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Changes with respect to the DoA 

None 
 

Dissemination and uptake 

The model results will be made available via the VERIFY project database and are currently 
available via a data server (in some cases registration will be necessary). These model results 
are used in the top-down (inverse) modelling approach for D4.7 and will be used in the syn-
thesis product in WP5. 
 

Short Summary of results (<250 words) 
 

Natural CH4 emissions are an important component of the global CH4 budget, comprising ap-
proximately 40% of the total emissions. The largest source of natural emissions is from we-
tlands with a smaller, but very uncertain, contribution from inland water bodies. This delive-
rable provides estimates of natural emissions of CH4 from wetlands and inland water bodies, 
as well as fluxes to/from mineral soils and a changing fraction of land that is inundated. Two 
modelling frameworks are used to estimate the emissions: 1) the combined model JSBACH-
HIMMELI, which is used to estimate wetland, mineral soil and inundated land emissions, and 
2) an empirical model of inland water emissions, complemented by a process-based model 
for resolving the temporal variability. JSBACH-HIMMELI is a process-based model consisting of 
a land-surface model, JSBACH, which is used to drive a model of CH4 emissions from wetlands, 
HIMMELI (see Section 4.1.1). The inland water bodies model is empirical and scales-up mea-
surements of CH4 emissions from rivers, lakes and reservoirs to the European scale relying on 
proxy data (see Section 4.1.2). This empirical model only provides a climatology of CH4 emis-
sions, and the temporality is now resolved (for lakes) by a process-based model. Results are 
presented from both models as gridded maps at 0.1°×0.1° resolution for Europe (see Section 
4.2). 
 

Evidence of accomplishment 
 

All the simulation results will be accessible through the dedicated data THREDDS server. Note 
that some of these data may be password protected during a consolidation phase and thus 
only accessible to the VERIFY partners (accessible through the internal share-point platform). 
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1 Glossary 

 

Abbreviation / Acronym Description/meaning 

JSBACH The land surface model of MPI-ESM 

HIMMELI The methane production and transport model of UHel and FMI 

CLC The CORINE land cover data of Copernicus 

HydroLAKES The global lake shoreline polygon database 

CSLM The bulk mixed-layer thermodynamic Canadian Small Lake Model  

ISIMIP The Inter-Sectoral Impact Model Intercomparison Project for pro-
jecting the impacts of climate change 

GCP  Global carbon project 

NUTS 2016 The nomenclature of territorial units for statistics 

CRUERA The CRU aligned ERA5 climate data used for forcing JSBACH up to 
the end of 2020. 
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2 Executive Summary 

This report gives an overview of the model set-ups used to produce natural methane flux esti-
mates including fluxes from terrestrial areas and inland water bodies. The CH4 emission/sink data 
specified here are a follow-up to deliverables last year and thus this report, in addition to the 
basic description of the modeling tools, specifically details the changes made to the model frame-
works since the last deliverable. The report contains summary statistics of European level yearly 
net fluxes to illustrate year to year variability of the estimated quantities as well as maps that 
show the spatial distributions of time-averaged fluxes. Moreover, for pristine peatland emissions, 
comparisons to site emissions are shown to support uncertainty considerations. The CH4 flux es-
timates are used as prior information for the atmospheric inversion frameworks operated in this 
work package.  
 
Since the previous deliverable the climatic model drivers were changed and the simulated period 
was extended to cover the year 2020. For this deliverable an additional emission class – inundated 
land emissions – was included for the whole of Europe and thus peatland area and mineral soil 
area were reduced respectively.  Moreover the calculations of mineral soil methane fluxes were 
revisited and produce now more realistic ranges of emissions and sinks than previously. 
 
Additionally, a global CH4 terrestrial flux product that covers the years 2005-2019 is described. 
The same approaches and the same changes from the previous product as for the European esti-
mate have been used to compose the global CH4 estimate. The driving data and surface boundary 
data differ between the two flux products. 
 
