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Synthesis, conclusions and recommendations  
for future research 

 
 
6.1. Introduction 
 

Hydrology and CH4 are interconnected, especially in the high arctic regions where an 
accelerated thaw of the permafrost might change the ecology and hydrology of the wetlands and 
increase/decrease the CH4 emissions. By modelling the hydrology, a better estimation of the 
wetlands extent can be obtained. 

The work presented in this thesis examines the link between CH4 emissions and hydrology. 
The novelty of the study is the attempt to quantify CH4 emissions on a larger scale, starting with a 
case study at regional scale and finishing with global boreal/arctic region. Furthermore, it was an 
attempt to improve the methodology of large scale modelling of CH4 fluxes by performing 
sensitivity tests on different parameters and couplings between models. Site specific parameters 
involved in modelling the CH4 emissions are very important and a good parameterisation is 
therefore required. This chapter provides a synthesis and summary of the main findings, as well as 
future research work recommendations. The main conclusions are drawn by providing an answer 
to the main objective set in every chapter. 
 
6.2. Sources of uncertainty and their implication in model parameterisation 

 
The PEATLAND-VU model was the main tool used in this study. It was used for site 

simulations of CH4 fluxes from different temperate (The Netherlands), boreal and arctic wetland 
sites (Sweden, Russia). This process based CO2 and CH4 model includes a slightly modified version 
of the Walter and Heimann (2000) model, which is the soil profile scale CH4 flux model (Van 
Huissteden et al., 2006a). The performance of model was satisfactory, taking into account each of 
the site specific differences in soil, vegetation, hydrology and climatic parameters. 

The main goal of this study was to explore different aspects of interactions between 
hydrology and CH4 fluxes from northern wetlands. By using simulated water table data files 
together with climatic information, the model showed, in most cases, a good agreement at some 
sites and revealed problems at others. The main sources of uncertainty were the hydrology, soil 
data and vegetation parameters, especially when using a bottom-up approach to calculate the global 
CH4 budgets. 
 
6.2.1. Hydrology 
 

In Chapter 1, the PEATLAND-VU model was forced with groundwater tables calculated 
with a modified version of the MMWH Model (Granberg et al., 1999), as described by Yurova et 
al. (2007). This new version used equations from Granberg’s (1999) model to describe the water 
balance in the oxic zone (acrotelm). The hydrology of the model is represented by a simple bucket 
approach describing the change in water content of a unit area (Granberg et al., 1999). The 
MMWH model was developed to reconstruct the water table position in the upper active layer of 
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the boreal mixed mires. This approach is based on the steady state moisture distribution in the 
unsaturated zone, which is simulated by the van Genuchten (1980) functions simplified and 
parameterised for the peat of different types by Weiss et al. (1998). The lateral flow is modelled 
dynamically, including the transmissivity feedback: the increase in runoff associated with higher 
water table due to change in hydraulic conductivity (maximum at the surface and reduces strongly 
with depth). Calculated potential evapotranspiration is reduced when the water table drops below 
the peat surface, and this decrease is exponential with a water table depth. The depth of permanent 
saturation and peat composition and physical properties are the main site-specific model 
parameters. The specific hydrological parameters (porosity, peat density, acrotelm depth) were 
adapted for temperate sites using literature values or direct measurements. 

The reason for using this model was the main feature captured in it: the water table close to 
the surface and constant supply to the unsaturated zones when the water moves up to the surface. 
Also, the delineation between the unsaturated oxic zone consisting of living or lightly decomposed 
plant material and the saturated anoxic area (catotelm) is present. These features correspond to the 
main site characteristics used by this study. The model performed well in simulating the water 
tables and gives, in general, high water levels in winter and summer, at high precipitation periods 
(Figures 2-7a, 2-7b, 2-7c in Chapter 2). This also gives high CH4 fluxes during wet conditions and 
at high water levels, which confirms the hypothesis that CH4 is highly influenced by the water table 
variation (Moore and Roulet, 1993; Liblick et al., 1997; Van Huissteden et al., 2005; Hendriks et 
al., 2007; Petrescu et al., 2008). In one of the Dutch measurement sites (Visvliet) the groundwater 
level is spatially very variable and high CH4 emissions are found also when the water is at very low 
levels. This introduces uncertainty in the model results, which can only be resolved by studying the 
spatial variation of the water table in this or similar sites in detail and incorporating it in the model 
upscaling process. 

