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Executive summary 

 

 

Temperate grasslands are one of the most widespread ecosystems in the world and 

cover approximately 45% of the area of Ireland. The Pasture Simulation (PaSim) model is a 

process-based biogeochemical model for examining the fluxes of carbon, nitrogen, energy 

and water for grassland ecosystems. PaSim can incorporate land management practices such 

as grass cuttings (forage), grazing and the application of fertilizers. It is driven by hourly time 

series of meteorological data. The model’s outputs include greenhouse gases (GHG) such as 

carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) fluxes.  

Firstly, the model was calibrated using the observations of CO2 and N2O fluxes for 

the three years of data (2002, 2003 and 2004). The model simulated the observations well, 

particularly during the growing season. However, the cumulative annual CO2 and N2O fluxes 

were higher in the model than in the observations (with the exception of the year 2003 for 

N2O emissions). There are no CH4 measurements on site, but we estimated them through the 

IPCC guidelines. The PaSim modelled CH4 fluxes were comparable to the IPCC estimations. 

Combining the contribution from each gas to their global warming potential (GWP) over the 

year, the model confirmed that this humid grassland in southwest Ireland acted as a sink for 

GHG during this period. 

Secondly, the model was run with IS92a climate change (CC) scenario and elevated 

CO2 (CO2*2). The GHG sink was reduced under CC perturbations only. Nonetheless, it 

became a large sink of GHG as measured by radiative forcing under elevated CO2 only. When 

combining CC and CO2*2, the grassland still had a positive balance (i.e. sink) for GHG but in 

a smaller extent than under CO2*2 only. When examining at the components of the GHG 

balance, the role of the grassland as a greenhouse gas sink is enhanced as a consequence of a 

higher uptake of CO2 and reduced emissions of N2O, under CC + CO2*2. The grassland 

uptakes 11.3, 10.3 and 15.0 T of CO2 equiv. ha-1. yr-1, respectively for the three years of 

simulation, that is to say, this is almost triple for 2002 and 2003 and double for 2004, in 

comparison with the simulation under ambient conditions. The model was also run with a 

reduction of application of fertilisers as recommended in the Irish Rural Environmental 

Protection Scheme (REPS); the balance was improved as the N2O fluxes were reduced and 

the CO2 fluxes did not change.  
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List of abbreviations 

 

 

C: Carbon. 

CC: Climate Change. 

CH4: Methane. 

CO2: Carbon Dioxide. 

CO2*2: Elevated CO2. 

CFC: Chlorofluorocarbon. 

DM: Dry Matter. 

EC: Eddy Covariance. 

GCM: General Circulation Model 

GHG: Greenhouse Gas. 

GPP: Gross Primary Productivity. 

GWP: Global Warming Potential. 

IC: Initial Condition. 

IR: Infrared. 

LAI: Leaf Area Index. 

N: Nitrogen. 

NEE: Net Ecosystem Exchange. 

NH3: Ammonia. 

NH4
+: Ammonium.  

N2O: Nitrous Oxide. 

NO3
-: Nitrate. 

NPP: Net Primary Production. 

PAR: Photosynthetically Active Radiation. 

REPS: Rural Environment Protection Scheme. 

Rtot: Total Respiration or Ecosystem respiration. 

SOM: Soil Organic Matter. 

TDL: Tunable Diode Laser.  

WFPS: Water Filled pore space. 
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Units and sign conventions 

 

 

Units and conversions 

 
Molar mass: 
 

C = 12 g. mol-1 
N = 14 g. mol-1 
O = 16 g. mol-1 
H = 1 g. mol-1 

 
 
Global warming potential: 
 

CO2 = 1 
N2O = 296 
CH4 = 23 

 
 
For carbon dioxide 
 
10 tC. ha-1  = 1 kgC. m-2 = 44/12 kg CO2. m-2 = 3.667 kg CO2. m-2  

= 3.667 kg CO2 equiv. m-2 
 
 
For nitrous oxide: 
 
1 kg N2O - N. ha-1  = 14/(2*14) kg N2O. ha-1 = 1.571 kg N2O. ha-1  

= 1.571*10-4 kg N2O. m-2  
= 296*1.571*10-4 CO2 equiv. m-2 = 0.046 kg CO2 equiv. m-2 

 
 
For methane: 
 
1 kgC. ha-1  = 16/12 kg CH4. ha-1 = 1.333 kg CH4. ha-1 = 1.333*10-4 kg CH4. m-2 

= 23*1.333*10-4 kg CO2 equiv. m-2 = 0.003 kg CO2 equiv. m-2 
 
 
 
Sign convention 

 

In this study we use the standard biological convention in which fluxes from the 

biosphere to the atmosphere are negative. However for more clarity, nitrous oxide and 

methane emissions that are negative considering the biological convention, will be shown on 

the positive axis for more legibility. 
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Chapter 1  Introduction 

Chapter 1            Introduction 

 

1.1 General background 

 
Grasslands cover between 12% and 27% of the total land area of the world [Brown, 

1998] and occupy 37% of Europe’s agricultural area. They are the dominant ecosystem in 

Ireland, representing 90% of agricultural land and 45% of the total land area [Gardiner and 

Radford, 1980]. They play a key role in the carbon cycle through photosynthetic and 

respiratory processes. Photosynthesis, using inorganic molecules and the energy of light, is 

the transformation of carbon dioxide (CO2) into organic matter, which either remains in the 

plants or is stored in the soils. 

CO2 is a greenhouse gas (GHG). Greenhouse gases also include methane (CH4), 

nitrous oxide (N2O), chlorofluorocarbons (CFCs), and water vapour (H2O). CO2, CH4 and 

N2O have significant natural and human sources while only industry produce CFCs [Kiely, 

1997]. Water vapour has the largest greenhouse effect, but it is not considered in the 

greenhouse gas balance for its concentration in the troposphere is determined within the 

climate system.  

Although greenhouse gases together make up less than 0.1% of our atmosphere 

[Encyclopedia Britannica, 2002], they act as a kind of thermal blanket around the whole earth, 

preventing a significant amount of incoming solar energy from being radiated back out into 

space [Kiely, 1997; Sarmiento and Gruber, 2002]. Unfortunately this blanket is getting thicker 

as the proportion of greenhouse gases increases because of human influences [UNFCCC, 

1992], which may be magnifying to dangerous levels an otherwise beneficial natural 

phenomenon known as the greenhouse effect [Kyoto Protocol, 1997; Sarmiento and Gruber, 

2002] and may be causing a significant increase in the average temperature of our planet’s 

atmosphere.  

It is estimated that the global temperature would increase by between 1 and 3.5ºC if 

the CO2 concentration were to double. It is projected that this will happen before the end of 

the 21st century [IPCC, 1996]. Such changes could trigger major disruptions around the world: 

food production patterns could shift as agriculture becomes more difficult in some areas and 

easier in others, large numbers of plant and animal species could become extinct, forests and 

water supplies could be threatened etc [Environmental Media Service, 2003; Kyoto Protocol, 

1997]. 
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The Kyoto Protocol for Ireland requires that emissions of GHG must be no more than 

13% above the 1990 levels. As of 2001, emissions are 31% greater than the 1990 levels [EPA, 

2000]. By 2008 – 2012 the “business as usual” scenario forecast (produced in 2000 based on 

1998 data) is that emissions may be more than 37% greater than the 1990 levels [EPA, 2003]. 

Agriculture is estimated to be responsible for about 27% (soils 5.5%) of total GHG emissions 

in 2001 [EPA, 2003].  

The study of carbon fluxes between vegetation and the atmosphere is important as 

carbon (C) uptake by ecosystems may compensate for some emissions of greenhouse gases 

[IPCC, 2001]. Indeed, the Kyoto Protocol established the concept of credits for C sinks. It is 

possible to take carbon sinks into account to a certain extent in calculating national 

greenhouse gas balances. It is therefore important to have reliable quantitative information on 

current carbon stocks and potential sinks. 

As a consequence, long-term measurements of CO2 fluxes are necessary to determine 

the seasonal and inter-annual variability of net ecosystem exchange (NEE). CO2 fluxes 

between the atmosphere and grasslands in the Great Plains of the USA have been extensively 

measured with eddy covariance (EC) [Flanagan et al., 2002; Frank, 2002; Frank and Dugas, 

2001; Sims and Bradford, 2001], but few long-term studies have been made of grasslands in 

more temperate humid climates [Saigusa et al., 1998; Novick et al., 2004]. N2O has been well 

studied with closed chamber measurements [Dobbie et al., 1999; Mosier et al., 1996; 

Williams et al., 1999] and now with the EC technique [Volpe Horii et al., 1999; Scanlon et 

al., 2004]. Methane from cattle has been well observed as well [Johnson and Johnson, 1995; 

DeRamus et al., 2003] and methods are now available to estimate CH4 emissions [IPCC, 

1996]. In Europe, projects such as GreenGrass (Sources and sinks of greenhouse gases from 

managed European grasslands and mitigation strategies), launched in 2001, or CarboEurope-

IP, 2004-2009 (Assessment of the European terrestrial carbon balance) started to work on 

carbon fluxes and greenhouse gases. Another integrated project (Nitri-Europe) will be 

launched in 2006 for five years.  

Eddy covariance studies, while valuable, can only measure the NEE. Ecosystem 

respiration is usually estimated from a combination of: an extrapolation of night-time fluxes 

under strong turbulence [Falge et al., 2002] and an empirical regression model of night-time 

fluxes with soil temperature [Xu and Baldocchi, 2004; Jaksic, 2004]. The exceptions include a 

few studies, in which direct estimates of the respiration have been obtained by locating the EC 

instruments below the canopy of a forest [Baldocchi et al., 1997] or using isotopic flux 

measurements of 13CO2 [Bowling et al., 2001]. The variations in soil and ecosystem 

respiration are commonly linked with soil temperature and soil water content. Some 

relationships have also been found with soil organic carbon and plant growth rate 

[Franzluebbers et al., 2002]. 
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Biogeochemical models used to study the carbon cycle of different ecosystems 

include: Hurley-Pasture (HP) model [Thornley, 1998]; CENTURY model [Parton et al., 

1987]; Simulation of Production and Utilization of Rangelands (SPUR) model [Foy et al., 

1999]; DeNitrification-DeComposition (DNDC) model [Li et al., 1994] or Multiple-Element 

Limitation (MEL) model [Rastetter and Shaver, 1992] and the Pasture Simulation (PaSim) 

model [Riedo et al., 1998]. Models can provide an improved understanding of the seasonal 

and interannual trends in the NEE through the simulation of the two components of the NEE: 

the gross primary production (GPP) and the total respiration of the ecosystem (Rtot). They 

can also be used to examine scenarios such as elevated CO2 (MEL, Rastetter et al., 1997), 

elevated CO2 (CO2*2) combined with climate change scenarios (GEM2, Chen et al., 1996; 

CEVSA model, Cao and Woodward, 1998; CENTURY model, Parton et al., 1995). The 

previous models especially focus either on C sequestration, either on net primary production; 

PaSim is the only one to model all the GHG. 

 

 

1.2 Methods 

 

The Dripsey flux site in Cork, southwest Ireland, is a perennial ryegrass pasture, very 

typical of the vegetation of this part of the country, and is grazed for approximately 8 months 

of the year. The lands are fertilised with approximately 300 kgN. ha-1. yr-1 of nitrogen. The 

flux tower monitoring CO2, water vapour and energy was established in June 2001 and we 

have continuous data since then. CO2 fluxes have been analysed for the years 2002, 2003 and 

2004 [Le Bris, 2002, Jaksic, 2004]. N2O have been analysed for the years 2003 and 2004 

[Leahy et al., 2004]. 

We used a biogeochemical model PaSim [Riedo et al., 1998] to model the grassland 

site and study the emissions of CO2, N2O and CH4. First of all, the model has been 

parameterised using measurements, literature values and model optimisation. Once the 

simulations of CO2 and N2O were in reasonable agreement with the observations (or 

measurements), PaSim was run with climate change scenarios (changes in temperature and 

precipitation as well as elevated CO2) and the new greenhouse gas balance was established. A 

last simulation was run under a scenario considering a reduction of nitrogen applications 

according to the recommendations of the Irish Rural Environment Protection Scheme (REPS). 

 

 

 4



Chapter 1  Introduction 

1.3 Objectives 

 

The first objective of this project was to determine the greenhouse gas balance over a 

humid grassland using a biogeochemical model. Then the second objective was to apply the 

model with climate change scenarios and nitrogen fertiliser reductions.  

 

 

1.4 Layout of the thesis 

 

Chapter 2 describes the studied site, the instruments used in experiment and the 

meteorological data. Chapter 3 describes how CO2 and N2O fluxes were measured and 

analysed on site, and it contains a description of PaSim model and the parameterisation of the 

latter. Chapter 4 analyses the CO2, N2O, CH4 fluxes and the GHG balance. Chapter 5 provides 

estimates of the GHG balance according to climate change scenarios and reductions in the 

application of fertilisers. Chapter 6 presents the conclusions and recommendations and makes 

suggestions for continuing research. The Appendices include a glossary of terms and the 

article “Observations and process-based modelling of the net ecosystem exchange and its 

components for a humid grassland ecosystem”, submitted to Global Biology Change, in June 

2005. 
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Chapter 2        Data collection 

 

2.1 Site description 

 

2.1.1 Location 
 

The Dripsey experimental grassland is located near the village of Donoughmore, 

County Cork in southwest Ireland, 25 km northwest of Cork city (52º North latitude, 8º 30’ 

West longitude), (see Figure 2.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.1: Location of the site area. 
 

The Dripsey grassland at an elevation of ~ 200 m above sea level has a gentle slope to 

a stream of 3% grade (see Figure 2.2). The soil is classified as brown podzolics [Gardiner and 

Radford, 1980]. The topsoil is rich in organic matter to a depth of about 15 cm (about 12% 

organic matter, [Daly, 1999]), overlying a dark brown B-horizon of sand texture. A yellowish 
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brown B-horizon of sand texture progressively changes to a brown, gravely sand which 

constitutes the parent material at a depth of approximately 0.3 m. The underlying bedrock is 

old red sandstone [Scanlon et al., 2004]. Depth averaged over the top 30 cm the volumetric 

soil porosity was 0.49, the saturation moisture level was 0.45, the field capacity was 0.32, and 

the wilting point was 0.12 m3. m-3. 

 

 
Figure 2.2: Dripsey site. 

 

 

2.1.2 Climate 
 

The climate is temperate and humid (from the influence of the warm Gulf Stream in 

the North East Atlantic Ocean) with mean annual precipitation in the Cork region of about 

1470 mm. yr-1. The rainfall regime is characterized by long duration events of low intensity 

(values up to 40 mm. day-1). Short duration events of high intensity are more seldom and 

occur in summer. 

Daily air temperatures have a very small range of variation during the year, going 

from a maximum of 20ºC to a minimum of 0ºC, with an average of 15ºC in summer and 5ºC 

in winter. This part of Ireland is windy with a mean wind velocity (at 3 m) of 4 m. s-1 at the 

site with peaks up to 16 m. s-1. The main wind comes from the southwest.  
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2.2 Field history and grassland management  

 

The site is agricultural grassland, typical of the land use and vegetation in this part of 

the country. It has been established about 20 years ago. The vegetation cover at Dripsey is 

grassland of moderately high quality pasture and meadow, whereas the dominant plant 

species is perennial ryegrass (Lolium perenne) with a significant fraction of clover. 

Considering environmental conditions, warm but not hot temperatures and high humidity with 

good airflow and the latitude of Ireland, the metabolic pathway for carbon fixation is assumed 

to be a Calvin-Benson Cycle (C3 grass, Le Bris, 2002). 

Like much of the surrounding rural area, the landscape near the meteorological / EC 

tower is partitioned into small fields. Management strategies for boosting grassland 

production varied according to the individual farmers. Management data (application of 

fertilisers, grazing and silage cuts) is collected through monthly surveys completed by the 

farmers that own fields within the footprint. The land use is a mixture of paddocks for cattle 

grazing (approximately 2/3rds of fields) and fields for cutting (silage harvesting) 

(approximately 1/3rd of fields).  

Cattle grazing begins in March and ends in October (approximately 8 months). The 

rotational paddock grazing periods last approximately one week in four. The grass height in 

the grazing fields varies from 0.05 m to 0.3 m. With wet fields in the autumn of 2002 and 

2004, cattle were not grazing outdoors (as cattle damage the fields in wet times) but were 

housed indoors from late September leaving the standing biomass to its own devices. By 

contrast, the autumn of 2003 was dry and cattle were grazing (at least during the day) up to 

November. Livestock density at the site is 2.2 LU. ha-1 [Lewis, 2003], where Livestock Units 

(LU) is the basis of comparison for different classes and species of stock. The large animal 

unit (LU) is a reference animal with an energy requirement of 3000 fodder units (1 FU is 

equivalent to 6.6 kg of grass). It stands for a dairy cow present on the farm for twelve months 

and producing 3000 litres of milk with a fat content of 40 g, and one calf [FAO, 1988]. Half 

of the cattle are dairy cows and half are beef cattle. 

In the cut fields the grass is harvested in the summer, typically first in May or June 

and second time in August or September, and exported as silage from the pastureland for 

winter feed. The height of grass just before cutting in silage fields reaches about 0.5 m in 

summer, whereas it is down to 0.15 m in wintertime during the resting period. Due to the mild 

climatic conditions the field stays green all year. No measurement of the biomass of grass has 

been made on this site; Leaf Area Index (LAI) measurements started in 2004. The annual 
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yield of silage in the region has been 8 to 12 tonnes of dry matter per hectare per year 

depending on the weather.  