Development of a process model for lakes has been finalized and the results of first attempts at 
modelling temporal flux dynamics are presented in this deliverable. The temporally resolved es-
timates rely on the meteorological data GSWP3-W5E5 that are used by the lake-sector of the 
Intersectorial Impact Model Intercomparison Project (ISIMIP), hence ensuring consistency with 
their ongoing activities. In addition, we also provide a simple climatology of observation-based 
river CH4 emissions using the distribution of river surface area over Europe (same distribution as 
for the CO2 emissions, WP3) and a mean estimate and range based on a recent compilation per-
formed by RECCAP2. An uncertainty assessment is also provided for the observation-based as-
sessment of lake CH4 emissions. 
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3 Introduction 

This document describes the two modelling frameworks used to estimate natural emissions of 
CH4. Natural emissions of CH4 are primarily those from peatlands, inundated soils (and to a lesser 
extent mineral soils) and fresh water systems. While there is also a natural geological source of 
CH4, this is not covered in VERIFY, and estimates for this source vary widely, from nearly negligible 
with a global total of 1-5 Tg/y to significant with a global total of approximately 50 Tg/y. The 
model framework, JSBACH-HIMMELI together with a parameterisation from literature is used to 
estimate peatland, inundated soil and mineral soil emissions, and an empirical model, comple-
mented by a process-based model for resolving the temporal variability, is used to estimate the 
emissions from inland water bodies. 
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4 Natural fluxes of methane 

4.1 Model descriptions 

4.1.1 Peatland, mineral soil and inundated land fluxes 

JSBACH-HIMMELI is a combination of two models, JSBACH, which is a land-surface model, and 
HIMMELI, which is a specific model for northern wetland emissions of CH4. HIMMELI (HelsinkI 
Model of MEthane buiLd-up and emIssion for peatlands) has been developed especially for esti-
mating CH4 production and transport in northern peatlands and simulates both CH4 and CO2 fluxes 
in peatlands and can be easily used as a module within different modelling environments (Raivo-
nen et al., 2017, Susiluoto et al., 2018). HIMMELI is driven with soil temperature, water table 
depth, the leaf area index and anoxic respiration. These parameters are provided to HIMMELI 
from the land surface model, JSBACH, which models hydrology, vegetation and soil carbon input 
(Reick et al 2013). A soil thermal model with coupling of hydrology through melting and freezing 
(Ekici et al. 2014) is used in the set-up for D4.5 and D4.6 (which was not used in D4.4). Linked to 
the coupled thermal and hydrology, dynamic snow properties are applied. “Bogs” and “inland 
marshes” classes of the EU-CORINE land cover data have been converted to JSBACH plant func-
tional type “peatland”. Land covered by all the other CORINE land cover types are considered and 
treated as mineral soil for CH4 emissions. In the case of inundated soil occurring in a grid cell, first 
the peatland fraction is considered to be impacted and when the whole peatland fraction is inu-
dated the remaining the inundated area is taken from the mineral soil fraction of the grid cell. 
CH4 emissions from inundated soil areas as well as emission and uptake of mineral soils are cal-
culated following the method by Spahni et al. (2011). Soil moisture, soil temperature and soil 
heterotrophic respiration control CH4 mineral soil emission and uptake in the model whereas in-
undated land emissions are controlled solely by soil heterotrophic respiration.  
 
Inundated land distribution for years 2005-2018 have been adopted from a new global inundation 
WAD2M product (Zhang et al. 2021) representing monthly inundation fractions of land area. 
Monthly means through years 2005-2018 have been used for 2019 and 2020. Wetland emissions 
are finally corrected to account for the lake distribution from the inland water body product de-
scribed in the following chapter of this document. 
 
In an additional global model set-up, we used the native land cover distribution of the JSBACH 
model in 1.875° resolution. In the set-up the fraction of Histosols in the Harmonised World Soil 
Database (HWSD) were identified as the fractional peatland cover north of 45°N.  
In the global set-up the methane emissions of inundated areas south of 45°N were calculated 
following the formulation by Spahni et al (2011) and the inundated fraction was adopted from 
the set-up applied in global carbon project (GCP, Saunois et al, 2020). The CRUJRA climate drivers 
were adopted from GCP as well. The methane flux estimates were processed for years 2005-2019. 
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4.1.2 Inland water bodies 

This data set represents two climatologies of average annual CH4 emissions (sum of diffusive and 
ebullitive emissions) from lakes and reservoirs at the spatial resolution of 0.1° for Europe only. 
The two estimates are based on the HydroLAKES database (Messager et al., 2016). 
 
The first climatology was based on direct upscaling from observed CH4 emission rates, which in-
cludes local measurements in 155 lakes and reservoirs spread over Europe, and which we have 
classified into rates reported for small lakes (<0.3 km2), larger (>0.3 km2) lakes, and reservoirs. In 
addition, we applied a coarse regionalization distinguishing the Boreal (>54°N) from the Temper-
ate to Sub-Tropical (<54°N) zone. This observation-based climatology now contains an independ-
ent assessment of the uncertainty. Furthermore, a simple climatology of European river CH4 emis-
sions derived from several observational datasets is now added to the lake and reservoir contri-
bution.    
 