In Chapter 4, the differences between the measured and modelled CH4 fluxes in one of the 
arctic sites (Kytalyk) were caused mainly by the highly spatial variation of the topography which 
induced a high variation in the hydrology. The research area consists of three different 
morphological units: the river floodplain, the river terrace with tundra vegetation and the high 
plateaus (10–30 m) underlain by continuous permafrost. The vegetation is highly variable and 
dominated by species like Sphagnum, Eriophorum, Betula nana, and Salix. The CH4 measurements 
used in this study are from the river floodplain area of the research site and showed a high variation 
during the operation years 2004-2006. The main factor responsible for this variation was the water 
table level (Petrescu et al., 2008), highly influenced by the river flooding and precipitation, 
including the amount of winter precipitation which influences river flooding in spring. During this 
period the water table levels were not recorded, not as a time series but scarce measurements. This 
had major implication in the parameterisation of the model and was solved by simulating the water 
table depth using the same Mixed Mire Water and Heat Model (MMWH) of Granberg et al. (1999) 
as modified by Yurova et al. (2007) as described by Petrescu et al. (2008). Again, the use of this 
model gave very good results in simulating the CH4 emissions by using the simulated water tables 
(Figure 4-9 and 4-11, Chapter 4). 

In order to define the uncertainties and show once again that hydrology is very important in 
simulating large scale CH4 emissions, the last chapter (Chapter 5) was an attempt in upscaling CH4 
emissions using a global hydrological model to simulate the hydrology of the northern regions by 
forcing the methane model with it. This approach was very different than the one presented by 
other studies. The current approach uses the global hydrological model, PCR-GLOBWB to 
simulate the ground water table. This model is similar to existing macro-scale hydrological models 
having some data sets in common (ECMWF, FAO soil maps). However, it includes several model 
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concepts that make it appropriate for simulating the extent of wetlands and floodplains in arctic 
environments at time-scales smaller than one month. It considers sub-grid variability in the 
generation of surface runoff, interflow and baseflow and includes explicit routing of surface water 
flow using the kinematic wave approximation. Also, a routine for lateral water transport of latent 
heat from which we can calculate water temperature and river ice thickness was added. Similar to 
other GHMs it is essentially a leaky-bucket type of model (Bergström, 1976) applied on a cell-by-
cell basis. PCR-GLOBWB calculates for each grid cell (0.50 × 0.50 globally) and for each time step 
(daily) the water storage in two vertically stacked soil layers (max. depth 0.3 and 1.2 m) and an 
underlying groundwater layer, as well as the water exchange between the layers and between the 
top layer and the atmosphere (rainfall, evaporation and snow melt). The model also calculates 
canopy interception and snow storage. 

In addition to the hydrology simulated by PCR-GLOBWB, four other hydrological schemes 
(wetland extent and their fractional inundation maps) were used to verify the initial results. The 
global model indicates very large differences for each of the wetland data sets. In this way one 
uncertainty was introduced and this is reflected in the pattern distribution of the CH4 fluxes and the 
calculated budgets (Figure 5-3, Chapter 5). For example, by forcing the global hydrological model 
with past years inundation fractions (1993-2000) in order to produce water tables and calculate the 
CH4 fluxes or by using an empirical parameter to calculate the wetland extent (Kaplan, 2002) the 
CH4 budgets were twice as high as the other approaches. Even if large uncertainties remain, one 
important conclusion can be drawn: it is very important to quantify the influence of wetland 
distributions on the spatial-temporal variations in CH4 emissions in relation to hydrological 
conditions.  

The two models (MMWH, modified version by Yurova et al. (2007) and PCR-GLOBWB) as 
presented in this section, were used for simulating the water table depth and are based on bucket 
type models. The main difference between the two models is that MMWH was designed to 
simulate the water regime at regional scale mire ecosystems and only for the unsaturated upper 
layer of the soil profile, where the water is most of the time at the peat surface, while PCR-
GLOBWB simulates the water separately for both saturated and unsaturated part of the soil profile, 
cell by cell, at global scale. To conclude it is fair to say that each of these two models perform best 
for the purpose they have been designed for. For regional modelling MMWH is more accurate 
having as input also the plant functional types (Carex and Sphagnum), which are very important in 
modelling the water dynamics, while at global scale the use of a global hydrological model is useful 
in capturing the water table variations vertically (within the cell) and horizontally (between cells).  

 
6.2.2. Specific soil and model parameters 
 

The PEATLAND-VU model uses as input soil specific physical parameters for different 
profiles, obtained from literature values or direct measurements. Some soil parameters, e.g. initial 
conditions for the amount of carbon stored in different soil organic matter reservoirs (peat, labile 
and resistant organic matter reservoirs) are difficult to measure without extensive soil organic 
mater analysis. However, this was resolved by running the model with a spin-up year. 
Decomposition rates were obtained by estimation from literature (e.g. Van den Bos et al., 2003; 
Petrescu et al., 2008). For the Visvliet and Balloërveld sites (Chapter 2) the organic matter content 
was derived from standard soil profiles (Van den Bos et al., 2003). For the Kytalyk site literature 
information from Stordalen site was used (Chapter 4). The main finding was that the PEATLAND-
VU model is not very sensitive to the exact soil composition (Van Huissteden et al., 2006a). Other 
parameters specific to the CH4 model need calibration instead; these are the CH4 production rate 
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R0 (Walter, 2000); the oxidation of CH4 during plant transport (Pox) (Van Huissteden et al., 
2006a) and the Q10 (temperature sensitivity CH4 production). In Chapter 4 a simple diagram was 
made (Figure 4-7) to show the sensitivity of the model for varying values for R0 and Q10.  