Grass productivity is enhanced with the application of approximately 300 kg of 

nitrogen in fertiliser and slurry, spread at intervals of approximately six weeks between 

February and September [Lewis, 2003]. Commercially prepared mineral fertilizer mixtures 

were used, consisting of almost equal parts NH4
+-N and NO3

--N. Nitrogen in chemical 

fertilizer was applied at the rate of 214, 204 and 177 kgN. ha-1. yr-1, and nitrogen in slurry 

approximately at 91, 130 and 30 kgN. ha-1. yr-1 in 2002, 2003 and 2004, respectively. Area-

weighted values of chemical fertilizer and slurry for 2002, 2003 and 2004 are given in Figure 

2.3, 2.4 and 2.5 respectively. 
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Figure 2.3: Monthly application of nitrogen fertilizer and slurry for 2002 at Dripsey site. 
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Figure 2.4: Monthly application of nitrogen fertilizer and slurry for 2003 at Dripsey site. 

 10



Chapter 2  Data collection 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

[k
gN

/h
a]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2004

Slurry, 30 kgN/ha
Fertlizer, 179 kgN/ha

 
Figure 2.5: Monthly application of nitrogen fertilizer and slurry for 2004 at Dripsey site. 

 

In 2004, it is noted that the amount of chemical fertilizer spread is lower than in 2002 

and 2003; and the amount of slurry is much lower than the two previous years. This may 

come from the fact that the data is given by the farmers, but unfortunately, there are some 

gaps.  

 

 

2.3 Description of instruments  

 

The flux tower was established in June 2001 and we have continuous data since then. 

In this section we present an overview of the sensors and techniques used for data collection.  

 

2.3.1 Weather station 
 

The experimental system used in this study is composed of a 10 m high tower, which 

supports meteorological, hydrological and eddy covariance sensors connected to a datalogger. 

The datalogger controls the measurements, data processing and digital storage of the sensor 

outputs. A secured perimeter has been defined with a wire fence to protect the tower sensors, 

as well as to define a setting up area for the soil devices (see Figure 2.6). 

Figure 2.6 shows the tower in its full height and indicates position of the weather 

sensors. The tower supports sensors for measuring the relative humidity and air temperature at 

3 m and various types of sensors at 10 m of which the net radiometer. The rain gauge is 
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located on the ground. Meteorological measurements were sampled at one minute and 

average over 30-minute intervals. The white box near the foot of the tower is called 

‘Campbell environmental box’ and houses the datalogger, as well as a modem connection. 

 

 
Net radiometer 

at 10 m 

Perimeter for soil 
moisture and soil 

temperature probes 

 Rain gauge

Air temperature and 
relative humidity 

probe at 3 m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.6: Tower at Dripsey site.  

 

 

2.3.2 Pyranometer 
 

The pyranometer was part of a net radiometer (CNR1 from Kipp & Zonen) positioned 

horizontally at 10 m above the ground. The net radiometer measures the radiation balance of 

solar and far infrared radiation. The most common application is the measurement of Net 

Radiation at the earth's surface. Net radiation is the difference between the incoming and 

outgoing radiation [Campbell and Norman, 1998]. The instrument consists of a pyranometer 

and pyrgeometer pair that faces upward and a complementary pair that faces downward (see 

Figure 2.7). The pyranometers and pyrgeometers measure short-wave and far infrared 

radiation, respectively. All four sensors are calibrated to an identical sensitivity coefficient 

[Kipp and Zonen, 2000]. 

The pyranometer facing upward measures incoming radiation from the sky, and the 

other, which faces downward, measures the reflected solar radiation (see Figure 2.7). A 

pyranometer consists of a thermopile sensor, housing, glass dome and a cable. The thermopile 
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is coated with a black absorbent paint, which absorbs the radiations and converts them into 

heat. The resulting heat flow causes a temperature difference across the thermopile. The 

thermopile generates a voltage output. The absorber paint and the dome determine spectral 

specifications. The thermopile is encapsulated in the housing in such a way that its field of 

view is 180° degrees, and that its angular characteristics fulfil the so-called cosine response. 

The conversion factor between voltage (V) and Watts per square metre of solar 

irradiance E (incoming or reflected in W/m2), is the so-called calibration constant C or 

sensitivity [Kipp and Zonen, 2000].  

C
VE =            Eq. 2.1 

 

 
Incoming solar radiation Far infrared radiation from the sky

Reflected solar radiation
Far infrared radiation from the ground

pyranometers 

pyrgeometers 

Levelling 
bubble 

 
Figure 2.7: Net radiometer and its main components (from Kipp & Zonen manual). 

 

 

2.3.3 Temperature and relative humidity probe 
 

Air temperature and humidity were monitored at 3 m height and recorded 

continuously at 30-minute intervals. For that purpose the model HMP45C temperature and 

relative humidity probe from Campbell Scientific was used. (Figure 2.8). Probe contains a 

Platinum Resistance Temperature detector (PRT) and a Vaisala HUMICAP® 180 capacitive 

relative humidity sensor [Campbell, 2003a]. 
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The HMP45C must be housed inside a radiation shield when used in the fields 

because it should be protected from the sunlight (Figure 2.9). 

 

 

 

 

T

equation 

where RH

vapour pr

vapour in
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given air 

[Garatt, 
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change in

absolute 

 

 Figure 2.9: Model HMP45C housing (from Campbell Scientific manual). 
h

b

e

 

a

te

1

d

 

hu
 Figure 2.8: Model HMP45C, temperature and relative humidity probe  
(from Campbell Scientific manual). 
e instrument measures the relative humidity. Relative humidity is defined by the 

elow [Campbell, 2003a]:  

100
e
eRH

s
×=            Eq. 2.2 

 is the relative humidity, e is the vapour pressure in kPa, and es is the saturation 

ssure in kPa. The vapour pressure, e, is an absolute measure of the amount of water 

the air and is related to the dew point temperature [Garatt, 1992; Brutsaert, 1991]. 

tion vapour pressure is the maximum amount of water vapour that air can hold at a 

mperature. When air temperature increases, so does the saturation vapour pressure 

992; Brutsaert, 1991]. Conversely, a decrease in air temperature causes a 

ing decrease in saturation vapour pressure. It follows then from Equation 2.2 that a 

air temperature will change the relative humidity, without causing a change in 

midity sensor [Campbell, 2003a]. 
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2.3.4 Ultrasonic anemometer 
 

Wind velocity, wind direction and virtual temperature measurements were performed 

by the model 81000 ultrasonic anemometer from R. M. Young (Figure 2.10) positioned at the 

top of the 10 m tower. 

It is a 3-dimensional, no-moving-parts wind 

sensor. Whereas 2-D anemometers ignore the vertical 

wind component, the 81000 provide a complete 

picture of the wind. Robust construction, combined 

with 3 opposing pairs of ultrasonic transducers, 

provides accurate and reliable wind measurements 

[Young, 2001]. 

TransducerTransducerTransducer

 

Figure 2.10: The sonic anemometer with the three 

paths shown in red (E-W), blue (SW-NE), green 

(NW-SE), as for a typical orientation of the device 

(from Young manual). 

 

Figure 2.11: Ultrasonic anemometer axis systems (from Young manual). 

 

The instrument makes observations of the wind velocities by measuring the travel 

time of ultrasonic signals sent between the upper and lower transducers (see Figure 2.11). By 

measuring the transit time in each direction along all three paths, the three dimensional wind 

velocity and speed of sound may be calculated. From sonically determined speed of sound, 
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sonic temperature is derived [Young, 2001]. Sonic temperature is approximately equal to the 

virtual temperature (it will differ from absolute temperature by an amount proportional to the 

water vapour of the measured air).  

 

2.3.5 Rain gauge 

Rain gauge ARG100 Campbell 

measure

The ARG100 is manufactured in UV-resistant plastic. The amount of rain collected is 

measure

Soil temperatures were 

measure

 

.3.7 Soil moisture monitors 

Volumetric water content of the soil profile was measured at depths of 5, 10, 25 and 

50 cm 

 

Figure 2.12: ARG100 rain gauge  
(from Campbell Scientific manual). 

s total rainfall in mm. Gauges used do 

not measure snowfall. A conventionally 

shaped rain gauge interferes with the airflow 

so that the catch is reduced [Campbell, 2000]. 

The ARG100 gauge has been designed to 

minimise this effect by presenting a reduced 

area to the wind (see Figure 2.12).  

 

d by the well-proven tipping bucket method. The contact closure at each tip is 

recorded by Campbell Scientific datalogger. Standard setting is used of 0.2 mm of rain per tip 

[Campbell, 2000]. 

 

2.3.6 Soil temperature probes 
 

d in °C with buried 

temperature probes Model 107 

[Campbell, 2003b] (Figure 2.13), two 

at 2.5 cm deep and one at 7.5 cm deep, 

and were recorded in 30-minute 

intervals by Campbell Scientific 

datalogger. 

Figure 2.13: Soil temperature probes model 107 
(from Campbell Scientific manual). 

 

2
 

with CS615 water content reflectometers from Campbell Scientific set horizontally 

(Figure 2.14). Two CS615 water content reflectometers were installed vertically, one from 0 
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to 30 cm, and another from 30 to 60 cm 

depth. This type of sensor uses time 

domain reflectometry (TDR) methods 

that are based on the propagation 

characteristics of an electromagnetic 

wave on a transmission line [Campbell, 

2002]. The probe consists of two 30 cm 

long stainless steel rods connected to a 

printed circuit board. High-speed 

electronic components on the circuit board are configured as a bistable multivibrator. The 

output of the multivibrator is connected to the probe rods, which act as a wave travel guide. 

The travel time of the signal on the probe rods depends on the dielectric permittivity of the 

material surrounding the rods and the dielectric permittivity depends on the water content. 

Therefore the oscillation frequency of the multivibrator is dependent on the water content of 

the media being measured [Campbell, 2002]. The CS615 output is essentially a square wave 

with amplitude of ±0.7 Volts with respect to the system ground. The period is then converted 

into volumetric water content using a calibration equation [Campbell, 2002]. 

 

Figure 2.14: CS615 Soil moisture  
(water content) reflectometer  

(from Campbell Scientific manual). 

2.3.8 Datalogger 

Dataloggers provide sensor measurement, time keeping, data reduction, data or/and 

program

 

 storage and control functions. In this study CR23X datalogger from Campbell 

Scientific was used (see Figure 2.15). 

Figure 2.15: CR23X Datalogger (fom Campbell Scientific manual). 
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2.3.7 Telephone connection 
 

The weather station was connected by modem to a network, and was feeding weather 

data into a retrieval system consisting of a personal computer and telephone communications 

link. 

 

 

2.4 Summary of meteorological data 

 

Table 2.1 presents the monthly averages for precipitation, soil moisture at 5 cm depth, 

incoming radiation, air temperature and soil temperature at 5 cm depth for the three years of 

measurements. 

 

2.4.1 Precipitation 
 

Figure 2.16 presents the cumulative sum of precipitation. The long-term annual 

average rainfall for Dripsey is 1470 mm. The year 2002 was wet, with an annual rainfall of 

1785 mm (~ 14% above mean annual average). 2003 was dry, with an annual rainfall of  

1184 mm (~ 19% less than average). The year 2004 was slightly drier than average, with a 

cumulative sum of 1341 mm. 

 
Figure 2.16: Cumulative precipitation in mm for 2002, 2003 and 2004. 
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Table 2.1: Monthly average for precipitation, soil moisture at 5 cm depth, incoming radiation, air temperature and soil temperature at 5 cm depth  
for 2002, 2003 and 2004. 

 

  2002 
Month           Jan. Feb. Mar. Apr. May  Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Precipitation [mm] 254.2 218.2 83.4 136.8 177.8 99.0 47.6 73.4 45.2 244.4 255.2 150.2
Soil moisture at 5 cm 0.59 0.59 0.56 0.53 0.54 0.51 0.39 0.39 0.25 0.45 0.56 0.55
Incoming radiation [W. m-2] 27.7 58.5 87.7 154.0 171.1 178.6 171.9 150.3 119.3 69.3 36.8 20.1
Air temperature [ºC] 7.5 6.7 7.0 8.0 9.7 11.3 13.4 14.6 13.0 9.7 8.2 6.3
Soil temperature at 5 cm [ºC] 6.0 5.7 6.3 8.7 10.7 12.5 14.3 14.8 13.0 10.0 7.8 5.9

  2003 
Month           Jan. Feb. Mar. Apr. May  Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Precipitation [mm] 94.6 70.0 99.8 143.4 128.2 139.8 91.4 15.4 55.8 46.0 191.6 102.4
Soil moisture at 5 cm 0.54 0.54 0.49 0.44 0.51 0.38 0.27 0.21 0.19 0.19 0.39 0.43
Incoming radiation [W. m-2] 36.1 51.5 106.9 149.0 178.9 205.9 155.8 181.1 115.2 71.6 35.5 21.9
Air temperature [ºC] 5.4 5.2 7.2 8.7 9.6 12.8 14.3 15.6 13.0 9.3 8.0 6.3
Soil temperature at 5 cm [ºC] 4.7 4.5 6.6 8.8 10.1 13.0 14.0 14.6 12.7 9.9 7.7 6.0

  2004 
Month           Jan. Feb. Mar. Apr. May  Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Precipitation [mm] 137.8 95.8 161.0 92.2 50.6 87.6 55.6 171.6 116.4 218.4 44.0 109.6
Soil moisture at 5 cm 0.50 0.47 0.48 0.46 0.28 0.20 0.22 0.26 0.35 0.45 0.42 0.47
Incoming radiation [W. m-2] 29.9 59.8 109.1 143.2 208.2 215.1 196.5 156.9 120.8 73.6 32.9 21.5
Air temperature [ºC] 5.8 5.5 6.3 7.7 10.5 13.5 13.2 14.4 13.4 8.6 8.5 7.0
Soil temperature at 5 cm [ºC] 4.9 5.5 5.6 7.6 10.1 12.6 12.7 13.6 12.6 9.2 8.3 6.8
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The maximum daily rainfall in 2002 was 40 mm. day-1 (20th October), while it was  

57 mm. day-1 in 2003 (13th April) and 52 mm. day-1 in 2004 (12th March) (Figure 2.17). We 

note that summer months of the three years have continuous periods of days with no rain at 

all. The rainfall regime for the winter is characterized by long duration events of low 

intensity. 

 

 
Figure 2.17: Daily precipitation in mm for (a) 2002, (b) 2003 and (c) 2004. 

 

2.4.2 Soil moisture 
 

The volumetric soil moisture in the topsoil at 5 cm (Figure 2.18) shows that during 

the period from November to May, levels are near saturation at approximately 0.6 m3. m-3, 

and from May to October, the levels fall to 0.2 m3. m-3. 

Near surface soil moisture shows a strong relationship with precipitation and has a 

fast response to rain events. Soil moisture in 2003 and 2004 is lower than in 2002 in 

correspondence with rainfall amounts. 
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Figure 2.18: Daily soil moisture in m3. m-3 at 5 cm depth, for 2002, 2003 and 2004. 

 

2.4.3 Incoming radiation 
 

The incoming radiation is quite similar for the three years of study (Figure 2.19). The 

annual averages are respectively 104, 109 and 114 W. m-2. The incoming radiation is linked 

the photosynthetic photon flux (Qpar). Qpar is the fraction of the solar radiation used by the 

plants for the photosynthesis.  

 
Figure 2.19: Daily incoming radiation, in W. m-2 for (a) 2002, (b) 2003 and (c) 2004. 
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2.4.4 Air and soil temperature 
 

The daily air temperatures have a small range of variation (Table 2.2).  

 

Table 2.2: Minimum and maximum daily temperatures in ºC. 

 2002 2003 2004 

Minimum Tair (ºC) 1.6 (10th Dec.) 0.4 (4th Jan.) 0.3 (29th Jan.) 

Maximum Tair (ºC) 17.4 (5th Aug.) 19.6 (5th Aug.) 17.9 (7th Sept.) 

 

The soil temperature at 5 cm depth follows the same pattern as air temperature 

(Figure 2.20); however, the amplitude of soil temperature is smaller as soil has a bigger 

inertia than the air.  

 

 
Figure 2.20: Daily (a) air temperature and (b) soil temperature in ºC, 

for 2002, 2003 and 2004. 

 

There are very few days with temperatures under 4ºC (the lower threshold 

temperature for the photosynthetic process). 
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Chapter 3            Methods 

 

3.1 Observations 

 

3.1.1 Eddy covariance method and footprint 
 

The Eddy Covariance or Eddy Correlation (EC) method is a statistical tool, used to 

analyse time series of high frequency wind and scalar atmospheric data [Baldocchi, 2003], to 

yields values of fluxes of these properties representing large areas (~ 1 km2, Campbell and 

Norman, 1998). 

The atmosphere near the earth’s surface is almost always turbulent, and trace gases 

are rapidly diffused to (or from) the surface by irregular or random motions generated by 

wind shear and buoyancy forces [Dabberdt et al., 1993]. The boundary layer defined by 

Garatt, [1992], is the layer of air directly above the Earth’s surface in which the effect of the 

surface (friction, heating and cooling) are felt directly on time scales less than a day, and in 

which significant fluxes of momentum, heat or matter are carried by turbulent motions on a 

scale of the order of the depth of the boundary layer of less. 

