 

complexity have been developed for site- and regional-level and implemented in global climate 85 

and carbon cycle models, in order to quantify the magnitude, investigate the spatial and temporal 86 

variations, and understand the mechanism and environmental controls of wetland methane 87 

emission and its feedback to climate (Xu et al., 2016). Eight global-scale process-based models 88 
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and two regional models with simple to relatively complex schemes in simulating wetland CH4 89 

emission were compared in the Wetland CH4 Inter-comparison of Models Project (WETCHIMP) 90 

(Melton et al., 2013). Large divergences (about ±40% of the all-model mean) were found in the 91 

modelled annual global wetland CH4 emissions from the model ensemble in WETCHIMP. The 92 

large variations in simulated CH4 emission rates were not only due to the uncertainties in wetland 93 

areas, but also the parameter and structural uncertainty in CH4 emission models. Variable 94 

responses of methane emissions to temperature and precipitation in wetland-rich northern Europe 95 

in six land surface models have been found in Aalto et al. (2025). Nevertheless, modelling studies 96 

show that the potential positive feedback to climate change of wetland methane emissions can 97 

reduce the allowed anthropogenic emissions by around 8.0% to maintain the Representative 98 

Concentration Pathways (RCP) 2.6 temperature threshold (Gedney et al., 2019) and by up to 10% 99 

to meet the Paris climate agreement (Comyn-Platt et al., 2018). Most northern wetlands are 100 

peatlands (Peltola et al., 2019). By integrating simulation results from five land surface models 101 

including peatland processes, northern peatlands are projected to be climate neutral under RCP2.6 102 

but increase the global temperature by 0.21 °C under RCP8.5 by the year 2300 (Qiu et al., 2022).  103 

The Joint UK Land Environment Simulator (JULES; Best et al., 2011; Clark et al., 2011) is the 104 

land surface scheme of the UK Earth System Model (UKESM) (Sellar et al., 2019), which 105 

contributed to the Coupled Model Intercomparison Project Phase 6 (CMIP6) model ensemble used 106 

by the most recent Intergovernmental Panel on Climate Change (IPCC) report (IPCC, 2021). 107 

JULES has also participated in multi-model comparison projects such as the Inter-Sectoral Model 108 

Intercomparison Project (ISIMIP, Rosenzweig et al., 2017) and the Global Carbon Project (GCP, 109 

Friedlingstein et al., 2022; Saunois et al., 2024). In addition, JULES has also been widely used to 110 

make global projections on hydrology, permafrost thaw, carbon and methane emissions (Burke et 111 
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al., 2017b; Chadburn et al., 2015a; Comyn-Platt et al., 2018; Gedney et al., 2019). Nevertheless, 112 

the default wetland CH4 emission scheme in JULES is a simple function based on soil temperature 113 

and substrate availability, and the fraction of the saturated areas in a gridbox is used to calculated 114 

the grid box methane emissions. Chadburn et al. (2020) developed a microbial dynamic based 115 

wetland methane emission scheme for JULES and showed its capability in reproducing the 116 

observed seasonal dynamics of methane emissions in fully saturated wetland sites (Chadburn et 117 

al., 2020). However, as WTD is also an important factor controlling the wetland methane 118 

emissions (Chen et al., 2021; Huang et al., 2021), a wetland methane emission scheme considering 119 

the impact from dynamics of WTD on wetland methane emissions is needed for JULES. 120 

The HelsinkI Model of MEthane buiLd-up and emIssion for peatlands (HIMMELI; Raivonen et 121 

al., 2017) is a process-based peatland methane emission model. It can simulate CH4  production 122 

and oxidation, as well as CH4 transport by diffusion, ebullition and plant aerenchyma tissues in a 123 

layered peat column, which can contain water-filled and air-filled parts according to WTD. 124 

HIMMELI has been previously coupled with the other state-of-art land surface model, the Jena 125 

Scheme for Biosphere-Atmosphere Coupling in Hamburg (JSBACH), and the model framework 126 

has been applied in studying methane emissions from pristine peatlands and drained peatland forest 127 

(Li et al., 2024; Tyystjärvi, et al., 2024; Kleinen et al., 2020).   128 

In this study, we integrated HIMMELI with JULES, and evaluated the simulated CH4 emissions 129 

by the JULES-HIMMELI model at six northern wetland sites. Model parameters of HIMMELI 130 

were optimized against measured CH4 fluxes at each site individually and across multiple sites 131 

simultaneously, to explore the impact of parameter uncertainties while scaling up the JULES-132 

HIMMELI simulations from site-level to regional-level. The main purpose of this work is to 133 

enhance the JULES model by incorporating a process-based peatland CH4  emission model, and to 134 
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assess its utility in simulating northern wetland CH4 emissions with optimized model parameters, 135 

as well as to identify areas for future model improvements based on the discrepancies between 136 

modelled and observed CH4 emissions. 137 

 138 

2 Material and methods  139 

2.1 Model description 140 

2.1.1 Overview of JULES 141 

JULES simulates physical, biophysical and biochemical processes that control the exchange of 142 

radiation, momentum, heat, water, carbon and nitrogen fluxes between the land surface and the 143 

atmosphere (Best et al., 2011; Clark et al., 2011; Harper et al., 2016; Wiltshire et al., 2021). JULES 144 

can be run as a standalone model driven with meteorological forcing data or as the land surface 145 

model of UKESM. The JULES version 5.8 release was used in this work. 146 

JULES has a good representation of soil temperature and soil water, especially in cold regions 147 

(Chadburn et al., 2015a; 2015b; Chadburn et al., 2017), which are important environmental 148 

variables in simulating northern wetland methane emission. The default wetland methane emission 149 

scheme in JULES is a simple function based on soil temperature and substrate (which can be soil 150 

carbon, NPP or soil respiration) availability, and this is then multiplied by the  fraction of inundated 151 

area in a gridbox to calculate the gridbox methane emissions (Gedney et al., 2004). The default 152 

wetland methane emission scheme in JULES has been updated to calculate the total wetland 153 

methane emission as the sum of methane production on multiple vertical soil layers (Comyn-Platt 154 
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et al., 2018). Recently, a microbial dynamic based wetland methane emission scheme for JULES 155 

(referred as JULES-Microbe) has been developed and validated in fully saturated wetland sites 156 

(Chadburn et al., 2020). Equations of the multi-layer wetland methane emission scheme and 157 

JULES-Microbe can be found in Chadburn et al. (2020).  158 

2.1.2. Overview of HIMMELI 159 

HIMMELI simulates CH4 build-up in and emission from peat soils (Raivonen et al., 2017). It 160 

describes microbial processes (including CH4 production and oxidation, aerobic respiration) and 161 

three transport routes (diffusion in peat, plant transport, ebullition) in a layered one-dimensional 162 

peat column, keeping track of the concentration profiles of CH4, O2 and CO2. The model is driven 163 

by the rate of anoxic soil respiration (anoxic Rs) for the area of the peatland, soil temperature 164 

profile along the soil column, LAI of aerenchymatous peatland vegetation, and WTD. It outputs 165 

CH4, O2 and CO2 fluxes between the soil and the atmosphere, with the ability to separate the 166 

contributions of the three different transport routes. The model has been developed principally 167 

using a daily time step, but has also been tested on a 30-minute time step and showed consistent 168 

output with the daily run. Previously, the model has been tested at two Finnish peatland sites 169 

(Siikaneva and Lompolojänkkä) and demonstrated its ability to simulate realistic CH4 fluxes, when 170 

run with a combination of measured and simulated site-specific inputs (Raivonen et al., 2017). In 171 

this work, the HIMMELI v1.0 with a few bug corrections was adopted and was run with daily time 172 

resolution. The equations for methane production and oxidation, aerobic respiration, and methane 173 

transportation, as well as the bug corrections in HIMMELI are given in Appendix A. For more 174 

detailed description about the model please refer to Raivonen et al. (2017).    175 

 2.2 Site description 176 
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Six northern wetland sites located north of 45°N without substantial human influence on ecosystem 177 

functioning were selected for this study (Table 1). These sites are spread between the temperate 178 

and boreal climate zones. The wetland type includes both fen (five sites) and bog (one site), and 179 

the topography of these sites varies from relatively flat to hummock-lawn-hollow. Most of the sites 180 

are mainly covered by grass, sedge and mosses, but the two Canadian sites (i.e., Mer Bleue and 181 

Western Peatland) are dominated by shrubs or trees. The CH4 fluxes were measured by eddy 182 

covariance (EC) towers at all the sites, with the timeseries length varying from 5 months to 96 183 

months. Detailed descriptions of each site can be found in Appendix B.  184 

 185 

2.3 Measurement data 186 

2.3.1 Meteorological data and other site measurement data 187 

CH4 fluxes and meteorological data, as well as relevant ancillary data (such as WTD and soil 188 

temperature data) at the studied sites were mainly provided by the site principal investigators (PI). 189 

In order to prepare the meteorological diving data for the model simulations, the observed 190 

meteorological data for the studied sites (including shortwave and longwave radiation, air 191 

temperature, relative humidity, precipitation, air pressure, wind speed) were processed to 3-hourly 192 

temporal resolution, and then used to bias correct the long-term reanalysis Water and Global 193 

Change Forcing Data (WFD) from 1901 to 1979 and WATCH-Forcing-Data-ERA-INTERIM 194 

(WFDEI) data from 1979 to 2018 (Weedon et al., 2010; Weedon et al., 2014) from the gridboxes 195 

where the sites are located. Thus, the bias corrected meteorological forcing data covers the period 196 

from 1901 to 2018. The correction factors were generated by calculating monthly biases relative 197 
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to the WFDEI data during the periods for which observed data were available. Those corrections 198 

were then applied to the whole period of the WFDEI data and the WFD data before 1979. More 199 

details of the bias correction method are described in Section 2.4 in Chadburn et al. (2017). The 200 

other in situ ancillary data including WTD, soil temperature were averaged to daily values to 201 

evaluate the simulation results from JULES.  202 

Daily CH4 fluxes at sites were needed for the comparison with the simulated CH4 emissions. The 203 

observed CH4 fluxes from site PIs for FI-SI (2005-2012) and CA-WP1 (2007) sites are at thirty-204 

minute temporal resolution, and for FI-LO (2007-2018) and CA-MER (2011-2012) are at daily 205 

time resolution. The CH4 flux for PL-KO (2013-2018) from site PIs is hourly gap-filled data. The 206 

thirty-minute CH4 flux data were processed as described in Peltola et al. (2019) to derive the daily 207 

flux values, and the daily flux values for PL-KO were calculated as the daily averages of the gap-208 

filled hourly data. Besides, observed CH4 fluxes for the period from 2013 to 2018 for FI-SI and 209 

for the period from 2014 to 2018 for SE-DE with daily time resolution were obtained from the 210 