The main reason for the study presented in Chapter 3 was to test the performance of the 
methane model against a broad range of parameters, other than water table, validated in three 
different wetland sites (boreal and temperate). This was done by using the GLUE approach and 
Monte Carlo simulations for random values of the parameters. The results showed that the soil 
parameters influence the results to a limited extent only and cannot explain the high spatial 
variability of CH4 emissions. Several soil parameters were tested and for the arctic site only the 
thickness of the active layer influenced the runs. In particular for the flooded area only pH had a 
higher sensitivity. For the temperate sites (Ruwiel and Horstermeer) the soil characteristics played 
almost no role (Chapter 3). Another error in Chapter 5 was introduced by using a globally uniform 
parameter set instead of one specific set for each pixel. This effect is still unknown; especially to 
what extent the CH4 global budgets would be affected. The reason for this approach was the 
unavailability of measured values for the soil/vegetation/methane production parameters for each 
of the half degree pixel in Northern Hemisphere. The used parameters were those calibrated in the 
previous chapters of this thesis and specific for arctic/boreal sites. 

 
6.2.3. Vegetation parameters 
 

Last but not least, uncertainty is also related to the vegetation specific parameters used by the 
models. Already in the first paper (Chapter 2), the influence of different vegetation site specific 
parameters is observed when fluxes from two different types of peatlands (eutrophic/mesotrophic 
and oligotrophic) are compared. The fluxes in the Balloërveld are relatively low, in spite of high 
groundwater levels which were similar to those of Visvliet. Balloërveld is an oligotrophic location 
and for this reason net primary production (NPP) was probably lower than at the 
mesotrophic/eutrophic Visvliet site. Therefore, the production of fresh organic substrate for the 
methanogenic bacteria is also lower in oligotrophic locations. In the Visvliet area positive fluxes 
occur locally at lower groundwater levels. This is characteristic for mesotrophic/eutrophic peats 
(Hendriks et al., 2007; Wagner et al., 1999). Because of higher compactness and low permeability 
in eutrophic peats, anaerobic microsites are located in the soil above the groundwater level, in 
which methane production can continue. 

The sensitivity test performed in Chapter 3 show how important the vegetation is to simulate 
the CH4 emissions. Monte Carlo simulations were made for all CH4 production/oxidation and 
vegetation parameters in Table 3-1. Part of the spatial variation between individual measurement 
points was explained by the occurrence of CH4 production in anaerobic microsites in the soil at 
lower water tables in the quite dense, clayey peat of this site.  

Short-term temporal variation in the shape of high flux peaks is not well captured by the 
model. Flux peaks in the data are not always reproduced by the model, and the model simulates 
flux peaks where they are absent in the data. These peaks may be realistic, but cannot be checked 
against the data because the data density is too low to reject unrealistic peaks that fall between 
measurement dates (see Figure 3-4, Chapter 3). The causes of these discrepancies may vary. 
Modelled peaks often result from parameter sets with reduced plant fluxes due to shallow root 
depth and low modelled plant conductivity. However processes not incorporated in the model may 
also contribute, e.g. ebullition or enhanced venting from air pressure variations, or even data 
error. Despite this, the model performs generaly well in simulating the seasonal variations and the 
variations due to the weather patterns (dry/warm/wet). The model also simulated very well the 
variations related to vegetation differences between the sites. For a temperate site with varying high 
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water table in winter and low summer water table (Horstermeer), the CH4 is higher where species 
like Holcus lanatus grass, Equisetum palustre, Glyceria maxima, Juncus effuses are present. These plants 
have a high ability of transporting the CH4 better to surface due to their hollow steam. For Kytalyk, 
sites dominated by submerged Sphagnum showed lower CH4 emissions. This was due to the 
presence of the methanotrophic bacteria in the plants (Raghoebarsing et al., 2005). Also, the 
results of the sensitivity do not confirm that NPP is an important factor in floodplain areas. 
 
6.3. Comparisons with other large scale modelling studies 
 

In the last two decades some attempts were made in modelling the global CH4 emissions 
from arctic environments by using independent hydrological schemes or models coupled with 
emission models. 

The first attempt made for this purpose was done by Cao et al. (1996). They used a CH4 
emission model, controlled by the NPP and soil decomposition as substrate for methanogenic 
bacteria, main driver for CH4 production, and calculated the emissions as difference between 
production and oxidation. This model was then coupled with other input factors as: climate (IIASA, 
terrestrial climate data set; Leemans and Cramer, 1991), vegetation (Melillo et al., 1993 and 
McGuire et al., 1992), soil (FAO map; Zobler, 1986) and wetland distribution (Matthews and 
Fung, 1987) and used to calculate the CH4 emissions over a 1° x 1° global scale. Their calculated 
annual global budget was 92 Tg yr-1 CH4 coming from natural wetlands. They also performed a 
sensitivity analysis and their main conclusion was that CH4 response to the climate change depends 
on the mixture of soil carbon storage, decomposition rate, soil moisture and methanogenic activity 
(Cao et al., 1996). 