Transport in the boundary layer of heat, moisture, momentum and pollutants are 

governed almost entirely by turbulence [Campbell and Norman, 1998]. Using Reynolds 

decomposition, it is possible to quantify turbulent transport given a high enough sampling rate 

and fast response instruments [Garatt, 1992]. At the Dripsey flux site, near Cork, two separate 

EC systems were used for the CO2 and N2O flux measurements. All concentrations and wind 

speeds were logged at 10 Hz and flux values were calculated at 30-minute intervals. 

For instance, the flux Fc of carbon dioxide is given by [Webb et al., 1980; Guenther 

and Hills, 1998; Baldocchi, 2003]: 

'' cc wF ρ−≅      Eq. 3.1 

where ρc’ is the density fluctuation of CO2 gas (mol. m-3), measured with the LI-7500 at  

10 Hz, and w’ is the vertical wind velocity fluctuation (m. s-1) measured at 10 Hz speed, given 

by the sonic anemometer (see section 3.1.2).  

The EC method depends on turbulence to carry scalar entities (e.g. trace gases) past 

the measurements sensors and roughly mix the air so that the scalar of interest does not 

accumulate in the canopy air space [Campbell and Norman, 1998; Dorsey, 2002]. The area of 

the ground actually sensed in a tower-based flux measurement is known as the sampled 

footprint [Hsieh et al., 1997; Schmid, 2002]. The fetch is the upwind horizontal distance from 
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the sensor to the edge of the area contributing to the measured flux [Hsieh et al., 1997; 

Schmid, 2002; Dorsey, 2002]. Each of these terms, even though slightly different in exact 

meaning, describes the characteristics of the upwind area, which is expected to influence most 

of the downwind measurements at a certain height. Hsieh et al. [2000] found that the height to 

fetch ratio is about 1:100, 1:250, and 1:300 for unstable, neutral, and stable conditions, 

respectively. The atmospheric conditions that occur the most often are unstable conditions. 

 

 

) 

Figure 3
shaded fi
many sm
direction 

 

3 m (CO2, 2004) 

6 m (N2O) 

10 m (CO2, 2002 and 2003
 
.1: Map of the grassland catchment with eddy covariance tower location and the 
elds indicative of the flux footprint depending on the height of the sensors. There are 
all fields in the footprint varying in size from 1 to 5 ha. The prevailing wind 
is from the southwest.  
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The wind direction histogram changes with the time, so the footprint is shaped 

according to the wind direction and speed. To calculate the footprint, we applied 1:100 height 

to fetch ratio, combined with information from the probability density function of the wind 

direction [Hsieh et al., 2000]. The map of the tower with footprint is shown in Figure 3.1. 

The CO2 / H2O sensor was mounted at a height of 10 m in 2002 and 2003 and then at 

3 m above ground level; and the N2O sensor intake was mounted 6 m above ground. Although 

the CO2 footprint was larger (for 2002 and 2003) and then smaller (for 2004) than the N2O 

footprint, the homogeneity of the landscape and the similarity of agricultural management 

practices across the entire site ensure that comparisons between the two are valid. 

 

3.1.2 Carbon dioxide 
 

Instrumentation 

 
R. M. Young 3-D 
sonic anemometer, 

at 10 m 

 

 

 

 

 

 

 LI-COR H2O/CO2 sensor,
at 10m  

 

 

 

 

 

 

 

 

Figure 3.2: Top section of meteorological / EC tower

 

The LI-COR CO2 / H2O gas analyser and the R. M. Young 3-D

were installed in June 2001 at a height of 10 m. Figure 3.2 shows their po

On 22nd December 2003 the position of the sonic anemometer and the CO

moved from 10 m down to 3 m.  

 

LI-COR electronics box
. 

 sonic anemometer 

sition on the tower. 

2 / H2O sensor were 
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Open path CO2 / H2O gas analyser 

 

Carbon dioxide (CO2) and water vapour (H2O) 

densities in the turbulent air are monitored by a LI-7500 

Open Path CO2 / H2O non-dispersive, absolute infrared 

gas analyser from LI-COR (Figure 3.3). In the eddy 

covariance technique, this data is used in conjunction 

with sonic anemometer air turbulence data to determine 

the fluxes of CO2 and H2O [LI-COR, 2001]. A high 

frequency (10 Hz) and high precision analyser such as LI-

7500 is needed to correctly sample the turbulent eddies in 

the lower boundary layer [Garatt, 1992]. The sensor head 

has a smooth, aerodynamic profile, in order to minimize 

flow disturbance. 

Figure 3.3: LI-7500 Open 
path CO2/ H2O gas analyser 

(from LI-COR manual). 

The open path analyser eliminates 

time delays, pressure drops, and 

sorption/desorption of water vapour on 

tubing employed with a closed path analyser 

[LI-COR, 2001]. The LI-7500 is placed 

within about 20 cm of the centroid of the air 

volume measured by the sonic anemometer. 

The LI-7500 sensor head has a  

12.5 cm open path, with single-pass optics 

and a large 1 cm diameter optical beam. The 

LI-7500 operates over a temperature range 

of -25°C to +50°C. Figure 3.4 shows a 

cutaway representation of the LI-7500 

sensor head [LI-COR, 2001]. The infrared 

(IR) source emits radiation, which is 

directed through a chopper filter wheel, 

focusing lens, and then through the 

measurement path to a cooled lead selenide 

detector. Focusing the radiation maximizes 

the amount of radiation that reaches the 

detector in order to provide maximum signal 

sensitivity.  

Figure 3.4: Cutaway representation 
of the LI-COR 

(from LI-COR manual). 
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The detector operates approximately as a linear quantum counter; that is, over much 

of its range the detector signal output is proportional to the number of photons reaching the 

detector. The existence of certain gas on the IR path reduces the photon flux reaching the 

other side. Each absorbing gas reacts at a different wavelength of photon. Absorption at 

wavelengths centred at 4.26 µm and 2.59 µm provide for measurements of CO2 and water 

vapour, respectively. Reference filters centred at 3.95 µm and 2.40 µm provide excellent 

rejection of IR radiation outside the desired band, allowing the analyser to reject the response 

of other IR absorbing gases. Source and detector lifetimes are greater than 20,000 hours. A 

brush less chopper motor rotates the chopper wheel at 9000 rpm. The windows at both ends of 

the optical path are made of sapphire, which is extremely hard and starch resistant, allowing 

for worry-free of dirt and dust accumulation. 

 

Ultrasonic anemometer (see section 2.3.4) 

 

PAR (Photosynthetic Active Radiation) sensor 

 

The photosynthetic photon flux or photosynthetic active radiation (PAR) is easily 

calculated with the incoming solar radiation, given some approximations [Campbell and 

Norman, 1998]: 

� the energy content of photons is the same for all wavelengths. It is equal to the energy 

content of photons at the mean wavelength of the spectrum (green, 0.55 µm) that is 

3.6*10-19 J. photon-1 (= 0.217 J. µmol-1). 

� about 45% of the incoming solar radiation are in the PAR wavelength. 

 

Then,  

( )

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gsolarinco
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Q .

. min         Eq. 3.2 

 

 In order to avoid those 

approximations, a sensor was used for the 

photosynthetic flux: PAR LITE from Kipp 

& Zonen (Figure 3.5). The sensor measures 

the PAR directly in µmol. m-2. s-1. For the 

periods when the instrument did not 

perform well, Qpar was approximated as 

explained above. The PAR Lite is Figure 3.5: PAR LITE (Kipp & Zonen). 

 28



Chapter 3  Methods 

specifically engineered to measure PAR under naturally occurring daylight. The optical filter 

of the PAR Lite is designed to deliver a quantum response from 400 to 700 nm [Kipp and 

Zonen, 2001], which is the same spectral region responsible for stimulating plant 

photosynthesis [Campbell and Norman, 1998]. PAR LITE uses a photodiode sensor, which 

creates a voltage output that is proportional to the incoming radiation from the entire 

hemisphere. An especially optical filter has been designed to provide a quantum response in 

the PAR (between 0.4 and 0.7 µm). 

 

Filtering and gap-filling 

 

All CO2 fluxes were adjusted using the Webb correction [Webb et al., 1980]. As eddy 

covariance performed poorly during rain events, a precipitation filter was used to screen out 

unsatisfactory flux data. Using an incoming solar radiation threshold of 20 W. m-2, the data 

were then partitioned into daytime and nighttime sets. The wind speeds from the sonic 

anemometer were double rotated such that the mean vertical wind speed was set to zero.  

In periods of high atmospheric stability, there is a lack of turbulent mixing near the 

soil surface and the eddy covariance technique does not always yield reliable results. 

Nocturnal fluxes corresponding to u* (frictional velocity) less than 0.2 m. s-1 were excluded 

[Pattey et al., 2002; Baldocchi, 2003] and replaced by a regression exponential function of the 

soil temperature [Jaksic, 2004]. The daytime data was sorted bi-monthly and we further 

filtered fluxes that exceeded predetermined realistic threshold values for the season. For each 

two-month period, a different regression relationship was developed between the good 

daytime CO2 fluxes and Qpar. The regression used the Misterlich formula [Falge et al., 2001] 

for the relationship between CO2 flux and Qpar. These relations were then used to gap-fill 

daytime CO2 fluxes. After post-processing and filtering of spurious data, 57% of the CO2 flux 

data were suitable for analysis. The unsuitable 43% was replaced by modelled (empirical 

regression) data. 

 

 

3.1.3 Nitrous Oxide 
 

Instrumentation 

 

The second EC system consisted of a tunable diode laser (TDL) trace gas analyser 

(TGA100a, Campbell Scientific, USA) to measure high frequency N2O concentrations and a 
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3-D sonic anemometer (CSAT-3, Campbell Scientific, USA) to measure high frequency wind 

speeds. 

 

 

N2O intake and CSAT-3 
sonic anemometer, at 6 m. 

 

 

 

Closed path TDL trac

 

The principle o

through a path containi

enabling them to absorb

molecule of interest in t

The total absor

is described by Beer’s l

where  is the m

absorption line, 

(cm

)νI( i

ν(I i0

N2. molecule-1),  

length (cm). 

 

Figure 3.7: Tower, with the N2O intake and 
CSAT-3 sonic anemometer, at 6 m.
e gas analyser 

f a TDL trace gas detection is the absorption of the infrared laser beam 

ng a gas sample. Molecules possess quantized internal energy levels 

 radiation at discrete frequencies. This allows for the detection of the 

he gas sample [Edwards et al., 2003]. 

ption depends on the number of absorbing molecules in the beam and 

aw:  

)(−)(= 0 NLσνΙ)νI( νii exp     Eq. 3.3 

easured laser intensity at a discrete frequency interval (  on the 

 the unabsorbed laser intensity, σ  is the absorption cross-section 

)νi

L

) ν

the concentration of absorbers (molecules. cm-3), and  is the path 
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The absorbance  and the transmittance T(  can be defined using Eq. (3.4) 

as follows: 

)νA( i )νi

NLσ
)ν(I
)νI(

 -ln)νT)νA( ν
i0

i
ii ==−= (ln          Eq. 3.4 

A linear regression of sample absorbance vs. reference absorbance gives their ratio 

( ). It is necessary to assume that the temperature and the pressure are the same for the 

reference and the sample gases; it allows the concentration of the sample ( ) to be 

calculated by: 

D

SC

)(
**

D1LL
DLC

C
AS

RR
S −+
=          Eq. 3.5 

where  is the concentration of reference gas (ppm), , the length of the short reference 

cell (cm), , the length of the short sample cell (cm), , the length of the long sample cell 

(cm). The trace gas concentration s calculated of each scan and then digitally filtered to 

reduce noise. 

RC RL

ALSL

 

 

Sample cell and detector + 
Reference cell and detector

Electronics 

Absorption tube 

Laser 
 Figure 3.8: Closed path TDL trace gas analyser
(TGA100a, Campbell Scientific, USA).
 

The TGA100a (Campbell Scientific, USA) is composed of a laser system, an optical 

and gas measurement assembly, and a computer-controlled electronic system, which controls 

both the laser frequency and data acquisition (see Figure 3.8). It uses a reference gas cell to 
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maintain its calibration in situ. The air sample intake is mounted on the tower with the sonic 

anemometer at 6 m above ground. Tubing connects the air sample intake to the inlet of a 

PD1000 high flow sample air dryer [Campbell, 2005]. The TGA100a analyser is located near 

the tower to minimize the length of the sample tubing. This minimizes the attenuation of high 

frequencies in the concentration data caused by tube flow [Campbell, 2005].  

The advantage of using tunable diode lasers in infrared absorption spectroscopy is 

that typical laser emission line widths are small (~10-4 cm-1) relative to typical absorption line 

widths. Thus, the laser can be tuned over the entire absorption features, allowing the high 

spectral resolution needed to resolve individual absorption lines at low pressures without 

interference by other gases [Edwards et al., 2003]. 

 

3-D sonic anemometer  

 

The 3-D sonic anemometer (CSAT-3, Campbell 

Scientific, USA), represented in Figure 3.9 [Campbell, 1998] and 

used in the EC system to measure N2O fluxes is based on the 

same principles as the one from R. M. Young used for CO2 flux 

measurements.  

Figure 3.9: CSAT-3,  
3-D sonic anemometer. 

 

 

 

 

Filtering and gap-filling 

 

The angular offset of the N2O anemometer was negligible; therefore co-ordinate 

rotation was not necessary in this case. The time lag due to the distance travelled by the air 

sample to the N2O analyser was determined by calculating the peak correlation between 

vertical wind speeds and N2O concentrations [Laville et al., 1999].A stationarity test based on 

that of Foken and Wichura, [1996] was used to filter spurious N2O flux values. N2O flux 

values were discarded when the mean of the vertical wind velocity was unsteady within a 

half-hour period [Leahy et al., 2004]. For the purpose of computing cumulative sums of N2O 

flux, gaps of length less than four days were filled by interpolating values from neighbouring 

days. The two longer gaps (due to instrument downtime) were filled using a 14-day moving 

average.  
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3.2 Simulation model 

 

3.2.1 Model description 
 

The model used in this study is PaSim 3.6 (v5) [Riedo et al., 1998; Riedo et al., 1999; 

Riedo et al., 2000; Riedo et al., 2001; Schmid et al., 2001; Riedo et al., 2002, Vuichard et al., 

2005 (manuscript in preparation)]. The first version was described in Riedo et al., [1998]. 

PaSim is a process-based, meteorologically driven biogeochemical model to simulate fluxes 

of carbon, nitrogen, energy and water. 

 

Five submodels 

 

The model has five submodels: soil physics; soil biology; plant; microclimate; and 

animal (Figure 3.10).  
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The soil physics submodel is used to calculate the water content in different soil 

layers, which determines photosynthesis and stomatal conductance, soil evaporation, and rates 

of biological processes, and to calculate soil temperature in the different layers, which 

influences belowground plant processes, soil heat flux, and soil biological processes.  

The soil biology submodel is based on the “soil and decomposition” and “nitrogen” 

submodels of the CENTURY model [Parton et al., 1987]; the submodel computes the 

concentration of soil nitrogen (N), as ammonium and nitrate, and the concentration of soil 

carbon (C) available for the plant. The plant submodel is based on the pasture submodel of the 

HP-model [Thornley, 1998], which simulates shoot and root growth in relationship to carbon 

and nitrogen uptake, energy fluxes and soil moisture conditions. 

The microclimate submodel is used to calculate the interception of short-wave 

radiation in the canopy, especially PAR (photosynthetically active radiation) absorbed by the 

leaves; and to calculate the energy balance of the canopy and of the soil surface (this will set 

surface conditions for the soil physics submodel and the leaf temperature for the plant 

submodel). The animal submodel for grazing by dairy cows has been added in PaSim 2.5 

[Riedo et al., 2000]. 

 

Meteorological input data 

 

This model is driven with hourly meteorological input data for: radiation; air 

temperature; vapour pressure; wind speed; precipitation and atmospheric concentration of 

CO2 and ammonia (NH3). PaSim integrates the land management practices of grass cuttings, 

grazing and the nitrogen application of fertilizer and slurry. 

All the meteorological input data were measured on site (see Chapter 2 for the 

description of the instruments), except for the concentration of atmospheric CO2 and NH3, 

which were taken as constants (concentrations of respectively 370 ppm and 2 µg NH3. m-3) 

from the literature [IPCC, 2001; Seinfeld, 1986]. Actual vapour pressure, in kPa, can be 

calculated (Equation 3.6) using the relative humidity of the air (RH, that is measured on site) 

and saturation vapour pressure, calculated as in Equation 3.7 [FAO, 1998]: 

100
eRH

e s
a

×
=      Eq. 3.6 

 

The saturation pressure can be calculated [FAO, 1998]: 
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+
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exp6108.0e
a

a
s               Eq. 3.7 

where ta [°C] is air temperature. 
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Outputs 

 

The model outputs include the fluxes of CO2, N2O and CH4. The time step of output 

chosen here is daily. CH4 and N2O fluxes are directly computed by PaSim. The model 

computes gross primary production (GPP) and the total respiration of the ecosystem (Rtot), 

NEE is then the difference between the two. Rtot is the sum of respiration of the soil, the 

plants and the grazing animals. Here soil respiration is defined as microbial respiration only. 

Other outputs like shoot dry matter, concentrations of carbon or nitrogen in the plant and in 

the soil are also considered. 

 

3.2.2 Model parameterisation 
 

Site specific parameters 

 

Physical parameters 

 

In Table 3.1 are reminded the physical parameters of Dripsey site, for PaSim model.  

 

Table 3.1: Physical characteristics of the site. 