The second climatology is based on a modelling approach, which predicts CH4 emission rates from 
nutrient (phosphorous and nitrogen) concentrations in lakes and reservoirs (Stavert et al., 2021). 
This model uses simulated nutrient concentrations from the studies of Maavara et al. (2019) and 
Lauerwald et al. (2019), and a set of empirical equations predicting chlorophyll-a concentrations 
from nutrient concentrations (McCauley et al., 1989) and relating CH4 emission to chlorophyll-a 
concentrations (Deemer et al., 2016; DelSontro et al., 2018). A Monte-Carlo analysis was used to 
propagate the uncertainty from the empirical equations used in that model to the final CH4 emis-
sion estimate. We presented the median of the Monte-Carlo results as best estimate, and the 5th 
and 95th percentile as lower and upper bound. 
 
The above approaches provide a climatology of mean annual CH4 emissions from European lakes 
from observations. An important limitation is thus the lack of temporal resolution (both seasonal 
and interannual). To circumvent this limitation, a process-based CH4 emission model has been 
developed. This model has been embedded in the one-dimensional bulk mixed-layer thermody-
namic Canadian Small Lake Model (CSLM; MacKay, 2012), and was used to determine the ebulli-
tion and diffusion fluxes as well as CH4 concentrations. The model can simulate the lake CH4 dy-
namics in a regional/global setting with a minimum number of inputs and lakes characteristics. 
Our model developments also take advantage of forcings and physical model outputs provided 
by the ISIMIP lake sector initiative (collaboration with Prof. W. Thiery, VUB, Belgium). 
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4.2 Results 

4.2.1 Peatland, mineral and inundated soil fluxes  

 
Year Inundated soil emis-

sion 
Peatland flux Mineral soil emis-

sion 
Mineral soil  uptake 

2005 2.11 2.15 0.28 -1.98 

2006 2.14 2.22 0.29 -1.99 

2007 2.23 2.08 0.32 -2.07 

2008 2.23 1.99 0.30 -2.02 

2009 2.29 2.13 0.31 -1.99 

2010 2.48 2.10 0.32 -1.95 

2011 2.21 2.22 0.29 -2.02 

2012 2.36 1.97 0.32 -2.01 

2013 2.27 2.31 0.28 -2.00 

2014 2.23 2.30 0.32 -2.09 

2015 2.19 2.02 0.25 -2.06 

2016 2.38 2.14 0.31 -2.05 

2017 2.31 2.01 0.31 -2.02 

2018 2.34 2.30 0.27 -2.03 

2019 2.34 1.99 0.28 -2.05 

2020 2.39 2.19 0.31 -2.12 

 
Table 1: Methane emission (positive) and uptake (negative) components for European domain 
from JSBACH-HIMMELI in Tg(CH4)/yr for an area of 35.0°N to 73°N and 12°W to 37.8°E. Mineral 
soil flux is the total of dry soil uptake and wet soil emission. 

 
Simulations using JSBACH-HIMMELI for peatland and mineral soil fluxes of CH4 have been com-
pleted for Europe at 0.1°×0.1° covering the period 2000-2020. Additionally, for D4.6 inundated 
fraction of soil have been extracted from peatland and mineral soil fractions and its emission rate 
have been estimated with the Spahni et al., (2011) parameterisation. An overview of mean annual 
European methane fluxes is given in Table 1 for the years 2005 – 2020. According to Spahni et al., 
(2011) mineral soil fluxes include both wet soil emission and dry soil uptake separately and are 
thus reported separately in D4.6.  
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Figure 1: Mean methane flux components for years 2005-2020 in g [CH4] m⁻² s⁻¹ emissions with 
positive and uptake with negative sign. Peatland (a), inundated land (b), mineral soil emissions 
(c) and mineral soil uptake (d). 
 
Mean yearly total maps (Figure 1) show spatially relatively even mineral soil uptake level with a 
decreasing south to north gradient. The three emission terms, on the contrary, show more dis-
tinctive patterns largely determined by prescribed peatland soil distribution and dynamic inun-
dated soil distribution. 
 