Another similar study was performed by Walter et al. (2001). They developed a process-
based model that derives CH4 emissions from natural wetlands as a function of soil temperature, 
water table, and NPP. In addition, a simple hydrologic model (bucket type) was developed in order 
to simulate the position of the water table in wetlands and was validated against data from different 
wetland sites. The main input driver for the model was the ECMWF reanalysis data for 1982-1993 
together with the wetland distribution maps by Matthews and Fung (1987) and the global 1° by 1° 
land cover data set by Wilson and Henderson-Sellers (1985) as vegetation input. Their main result 
was that global annual methane emissions from wetlands was 260 Tg yr-1 of which 25% originate 
from wetlands north of 30°N.  

Gedney et al. (2004) used in their study the potential for wetland emissions to feedback on 
climate change by developing an interactive wetlands scheme radiatively coupled to an integrated 
climate change effects model. The scheme predicts wetland area and CH4 emissions from soil 
temperature and water table depth, and is constrained by optimising its ability to reproduce the 
observed inter-annual variability in atmospheric CH4. They developed a simple CH4 emission 
scheme which can be run within the Met Office climate model (Gordon et al., 2000). It is coupled 
to the land-surface scheme MOSES-LSH (Gedney and Cox, 2003) which predicts the distribution 
of sub-grid scale water table depth and wetland fraction from the overall soil moisture content and 
the sub-grid scale topography (Gedney et al., 2004). Their results predict a considerable increase in 
the CH4 emission and it counts for ~500–600 Tg CH4 yr-1 by 2100. The total wetland area 
decreases only slightly by 2100, suggesting that it is the wetland temperature response and not the 
change in wetlands extent that will dominate the change in natural CH4 emissions. 

The last study of this kind, before this thesis, was the one made by Wania (2007).  It 
integrates the Lund-Potsdam-Jena dynamic global vegetation model to simulate permafrost 
dynamics, peatland hydrology and peatland vegetation and was used to study the dynamics of the 
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active layer depth, water table regimes and vegetation in northern peatlands. A CH4 model was also 
developed and coupled with the LPJ hydrology-vegetation model and resulted in LPJ-Why model. 
The results were tested against five sites and the calculated CH4 emissions for 45°N-90°N ranged 
between 29.7-46.5 Tg CH4 yr-1. The results were validated against the global wetland inundation 
datasets of Matthews and Fung (1987), Aselman and Cruzen (1989) and Prigent et al. (2007). 

This review of past-present studies which involves calculation of global CH4 budgets for 
northern wetlands shows that almost all approaches used similar input parameterisation as the one 
done in this study (Chapter 4). Similarities consist of the use of bucket type hydrological schemes, 
CH4 models and climatic inputs provided by well established world forecast data sets The 
validations were performed against the same wetland distribution, inundation maps as most of 
previous studies did. Therefore, we are confident that the results presented in Chapter 4 are valid 
and the only missing input factor is the vegetation distribution map, which is to be improved by 
further developments of the model. 
 
6.4. Conclusions 
 
Objective I was to:  
 

Develop and test a methodology for regional applications of quantifying CH4 and 
CO2 emissions from peatlands. The developed model was used for modelling, 
upscaling and predicting CH4 emissions from wetlands in the Province of 
Drenthe, The Netherlands. 

 
The CH4 and CO2 emission from wetlands need to be quantified properly to understand the 

effects of the land use changes on national and regional greenhouse gas emissions. The objective of 
this research was to quantify present greenhouse gas emissions from nature areas in the Province of 
Drenthe. This may serve as a baseline for future emission scenarios as influenced by agricultural, 
nature conservancy and water management policy and climate change for the Province of Drenthe. 
In Chapter 2 we tested to what extent such a modelling approach can be helpful in establishing 
regional wetland GHG flux estimates in an economically feasible way using modelling with 
PEATLAND-VU. 

Regional quantification of GHG fluxes from wetlands is difficult to achieve. Networks of 
measurement stations that are sufficiently dense to allow spatial interpolation are absent, and 
moreover these fluxes have a high short-distance spatial variability (Hendriks et al., 2007, 2008). 
Van den Bos (2003) attempted CO2 and CH4 flux modelling for the peat meadow areas of the 
western Netherlands using the PEATLAND-VU model. Validation of his model was based on a 
very limited number of sites. Since then, more flux site data have become available, allowing more 
extensive calibration of the model (Van Huissteden et al., 2006) and sensitivity analysis of model 
parameters (Chapter 3). 

