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SUMMARY 

Nitrous Oxide (N2O) was under concerned for at least three reasons. 
First, the change of atmospheric concentration of N2O is increasing with 
a present rate of 0.27±0.01% yr-1. Secondly, N2O has a 300 times 
greenhouse potential compared to Carbon dioxide. Last but not least, 
N2O is the most responsible substance for the stratospheric ozone 
depletion during the 21st century. Of the anthropogenic sources, 
agriculture soils contribute to the largest anthropogenic atmospheric 
N2O emission, more than 60% of the global N2O budget, forest 
ecosystems, however, have been identified to represent a significant 
source of N2O as well. The nutrient-rich drained organic forest soils had 
been suggested to be a large potential N2O source pool. Only 6% of 
Swedish forest area (afforest drained peatland areas) have been identified 
responsible for 15% of the anthropogenic N2O emissions.  

Coupled Carbon and Nitrogen interactions within soil processes, 
together with climate induced hydraulic and thermal regulation given a 
complex picture of the whole processes. The thesis was aimed to 
investigate the importance of different environmental factors on the 
N2O emission from one drained organic forest site. To achieve this, a 
modeling approach was accomplished; using CoupModel with Monti-
Carlo based multi-criteria calibration method. The model was made to 
represent a forest on drained peat soil in south-west Sweden where data 
of fluxes combined with soil properties and plant conditions were used. 
The model outcome was consistent with measurements of abiotic (soil 
temperature, net radiation, groundwater level and soil moisture) and 
biotic responses (net ecosystem exchange and soil respiration). Both 
dynamics and magnitude of N2O emissions were well simulated 
compared to measurements (8.7±2.1 kg N/ha/year).  

Statistical indicators were used to investigate the impact of different 

process parameters and environmental variables on ensemble of N2O 

emissions after model calibration. The performance indicators for an 

ensemble of accepted simulations of N2O emission dynamics and 

magnitudes were correlated to calibrated parameters related to soil 

anaerobic fraction and atmospheric nitrogen deposition (correlation 

coefficient, r ≥ 0.4). A weak correlation with N2O emission dynamics 

was also found for biotic responses (r ≥ 0.3). However, the Mean Error 

(ME) of simulated and measured N2O emissions was better correlated 

to the ME of soil moisture(r = -0.6), and also to the ME of both the soil 

temperature (r = 0.53) and groundwater level (r = -0.7). Groundwater 

level (range from -0.8 m to -0.13 m) was identified as the most important 

environmental factor regulating the N2O emissions for present forest 

soil. Profile analysis indicated that N2O was mainly produced in the 

deeper layers (≥ 0.35 m) of the soil profile. The optimum soil moisture 

for N2O production was around 70 %. 
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SUMMARY IN SWEDISH 

Dikväveoxid (N2O) var under fråga under minst tre skäl. För det första 

är den förändring av atmosfäriska koncentrationen av N2O ökar med 

nuvarande hastighet av 0,27 ± 0,01%* år-1. För det andra har N2O en 

300 gånger växthus potential jämfört med koldioxid. Sist men inte minst, 

är N2O de mest ansvarsfulla ämnet för det stratosfäriska ozonskiktet 

under 21-talet. Av de antropogena källor, jordbruk jordar bidrar till den 

största antropogena atmosfäriska N2O utsläppen, mer än 60% av den 

globala N2O budget, skogsekosystem, har dock identifierats skall utgöra 

en betydande källa för N2O också. Den näringsrika dränerade organiska 

skogsmark har föreslagits vara en stor potential N2O källa pool. Endast 

6% av den svenska skogsarealen (beskoga dränerad torvmark områden) 

har identifierats svarar för 15% av den antropogena N2O-utsläpp. 

Kopplade Carbon och interaktioner kväve inom markprocesser, 

tillsammans med klimat-inducerad hydrauliska och termiska regleringen 

ges en komplex bild av hela processer. Avhandlingen syftar till att 

undersöka betydelsen av olika miljöfaktorer på N2O-utsläpp från en 

dränerad organiska skogen webbplats. För att uppnå detta har en 

modellering utförts med hjälp CoupModel med Monti-Carlo baserade 

flera kriterier kalibreringsmetod. Modellen gjordes för att representera en 

skog på dränerad torvmark i sydvästra Sverige där data för flöden i 

kombination med markens egenskaper och förutsättningar växten 

användes. Modellen Resultatet låg i linje med mätningar av abiotiska 

(jordtemperatur, netto strålning, grundvattennivån och markfuktighet) 

och biotiska svar (netto ekosystem utbyte och markrespirationen). Både 

dynamik och omfattningen av N2O-utsläpp var väl simulerade jämfört 

med mätningar (8,7±2,1 kg N/ha/år). 

Statistiska indikatorer har använts för att undersöka effekterna av olika 

processparametrar och miljövariabler på ensemble av N2O-utsläpp efter 

modell kalibrering. Resultatindikatorer för en ensemble av accepterade 

simuleringar av N2O utsläppen dynamik och magnitud var korrelerade 

till kalibrerade parametrar relaterade till jord anaeroba fraktionen och 

atmosfäriskt kvävenedfall (Korrelationskoefficienten, r ≥ 0,4). En svag 

korrelation med N2O utsläppen dynamik fann också för biotiska svar   

(R ≥ 0,3). Var dock medelfelet (ME) av simulerade och uppmätta N2O 

bättre korrelerad till mig om markfuktighet (r = -0,6), och även till mig 

om både mark temperaturen (r = 0,53) och grundvatten nivå              

(r = 0,7). Grundvatten nivå (intervall-0.8 m till 0.13 m) identifierades 

som den viktigaste miljöfaktorn som reglerar N2O-utsläpp för 

nuvarande skogsmark. Profil Analysen visade att N2O huvudsakligen 

producerades i de djupare skikten ( ≥0,35 m) i markprofilen. Den 

optimala markfuktighet för N2O produktionen var cirka 70%. 

 

 

 



             Hongxing He                                                                                 TRITA LWR Degree Project 12:07

 
 

vi 
  

 

 

  



Modeling study of Nitrous Oxide emission from one drained organic forest ecosystem

 
 

vii 
 

ACKNOWLEDGEMENTS 

First, I would thank my supervisor, Professor Per-Erik Jansson for 
supervising the whole degree project work. The valuable discussions and 
kind suggestions from him were so important for me to finish this 
Master of Science thesis. It was my great pleasure to have the water 
system modeling course with Per-Erik, where I initially learned 
CoupModel with simulating N2O emission for one Swedish agriculture 
site. Thereafter, I got inspired and motivated to continue doing the 
following master degree project. Per-Erik Jansson is a person who’s full 
of humanity, wisdom and scientific views. I am so happy to work with 
him. His support and kindness was so appreciateful. 

One cannot finish a modeling study without the data provision. I would 
thank the entire data provider in University of Gothenburg. Professor 
Leif Klemedtsson introduced and provided the data for this specific 
study. Post doc Astrid Meyer and Post doc Josefine Nylinder give me 
valuable comments and discussions both for result analysis as well as 
thesis writing. Ph.D student Azad Nousratpour interpreted the 
measurement data for me. My special thanks also go for Researcher Åsa 
Kasimir Klemedtsson who gives me meaningful advices and kind 
suggestions for the entire research work. 

I would also thank for the entire faculty in Department of Land and 
water resources in Royal institute of technology. Dr. John Juston and Dr. 
Sihong Wu give me practical suggestions for Modeling. I would like to 
take this opportunity to thank my examiner, Professor Bo Olofsson. It is 
not possible to write a thesis report without the guidance of Professor, 
Joanne Fernlund, many thanks to her for giving me her precious time 
and advice for thesis format.  

In addition, the background of N2O emissions in my thesis work was 
originally from the project work in the modeling course, I would thank 
for my group colleagues in that project, Kholoma Ezekiel and 
Muhammed Amjad Afridi.  

Finally, Special thanks my dear girlfriend, Junyi Huang and my family. 
The continuous accompanying, understanding and encouragement mean 
so much to me. I love you all.      

Hongxing He 

Feb. 2012, Stockholm 

 

  



             Hongxing He                                                                                 TRITA LWR Degree Project 12:07

 
 

viii 
  

 

 

  



Modeling study of Nitrous Oxide emission from one drained organic forest ecosystem

 
 

ix 
 

TABLE OF CONTENT 

Summary iii 

Summary (in English) iii 

Summary (in Swedish) v  

Acknowledgements vii 

Table of content ix 

Abstract 1 

1. Introduction 1 

1.1. Aims and objectives 3 

1.2. Background on n2o emission 3 

2. Study material  5 

2.1. Study site                                     5 

2.2. Data for this study 6 

2.2.1. N2O measurement 8 

2.2.2. Carbon flux measurement 8 

2.2.3. Abiotic measurement 8 

3. Research methodology  9 

3.1. Brief discription of coupmodel 9 

3.1.1. Water and heat process                       10                                                                                              

3.1.2. Carbon cycle 11 

3.1.3. Nitrogen cycle 12 

3.2. Model assumption and general setup 14 

3.3. Model calibration 16 

3.4. Description of model performance 18 

4. Results 19 

4.1. Identification factors regulating n2o emissions   20 

4.2. Soil temperature, soil moisture and groundwater level 23 

4.3. Net ecosystem exchange and soil respiration 26 

4.4. N2O emissions 28 

4.5. N budget      32 

5. General discussion 33 

6. Final conclusion 35 

7. Reference 37 

 

 



             Hongxing He                                                                                 TRITA LWR Degree Project 12:07

 
 

x 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



          Modeling study of Nitrous Oxide emission from one drained organic forest ecosystem 

 
 

1 
 

ABSTRACT 

High nitrous oxide (N2O) emission potential has been identified in hemiboreal forest 
on drained Histosols. However, the environmental factors regulating the emissions 
were unclear. To investigate the importance of different factors on the N2O emission, 
a modeling approach was accomplished, using CoupModel with Monti-Carlo based 
multi-criteria calibration method. The model was made to represent a forest on 
drained peat soil in south-west Sweden where data of fluxes combined with soil 
properties and plant conditions were used. The model outcome was consistent with 
measurements of abiotic (soil temperature, net radiation, groundwater level and soil 
moisture) and biotic responses (net ecosystem exchange and soil respiration). Both 
dynamics and magnitude of N2O emissions were well simulated compared to 
measurements (8.7 ± 2.1 kg N/ha/year). The performance indicators for an ensemble 
of accepted simulations of N2O emission dynamics and magnitudes were correlated 
to calibrated parameters related to soil anaerobic fraction and atmospheric nitrogen 
deposition (correlation coefficient, r ≥ 0.4). A weak correlation with N2O emission 
dynamics was also found for biotic responses (r ≥ 0.3). However, the ME of 
simulated and measured N2O emissions was better correlated to the ME of soil 
moisture       (r = -0.6), and also to the ME of both the soil temperature (r = 0.53) and 
groundwater level (r = -0.7). Groundwater level (range from -0.8 m to -0.13 m) was 
identified as the most important environmental factor regulating the N2O emissions 
for present forest soil. Profile analysis indicated that N2O was mainly produced in the 
deeper layers (≥ 0.35 m) of the soil profile. The optimum soil moisture for N2O 
production was around 70%. 