Inter- and intra-annual variability of all the flux components is controlled by meteorological driv-
ers and shows a clear seasonal cycle (Figure 2). Even though peatland emission shows the highest 
summer-time peak monthly totals, the yearly total emissions (Table 1) from inundated soils are 
almost equally high because of more even source distribution thoughout the domain causing 
higher winter-time emissions.  
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Figure 2: Monthly european total methane flux components for years 2005-2020 in Tg 
[CH4]/month. 

Figure 3: Methane flux observations from Siikaneva (61.83°N, 24.19°E; Rinne et al. 2018, Kor-
rensalo et al. 2018, Alekseychik et al. 2021) fen (blue) and bog (yellow) together with the mod-
eled peatland flux from the nearest gridcell (red) for years 2005-2020. 
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Figure 4: Methane flux observations from Lompolojänkkä  (67.00°N, 24.21°E; Aurela et al. 2009) 
fen (blue) together with the modeled peatland flux from the nearest gridcell (red) for years 
2006-2018. 
 
 
 

Figure 5: Methane flux observations from Halssiaapa (67°22'N, 26°39'E; Dinsmore et al. 2017) 
fen (blue) together with the modeled peatland flux from the nearest gridcell (red) for years 
2012-2015. 
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The comparison between methane flux observations at seven European pristine peatland sites 
and model results for peatlands from the corresponding grid cell within our European model do-
main shows overall good agreement between observations and simulations, especially at north-
ern sites (examples in Figures from 3 to 5). However, the agreement was low at southern sites 
(not shown, due to non-public data). Therefore, even though the estimated peatland fluxes gen-
erally agree with the local flux measurements a conservative uncertainty estimate of ±80% is 
given because of a high variability of the observational data, sparseness of the observation net-
work and uncertainty of peatland spatial distribution. 
 
Soil moisture is an important factor regulating the mineral soil fluxes since the Spahni et al (2011) 
model simulates emission only when a certain soil moisture threshold, 95% of water holding ca-
pacity (WHC), is exceeded. Already as such soil moisture is challenging to simulate, and adding 
that there is limited information on the moisture level where the soil turns from methane sink to 
methane source, the total mineral land methane fluxes are very uncertain. In the current simula-
tions the wet mineral soil methane emissions were closely connected to precipitation events and 
the magnitude of the emission was large during the events. The uncertainty of mineral soil net 
CH4 exchange (emission + uptake) was estimated by testing how sensitive a yearly exchange is to 
the soil moisture threshold for emission. We tested thresholds 120% and 70% of WHC, which gave 
17% higher (less emissions) and 99% smaller (more emissions) net CH4 uptake, respectively, com-
pared with the simulation made with the default 95% threshold..  
 

4.2.2 Global wetland methane fluxes 

Our global simulation of CH4 fluxes for years 2005-2017 totaling 133 Tg [CH4]/yr (with: Peat 20 
Tg/yr, Mineral soil emission 121 Tg/yr, Mineral soil uptake -44 Tg/yr and Inundated soil 36 Tg/yr) 
compares well with GCP estimates ranging from 102 to 182 Tg [CH4]/yr.  
The new updates over years 2005-2019 of peatland (Figure 6) and mineral soil fluxes result in the 
following totals: Peat: 22 Tg/yr , Mineral soil emissions: 129 Tg/yr and Mineral soil uptake: -56 
Tg/yr. The globally smallest methane term of the previous product, inundated soil emissions, have 
not been calculated with the new dynamic inundation data. 
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Figure 6: Global peatland emissions for years 2005-2019 modeled with JSBACH-HIMMELI. 
 

4.2.3 Inland water bodies 

Our observation-based climatology and model results gave the average annual CH4 emission from 
lakes (including reservoirs) for the period 1990 to the present day. For the area covered by the 
NUTS 2016 regions (EU membership countries, + EU candidates and EFTA countries), we esti-
mated an annual emission of 0.8 Tg CH4-C yr-1 from the data-driven assessment and of 2.3 (1.0-
5.1 CH4-C yr-1, 5th and 95th percentile of confidence interval) Tg CH4-C yr-1 for the model results, 
but no confidence interval was provided for the observation-based assessment in D4.5. See D4.5 
for the observational and model-derived lake and reservoir climatologies. 
 
To constrain the uncertainty in the observation-based assessment, a bootstrapping method was 
applied to each class of European lakes reported in the Hydrolakes dataset. The classes were 
identical to those used for the assessment of the bulk fluxes (according to lake size and latitude, 
also distinguishing natural lakes and reservoirs). The bootstrapping (100% sample size, but with 
replacement) was then performed independently for each class and for each emissions pathway 
(ebullitive / diffusive) by doing 1000 runs. The resulting fluxes were then added together to esti-
mate the total median emission and its standard deviation. The relative standard error was found 
to be 55 %, which is relatively high and reflects the significant uncertainties in European lake CH4 
emissions. 
 