The model results show that the CO2 emissions at lower water levels in the river valleys are 
also very high, whereas the CH4 emissions do not always decrease strongly at lower water levels, as 
demonstrated by the measurements and the model. It appears that a high water level in the river 
valleys is most favourable for greenhouse gas emissions in these peat soils. The CH4 emissions from 
wet soils are indeed very high, but also the assimilation of CO2 by vegetation is high and the 
dissimilation of peat by oxidation is small. The contribution of CH4 emissions from oligotrophic 
peat areas and wet oligotrophic peaty soils is small. How large the sink of CO2 in peat formation 
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and biomass is, is unknown. Also here the option of maintaining a high water level is the best 
option to reduce the greenhouse gas emission and reduce the loss of peat soils.  

The PEATLAND-VU model is a good instrument for upscaling the CO2 fluxes from peat 
decomposition and CH4 fluxes over larger areas, in this case the Dutch Province of Drenthe. With 
respect to greenhouse gas emissions from soils, the organic soils in valley floors in the Province of 
Drenthe are 'hotspots'. CH4 and CO2 emissions from oligotrophic peat soils are relatively minor. 

Despite the high emissions, the valley floors are probably, at a larger scale, not major 
greenhouse gas sources. In this study the uptake of CO2 in increasing biomass and soil organic 
matter is not included, but in similar situations it has been shown that increase of biomass after 
nature development on wet eutrophic peat soils fully compensates higher CH4 emissions (Hendriks 
et al., 2007). However, this requires cessation of agriculture since agriculture results in net 
removal of biomass. 
 
Objective II was to:  
 

Find the model’s most sensitive parameters and determine their interdependence 
when moving from regional to global scale modelling and how to fit best these 
parameters based on observations. 

 
This objective was the main aim of Chapter 3. This study involved a sensitivity analysis 

performed with the GLUE (Generalized Likelyhood Uncertainty Estimation) model and applying 
Monte Carlo approach to the most sensitive parameters which play an important role in the 
modelling of the CH4 emissions with PEATLAND-VU model. 

To understand interactions of wetland CH4 emission with climate or wetland management 
more properly, large scale modelling of these emissions and coupling to climate or hydrological 
models is highly important (Petrescu et al., submitted 2009). It is also important to know at which 
level of detail processes need to be modelled to represent the interactions between climate and 
management correctly. CH4 fluxes are known to be spatially highly variable on a small scale (Van 
Huissteden et al, 2005; Hendriks et al., submitted). Water table position is the most important 
variable, but also difference in vegetation and soil properties have been shown to be influential 
(Hendriks et al., submitted). An approach that may give an indication of the model complexity that 
is required is to test the parameter sensitivity of the more detailed, plot-scale models (Beven, 
2008). The PEATLAND-VU model was tested (Van Huissteden et al., 2006), using the GLUE 
methodology (Lamb et al., 1998; Beven, 2001 and references therein). Validation data from three 
different sites, including temperate and permafrost wetlands, were used. Parameters of CH4 
generation by bacterial consumption of root exudates, bacterial CH4 oxidation, and transport of 
methane to the atmosphere by ebullition, diffusion and fluxes through plants were tested, as well as 
soil parameters (Table 3-1, Chapter 3).  

The parameter sensitivity and the parameter values resulting from the GLUE optimisation 
agree well with a priori knowledge on the parameters. For the arctic site, the sensitivity analysis 
resulted in a lower reference temperature for CH4 compared with the temperate climate sites. This 
agrees well with observed temperature sensitivity of microbial populations in arctic soils. At the 
site where oxidation of CH4 by symbiotic methanotrophs was observed in Sphagnum vegetation, the 
optimisation correctly resulted in higher values for the plant oxidation parameter and lower values 
for plant transport rate. The vegetation parameters contribute strongly to model uncertainty. They 
are spatially highly variable, and several of the relevant vegetation parameters above are difficult to 
quantify.  Therefore it is highly important to invest in improvement of vegetation data, in particular 
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data on gas transport characteristics of wetland species and wetland vegetation units, and wetland 
vegetation mapping. Fortunately the results for the Kytalyk site suggest that some of these 
parameters for vegetation can be derived from general vegetation characteristics (e.g. dominance of 
arenchymous tissue in wetland plants, oxidation of CH4 in Sphagnum) and can be constrained by 
model fitting. 

The main conclusions of this paper are: 1) the model is very sensitive to vegetation 
parameters and temperature sensitivity of the microbial populations; 2) parameters related to CH4 
transport through plants (transport rate, oxidation, root depth) determine the model sensitivity and 
3) the model is not very sensitive to soil parameters, which are highly variable when moving from 
regional to global scales. 

For arctic large scale modelling the vegetation parameters do not play an important role 
because are no large differences in wetlands vegetation. The most common situations are the 
presence of Carex dominated sites where the CH4 emissions are high due to the plant mediated 
transport function and Sphagnum dominated sites where most of the CH4 is oxidized and the 
emissions are low. 
 