 

Key words:  N2O emission; Peat soil, forest; CoupModel; GLUE 

 

1. INTRODUCTION 

Since the beginning of the climate change action plan, a lot of focus has 
been placed more on carbon dioxide (CO2) than the other greenhouse 
gases i.e. methane (CH4) and nitrous oxide (N2O). Under natural 
conditions, the absolute quantities of these gases are small compared to 
that of CO2, but these have been undergoing tremendous increase since 
the start of the industrialization era. According to Khalil and Rasmussen 
(1992), the change of atmospheric concentration of N2O is increasing 
with a present rate of 0.27±0.01% yr-1. They also indicate that the 
concentration of N2O gas started increasing rapidly only during last 
century and the increasing trend seems to become more dramatically 
nowadays. Many experimental findings have shown that the trace gases 
CH4 and N2O are far more effective in absorbing infrared radiation than 
CO2, for instance; in a 100 year perspective 1 kg of CH4 has a global 
warming potential (GWP) 23 times greater than 1 kg of CO2, while N2O 
has a 300 times greater potential (IPCC, 2007). Moreover, recent studies 
(Ravishankara et al., 2009; WMO, 2009; Cliff et al., 1997) have found 
that N2O is the most responsible substance for the stratospheric ozone 
depletion during the 21st century. In natural ecosystems, soil processes 
are of a major concern regarding the contribution of atmospheric N2O 
emissions (Bouwman, 1990; Bremner, 1997). Of the anthropogenic 
sources, agriculture soils contribute to the largest anthropogenic 
atmospheric N2O emission, more than 60% of the global N2O budget 
(IPCC, 2007), forest ecosystems, however, have been identified to 
represent a significant source of N2O as well (e.g. Schmidt et al., 1988; 
Skiba et al., 1994). Emissions of N2O from forest soils most likely 
increased during the last decades and will probably increase in the future 
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due to the potential anthropogenic impact to global nitrogen cycling and 
climate change (Galloway et al., 2004, Li et al., 2005). In addition, 
according to a recent study in Sweden (Klemedtsson et al., 2005) the 
estimated emission of N2O was much higher than the amount calculated 
by the methodology suggested by IPCC, based on the scalar parameter 
soil C to N ratio of the Histosols instead of N addition. The higher 
values could be mainly attributed to the nutrient rich soils in agricultural 
soils and drained peatlands (Ernfors et al., 2008). Thus, only 6% of 
Swedish forest area (afforest drained peatland areas) have been identified 
responsible for 15% of the anthropogenic N2O emissions (Rütting et al., 
2010). The nutrient-rich drained organic forest soils had been suggested 
to be a large potential N2O source pool (Brumme et al., 1999; Maljanen 
et al., 2003; von Arnold et al., 2005). There are at least two reasons for 
this. First, due to the rich store of carbon and nitrogen, organic soils 
have a higher nutrient transformation rate compare to mineral soils 
(Laine et al., 1996; Silvola et al., 1996; Widen et al., 2001; von Arnold et 
al., 2005). Second, high water moisture conditions are normally found in 
those organic sites, supplying denitrifiers with alternating aeration 
conditions by groundwater table fluctuation and result in high N2O gas 
emissions by incomplete denitrification (Vor et al. 2003; Lamers et al., 
2007).  There are, however, quite few published studies on N2O fluxes 
from boreal afforested organic croplands. According to Ernfors et al., 
(2008), only two studies have been carried out on drained organic soils, 
both of which have indicated quite high N2O emission potential (9 kg 
N2O ha−1a−1; von Arnold et al. 2005  and 30 kg N2O ha−1 a−1; Weslien et 
al. 2009). 

Studies on N2O emissions from afforested soils, especially from drained 
organic soil forest ecosystems could mostly be found in the form of 
laboratory investigations or field measurements. For instance, a 
laboratory study on one drained organic forest soil in Finland (Maljanen 
M. et al., 2003) indicated that N2O fluxes during the snow-free periods 
were related to the water table (WT) level and carbon mineralization 
besides water moisture and soil temperature. Ernfors et al., (2008) also 
suggested that there was an exponential relationship between C to N 
ratio and N2O emissions based on the measurement data on one 
Swedish drained organic forest soil. Linear and exponential relationships 
were mainly reported by laboratory studies or field measurement data 
between N2O emission rate (or cumulative value) and substrate 
availability (i.e. N, C or C to N ratio), abiotic driving variables (i.e. water 
moisture, soil temperature, water table, and pH), biological activity 
(denitrifiers amount and activity) etc (Smith K A., et al., 1998; 
Klemedtsson et al., 1997; Zheng X.H., et al., 2000). However, factors or 
variables found to regulate N2O emissions according to the field 
measurements and laboratory studies could be limited due to the quite 
few factors or variables measured (Lamers et al. 2007; Schmidt et al. 
1988; Hahn et al., 2000; Von A. et al., 2005). High costs and time 
consuming long term measurements also contributes to the restrictions 
(Lamers et al. 2007). To understand the continuum ecosystem between 
plants, soil and climate, which has interaction and effect on the abiotic 
energy and water balances, it is better to have a combined approach 
which both takes the detail laboratory investigations and the entire 
ecosystem dynamic, as well as uncertainty analysis into consideration. 
Ecosystem models by combining known ecological relations with data 
gathered from field observations could be one possible approach which 
can be used to analyze the dynamics, together with uncertainty of the 
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variables within the entire ecosystem (Li et al., 2000; Zhang et al., 2002; 
Jansson et al., 2001).  

A flexible modeling approach with a dynamic interaction between biotic 
and abiotic sub models, together with measurement data for calibration 
and uncertainty estimation is used to investigate the N2O emissions in 
this specific study site, Skogaryd. It is based on a coupled ecosystem 
model for heat and mass transport in the soil-plant-atmosphere system 
(CoupModel). The model simulates the response to climate of 
aboveground biomass and underground biochemical reactions, litter 
formation and decomposition of organic matter, Nitrogen deposition 
and transformation processes etc. Both tree- and field (understory) layers 
were considered where biotic measurements on soil respiration, carbon 
flux and nitrous oxide emission rate were used to calibrate the model.  

1.1 Aims and Objectives 
The main objectives of this modeling study are (i) to estimate and model 
the nitrous oxide emissions from one drained organic spruce forest 
ecosystem; (ii) to identify key factors/parameters or variables 
determining the soil N2O emission including their uncertainty as 
estimated by available data of fluxes combined with basic background 
information on soil and plant conditions. 

1.2 Background on Nitrous Oxide (N2O) emissions 

N2O is a trace gas emitted naturally from microbial facilitated processes 
responsible for transformations of nitrogen in soils namely nitrification 
and denitrification (Mari, 2007). In the nitrification process (Fig. 1), N2O 
is produced as a side product, by oxidation of ammonium (NH4

-), or 
ammonia (NH3) by autotrophic bacteria or organic N compounds by 
heterotrophic bacteria in the presence of oxygen (Smith et al., 2003). 
NH4

- is oxidized to nitrite (NO2
-) by ammonia oxidizing bacteria with 

the emission of NO and N2O and the NO2
- is then oxidized to nitrate 

(NO3
-) by nitrite oxidizing bacteria. The rate of nitrification, the rate of 

N2O production, and the ratio of N2O to nitrate produced during 
nitrification generally tend to increase as the soil water filled pore spaces 
(WFPS) increase (Smith et al., 2003).  

In the denitrification process (Fig. 2), N2O is produced in intermediate 
steps as nitrates and nitrites are reduced to the nitrogen oxides and 
nitrogen gas (N2) by denitrifying bacteria. Soil bacteria which use carbon 
compounds as energy source use NO3

- as an electron acceptor instead of 
oxygen and reduce it to NO2

- and finally to N2 with the production of 
NO and N2O during the process. 
 

 

Figure 1. The Nitrification process (adapted from Smith et al, 2003) 

  



             Hongxing He                                                                                 TRITA LWR Degree Project 12:07

 
 

  
4 

 

 

Figure 2. The Denitrification process (adapted from Smith et al, 

2003) 

Several conditions are important for determining the amounts of the 
fluxes and storages of the nitrogen both in the soil, organic matter, and 
the plants. How much emissions that occur both on spatially and 
temporally scales are determined by the meteorological conditions in 
which these processes take place, soil physical properties, type of plants 
and animals, and the soil management practices. The deposition of 
inorganic nitrogen can be by gravitational sedimentation or diffusion out 
of the air layer above the soil (dry deposition) or by washing into the soil 
by precipitation (wet deposition). Organic matter that adds nitrogen to 
the soil is mostly in the form of plant litter that falls to the ground. After 
reaching the ground, organic matter is later changed into different forms 
through processes of decomposition, mineralization and immobilization. 
The soluble nitrogen compounds that are not immobilized may be 
washed out by runoff into streams from which they can volatilize into 
the atmosphere or be leached into main water courses. The most 
fundamental factors considerable for any study involving N2O emissions 
from soils include soil grain properties, WFPS, temperature, soil 
moisture content, pH, amounts of organic matter in the soil, and 
availability of ammonium (or ammonia) and nitrates. Soils with fine 
grains such as organic soil are porous but are highly impermeable to fluid 
flows especially when they are saturated with water. Nonetheless, they 
are very good in holding nutrients needed by plants and microorganisms 
for long periods of time. Very high and low temperatures inhibit 
microbial activity and growth. The diffusion of gases between the soil 
micro sites and between the soil and the atmosphere is determined by 
the porosity and soil water saturation. For instance, in a wet soil, the soil 
pore space is filled with water, and the diffusion of oxygen, carbon 
dioxide and other gases into and out of soil is slow. 

Normally, nitrification and denitrification in soils are often strongly 
coupled, and occur simultaneously in soils where the conditions favour 
both nitrification and denitrification. Nitrification occurs in aerobic 
micro sites and it provides the NO2

- and NO3
- substrates for the 

denitrification that takes place in the anaerobic micro sites. 
Microorganisms responsible for the transformations of nitrogen 
compounds from which N2O is produced are also key factors in 
determining the rate at which the nitrification and denitrification 
processes take place and the rate at which the gas is produced. 
Meteorological and soil conditions are the main factors affecting their 
proliferation. Some of the needs of the microorganisms include nutrition 
(i.e. ammonium, nitrates etc), energy (e.g. light, chemical compounds), 
oxygen and optimal temperature (Jegatheesan et al., 2003). Therefore, in 
addition to the soil physical conditions, variations in these different 
factors also determine the rate of N2O production from soils. In general, 
the efficiency of carbon and nitrogen transformation processes in the 
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ecosystem depends on the rates at which inputs, changes in storages (i.e. 
aerobic and anaerobic micro sites) and outputs occur and thus the rates 
of the N2O emission. 

2. STUDY MATERIAL  

2.1 Study site 

The study was performed on a drained organic forest site, Skogaryd 
Research Site in southwest Sweden (58°23′N, 12°09′E; 60 m above sea 
level), (Fig. 3). A detail description of this site is available by Ernfors et al, 
(2011). Skogaryd site was set up to quantify net greenhouse gas (GHG) 
fluxes from drained spruce forest ecosystem. The main approach is by 
determining the individual fluxes and pools of C and N, elucidating the 
relationship between fluxes/pools and the site fertility, drainage status 
and other abiotic parameters. An ecosystem modeling approach will be 
applied based on the data generated from the site, model prediction and 
uncertainties will be further produced to study the GHG flux 
characteristics. There are two sub-sites in Skogaryd, both of which are 
highly fertile and drained (Fig. 3). One of the sub-sites (plot 1, 2 and 3) 
has a deep peat soil layer in excess of 1 meter and a stand age of 54 years; 
the other (plot 4, 5 and 6) has a highly organic mineral soil and a stand 
age of 43 years. The data in this study was mainly from the first sub site. 

According to the Swedish soil classification scheme (Karlsson et al., 
1989), Skogaryd is a mesotrophic peatland. The rich nutrient soil was 
drained starting in the 1870s and then used for agriculture until 1950s. 
Norway spruce (Picea abies) was planted in this drained soil site 
thereafter. According to the classification scheme suggested by Påhlsson 
(1998), the plant community is classified as low herb type. The plant 
species were classified to be tree-layer and understorey layers composed 
of Vaccinium myrtillus, Luzula pilosa, and Oxalis acetosella as 
dominating species. The long term (1961–1990) mean annual 
temperature and mean annual precipitation are 6.4 °C and 709 mm, 
respectively (Alexandersson et al., 2001). The measurements of the 
climate data were adopted from Vänersborg weather station situated 
12 km from the Skogaryd site.  