In addition, a simple climatology of river CH4 emissions has also been computed, using the 
0.1°x0.1° river water surface area of Lauerwald et al. (2015) and 3 observation-based estimates 
(Bastviken et al., 2011; Stanley et al., 2016; Rosentreter et al., 2021) of mean CH4 flux densities 
for European rivers. Figure 7 shows the results from the most recent assessment (Rosentreter et 
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al., 2021). Note the very large range encompassed by the 3 studies (0.07-0.66 Tg CH4 yr-1 for EU-
28), reflecting high uncertainty in the assessment of the river CH4 flux.  
 

 
 
Figure 7 Estimated CH4 emissions from the European river network derived from observations. 
Flux rates refer to total continental area. 
 
A process-based model for the lake CH4 dynamics 
 
To resolve the temporal evolution of CH4 emissions, we expanded the mechanistic-stochastic-
modeling (MSM) approach of Maavara et al. (2019) accounting for the nutrient (N&P) loads de-
livered from the catchment to each lake of the European domain. This approach allows to account 
for the control of CH4 emissions by the lake trophic status. This control was already identified in 
the data-driven approach (see, e.g. Rinta et al. 2017). The biogeochemical module of the MSM 
was then adapted to resolve the lake seasonal dynamics and the biogeochemical processes of the 
CH4 and O2 cycles occurring in the water column and sediments. 
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Figure 8 Nutrient inputs from European catchments (Total nitrogen, N as an example). These 
nutrient inputs are routed to the inland water network and allow to determine nutrient loads 
to each lake within the European domain and thei resulting mean nutrient concentration.  
 
To do so, the biogeochemical module was coupled to the Canadian Small Lake Model (CSLM) to 
constrain the lake physics, leading to CSLM-CH4. For carbon, the model simulates a lake-mean 
trophic state from the balance between Net Primary Production (NPP, limited by light and nutri-
ents) and heterotrophic decomposition of organic matter (autochthonous production). It then 
simulates profiles of oxygen and CH4 by accounting for vertical transport and the set of consump-
tion/production processes of the O2-CH4 cycles. In the sediment, CH4 production accounts for 
shallow water production, and separates the diffusive and ebullitive pathways using an approach 
modified from Langenegger et al., 2019. Overall, this approach allows to constrain the seasonal 
distribution and spatial distribution of CH4 fluxes according to climate conditions (local forcings 
or ISIMIP-lake sector meteorological data), lake depth, and lake trophic status (controlled by 
catchment N & P loadings). It was also shown that the CSLM-CH4 can reproduce broad trends in 
NPP, organic carbon concentration, and CH4 fluxes from lakes reported in the literature (see 
D4.5).   
 
CSLM-CH4 was then applied to the European domain. The upscaling was performed at the rela-
tively coarse scale of 2.5°×2.5°, for a total of 365 grids. Within each grid, natural lakes were seg-
regated into 4 broad classes based on lake area A: ( A ≤ 1 km2 , 1 km2 <A ≤ 10 km2, 10 km2 <A ≤ 
100 km2 , 100 km2 <A ≤ 1000 km2). For each grid and each lake class, mean lake depths (Figure 9), 
mean N and P loads and concentrations were then calculated. These geometrical and trophic 
state characteristics were then used along with daily meteorological forcings at each grid ex-
tracted from the ISIMIP lake sector initiative to run transient simulations of lake physics and bio-
geochemistry (organic carbon, oxygen and methane dynamics). 
 

 
Figure 9: Mean natural lake depth for each grid of our simulation domain (n=365), for two lake 
size classes as an example  
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Model outputs include daily resolved ebullitive and diffusive CH4 fluxes (from the sediment and 
through the air-water interface), which were then aggregated at the monthly timescale. Figure 
10 shows the seasonal distribution of total CH4 fluxes through the ebullitive and diffusive path-
ways for the entire European domain. The model-derived (late summer) fluxes for Europe where 
found to be of similar magnitude than those reported from observations by Rinta et al., 2017 
(relative difference < 20 %). 