AVAA SmartSMEAR website (https://smear.avaa.csc.fi/download) and FLUXNET website 211 

(https://fluxnet.org/data/), respectively.  212 

2.3.2 Sentinel-2 leaf area index (LAI) data 213 

The daily Sentinel-2 LAI were obtained for 2017-2020 from the Sentinel-2 level-2A (L2A) 214 

products using the Google Earth Engine (GEE) and a Python implementation (Nevalainen, 2022) 215 

of the LAI algorithm in the Sentinel Application Platform (SNAP) software (Weiss and Baret, 216 

2016). The data influenced by clouds and snow were filtered out according to the scene 217 

classification band available in the L2A product. The LAI values for each site were derived for a 218 

polygon with homogenized land cover around the site coordinate. The mean and standard deviation 219 

https://smear.avaa.csc.fi/download
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of the LAIs in the selected area were calculated to represent the site LAIs. The maximum LAI and 220 

its standard deviation of every year was selected from the time series, and then averaged over all 221 

the years to obtain the annual maximum LAI and its standard deviation for each site. 222 

2.4 Simulation setup 223 

The JULES simulation mainly followed the configuration in Chadburn et al. (2020) but with some 224 

modifications on the set up of plant functional type (PFT) as below. The model was set up with a 225 

14-layered soil column reaching 3 meters for both hydrothermal and carbon dynamics. The PFT 226 

was prescribed as 100% C3 grass to represent the vegetation cover in pristine northern wetlands, 227 

as there is no vascular plants or mosses represented as JULES PFT. The maximum LAI for C3 228 

grass was set to be 1.3 instead of 3, according to the site measured LAI in summer at 229 

Lompolojänkkä (Aurela et al., 2009). The meteorological forcing data were cycled over the years 230 

1901-1920 to spin up JULES to equilibrium of soil hydrothermal and carbon quantities, and then 231 

the model was run until the end of 2018.  232 

The soil and vegetation dynamics of a site (gridbox) simulated by JULES were used to drive 233 

HIMMELI when integrating HIMMELI with JULES. JULES simulates total soil respiration at 234 

distributed soil layers. The rate of anoxic Rs of the site, which is not directly simulated by JULES, 235 

was calculated as the average rate of total soil respiration in the soil below the simulated WTD. 236 

The simulated soil temperature profile along the prescribed soil layers in JULES was interpolated 237 

to match the soil layers in HIMMELI. To improve the accuracy of the JULES simulated WTD and 238 

LAI, those two variables were bias corrected according to the measured WTD and the annual 239 

maximum LAI derived from Sentinel-2 LAI data for the sites, respectively. The WTD was bias 240 

corrected by the delta change method, which means the JULES simulated WTD was corrected by 241 
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adding the averaged bias between the simulated and observed WTD for a site. The JULES 242 

simulated daily LAIs were adjusted by multiplying the difference between them and the minimum 243 

LAI by a scaling factor and then adding the minimum LAI. The scaling factor was determined 244 

based on the ratio of the difference between annual maximum LAI derived from Sentinel-2 satellite 245 

data and the minimum LAI simulated by JULES to the differences between the maximum and 246 

minimum LAI simulated by JULES. For the two Canadian sites, CA-WP1 and CA-MER, the 247 

adjusted daily LAIs were further decreased to be 1/10 of their values, as the two sites are dominated 248 

by trees and shrubs, and the aerenchymatous vegetation acting as conduit for methane emissions 249 

is considered to take only a small proportion. Before adopting the JULES-HIMMELI model results, 250 

the HIMMELI model was spun up by repeating the driving data to reach an equilibrium of gas 251 

concentration profiles of CH4, CO2 and O2.   252 

2.5 Optimization of methane parameters 253 

2.5.1 Optimized parameters 254 

Ten parameters of the HIMMELI model were carefully selected to constrain the most important 255 

processes that contribute to the wetland CH4 emission (Table 2). The lower and upper limits of 256 

these parameters were based on a combination of literature and expert knowledge. The physical 257 

meaning and the information regarding the parameter values is summarized in Table 2. 𝑓𝑚 is the 258 

fraction controlling the methane production from anaerobic respiration of root exudates. 𝑉𝑅10, 𝑉𝑂10, 259 

𝛥𝐸𝑅, 𝛥𝐸𝑜𝑥𝑖𝑑 are oxidation and respiration parameters. 𝑉𝑅10 is the respiration parameter controlling 260 

the rate of heterotrophic respiration, which consumes oxygen and thus affects oxygen availability 261 

for methane oxidation. 𝑉𝑂10 is the CH4 oxidation parameter controlling the potential rate of CH4 262 
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oxidation. 𝛥𝐸𝑅  is a parameter affecting the temperature dependence of the heterotrophic 263 

respiration. 𝛥𝐸𝑜𝑥𝑖𝑑 affects temperature response of CH4 oxidation. 𝜆𝑟𝑜𝑜𝑡, 𝑎𝑚𝐴, τ, 𝑓𝐷,𝑎, 𝑓𝐷,𝑤 are gas 264 

transport-related parameters. 𝜆𝑟𝑜𝑜𝑡  controls how the root mass is distributed. 𝑎𝑚𝐴  is the root-265 

ending area per root biomass. τ is root tortuosity. A tortuosity of 1 means that the roots are not 266 

decreasing the conductance via their curvedness. 𝑓𝐷,𝑎 is the fraction of the diffusion rate in air-267 

filled peat divided by the diffusion rate in free air. Beside diffusion, 𝑓𝐷,𝑎 also affects the plant 268 

transport rate (Eq. A15). 𝑓𝐷,𝑤 is the same as 𝑓𝐷,𝑎 but in water. 269 

The parameters of HIMMELI that were not optimized are listed in Table 3. The three Michaelis-270 

Menten constants for aerobic respiration reaction (𝐾𝑅), O2 oxidation (𝐾𝑜2), and CH4 in oxidation 271 

(𝐾𝐶𝐻4) were considered to need large amounts of data to constrain (Susiluoto et al., 2018). The 272 

time constant for ebullition (k) was determined by the temporal resolution of the observed data. 273 

The specific leaf area (SLA) of gas-transporting plants was not optimized as 𝑎𝑚𝐴 and τ for the 274 

calculation of plant transport rate of gas X in Eq. (A15) were both optimized. ƞ describes the 275 

sensitivity of methanogenesis to oxygen, which is a microbial activity related parameter. It was 276 

dropped from optimization because 𝑓𝑚 in Eq. (A4), the factor controlling the fraction of anaerobic 277 

respiration becoming CH4, was optimized. The peat porosity 𝜎 was left out for optimization as 278 

diffusivity parameters 𝑓𝐷,𝑎 and  𝑓𝐷,𝑤 were optimized.  279 

2.5.2 Optimization method 280 

The parameter optimization process was conducted using the Shuffled Complex Evolution – 281 

University of Arizona (SCE-UA; Duan et al., 1994) algorithm implemented in the Statistical 282 

Parameter Optimization Tool for Python (SPOTPY; Houska et al., 2015). The SCE-UA algorithm 283 

is a global optimization method that efficiently explores the parameter space to find the optimal 284 
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parameter set. SPOTPY provides a user-friendly interface for implementing the SCE-UA 285 

algorithm and facilitates the calibration of complex models with a large number of parameters. 286 

The root mean squared error (RMSE) between the observed and simulated methane emissions was 287 

chosen as the objective function. The RMSE is a commonly used metric in model calibration and 288 

represents the average difference between the observed and simulated values, taking into account 289 

both the magnitude and direction of the differences. By minimizing the RMSE, the model 290 

parameters can be adjusted to improve the agreement between the observed and simulated methane 291 

emissions, ultimately enhancing the model's predictive accuracy. In the optimization run, iterative 292 

simulations were performed until a global minimum was reached, ensuring that the solution was 293 

not limited to a local minimum. 294 

Two types of optimization runs were conducted over the site-specific observation period in this 295 

study. The single site optimization (SSO) for which parameters were optimized for each site 296 

individually and the multi-site optimization (MSO) that aimed at refining one set of parameters 297 

considering multiple sites together. For the SSO of Siikaneva (FI-SI), Lompolojankka (FI-LO), 298 

Degero (SE-DE) and Kopytkowo (PL-KO), a leave-one-year-out cross validation (LOO-CV; see, 299 

e.g. Gelman et al., 2013) method was performed. This was done to obtain the mean and 300 

uncertainties of the optimized parameters from multiple optimization runs with different input data 301 

series. The SSO runs for the Mer Bleue (CA-MER) and West Peatland 1 (CA-WP1) sites were 302 

performed for the entire observation period due to the limited data length. The optimized parameter 303 

values from the SSO at the six study sites were then averaged to acquire the averages of single site 304 

optimization (SSO_AVG) parameter values, in order to compare with the parameter values 305 

optimized from the MSO. For the MSO, ten years of data from the following sites were prepared 306 

to give equal weight to each site in the optimization run: FI-SI (selected data period: 2007-2016) 307 
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and FI-LO (selected data period: 2008-2017), SE-DE (selected data period: 2014-2018 in combine 308 

with 2014-2018) and PL-KO (selected data period: 2013-2017 in combine with 2014-2018). The 309 

two Canadian sites, CA-WP1 and CA-MER, were excluded from the MSO runs due to too short 310 

data period in comparison to the other sites. In the MSO runs, one year of data from each site was 311 

left out sequentially in each optimization run to obtain the mean and uncertainties from a group of 312 

optimized parameter values. Therefore, there were a total of ten MSO runs, with nine years of data 313 

from each site in each MSO run. 314 

 315 

3 Results 316 

3.1 Simulated environmental variables 317 

3.1.1 Water table depth 318 

Overall, the simulated WTD is lower than the observed WTD at FI-SI, FI-LO, PL-KO and SE-DE 319 

sites, but is slightly overestimated at CA-MER and CA-WP1 sites (Fig. 1). For the simulated WTD 320 

at FI-SI, the timing of water table drawdown from the saturated soil (above zero WTD) in spring 321 

is mostly well captured, but the WTD in summer for most years over the study period is 322 

underestimated. Moreover, the water table draw up in the second half of year is much delayed. 323 