Latitude N 0.907 rad 

Slope 0.044 rad 

Aspect 0.0 rad 

Altitude above sea level 200 m 

Soil type Sandy clay loam 

 

Soil parameters 

 

The majority of the soil parameters need to be defined for each of the soil layers. The 

number and the thickness of layer from the knowledge of the soil profile can be determinant 

for achieving sensible model results. The maximum number of layer is six, but we decided to 

divide the vertical soil profile in three layers: layer 1 from 0 to 2 cm; layer 2 from 2 cm to  

20 cm; layer 3 from 20 cm to 60 cm. The soil-rock interface was set at 2 m for modelling 

purposes. The top layer is very important, as it is the interface between the soil and the 

atmosphere. It needs to be very thin: 2 cm compared with 18 and 40 cm [Mengelkamp et al., 

1999]; its small thickness allows quick responses of energy fluxes to rainfall events for 

instance [Liang et al., 2003]. 
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Some soil parameters were determined from soil samples taken from the top 20 cm of 

soil and from 20 to 40 cm within the flux tower footprint. Other soil parameters were adapted 

from the literature or determined as a result of optimisation of PaSim results and fall within 

the range of literature values (Table 3.2). 

 

Table 3.2: Soil parameters. 
aSoil pH 5.6 
aMain rooting depth (m) 0.25 
aSand:Silt:Clay (%) 42:41:17 
aDepth of the 3 layers (m) 0.02; 0.20; 0.60 
aBulk density (g/cm3) 1.0; 1.0; 1.7 
aSaturated soil water content (m3/m3) 0.60; 0.43; 0.40 
bAir entry potential (mm) -50.0; -100.0; -100.0 
bSaturated hydraulic conductivity (mm/day) 188.0; 18.0; 18.0 
cParameter b 5.4 
aSoil samples; bLiterature [Dingman, 1994] and model optimisation; cClapp and Hornberger, 
1978. 
 

The dominant grass species is perennial ryegrass, but the model does not take into 

account the species of grassland; it has been parameterized for perennial grassland. The 

estimated clover fraction is 25%. 

 

Initial conditions 

 

Initial conditions for organic carbon and nitrogen  

 

The soil biology submodel used in PaSim is derived from the CENTURY model 

[Parton et al., 1987]. Organic C and N are divided among metabolic and structural pools of 

plant residue and among three soil organic matter (SOM) pools (active, slow and passive). 

The metabolic pool is decomposable plant material and the structural pool is resistant plant 

material. The C and N in the passive pool are physically or biochemically protected with a 

turnover time of 1000 to 5000 years [Parton et al., 1987]. At the other extreme, more active 

organic matter cycles more rapidly (6 to 12 months). The material in the slow pool has an 

intermediate residence time (10 to 50 years). As a simplification, no separation between soil 

surface and soil plant surface is considered. In addition, no soil profile of the soil carbon and 
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nitrogen is calculated and only soil carbon and nitrogen in the main rooting depth is 

considered.  

For the first run, we used the values given in Gardiner and Radford, [1980]. Then, to 

run the model in a steady state, initial condition (IC) values for the concentrations of carbon 

and nitrogen in the different pools were those obtained at the end of a corresponding 

equilibrium run (Table 3.3). Equilibrium was reached when the change in C and N levels in 

the various pools was smaller than a prescribed threshold (here, the convergence criterion was 

reached when the change in the variables between two cycles was less than 2.5%). There is no 

initial condition for structural nitrogen in the dead plant matter; it is derived from the 

metabolic nitrogen in the plant residue and the flow of plant residue according to Parton et al., 

[1987].  

The values at the end of the equilibrium run gave a very good estimation of the CO2 

fluxes, but a poor estimate of the N2O fluxes. The modelled N2O fluxes were too small in 

comparison with the measurements. In order to improve this, we increased the amount of 

carbon by 15% and multiply the amount of nitrogen by 2.4 (Table 3.3). With this 

parameterisation, the NEE stayed the same and the N2O emissions were closer to the 

observations. With this new set of initial conditions, the model is not run is a steady state, 

however, because this grassland site is said to be over-fertilised, the soil may not be in 

equilibrium in term of carbon and nitrogen. 

 

Table 3.3: Equilibrium run and initial conditions values 
for organic carbon and nitrogen in various pools. 

 End of equilibrium run Initial conditions 

 Carbon 

(kgC. m-2) 

Nitrogen 

(kgN. m-2) 

Carbon 

(kgC. m-2) 

Nitrogen 

(kgN. m-2) 
aWstruct 1.6929 - 1.9468 - 
bWmetab 0.1094 0.0098 0.1258 0.0235 
cWactive 0.3045 0.0426 0.3502 0.1022 
dWslow 5.7013 0.3781 6.5565 0.9074 
eWpassive 5.0535 0.4548 5.8115 1.0915 
aStructural dead plant material; bMetabolic dead plant material; cActive SOM; dSlow SOM; 
ePassive SOM. 

 

The plant submodel includes C and N variables (Table 3.4); the values are the same 

as in Riedo et al., [1998].  
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Table 3.4: Initial conditions for plant carbon and nitrogen. 

IC for plant C substrate concentration (kgC. kg-1) 0.04 

IC for plant N substrate concentration (kgN. kg-1) 0.004 

IC for N concentration of structural plant dry matter (kgN. kg-1) 0.022 

 

Others initial conditions 

 

The initial conditions for the soil water moisture for the different layers and the lower 

boundary layer were set from the measurements of the soil moisture probes. The parameters 

for the soil temperature were derived from the measurements of the soil temperature probes. 

In PaSim, the mineral N pool is split into components for ammonium (NH4
+) and nitrate 

(NO3
-) in the soil. Their concentration and atmospheric deposition were those from Jordan, 

[1997] for Cork Airport. Table 3.5 presents those values. Finally, initial conditions for leaf 

area index (LAI), shoot and root dry matter (DM) are also given in this table.  

 

Table 3.5: Initial conditions for shoot and root dry matter, LAI, soil water content, soil 
temperature and ammonium and nitrate. 

IC of shoot dry matter (kg. m-2) 0.15 

IC of LAI (m2. m-2) 1.5 

IC of root dry matter (kg. m-2) 0.58 

IC for soil water content (m3. m-3) 0.60; 0.40; 0.40 

Water content of lower soil boundary layer in spring (m3. m-3) 0.45 

Water content of lower soil boundary layer in autumn (m3. m-3) 0.28 

Average temperature of lower soil boundary layer (K) 281.66 

Amplitude of temperature of lower soil boundary layer (K) 4.0 

Phase of temperature of lower soil boundary layer (rad) 3.1416 

IC for soil ammonium (kgN. m-2) 0.00029 

IC for soil nitrate (kgN. m-2) 0.00027 

NH4
+ deposition other than gaseous NH3 (kgN. m-2. day-1) 1.02*10-6 

NO3
- deposition (kgN. m-2. day-1) 0.95*10-6 

 

Management Data 

 

The footprint area is partitioned into approximately fifty small fields. This implies a 

degree of heterogeneity (particularly in summer) that cannot easily be addressed directly by 

the model, even if the management practices described in Chapter 2 are broadly similar across 
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the whole site. As a consequence, some assumptions were made; first of all, we simplified the 

modelling exercise by using a single point simulation.  

 

Silage cuts 

 

In the farmers’ data log sheets, there is very little information on the timing of the 

silage cuts; so we determined the dates by comparison with the measurements of the CO2 

fluxes. Linked with the input data for the timing of the silage cuts, the LAI and the shoot dry 

matter after cutting can be set. If there are different dates for the different years of simulation, 

only one set of values for LAI and shoot DM is available. Thus, those values are applied to 

the position of the cut in the year. Furthermore, in order to preserve the fact that usually a 

field reserved for silage is cut twice a year and to account that the fields are not all the fields 

are cut at the same time, we applied different LAI and shoot DM after cutting (see Table 3.6).  

 

Table 3.6: LAI and shoot dry matter after cutting and time of the cuttings. 

Shoot DM after cutting 
(kg. m-2) 

0.35 0.15 0.40 0.20 0.15 

LAI after cutting 
(m2. m-2) 

3.0 1.0 4.0 1.5 1.5 

2002 1st July 15th July 23rd Sept. 30th Sept. 30th Dec. 

2003 15th June 30th June 8th Sept. 30th Sept. 30th Dec. 

Time 

of 

cut 2004 30th May 19th July 8th Sept. 27th Sept. 30th Dec. 

 

Moreover, the current version 3.6 (v5) of the model is known to produce too much 

biomass in winter, even though an additional stress parameter have been included to account 

for enhanced mortality in autumn and winter [Vuichard et al., 2005 (manuscript in 

preparation)]. To compensate for this we therefore include an extra cut at the end of each year 

to reset the biomass and LAI to realistic values.  

 

Grazing 

 

In Chapter 2, we noted that on site, the animal density is 2.2 LU. ha-1 and that there is 

a rotation of the cows within the paddocks. For modelling purposes, we assumed that the 

fields where continuously grazed at a constant density of 1.5 LU. ha-1, from March to the end 

of September in 2002 and 2004 (because the autumn was wet) and from March to the end of 

October for 2003. 1.5 LU. ha-1 is less than 2.2 LU. ha-1 in order to account that the model only 

considers dairy cows and not beef cattle (because 1 LU accounts for a cow of 600 kg and beef 
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cattle is only a fraction of LU). We tried another scenario with periods of 21 days of grazing 

at a density of 2.2 LU. ha-1 that alternated with 10-day periods of no grazing. The model 

produced the same results in terms of methane emissions and NEE. However we decided to 

keep the first assumption.  

 

Nitrogen fertiliser and slurry applications 

 

The timing of the applications of fertiliser and slurry also varies across the average 

footprint but we are limited by the model to 10 applications days per year. So we reduced the 

dates and add the amount of nitrogen corresponding. Figure 3.11 compares the monthly data 

from the farmers with the input for PaSim model. In 2004, the slurry applications are very 

low; data may be missing in the farmers’ data log sheets. 

 

 
Figure 3.11: Cumulative applications of fertiliser (left column) and of slurry (right column) 
for 2002, 2003 and 2004. The red curve represents the input for PaSim and the blue bars, the 
monthly data from the farmers. 
 

For the application of mineral fertilisers, the amount of nitrogen is divided into NH4
+ 

NO3
-. Farmers use different sorts of chemical fertilisers and on average, half of the nitrogen is 

in ammonia form and the other half in nitrate form. As organic fertilisers, PaSim considers 

slurry, urea and manure. Here, farmers only apply slurry to the fields. The input data for the 

fertilisers as well as the other management input data are summarized in Table 3.7.  
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Table 3.7: Summary of the input data for PaSim for 2002, 2003 and 2004.  
The number 500 indicates that nothing is done. 

1) tcut – time of the cuttings [julian day] 
182.0 196.0 266.0 273.0 364.0 500.0 500.0 500.0 500.0 500.0 
166.0 181.0 251.0 258.0 364.0 500.0 500.0 500.0 500.0 500.0 
150.0 200.0 251.0 270.0 364.0 500.0 500.0 500.0 500.0 500.0 

2) tfert – time of the application of fertilizers [julian day] 
69.0 84.0 99.0 121.0 166.0 181.0 182.0 213.0 244.0 283.0 
51.0 54.0 84.0 119.0 151.0 166.0 181.0 196.0 250.0 288.0 
32.0 46.0 84.0 110.0 127.0 152.0 166.0 181.0 191.0 229.0 

3) Nfertamm – amount of ammonium for each application of mineral fertilizers [kgN. m-2] 
0.00123 0.00248 0.00092 0.00070 0.00086 0.00087 0.00148 0.00115 0.00103 0.00000 
0.00000 0.00214 0.00201 0.00109 0.00058 0.00000 0.00159 0.00227 0.00053 0.00000 
0.00018 0.00112 0.00049 0.00213 0.00041 0.00072 0.00000 0.00108 0.00125 0.00150 

4) Nfertnit – amount of nitrate for each application of mineral fertilizers [kgN. m-2] 
0.00123 0.00248 0.00092 0.00070 0.00086 0.00087 0.00148 0.00115 0.00103 0.00000 
0.00000 0.00214 0.00201 0.00109 0.00058 0.00000 0.00159 0.00227 0.00053 0.00000 
0.00018 0.00112 0.00049 0.00213 0.00041 0.00072 0.00000 0.00108 0.00125 0.00150 

5) nanimal – stocking density, or number of livestock units [animal. m-2] 
0.00015 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.00015 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.00015 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

6) tanimal – start of the grazing [julian day] 
60.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 
60.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 
60.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 500.0 

7) danimal – duration of the grazing [d] 
214.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
244.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
214.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

8) Nvollguelle – amount of N in slurry [kgN. m-2] 
0.00157 0.00180 0.00000 0.00000 0.00105 0.00187 0.00066 0.00000 0.00000 0.00212 
0.00362 0.00000 0.00429 0.00000 0.00000 0.00161 0.00000 0.00072 0.00243 0.00036 
0.00111 0.00038 0.00000 0.00000 0.00000 0.00000 0.00149 0.00000 0.00000 0.00000 

9) Nguellekotarm – amount of N in urea [kgN. m-2] 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

10) Nmist – amount of N in solid manure [kgN. m-2] 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
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3.2.3 Sensitivity to changes 
 

The uncertainty of the model needs to be estimated by assessing the sensitivity of 

simulation results to the model parameters and to the initial conditions of the driving 

variables. This analysis was made in Riedo et al., [1998]. 

In a first step, the most “sensitive” model parameters were determined. Each 

parameter was used unchanged or changed by ± 25%, and for each value a model simulation 

was carried out using input data from two grassland sites in Switzerland. The parameters were 

ranked according to the absolute deviation of the simulated annual dry matter yield from the 

reference simulations, averaged over the two locations and the simulations with +25 and -25% 

of the parameter value. In a second step, the “importance” of the 24 most sensitive parameters 

was investigated with statistics [Hamby, 1994]. The results are detailed in Riedo et al., [1998] 

and we will not describe them in here. Indeed, the parameters of the model are written within 

the codes of the model and we will not change them because the grassland ecosystem in 

Switerzerland (for which the model has been calibrated) is not very different from the 

grassland in Dripsey and we do not have the knowledge to possibly make the adequate 

variations in those parameters. Moreover, the major difference between the two sites is 

climate, and it is defined through the various meteorological input data files.  

To investigate the sensitivity of the model to initial conditions, input data which 

determine the initial values of the state variables of the plant and soil biology submodels were 

changed by -50, -25, +25, and +50%. For the plant submodel, the initial values of shoot dry 

matter and LAI, where changed in parallel, incorporating also the shoot DM and the LAI 

remaining after each cut. The other initial values for the plant submodel were altered one by 

one, namely root dry matter, plant C and N substrate concentration and N concentration of 

structural plant DM. Concerning the soil biology submodel, the initial fractions of the five 

organic carbon pools in the soil biology submodel were not altered, only a change in their 

sum (Corganic) was assumed. To simulated the sensitivity to different C:N ratios, the initial 

values of the C:N ratios in the metabolic, active, slow, and passive pools were altered such 

that the sum of the organic nitrogen associated with changed by approximately  

-50, -25, +25, and +50%. In this way, the initial conditions for the state variables for the five 

organic carbon pools were left unchanged, but the initial values for N metabolic, N active, N 

slow, and N passive were altered. The soil mineral N pools, for ammonium (Namm) and nitrate 

(Nnit), were altered separately.  
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Table 3.8: Sensitivity to changes in input data, which determine the initial conditions of state 
variables of simulated annual yield. ↑ stresses on sensitivity of more than 1% and ↓ stresses 
on sensitivity of more than 1%. 
 - 50% - 25% + 25% + 50% 

Shoot DM & LAI ↓ -5.7 ↓ -1.6 -0.1 -0.5 

Root DM ↓-7.5 ↓ -3.5 ↑ 3.1 ↑ 6.0 

Plant C substrate concentration 0.7 0.4 -0.4 -0.8 

Plant N substrate concentration ↓ -2.9 ↓ -1.4 ↑ 1.3 ↑ 2.6 

N conc. of structural plant DM ↓ -10.6 ↓ -4.7 ↑ 4.0 ↑ 7.5 

Corganic ↓ -11.3 ↓ -5.4 ↑ 5.0 ↑ 9.6 
aC:N ratio ↑28.6 ↑10.9 ↓ -7.4 ↓ -12.7 

Namm -0.2 -0.1 0.1 0.2 

Nnit -0.2 -0.1 0.1 0.2 
aApproximately –52, -26, 26, 52% 

 

The simulations with altered initial conditions for driving variables of the plant and 

soil biology submodels revealed a strong influence of the C:N ratio of the soil organic matter 

on the annual yield (Table 3.8). Other important initial conditions were the total organic 

carbon in the soil, and the nitrogen concentration of the structural plant biomass. In contrast to 

all other initial conditions, annual DM yield showed a non-monotonic response to the initial 

value for the shoot biomass and leaf area index remaining after a cut. A maximum value for 

annual yield was reached with initial values similar to those determined in the Swiss fields. 