Figure 10: Seasonal distribution of total (diffusive + ebullitive) CH4 emissions from European 
natural lakes as simulated by CSLM-CH4  
 
The temporal dynamics in lake CH4 emissions calculated at coarse spatial resolution has then been 
extracted from these simulations and results have been downscaled to the 0.1x0.1 ° lake area 
distribution of Hydrolakes, as shown in Figure 11. In the future, the modeling approach will be 
further improved by running simulations at higher spatial resolution (0.5°), by including the con-
tribution of allochthonous C inputs and more refractory C compounds on the overall C balance. 

 
Figure 11: Natural lake CH4 emissions over the European domain during spring (M-A-J) and sum-
mer (J-A-S) seasons (mean of 2007-2012). Flux rates refer to total continental area. 
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4.2.4 Peatland CO2 flux 

In order to investigate the correspondence between the CO2 balances of peatland areas in the 
JSBACH simulations of this WP and those produced in the WP3, we adopted the gross primary 
production (GPP) term of grasslands predicted by ORCHIDEE model for years 2005-2015 (simula-
tions detailed in Petrescu et al 2021). Even though ORCHIDEE did not explicitly consider peatland 
PFT, grassland PFTs was considered to be of the closest correspondence to peatland vegetation 
because lichens and mosses of the ESA-CCI land cover classification have been interpreted 100% 
as grassland in the cross walking between CCI and ORCHIDEE PFTs. Moreover in our JSBACH sim-
ulations the parameters regulating photosyntetic CO2 absroption of peatland vegetation were 
identical to those of grasslands.   
 
ORCHIDEE grassland GPP was divided by total areal fraction of grass PFT’s and consequently mul-
tiplied by the peatland fraction of our JSBACH simulations. The attained GPP was finally compared 
to peatland GPP of JSBACH. The other terms of CO2 balance were not compared because hetero-
trophic respiration from ORCHIDEE was not reported separetely for each species. As land cover 
changes are explicitly accounted for in ORCHIDEE simulations the meaningful balance term is net 
biome productivity (NBP). From JSBACH on the contrary we have the heterotrophic respiration of 
peatland PFT separately and net ecosystem production (NEP) can be attained by substracting het-
erotrophic respiration from net primary production. As impacts of land use changes, management 
or disturbances are not considered in our JSBACH simulations, we stick to the term NEP to em-
phasize the difference between the two numbers compared.  
Moreover, there is a fundamental difference in the spin-ups of the two ecosystem models that 
impacts the trends of soil carbon pools. To attain the initial state in ORCHIDEE simulations the soil 
carbon pools were taken to equilibrium, whereas because decay of waterlogged peat is slower 
than decay of carbon in upland soils, overall peat depth of around 2.5 meters was accepted as 
initial state in JSBACH-HIMMELI CH4 simulations and for most of the region equilibrium was not 
reached after 3500 years of spin-up. 2.5 meters is quite realistic peat layer depth for north Euro-
pean pristine peatlands. 
 
The yearly GPP means and standard deviations are 186.0 ± 5.9Tg (C) and 385.0 ± 10.3Tg (C) for 
ORCHIDEE and JSBACH respectively. Their latitudinal distributions (Figure 12) show that the rela-
tive difference gets slightly smaller towards north.  
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Figure 12: Longitudinal distribution of the peatland mean annual GPP from ORCHIDEE (blue) 
and JSBACH (orange) models. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: Monthly domain total peatland GPP from ORCHIDEE (blue) and JSBACH (orange). 
 

Both models predict similar patterns of interannual cycles and the same months of annual maxi-
mums. Autumn and spring months contribute relative slightly more to the total difference than 
winter or summer months implying differences in phenology of JSBACH peatlands and ORCHIDEE 
grasslands within the peatland area. 
ORCHIDEE yearly NBP and the standard deviation of yearly NBP were 2.2 ± 2.8 Tg implying a slight 
carbon sink within the peatland region. JSBACH yearly NEP and its standard deviation were 73.7 
± 7.7 Tg implying much larger sink. The difference is largely because of differences in the spin-up 
procedures as discussed above. Consequently, even though GPP from both models differ a lot, 
total ecosystem respirations do not differ that much as soil carbon stores in JSBACH are smaller 
than they would be in equilibrium state. Thus it is not easy to estimate the differences in 
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respiration due to differences in decomposition and the slow down of the processes in water 
logged soils that have been accounted for in JSBACH simulations. 
 