This simulated drying of the soil is because excess water becomes surface runoff from the top soil 324 

layer or subsurface runoff from the bottom layer when the soil column is saturated in JULES, 325 

instead of ponding. The bias corrected WTD at FI-SI reduces the underestimation of WTD 326 

especially in summer and the second half of year. FI-LO is a site with above surface WTD most 327 

of the time. However, as the default JULES hydrology scheme is not able to simulate continuously 328 
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saturated soil or store extra stagnant water above the surface, and there are no lateral flow inputs 329 

to the soil column, the WTD in JULES drops when the temperature increases and becomes 330 

saturated in a short period due to snow melt. The dynamics of WTD at FI-LO is not well described 331 

in JULES, with the lowest correlation coefficient (R=0.14) in all the studied sites. Nevertheless, 332 

the bias corrected WTD is above surface most of the time over the studied 12 years, which is 333 

similar to the observed WTD. Also, the timing of the spring peaks of the observed WTD over the 334 

years are well captured by the model. The wetland CH4 emissions simulated in HIMMELI are not 335 

as sensitive to the changes in the thickness of water layer above the peat surface as to the changes 336 

in WTD below the surface in the processes of CH4 oxidation and transportation. Thus, it is more 337 

proper to use the bias corrected WTD to simulate CH4 emissions in FI-LO by HIMMELI. The bias 338 

between the observed and simulated WTD at SE-DE is the biggest (-0.46) in the studied sites, but 339 

the fluctuation of WTD is generally well described (R=0.54) and the ratio of standard deviation of 340 

the simulated to observed WTD is 0.76 (Fig.2 (b)). The ratio of standard deviation demonstrates 341 

the difference in the standard deviations between the simulated and observed soil temperatures, 342 

where the reference point is 1.0. The dynamics of the observed WTD at PL-KO and CA-MER are 343 

well simulated by JULES (R=0.75) at both sites. However, the bias at the PL-KO site (bias= -0.42 344 

m) is much larger than the bias at the CA-MER site (bias=0.06m). Also, the ratio of standard 345 

deviation of the simulated to observed WTD in PL-KO (0.42) is the smallest in the sites. This is 346 

because the JULES simulated WTD is damped and does not show the extreme low water table 347 

events (WTD < -0.8m) in 2015 and 2018. The very dry summer of 2012 at CA-MER is not captured 348 

by JULES. The simulated and observed WTD at CA-WP1 showed highest correlation coefficient 349 

in the sites (R=0.88) and small bias (0.06 m) over the period from May to December of 2007 with 350 

observed WTD.  351 



17 

 

3.1.2 Soil temperature 352 

To compare the simulated and observed soil temperatures at the same depth, the simulated vertical 353 

soil temperature profile in JULES was linearly interpolated to the depth of observed soil 354 

temperature. The time series of soil temperature at the studied sites can be seen in Fig. S1 in 355 

supplementary. The simulated soil temperatures at both shallow (5-10 cm) and deeper (34-50 cm) 356 

soil depth show strong correlation (R ≥ 0.88) with the observed soil temperatures at all the sites 357 

(Fig. 2 (a)).  Except for SE-DE and CA-WP1, the ratio of standard deviation of the simulated to 358 

observed soil temperature for other sites is close to the reference point with values between 0.88 359 

and 1.10. Both shallow and deeper soil temperatures at the SE-DE site were underestimated 360 

throughout the year in the period with observed data. The maximum difference of the daily soil 361 

temperature between model and observations at SE-DE reached 9.3 °C of the deeper soil layer in 362 

the summer of 2014. For CA-WP1, the soil temperature at the shallow soil layer is overestimated 363 

in winter and underestimated in summer in JULES, while the soil temperature in the deeper soil 364 

layer is underestimated in summer but close in the winter and spring months in 2007. The soil 365 

temperature at the shallow and deeper soil layers of CA-MER are slightly underestimated overall 366 

in JULES. For sites (FI-SI, FI-LO and PL-KO) with above surface water table and above zero soil 367 

temperature in winter according to the observation, the JULES simulated soil temperature at 368 

shallow soil depth is underestimated with below zero temperature as the simulated WTD is below 369 

surface and the soil at shallow layers was unsaturated (Fig. 1). On the contrary, JULES simulated 370 

soil temperature at the surface soil layer in summer is overestimated at those three sites due to the 371 

unsaturated soil at the surface. However, JULES simulated soil temperature at the deeper soil 372 

layers are underestimated slightly at FI-SI and FI-LO sites.  373 
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3.1.3 Leaf area index (LAI) 374 

Compared to the annual maximum LAI values derived from Sentinel-2 satellite data, the 375 

prescribed maximum LAI in our JULES simulation is lower for most of the sites except for SE-376 

DE (Fig. 3(a)). The JULES simulated LAI is updated daily by multiplying the maximum LAI by 377 

a scaling factor, which is calculated with temperature-dependent leaf turnover rates (Clark et al., 378 

2011). From Fig. 3 (b) we can see that the JULES simulated LAIs at those six sites have the same 379 

maximum value but different seasonal cycles. The PL-KO is the site with the earliest increase of 380 

LAI in spring and the FI-LO is the latest one. JULES simulates unrealistic high LAI in wintertime, 381 

but we did not correct the simulated LAI in winter due to the lack of measured LAI in winter. The 382 

bias corrected LAIs at sites show large differences in the maximum LAI according to the maximum 383 

LAIs derived from Sentinel-2 data. PL-KO has the largest LAI values compared to other sites. The 384 

bias corrected LAIs for CA-WP1 and CA-MER are very small with the maximum value of 0.179. 385 

This is because those two sites are dominated by trees and shrubs (Table 1) and 1/10 of the bias 386 

corrected LAI according to the maximum LAIs derived from Sentinel-2 data was assumed to be 387 

the LAI of aerenchymatous plants acting as conduits for methane emissions in this study.  388 

3.2 Optimized parameters 389 

The results of the optimized parameter values are presented in Table 4. In comparison to the default 390 

value of 𝑓𝑚, the optimized values of 𝑓𝑚 were significantly decreased from 0.5 to a range from 391 

0.063 to 0.257. 𝑉𝑂10 increased for most of the investigated sites in the SSO and in the MSO, but it 392 

decreased for SE-DE and CA-WP1. 𝛥𝐸𝑜𝑥𝑖𝑑 only decreased in the SSO for the two Canadian sites. 393 

𝑉𝑅10 increased for most of the sites except for CA-WP1 in the SSO and in the MSO. 𝛥𝐸𝑅 decreased 394 
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in the SSO for all sites as well as in the MSO. The uncertainties of 𝑉𝑂10 at FI-SI, FI-LO, SE-DE 395 

and MSO are quite large. On the contrary to 𝑉𝑂10, the uncertainties of  𝑉𝑅10 at FI-LO, SE-DE and 396 

MSO are small. 𝜆𝑟𝑜𝑜𝑡 is smaller for most sites in the SSO and MSO runs than the default value, 397 

except for PL-KO. 𝜆𝑟𝑜𝑜𝑡 in the MSO is also increased. Nevertheless, the uncertainties of 𝜆𝑟𝑜𝑜𝑡 at 398 

PL-KO and MSO are much smaller than the other sites. 𝑎𝑚𝐴 increased in all the SSO and MSO 399 

runs. In general, 𝑓𝐷,𝑎 and 𝑓𝐷,𝑤 decreased, while τ increased after optimization, except in the SSO 400 

simulations of CA-WP1 and CA-MER. The uncertainties of 𝑓𝐷,𝑎 and 𝑓𝐷,𝑤 at PL-LO are the largest 401 

in all the sites. Overall, the uncertainty of 𝑉𝑂10is the largest in all the parameters.  402 

3.3 Simulated methane emissions 403 

The observed and simulated time series of CH4 emissions in the simulations using parameter 404 

values from DPR, SSO, SSO_AVG and MSO (referred as the DPR simulation, SSO simulation, 405 

SSO_AVG simulation and MSO simulation below) for the studied sites are shown in Fig. 4. At all 406 

the sites, the summertime CH4 emissions in SSO, SSO_AVG and MSO simulations are largely 407 

decreased compared to the CH4 emissions in the DPR simulation. The CH4 emissions in the 408 

SSO_AVG simulation closely follow the CH4 emissions in the SSO simulations at FI-SI, SE-DE 409 

and PL-KO sites. However, the CH4 emissions in the SSO_AVG simulation are too low at FI-LO 410 

and CA-WP1, and too high at CA-MER compared to the observed and simulated CH4 emissions 411 

in the SSO simulations. To understand the effects of optimized model parameters on CH4 412 

emissions simulated by the model, the CH4 emissions in the SSO and MSO simulations were 413 

mainly compared below. 414 

FI-SI, FI-LO and SE-DE are boreal fen sites which emit more than 40 mg m-2 d-1 CH4 from the 415 

observations averaged over the study period. FI-LO locates the northernmost and the CH4 emission 416 
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is highest in the studied sites. The total CH4 emission and the CH4 emission through the three 417 

transport pathways at FI-SI in the SSO simulation and MSO simulation are comparable (Table 5). 418 

However, the total CH4 emission of the SSO simulation for FI-LO is approximately double than 419 

that of the MSO simulation, which is in line with the higher value of 𝑓𝑚in the SSO compared to 420 

the MSO (Table 4). The differences in total CH4 emission at FI-LO are mainly presented in the 421 

CH4 emission through plant transport, while the amount of CH4 emitted through diffusion and 422 

ebullition are similar in the SSO and MSO simulations (Table 5). The higher CH4 emission through 423 

plant transport in the SSO simulation may be attributed to the higher 𝑎𝑚𝐴, which leads to increased 424 

root conductance, although the lower 𝜆𝑟𝑜𝑜𝑡 and higher τ in the SSO simulation can counteract the 425 

effect of higher 𝑎𝑚𝐴. In the simulations for the SE-DE site, the total CH4 emission in the SSO and 426 