The uncertainty in the initial value of the living root biomass led to an uncertainty of less than 

95% in the annual yield. Considering the large turnover of mineral nitrogen in the soil, the 

small influence of the initial values of ammonium and nitrate was plausible. 
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Chapter 4     Greenhouse Gas Balance 

 

4.1 What is a greenhouse gas balance? 

 

The earth's atmosphere contains various trace gases including carbon dioxide (CO2), 

methane (CH4), nitrous oxide (N2O) and chlorofluorocarbons (CFCs), which absorb infrared 

radiation emitted from the earth's surface. Higher concentrations of these gases in the 

atmosphere relate to increased absorption capacity for infrared radiation. Because control of 

the earth's overall surface temperature depends on a balance between incoming sunlight 

energy (constant) and re-radiated infrared energy, a net increase in atmospheric absorption of 

energy causes a net increase in the earth's temperature. This is the cause of the "greenhouse 

effect" with its associated global warming from additional amounts of greenhouse gases 

(GHGs).  

Some of the GHGs are naturally produced (CO2 and CH4) while others (CFCs for 

instance) are primarily man-made (anthropogenic). In addition to the natural (biogenic) 

sources of CO2, N2O and CH4, substantial increases of these have occurred over the last 

century due to anthropogenic sources (especially fossil fuel power plants and man-made 

management of soils and agricultural lands). 

From an agricultural point of view, only CO2, CH4 and N2O will be considered in the 

greenhouse gas balance. CO2 is part of the life cycle of the plants; it is fixed through the 

phenomenon of photosynthesis and is released through the plant’s respiration. Depending on 

the ecosystem, carbon can be fixed or released. Animals contribute through their respiration 

to a lesser extent to the emissions of CO2. CH4 is produced by herbivores as a by-product of 

enteric fermentation, a digestive process by which carbohydrates are broken down by micro-

organisms. CH4 emissions from soil are not considered in a grassland site, as they are much 

smaller [CarboEurope-GHG, 2004]. Finally, the soil emits N2O as a consequence of 

denitrification and also, to a lesser extant, by nitrification [Trogler, 1999]. The application of 

slurry and chemical fertilisers increases the supply of reactants for these processes [Leahy et 

al., 2004]. Figure 4.1 shows the interdependence of GHG fluxes across the ecosystem. 

The relative contributions of specific GHGs to global warming also vary. CO2, N2O 

and CH4 have different radiative forcing. To be able to compare them, their effect is 

integrated over a period of time and compared to the effect of CO2, as the latter is the most 

abundant GHG in the atmosphere. This relative contribution is defined as the global warming 

potential (GWP). Table 4.1 gives the GWP for CO2, N2O and CH4 over 100-year timescale.  
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Table 4.1: GWP of CO2, N2O and CH4 for 100-year timescale [IPCC, 2001]. 
 

CO2 

 

N2O 

 

CH4 

 

1 

 

296 

 

23 

 

As a consequence, combining the contribution from each gas over the year to their 

GWP, the GHG balance for the ecosystem, in CO2 equivalents (kg CO2 equiv. m-2), can be 

expressed as: 

 

422Bal CH23ON296COGHG ** ++=         Eq. 4.1 

 

where CO2 is in [kg CO2. m-2]; N2O, [kg N2O. m-2] and CH4, [kg CH4. m-2]. 

 

At present, the greenhouse gas balance arising from grasslands is not known 

[CarboEurope-GHG, 2004]. In this study, the GHG balance is calculated at the farm scale  

(~ 50 ha); that is to say, we will not consider: the CH4 and CO2 emissions from the cattle 

when kept indoors, the CH4 emissions from wastes, the N2O emissions from leached nitrogen 

volatilisation and other indirect emissions. A model has been developed for that purpose 

(FARMSIM, Salètes et al., 2004).  
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4.2 Carbon dioxide 

 

4.2.1 Comparison of modelled and observed NEE 
 

Figure 4.2 shows the cumulative NEE simulated by PaSim and observed by EC for 

the three years of study. The vegetation period (roughly April to October) can be divided in 

an active spring growing phase up to the first major grass cut (see arrow in Figure 4.2), and a 

less active phase thereafter. 

The measured annual uptake is 1.91, 2.59 and 2.95 tC. ha-1 for 2002, 2003, 2004, 

respectively, whereas the annual uptake computed with PaSim is 2.77, 2.89, 3.71 tC. ha-1 

(Table 4.2). Those values fall within the range of values for European grassland (0.5 to  

5 tC. ha-1. yr-1, considering the year from June 2002 to June 2003, CarboEurope-GHG, 2004).  

For each year of the study, the modelled uptake is higher than the observed. Most of 

the carbon uptake occurs during the growing season in the months of April, May and June 

(Figure 4.2). The NEE simulated with PaSim captures the trends during the growing season 

very well. From June to September, the cumulative NEE shows neither net uptake nor loss, 

because of land management practices of silage cuttings and intensive grazing. The effects of 

the silage cuttings are visible as abrupt decreases in the cumulative modelled NEE (see arrows 

on Figure 2.2). From the end of October to year’s end, the cumulative NEE decreases as 

respiration exceeds photosynthesis. 

 
Figure 4.2: Cumulative NEE observed and modelled in tC. ha-1, for:  

(a) 2002, (b) 2003 and (c) 2004. The arrows represent the first major cut. 
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Figure 4.2 and Table 4.2 show that the modelled NEE broadly agree with the 

observations. However, the model overestimates the annual NEE by between 12% and 45%. 

Better agreement occurs during the growing season, with the rate of change being modelled 

accurately. PaSim has limitations in the last three months of each year (winter period) where 

it over predicts the uptake. It is currently acknowledged that PaSim produces too much 

biomass in winter, and this weakness in the model is currently being investigated [Vuichard et 

al., 2005 (manuscript in preparation)]. The shape of the curve for the modelled NEE in the 

first months of 2002 is different from that in 2003 and 2004 (Figure 4.2); this is due to the 

over-sensitivity of PaSim to initial conditions. 

 

Table 4.2: Comparison of the observed and modelled NEE for 2002, 2003 and 2004. 

Annual sum of NEE    
    
 2002 2003 2004 
Observed NEE (tC. ha-1. yr-1) 1.91 2.59 2.95 
Modelled NEE (tC. ha-1. yr-1) 2.77 2.89 3.71 
% Change + 45.0 + 11.6 + 25.9 
    
Growing season for observed NEE    
    
 2002 2003 2004 
Starting date (julian day) 79 78 98 
Finishing date (julian day) 184 167 204 
Length (days) 105 89 106 
Gradient (gC. m-2. day-1) 2.8 3.1 2.7 
    
Growing season for modelled NEE    
    
 2002 2003 2004 
Starting date (julian day) 79 74 74 
Finishing date (julian day) 195 180 199 
Length (days) 116 106 125 
Gradient (gC. m-2. day-1) 2.1 2.8 3.1 

 

To compare the evolution of NEE during the growing season of each year, it is 

necessary to define the start and end dates of the season. The start date of the growing season 

varies within a fifteen-day period from year to year. As there is no standard definition, we 

choose a growing season start date when the soil temperature at 7.5 cm depth is consistently 

above 6˚C. However, the growth of the grass sometimes may begin before this date (Keane 

and Collins, 2004). The end of the growing season is defined as the day of the first grass cut. 

In the observations, the growing season lasts between 89 and 106 days and in the model it is 

between 112 and 131 days (Table 4.2). The gradient of the cumulative NEE curve represents 

the rate of change NEE. During the spring growing season, the gradient of uptake for the 
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cumulative NEE observed is 2.8, 3.1, 2.7 gC. m-2. day-1 for the three consecutive years of the 

study. The gradient of uptake for the modeled NEE is similar to the observed (Table 4.2). 

The result of our approximation of the spatially and temporally heterogeneous 

management activities with a single point simulation is that the model captures the cumulative 

NEE but does not account for the week-to-week variation in NEE. In the autumn and winter 

period the observations show a decreasing NEE (when respiration process exceeds 

photosynthesis). The model does capture this trend better in 2003 and 2004 than in 2002.  

For both model and observations, there is a year-to-year increase in NEE with the 

lowest NEE associated with the wettest year. The air temperature, incoming radiation and 

management practices over the three years were similar. The environmental variable that was 

most different between the three years was precipitation: 2002 was wetter than average (17% 

above the long-term annual average); 2003 was drier than average (19% below average); 

2004 was 9% drier than average. The decrease in precipitation (from 2002 to 2003) results in 

an increase in NEE. Some of the observed interannual variation in NEE may be due to the 

uncertainty inherent in the EC method [Baldocchi, 2003]. The fact that NEE was higher in the 

dry year by (~ 30%) than in the wet year, suggests that this ecosystem is robust enough to 

tolerate a wide annual precipitation range (1185 mm to 1835 mm). 

 

4.2.2 Components of NEE 
 

The modelled NEE is the difference between two high fluxes: the gross primary 

production (GPP) and the total respiration of the ecosystem (Rtot): 

RtotGPPNEE −=         Eq. 4.2 

Concerning the measurements, the net flux of carbon between the ecosystem and the 

atmosphere is the sum of the eddy flux (what is measured by the EC technique) and a  

∆-storage flux [Hollinger et al., 1994]: 

Λec FFNEE +=                  Eq. 4.3 

Indeed, this CO2 storage between the ground and the measurement height can be quite 

important, especially in forest ecosystems in period of little turbulent mixing at nighttime, as 

CO2 molecules are trapped under the canopy. However, for grasslands, the ∆-storage flux can 

be neglected as many authors did before [Saigusa et al., 1998; Sims and Bradford, 2001; 

Frank, 2002; Novick et al., 2004]. 

PaSim simulates GPP and Rtot. Figure 4.3 shows the model output of GPP and Rtot 

for the three years of study. The annual GPP increases from 20.7 tC. ha-1. yr-1 (2002) to  

22.2 tC. ha-1. yr-1 in 2003 and 2004. The annual Rtot increases from 17.9 tC. ha-1. yr-1 (2002) 

to 19.3 tC. ha-1.yr-1 (2003) and then decreases to 18.5 tC. ha-1. yr-1 (2004). Table 4.3 
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summarizes the results for GPP, Rtot and NEE. The modelled interannual changes of GPP 

and Rtot are less than 7%. However, the modelled interannual change for NEE reaches 29%; 

as NEE is the difference between GPP and Rtot (and is small relative to both), interannual 

variation in NEE needs to be interpreted with caution. 

 

 
Figure 4.3: Modelled cumulative (a) GPP and (b) Rtot, in tC. ha-1 for 2002, 2003 and 2004. 

 

We note in Figure 4.3a that the year with lowest GPP (20.7 tC. ha-1. yr-1) was the 

wettest year (1785 mm). We note from Figure 4.3b that the lowest Rtot (17.9 tC. ha-1. yr-1) 

was as well in the wettest year. In the wet year, GPP and Rtot are lower than in the drier years 

suggesting that productivity is dependent on a favourable soil moisture status. GPP and Rtot 

are dependent on meteorological, hydrological, soil, vegetation and microbiological 

conditions; those relationships have been investigated in Lawton et al., [2005, submitted to 

Glob. Change Biol.].  

 

Table 4.3: Modelled GPP, Rtot and NEE, in tC. ha-1. yr-1, for 2002, 2003 and 2004. 

 GPP Rtot NEE 

2002 20.7 17.9 2.8 

2003 22.2 19.3 2.9 

2004 22.2 18.5 3.7 
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We used the model to examine the three components of Rtot: the soil respiration 

(Rsoil); the plant respiration (Rplant) and the animal respiration (Ranimal):  

RanimalRplantRsoilRtot ++=    Eq. 4.4 

Figure 4.4 shows the modelled partitioning of Rtot. On average the soil respiration 

represents 52%, plants 43% and grazing animals 5%. Research projects focused on ecosystem 

respiration [Flanagan and Johnson, 2005] or soil efflux (sum of microbial respiration and root 

respiration) [Franzluebbers et al., 2002; Leiros et al., 1999]; but, there are few field scale 

studies partitioning respiration into its autotrophic (Rplant) and heterotrophic (Rsoil) 

components for grassland ecosystems [Hanson et al., 2000]. In laboratory analysis, Tu, [2001] 

found that, for a grassland, the plant respiration accounted for ~ 66% of the ecosystem 

respiration. In forests, plant respiration is considered to account for ~ 75% of total respiration 

[Arneth et al., 1998; Kinerson et al., 1977]. 

 

 
Figure 4.4: The three components of modelled total respiration: (a) soil, (b) plant, (c) grazing 

animals, in tC. ha-1, for 2002, 2003 and 2004. 
 

 

4.3 Nitrous oxide 

 

There are no on-site measurements of N2O in 2002. Figure 4.5 shows the cumulative 

emissions of nitrous oxide. The observed emissions are 11.6 kg N2O-N. ha-1. yr-1 for 2003  
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and 3.6 kg N2O-N. ha-1. yr-1 for 2004. The modelled emissions are 7.6, 9.6 and  

8.3 kg N2O-N. ha-1. yr-1 respectively for 2002, 2003 and 2004. In the GreenGrass project, 

seven of the eleven European sites measured nitrous oxide for grasslands and the annual 

emissions varied from 0.3 to 18.6 kg N2O- N. ha-1. yr-1 [CarboEurope-GHG, 2004]. The 

results fall as well within the range of measurements of nitrous oxide for comparable 

applications of nitrogen in Great Britain [Dobbie and Smith, 2003].  

 

 
Figure 4.5: Cumulative N2O emissions observed and modelled, in kg of N2O- N. ha-1, for:  

(a) 2002, (b) 2003 and (c) 2004. There was no record of N2O emissions site in 2002. 
 

The model underestimates the measurements by 17% in 2003 and overestimates them 

by 132% in 2004. Spatial variability of soil parameters within the flux tower footprint and the 

temporal variability of the footprint itself due to fluctuations in wind direction and speed may 

account for some of this discrepancy. In 2003, PaSim does not catch the typical pulses of 

increase of N2O following heavy rainfall [Leahy et al., 2004]; however, PaSim models quite 

well for the first 6 months of 2003 (Figure 4.5b). In 2004, the modelled curve (Figure 4.5c) is 

quite dissimilar to the observations both concerning the seasonal trends and the annual 

emissions. PaSim does not especially catch the small uptake of nitrous oxide during the 

winter and the spring. Concerning this uptake, it can be noticed that, on a daily basis (Figure 

4.6 and 4.7), there are no negative modelled fluxes of nitrous oxide; these negative fluxes 

especially happen in 2004. Indeed, the uptake of nitrous oxide is a very complex phenomenon 

not yet explained, but it is often observed [Ryden, 1981]. 
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Figure 4.6: Daily N2O emissions observed and modelled, in g of N2O-N. m-2. day-1 for 2003 

and nitrogen applications (fertiliser + slurry) for PaSim in kgN. ha-1. 
 

 
Figure 4.7: Daily N2O emissions observed and modelled in g of N2O- N. m-2. day-1 for 2004 

and nitrogen applications (fertiliser + slurry) for PaSim in kgN. ha-1. 
 

For 2003, PaSim modelled the overall emissions of N2O. However, if we look at the 

daily fluxes (Figure 4.6 and 4.7), the modelled maximal values are much lower than the 
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observed; still some local maximal of the model curve correspond with measurements (March 

29th, July 21st 2003). But, sometimes the trends are opposite (September and October 2003).  

On Figure 4.6 and 4.7, the timing and amount of nitrogen spread was superimposed 

on the daily fluxes. N2O emissions are closely related to nitrogen applications and as well as 

to soil WFPS (water filled spore space) and rainfall [Dobbie et al., 1999]. This implies that 

the timing of applications is very important, but because the data log sheet from the farmers 

are not very precise and the model limits the applications of fertiliser and slurry to 10 dates, 

the fluxes of N2O cannot be very close to the measurements. We tried to run the model 

injecting a major rain event 7 days and 20 days after a day of application of fertilisers, but it 

did not make a major difference. However, some peaks follow applications of fertilisers (e.g. 

April and August 2004). 

The total amount of fertilisers spread (i.e. chemical fertilisers and slurry) was 305 

kgN. ha-1, 334 kgN. ha-1 and 207 kgN. ha-1. The emissions are supposed to be linked with the 

amount of fertilisers [Ryden, 1981; IPCC, 1997], however, the modelled emissions in 2004 

were 10% higher than in 2002 whereas the applications decreased by 32%; it may be a 

consequence of the build up of nitrogen in the soil due to the high applications in 2003. The 

observed and modelled emission factor (percentage of applied N fertiliser lost as N2O) are 

summarised in Table 4.4. All the emission factors are smaller than the IPCC guideline value 

of 1.25 ± 1.0 % [IPCC, 1997] of applied N, except for the modelled emission factor in 2004 

(but it is may be because of the uncertainty of the amount of slurry spread), but still fall 

within the range given by the IPCC guideline (emission factors are: 3.8 ± 3.0 %, 4.2 ± 3.3 % 

and 2.6 ± 2.1 % respectively for 2002, 2003 and 2004).  

 

Table 4.4: Summary of observed and modelled N applications,  
N2O emissions and emission factor for 2002, 2003 and 2004.  

 Total N application 

(kgN. ha-1) 

N2O emission 

(kgN. ha-1) 

Emission factor 

(%) 

 Observed Modelled Observed Modelled Observed Modelled 

2002 305 305 - 7.6 - 2.5 

2003 334 334 11.6 9.6 3.5 2.9 

2004 207 207 3.6 8.3 1.7 4.0 
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4.4 Methane 

 

Methane is not measured on site. However, according to the IPCC guidelines, we 

estimate the emissions of methane based on knowledge of animal type and number. The 

annual emissions from enteric digestion in Western Europe are 100 kg CH4. head-1. yr-1 for 

dairy cattle and 48 kg CH4. head-1. yr-1 for non-dairy cattle [IPCC, 1997]. Given that half of 

the cattle grazing are dairy cows and the other half are beef cattle, it represents  

74 kg CH4. head-1. yr-1, or 0.203 kg CH4. head-1. day-1. Combining that figure with a density of 

2.2 LU. ha-1 and using the same grazing periods as in the management input data, we obtain 

the estimated emissions in Figure 4.8.  