Objective III was to: 
 

Develop and improve hydrological parameterisation of spatially distributed 
wetland CH4 flux models at different levels of scale and complexity. 

 
The purpose of this study (Chapter 4) was to quantify/study the effect of water table, 

temperature and different vegetation types at two high latitude wetland sites on CH4 emission, by 
means of field measurements and a modeling approach. The improvement of the hydrological 
parameterisation was done by modelling the water table with the modified model of Granberg et 
al. (1999) developed by Yurova et al. (2007). This approach combines the CH4 flux process 
approach of Walter (2000), used by Van Huissteden et al. (2006a) into developing the 
PEATLAND-VU model, with the soil physics as included in the MMWH model of Granberg et al. 
(1999). The study was based on site soil physical, vegetation and water level data. The CH4 flux 
measurements at the sites have been used to validate the model. Model runs have been made with 
both site water level observations and modelled water levels based on generic weather data, to 
compare the influence of modelled or observed water tables on model performance. 

We have shown that with Granberg’s (1999) model we could simulate the CH4 flux correctly 
even with absent (Kytalyk) observations or scattered measurements during the growing season 
(Stordalen). The results of our study are promising for improvement of regional scale CH4 emission 
models. Parameter uncertainty at site level in wetland CH4 process models is an important factor in 
large scale modelling of CH4 fluxes. The CH4 fluxes at the Kytalyk site appear less sensitive to 
temperature variation than to water table variation, in concordance with other studies (Moore et 
al., 1990; Roulet et al., 1991; Walter et al., 1996; van der Molen et al., 2007). This stresses the 
need for improving hydrological models to correctly simulate water table variations for modelling 
wetland CH4 fluxes. 
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Objective IV was to:  
 

Determine differences in hydrological parameterisations when moving to 
different model scales (e.g. from regional to global boreal/arctic scale). 

 
By coupling a processed based CH4 model with a global hydrological model, this study aims 

to create maps of the pan-arctic CH4 emission from floodplains, bogs, fens and mires for the 
Northern Hemisphere with emphasis on seasonal and inter-annual variability (Chapter 5). It is well 
known that hydrology is important in the regulation of CH4 release from northern wetland. 
However, actual data on water table are not generally available and the hydrological regimes have 
to be modeled from climatic data. To establish the robustness of the approach, we applied it to 
different estimates of global wetland distribution, being the original parameterisation of PCR-
GLOBWB as well as the datasets of Matthews and Fung (1987), Lehner and Döll (2004), Prigent et 
al. (2007) and Kaplan (2002) and compared the estimated totals with existing measurements and 
estimates of northern CH4 emissions. 

Uncertainties are still present and are mainly due to the high variability in wetland extent and 
site specific parameters which influence the CH4 emissions that are very hard to measure. A good 
estimation of the wetland areas together with the temperature records are an important driver for 
calculating CH4 emissions from high latitude wetlands. Our results show a realistic correlation with 
literature values. For a better estimate of CH4 emissions further studies are necessary. We suggest 
that also vegetation plays an important role; therefore a more complete coupling which involves 
vegetation, water and CH4 would be required. 
 
6.5. Recommendations for further research 
 

Based on the discussion and main conclusions drawn by this thesis, future work should be 
done in order to improve models and be able to quantify global CH4 emissions from wetlands. 
There are several model improvements which can be made in this direction. 

The most important feature to be improved is the vegetation data, in particular the root 
depth and gas transport characteristics of dominant species (as shown in Chapter 3). This would 
also results in a better mapping of the wetland vegetation. Development of a wetland vegetation 
classification system that is meaningful to hydrology and vegetation characteristics that influence 
CH4 emission and can be based on remote sensing data would be a large advance. The GLUE 
analysis shows that several vegetation and microbial parameters interact. Therefore, it should be 
considered to what extent combination of parameters is possible. Another possibility for vegetation 
improvement would be the coupling of PEATLAND-VU model with a global vegetation model, as 
done by Wania (2007) for the LPJ-WhyMe model. They included the peatland and permafrost 
processes into a dynamic global vegetation model together with a hydrological and methane model 
which resulted in good estimates for CH4 budgets. 

An interesting feature would be, after setting up the right vegetation/soil parameterisation, a 
comparison with eddy covariance flux towers. The data has a higher temporal resolution than the 
chamber measurements. This kind of comparison was performed in Chapter 4 when, for the year 
2006 (Figures 4-8 and 4-9), the available observed CH4 fluxes from Stordalen site were measured 
with eddy covariance techniques. This comparison showed us very good results and might be a 
further improvement for validating the CH4 simulations done by PEATLAND-VU model. On the 
other hand the eddy covariance measurements may include emission processes which are as yet not 
modelled, such as CH4 release by pressure induced venting through plants. Comparing with eddy 
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covariance measurements, therefore, may help to improve the present generation of wetland 
methane emission models. 