MSO simulations are close. However, the CH4 emission through plant transport in the SSO 427 

simulation (11.57 g m-2 yr-1) is nearly two times higher than that in the MSO simulation (6.30 g 428 

m-2 yr-1) due to the higher 𝑎𝑚𝐴 and lower τ in the SSO.  429 

PL-KO is a representative of temperate Central and Eastern European wetlands (Fortuniak et al., 430 

2021). It showed very high methane emission in the first two years of measurements, i.e. June of 431 

2013 and July of 2014, but much lower emission in the following years. However, the high CH4 432 

emission in 2013 and 2014 are not captured by the simulations. Nevertheless, the lower CH4 433 

emission in 2015 compared to other years was captured by the model. The peaks of CH4 emission 434 

in 2016, 2017 and 2018 happened in May in the observation, which is earlier than other years, 435 

when WTD was still relatively high, but temperature had risen enough for an intensive 436 

methanogenesis. Moreover, the higher 𝑓𝑚 and lower 𝑉𝑂10, but similar 𝑉𝑅10 in the MSO compared 437 

to those in the SSO, lead to a higher total methane emission in the MSO simulation than in the 438 

SSO simulation at PL-KO. The CH4 emission through plant transportation in the MSO simulation 439 
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(6.85 g m-2 yr-1) is approximately twice as large as in the SSO simulation (3.52 g m-2 yr-1) due to 440 

the higher 𝑎𝑚𝐴 and lower root tortuosity in the MSO, both of which increase root conductance. 441 

The differences in 𝑓𝐷,𝑎 and 𝑓𝐷,𝑤between the SSO and MSO are too small to significantly affect 442 

CH4 emission through diffusion. 443 

CA-WP1 is a tree dominant temperate fen with limited observation data. At CA-WP1, from the 444 

end of April till the mid of May in 2007, there is a strong increase in the production of CH4 and 445 

also a small increase in the oxidation of CH4 in the simulations. A sharp increase of WTD due to 446 

snowmelt and a warming up of soil temperature to be above zero happened in this period. The 447 

strong increase of CH4 production leads to around 20 mg m-2 d-1 CH4 accumulated in the soil in 448 

the beginning of this period and released mainly through plant transport in May and then through 449 

diffusion with dropping down of the WTD. In the CA-WP1 simulations, the total CH4 emission in 450 

the SSO simulation is about four times higher than that of the MSO simulation, and the 𝑓𝑚 is two 451 

times higher in the SSO of CA-WP1 compared to the MSO. Additionally, the nearly two times 452 

lower 𝑉𝑂10 but similar 𝑉𝑅10in the SSO simulation, leads to more CH4 emission due to the lower 453 

oxidation rate of CH4. The higher CH4 emission in the SSO simulation compared to the MSO 454 

simulation at CA-WP1 is mainly shown in diffusion, which is 6.24 g m-2 yr-1 in the SSO simulation 455 

but 0.82 g m-2 yr-1 in the MSO simulation. This can be attributed to the larger 𝑓𝐷,𝑎 and 𝑓𝐷,𝑤 in the 456 

SSO compared to the MSO at CA-WP1.  457 

CA-MER is the only bog site in this study. It is located the south most and its vegetation cover is 458 

shrub dominated. The CH4 emission at CA-MER from observation is the smallest in the sites with 459 

less than 20 mg m-2 d-1 on average. For the CH4 emission at CA-MER, the total CH4 emission in 460 

the MSO simulation is only slightly higher than in the SSO simulation. The root conductance in 461 
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the SSO simulation is higher than that in the MSO simulation due to higher 𝑎𝑚𝐴 and lower τ, and 462 

this leads to higher CH4 emission through plant transportation in the SSO simulation than in the 463 

MSO simulation. 𝑓𝐷,𝑎 and 𝑓𝐷,𝑤 in the SSO simulation are both higher than in the MSO simulation, 464 

however CH4 emission through diffusion is lower in the SSO simulation than in the MSO 465 

simulation.  466 

In general, plant transport dominates the CH4 emission in winter in the SSO simulation, except for 467 

CA-WP1 (Fig. 5). In summer, diffusion dominates the CH4 emission in the SSO simulation except 468 

for FI-LO and SE-DE, where plant transport takes the biggest fraction of the total CH4 emission. 469 

The simulated CH4 emission in winter at CA-WP1 is dominated by diffusion due to the highest 470 

diffusion rates and smallest 𝜆𝑟𝑜𝑜𝑡 compared to other sites, as well as the very low WTD reaching 471 

around -0.6 m. In the year 2006, 2009, and 2018 of FI-SI, 2015 of PL-KO, which showed lower 472 

bias corrected WTD compared to other years at the sites, the simulated CH4 production and 473 

emission are smaller than other years. The model simulations with the optimized parameters 474 

performed well in those dry years (Fig. 4).  475 

In the MSO simulation, diffusion dominates the summertime CH4 emission and plant transport 476 

dominates the wintertime CH4 emission at all the studied sites (Fig. 6). Ebullition to the surface is 477 

a small fraction of the total emission, from 0 to 3.5% in our studied sites except FI-LO. The 478 

ebullition to the atmosphere at FI-LO is the highest in the studied sites, which takes 23% and 40% 479 

of total CH4 emission in the SSO and MSO simulations (Fig. 7). There is no ebullition to the 480 

surface at CA-WP1 and CA-MER in both the SSO and MSO simulations as HIMMELI only 481 

produces ebullition to the surface when WTD is above ground. 482 
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The inter-annual variability of the oxidized CH4 in the rhizosphere is closely related to the 483 

dynamics of CH4 production (Fig. 5 & Fig. 6). The proportion of the oxidized CH4 in the produced 484 

CH4 emission at FI-LO, SE-DE and CA-WP1 are 29%, 21% and 18% in the SSO simulation, 485 

respectively. Those numbers are much lower than the fraction of oxidized CH4 in the rhizosphere 486 

at other sites and at the MSO simulations, which are over 50%. This is mainly because the lower  487 

𝑉𝑂10 at the FI-LO, SE-DE and CA-WP1 than the other sites in the SSO (Table 4).   488 

3.4 Comparison between the simulated and observed methane emissions 489 

The simulated and observed CH4 emissions were compared through a set of statistical metrics. For 490 

all the studied sites, the mean of the simulated CH4 emissions of the DPR simulation is higher 491 

(54.88 mg m-2 d-1 (20.03 g m-2 yr-1) on average) than the mean of the observed CH4 emissions at 492 

all the studied sites, with the minimum bias of 0.48 mg m-2 d-1 at FI-LO and the largest bias at CA-493 

MER of 121.56 mg m-2 d-1 (Table 6). Those positive biases of the CH4 emissions in the DPR 494 

simulations are largely reduced in the SSO, SSO_AVG and MSO simulations, except for the FI-495 

LO. The overestimation averaged over all the sites is reduced to -0.7 mg m-2 d-1 (-0.26 g m-2 yr-1) 496 

in the SSO simulation, while the simulated CH4 emission averaged over all the sites were 497 

underestimated by -7.39 mg m-2 d-1 (-2.70 g m-2 yr-1) and -8.35 mg m-2 d-1 (-3.05 g m-2 yr-1) in the 498 

SSO_AVG simulation and the MSO simulation, respectively. The mean bias of FI-LO increased 499 

from 0.48 mg m-2 d-1 in the DPR simulation to 8.65 mg m-2 d-1 in the SSO simulation, and -38.98 500 

mg m-2 d-1 and -27.12 mg m-2 d-1 in the SSO_AVG and MSO simulations, respectively. In the DPR 501 

simulation of FI-LO, the overestimation of CH4 emission in summer is compensated with the 502 

underestimation of CH4 emission in winter and in the shoulder period. However, in the SSO 503 

simulation of FI-LO, the overestimation of CH4 emission in summer is largely decreased to fit 504 
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better with the observed emission but the CH4 emission in wintertime turns to be overestimated. 505 

The negative biases of the SSO_AVG and MSO simulations of FI-LO are due to the 506 

underestimation of CH4 compared to observed CH4 all through the year. Nevertheless, the 507 

correlation coefficient increase in the SSO, SSO_AVG and MSO simulations of FI-LO and the 508 

RMSE decrease in the SSO and MSO simulations compared to the DPR simulation at this site 509 

(Table 7). The correlation coefficient between the observed and simulated CH4 emissions from the 510 

SSO simulation are highest compared to other simulations for all the studied sites (Table 6 & Fig. 511 

8). The correlation coefficient between the observed and the simulated CH4 emissions from the 512 

SSO_AVG simulation are improved in all the sites compared to the DPR simulation. However, 513 

the correlation coefficient between the observed and the simulated CH4 emission from the MSO 514 

simulation is decreased in the FI-SI, CA-MER sites compared to the DPR simulation. The ratios 515 

of standard deviation of the simulated to observed CH4 emission are also improved (i.e., decreased 516 

from too big values in the DPR simulation to smaller values in the optimized simulations) at all 517 

the studied sites, except for CA-WP1 (Fig. 8). Nevertheless, the centered RMSE shown with the 518 

gray contours of CA-WP1 decreases in the optimized simulations compared to the DPR simulation. 519 

In general, the centered RMSE of the optimized simulations decreases compared to the DPR 520 

simulation for all the studied sites, except for FI-LO. FI-LO has the smallest centered RMSE in all 521 

the sites.  522 

RMSESSO are the smallest compared to RMSEDPR, RMSESSO_AVG and RMSEMSO for all the sites 523 

(Table 7). RMSEDPR ranges from 39.56 to 153.9 mg m-2 d-1, whereas RMSESSO is much smaller 524 

and shows a narrower range from 11.23 to 46.67 mg m-2 d-1. The mean of RMSESSO_AVG (ranges 525 

from 22.4 to 58.47 mg m-2 d-1) over the sites is larger than the mean of RMSEMSO (ranges from 526 