 

Figure 3. Map of Skogaryd research site. N2O fluxes were 

measured at six plots, however, plot 4 and plot 5 were not 

included in this map. Each plot subdivided into three 

treatments: control, root exclusion and root plus mycelium 

exclusion (Adapted from Ernfors et al., 2011)  
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According to Ernfors et al., (2011), the height of the tree stand was 

approximately 22 m and the stand volume was 400 m3 ha−1 in 2006. 

The average C: N ratio was 24.1 (SE 0.62) and the average pH (H2O) 

was 4.4 (SE 0.03) in the upper organic layer (0 to 0.2 m). 

2.2 Data for this study 

Data used in present study was derived from measurements conducted 

by project partners at Gothenburg University which were partly financed 

by the Nitro Europe project and Landscape Greenhouse Gas Exchange 

(LAGGE) project. Soil property data and flux data were obtained from 

Skogaryd research station. Field measurement data for soil property was 

classified into three soil layers (Table 1) based on Brooks Corey equation. 

Matrix hydraulic conductivity and total hydraulic conductivity was 

estimated from soil water retention curve. Linear interpretation by 

CoupModel was made to the other soil profile compartments. The most 

fundamental data used in present study could be classified into two 

categories. The first one is the input variables used for driving 

CoupModel; the other category is the validation data. Details regarding 

the measurement period and general outline of the data for present study 

were illustrated in table 2 and table 3 on page 7. 

The driving meteorological data (Table 2) were mainly from the 

measurements of the study field site. Interpolation was introduced when 

data was missing. For instance, the precipitation data in Såtenäs station 

near Skogaryd from SMHI database (available on line, 

http://www.smhi.se/) were used to interpolate the missing precipitation 

data from September 2007 to March 2008 in the field measurements. Air 

temperature and precipitation were measured from the study site with a 

time resolution of 1 h. Air pressure, relative humidity, wind speed with 

wind direction were measured continuously every 30 mins. Besides that, 

net radiation and global radiation were also measured every 30 mins in 

the field while sensible and latent soil heat fluxes were measured with a 

time solution of 1 h. Hourly solution data of precipitation, air 

temperature, relative humidity, global radiation and wind speed were 

used as driving variables in CoupModel. The climate of Skogaryd 

research site was a humid continental climate. High intensive 

precipitation occurred mainly during winter and summer. The highest 

precipitation recorded was in the end of June 2007, with a value of 

206.5mm/day. Meanwhile, the highest air temperature happened in the 

beginning of June 2008 with 30.3 C. 

               Table 1 soil properties input in CoupModel. 

Soil depth 
(m) 

Lambda(λ
) 

Air Entry 
(cm) 

Saturation 
(%) 

Wilting 
point (%) 

Residual 
water (%) 

Macro 
Pore (%) 

0.05-0.3 0.12 6.5 65 15 0.3 4 

0.3-0.4 0.17 3.9 81 15 0.3 4 

0.7-0.8 0.12 7.6 86 15 0.3 4 

 

 

http://www.smhi.se/
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Table 2 driving variables used in CoupModel. 

Driving Variable Measuring period Data range 

  Min value Max value 

Meteorological data    

Air temperature (C) 2007 to 2008 -20,8 30,23 

Relative humidity (%) 2007 to 2008 20 100 

Global radiation (J m-2 day-1) 2007 to 2008 0 68356336 

Wind speed (m s-1) 2007 to 2008 0 15,75 

Precipitation (mm day-1) 2007 to 2008 0 206,448 

 

Data for net radiation, soil temperature, groundwater level, water content, 

NEE flux, soil respiration and N2O emission rate were used for the 

model validation and calibration (Table 3). Soil temperature and soil 

moisture were measured at four soil layers, with depths of 5 cm, 15 cm 

30 cm and 60 cm below the soil surface, respectively. All the data for 

validation were measured with the study period from 2007 to 2008, 

except the water moisture data which were measured only in 2008. N2O 

emission data were measured from 2007 to 2009, however, in present 

study, only the first two years were the main interests. 

 

Table 3 variables used for validation of CoupModel. 

Variable Measuring period Sampling number 

Soil temperature (C)   

0.05m 2007 to 2008 9860 

0.15m 2007  to 2008 9860 

0.3m 2007  to 2008 9860 

0.6m 2007  to 2008 9860 

Groundwater level (m)   

Plot 1-3 2007  to 2008 13841 

Plot 4-6 2007  to 2008 13841 

Soil water content (-)   

0.05m 2008 8849 

0.15m 2008 8849 

0.3m 2008 8849 

0.6m 2008 8849 

Carbon flux (NEE) (gC m-2 day-1) 2007 to 2008 17536 

Soil respiration (gC m-2 day-1)   

Plot 1-3 2007 to 2008 4982 

Plot 4-6 2007 to 2008 4982 

N2O emission rate (gNm-2 day-1)   

Plot 1-3 2007 to 2009 75 

Plot 4-6 2007 to 2009 75 

Net radiation (Wm-2) 2007 to 2008 16820 

 

 

 



             Hongxing He                                                                                 TRITA LWR Degree Project 12:07

 
 

  
8 

 

2.2.1 N2O flux measurements 

Chamber measurements were used to measure the N2O flux at six 

replicate plots in present study. Static chambers together with 

permanently installed stainless steel collar and a manually operated lid 

with an average depth of 0.05 m were used to measure the N2O fluxes. A 

rubber gasket of air tight connection was used to link the collars and the 

lid. The collars covered an area of 0.44 m×0.44 m. However, the 

effective uptake of the gas flux from the soil surface was 0.26 m2 due to 

the effect of flange separating (Ernfors et al., 2011).  The uneven 

evaluation of the soil surface in the study site led a variation of 0.017 m2 

chamber volumes. Within each plot three permanently installed collars 

were used, one was a control and the other two with trenched frames 

(Fig. 3). A detailed description of the N2O flux measurement set up and 

abiotic measurements in the study site was reported by Ernfors et al., 

(2011).  

Gas samples were collected occasionally with 22 ml glass vials, sealed 

with butyl rubber membranes. Two needles with a diameter of 1.2 mm 

were installed in the chamber. An electric pump and two other needles 

with a diameter of 0.7 mm were used to circulate the air between the 

chamber and the glass vials for around 30 s, at a flow rate of 0.5 l/min 

(Ernfors et al., 2011). The chambers were sampled at 4, 8, 16 and 32 min 

after closure. For gas sample analysis, the method reported by 

Klemedtsson et al., (1997) was used.  

2.2.2 Carbon flux measurements  

Net ecosystem exchange of CO2 (NEE) was measured by a closed-path 

eddy covariance technique (EC). EC was based on sonic anemometer for 

wind speed measurement and an infrared gas analyzer for CO2 gas 

concentration measurements. Software was applied to the data collection 

and analysis in order to get the real time carbon flux (NEE) data. The 

NEE flux was measured at the upper part of the forest ecosystem, 

appropriately 30 m above the soil surface. In the present study, hourly 

time resolution of NEE fluxes for two years both 2007 and 2008 were 

recorded. More detailed description of the instrumentation and 

description of measurement methodology could be found in 

Klemedtsson et al., (2008).  

Soil respiration data were measured by manual chamber measurement. 

Thus, CO2 at the soil surface was measured quite occasionally compared 

to NEE flux. Only a couple days of continuous data were recorded in 

some months during the study period. More details on how the chamber 

set up and analyze methodology could be found at Klemedtsson et al., 

(1997).  

2.2.3 Abiotic measurements 

Soil temperature, groundwater level and soil water content were 

measured in Skogaryd, with a time solution of 1 h at the beginning of 

2007, however, mostly of 30 min for the rest of the study period. All the 

data were recorded at all the control plots, with a distance of 0.3 m from 

each frame. Soil temperature was measured for four soil layers with the 
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depth of 5 cm, 15 cm, 30 cm and 60 cm. A steel thermoelement sensor 

(TPK-03, Tecpel, Taipei, Taiwan) connected to a handheld thermometer 

(CIE 307, Tecpel, Taipei, Taiwan) was used before permanent 

thermoelement sensor installed in the field in 2008. Groundwater level 

was determined with a plumb line after perforated tubes were installed in 

the study area with a soil depth of 1.5 m. Groundwater level data was 

recorded manually from March 2007 to August 2007 and continuous 

data were recorded from the entire year of 2008. In addition, Continuous, 

in-situ recording of volumetric water content was measured by using 

Time-Domain Reflectometry (TDR). Four soil layers with the depth of 

5 cm, 15 cm, 30 cm and 60 cm were recorded. However, the data were 

only recorded in the year of 2008. A detail description of abiotic 

measurements in the study area could be available from Ernfors et al., 

(2011). 

3. RESEARCH METHODOLOGY  

3.1 Brief description of CoupModel 

The CoupModel, standing for the coupled heat and mass transfer model 

for soil-plant-atmosphere systems, was an original updated version of the 

previous WinSoil model (Jansson, 1998). CoupModel is an ecosystem 

model, including the abiotic and biotic modules within the soil plant 

atmosphere system. The two main driving principles for the model are 

mass balance and energy balance. The main model structure is one-

dimensional, vertical layered soil depth profile, which divide the soil 

profile into different soil layers. Water, substance (C, N and salt) and 

energy transportation are calculated for the layers based on the measured 

or estimated soil properties. Both above ground and underground C and 

N balance are included in the model. Several empirical approaches for 

variable estimation could be used within CoupModel by switching one 

approach for another. The dynamic input data necessary for CoupModel 

simulation are precipitation, air temperature, wind speed, air humidity 

and radiation. However, it could also be possible to derive one driving 

variable by other measured variables. For instance, the radiation data 

could be estimated from the cloudiness.  CoupModel is capable to 

simulate more than two plant layers. Competition between different 

plant layers is represented with respect to the interception of light, 

uptake of water and N (Svensson et al., 2007). Two main calibration 

approaches are included in CoupModel, General likelihood uncertainty 

estimation (GLUE) and Bayesian calibration. Those approaches make 

multi run possible which means one range with minimum and maximum 

values could be assigned to one selected parameter. The model will 

accept or reject one single run based on the likelihood of the variables 

selected for validation. The setup file of CoupModel could be available 

fromhttp://www.lwr.kth.se/vara%20datorprogram/CoupModel/index.

htm. A more detail manual of the CoupModel could be found at, 

ftp://www.lwr.kth.se/CoupModel/CoupModel.pdf. 

 

 

http://www.lwr.kth.se/vara%20datorprogram/CoupModel/index.htm
http://www.lwr.kth.se/vara%20datorprogram/CoupModel/index.htm
ftp://www.lwr.kth.se/CoupModel/CoupModel.pdf
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3.1.1 Water and heat process 

Water and heat process are the fundamental components for the 

simulation of the whole forest ecosystem. The water inflow to the entire 

system is precipitation which reduced by plant interception (Eq. 1) 

before reaching the soil surface. Water could escape back to the 

atmosphere according to interception evaporation (Eq. 2) and transpire 

evaporation (Eq. 3). Iterative energy balance solution was applied to 

simulate the soil surface energy transformation. Soil evaporation is 

estimated based on the soil surface temperature, air pressure, snow 

conditions etc (Eqs. 4 – 7). The water flow in the soil profile will mainly 

be regulated by Darcy’s law (Eq. 8) and the unsaturated water flow is 

calculated by Richards equation (1931) (Eq. 9). Water retention function 

was determined by Brooks and Corey (1964) (Eq. 10). Water drainage is 

determined by a physical linear equation which related to the drain level 

and drain space (Eq. 11). When the groundwater table is higher than the 

drainage level, the soil saturation could occur, and then horizontal flow 

could be expected (Eq. 12). A linear surface runoff equation is applied to 

calculate the surface flow. Soil water could also be taken up by plant 

roots according to a plant water uptake function, which has reductions 

by threshold water potential as well as a demand coefficient (Eq. 13). The 

system could lose water at the lower boundary through deep percolation 

(Eq. 14). 