Instead of simulating the water table depths with different hydrological models, input of soil 
moisture information might also be used (e.g. derived from satellite information). The 
PEATLAND-VU model can process available soil moisture information. Also, a peat depth map 
might be of use. In the present version of PEATLAND-VU model, the soil input files contain layer 
depths which were used as a global parameter set. By setting up a map input format (e.g. Arc-GIS) 
it would be easier to use available information as derived from land use maps (as done in Chapter 2) 
or satellite information. 

Another improvement aspect of this research topic would be the inclusion of the tropical 
wetlands in estimating the total global CH4 budget. The tropical wetlands count as the largest 
natural source of CH4 followed by the arctic wetlands. As this study contains only the CH4 view 
over the arctic and boreal regions, in order to calculate a global estimate, the need of introducing 
all available potential CH4 sources would be a necessity. 

A better top-down validation of the results would be also of interest. Existing satellite 
products (e.g. SCIAMACHY) can be used and compared with the global estimates (as done in 
Chapter 5 for available global data sets). Similar approaches as used by Bergamaschi et al. (2005) 
can be performed at a global resolution. These results can be incorporated and validated against 
results of atmospheric transport models (e.g. TM5), thus, providing a top-down constraint on the 
modelled bottom-up fluxes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix A 
 
 
A1. Parameterisation PEATLAND-VU model 
 

The PEATLAND-VU model requires parameters on microbial population activity of 
methanogenic and methanotrophic bacteria, vegetation parameters related to gas transport through 
plants and soil parameters (horizon thickness, organic matter content, dry bulk density and pH). 
There is insufficient information available to specify these parameters for each grid cell separately. 
Model sensitivity analysis using the GLUE (Generalized Likelihood Uncertainty Estimation) has 
shown that the model is not strongly sensitive to soil parameters (Van Huissteden et al., 2009). 
This sensitivity analysis indicated that the model was more sensitive to microbial population and 
vegetation parameters, in particular the  CH4 production rate R0, its temperature sensitivity Q10, 
and the model parameter specifying oxidation of CH4 during transport in plants, Pox. For single 
site CH4 flux measurement data, good model-data fits can be obtained by optimizing these 
parameters (Van Huissteden et al., 2006a; Petrescu et al., 2008; Van Huissteden et al., 2009). 

The GLUE analysis showed that there is a high amount of equifinality in the model solutions, 
a good model-data fit can be realized with a quite large range of parameters. Therefore we selected 
parameter values that have shown previously to perform well for data sets from various sites 
(Petrescu et al., 2008; Van Huissteden et al., 2006a). The selection of the CH4 microbial 
population model input parameters (CH4 R0 production rate, Q10 value for temperature correction 
CH4 production) was based on previous optimization by Petrescu et al. (2008).  Different 
parameters were set for bogs and floodplains. For both bogs and floodplains the oxidation factor 
was set to a value of 0.7. For both bogs and floodplain simulations a Q10 value of 4 was set. The R0 
was set for bogs to 0.075 μMh-1 and for floodplains to 0.05 μMh-1 (Table A2). The soil physical 
parameters per soil horizon used in the PEATLAND-VU Model were also kept similar to the 
parameters used in Petrescu et al. (2008) (A3). The selection of uniform soil profiles and soil 
parameters introduces some uncertainty in the model results. The NPP values used were the same 
for all types of wetlands being set to 0.0015 kg C m-2 d-1 after (Van Huissteden et al., 2006a). 
 
 
A2. Table with parameters used by PEATLAND-VU model 
 
Parameters    Wetland Floodplain 
 
Production rate (R0)   0.07  0.05 
 
Value for temperature   4.0  4.0 
correction CH4 production (Q10) 
 
Plant oxidation (Pox)   0.7  0.7 
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A3. Soil physical parameters used by PEATLAND-VU model 
 
Soil physical parameters  Floodplains  Wetlands 
per soil horizon   (estimated data)  (estimated data) 
 
Number of horizons  3   4 
 
Horizons depths with  (0.1 0.2 2.0)  (0.1 0.2 0.3 2.0) 
respect to surface   
 
C/N ratios for   (15 15 15)  (48 38 31 15) 
each soil layer    
 
Dry bulk density for  (100 130 975)  (88 102 519 808) 
each horizon  
 
Percentage organic  (95.0 80.0 5.0)  (90.0 80.0 70.0 5.0) 
matter for each horizon    
 
pH    (6.0 6.0 7.0)  (4.0 4.0 4.1 4.0) 
 
 
 
 
A4. Description of calculation of wetland and floodplain submerged areas as 
done by PCR-GLOBWB model 
 