13.27 to 47.64 mg m-2 d-1).  The RMSEDPR of FI-SI is the biggest in all the sites and it reduces 527 
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from 153.9 mg m-2 d-1 to 21.73 mg m-2 d-1 in the RMSESSO which shows the biggest difference in 528 

all the sites. The RMSEDPR of CA-WP1 is the smallest in all the sites and it reduces from 39.56 to 529 

20.31 in the RMSESSO. The RMSEMSO is larger than the RMSESSO_AVG at the FI-SI, SE-DE and 530 

CA-WP1 sites. However, when RMSESSO is used as a reference point, RMSEMSO performs more 531 

stable than RMSESSO_AVG over the studied sites. More specifically, RMSESSO_AVG are much larger 532 

than RMSESSO and RMSEMSO at FI-LO and CA-MER. Moreover, the simulated and observed CH4 533 

emission of CA-MER showed higher correlation coefficient and lower RMSE compared to CA-534 

WP1 in the MSO simulations, although CA-MER and CA-WP1 were not included in the MSO.  535 

The minimization efficiency (EF), which indicates the relationship between the DPR simulation 536 

and the simulations with optimized parameters, is calculated as 1-537 

(RMSESSO/SSO_AVG/MSO/RMSEDPR). The EF of FI-SI and CA-MER of the SSO, SSO_AVG and 538 

MSO simulations are larger than 0.8, while EF of FI-LO is the smallest (0.34 for SSO, -0.22 for 539 

SSO_AVG and 0.11 for MSO) in the sites (Table 8). The EF for SE-DE and PL-KO of SSO, 540 

SSO_AVG and MSO are larger than 0.5. Moreover, the normalized root mean square error 541 

(NRMSE) is defined by the RMSE normalized by the mean of observed methane emissions. The 542 

NRMSESSO, NRMSESSO_AVG and NRMSEMSO of FI-SI are the smallest, whereas the NRMSESSO, 543 

NRMSESSO_AVG and NRMSEMSO of PL-KO are the largest in all the sites.   544 

 545 

4 Discussion 546 

4.1 Impact from optimized parameters on simulated methane emissions  547 
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Optimizing the model leads to a decreased production of CH4 from the anoxic Rs at all the sites, 548 

due to decreased 𝑓𝑚 compared to its default value. The value of 𝑓𝑚 is dependent on the magnitude 549 

of the input anoxic Rs. The default value of 𝑓𝑚 (0.5) was found to fit reasonably well with the 550 

estimated anoxic Rs in Raivonen et al. (2017), as the estimated anoxic Rs was smaller in magnitude 551 

than the anoxic Rs estimated by JULES in this work. Both 𝑉𝑂10 and 𝑉𝑅10 increased at most sites 552 

after optimization. The increase in 𝑉𝑂10 suggests that the role of methane loss by oxidation could 553 

be greater than assumed using the default value (Eq. A8), while the increased 𝑉𝑅10  might be 554 

compensating for the effects of the increased 𝑉𝑂10 due to the competition of oxygen. In the model, 555 

the amount of oxidized CH4 is strongly linked to 𝑉𝑂10 . The fraction of oxidized CH4 in the 556 

produced CH4 in the rhizosphere is 40% and 56% averaged over all the sites in the SSO and MSO 557 

simulations, respectively. These numbers are very close to the fixed values that have been set for 558 

the fraction of oxidized CH4 in the rhizosphere globally in previous models, which is 40% in 559 

Zhuang et al. (2004) and 50% in Wania et al. (2010) respectively.   560 

In HIMMELI, the substrate for CH4 production, anoxic Rs, is allocated depth-wise according to 561 

the root density distribution, whose form is determined by 𝜆𝑟𝑜𝑜𝑡 (Eq. A5). 𝜆𝑟𝑜𝑜𝑡 affects both the 562 

allocation of anoxic Rs in the column and the depth to which plant transport reaches. A larger 563 

𝜆𝑟𝑜𝑜𝑡 will facilitate the emission of CH4 produced in deeper soil. The optimized results showed 564 

lower 𝜆𝑟𝑜𝑜𝑡 in the SSO than the default values in the studied sites, except for PL-KO. This means 565 

root depth is decreased for the studied sites except for PL-KO. On the contrary, 𝑎𝑚𝐴 increased for 566 

all the sites in the SSO compared to its default value which means an increase in the root ending 567 

area for root conductance. Moreover, τ showed increases in most of the sites but decreases for CA-568 

WP1 and CA-MER. The increased τ represents a decrease in root conductance. The increase of 569 
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𝑎𝑚𝐴 and decrease of  𝜆𝑟𝑜𝑜𝑡 may compensate each other. The relatively high 𝑎𝑚𝐴 and low τ at CA-570 

WP1 and CA-MER indicate that the optimized model tends to enhance plant transport capabilities 571 

at these two sites more than at other sites. This might be due to the low LAI used in the simulations 572 

at those two sites. The decrease of 𝑓𝐷,𝑎 and 𝑓𝐷,𝑤 at most sites, except CA-WP1 and CA-MER, 573 

indicates a decreased diffusion rate. Diffusion takes the major fraction (77%) of the total CH4 574 

emission at CA-WP1 in the SSO simulation. This is because, in the SSO, 𝑓𝐷,𝑎 is very high, while 575 

𝜆𝑟𝑜𝑜𝑡 is small and WTD is low (except from May to June) at CA-WP1.  576 

4.2 Simulated methane emissions 577 

In the SSO simulations, the optimized model improved the explanation of variation in CH4 578 

emissions for all the sites. It performs relatively well at FI-SI, FI-LO and SE-DE sites with the 579 

correlation coefficient between modelled and measured CH4 emissions larger than 0.7, while 580 

smaller than 0.5 at PL-KO, CA-WP1 and CA-MER sites. The differences between the measured 581 

and the simulated WTD and soil temperature for driving HIMMELI model are considered as the 582 

main reason for the discrepancies between the observed and simulated CH4 emissions. In previous 583 

studies, temperature has been considered as the most influential factor for methanogenesis, while 584 

oxidation and plant transport dominant the methane emissions (van Huissteden et al., 2009, Riley 585 

et al., 2011). Smith et al. (2003) suggested that methanotrophy is more sensitive to soil moisture 586 

than soil temperature, and there is a clear relationship between methane oxidation rate and gas 587 

diffusivity. In most of the years at the studied sites in this work, the peaks of the modeled CH4 588 

emissions nicely match with observations. However, mismatches of peaks do exist, such as in year 589 

2016, 2017 and 2018 of PL-KO, year 2018 of SE-DE, and year 2012 of CA-MER. In those years, 590 

the CH4 emission peaks occurred when WTD was relatively high, but the temperature had risen 591 
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enough for an intensive methanogenesis. The input WTD for HIMMELI showed a delayed 592 

drawdown with less extent at those years compared to observation, meanwhile, the warming up of 593 

the soil is delayed in the model. The delayed peaks in the simulated CH4 emission could be mainly 594 

due to the later warming up of the soil (Fig. S1). Moreover, there are quite large deviations between 595 

the observed and simulated CH4 emissions in 2013 and 2014 of PL-KO. In the observation, the 596 

high CH4 emissions in 2013 and 2014 at PL-KO are mainly due to the high WTD, compared to 597 

the following years. In the following years, the general drawdown of WTD strongly limited the 598 

temperature driven CH4 emission at this site (Fortuniak et al., 2021). Such differences are not 599 

shown in the simulated CH4 emission at PL-KO, as the bias corrected WTD in those two years 600 

does not show significant differences to the WTD in the following years. Nevertheless, the effect 601 

from low WTD on CH4 emission can be found in the year 2006, 2009 and 2018 of FI-SI, and the 602 

year 2015 of PL-KO, where lower WTD leads to lower CH4 emission in both observation and the 603 

SSO simulation. It has been illustrated that HIMMELI performs well during dry seasons which 604 

can be directly attributed to the depth-wise distribution of CH4 substrate according to the root 605 

density profile (Susiluoto et al. 2018).  606 

The multi-year averaged fraction of plant transported CH4 in the total CH4 emission ranges from 607 

22% to 70% across the studied sites. Wania et al. (2010) simulated CH4 emissions for seven boreal 608 

peatland sites and found that the fraction of plant transported CH4 ranged from 68% to 85%. 609 

Susiluoto et al. (2018) showed an even higher fraction of plant transport, ranging from 75% to 610 

95%, when optimizing HIMMELI for FI-SI. Nevertheless, the proportion of seasonally variable 611 

plant transport was found to be between 7% and 41% at FI-SI fen based on chamber measurement 612 

from May to October of 2014 (Korrensalo et al., 2022). Salmon et al. (2022) found that plant 613 

mediated transport plays a major role, from 52% to higher than 98%, in the simulated methane 614 
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emission flux over 14 northern peatlands. In our results, plant transport also takes the biggest 615 

fraction in the three transport ways of CH4 from soil to atmosphere, when averaging over all the 616 

sites. The averaged fraction of plant transported CH4 over sites is 54% and 50% in the SSO 617 

simulation and MSO simulation, respectively. Besides, the averaged fraction of diffusion over sites 618 

is 42% for both SSO and MSO simulations, while the averaged fraction of ebullition over sites is 619 

6% and 8% in the SSO simulation and MSO simulation, respectively. Despite the proportions of 620 

the amount of methane transported through diffusion, plant transport and ebullition to the total 621 

methane emission show large differences between sites, the averaged proportions of the three 622 

transport ways in the SSO and MSO simulations are similar. Seasonally, in the SSO simulation, 623 

plant transport dominates the CH4 emission in winter simulations except for CA-WP1, whereas 624 

diffusion dominates the CH4 emission in summer except for FI-LO and SE-DE. At FI-LO and SE-625 

DE, plant transport dominates the CH4 emission in summer. This is different to the model results 626 

shown in Salmon et al. (2022), where diffusion plays the major role in winter and plant transport 627 

is the main way in spring and summer over all the 14 studied peatland sites. Sun et al. (2012) found 628 

that plant transported CH4 accounted for 38% and 84% of the total CH4 emissions in the growing 629 

season and the surface soil freezing period, based on chamber measurements in a temperate marsh 630 

site in China. The high fraction of CH4 transported through plant in the surface soil freezing period 631 

was explained with the reason that CH4 diffusion was blocked and accumulated under the frozen 632 

surface and compelled to diffuse through vascular plants from the soil to atmosphere. However, as 633 

there is no ice or snow covering effects on CH4 emission considered in HIMMELI, the high 634 

fraction of plant transport in winter in our simulation results can be attributed to the high input 635 