Net global radiation is the driving motor for the energy balance and soil 

heat processes in the soil profile. This incoming heat flux is further 

divided into two heat flux phases in the CoupModel, sensible heat flux, 

which sole effect is a temperature change in the soil profile. The other 

heat phase is so called latent phase, which will be consumed or released 

during for example a phase change process which does not result in a 

temperature change, for instance, the melting of ice. Soil temperature is 

calculated by Fourier’ Law (Eq. 15), assigning soil thermal property to 

different soil layers based on the soil type and pore size distributions. 

Scaling coefficient is applied to each soil layer for thermal conductivity 

adjustment. Soil frost is taken into consideration by adopting the default 

values in CoupModel (Eq. 16). 

3.1.2 Carbon cycle  

Dynamic plant growth simulation is mostly referred to the N and C 

pools in CoupModel. The C pool is subdivided into three pools in 

CoupModel, leaf, stem and root pools, respectively. C assimilation 

through plant photosynthesis by the leaf will be assigned to different 

pools by the defined allocation ratio (Eqs. 17 - 20). Meanwhile the 

maintaining of different pools will lose C through respiration. Litterfall 

can occur in all the C pools, however, with different rates (Eq. 21). New 

organic matter could contribute to the initial litter pool and humus pool 

in soil through litter transportation and decomposition (Eq. 22). 

Respiration within these two pools will lead to soil respiration (Eq. 23). 

Growth and death of microorganisms within the soil could also relate to 

the C cycle through assimilation, respiration and maintenance in the 

CoupModel (Eqs. 24 - 26).  Both the tree and field layer are simulated in 
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CoupModel, which means the C cycle are divided into two sub C 

systems in the simulation. N demand is calculated according the C to N 

ratio assigned in each C pool in the model (Eq. 27). C cycle could be 

regulated by abiotic properties, for instance, pH, water content, soil 

temperature etc by response functions.  

3.1.3 Nitrogen cycle 

There are two main inflows of nitrogen into the system; N deposition 

(Eq. 28) and N fixation (Eq. 29) are simulated in CoupModel for the 

present site. Those inflows are mainly used to supply the plant 

development by linear N uptake function (Eq. 30). Mineralization 

(Eq.  31), nitrification (Eq. 32) and denitrification (Eq. 33) are occurring 

in the subdivided mineral N pool and organic N pool in soil profile. 

Decomposition of organic matter or microorganisms will add N to those 

pools, however, N could also be lost from the system through 

maintenance and respiration in the form of gas emission or leaching in 

drainage. In cases of N deficiency, N uptake could include organic N 

form (Näsholm et al. 1998). Svensson et al., (2007) suggested that 

organic N uptake should be taken into consideration to simulate the C 

cycle precisely during the implementation of CoupModel to boreal 

spruce ecosystems. The organic N uptake rate is a linear function of the 

pool size of N in the humus pool (Eq. 34). 

The inorganic process in N pool begins with NH4
+ oxiding to NO3

- 

during nitrification process. The rate is proportional to the potential 

nitrification rate, which limited by the amount of nitrifiers, soil 

temperature, water content, pH and the concentration of NH4
+. 

Denitrification is the process where denitrifiers reducing the NO3
- into 

NO2
-, NO, N2O and N2. Denitrifiers use the N from the pools above for 

maintenance, growth and respiration (Eqs. 35 – 39). Fluxes between 

these pools depend on the potential denitrification rate, the amount of 

denitrifiers, growth rate, maintenance rate and respiration rate of the 

microorganisms. In addition, response functions on soil temperature, pH 

and the anaerobic volume are also included in the model. Details of the 

equations used in the model could be found in the table 4 on page 12. 

3.2 Model assumptions and general setup 

Data from measurements or parameters adopted from previous studies 

related to a) N-inputs to the soil, b) N flows/fluxes and state variables, 

and c) N-outputs and losses from the soil were used in the model. The 

Carbon and nitrogen flux module in the model was used as the main 

module for simulations with climate and physical properties of the soil as 

the main driving variables. The approach was to use deposition (dry and 

wet), plant fixation and plant litter fall as nitrogen input processes. The 

main soil and water processes used in the model included dynamics of 

plant life-cycle, microbial activities, gaseous exchanges between different 

soil activity sites, and between soil and atmosphere. The main nitrogen 

fluxes from the soil were considered as losses in the form of nitrogen 

(N2) gas, nitric oxide (NO), nitrous oxide (N2O) and nitrate leaching 

(NO3
-). 
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Table 4 List of main equations, variables and parameters used for present study in 

CoupModel. 

No. Equations 
 
Descriptions of parameters 
 

1 
thi iaS P E q     

Where, iS
 is the change of intercepted water/snow in the canopy, P is 

precipitation, iaE
 is the evaporation of intercepted water and th

q
is 

through fall. 

2 min

max

max( , )i
ip frac ip

i

S
E i E

S

  

 

Where,
ipE  is the actual interception evaporation, 

ipE  is the potential 

interception evaporation, 
iS  is the interception storage, 

maxiS  is the 

interception capacity and 
minfraci water coverage of the leaves. 

3 

( )

(1 )

s a
n a p

a
v tp

s

a

e e
R c

r
L E

r
r

r




 



  

 

where, nR
 is net radiation available for transpiration (i.e. Rna - Rns, for 

multiple plants the fraction of radiation to each plant is calculated in the 

radiation section, se
 is the vapour pressure at saturation, ae

 is the 

actual vapour pressure, a  is air density, cp is the specific heat of air 
at constant pressure, Lv is the latent heat of vaporisation,   is the 
slope of saturated vapour pressure versus temperature curve, r  is the 
psychrometer “constant”, rs is an “effective” surface resistance and ra is 
the aerodynamic resistance. 

4-7 

,

( )

( )

( )

2

ns v S s h

s a
s a p

as

a p surf a

v s

as

s l
h h v s

l

R L E H q

T T
H c

r

c e e
L E

r r

T T
q k Lq

z





  








 



 

where, ras is the aerodynamic resistance calculated as a function of 

wind and temperature gradients, kh is the thermal conductivity of the 

top soil layer, esurf is the vapour pressure at the soil surface and ea is 

the actual vapour pressure in the air. The density, a  heat capacity of 

air, cp, the latent heat of vaporisation, Lv, as well as the psychrometer 

constant, r are all considered as physical constants and qv,s is the 

vapour flow. 

8 
( 1) v

w w v bypass

c
q k D q

z z





    

 
 

where kw is the unsaturated hydraulic conductivity,    is the water 

tension, z is depth, cv is the concentration of vapour in soil air, Dv is the 
diffusion coefficient for vapour in the soil and qbypass is a bypass flow in 
the macro-pores. The total water flow, qw, is thus the sum of the matrix 
flow, qmat, the vapour flow, qv, and the bypass flow, qbypass. 

9 
( ( )( 1))K

t z z

 


  
 

  

 

Where, k is the hydraulic conductivity,  is the pressure head, z is the 

elevation above a vertical datum and   is water content. 

10 ( )e

a

S 




 Where    is the water tension, 
a  is the air-entry tension and    is 

the pore size distribution index. The effective saturation, Se. 

11 
( )sat

p

z

sat p

wp s z

u pz

z z
q k d

d d


 

 
Where, du is the unit length of the horizontal element i.e. 1m, zp is the 
lower depth of the drainage pipe i.e. the drainage level, zsat is the 
simulated depth of the ground water table and dp is a characteristic 
distance between drainage pipes. 

12 max( )surf surf pool pq a W W   
where, asurf is an empirical coefficient, Wpool is the total amount of water 
in the surface pool and wpmax is the maximal amount, which can be 
stored on the soil surface without causing any surface runoff. 

13 
( )ta ta umov t p taE E f E E     

 

Where fumov is the degree of compensation, Eta
* 
is the uptake without 

any account for compensatory uptake and Etp* is the potential 
transpiration with eventual reduction due to interception evaporation. 

14 

2

2

2

2

8 ( )sat sat p

deep

p

k z z
q

d


  

where, ksat is the conductivity of lowest layer, zsat is the simulated depth 
of the ground water table; zp2 is the depth of a drain level with a 
parallel geometry at a spacing distance of dp2. 

15 h h w w v v

T
q k C Tq L q

z


   

  

where the indices h, v and w mean heat, vapour and liquid water, q is 
flux, k is conductivity, T is soil temperature, C is heat capacity, L is 
latent heat and z is depth. 

16 
f

H
T

C


 

where T is the soil temperature, H is the sensible heat content and Cf 
is the heat capacity of the frozen soil. 

17 ,( ) ( ) ( / )atm a l l l ta tp s plC f T f CN f E E R  

 

Where, Rs,pl is global radiation adsorbed by canopy ( ) ( ) ( / )l l ta tpf T f CN f E E are 
response functions for temperature, nitrogen and water represented 

ranging between zero and unity. Where l the radiation is use efficiency 

and  is a conversion factor from biomass to carbon. 

18 a Root root aC f C  
 Where, rootf  stands for the allocation fraction to the roots.  

19 a leaf leaf aC f C  
 Where, leaff

stands for the allocation fraction to the leafs. 

20 (1 ( ))a stem root leaf aC f f C    
 Where, leaff

stands for the allocation fraction to the leafs. 
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Note: Eqs.  and parameters were adapted from CoupModel 

Manual (Jansson and Karlberg, 2004). 

21 ( )leaf littersurface lc leafC f l C  
 

Where f(lLc) is the leaf litter rate function. 

22 ( ) ( )
DecompL l litterC k f T f C

 

Where, kl is a parameter. The same first order rate equation is applied 
for faeces and humus, by using the parameters kf or kh and the 
appropriate state variables, CFaeces and CHumus. Soil moisture f(θ) 
and temperature f(T) are common response functions. 

23 
Re ( )spleaf lmrespleaf a leaf gresp a leafC k f T C k C  

 

Where kmrespleaf is the parameter of maintenance respiration rate 
coefficient, kgresp is the growth respiration coefficient and f(Ta) is the 
temperature response function. 

24 , ( )potcons m cons cons depM k f A C
 

where potconsM
 is the potential microbial consumption, km,cons is the 

microbial consumption rate and f(Acons) is an abiotic response 
function on consumption 

25 2 , ( )Microbe CO m respf cons MicrobeC k A C 
 where km,resp is the respiration parameter. 

26 1 , , 1 1 1 , , 1( ) ( ) ( )litter Microbe e m cons l l litter potcons m mort mor l mort microbeC f f f CN f C M k f f a C  

 

where fe,m is an efficiency parameter, fcons,l1 is a parameter that 
gives the fraction of consumption for the litter pool compared to the 
whole consumption, fmort,l1 is a parameter that gives the fraction of 
mortality for the litter pool compared to the whole mortality and 
km,mort is the microbial mortality rate. f(CNl1) and f(CLitter1) are 
response functions for the carbon nitrogen ratio and the total carbon 
content in the litter pool respectively. These response functions are not 
considered for the humus pool. Finally f(Amort) is an abiotic response 
function on mortality and Mpotcons is the potential microbial 
consumption.  

27 min min min

a leafa root a stem
Demand

root stem leaf

CC C
N

cn cn cn

   

 

where cnMinRoot, cnMinStem and cnMinLeaf are min c to n ratio for root, stem 
and leaf, respectively. 

28 , ,atm NH dry fNH Dry cwet fNH Wet inN p p p p q  

 

where pdry, pfNH4,Dry, pcwet and pfNH,Wet are site-specific nitrogen 
deposition parameters and qin is the water infiltration rate.  

29 
( )Fix Demand Mineral Plant Organic Plant Atm l fixN N N N N n     

 

Where Ndemand is the original demand for nitrogen uptake, NMineral→Plant is 
the uptake of mineral nitrogen. NOrganic→Plant is the uptake of organic 
nitrogen,, NAtm→l is the uptake of nitrogen deposited on the plant 
leaves, and nfix is a fixation uptake parameter. Nitrogen fixation, NFix, is 
added to the total plant nitrogen uptake, NTotUpt. 

30 3 3min( , )NO a Nupt NO N DemandN f N r zN  

 

where fNUpt is a parameter and ∆z is the layer thickness and the 
primary uptake of ammonium is calculated similarly. 