The extent of saturated area of the improved Arno Scheme is not directly equivalent to the 
wetland extent as the parameterisation of PCR-GLOBWB includes other sources of shallow soils 
(e.g. urbanized areas or rocky soils and an estimate based on the orography as suggested by 
Hageman and Gates (2003) and does not consider the poor drainage conditions that characterize 
northern wetlands. In order to include poor vertical drainage conditions due to permafrost, the 
parameterisation of the improved Arno Scheme was updated with the circumpolar permafrost and 
ground ice data set of Brown et al. (1998) that provides a unified representation of the distribution 
and properties of permafrost and ground ice in the Northern Hemisphere (20°N to 90°N). We re-
gridded the data set to 0.5° and neglected sporadic or isolated permafrost, thus including only 
discontinuous and continuous permafrost in our parameterisation. The minimum soil depth was for 
both classes reset to 0 whereas the fraction of the maximum soil depth over the average soil depth 
was left unchanged (Figure A6). The average soil depths were scaled relative to the maximum soil 
depth of 1.5 m of PCR-GLOBWB. For continuous area, the maximum was reset to 0.6 m, for the 
discontinuous permafrost to 1.2 m. Percolation to the groundwater reservoir was further restricted 
by the extent of ground ice (95% for continuous, 70 % for discontinuous permafrost as given by 
(Brown et al., 1998). Additional pre-processing was required to obtain the depth of the snow pack 
and the volumetric moisture content for the soil layers prescribed to PEATLAND-VU. 
 
 
 

98 
 



 
Appendix A 

 

 
A5. Delineation of the potential wetland areas as present in the five 
approaches 
 

To delineate potential wetland areas for PCR-GLOBWB approach, we used a selection of 
potential wetlands of the Food and Agriculture Organization (FAO/ISRIC) delineated by the 5° C 
limit as shown by the Figure A7 (grey area) we define as boreal/arctic area all regions which have 
the annual maximum temperature < 5 °C. FAO soil maps provide information about soil 
properties in various regions of the world. Data from FAO soil maps were incorporated in a 
gridded digital data set (Zobler, 1986). The wetland extent from the FAO map (Figure A6) can be 
considered as an upper limit to the occurrence of bogs and mires. Thus, it can be used together 
with the saturated fraction of the improved Arno Scheme to estimate CH4 fluxes for wetlands. The 
same database including the digitized information from the FAO soil maps was used by Matthews 
and Fung (1987) in order to evaluate the global distribution, area, and characteristics of natural 
wetlands and to estimate global CH4 emissions from wetlands. 

The dataset of Matthews and Fung (1987) delineates different wetlands and floodplains with a 
spatial resolution of 1° and constant in time as five, mutually exclusive classes that are associated 
with a fractional inundation value. To apply our approach, we grouped forested and non-forested 
bogs into the class of wetlands and lumped forested swamps, non-forested swamps and alluvial 
plains as floodplains with their corresponding fraction of inundation (Figure A7). This information 
was used to derive the fractional wetland cover of Equation (5-5) and to calculate the CH4 fluxes 
using the average emissions from PEATLAND-VU at 1° weighed by saturated fraction. 

The Prigent et al. (2007) database specifies fractional inundation at 0.25° for the entire globe 
for the period 1993-2000 with a monthly resolution as observed with remote sensing. It does, 
however, not distinguish between wetlands and floodplains and the fraction is zero whenever an 
area is covered with snow, thus returning fractional inundation fractions for the Arctic for part of 
the year only. Overall, the fractional inundation ranges between 0 and 0.78. 

The period covered by the dataset of Prigent et al. (2007) covers a different period and has a 
finer spatial resolution. In order to use it in the comparison, a monthly climatology was derived at 
the degraded resolution of 0.5°. The climatology corresponds to the monthly averages of fractional 
inundation over the period 1993-2000 (Figure A8) where the average of the minimum fraction not 
equal to zero has been substituted for the snow period. This climatology then provides the 
maximum, potential wetland extent. 

As Prigent's dataset does not distinguish between floodplains and bogs, information from 
PCR-GLOBWB may be used, such as wetland and floodplain areas calculated with the use of the 
FAO soil map, wetland extent (Figure A6). 

This information was used to calculate the CH4 fluxes per m2 for the floodplain and wetland 
area within a cell which can be scaled on the basis of the saturated fractions of wetlands and 
floodplains. These were multiplied with the monthly averaged inundation to constrain the flux to 
the area observed by Prigent et al. (2007). 

The Lehner and Döll (2004) dataset, GLWD-3, comprises lakes, reservoirs, rivers and 
different wetland types in the form of a global raster map at 30 arc second resolution. It serves as an 
estimate of wetland extents for global hydrology and climatology models, or to identify large-scale 
wetland distributions and important wetland complexes (Lehner and Döll, 2004). For this study, 
the following fractional areas of floodplain/wetland types were extracted: floodplains contain 
classes 4 and 5 ("Freshwater Marsh, Floodplain", "Swamp Forest, Flooded Forest"), while the 
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