Figure 4.8 presents as well PaSim modelled emissions of methane for 2002, 2003 and 

2004. In 2002, the total modelled emissions are 66 kgC. ha-1. yr-1, 69 kgC. ha-1. yr-1 in 2003 

and 60 kgC. ha-1. yr-1 in 2004 (Table 4.5). On annual methane emissions, the IPCC 

estimations are less than 17% higher and they do not take in account changes in the diet of the 

animals. Here methane only originates from enteric digestion. The straight line is due to the 

assumption that the fields are continuously grazed.  

 

 
Figure 4.8: Cumulative CH4 emissions estimated and modelled in kgC. ha-1, for:  

(a) 2002, (b) 2003 and (c) 2004. There is no CH4 record for the site. 
 

Combining the curve gradient and the livestock density, we obtain that PaSim 

predicts an average of 0.265 kg CH4. head-1. day-1 (see Table 4.5 for details). Those figures 

are closest to dairy cow emissions, as the values are: 0.274 kg CH4. head-1. day-1 for dairy 

cows and 0.131 kg CH4. day-1. yr-1 for non-dairy cows. This is expected as the model only 

considers dairy cows. But, on an annual basis the emissions are quite close because we 

introduced a cattle density of only 1.5 LU. ha-1 in the inputs of the model (see section 3.2.2 

for the model parameterisation). 
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Table 4.5: Summary of IPCC estimated and PaSim modelled annual CH4 emissions  
and gradient for 2002, 2003 and 2004.  

 Annual emissions  
(kgC. ha-1. yr-1) 

Gradient  
(kg CH4. head-1. day-1) 

 IPCC PaSim IPCC PaSim 

2002 72 66 0.203 0.275 

2003 81 69 0.203 0.258 

2004 72 60 0.203 0.261 

 

For the three years, it is considered that the cattle start to graze on March 1st. 

However, we can note that there is a lag of 16 days in 2003 and 13 days in 2004. This is 

because methane emissions depend on the animal’s diet (quantity and quality) and the dry 

matter modelled was too small at the beginning of March 2003 and 2004 (see dotted line on 

Figure 4.9b and 4.9c). Enteric digestion emissions reach their full capacity when the shoot dry 

matter exceeds 0.2 kg. m-2. Figure 4.9 underlines this characteristic. The major decrease in the 

methane emissions after a cutting event is also representative of it. 

 

 
Figure 4.9: Daily CH4 emissions modelled per animal in kgC. animal-1. day-1 and modelled 

shoot dry matter, in kg. m-2, reduced to 20% of its value for: (a) 2002, (b) 2003 and (c) 2004. 
The dotted vertical line shows the threshold after which the methane emissions get normal 

values; the threshold is 0.2 kg. m-2 (0.04 on the figure). 
 

Because those results are based on a simplification of the effective management 

practices and cannot be verified by on-site measurements, those results should be taken with 

extreme care. 
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4.5 Greenhouse gas balance 

 

4.5.1 Modelled vs. observed GHG balance 
 

Figure 4.10 is a summary of the comparison of the observed versus the modelled 

greenhouse gases and the GHG balance itself. The GHG balance in 2002 is not shown as 

there are no observations of nitrous oxide and methane is only estimated. Positive values are 

representative of an uptake by the grassland, however N2O and CH4 emissions are represented 

on the positive axis for more legibility. For the three years, an uptake is observed. The 

amplitude of the GHG sink is summed up in Table 4.6. 

 

Table 4.6: Observed and modelled GHG balance in T of CO2 equiv. ha-1. yr-1.  

 2002 2003 2004 

Observed - 1.6 6.9 

Modelled 4.6 4.0 7.9 

 

The GreenGrass project calculated the net balance for GHG for seven European 

grassland ecosystems and found a range from a sink of 18 T of CO2 equiv. ha-1. yr-1, for sown 

grass in Denmark, to emissions of 5.5 T of CO2 equiv. ha-1. yr-1, for the site in France that is 

continuously grazed and intensively managed [CarboEurope-GHG, 2004]. The Irish site in 

Carlow (South West of Dublin) that is extensively cut and grazed provides a sink of 

approximately 11 T of CO2 equiv. ha-1. yr-1 [CarboEurope-GHG, 2004]. 

 

Table 4.7: Modelled percentage of the CO2 uptake counteracted by N2O and CH4. 

 2002 2003 2004 

N2O 34.7 % 42.1 % 28.4 % 

CH4 20.1 % 20.1 % 13.4 % 

 

In Table 4.7 can be found the modelled percentage of carbon dioxide uptake that is 

counteracted by nitrous oxide and methane. In average for the three years, modelled N2O 

accounts for 35% and modelled CH4 for 18%. Thus, nitrous oxide has the worst effect on the 

carbon uptake from plants in the GHG balance. Observed N2O counteracts 56.8% of the 

observed NEE in 2003, that is quite comparable with the model results. In 2004, unlike the 

model results, IPCC estimated methane cancels 20.4% of the observed CO2 uptake whereas, 

observed N2O emissions counteracts only 15.4%.  
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Figure 4.10: (a) CO2 observed and modelled; (b) N2O observed and modelled; (c) CH4 IPCC estimated and modelled; and (d) GHG balance observed and 

modelled for 2002, 2003 and 2004, in kg CO2 equiv. m-2. The observed* GHG balance is calculated with the IPCC estimation of methane. Note: there are no 
N2O measurements in 2002 so the observed GHG balance is not considered. N2O and CH4 emissions are shown on the positive axis for more legibility. 
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Figure 4.11: Modelled CO2, N2O, CH4 emissions and GHG balance  

in T of CO2 equiv. ha-1, for (a) 2002, (b) 2003 and (c) 2004. 

 

Figure 4.11 shows the modelled greenhouse gas balance and its three components 

(CO2, N2O and CH4). The modelled GHG balance curve (bold black) mainly follows the 

variations of CO2 uptake; emissions of GHG are strong after each cutting event like it is for 

NEE. The CO2 curve and the GHG balance curve get detached in March when the N2O 

emissions start to be significant and cattle start grazing out. The year 2004 has the highest 

uptake because of the very high CO2 uptake. 

 

 
Figure 4.12: Observed CO2, CH4 emissions and GHG balance in T of CO2 equiv. ha-1, for:  

(a) 2002, (b) 2003 and (c) 2004. CH4* has been estimated with the IPCC guidelines.  
Note: there are no N2O measurements in 2002. 
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In Figure 4.12a, the observed GHG balance is represented even if there are no N2O 

measurements in 2002 and the methane is only estimated according to the IPCC guidelines. In 

2003 (Figure 4.12b), the observed CO2 uptake is counteracted mainly by the emissions of 

N2O. It is much less the case in 2004 (Figure 4.12c) as the N2O emissions are reduced by 

70%. In addition, the N2O sink at the beginning of the year improves the GHG sink. The 

observed curves in 2003 and 2004 have the same characteristics as the modelled curves. 

The modelled GHG balance in 2003 is higher than the observed one; this is due to the 

combination of higher modelled NEE and smaller modelled N2O emissions in comparison 

with the observations. In 2004, the observed and modelled GHG balances are very similar. 

However, this is because the balance is the difference between NEE and (N2O + CH4) 

emissions. So even if the GHG balance is about the same, it may be due to different values of 

the components. That is to say, in 2004, the two NEE are similar, however for the 

observations, CH4 counteracts the CO2 uptake more than N2O does (Figure 4.12c) whereas, 

for the modelling, N2O counteracts the CO2 uptake more than CH4 does (Figure 4.11c).  

 

4.5.2 GHG balance modelled  
 

Figure 4.13 represents the modelled greenhouse gas balance for 2002, 2003 and 2004 

in T of CO2 equiv. ha-1. There is an uptake of 4.6 T of CO2 equiv. ha-1. yr-1 in 2002; then in 

2003, the GHG balance decreases a little (4.0 T of CO2 equiv. ha-1. yr-1), and it ends with a 

strong uptake of 7.9 T of CO2 equiv. ha-1. yr-1 for 2004.  

 

 
Figure 4.13: Modelled greenhouse gas balance in T of CO2 equiv. ha-1,  

for 2002, 2003 and 2004. 
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The bulk of the fixation of carbon dioxide (reducing the GHG effect) starts in April 

and ends in August (see Figure 4.14 for the monthly average of the modelled GHG balance). 

Nonetheless, emissions of greenhouse gases are indicated in July 2002 and 2003. Again, it 

reflects the impact of silage cuts.  

 

 
Figure 4.14: Monthly average of the modelled GHG balance in kg CO2 equiv. m-2. day-1,  

for 2002, 2003 and 2004.  
 

 

 

In a nutshell, PaSim is quite accurate while modelling CO2 fluxes, however, the 

results are less satisfying for N2O emissions. CH4 emissions seem to be in agreement with the 

IPCC estimations. So this study shows that the process oriented biogeochemical model for 

carbon cycling in this temperate humid grassland simulates well the greenhouse gases over 

the three-year study period.  

The model’s results confirm that this grassland acts as a small greenhouse gas sink 

under the current climate. However, GHG emissions are closely linked with management 

practices; nitrous oxide has the worst effect on the balance and should be tackled by 

government policies, prior to methane. The parameterisation of this simulation will be taken 

as a reference for the following chapter that considers different scenarios. 
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Chapter 5         Climate Change Scenarios 

 

5.1 Definition of the scenarios 

 

Running the model with modifying the meteorological input data as well as the 

management data can give an idea of how the ecosystem will respond to such changes. In this 

project, we decided to consider a climate change scenario combined with elevated CO2 

(which is commonly referred as a doubled concentration, CO2*2) and a reduction in the 

application of nitrogen fertiliser according to the Irish Rural Environment Protection Scheme 

(REPS) 2000. 

 

5.1.1 Climate change scenario and elevated CO2 
 

Here as a climate change scenario, we consider changes only in temperature and 

precipitation, like other authors did [Hunt et al., 1991; Chen et al., 1996]. We do not change 

the input files for incoming radiation or relative humidity because significant changes in the 

greenhouse gases can already be observed. However in a more detailed study, it would be 

relevant to consider the changes in the incoming radiation, relative humidity and the wind 

speed.  

We base our calculations on the HadCM3 model. This is a coupled atmosphere-ocean 

general circulation model (AOGCM) developed in 1998 at the Hadley Centre and described 

by Gordon et al., [2000] and Pope et al., [2000]. AOGCMs are the most complex models in 

use, consisting of an AGCM coupled to an OGCM. They can be used to predict the future rate 

of climate change. They are also used to study the variability and physical processes of the 

coupled climate system. Global climate models typically have a resolution of a few hundred 

kilometres.  

The HadCM3 model has been run under the scenario IS92a. The IS92 (IS92a to f) 

scenarios were published in the 1992 Supplementary Report to the IPCC Assessment [Leggett 

et al., 1992]. These scenarios embodied a wide array of assumptions affecting how future 

greenhouse gas emissions might evolve in the absence of climate policies beyond those 

already adopted. The different worlds that the scenarios imply, in terms of economic, social 

and environmental conditions, vary widely and the resulting range of possible greenhouse gas 

futures spans almost an order of magnitude. IS92a has been widely adopted as a standard 

scenario for use in impact assessments. It is a middle of the range (“business as usual”) 
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scenario in which population rises to 11.3 billion by 2100, economic growth averages 2.3% 

per year between 1990 and 2100 and a mix of conventional and renewable energy sources are 

used. Only those emission controls internationally agreed upon and national policies enacted 

into law, e.g., London Amendments to the Montreal Protocol, are included. It is the baseline 

for numerous GCMs. It can be noted that in 1995, the IPCC 1992 scenarios were evaluated 

and the evaluation recommended that changes should be addressed. The IPCC 2001 defined a 

new set of emissions scenarios in the SRES (Special Report on Emissions Scenarios, IPCC, 

2000) to replace the IS92 scenarios. However, some models still use the IS92 scenarios. 

Table 5.1 gives the temperature and precipitation perturbations under the IS92a 

scenario for the HadCM3 model, in southern Ireland, for the period 2070-2100. 

 

Table 5.1: Climate perturbations for seasonal precipitation and temperature  
under HadCM3 model (IS92a scenario) for southern Ireland. 

Season Change in precipitation 

(mm/day) 

Change in temperature 

(ºC) 

December-February (DJF) + 0.75 + 2.5 

March-May (MAM) 0 + 2.0 

June-August (JJA) - 0.75 + 2.5 

September- November (SON) 0 + 2.5 

 

In 2002, the atmospheric concentration of CO2 is approximately 370 ppm (parties per 

million) [IPCC, 2001]. Atmospheric CO2 concentrations are increasing and according to the 

Bern-CC model [Joos et al., 1996], the concentration is expected to reach 703 ppm by 2100. 

The other model cited in the IPCC 2001 report is the ISAM model [Jain et al., 1994] and the 

value predicted is quite close to the one of the Bern-CC model, namely 723 ppm, but we 

won’t consider this hypothesis. 

Climate change and elevated CO2 are coupled. However, in order to understand the 

influence and the relative importance of each scenario, we will first study the impacts of the 

changes in the temperature and precipitation only, then, focus on the influence of the CO2*2, 

before considering the effects of climate change combined with elevated CO2, like it has been 

done in other modelling studies [Chen et al., 1996; Coughenour and Chen, 1997]. 

 

5.1.2 REPS 2000 
 

The Irish Rural Environment Protection Scheme (REPS) 2000 is a measure included 

in the CAP Rural Development Plan, co-funded under the National development plan 2000-

2006 and the European Agricultural Guidance and Guarantee Fund of the European Union in 
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the implementation of Council Regulations (EC) 1257/1999. REPS is not a law, the farmers 

voluntary agree to the scheme and are rewarded for carrying out their farming activities in an 

environmentally friendly manner [REPS, 2002]. This scheme is a step toward the EU Nitrates 

Directive (91/676/EEC) that is not fully implemented in Ireland yet. 

For grasslands, REPS sets an upper limit of total nitrogen (N) of 260 kg. ha-1 (total 

nitrogen includes chemical fertiliser, animal’s waste while grazing, and other wastes, i.e. 

slurry, manure or urea) and the permitted level of N from animal and other wastes on the 

same area shall not exceed 170 kg. ha-1. Then, the maximum level of chemical nitrogen that 

can be applied to grassland can never be greater than the planned level of N from animal and 

other wastes applied on the same area.  

 

 

5.2 Climate change scenario 

 

5.2.1 Definition of the scenario in terms of meteorological data 
 

The seasonal climate perturbations were given in Table 5.1. The precipitation changes 

are given in mm. day-1; nonetheless, in order to conserve the alternation of sunny days and 

rain events, we calculated the predicted total amount of precipitation for each season, and then 

calculated the percentage of change in the total in order to apply this percentage to the hourly 

values.  

 
Figure 5.1: Seasonal air temperature and precipitation from measurements under ambient 
climate and in a changed climate. DJF stands for December-January-February, MAM for 
March-April-May, JJA for June-July-August and SON for November-December-January. 
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Concerning temperature perturbations, the method was easier; we just had to add 2.0 

or 2.5ºC (according to the season) to the hourly data. Figure 5.1 shows the comparison 

between the observed seasonal average and the modelled seasonal averages for air 

temperature and precipitation. 

All the other input files (other meteorological input data files, initial conditions file, 

site specific parameter file and management input data file) are kept as in the reference 

simulation (from Chapter 4). 

 

5.2.2 Results and analysis 
 

Figure 5.2 presents the comparison of a simulation with climate perturbations for air 

temperature and precipitation with the simulation of reference, for CO2, N2O and CH4. The 

last graph represents the greenhouse gas balance, where positive values indicate a GHG sink.  

 

CO2 fluxes 

 

Concerning CO2 fluxes, climate perturbations have a negative effect on the sink 

activity of the grassland. For the three years of simulation, the annual uptake is smaller in 

comparison with the reference simulation (Figure 5.2a).  

When looking at the components of the NEE, gross primary production (GPP) 

increased on average by 6% whereas the total respiration (Rtot) increased by 10%. Because 

warmer temperatures improve the plant growth, the GPP (result of the photosynthesis) is 

enhanced like the net primary productivity (NPP, that represents the net augmentation of plant 

biomass) but the latter in a smaller percentage. The CENTURY model predicted an increase 

of the NPP under the CCC (Canadian Climate Change) scenario [Ojima et al., 1993], while, 

under ambient CO2 and increased temperatures of 3ºC, the GRASS-CSOM model  predicted a 

decrease of the NPP by 15.6% [Coughenour and Chen, 1997].  

Among the three components of Rtot, it was the soil respiration that had the biggest 

increase. The higher soil respiration may be due to the augmentation of microbial activity, as 

more organic matter is available to decompose. It can also be explained by the fact that the 

organic matter may be the same but the microbial activity is boosted by the increase in 

temperature. 