31 
4 (1 )Microbe

Microbe NH microbe

m

CN
N N

cn
  

 

where, CNMicrobe is the C to N ratio in the microbial biomass. cnm is the 

parameter, 4Microbe NHN   is the flux to the soil ammonium pool and microbeN

is the soil Nitrogen flux of microbe. Soil nitrite is calculated in the 
similar way. 

32 4 3 4 3( ) ( ) ( , )NH NO Micrate NH NO pH MicrNN n f T f f N N n N 

 

where, npH is a parameter accounting for pH, the temperature 
response, f(T) and the response function for soil moisture, f(θ),

4 3( , )NH NOf N N is the response function for NH4, MicrNN  is the biomass of 

microbial nitrifiers and Micraten
is the nitrification rate coefficient. 

33 3 3( ) ( ) ( ) ( )NO Denitr NO cons dist potN f T f f N d z d  

 

where dpot is a parameter and f(T), f(θ) and f(NNO3Cons) are response 
functions for soil temperature, soil moisture and nitrate concentration in 
the soil. A coefficient,ddist(Δz), adjusts the potential denitrification rate 
for each soil layer. 

34 Humus Plant Def L humusN f o N 
 

Where fDef. is the uptake proportional of the deficiency in supply of 

mineral,  Lo
 is the maximum organic nitrogen uptake rate. 

35 3 3 ,( ) ( )NO micrDN growthNO DO dnCons NxOyCons activity micrDNN d f C f N M N 

 

where dgrowthNO3 is a growth parameter 
and f(CDO,dnCons) and f(NNxOyConc) are response functions for dissolved 
organics and nitrogen concentration respectively. This equation can be 
used analogously to calculate NNO2→micrDN, NNO→micrDN and NN2O→micrDN by 
exchanging dgrowthNO3 to dgrowthNO2,dgrowthNO and dgrowthN2O. For NN2O→micrDN 

36 
2 min( / ,( ) )AnNO AnN O rgNO rmNO activity micrDNN AnNO t N N M N   

 

where the index rg stands for growth respiration and rm stands for 
maintenance respiration.  

37 3 3 3 3/rgNO NO micDN effNO NO micrDNN N d N  

 

where deffNO3 is an efficiency parameter. The same equation is used to 
calculate growth respiration for N2O, NO and NO2 by 
exchanging NNO3→micrDN to NAnNO2→micrDN, NAnNO→micrDN andNAnN2O→micrDN, 
and deffNO3 to deffNO2, deffNO and deffN2O respectively. 

38 
3 3

3
rcNO NO

rmNO

AnTot

d N
N

N


 

where drcNO3 is a respiration coefficient and NAnTot is the total nitrogen 
content in the N2O, NO, NO2 and NO3 pools. The same equation is 
used to calculate growth respiration for N2O, NO and NO2 by 
exchanging NNO3 to NAnN2O, NAnNO and NAnNO2 and drcNO3 to drcN2O, drcNO a
nd drcNO2 respectively. 

39 
( ) ( ) ( ) ( )activity AnTot Antot actratecoefM f T f pH f N f z d

 

where dactratecoef is the activity rate coefficient, 
and f(pH) and f(NAnTot) are response functions for soil pH and total 
nitrogen content in the anaerobic nitrogen pools respectively. 

http://www2.lwr.kth.se/CoupModel/NetHelp/WordDocuments/depndryrate.htm
http://www2.lwr.kth.se/CoupModel/NetHelp/WordDocuments/depnh4fracdry.htm
http://www2.lwr.kth.se/CoupModel/NetHelp/WordDocuments/depnwetconc.htm
http://www2.lwr.kth.se/CoupModel/NetHelp/WordDocuments/surfacewater.htm
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The processes of nitrification and denitrification are highly coupled and 

interact with the abiotic heat and hydrological components. Thus it is 

necessary to adjust the abiotic heat and water conditions in the model 

prior to the biotic processes. Since the nitrogen and carbon processes are 

dynamic in nature, it was important to start by carrying out preliminary 

simulations to determine a set of models, variables and parameters to use 

for a further integrated-process modeling. The abiotic processes could 

also be further improved if needed. However, the two main processes 

responsible for nitrogen transformations i.e. nitrification and 

denitrification were used as key functions for selecting parameters related 

to the N2O emissions. The main factors regulating the production of 

NO, N2O and N2 were considered for choosing the viewing functions 

from which sensitive parameters in the model could be chosen. These 

included soil temperature, moisture, soil pH, amount of organic matter 

in the soil and availability of ammonium and nitrate in the soil. From 

these processes, nitrogen fluxes and/or storages were classified into two 

pools namely organic nitrogen pool and the mineral nitrogen pool. This 

was done in order to capture parameters related to their transformations 

(i.e. decomposition, mineralization and immobilization) and also adapt 

the response functions of temperature and moisture for each of them so 

that the sensitivity of those parameters could be determined easily. The 

temperature and moisture response functions were considered to be the 

same for both litter and humus mineralization but differed only on their 

mineralization constant. In addition, mineralization of litter was assumed 

to be dependent on the mass of nitrogen in litter whilst humus was 

assumed to be dependent on the mass of nitrogen in humus.  

Since nitrification depends on the availability of ammonium whilst 

denitrification depends on the availability of nitrate, the functions 

connecting these factors with the variables in the processes were used to 

determine the sensitive of parameters in them for the model. 

Furthermore, carbon was considered as the source of energy as well as 

biomass build-up for denitrification microbes and its partitioning after 

decomposition was considered for the sensitivity of the model. It was 

considered that organic matter (in the form of humus and litter) and 

concentrations of ammonium and nitrate were assumed to change from 

initial amounts where functions used to define their evolutions have to 

be appropriately parameterized. The range of values for each of the 

parameters chosen were made out of the established values obtained 

from published documents and journals e.g. Johnsson et. al., 1987, 

Brown and Jarvis 1990, Smith et. al., 2003, Svensson et. al., 2008, 

Klemedtsson et. al., 2008etc. Otherwise, most of the other parameters 

were adopted from the previous use of the model and model calibration 

(Table 5). 

3.3 Model Calibration  

As mentioned under model assumptions, single unique N2O emission 

outputs were inspected by using individual parameters from functions 

related to the emission processes in single run simulations. 
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Table 5 List of CoupModel input parameter sets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Parameters marked with calibrated were obtained from 

initial model calibration. 

The single run simulations were only performed to identify and select 

those parameters which are relatively sensitive in the N2O emission 

modeling. The sensitivity of each parameter was tested by varying its 

value within a specified range in a step-by-step approach with reference 

to the measured values. At the end of the single run simulations, several 

parameters were chosen for further modeling calibration. Because of the 

multivariability of the N processes, it was considered that the selected 

parameters are related to variables and processes which are integrated in 

nature. As a result, the selected parameters were used in multirun 

simulations to account for the natural interrelation of the phenomena. In 

that multirun process, the prior distribution (normally linear distribution 

was used, a parameter range of minimum to maximum values) was set 

for each parameter and the number of simulations (n) for each parameter 

was set to 5000 to 10000 normally.  

Property 
valu
e 

Unit Source 

Meteorological    

Reference Height 35 m Ernfors et al., 2011 

TempAirMean 7 
0
C Ernfors et al., 2011 

TempAirPhase 18 days  

OnlyRainPrecTemp 1.1 
0
C Assumed 

OnlySnowPrecTemp 0.9 
0
C Assumed 

CritDepthSnowCover 
0.02
5 

m Assumed 

TempAirAmpl 10 
0
C Default 

Common abiotic responses    

TempMax (Ratkovsky function) 20 
0
C Klemedtsson  et al., 2008 

TempMin (Ratkovsky function) -8 
0
C Klemedtsson et al., 2009 

Radiation property    

AlbedoDry 10 %  

AlbedoWet 9 %  

Latitude 
58.2
3 

 Ernfors et al., 2011 

Soil thermal property    

CFrozenMaxDamp 
0.80
59 

 Calibrated 

OrganicLayerThick 
1.18
61 

m Calibrated 

Nitrogen and carbon processes    

Specific LeafArea (1) 95 gCm-1 Calibrated 

Specific LeafArea (2) 30 gCm-2 Default 

Dep NH4 FracDry 0.5  Default 

Dep NH4 FracWet 0.5  Default 

RespTemQ10 2  Default 

RespTemQ10base 20 
0
C Default 
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Table 6 List of parameters for pre-calibration. 

 

 

 

 

 

 

 

 

                                                                                                                                                                                               

 

Moreover, general likelihood uncertainty estimation (GLUE) calibration 

approach was used to sample parameter values randomly from their 

prior distributions using Monte Carlo Simulation method. This was done 

to allow for the possible equifinality (non-uniqueness, ambiguity or non-

identifiability) of parameter sets during the estimation of model 

parameters (Beven and Binley, 1992).  

Number Parameter Unit 
Prior 

Min Max 

1 Lambda (1) - 0.08 0.12 

2 Air Entry (1) cm 6.4 6.8 

3 Saturation (1) Vol % 64 77 

4 Lambda (2) - 0.15 0.182 

5 Air Entry (2) cm 3.8 5.6 

6 Saturation (2) Vol % 80 83 

7 Lambda (3) - 0.12 0.19 

8 Air Entry (3) cm 5.7 10.6 

9 Saturation (3) Vol % 84.9 88.3 

10 Matrix Conductivity (1) Mm/day 3.063e+4 8.51e+4 

11 Total Conductivity (1) Mm/day 8.715e+5 9.437e+5 

12 Matrix Conductivity (2) Mm/day 1.003e+3 2.902e+3 

13 Total Conductivity (2) Mm/day 2.469e+3 4.383e+3 

14 Matrix Conductivity (3) Mm/day 618 890.6 

15 Total Conductivity (3) Mm/day 256.8 3.78e+3 

16 DrainLevel m -0.45 -0.35 

17 Drainspacing m 32 80.5 

18 WithinCanopyRes s/m 3.7 9.5 

19 RaincreaseWithLAI s/m 57 69 

20 AScaleSorption - 0.026 0.383 

21 InitialGroundWater m -0.324 -0.22 

22 SurfCoef - 0.21 0.6 

23 CritThresholdDry Cm water 934 1.125e+3 

24 DemandRelCoef 1/day 0.21 0.33 

25 Conduct Max (1) M/s 7e-4 9.4e-4 

26 Conduct Max (2) M/s 6e-4 0.0086 

27 SaturationActivity - 0 0.6 

28 ThetaLowerRange Vol % 10 20 

29 TheaUpperRange Vol % 10 20 

30 CN Ratio Microbe - 10 30 

31 RateCoefHumus 1/day 1e-5 9e-4 

32 RateCoefHumusDis 1/day 1e-6 1e-3 

33 RateCoefLitter1 1/day 0.01 0.04 

34 RateCoefLitter1Dis 1/day 1e-5 1e-3 

35 RateCoefLitter2 1/day 5e-4 0.1 

36 RateCoefLitter2Dis 1/day 1e-5 1e-4 

37 RateCoefSurf L1 1/day 0.005 1 

38 RateCoefSurf L2 1/day 0.005 1 

39 Upt OrgRateCoef H - 1e-6 1e-4 
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In the present study, pre-model calibrations for the soil properties, soil 

thermal property, hydrological components and C cycle were carried out 

according to the approach mentioned above. Published parameter values, 

Svensson et. al., 2008; Klemedtsson et. al., 2008; Norman et al., 2008 

were adopted in model parameterizations. However, modification was 

applied where site specific parameters were included according to the 

sensitivity analysis. In total, 39 parameters were used for the pre-

calibration. The parameters selected could be obtained from table 6. 

Meanwhile, a reasonable number of around 2 to 3% (Smith et al. 2008) 

of total simulations was used to illustrate the abiotic and carbon cycle in 

Skogaryd. Multi-criteria with coefficient of determination r2 > 0.45 for 

NEE, r2 > 0.6 for soil moisture, r2 > 0.9 for soil temperature, r2 > 0.7 for 

groundwater level, r2  > 0.6 for soil respiration,  ME < 0.5 gC m-2 day-1 

for NEE were used to selected the accepted model behaviour 

simulations. 115 out of 5000 behavioural models were identified. 