For the purposes of VERIFY project, as JSBACH NEP is on the higher end for wetlands, and because 
the simulations were not optimised or validated for CO2, it is recommended to use ORCHIDEE 
estimates for priors of natural terrestrial CO2 balances including peatland areas. 
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5 Conclusions 

Methane balances of terrestrial and inland water systems have been produced using selected 
process based and regression models. The yearly inland water system methane balance covers 
the whole Europe since 1990. The two terrestrial methane balance products cover Europe and 
the globe for years 2005-2018 and 2005-2017, respectively. These two products have been simu-
lated with the same tools but deviate in terms of climatic forcing and boundary data.  
The natural methane flux estimates are used as prior data in the atmospheric inversion modeling 
task of this work package. The applied areal domains as well as time coverages and resolutions 
may limit the applicability of the products.  
 
 
  



D4.6_ Methane fluxes from soils and inland water bodies_v1 
 

 

 
VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement number 776810. 

23 

6 References 

 
1. Alekseychik, P., Korrensalo, A., Mammarella, I., Launiainen, S., Tuittila, E.-S., Korpela, I., and Vesala, T. 

2021: Carbon balance of a Finnish bog: temporal variability and limiting factors based on 6 years of eddy-
covariance data, Biogeosciences, 18, 4681–4704, https://doi.org/10.5194/bg-18-4681-2021  

2. Aurela, M., Lohila, A., Tuovinen, J.-P., Hatakka, J., Riutta, T., and Laurila, T.: Carbon dioxide exchange on a 
northern boreal fen, Boreal Environ. Res., 14, 699–710, 2009. 

3. Bastviken, David & Tranvik, Lars & Downing, John & Crill, Patrick & Enrich-Prast, Alex. (2011). Freshwater 
Methane Emissions Offset the Continental Carbon Sink. Science (New York, N.Y.). 331. 50. 
10.1126/science.1196808. 

4. Deemer, B. R., Harrison, J. A., Li, S., Beaulieu, J. J., DelSontro, T., Barros, N., Bezerra-Neto, J. F., Powers, S. 
M., dos Santos, M. A. and Vonk, J. A.: Greenhouse Gas Emissions from Reservoir Water Surfaces: A New 
Global Synthesis, Bioscience, 66(11), 949–964, doi:10.1093/biosci/biw117, 2016. 

5. DelSontro, T., Beaulieu, J. J. and Downing, J. A.: Greenhouse gas emissions from lakes and impoundments: 
Upscaling in the face of global change, Limnol. Oceanogr. Lett., 3(3), 64–75, doi:10.1002/lol2.10073, 2018. 

6. Dinsmore, K.J., Drewer, J., Levy, P.E., George, C., Lohila, A., Aurela, M. and Skiba, U. (2017). Growing sea-
son CH4 and N2O fluxes from a subarctic landscape in northern Finland; from chamber to landscape scale, 
Biogeosciences14, 799-815, doi:10.5194/bg-14-799-2017. 

7. Ekici, A., Beer, C., Hagemann, S., Boike, J., Langer, M., and Hauck, C.: Simulating high-latitude permafrost 
regions by the JSBACH terrestrial ecosystem model, Geosci. Model Dev., 7, 631–647, 
https://doi.org/10.5194/gmd-7-631-2014, 2014. 

8. Korrensalo A., Männistö E., Alekseychik P., Mammarella I., Rinne J., Vesala T., and Tuittila E-S. 2018. Small 
spatial variability in methane emission measured from a wet patterned boreal bog. Biogeosciences 15: 
1749-1761. https://doi.org/10.5194/bg-15-1749-2018. 

9. Langenegger, T., et al. What the bubble knows: Lake methane dynamics revealed by sediment gas bubble 
composition. Limnology and Oceanography 64 (4): 1526–1544, 2019. 

10. Lauerwald, R., Regnier, P., Figueiredo, V., Enrich-Prast, A., Bastviken, D., Lehner, B., Maavara, T., Raymond, 
P.: Natural lakes are a minor global source of N2O to the atmosphere, Global Biogeochemical Cycles, 33, 
1564– 1581, doi:10.1029/2019GB006261, 2019 

11. Maavara, T., Lauerwald, R., Laruelle, G., Akbarzadeh, Z., Bouskill, N., Van Cappellen, P. and Regnier, P.: 
Nitrous oxide emissions from inland waters: Are IPCC estimates too high?, Glob. Chang. Biol., 25(2), 473–
488, doi:10.1111/gcb.14504, 2019. 

12. McCauley, E., Downing, J. A. and Watson, S.: Sigmoid Relationships between Nutrients and Chlorophyll 
among Lakes, Can. J. Fish. Aquat. Sci., 46(7), 1171–1175, doi:10.1139/f89-152, 1989. 