Compared to the reference simulation, the growing season starts slightly earlier (4, 20 

and 2 days earlier according to the definition given in section 4.2.1); this is mainly due to the 

warmer air temperature that causes warmer soil temperature and thus, an earlier start of the 

growth of the plants.  
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Figure 5.2: (a) CO2 observed, reference modelled and modelled with climate change perturbations; (b) N2O observed, reference modelled and modelled with 

climate change perturbations; (c) CH4 reference modelled and modelled with climate change perturbations; and (d) GHG balance reference modelled and 
modelled climate change perturbations for 2002, 2003, 2004, in kg CO2 equiv. m-2. N2O and CH4 emissions are shown on the positive axis for more legibility.
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On a seasonal basis (Figure 5.3), the CO2 fluxes are smaller for every season except 

the summer (JJA) 2002 and 2004. We remind that, for the whole year, there is a rise of the air 

temperature of 2.5ºC (except for MAM, where the change is only of 2.0ºC). Concerning the 

precipitation, spring (MAM) and autumn (SON) do not see any change whereas winter (DJF) 

experiences an increase of rainfall and summer a decrease.  

 

 
Figure 5.3: Daily NEE averaged on a seasonally basis for the reference simulation and the 

climate change simulation, in gC. m-2. day-1, for (a) 2002, (b) 2003 and (c) 2004. 
 

During winter, the decrease in uptake or even emissions of CO2 may be due to a 

limited uptake, which is in turn unable to compensate for emissions (especially from 

heterotrophic respiration augmented by wetter conditions and warmer temperatures). This can 

be confirmed by the fact that the only uptake is observed in 2003, the driest year. During 

spring, the average daily flux is smaller with the climate perturbations, supposedly because 

warmer temperatures enhance the soil respiration. In summer, the fluxes are higher in 2002 

and 2004, but smaller in 2003. The summer in the climate change scenario is drier, so this has 

a good effect on the CO2 fluxes when the year is wetter (like it was for 2002 and 2004 

compared to 2003). Finally, the NEE is smaller during the autumn; it may be explained as a 

consequence of the drier summer. 

 

N2O fluxes 

 

The IS92a climate change scenario (Table 5.1) results in increased nitrous oxide 

emissions (Figure 5.2b). Other models found the same results (e.g. DNDC, Hsieh et al., 
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2005). This is mainly due to the temperature increase that favours the reactions of nitrification 

and denitrification [Barnard et al., 2005]. However, in 2002 under the CC scenario, the model 

shows an increase of only 4.5% in relation to the reference simulation (compared to 38.9% 

and 55.1% for 2003 and 2004); this may be explained by the sensitivity of the model to initial 

condition.  

 

 
Figure 5.4: Daily N2O emissions averaged on a seasonally basis for the reference simulation 
and the climate change simulation, in gN2O-N. m-2. day-1, for (a) 2002, (b) 2003 and (c) 2004. 
 

On average per season (Figure 5.4), N2O emissions are higher under climate 

perturbations, except for JJA 2002 and JJA 2004. DJF has the biggest increase for the three 

years. JJA is the only season with smaller rainfall and DJF, the only season with higher 

rainfall. This confirms the close relationship between N2O emissions and rainfall.  

The daily N2O fluxes are not shown here, but, if the annual emissions increased 

significantly, the maximum daily fluxes under the climate change scenario did not increased 

in the same extent. The augmentation of nitrous emissions comes mostly from a general rise 

of daily mean values (i.e. background). 

 

CH4 fluxes 

 

Methane emissions under CC scenario start as soon as cattle are brought to the fields 

in March of each year, whereas there is a time lag for the reference simulation in 2003 and 

2004. This is due to the slightly earlier start of the growing season that provides a better grass 

earlier. It results in a rise of the annual emissions of respectively 0.6, 9.3, and 10.4%. 
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GHG balance 

 

Under the IS92a climate change scenario, the role of the grassland as a sink for GHG 

is less pronounced, even null in 2003. This due to the combination of a reduced CO2 sink and 

higher emissions of N2O.  

 

 

5.3 Elevated CO2 scenario 

 

In comparison with the reference simulation in Chapter 4, we only changed the 

atmospheric concentration of carbon dioxide. CO2 was increased in a single step from  

370 ppm to 703 ppm (estimated concentration in 2100, IPCC, 2001). The results obtained are 

shown in Figure 5.5. With elevated CO2, there is a major increase in the NEE. In parallel to 

the carbon uptake, there is a reduction in the emissions of nitrous oxide. Thus, the 

combination of the increased uptake of CO2 and decreased emissions of N2O increases the 

GHG sink significantly. 

 

CO2 fluxes 

 

CO2 uptake through plant fixation increases by at least 50% under elevated CO2. GPP 

increases much more than Rtot, this is the reason of the increase in NEE. Ecosystem 

responses to increased CO2 are often constrained by nutrient limitation [Rastetter et al., 1997]; 

however, this is not normally the case for this Irish grassland because of the large amount of 

nitrogen applied in the past and in the present.  

The Grassland Ecosystem Model (GEM) predicted increased productivity and C 

storage in plant residue and soil organic matter in response to doubled CO2 [Hunt et al., 

1991]. Thornley and Cannell, [1997] underlined the same conclusions with the HP-model. 

Coughenour and Chen, [1997] pointed out an increase in the productivity as well and 

described the consequences of doubled CO2 as a positive feedback loop that amplifies the 

positive responses of plants, thus increased NPP provides more organic matter to 

decomposers, thus increasing microbial activity, which increases the nitrogen in the soil, and 

then NPP. 
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Figure 5.5: (a) CO2 observed, reference modelled and modelled with CO2*2; (b) N2O observed, reference modelled and modelled with CO2*2;  

(c) CH4 reference modelled and modelled with CO2*2; and (d) GHG balance reference modelled and modelled with CO2*2,  
for 2002, 2003 and 2004, in kg CO2 equiv.m-2. N2O and CH4 emissions are shown on the positive axis for more legibility.
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Figure 5.6: Concentration of carbon in the plant based on the reference simulation 
and the elevated CO2 simulation, in kgC. m-2, for (a) 2002, (b) 2003 and (c) 2004. 

 

The increase of the CO2 uptake may be explained by the fact that more carbon is 

available for the plant to be fixed (CO2 is not limitant anymore). Indeed, shoot dry matter 

production is enhanced (not shown here) and the concentration of carbon in the plant is higher 

under elevated CO2 (Figure 5.6). The response of modelled plant production to doubled CO2 

is consistent with field experiments [Picon-Cochard et al., 2004]. 

 

N2O fluxes 

 

The emissions of nitrogen are reduced significantly (between 11% and 27%). Like 

with the CC scenario, the annual emissions of N2O for 2002 are quite close to the reference 

simulation. This may be as well due to the sensitivity of the model to initial conditions.  

 

 
Figure 5.7: C:N ratio for plants for the reference simulation and the elevated CO2 simulation, 

in kgC. kgN-1, for (a) 2002, (b) 2003 and (c) 2004. 
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While the N2O emissions decrease, the concentration of nitrogen in the plant 

increases (not shown). That is to say that grass is more efficient at fixing nitrogen and the 

ecosystem enters in the positive feedback described by Coughenour and Chen, [1997]. In 

parallel to the increase in the N concentration in the plant, the concentration of carbon in the 

plant augments (not shown). In addition, the C:N ratio in the plant increases in comparison 

with the reference simulation (Figure 5.7), so the ecosystem may use the extra carbon fixed 

under elevated CO2 to acquire and retain nutrients [Cannell and Thornley, 1998].  

 

CH4 fluxes 

 

Methane emissions start earlier under CO2*2 because the gross primary production 

(and thus shoot DM available for the cattle, see Figure 5.6) is enhanced, but it does not make 

a big difference in the annual budget (less than 5% change). 

 

GHG balance 

 

The GHG balance under elevated CO2 is much higher than under ambient conditions 

because the uptake of carbon dioxide by the plants is higher and the emissions of nitrous 

oxide are reduced at the same time.  

 

 

5.4 Climate change and elevated CO2 scenario 

 

Here we simulate at the same time climate change and elevated CO2 (CC + CO2*2), a 

scenario that is more likely to happen. Figure 5.8 displays the summary of the three GHG 

budgets and the GHG balance. The curves are very similar to the one of the simulation under 

CO2*2 only, however, when looking closer, the effect of elevated CO2 is mitigated by the 

changes in temperature and precipitation.  

 

CO2 fluxes 

 

NEE under CC + CO2*2 scenario increase on average by 56% in relation to the 

reference simulation, whereas under elevated CO2 scenario without CC, it increases by 70% 

in relation to the reference simulation (see Table 5.2 for the details). The overall increase is 

due to the CO2 fertilisation effect and the slight decrease is due to the climate change.  
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Figure 5.8: (a) CO2 observed, reference modelled and modelled with CC + CO2*2; (b) N2O observed, reference modelled and modelled with CC + CO2*2; 

(c) CH4 reference modelled and modelled with CC + CO2*2; and (d) GHG balance reference modelled and modelled with CC + CO2*2  
for 2002, 2003 and 2004, in kg CO2 equiv. m-2. N2O and CH4 emissions are shown on the positive axis for more legibility. 
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However, the GPP has the highest increase of the three scenarios (Table 5.2), thus, 

there is a cumulative positive effect of elevated CO2 and climate change on the productivity of 

the plants. Coughenour and Chen, [1997] using linked plant-soil process models found that 

under doubled CO2 and CC, the net primary production for C3 species increased by 25.8%. 

We find the same results with an increase of 26.3% in average for the three years.  

 

Table 5.2: Comparison between the CC scenario, the CO2*2 scenario and the CC + CO2*2  
scenario, expressed as a percentage of the reference simulation, for NEE, GPP and Rtot.  

Negative change is presented in red. 

 2002 2003 2004 

 NEE GPP Rtot NEE GPP Rtot NEE GPP Rtot 

CC -21.2 5.0 9.0 -16.3 6.5 10.0 -9.3 6.9 10.2 

CO2*2 80.0 17.6 8.0 70.7 19.8 12.2 57.9 20.6 13.2 

CC + CO2*2 62.8 25.0 19.2 54.4 28.7 24.9 49.3 30.1 16.3 

 

Rtot increases also more when combining the first two scenarios. Here as well, it is 

because of the combination of the two scenarios has a strong effect on the soil respiration 

(increased decomposition rates) and doubled CO2 influences plants’ respiration (higher 

productivity). 

 
Figure 5.9: Daily NEE averaged on a monthly basis for the reference simulation and  

the CC + CO2*2 simulation, in gC. m-2. day-1, for (a) 2002, (b) 2003 and (c) 2004. 
 

Monthly fluxes presented in Figure 5.9 reflect the global increase of the CO2 uptake, 

especially during the growing season and the summer. Only January and the last months of 

each year (plus May 2003) are smaller than the reference simulation, supposedly because of 

high heterotrophic respiration in relation to the high productivity during spring and summer.  
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N2O fluxes 

 

Annual emissions of nitrous oxide decreased by 9.8%, 16.8% and 16.9% respectively 

for 2002, 2003 and 2004 (Table 5.3). The decrease is smaller for the combination of the CC 

and the CO2*2 scenarios than for elevated CO2 only. Like the comment made for the NEE, 

the decrease caused by CO2*2 may be partially counteracted by the negative effect of climate 

change.  

 

Table 5.3: Comparison between the CC scenario, the CO2*2 scenario and the CC + CO2*2 
scenario, expressed as a percentage of the reference simulation, for CO2, N2O and CH4.  

Negative change is presented in red. 

 2002 2003 2004 

 CO2 N2O CH4 CO2 N2O CH4 CO2 N2O CH4 

CC -21.2 4.5 0.6 -16.3 38.9 9.3 -9.3 55.1 10.4 

CO2*2 80.0 -11.1 0.7 70.7 -26.3 3.4 57.9 -27.5 4.1 

CC + CO2*2 62.8 -9.8 1.3 54.4 -16.8 10.9 49.3 -16.9 12.5 

 

The cumulative curve of N2O emissions (Figure 5.8b) for the reference simulation 

and for the CC + CO2*2 get disconnected by mid-April in 2002, by mid-March for 2003 and 

from the very beginning of the year in 2004. The dissimilarity of the fluxes may come from 

an adaptation of the system to the environmental changes.  

 

 
Figure 5.10: Daily N2O emissions for the reference simulation and 

the CC + CO2*2 simulation, in g N2O-N. m-2. day-1, for (a) 2002, (b) 2003 and (c) 2004. 
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For the first half of the year, when slurry and fertilisers have not been spread yet, the 

daily emissions are similar (Figure 5.10). Emissions of nitrous oxide are reduced at the end of 

the summer because plants fix a lot of nitrogen during the summer through photosynthesis. 

2004 was the year of highest CO2 uptake and so, of the highest nutrient utilisation, thus, of 

more reduced N2O emissions. 

 

Table 5.4: Summary of total N applications, N2O emissions and emission factor for  
the reference simulation and the CC + CO2*2 simulation, for 2002, 2003 and 2004.  

 N application  

(kgN. ha-1) 

N2O emission 

(kgN. ha-1) 

Emission factor 

(%) 

 Modelled REF CC + CO2*2 REF CC + CO2*2 

2002 305 7.6 6.8 2.5 2.3 

2003 334 9.6 8.0 2.9 2.4 

2004 207 8.3 6.9 4.0 3.3 

 

Table 5.4 presents the comparison between the emission factors for the reference and 

the CC + CO2*2 simulations. The emission factors obtained for the new simulation are still 

within the range given in the IPCC [IPCC, 1997], see section 4.3.  

 

CH4 fluxes 

 

Methane fluxes under the combination of the two previous scenarios are a little higher 

than under the reference scenario. They are even higher than under each scenario taken 

separately (Table 5.3), unlike to CO2 and N2O fluxes for which there is mitigation between 

the effects of the two scenarios. As those emissions are highly dependant on the quality and 

quantity of forage, there seems to be a positive combination of climate change and elevated 

CO2 on the grass production. This is a confirmation of what was previously concluded about 

the GPP.  

 

GHG balance 

 

As a consequence of the higher uptake of CO2 and reduced emissions of N2O, the role 

of the grassland as a greenhouse gas sink is enhanced under climate change and elevated CO2. 

The grassland uptakes 11.3, 10.3 and 15.0 kg CO2 equiv. ha-1. yr-1 respectively for the three 

years of simulation, that is to say, is almost triple for 2002 and 2003 and double for 2004, in 

comparison with the simulation under ambient conditions.  
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5.5 REPS scenario 

 

5.5.1 Definition of the scenario in terms of management data 
 

For this scenario, all the sources of nitrogen added to the ecosystem must be 

considered. REPS discusses about nitrogen from animals and other wastes (that is to say urine 

and faeces of cattle grazing on the field), and about slurry that is produced by cattle when 

housed indoors (in winter). There is no application of manure or urea for the Dripsey site. 

Table 5.5 presents a summary of the actual amount of nitrogen spread on the fields.  

 

 

Table 5.5: Nitrogen in kgN. ha-1 received by the fields. * PaSim models those values. 

 Fertilisers Slurry Urine* Faeces* Animals’ 

Total 

TOTAL N 

2002 214 91 68 45 204 418 

2003 204 130 89 60 279 483 

2004 177 30 76 50 156 333 

 

REPS requires that the total nitrogen from animals and wastes should be less than  

170 kgN. ha-1 (this does not account for chemical fertiliser). Only the year 2004 complies with 

this recommendation. And even if we have doubts concerning the validity of the slurry 

amount in 2004, there can be a margin of 14 kgN. ha-1. The surplus will be subtracted from 

the applications of slurry (and not by reducing the grazing period or the density of cows 

because it can affect the farmers economical balance).  

 

Table 5.6: Application of chemical fertilisers and slurry, in kgN. ha-1, 
under actual management and REPS scenario. * this may be underestimated. 

 Actual REPS % Change 

 Fert. Slurry Fert. Slurry Fert. Slurry 

2002 214 91 90 58 - 58% - 36% 

2003 204 130 90 20 - 56% - 85% 

2004 177 30* 104 30 - 41% - 

 

The total of nitrogen (i.e. chemical fertiliser, animals’ waste and other wastes, e.g. 

slurry) should be inferior to 260 kgN. ha-1. Neither of the years complies with it. The surplus, 

once the condition about nitrogen from animals and wastes is respected, will be taken out 
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from the applications of fertilisers. The reductions in the fertilisers and slurry applications to 

comply with REPS are shown in Table 5.6. Concerning the management input file, the timing 

of the applications of nitrogen remains the same and the amount of nitrogen spread is reduced 

with the calculated percentage (Table 5.6). 

 

 

5.5.2 Results and analysis 
 

Figure 5.11 shows the results of the simulation injecting the application rates 

recommended by the REPS. In a nutshell, the uptake of CO2 remains about the same, the 

emissions of N2O are considerably increased, methane emissions remain the same, and as a 

result, the uptake of GHG is more pronounced (Table 5.7).  

 

CO2 fluxes 

 

There is little variation in the overall uptake of carbon dioxide (Table 5.7) and even 

smaller variation in the shoot dry matter (not shown here). We observe a decrease of the gross 

primary productivity smaller than 1%. It means that the reduction in the amount of nitrogen 

does not affect much the yield of the plants and thus, it can be concluded that too much 

nitrogen is spread compared to the needs of the grassland.  

 

N2O fluxes 

 

The emissions of nitrous oxide decrease by 37.2%, 49.3% and 38.0% respectively for 

the three years of simulation (Table 5.7) while the total amount of nitrogen spread has been 

reduced by respectively 51.5%, 67.1% and 35.3%. 

 

Table 5.7: Percentage of change between the reference simulation and the REPS simulation  
for the GHG balance, CO2, N2O and total nitrogen applications.  