One single representation of abiotic and cycle conditions were further 

used for nitrogen cycle calibration since the main focus was to 

investigate the modeling of nitrogen cycle, especially N2O gas emissions. 

Nineteen parameters (Table 7) were selected according to sensitivity 

analysis. Parameters were mainly selected towards the dynamic and 

fluctuation of N components where abiotic properties and carbon cycle 

did not response to a high variability. For instance, the prior and post 

distributions of r2 for selected validate variables (not shown), indicate 

that 13 out of 16 variables had r2 variation less than 0.1.  

Table 7 List of parameters for N2O emission calibration. 

Number Parameter Unit 
Prior 

Min Max 

1 SaturationActivity - 0 0.6 

2 AnBal_ShapeCoef - 100 300 

3 IntDiffRedFrac - 0.005 0.05 

4 IntDiffRedFracBase - 5e-5 1e-3 

5 MaxFracN2O - 6e-4 0.05 

6 MaxFracNO - 0.004 0.5 

7 DeniActivityRateCoef 1/day 0.4 0.8 

8 DenitPotentialRate g/m2/day 0.02 0.1 

9 NUptMaxAvailFrac 
0
C 0.1 0.2 

10 Dep N DryRate g/m2/day 1e-3 0.0015 

11 Dep N WetConc mgN/l 0.1 0.12 

12 DMic_DeathRateCoef 1/day 0.002 0.02 

13 DMic_GrowthCoef_N2O 1/day 5 100 

14 DMic_GrowthCoef_NO 1/day 5 50 

15 DMic_RespCoef_N2O 1/day 1 100 

16 DMic_RespCoef_NO 1/day 1 50 

17 NitrificationRateCoef Mg/ha/day 0.1 0.6 

18 RateCoefLitter 1 1/day 0.01 0.03 

19 RateCoefHumus 1/day 5e-5 1e-3 
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A slightly larger r2 variation range was shown for soil respiration with a 

min r2 of 0.35 and a max of 0.61. This variation suggests the interaction 

of dissolved carbon in the soil and the fluctuation of N components in 

the system. Multi- criteria with r2 > 0.1 and ME, ±0.0002 gN/m2/day for 

N2O emission rate were used as the main criteria for ensembles selection. 

Moreover, variables within N cycle were represented by 16 accept runs 

(out of 5000) by the defined selection criteria and taking the uncertainty 

into consideration. 

3.4 Description of model performance  

The statistical analysis of each variable was made based on their 

agreements with the observed values. A total of 16 output variables were 

used in selecting criteria for validating and improving model 

performance. The linear regression coefficient of determination (r) and 

the mean error (ME) were used to inspect the model performance. 

Meanwhile, Pearson correlation coefficient (r) was used to describe the 

correlation (linear dependence) between two variables. 
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Where, Si is the simulated value, Mi is the measured value and n is the 

replicates. S is the mean of the simulated value, M is the mean value 

from the measurements. 

The r is widely used as an indicator of the flux dynamics in ecosystem 

modelings. It is based on the regression line which used to determine the 

agreement between observed and modelled values in a range between 0 

and 1. Mean error encompasses all values which indicate the magnitude 

of the difference between model simulation and measurement. In 

present study, multi-criteria combined with r and ME were used to 

illustrate the modeling results both on seasonal patterns and yearly 

budgets.  Correlation coefficient (r) was used to determine multi factors 

or variables regulate the N2O emissions based on the linear dependence 

range. 

4. RESULTS AND DISCUSSIONS 

4.1 Identification of factors regulating N2O emissions 

Correlation coefficient (r) between parameters and the ensemble 

performance of N2O emission rate were shown (Fig. 4 a-b)below, where 

coefficient of determination (r2) was used to indicate the dynamic or 

timing of emission, while mean error (ME) was used to indicate the 

magnitude of the emission events. Six parameters out of 19 calibrated 

parameters are strong correlated to the r2 of ensemble N2O emission rate. 

Among which, the parameter, AnBal_ShapeCoef (shape parameter as a 

function of oxygen level in the volumetric anaerobic fraction of the soil) 

had the strongest correlation coefficient (r) of 0.66. This indicates the 

emission pattern in Skogaryd is strongly determined by the volumetric 
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anaerobic fraction in soil. Dmic_GrowthCoef_NO (The growth 

parameter in the denitrification function describing the loss of NO from 

the anaerobic nitrogen pool due to microbial growth) had a positive 

correlation with a value of 0.58, while Dmic_RespCoef_NO (The 

respiration coefficient in the denitrification function describing the 

maintenance respiration for NO) had a negative correlation with a value 

of -0.57. SaturationActivity (Saturation activity in soil moisture response 

function) had a correlation coefficient of 0.5. Meanwhile, 

SaturationActivity also showed strong correlation with soil respiration 

and Carbon flux (NEE). NitrificationRaeCoef (The nitrification rate 

coefficient in nitrification function when microbials are accounted for) 

had a correlation value of 0.45. However, negative correlation was also 

found with the parameter of Dep N WetConc (Concentration of mineral 

N in surface water that can infiltrate or be lost with surface runoff), with 

correlation coefficient (r) of -0.48.  

 

 

Figure 4. Correlation between parameters and ensemble 

performance; (a-top). Strong correlation coefficient (r) between 

calibrated parameters and the ensemble performance (r2) of 

N2O emission rate (b-down). Strong correlation coefficient (r) 

between calibrated parameters and the ensemble performance 

(ME) of N2O emission rate 
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Four parameters were identified as strong correlated to the ME of the 

ensemble N2O emission rate, among which Dep N WetConc showed 

the strongest negative correlation with an r value of -0.6. 

IntDiffRedFracBase (oxygen diffusion reduction base level parameter in 

the oxygen diffusion exchange function) also indicated a negative 

correlation, with an r of -0.35. MaxFracNO (The maximum NO fraction 

parameter when NO is formed during the nitrification process) and 

IntDiffRedFrac (The oxygen diffusion reduction parameter in the 

oxygen diffusion exchange function) were positively correlated to the 

ME of ensemble N2O emission rate with correlation coefficient of 0.32 

and 0.4, respectively.   

Nylinder et al., (2010) applied CoupModel to investigate one organic 

crop rotation agriculture site in Sweden. They suggested 4 parameters 

strongly correlated to the r2 of N2O emissions and another 4 parameters 

for ME of N2O emissions. It could be clearly shown that the parameters 

regulating N2O emissions were quite different in these two studies. Even 

in their study two sub sites B2 and B4 also indicate the same 

phenomenon. One reason for this could surely due to the different land 

use, soil characteristics and different calibrated parameter selection, prior 

range. However, as Nylinder (2010) suggested that objective selection of 

ensembles could probably cause this variation as well. Despite these 

above, the parameter of MaxFracN2O (The maximum N2O fraction 

parameter when N2O is formed during the nitrification process) shows 

positive correlation for ME of ensemble N2O emissions in both studies, 

with a correlation coefficient of 0.28 in present study. 

Correlation coefficient (r) between r2 (or ME) of validate variables and 

the ensemble performance r2 (or ME) of N2O emission rate were shown, 

(Fig. 5 a-b) below, 2 out of 16 validate variables were strong positively 

correlated to the r2 of ensemble N2O emission rate which indicated the 

increasing r2 of correlated variables towards measurements would lead to 

an increase of dynamic match of N2O emission simulation with the 

measured ones. The r2 of soil respiration strongly correlated to the r2 of 

N2O emissions with a correlation coefficient (r) of 0.52. Meanwhile the 

NEE showed a relatively strong correlation with an r value of 0.33. In 

addition, the r2 of groundwater level showed strong correlation with the 

r2 of water content for both layers with the correlation coefficient (r) 

value of 0.51, 0.61, 0.8 and 0.4, respectively. No strong correlations were 

detected for r2 of water content and N2O emission in present study. 
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Figure 5. Correlation between validate variables and ensemble 

performance; (a-up). Strong correlation coefficient (r) between 

the r2 of validate variables and the r2 of N2O emission rate, (b-

down). Strong correlation coefficient (r) between the ME of 

validate variables and the ME of N2O emission rate 

Nine validate variables showed strong correlation between ME of 

validate variables and ME of ensemble N2O emissions. In general, soil 

temperature showed the positive correlation while water content and 

groundwater level (saturation level) showed negative correlation. Among 

these four layers, water content with soil depth of 30 cm shows the 

highest correlation for ME of N2O emissions with an r of -0.72. The 

correlation between ME of soil water content at the first two layers 

(5 cm and 15 cm) and ME of N2O emission rate were -0.63 and -0.66. A 

correlation value r of -0.35 was found for the soil layer 60cm. 

Correlations of ME of soil temperature and ME of N2O emission were 

nearly the same with coefficient of correlation 0.51, 0.52, 0.54 and 0.56 

for four soil layers, respectively. Moreover, ME of groundwater level was 

strongly negative correlated to the ME of N2O emissions in present 

study, with a correlation coefficient of -0.7. 
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Same results of strong relationships between N2O emission rate and soil 

temperature, groundwater level, soil water content in present study was 

reported in other publications, for instance, Zheng et al., 2000, Lamers et 

al. 2007, Smith et al., 1998, Maag and Vinther, 1996 etc. In addition to 

these, wet N deposition (Dep N WetConc) was indicated to be 

correlated to the ensemble behaviour of N2O emissions in present study 

both at dynamic and magnitude perspectives. Klemedtsson et al., (1996) 

found that the N2O emissions from one Swedish forest soil were relative 

strongly correlated to the N deposition. However, neither soil 

temperature nor water content was well correlated to N2O emissions 

according to their research. Cameron et al., (2011) applied four process 

oriented models to evaluate the nitrogen fluxes in European forests in 

response to changes in nitrogen deposition. They suggested strong 

correlation relationship between N2O, NO emission rate and initial 

Nitrogen conditions, however, less correlation were found between N 

deposition and N2O emission rate. In present study, high mineralization 

rate in afforested organic soils enhanced the nitrogen transformation rate. 

Meanwhile, direct increase the mineralized N through high wet N 

deposition to the soil would increase the total amount of active N which 

consistently increases the soil N loss through Nitrogen gas emission or 

nitrite leaching (Nylinder et al., 2010). Strong correlation of N deposition 

and N2O emissions in boreal forest ecosystems were also reported in 

other publications i.e. Klemedtsson et al.., (1996), Bouwman et al., (1995) 

etc. Strong correlation of SaturationActivity and soil respiration (and 

carbon flux) could suggest that the correlation between r2 of N2O and 

SaturationActivity was probably due to the change of carbon substrate or 

dissolved carbon for denitrifiers during the denitrification process. 

Relatively high correlation (r value of -0.38) between humus decay rate 

and r2 of N2O emissions reflected this as well. Correlation for N2O 

emissions for different plots differs. This could be due to the limitation 

of the parameter selections for calibration as well as the site 

heterogeneity. Moreover, measurement uncertainty could also probably 

contribute to this difference. 

Correlation between selected parameters was not shown. However, in 

total 9 parameters out of 19 were strong correlated to others (correlation 

coefficient higher than +0.4 or less than -0.4). MaxFracN2O was 

strongly correlated to AnBal_ShapeCoef and IntDiffRedFrac. Others 

were at least correlated to more than one parameter. Correlation of 

parameters indicated the complexity and interconnectivity for parameters 

selected, which suggest the consideration for all these parameters in a 

systematic way is needed. Meanwhile, Prior distribution selection could 

also be important for the model calibration (Klemedtsson et al., 2008). 