LAI values in winter (Raivonen et al., 2017), despite the differences between summer and winter 636 

LAI values at the sites have already widened after bias correction.   637 
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Ebullition to the surface takes a small fraction (from 0 to 3.5%) of the total CH4 emission at our 638 

studied sites, except for FI-LO. The amount of ebullition at FI-LO reaches 23% and 40% of the 639 

CH4 emission in the SSO and MSO simulations, respectively. The higher fraction of ebullition to 640 

the surface at FI-LO is mainly due to the longer time period of above surface WTD compared to 641 

other studied sites. The amount of ebullition varies largely between different sites. Kaiser et al. 642 

(2017) found high ebullition fluxes for a polygonal tundra in the Siberian permafrost region by 643 

process-based modelling, where the ice-free soil layer reaches only about 30 cm depth during 644 

summer. However, there was almost no ebullition to the surface in the simulation results of seven 645 

boreal peatlands in Wania et al. (2010). Susiluoto et al. (2018) found approximately 0 to 3% of the 646 

total CH4 flux is ebullition from the model simulation at the FI-SI site. This is almost in line with 647 

the fraction of ebullition at FI-SI in our study, which is 1.9% in the SSO simulation and 3.4% in 648 

the MSO simulation. In Salmon et al. (2022), there were quite some ebullition in 2013 and 2014 649 

at PL-KO, however, this is not shown in our results. This is because the model schemes are 650 

different and the underestimated WTD of 2013 and 2014 at PL-KO in HIMMELI input. In 651 

HIMMELI, ebullition happens when the sum of the partial pressures of dissolved gases is larger 652 

than the sum of atmospheric and hydrostatic pressures in the water column (see Eq. A16); Also, 653 

when WTD is below ground, ebullition happened below WTD is transferred to diffusion at the 654 

first air-filled peat layer above the water table level in the model. Therefore, ebullition to the 655 

surface in HIMMELI happens at times when there is sufficient amount of CH4 in the water column 656 

and the WTD reaches or above the surface.  657 

The averages of the methane emissions estimated from the studied sites can be used to roughly 658 

estimate the CH4 emissions of northern wetlands. The area of the inundated and non-inundated 659 

vegetated northern wetlands, located in the north of 30 °N, is estimated to be in the range of 1.6 660 
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Mkm2 as the annual mean minimum to 4.3 Mkm2  as the annual mean maximum in the Global 661 

Wetland Area and Dynamics for Methane Modeling (WAD2M) version 1.0 dataset (Zhang et al., 662 

2021). The annual methane emission of northern wetlands estimated based on the averaged CH4 663 

emissions from the studied sites of the SSO and MSO simulations and the annual mean minimum 664 

and maximum wetland areas in WAD2M is in the range of 20.0-53.8 and 15.2-40.9 Tg CH4 yr-1, 665 

respectively. By applying the northern peatland extent estimated in previous studies (Qiu et al., 666 

2019; Xu et al., 2018; Batjes, 2016; Joosten, 2009; Lehner and Döll, 2004), which is between 2.832 667 

Mkm2 and 3.896 Mkm2, the annual CH4 emission of northern wetlands is 35.5-48.8 and 27.0-37.1 668 

Tg CH4 yr-1 according to the SSO simulation and MSO simulation, respectively. The annual 669 

methane emissions of northern wetlands estimated in this work are in agreement with the 670 

estimations in other studies. The computed methane emission over northern wetlands averaged in 671 

the period of 2010-2019 is around 21.5-93 Tg CH4 yr-1 from bottom-up approaches (i.e., 672 

biogeochemical models) (Saunois et al., 2024). In Qiu et al. (2022), the simulated CH4 emissions 673 

of northern peatlands by five state-of-the-art peatland models were bias-corrected with 674 

observations and showed the present-day CH4 emissions for northern peatlands to be 26-32 Tg 675 

CH4 yr-1. By upscaling flux measurements with random forest algorithm, the wetland methane 676 

emission in the north of 45 °N was estimated to be between 30.6 and 37.6 Tg CH4 yr-1 depends on 677 

different wetland maps (Peltola et al., 2019).  678 

4.3 Possible improvements in the JULES-HIMMELI model  679 

The simulated methane emission has significant improvement in the SSO and MSO simulation 680 

compared to the DPR simulation. Nevertheless, the simulated methane emission by HIMMELI 681 

could possibly be further improved with more accurate driving variables modelled by the land 682 
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surface model JULES or more detailed description of the methane production and emission 683 

processes in the peatland methane emission model HIMMELI.  684 

As analyzed in previous sections, the input data have a role in affecting the modelled methane. 685 

Although we have bias corrected the WTD and LAI simulated by JULES for driving HIMMELI, 686 

differences to observations still exist. For the annual maximum LAIs derived from the Sentinel-2 687 

satellite data, there might be uncertainties in the LAI deriving algorithm and atmospheric 688 

correction, and also selection of representative area. Moreover, the minimum LAI in winter is not 689 

bias corrected due to the lack of measurement. The biases in LAI can impact the transport 690 

capability of both CH4 and O2 in peat column in HIMMELI. Overall, when using JULES to provide 691 

the driving conditions to HIMMELI, more realistic representations of peat soil carbon and peat 692 

hydrology processes, especially WTD, and wetland PFTs, are needed in JULES to improve the 693 

simulated wetland CH4 emissions. Chadburn et al. (2022) has developed a new approach in 694 

simulating peat dynamics (accumulation, degradation and stability) in the vertically resolved soil 695 

carbon scheme in JULES. More realistic simulation of anoxic respiration, which is the substrate 696 

for CH4 production in HIMMELI, can improve the magnitude and annual pattern of CH4 emissions 697 

(Raivonen et al., 2017). Moreover, distributed representation of WTD may also be simulated in 698 

JULES by the microtopography and ponding scheme developed in Smith et al. (2022), but this 699 

would require data about the fine structure and heterogeneity of the wetland. Also, soil moisture 700 

and soil temperature are closely linked. Soil temperature can not only impact the reaction speed, 701 

e.g. CH4 oxidation in the soil, but also solubility of gases in the soil. Those more advanced schemes 702 

could be tested in the JULES-HIMMELI model in the future. In addition, it has been proved that 703 

peatland PFTs that capture multiple plant traits are powerful in explaining peatland CO2 and CH4 704 

flux variability (Laine et al., 2022). Adding peatland PFTs with the specific traits of peatland plants 705 
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in JULES would be useful for a more realistic representation of peatland vegetation and carbon 706 

dynamics. In HIMMELI, higher LAI means higher transport capacity of gases, e.g. CH4 and O2, 707 

of the plant. O2 concentration in the peat can impact both the inhibition of CH4 production and 708 

CH4 oxidation, which is an important player in simulating CH4 emission. However, observed O2 709 

data in peat soil for validation are largely lacking and expected to be included in future 710 

observations. Furthermore, the snow and ice covering effect on methane emission is under 711 

development in HIMMELI. Methane could be diffused to snowpack covering the peatland or 712 

accumulated in gas bubbles under ice in winter, and released in spring simultaneously with snow 713 

melting (Mastepanov et al., 2013; Sriskantharajah et al., 2012). Those processes could reduce the 714 

CH4 emission in winter and lead to CH4 emission bursts in spring, which are considered necessary 715 

when simulating CH4 emissions in northern peatlands.  716 

5 Conclusions 717 

A process-based peatland methane emission model HIMMELI was integrated with a current state-718 

of-art land surface model JULES in this work. An evaluation of the JULES-HIMMELI model was 719 

performed with ten model parameters optimized with site level measurements at six northern 720 

wetland sites separately (i.e., single site optimization) or together (i.e., multi-site optimization). 721 

The default wetland methane emission scheme in JULES only takes into account CH4 emissions 722 

from saturated wetlands in a simple way, while HIMMELI simulates CH4 production, oxidation 723 

and transportation by vascular plants, ebullition and diffusion in a vertical soil column.  724 

There is a significant improvement in the modelled CH4 emissions when using optimized 725 

parameter values. Results show that CH4 emission estimated from the DPR simulation is 726 

overestimated by 54.88 mg m-2 d-1 (20.03 g m-2 yr-1) on average over the studied sites compared 727 
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to the measurement. Averaged over sites, the overestimation of CH4 emissions in the DPR 728 

simulation is reduced to -0.70 mg m-2 d-1 (-0.26 g m-2 yr-1) in the SSO simulation, and -7.39 mg m-729 

2 d-1 (-2.70 g m-2 yr-1) and -8.36 mg m-2 d-1 (-3.05 g m-2 yr-1) in the SSO_AVG simulation and  730 

MSO simulation, respectively. However, the RMSEs between the simulated and observed methane 731 

emissions of MSO simulations are more stable than SSO_AVG simulations at the studied sites, 732 

when the RMSEs of SSO simulations are used as reference points. This finding suggests that the 733 

optimized parameter values obtained from MSO should provide methane emission estimation with 734 

lower uncertainties than those derived from SSO_AVG when using the JULES-HIMMELI model 735 

to simulate methane emissions in the northern wetlands. In addition, no significant impact on 736 

simulated CH4 emissions from bog or fen in the MSO simulations is shown. However, to further 737 

reduce the uncertainties, future studies could increase the number of wetlands sites with flux data 738 

and group them into different sub-groups, such as bog and fen, when using MSO to derive the 739 

model parameter values. 740 

In the optimized JULES-HIMMELI model, a much smaller proportion of anoxic respiration is 741 

used to produce CH4 compared to the DPR simulation, and the fraction of oxidized CH4 in the 742 

produced CH4 in the rhizosphere is consistent with previous studies. Averaged over sites, plant 743 

transport accounts for 54% and 50% of the total CH4 emissions in the SSO and MSO simulations, 744 

respectively. Meanwhile, the fraction of diffusion is 42%, and the fraction of ebullition is 6% in 745 

the SSO simulation and 8% in the MSO simulation. In the SSO simulations, plant transport 746 

dominates the CH4 emission during winter, while diffusion dominates the CH4 emission in summer 747 

at most sites. The high fraction of plant transport in the total CH4 emission in winter is due to the 748 

high winter LAI simulated by JULES, which needs to be corrected in future work. The high 749 

fraction of ebullition of FI-LO site is due to the long period of above surface WTD. The 750 
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discrepancies between the model and measured CH4 emissions can be mainly attributed to the 751 

uncertainties of the HIMMELI input data (i.e. WTD and soil temperature), which are model 752 

quantities simulated by JULES, and the missing processes in HIMMELI model scheme. Thus, 753 

enhancing model development on peat soil carbon and hydrology processes, and incorporating 754 

wetland plant functional types in JULES, as well as accounting for the snow and ice covering 755 

effect in HIMMELI could improve the accuracy of simulated wetland CH4 emissions by the 756 