13. MacKay, M. D.: A Process-Oriented Small Lake Scheme for Coupled Climate Modeling Applications. Journal 
of Hydrometeorology, 13(6), 1911–1924. https://doi.org/10.1175/JHM-D-11-0116.1, 2012. 

14. Messager, M. L., Lehner, B., Grill, G., Nedeva, I. and Schmitt, O.: Estimating the volume and age of water 
stored in global lakes using a geo-statistical approach, Nat. Commun., 7, 13603, 
doi:10.1038/ncomms13603, 2016. 

15. Raivonen,M., Smolander, S., Backman, L., Susiluoto, J., Aalto, T., Markkanen, T., Mäkelä, J., Rinne, J., Pel-
tola, O., Aurela, M., Tomasic, M.,  Li, X., Larmola, T., Juutinen, S., Tuittila, E-S., Heimann, M., Sevanto, S., 
Kleinen, T., Brovkin, V., and Vesala T.: HIMMELI v1.0: HelsinkI Model of MEthane buiLd-up and emIssion 
for peatlands, Geosci. Model Devel., 10, 4665-4691, 2017. 

16. Reick, C., Raddatz, T., Brovkin, V. & Gayler, V.: Representation of natural and anthropogenic land cover 
change in MPI-ESM. Journal of Advances in Modeling Earth Systems, 5, 459-482 , 
https://doi.org/10.1002/jame.20022, 2013. 

17. Rinne J, Tuittila E-S, Peltola O, Li X, Raivonen M, Alekseychik P, Haapanala S, Pihlatie M, Aurela M, Mam-
marella, Vesala T. 2018. Temporal variation of ecosystem scale methane emission from a boreal fen in 
relation to temperature, water table position, and carbon dioxide fluxes. Global Biogeochem. Cycles, 
doi.org/10.1029/2017GB005747. 

18. Rinta P, Bastviken D, Schilder J, Van Hardenbroek M, Stötter T, Heiri O.: Higher late summer methane 
emission from central than northern European lakes. J Limnol 76:52–67, 2017. 



D4.6_ Methane fluxes from soils and inland water bodies_v1 
 

 

 
VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement number 776810. 

24 

19. Rosentreter, J.A., Borges, A.V., Deemer, B.R. et al. Half of global methane emissions come from highly vari-
able aquatic ecosystem sources. Nat. Geosci. 14, 225–230, https://doi.org/10.1038/s41561-021-00715-2, 
2021. 

20. Saunois et al. The Global Methane Budget 2000–2017, Earth System Science Data, 12(3), 1561–1623, 
doi:https://doi.org/10.5194/essd-12-1561-2020, 2020 

21. Spahni, R., Wania, R., Neef, L., van Weele, M., Pison, I., Bousquet, P., Frankenberg, C., Foster, P. N., Joos, 
F., Prentice, I. C., and van Velthoven, P.: Constraining global methane emissions and uptake by ecosys-
tems, Biogeosciences, 8, 1643-1665, https://doi.org/10.5194/bg-8-1643-2011, 2011. 

22. Stanley, E. H., Casson, N. J., Christel, S. T., Crawford, J. T., Loken, L. C., and Oliver, S. K.: The ecology of 
methane in streams and rivers: patterns, controls, and global significance, Ecological Monographs, 
doi:10.1890/15-1027, 2016.  

23. Stavert, A., Stavert, Saunois, M., Canadell, J. G., Poulter, B., Jackson, R., Regnier, P. et al. 2021. Regional 
trends and drivers of the global methane budget. Global Change Biology, doi:10.1111/gcb.15901 

24. Susiluoto, J., Raivonen, M., Backman, L., Laine, M., Mäkelä, J., Peltola, O., Vesala, T., and Aalto, T.: Cali-
brating a wetland methane emission model with hierarchical modeling and adaptive MCMC, Geosci. Mo-
del Dev., 11, 1199–1228, https://doi.org/10.5194/gmd-11-1199-2018, 2018 

25. Zhang, Z., Fluet-Chouinard, E., Jensen, K., McDonald, K., Hugelius, G., Gumbricht, T., Carroll, M., Prigent, 

C., Bartsch, A., and Poulter, B.: Development of the global dataset of Wetland Area and Dynamics for Me-

thane Modeling (WAD2M) , Earth Syst. Sci. Data, 13, 2001–2023, https://doi.org/10.5194/essd-13-2001-

2021, 2021.  

 