4.2 Soil temperature, soil moisture and groundwater level properties 

The model in general presented a reasonable good simulation of heat 

transportation in the system. This could be illustrated by net radiation 

and soil temperature, which had both high coefficients of determination 

and low mean errors in all the layers. 
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Figure 6. Simulated (Mean of ensembles) and measured soil temperature for 

the soil depth of 5 cm, 15 cm, 30 cm and 60 cm in 2008 

Simulated soil temperature with four depths (5 cm, 15 cm, 30 cm and 

60 cm) generally follows the dynamics represented in the measurements. 

Higher variation between simulated and measured soil temperature exists 

at the depth of 15 cm (mean error 2.4 oC) (Fig. 6). The coefficient of 

determination obtained from the linear regression (r2) of soil 

temperature between simulated and measured data is 0.93 for the depth 

of 5 cm. Corresponding values for depths of 15 cm, 30 cm and 60 cm 

are 0.9, 0.93 and 0.9, respectively. 

Besides, simulated soil temperature had a delay in responding to the 

climate within 2008 in general. This phenomenon enhanced with 

increasing soil depth. One possible explanation for this could be the 

decay of freeze thaw event in the model. In addition, overestimation of 

soil temperature could be noticed for each soil layer studied. The mean 

errors of soil temperature for the layers were 0.91 C, 2.4 C, 1.0 C and 

0.17 C, respectively. 

Overestimation of net radiation could be found through the entire study 

period, (Fig. 7). In addition, the overestimation of simulated net radiation 

was mainly during the nights. The overestimation of net radiation 

suggests one possible reason that the model had a potential to increase 

soil temperature. It could also be found that the model have a poor 

dynamic during winter in both years. The simulated net radiation was 

close to zero however, with negative values in measurement. Air 

temperature shows the same pattern as well.  
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Figure 7. Simulated (blue line indicate the Residual of mean of ensembles) 

and measured net radiation 

This is also reflected in the simulation of soil temperature (Fig. 6). Soil 

temperature during the winter time especially during the snow cover 

period in all the layers shows the same phenomenon. This is in 

consensus with the net radiation simulation. One possible reason for net 

radiation overestimation during the nights is the cloudy fraction 

overestimation in the model which reflects the radiation back to the 

system. This suggests that the difference between solar time and calendar 

time need to be adjusted. Overestimation of soil temperature was also 

reported in other drained organic forest systems (Weiss et. al., 2006; 

Klemedtsson et al., 2008), for instance, Klemedtsson et al., 2008, applied 

Bayesian calibration approach to investigate one similar forest ecosystem, 

at Asa experimental forest in southern Sweden (57°10′N, 14°48′E). They 

found that simulated soil temperature in Asa had higher amplitude 

compared to measurements. They concluded that the CoupModel have 

difficulty in accounting the energy balance of the forest canopy.   

Gusstafsson et al., (2004) suggested that the CoupModel was sensitive to 

the radiation balance and aerodynamic properties within stands. They 

also concluded that those factors were hard to describe precisely. The 

present study also shows the difficulty to account the energy partitioning 

in forest ecosystems, especially when both tree layer and bottom layer 

were taken into consideration. However, the reason of higher soil 

temperature amplitude for this study could mainly be attributed to the 

overestimate of radiation during the nights in study site. 

Soil moisture or soil water content was simulated in the model according 

to four different soil layers (5 cm, 15 cm, 30 cm and 60 cm), (Fig. 8). 

However, despite the relative high coefficient of determination for all the 
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layers, less dynamic were reported. Overestimation of soil water content 

happened mainly in the model at the soil depth of 5 cm, 15 cm and 

30 cm, meanwhile, underestimation existed for the bottom layer where 

the soil depth is 60 cm. In addition, the model indicates almost stable 

water content levels in the soil at the first two layers, however, more 

dynamic were found in the measurements. Low water content was found 

from May till November for both study years, however, one peak in the 

middle of November 2008 were shown in upper layers. Another quick 

peak exists in the layer of 15cm during March in 2008. The peaks of the 

water content followed by the precipitation or snow melt in the site were 

poorly captured in the simulation. However, the deeper layer with soil 

depth of 30 cm indicates a relative good dynamic and magnitude. This 

could be due to the complexity of the upper soil layers since water 

content should take precipitation, soil evaporation, transpiration and 

snow melt, plant water uptake etc into consideration. This could increase 

the complexity of the water level; consistently increase the uncertainty of 

soil water content. Better simulation of soil water content was found in 

the deeper layers. This could be obtained both by the dynamic and 

magnitude prospective. Despite all of these, the coefficient of 

determination for soil water content in different layers were all above 0.6 

with a higher value of 0.85 for the soil layer at 30 cm. 

In the measurements,  two strong peaks of water content and water 

saturation level (groundwater level) for the soil layer depth of 15 cm, one 

in the middle of January, the other one in the beginning of February 

indicate a quick response to the intensive precipitation. However, the 

deeper soil layer of 30 cm shows relative stable water content. The 

reason could be due to the water saturation. Simulated soil water content 

in 15 cm and 30 cm generally shows the response, however, quite small. 

Another peak exists at the beginning of April. This peak was poorly 

captured both in the soil water content as well as groundwater level. One 

possible reason for this could be due to the low soil temperature in the 

soil profile which probably could enhance the water frost and freezing, 

constantly reduced the water flow. 

Meanwhile, two soil shrink event could be noticed from (Fig. 8), one 

happened at the beginning of May during the snow melting event, the 

other one is in September due to the extremely intensive precipitation 

following a period of high soil temperature. Organic soils have the 

property of shrinkage which behaves the increasing of water content in 

the bottom layer more dramatically and earlier than the upper layers. The 

simulated water content and saturation level generally reflected this 

phenomenon. 

In general, the simulation of the groundwater level and the measured 

groundwater level at different locations at the site followed the same 

general temporal pattern (Fig. 9). The dynamic of groundwater level were 

well captured in the model except April to May 2007 where a nearly 

stable groundwater level was simulated in the model, however, more 

dynamic in the measurement. Less dynamic was also indicated in April 

2008. 
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Figure 8. Simulated (blue line indicate the mean values for the ensembles) 

and measured soil moisture for soil layers  

 

 

Figure 9. Measured and simulated groundwater level (shadow indicates the 

min and max value for ensembles) 
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All those periods were related to the snow freezing or thaw/ soil frost 

events. Simulated soil temperature also indicates the same phenomenon 

which reflects further improvement of snow dynamic in the model is 

needed. 

Despite those uncertainties, groundwater level in the whole simulation 

period was well estimated. The groundwater level from June till October 

was slightly underestimated. One possible reason for this could be due to 

the overestimation of transpiration which enhanced the plant water 

uptake. The coefficient of determination obtained from the linear 

regression (r2) of groundwater level between simulated and measured 

data is 0.75 and the mean error is 0.01 m for all the plots. In general 

groundwater level in 2008 was lower than the year of 2007. One possible 

explanation is due to the soil temperature variation between two years. 

Higher soil temperature in 2008 could lead to an increase of soil 

evaporation and transpiration.   Meanwhile, the lowest groundwater level 

was in middle of June 2007, which was in the beginning of August 2008. 

More fluctuation occurred in 2008 compare to 2007 as well. The model 

reflects all these characteristics. 

4.3 Net Carbon exchange and soil respiration 

Data of simulated and measured Net Ecosystem Exchange (NEE) 

carbon flux and soil respiration from 2007 to 2008 was used to check the 

carbon cycle in the study site. The dynamic of soil carbon flux was 

generally reflected in the simulation. The coefficient of determination for 

carbon flux was 0.46, with a mean error of 1.15 gC/m2/d. Despite the 

slightly overestimation of soil respiration in 2007 while underestimation 

in 2008, soil respiration was relatively well represented in the model with 

a coefficient of determination of 0.6 and a mean error of -1.9 gC/m2/d. 

(data not shown) 

The simulated NEE agrees with the measurements relatively well from 

January to July 2007 both in the prospective of dynamic and magnitude. 

Simulated soil respiration within the same period also shows high 

agreement with measurements. However, there is a shift of NEE in the 

simulation from July 2007 till May 2008. This could be due to the model 

has a tendency of overestimating the soil respiration. Detailed 

investigation shows that overestimation generally happens during the 

nights for the entire study period. This could be related to the 

overestimation of net radiation, especially during night periods which 

enhanced the soil respiration. The lower uptake of CO2 in the simulation 

also indicates that the photosynthesis rate for the system could be 

underestimated. This underestimation of photosynthesis during the plant 

development process could possibly be due to the underestimation of 

net radiation in this period, shown (Fig. 7). From May 2008 till 

December of 2008, simulated soil respiration was underestimated, 

meanwhile the magnitude of NEE flux variation both in day time and 

night time found to be higher in the simulation. This indicates that both 

photosynthesis and respiration were overestimated. One possible 

explanation could be due to the increase of plant respiration in 2008 

which enhances the respiration. Svesson et. al., (2008) also suggested that 
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the overestimated respiratory losses could be due to the CO2 storage 

within the canopy. Higher net radiation in 2008 could probably be one 

reason of the high plant photosynthesis. 

4.4 N2O emission 

16 runs out of 5000 runs were accepted by using the select criteria of    

r2 > 0.1 and ME namely, ±0.0002 gN/m2/day for N2O emission rate. 

Means of accepted runs were indicated below (Fig. 10), bars stand for 

the stand derivation. 

The highest emission rate during the study period was around 0.005 

g/m2/day according to the measurements. However, both of the study 

chambers within the site roughly follow the same emission pattern which 

has a slightly high emission peak during the period of late spring (March 

2007, 2008) and summer (July 2007, 2008) together with another high 

emission peak during the winter time (December 2007, 2008) except the 

summer peak in 2008 which was not captured in the measurement. The 

phenomenon of negative N2O emission is also detected, however, quite 

few. 

In general, the simulated nitrous oxide emission is overestimated 

regarding to the measured. This could be due to high nutrients in the 

organic soil together with a high water level, which consistently provides 

high anaerobic conditions for denitrifiers and may overestimate the 

denitrification process. 

 

Figure 10. Measured and simulated N2O emission flux rate (blue line 

indicate the mean values of ensembles) 
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The accumulated denitrification rate for the study period was             

40.5 gN/m2 which was quite high compared to other forest ecosystems 

in Europe (Ambus et al., 2006, Barton et al., 1999). More than 90% of 

N2O gas was emitted from the denitrification process in the present 

study. But despite the overestimation, the emission peaks were relatively 

well captured. Small winter peaks in February 2008 were not illustrated 

in all the accepted runs, while one relative high peak of simulated 

emission was found in May 2007, however, not in the measurement. 

Emission peak time shifts were also indicated both in the spring peak in 

2007 and winter peak in 2008, (Fig.10). The highest coefficient of 

determination for the N2O emission ensembles in the study site was 0.6. 

Both soil water content and groundwater level in the present study 

indicate a strong correlation relationship with N2O gas emissions. It is 

also interesting that the N2O emission peaks were emerged when there is 

fluctuation of groundwater level, for instance, during the end of March, 

the middle of July and the beginning of December, 2007 both in the 

measurements as well as in simulations. The spring peak (March 2007) 

shift could be due to the shift of the groundwater level at the same 

period. Moreover, one strong simulated N2O emission peak,          

0.0045 gN/m2/day, in May 2007 was found in the simulation while not 

in the measurement. This could be mainly due to the quick response of 

groundwater level in the model in May however, not shown in the 

measurements. The spring and winter emission peaks in 2008 also reflect 

this phenomenon. Two peaks of water content in 2008 in the upper 

layers (5cm and 15cm) were located in the middle of January and at the 

beginning of February. The simulated response of groundwater level 

fluctuation in February 2008 (from -0.34 m jump to -0.16 m in the 

measurement) was underestimated which led the model failure to 

represent the emission peak in the same period. Another possible 

explanation could be due to the model fails to capture the change in soil 

water temperature at Feb 2008. The poorly soil temperature dynamic 

representation during the snow thaw event could contribute to the 

influence of N2O emission simulation. The shift of emission peak in 

September 2008 was probably due to the shift of soil temperature. The 

lower groundwater level in the simulation could reduce the magnitude of 

this emission peak at the same time. Vor et al. (2003) suggested that 

fluctuation of groundwater table could promote alternating aeration 

conditions and consistently supply incomplete denitrification, which 

regulate the N2O emissions. Jungkunst et al., (2004) also indicated that 

soils with alternating aeration conditions tend to emit more N2O than 

constantly aerobic or anaerobic soils. Present modeling study provides 

further evidence that groundwater level had a strong correlation with 

N2O emissions. Soil temperature fluctuation both in measurements and 

simulation generally followed the dynamic of groundwater variation 

where a quick response of groundwater level will generally lead to an 

opposite response of soil temperature. For instance, the lowest 

groundwater level happened in the beginning of August where the 

highest soil temperature for 2008 was at the same period. The effect of 
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soil temperature response to N2O emission rate could be due to the 

influence on microorganism activity, interaction with the hydrological 

components by changing the soil conductivities or 

transpiration/evaporation. The underlay effect of soil temperature 

response to N2O emission is hard to illustrate in present study, however, 

one possible reason for the total amount of N2O emission in 2008 is 

higher than 2007 could be because of the higher temperature in 2008. 