JULES-HIMMELI model.  757 

Appendix A: HIMMELI model description 758 

 759 

1. HIMMELI model equations 760 

The equations of the HIMMELI model can be introduced as the following four parts: the governing 761 

equations, methane (CH4) production, CH4 oxidation and aerobic respiration, CH4 transport.      762 

 763 

1) Governing equations 764 

The concentration of CH4, carbon dioxide and oxygen ( 𝐶𝐶𝐻4 , 𝐶𝐶𝑂2  and 𝐶𝑂2  ) at depth z are 765 

governed by the equations: 766 

 767 

 
𝜕𝐶𝐶𝐻4(𝑡,𝑧)

𝜕𝑡
= 𝑅𝐶𝐻4,𝑝𝑟𝑜 − 𝑅𝐶𝐻4,𝑜𝑥𝑖𝑑 − 𝐹𝑑𝑖𝑓𝑓,𝐶𝐻4 − 𝐹𝑝𝑙𝑡,𝐶𝐻4 − 𝐹𝑒𝑏𝑢,𝐶𝐻4                                         (A.1) 768 

𝜕𝐶𝑂2(𝑡,𝑧)

𝜕𝑡
= −𝑅𝑎𝑅 − 2𝑅𝐶𝐻4,𝑜𝑥𝑖𝑑 − 𝐹𝑑𝑖𝑓𝑓,𝑂2 − 𝐹𝑝𝑙𝑡,𝑂2 − 𝐹𝑒𝑏𝑢,𝑂2                                                  (A.2) 769 

𝜕𝐶𝐶𝑂2(𝑡,𝑧)

𝜕𝑡
= 𝑅𝑎𝑛𝑅 − 𝑅𝐶𝐻4,𝑝𝑟𝑜 + 𝑅𝐶𝐻4,𝑜𝑥𝑖𝑑 + 𝑅𝑎𝑅 − 𝐹𝑑𝑖𝑓𝑓,𝐶𝑂2 − 𝐹𝑝𝑙𝑡,𝐶𝑂2 − 𝐹𝑒𝑏𝑢,𝐶𝑂2                  (A.3) 770 
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 771 

Here, 𝑅𝐶𝐻4,𝑝𝑟𝑜 is the CH4 production rate; 𝑅𝐶𝐻4,𝑜𝑥𝑖𝑑 is the CH4 oxidation rate; 𝑅𝑎𝑛𝑅 is the rate of 772 

anaerobic respiration; 𝑅𝑎𝑅 is the rate of aerobic peat respiration; 𝐹𝑑𝑖𝑓𝑓,𝑋 , 𝐹𝑝𝑙𝑡,𝑋 and 𝐹𝑒𝑏𝑢,𝑋 are the 773 

transport rate of gas X of diffusion, plant transport and ebullition, respectively.  774 

 775 

2) CH4 production  776 

The CH4 production rate 𝑅𝐶𝐻4,𝑝𝑟𝑜 in the peat layer at depth z is calculated as below: 777 

 778 

 𝑅𝐶𝐻4,𝑝𝑟𝑜 = 𝑓𝑚𝑅𝑎𝑛𝑅(𝑧)
1

1+ƞ𝐶𝑂2(𝑧)
                                                                                          (A.4) 779 

 780 

where 𝑓𝑚 is the fraction of anaerobic respiration becoming methane; ƞ is a parameter representing 781 

the sensitivity of methanogenesis to O2 inhibition. Thus, in the circumstance with no O2, the CH4 782 

production rate is called potential methane production rate. 𝑅𝑎𝑛𝑅(𝑧) here is the rate of anaerobic 783 

respiration at depth z, which is calculated as: 784 

  785 

𝑅𝑎𝑛𝑅(𝑧) =
𝑉𝑎𝑛𝑅

𝑑𝑧
𝑓𝑟𝑜𝑜𝑡,𝑎𝑛(𝑧)                                                                                                 (A.5) 786 

 787 

Here, 𝑉𝑎𝑛𝑅 is the input anaerobic respiration; dz is the layer thickness; 𝑓𝑟𝑜𝑜𝑡,𝑎𝑛(𝑧) is the ratio of 788 

root mass at depth z to the total root mass of the anaerobic zone. The formulation of 𝑓𝑟𝑜𝑜𝑡(𝑧) is 789 

adopted from Wania et al. (2010):  790 
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 791 

𝑓𝑟𝑜𝑜𝑡(𝑧) = 𝐶𝑒𝑥𝑝 (
−𝑧

𝜆
)                                                                                                              (A.6)   792 

 793 

λ is a root depth distribution decay parameter, and C is a normalizing constant for making the sum 794 

of root fractions equals 1.  795 

 796 

3) CH4 oxidation and aerobic respiration 797 

 798 

The rate of CH4 oxidation at depth z (𝑅𝐶𝐻4,𝑜𝑥𝑖𝑑(𝑧)) is assumed to follow the dual-substrate 799 

Michaelis-Menten kinetics (Arah and Stephen, 1998): 800 

 801 

𝑅𝐶𝐻4,𝑜𝑥𝑖𝑑(𝑧) = 𝑉𝑜(𝑧)
𝐶𝑜2(𝑧)

𝐾𝑜2+𝐶𝑜2(𝑧)
×

𝐶𝐶𝐻4

𝐾𝐶𝐻4+𝐶𝐶𝐻4
                                                                          (A.7) 802 

 803 

where 𝑉𝑜(𝑧) is the potential oxidation rate at depth z; 𝑘𝑂2 and 𝑘𝐶𝐻4  are the Michaelis-Menten 804 

constants for O2 and CH4, respectively. The calculation of 𝑉𝑜(𝑧) follows Arrhenius equation:  805 

  806 

𝑉𝑂(𝑧) = 𝑉𝑜10𝑒𝑥𝑝 (
𝛥𝐸𝑜𝑥𝑖𝑑

𝑅
(

1

283
−

1

𝑇(𝑧)
))                                                                                   (A.8) 807 

 808 

Here, 𝑉𝑂10 is the CH4 oxidation rate at temperature 10°C; 𝛥𝐸𝑜𝑥𝑖𝑑 is the activation energy of the 809 

oxidation reaction; R is the universal gas constant; 𝑇(𝑧) is the temperature at depth z.  810 

 811 



38 

 

The rate of aerobic peat respiration at depth z (𝑅𝑎𝑅(𝑧)) is also described with a Michaelis-Menten 812 

model:  813 

 814 

𝑅𝑎𝑅(𝑧) = 𝑉𝑅(𝑧)
𝐶𝑂2(𝑧)

𝐾𝑅+𝐶𝑂2(𝑧)
                                                                                                       (A.9) 815 

 816 

where 𝑉𝑅(𝑧) is the potential aerobic respiration rate of peat at depth z; 𝑘𝑅 is the Michaelis-Menten 817 

constant for the reaction. 𝑉𝑅(𝑧) is also calculated with Arrhenius equation: 818 

 819 

𝑉𝑅(𝑧) = 𝑉𝑅10𝑒𝑥𝑝 (
𝛥𝐸𝑅

𝑅
(

1

283
−

1

𝑇(𝑧)
))                                                                                     (A.10) 820 

 821 

Here, 𝑉𝑅10 is the rate of aerobic respiration of peat at temperature 10°C; 𝛥𝐸𝑅  is the activation 822 

energy of aerobic respiration.  823 

 824 

4) CH4 transport 825 

The diffusion rate of gas X is calculated as:  826 

𝐹𝑑𝑖𝑓𝑓,𝑋 = 𝐷𝑚𝑒𝑑𝑖𝑢𝑚,𝑥
𝜕𝐶𝑋,𝑚𝑒𝑑𝑖𝑢𝑚

𝜕𝑧
                                                                                               (A.11) 827 

where 𝐷𝑚𝑒𝑑𝑖𝑢𝑚,𝑋 is the diffusion coefficients in a medium, which is air-filled peat or water-filled 828 

peat here. 𝐶𝑥,𝑚𝑒𝑑𝑖𝑢𝑚 is the concentration of gas X in the medium. The diffusion coefficient of gas 829 

X in air-filled peat (𝐷𝑝𝑒𝑎𝑡𝑎𝑖𝑟,𝑋) and water-filled peat (𝐷𝑝𝑒𝑎𝑡𝑤𝑎𝑡𝑒𝑟,𝑋) are calculated by multiplying 830 
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the diffusion rate of gas X in free-air (𝐷𝑎𝑖𝑟,𝑋 ) or free-water (𝐷𝑤𝑎𝑡𝑒𝑟,𝑋) by the constant reduction 831 

factors in air-filled peat (𝑓𝐷,𝑎) or water-filled peat (𝑓𝐷,𝑤) (Equation 12 and 13). 832 

   𝐷𝑝𝑒𝑎𝑡𝑎𝑖𝑟,𝑋 = 𝑓𝐷,𝑎𝐷𝑎𝑖𝑟,𝑋                                                                                                        (A.12) 833 

   𝐷𝑝𝑒𝑎𝑡𝑤𝑎𝑡𝑒𝑟,𝑋 = 𝑓𝐷,𝑤𝐷𝑤𝑎𝑡𝑒𝑟,𝑋                                                                                               (A.13) 834 

When the diffusion flux across the water-air interface, the flux is calculated from the difference of 835 

concentration in the water-filled (𝐶𝑥,𝑤𝑎𝑡𝑒𝑟) and air-filled (𝐶𝑥,𝑎𝑖𝑟) layers following Bird et al. (1960) 836 