Strong correlation of water content and N2O emissions were also found. 

In deeper layer 30 cm and 60 cm the water content were more stable 

compared to the upper layers. Only two quick response of water content 

exist in May and September 2008.  

Since the denitrification process is responsible for most of the N2O 

emissions during this study site, further investigation of the distribution 

of denitrifiers and substrate across the soil profile was performed. Means 

of accepted runs for soil nitrate, dissolved carbon, denitrifiers’ biomass, 

soil water content, soil temperature and anaerobic fractions at different 

soil depth were shown (Fig. 11). The dissolved carbon, denitrifier’s 

biomass and soil nitrate across the soil profile increased with the soil 

depth then decrease at the deeper layer. This could be due the high 

hydraulic conductivity for the first upper layer assumed in the model 

(0.05 m to 0.3 m). Substrates like soil nitrate and dissolved carbon were 

transported and aggregated to the second soil layer and due to the lower 

conductivity in the deeper layers. The substrates were aggregated in this 

layer (0.3 m to 0.4 m). The anaerobic fraction in this study site shows 

almost a linear relationship with soil depth within 0.5 m below soil 

surface, however, a quick increase of anaerobic fraction was found in the 

deeper layer where the average groundwater level is expected. Soil 

temperature across the entire soil profile did not show big variations, the 

lowest soil temperature was found at the depth of 0.25 m. Soil moisture 

increases slowly with the soil depth at the upper first soil layer, however, 

increases rapidly from the soil depth of 0.25 m. The highest soil moisture 

was found at the bottom layer where the soil was close to saturation. 

N2O emissions portioning from nitrification and denitrification were 

shown as well, (Fig. 10). It is clearly indicated that the N2O emissions 

were mainly from the denitrification process in the present study. The 

N2O emission rate increased with soil depth first then decreases in the 

deeper layer. The optimum N2O emission in present study was from the 

soil depth of 0.35 m. Higher N2O emission from deep soil profile 

(below 0.3 m) was also reported in a Norway spruce forest in the 

southwest of Sweden by Klemedtsson et al., (1996). 

4.5 N budget  

Rough N budget with different N components was calculated (Table 8). 

The total N budget was built based on the values of accumulated N 

indicators after the calibration. However, the uncertainties with model 

simulation, unaccounted N stores and losses and lack of sufficient 

calibration as well as possible errors in measured data contribute to the 

uncertainty of the N budget. 
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Figure 11. Profile analyses of means of accepted variables for 

different soil layers (From above to bottom): (a). Dissolved C, 

Denitrification biomass and Soil Nitrate of means of accepted 

variables along the soil profile; (b). Anaerobic fraction and soil 

moisture of means of accepted variables along the soil profile; 

(c). Portioning of N2O emission for means of accepted 

variables along the soil profile 
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The study area indicates a depletion of soil N, on average, in simulations, 

(Table 8). There was insufficient data for N budget for measured data. In 

the simulation for the study area, total N input of deposition, N leaching 

and N gas emissions were the main path for N transformation. N2O gas 

emissions matched the measured results reasonably well. The simulated 

average of N2O emissions were 0.00066 gN m-2 day-1 with a standard 

deviation of 0.0003 gN m-2 day-1 while the measurement was         

0.00053 gN m-2 day-1 with a standard deviation of 0.00015 gN m-2 day-1. 

The accumulated simulated N2 gas emission was higher than the value of 

accumulated N2O simulation, while accumulated NO emission rate had 

the highest value of 0.0043 gN/m2 day-1. The highest output pool was N 

leaching, which corresponded to the main output of the total N. Neither 

NO nor N2 emissions were measured in the fields but according to the 

simulations these trace gas emissions corresponded to around 75% and 

15% of the total N gas emissions (Table 8). 

Mineralized organic N leaching was much higher than dissolved N 

leaching in the model, which reflects the higher transformation rate of 

nitrogen in present organic soil. The total denitrification in the present 

study was 20.25 gN/m2, compared to a value of 35.47 gN/m2 for 

nitrification. The modeled N balance check, i.e. the difference between 

the inputs and the outputs compared with the differences in N storage in 

the model system, were -1.09 gN m-2 day-1. The optimum of modeled N 

balance check is zero. In the present study, the mass balance was with 

high uncertainty compare to the size of accumulated N2O emission. But 

the enrichment of nitrogen in organic soil could be one possible reason 

for the high nitrogen balance. 

                                        Table 8 Nitrogen budget for the study site. 

Accumulated N Skogaryd 2007-2008 

  
Simulated 
average  
gN m

-2
 day

-1
 

Simulated 
std 

Measured       
gN m

-2
 day

-1
 

Measu
red std 

N deposition 0.45 0.1   

N2O emission  0.00066 0.0003 0.00053 
0.0001

5 

N2 emission  0.00058 0.0006    

NO emission  0.0043 0.002   

Mineral N leaching 5.56 2.6   

Dissolved N leaching 0.24 0.08    

Total Litter N 5.76 0.2   

Total difference of N soil -1.2 0.4     

N balance check in the 

model 
-1.09 0.6   

N Tot Denitrification 

(gN/m2) 
20.25 3.5   

N Tot Nitrification 

(gN/m2) 
35.47 8.75   
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5. GENERAL DISCUSSION 

The CoupModel has been used as a tool to simulate the NO and N2O 

gas emissions since Norman et al., (2008) introduced the PnET-N-

DNDC model as an N flux submodel. One Swedish field experiment 

with organic crop rotation was studied to indicate the uncertainty for the 

nitrite leaching and N2O emissions (Nylinder et al. 2011). However, the 

result shows that CoupModel was applicable to simulate the organic 

cropping system with low uncertainty in the respect of N input, Plant N 

fixation and fertilization, and N output, for instance, emissions, leaching 

and harvest. However, high uncertainty exists in the storage of N in the 

soil. N2O emission dynamics with low coefficient of determination were 

found as well. Despite these above, the model indicates the ability to 

estimate and model the N cycle in agriculture and forest ecosystems.  In 

addition, the present study provides a model test for simulating N2O 

emission from one drained organic forest ecosystem. The results indicate 

the capacity of CoupModel to model the N2O emission from drained 

organic forest both in the perspective of dynamic and magnitude.  Spring 

and winter N2O emission peaks both in 2007 and 2008 were well 

simulated. The overestimation of the summer peak in May and peak shift 

in September 2008 could be mainly due the poor simulation of 

groundwater level and soil moisture in the model. 

N deposition, soil moisture, groundwater level and soil temperature were 

the main variables which determined the seasonal pattern and magnitude 

of N2O emissions in the present study. Both Soil moisture and 

groundwater water level were the most sensitive factor to regulate the 

magnitude of N2O emissions. The underlying soil anaerobic fraction 

together with the dissolved carbon subtracts regulate the timing and 

dynamic of N2O emissions. N2O emissions in present study also shows 

the relationship with groundwater level fluctuation where soils under 

alternating aeration conditions which will inhibit the transformation of 

N2O to N2 could emit more N2O emissions. N deposition had also 

strong correlated to the N2O emission according to the supply of 

substrate both for nitrification and denitrification processes. Field 

measurement investigations have indicated N2O emissions to be 

correlated to lots of factors or variables. For instance, Zheng et al., (2000) 

suggested that soil moisture and soil temperature were the two main 

variables which determined the seasonal pattern of N2O emissions. Soil 

moisture was the most sensitive factor to regulate N2O emissions 

according to their research. This also agrees with the results found in the 

present study. Soil temperature in the present study also indicates a 

strong correlation with N2O emissions, however, not the most sensitive 

one. Maag and Vinther (1996) made detailed investigations on the effect 

of soil temperature on nitrification and denitrafication process 

respectively. They found that N2O production by nitrification increased 

with soil moisture and decreased with increasing temperature, however, 

denitrification activity responded significantly to both increased soil 

moisture and increased soil temperature. Attempts were tried in the 
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profile analyze of N2O emission and other control physical variables, 

however, due to the small range of variability of soil temperature across 

the soil profile. Few results could be concluded from that. Strong pH 

influence on N2O emission fluxes were also reported from forested 

organic soils by Weslien et al., 2009 Klemedtsson et al., 2008 who 

applied CoupModel to elucidate carbon turnover in forest on drained 

organic soil. However, a uniform soil pH was taken into consideration 

through the whole soil profile in present study which limits the effect of 

pH on N2O emissions. N2O emission regards freeze- thaw event were 

also indicated a large contribution to the annual N2O emission in other 

study sites. Present study also indicate the same phenomenon, N2O 

emissions during the freeze thaw event takes up to nearly 75% of N2O 

emission in the total study period. One possible reason could be due to 

the reducing gas diffusion and create anaerobic conditions for 

denitrification during these events. Moreover, easily decomposable 

organic matter because of the dying of microbes could increase C and N 

to the soil which increases the N availability (Brujin et al., 2009).  

Soil profile analysis by using the mean value of accepted runs of different 

variables regarding N2O emissions was attempted in this thesis. Since 

more than 90% of the N2O emission came from denitrification, 

variables regarding the denitrification processes were mainly studied. In 

general, both the substrates of soil nitrate and soil dissolved carbon and 

nitrous oxide from denitrification indicate the peak value around 0.35m 

along the soil profile. While the anaerobic fraction and soil moisture 

shows a general pattern of increase with the soil depth. Less variation of 

soil temperature was found. The maximum N2O gas emission was found 

at the soil depth of 0.35 m. This also reflects the influence of substrate 

for denitrification process, which probably influence the dynamic or 

timing of the N2O emission events.  The optimum soil moisture for 

denitrification was around 70%. 

A close N budget was provided by taking the major N compartments 

into consideration, where N loss was found. Major N losses were 

through the nitrite leaching both in the form of organic N leaching and 

mineralized N leaching. Higher N balance check in the model exists. 

This could be due to the high nutrient amounts in the study site. 

6. FINAL CONCLUSION 

Present study applied CoupModel to one drained organic forest site, 

Skogaryd. The model shows both reasonably well representations of 

both abiotic and biotic properties. Dynamic and magnitude of N2O 

emission events were well captured. Parameters related to soil anaerobic 

fraction and N wet deposition indicate strong correlation with the 

dynamics of N2O emission. Four parameters (Wet N deposition, 

MaxfractionNO, IntDiffRedFracBase and IntDiffRedFrac) show the 

strong correlation with the N2O emission magnitudes. Among the 16 

validate variables, soil respiration and NEE indicate strong correlation 

with N2O emission dynamics while soil moisture, soil temperature and 

groundwater level indicate high correlation with the magnitude of N2O 

emissions. Moreover, Groundwater level and soil moisture were 
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identified as the most important factors to regulate the N2O emissions 

in present study. Profile analysis found that N2O emission was mainly 

from the deeper layer of the soil profile, 0.35 m in present site. The 

optimum soil moisture for denitrification was around 70%. 
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