(Equation 14). 𝑘𝐻,𝑋 is the Henry’s law coefficient in dimensionless form.  837 

𝐹𝑑𝑖𝑓𝑓,𝑤𝑎𝑡𝑒𝑟𝑎𝑖𝑟,𝑋 =
2𝐷𝑝𝑒𝑎𝑡𝑤𝑎𝑡𝑒𝑟,𝑋𝐷𝑝𝑒𝑎𝑡𝑎𝑖𝑟,𝑋

𝐷𝑝𝑒𝑎𝑡𝑎𝑖𝑟,𝑋+𝐷𝑝𝑒𝑎𝑡𝑤𝑎𝑡𝑒𝑟,𝑋𝑘𝐻,𝑋

𝐶𝑥,𝑤𝑎𝑡𝑒𝑟−𝑘𝐻,𝑋𝐶𝑋,𝑎𝑖𝑟

𝑑𝑧
                                                  (A.14) 838 

The plant transport rate of gas X is calculated as equation (15) following the formulation from 839 

Stephen et al. (1998): 840 

𝐹𝑝𝑙𝑡,𝑋 =
Ɛ𝑟(𝑧)𝐷𝑝𝑒𝑎𝑡𝑎𝑖𝑟,𝑋

𝜏

𝐶𝑥(𝑧,𝑡)−𝐶𝑎𝑡𝑚,𝑋

𝑧
                                                                                         (A.15)                                              841 

where Ɛ𝑟 = 𝑎𝑚𝐴
𝑓𝑟𝑜𝑜𝑡(𝑧)

𝑑𝑧

𝐿𝐴𝐼

𝑆𝐿𝐴
 , is the density of cross-sectional area of root endings at depth z (m2m-842 

3) and τ is root tortuosity; 𝐶𝑎𝑡𝑚,𝑋 is the atmospheric partial pressure of gas X; LAI is the vegetation 843 

leaf area index, given as input; SLA is specific leaf area.      844 

The ebullition rate of gas X is calculated as: 845 

𝐹𝑒𝑏𝑢,𝑋 = −𝑘𝜎
𝑝𝑝𝑋

𝑅𝑇

∑ 𝑃𝑃𝑥(𝑧)−(𝑃𝑎𝑡𝑚+𝑃ℎ𝑦𝑑(𝑧))𝑋

∑ 𝑝𝑝𝑋(𝑧)𝑋

                                                                          (A.16) 846 
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Here, 𝑝𝑝𝑥refers to the partial pressure of gases X; k is an ebullition rate constant; σ is peat porosity; 847 

R is the universal gas constant; 𝑃𝑎𝑡𝑚 is the atmospheric pressure and is the hydrostatic pressure at 848 

depth z. 849 

2. Bug corrections  850 

Three small errors that were found in the original HIMMELI code (https://doi.org/10.5194/gmd-851 

10-4665-2017-supplement) had been corrected before the present work. These errors were: 852 

1) In the calculation of how dissolved O2 inhibits CH4 production, O2 concentration was not 853 

normalized with layer thickness in the original version. 854 

2) In HIMMELI, an extra (peat) layer is added in the background layer structure whenever the 855 

input WTD is not at the border of two layers. This enables using the exact daily WTD in the 856 

simulation. However, in some cases, the exact WTD cannot be used (e.g. when it is <1 cm distance 857 

from a background layer border) but it is rounded to the nearest background layer boundary. In the 858 

original code, this possible rounding was not taken into account when allocating daily soil 859 

temperatures. 860 

3) The air temperature used when converting ambient mixing ratios to mol m-3 was not updated 861 

with daily input temperatures. 862 

 863 

Appendix B: site descriptions 864 
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1) Siikaneva 865 

The Siikaneva site (61.8 °N, 24.2°E) is a boreal oligotrophic fen site located in Ruovesi in southern 866 

Finland (Rinne et al., 2007). The peat depth at the site is from 2 to 4 m. The dominant vegetation 867 

of the site includes sedges (C. rostrata, C. limosa, E. vaginatum), Rannochrush (Scheuchzeria 868 

palustris) and peat mosses (Sphagnum balticum, S. majus, and S. papillosum). The annual mean 869 

temperature of 3.3 C and precipitation of 713 mm have been measured at the nearest long-term 870 

weather station during the period 1971 to 2000 (Drebs et al., 2002). For a more detailed description 871 

of Siikaneva, see Aurela et al. (2007) and Rinne et al. (2007). 872 

2) Lompolojänkkä 873 

The Lompolojänkkä site (68.0 °N, 24.2 °E) is an open, pristine and nutrient-rich sedge fen located 874 

in northern Finland. The peat depth at the site is up to 3 m at the center of the fen. The vegetation 875 

layer at the site is relatively dense and dominated by Betula nana, Menyanthes trifoliata, Salix 876 

lapponum and Carex spp. with the mean vegetation height of 40 cm. The mean annual temperature 877 

averaged over the period 1971-2000 at the nearest long-term weather station is 1.4 C (Pirinen et 878 

al., 2012). A small stream flows through the site and brings water to the site. The soil at this site 879 

is almost continuously saturated throughout the year. More detailed description of Lompolojänkkä 880 

can be found in Aurela et al. (2009); Lohila et al. (2010). 881 

3) Degerö Stormyr 882 

The Degerö Stormyr site (64.2 °N, 19.6 °E) is an undisturbed mixed acid mire system situated in 883 

the Kulbäcksliden Experimental Forest in Northern Sweden. The mire is situated on high land 884 

between two major rivers, the Umeälven and Vindelälven, approximately 70 km from the Gulf of 885 
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Bothnia. The mire system is composed of interconnected smaller mires divided by islets and ridges 886 

of glacial till (Nilsson et al., 2008). The peat depth of the site is mainly between 3 and 4 m, but 887 

depths of 8 m have also been measured. The deepest peat depth corresponds to an age of 8000 888 

years. The footprint of the measured CO2 and methane fluxes is from a minerogenic oligotrophic 889 

mire. The vegetation is dominated by lawn (S. balticum Russ. C. Jens and S. lindbergii Schimp.) 890 

and carpet (Sphagnum majus Russ. C. Jens) plant communities, as well as vascular ( Eriophorum 891 

vaginatum L., Trichophorum cespitosum (L.) Hartm., Vaccinium oxycoccos L., Andromeda 892 

polifolia L. and Rubus chamaemorus L., with both Carex limosa L. and Schezeria palustris L. 893 

occurring more sparsely) plant community. 894 

4) Kopytkowo 895 

The Kopytkowo site (53.6 °N, 22.9 °E) is a mire located in a large flat area of the Middle Biebrza 896 

Basin in northeastern Poland. The depth of peat in this area reaches 2.5 m. The soil of the mire 897 

around the site was slightly decomposed due to dehydration. The dominant vegetation around the 898 

site is a mixture of reeds, sedges and rushes. The wetlands of Biebrza National Park experienced 899 

melioration treatments in the 19th and 20th centuries. In the mid-nineteenth century, the wetlands 900 

first drained to intensify agriculture in the region. This human activity has caused partial 901 

degradation of the wetland peat and the natural succession to trees and shrubs was accelerated. In 902 

1993, the Biebrza National Park was established, and restoration work has been conducted to 903 

restore the original hydrological conditions. The climate of northeastern Poland is temperate with 904 

continental influences, with relatively cold winters and warm summers. More detailed descriptions 905 

can be found at Fortuniak et al. (2017) and Fortuniak et al. (2021). 906 

5) Western Peatland 1 907 
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The Western Peatland 1 site (55.0 °N, -112.5 °E) is an undisturbed moderately “rich” fen – rich in 908 

species richness, not nutrient availability (Flanagan and Syed, 2011). The area around the site is 909 

quite flat and with relatively homogeneous vegetation in around 1.5 to 2 km in all directions, except 910 

in the north where upland aspen forest shows in around 1 km away from the measurement site. 911 

The site is dominated by stunted trees (Picea mariana and Larix laricina), abundant tall shrubs 912 

(Betula pumila), and a wide range of moss species, including Sphagnum spp. (S. angustifolium, S. 913 

fuscum, and others), brown moss species (Drepanocladus aduncus, Aulocomium palustre, and 914 

others) and a feather moss species (Pleurozium schreberi). There are also several herbs and dwarf 915 

shrubs with aerenchyma tissue (Triglochin maritima, Menyanthes trifoliata, and Carex spp.) exist 916 

in the area. The total leaf area index for the site was 2.6 ± 0.16 m2/m2. The total ecosystem carbon 917 

stock is 51 kg C/m2, which is dominated by carbon accumulated in below-ground peat. The above 918 

ground live plant tissue is only about 1% of the total ecosystem carbon stock which is contributed 919 

by the two tree species. The mean annual temperature and precipitation at the nearest weather 920 

station were 2.1 C and 504 mm averaged over 1971-2000. Detailed descriptions of vegetation and 921 

site characteristics were previously provided by Syed et al. (2006) and Long et al. (2010). 922 

6) Mer Bleue 923 

The Mer Bleue site (45.4°N, -75.5 °E) is an undisturbed ombrotrophic bog located east of Ottawa, 924 

Canada. The peat depth of the site varies from 5 to 6 m at the center and 0.3 m at the edges. The 925 

surface of the area of the flux tower is dominated by hummock microtopography (75% of the area) 926 

with approximately 25 cm between the tops of hummocks and inter-hummock spaces (Brown et 927 

al., 2014). The vegetation of the site is dominated by evergreen and deciduous shrubs, and 928 

Sphagnum mosses (Lafleur et al., 2005). The mean annual temperature is 6.4 ± 0.8°C, and annual 929 

precipitation is 943 mm averaged over 1981-2010. The site has hosted a long-term carbon cycle 930 
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research program since 1998. For more detailed site description, see Moore et al. (2002), Lafleur 931 

et al. (2003) and Roulet et al. (2007). 932 
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(https://fluxnet.org/data/). The tool for deriving Sentinel-2 LAI data is in an open GitHub 940 

repository (https://github.com/ollinevalainen/satellitetools, 941 

https://doi.org/10.5281/zenodo.5993292, Nevalainen, 2022). HIMMELI v1.0 model source code 942 
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