 2002 2003 2004 
GHG sink + 21.8% + 62.6% + 17.3% 
    
CO2 - 3.1% + 2.9% - 0.7% 
N2O - 37.2% - 49.3% - 38.0% 
    
N applications - 51.5 % - 67.1% - 35.3% 
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Figure 5.11: (a) CO2 observed, reference modelled and modelled with REPS; (b) N2O observed, reference modelled and modelled with REPS;  

(c) CH4 reference modelled and modelled with REPS; and (d) GHG balance reference modelled and modelled with REPS for 2002, 2003 and 2004,  
in kg CO2 equiv. m-2. N2O and CH4 emissions are shown on the positive axis for more legibility. 

 81



Chapter 5  Scenarios 

The minimal daily N2O fluxes (Figure 5.12) with reduction in fertilisers’ applications 

are slightly smaller, whereas the peaks of emissions decrease a lot.  

 

 
Figure 5.12: Daily N2O emissions for the reference simulation and the REPS scenario,  

in g N2O-N. m-2. day-1, for (a) 2002, (b) 2003 and (c) 2004. 
 

The emissions factors (Table 5.8) when respecting the REPS recommendations are 

well under the values given by the IPCC guideline (that is to say respectively 3.8, 4.2 and 

2.6%), except for 2004 (because of the uncertainty about the slurry applications).  

 

Table 5.8: Summary of observed and measured N applications,  
N2O emissions and emission factor for 2002, 2003 and 2004.  

 Total N application 

(kgN. ha-1) 

N2O emission 

(kgN. ha-1) 

Emission factor 

(%) 

 Reference REPS Reference REPS Reference REPS 

2002 305 148 7.6 4.8 2.5 1.6 

2003 334 110 9.6 4.9 2.9 1.5 

2004 207 134 8.3 5.2 4.0 2.5 

 

CH4 fluxes 

 

As the dry matter yield is not changed, the cattle have the same quality and quantity 

of grass and so the emissions of methane remain the same. The percentage change between 

the REPS simulation and the reference simulation does not exceed 1%. 
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GHG balance 

 

For the three years, the GHG balance is improved by at least 17% (Table 5.7). In 

2003, there is a 63% increase in the sink activity of the ecosystem (the year of highest 

decrease of N applications). To conclude, a reduction of nitrogen application: does not 

decrease the uptake of carbon dioxide; does not decrease the dry matter yield; and brings the 

nitrous oxide emissions significantly down. In addition, farmers will save money on fertiliser 

and the water quality of the surrounding streams will be improved. In other words, there 

seems to be many significant advantages in reducing the total amount of nitrogen spread on 

the fields. Furthermore, the grassland could even be a larger GHG sink if recommendations 

about cattle density were introduced as cattle add a considerable amount of nitrogen through 

faeces and urine and emit a huge volume of methane. However, because the model has been 

run only for three years, this may be a transient period where the ecosystem relies on the high 

soil content of nutrient that has been built during the twenty years of intensive management.  

 

 83



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 6 

Conclusion 
 

 

 



Chapter 6  Conclusion 

Chapter 6       Conclusion 

 

6.1 Conclusion 

 

PaSim is a complex biogeochemical model driven by hourly meteorological data. We 

parameterised the model using measurements, literature values and model optimisation (from 

the comparison of the observations of CO2 and N2O measured by an eddy covariance 

systems).  

The model provides a good estimate of the CO2 fluxes, especially during the growing 

season. The cumulative end of year CO2 fluxes are about 28% higher for the model than those 

of the observations over the three years. The N2O fluxes modelled by PaSim are not as 

accurate as those for CO2; the daily maximum modelled N2O fluxes are lower than the 

measured fluxes and the model does not always simulate the sudden emission after the 

spreading of fertilisers. For CH4 emissions, we do not have measurements to compare with, 

but PaSim seems to give a good estimation (by comparison with IPCC estimates). Once all 

the greenhouse gases were modelled, we combined them using their global warming potential, 

and so calculated the GHG balance, in CO2 equivalents. For modelled GHGs, the grassland 

site is a sink of 4.6, 4.0 and 7.9 T of CO2 equiv. ha-1 respectively for 2002, 2003 and 2004. 

For observed GHGs, considering that methane emissions have been estimated by the IPCC 

guideline, there is a sink of 1.6 only T of CO2 equiv. ha-1 in 2003, and of 6.9 T of  

CO2 equiv. ha-1, which is very close to the modelled GHG balance. The GHG balance for 

2002 is not calculated as there are no N2O measurements and CH4 is only estimated. 

As regard model scenarios, we firstly run the model under an IS92a climate change 

scenario for temperature and precipitation. The uptake of CO2 decreased (as the soil 

respiration due to high decomposing rate increased more than the gross primary production). 

The N2O emissions increased as the reactions of nitrification and denitrification are more 

likely to happen when the temperature increases. These two trends accounted for the 

reduction of the GHG balance. 

Secondly, we run the model under elevated CO2 only. As a consequence, the CO2 

uptake increased in a great extent because of the enhanced gross primary production. The N2O 

emissions were reduced significantly as the plants use nitrogen more efficiently. These two 

results tend to increase the CO2 sink greatly. 

We gain understanding of the mechanisms of the reaction of the ecosystem by 

decomposing the CC + CO2*2 scenario into two scenarios: IS92a CC scenario only and 
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CO2*2 scenario only; and finally, we run the model under the combination of the two 

previous scenarios (i.e. CC + CO2*2). We found that the carbon sink strength of the grassland 

is enhanced by a factor of two or three. This is a consequence of enhanced CO2 uptake and 

reduced N2O emissions (same pattern as under the CO2*2 scenario only). The GHG balance 

under the combination of CC + CO2*2 is smaller than the one under CO2*2 only, and higher 

than the one under CC only. So we could conclude that the C sink increased due to elevated 

CO2, but part of the CO2 sink was counteracted by the negative effect of the climate change. 

Under a reduction of nitrogen applications according to the recommendations of the 

Irish REPS, the GHG balance is improved (i.e. sink enhanced). The uptake of CO2 by the 

plants as well as their productivity is not reduced (as expected!), and the N2O emissions are 

reduced. This is an important funding that can be help to convince farmers of the benefits of 

reducing the N applications. A parallel consequence is that the surrounding environment (e.g. 

rivers and streams) will receive less nutrients (nitrogen, phosphorus, potassium). 

Research groups (Swiss Federal Station for Agroecology and Agriculture; 

Laboratoire des Sciences du Climat et de l’Environnement CEA-CNRS, France; Unité 

d’Agronomie INRA, France) have been improving PaSim for over ten years now. 

Nonetheless, during this study, some limits of the model were identified such as the 

overestimation of the CO2 fluxes in winter when it produces too much biomass (this fault is 

being investigated, by Calanca et al., 2005). Moreover, the model was unable to model the 

N2O fluxes accurately. Some of the uncertainty is due to fact that the farmers’ data log sheets 

are not always very precise and there seems to be some missing data, so the input data for 

nitrogen applications may not be precisely what was applied to the land. In addition, the C 

and N pools, that cannot be easily measured, have a strong influence on the results of the 

model, especially for the first year of modelling.  

Finally, we have to keep in mind that even if the model is comparable with 

observations under today’s conditions, this comparison may not imply precision of the model 

under changed conditions [Hanninen, 1995]; absolute values are not to be taken into 

consideration; only the relative change can give an idea of the trend of the model’s response. 

 

 

6.2 Suggestion for further investigation 

 

We underlined that the modelling of the management practices was difficult as there 

were numerous fields within the footprint with different management in each. Additional 

work to improve the modelling can be done by running the model for each field separately 
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with the exact management practices, and then aggregating the results of the multiple runs. 

The aggregation can be based on a weighted-area average. 

This study focused on the GHG balance at the ecosystem scale (~ 50 ha), this could 

be enlarged to the catchment or regional scale. CO2 emissions of agricultural machines, GHG 

emissions for the use of electricity, emissions from the production of fertilisers, etc could also 

be considered.  

While considering a climate change scenario, we only took into account the 

perturbations in temperature and in precipitation. The use of General Circulation Models 

(GCMs) generating data for incoming radiation and relative humidity may strengthen the 

results of the simulation. Moreover, we changed in a single step the input data for 

temperature, precipitation and atmospheric CO2, so the ecosystem was not in equilibrium 

anymore and we studied the transient response of the grassland. But, these individual changes 

will occur progressively. To improve the modelling of the grassland responses to climate 

change, perturbation data files introduced at a defined step, equilibrium run and acclimation 

factors (changes in the photosynthesis processes or alterations in the community structure) 

can be considered.  

We also have three years of continuous CO2 measurements and precise management 

data for a grassland in Wexford (south-east of Ireland) and it could be interesting to use 

PaSim to model those fluxes and study the sensitivity of the model to another site with 

slightly different soil parameters and a more moderate climate (less rainfall, higher 

temperature). 

Finally, we can exploit other outputs of the model such as the simulation of the 

carbon in the different pools of the soil, so the carbon sequestration could be investigated as C 

uptake by ecosystems may compensate for some emissions of greenhouse gases [IPCC, 

2001]. It would require more field measurements, particularly soil organic carbon (SOC), and 

a better understanding of the carbon dynamics in soil in relation with the plants.  
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Appendix 1   Glossary of terms 

Air entry potential: It is the point of inflexion in the relationship between pressure head and water 

content (in cm). The absolute value of the air-entry potential equals the height of the 

tension-saturated zone. 

 

Autotrophic respiration (Ra): Plants fix carbon by photosynthesis. The word “photosynthesis” is 

used here to denote the carbon fixed by gross photosynthesis minus the carbon lost by 

photorespiration. Some of that photosynthetically fixed carbon is lost by internal plant 

metabolism. This loss is termed autotrophic respiration and typically amounts to about 

half the carbon fixed by plants. 

 

Bulk density: It is the mass of soil (dry) divided by the total soil volume (soil + water + air),  

in g. cm-3. 

 

Climate Change (CC): The term ‘climate change’ is sometimes used to refer to all forms of 

climatic inconsistency, but because the earth's climate is never static, the term is more 

properly used to imply a significant change from one climatic condition to another. 

Under the United Nation Framework Convention on Climate Change (UNFCCC, 1992), 

the definition of climate change is “a change of climate which is attributed directly or 

indirectly to human activity that alters the composition of the global atmosphere and 

which is in addition to natural climate variability observed over comparable time 

periods.” In some cases, ‘climate change’ has been used synonymously with the term, 

‘global warming’. 

 

Eddy covariance (EC): Also called eddy correlation, see section 3.1.1.  

 

Emission factor (EF): It is the percentage of applied nitrogen fertiliser lost as N2O. 

 

Enteric fermentation: Enteric fermentation is fermentation that takes place in the digestive 

systems of animals. In particular, ruminant animals have a large "fore-stomach," or 

rumen, within which microbial fermentation breaks down food into soluble products 

that can be utilized by the animal. The microbial fermentation that occurs in the rumen 

enables ruminant animals to digest coarse plant material that monogastric animals 

cannot digest. Methane is produced in the rumen by bacteria as a by-product of the 

fermentation process. This CH4 is exhaled or belched by the animal and accounts for the 

majority of emissions from ruminants. Methane also is produced in the large intestines 

of ruminants and is expelled. 
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Appendix 1   Glossary of terms 

Global warming potential (GWP): The concept of global warming potential (GWP) was invented 

to allow comparisons of the total cumulative warming effects of different GHGs over a 

specified time period. A GWP is a measure of relative contribution to radiative forcing. 

GWPs are used to convert emissions of non-CO2 gases into their CO2 warming 

equivalents. The warming effect of CO2 is assigned a value of 1, and the warming 

effects of other gases are calculated as multiples of this value. The CO2 equivalent of a 

non-CO2 gas is calculated by multiplying the mass of the emissions of the non-CO2 gas 

by its GWP. 

 

Greenhouse gas (GHG): GHG are gaseous components of the atmosphere that contribute to the 

greenhouse effect. GHG are transparent to certain wavelengths of the sun's radiant 

energy, allowing them to penetrate deep into the atmosphere or all the way to the earth's 

surface. GHG and clouds prevent some of infrared radiation from escaping, trapping the 

heat near the earth's surface where it warms the lower atmosphere (greenhouse effect). 

Alteration of this natural barrier of atmospheric gases can raise or lower the mean 

global temperature of the earth. 

 

Greenhouse effect: The earth naturally absorbs and reflects incoming solar radiation and emits 

longer wavelength terrestrial (thermal) radiation back into space. On average, the 

absorbed solar radiation is balanced by the outgoing terrestrial radiation emitted to 

space. A portion of this terrestrial radiation, though, is itself absorbed by gases in the 

atmosphere. The energy from this absorbed terrestrial radiation warms the earth's 

surface and atmosphere, creating what is known as the “natural greenhouse effect.”  

 

Gross primary productivity (GPP): GPP refers to the total amount of carbon fixed in the process 

of photosynthesis by plants in an ecosystem. 

 

Heterotrophic respiration (Rh): Heterotrophic respiration refers to the carbon lost by organisms 

in ecosystems other than the plants, the primary producers, themselves. It constitutes the 

respiration by animals that live aboveground, which tends to be a minor component, but 

most importantly, by all those organisms (flora and fauna) that live in the soil and the 

litter layer and decompose organic matter that has reached the soil by litter fall, root 

turn-over, root exudation, dead organisms and faecal matter.  

 

Hydraulic conductivity: The hydraulic conductivity (or permeability) is the rate at which water 

moves through a porous medium under a unit potential energy gradient (in cm. s-1).  
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Appendix 1   Glossary of terms 

Leaf area index (LAI): LAI is the total surface area of leaves of plants in a given area divided by 

the area of ground covered by the plants (in m2. m-2). In an area of dense vegetation, 

such as a forest, the LAI will be high. 

 

Net ecosystem exchange (NEE): NEE is the measurement of CO2 fluxes by an EC technique. In 

this study, it is considered that NEE = NEP = GPP – (Ra + Rh). NEP and NEE are used 

somewhat interchangeably, but to be more precise, NEE = NEP – carbon run-off. 

 

Net ecosystem production (NEP): NEP refers to net primary production minus carbon losses in 

heterotrophic respiration, Rh: NEP = NPP – Rh.  

 

Net primary production (NPP): NPP refers to the net production of organic carbon by plants in 

an ecosystem usually measured over a period of a year or more. It is GPP minus the 

amount of carbon respired by plants themselves in autotrophic respiration, Ra:  

NPP = GPP – Ra. 

 

Radiative forcing: Radiative forcing is the change in the balance between radiation coming into 

the atmosphere and radiation going out. A positive radiative forcing tends on average to 

warm the surface of the earth, and negative forcing tends on average to cool the surface. 

 

Respiration of the ecosystem (Rtot): Rtot is the total respiration of the ecosystem; it includes 

autotrophic respiration (plants) and heterotrophic respiration (soil micro-organisms and 

animals). 

 

Water content: It is the ratio of water volume to soil volume. The water content can vary both in 

time and space. The theoretical range is from 0 (completely dry) to saturation, but the 

range is natural soil is much less than this. 
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Abstract 

Temperate grasslands are one of the most widespread ecosystems in the world and 

cover approximately 45% of the area of Ireland. We measured the net ecosystem exchange 

(NEE) of an intensively grazed humid grassland in South West Ireland during the period 2002 

to 2004 using an eddy covariance (EC) system. A process based biogeochemical model 

(PaSim) was used to simulate the carbon dynamics of the ecosystem. PaSim incorporates land 

management practices such as grass cuttings (forage), grazing and the application of 

fertilizers. The model outputs include gross primary production (GPP) and the respiration 

components from soil, plants and grazing animals. The PaSim simulation captures most of the 

seasonal variation in NEE with especially good agreement with the EC observations during 

the growing season. The sums of annual NEE derived from EC and PaSim are similar. The 

fact that the NEE was ~ 30% higher in the driest of the three years than in the wettest year 

suggests that this ecosystem is robust enough to tolerate a wide precipitation range. The 

performance of PaSim on this ecosystem indicates that it will prove a useful tool for upscaling 

flux measurements and predicting responses of grasslands to climate change. 
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1.  Introduction 

Grasslands cover between 12% and 27% of the total land area of the world (Brown, 

1998) and are the dominant ecosystem in Ireland, representing 90% of agricultural land and 

45% of the total land area (Gardiner and Radford, 1980). They play a key role in the carbon 

cycle through photosynthetic and respiratory processes. The study of carbon fluxes between 

vegetation and the atmosphere is important as carbon uptake by ecosystems may compensate 

for some emissions of greenhouse gases (IPCC, 2001). Long-term measurements of carbon 

dioxide (CO2) fluxes are necessary to determine the seasonal and interannual variability of net 

ecosystem exchange (NEE). CO2 fluxes between the atmosphere and grasslands in the Great 

Plains of the USA have been extensively measured with eddy covariance (EC, Flanagan et al., 

2002; Frank, 2002; Frank and Dugas, 2001; Sims and Bradford, 2001), but few long-term 

studies have been made of grasslands in more temperate humid climates (Saigusa et al., 1998; 

Novick et al., 2004).  

Eddy covariance studies, while valuable, can only measure the NEE. Ecosystem 

respiration is usually estimated from a combination of: an extrapolation of night-time fluxes 

under strong turbulence (Falge et al., 2002) and an empirical regression model of night-time 

fluxes with soil temperature (Xu and Baldocchi, 2004; Jaksic, 2004). The exceptions include 

a few studies, in which direct estimates of the respiration have been obtained by locating the 

EC instruments below the canopy of a forest (Baldocchi et al., 1997) or using isotopic flux 

measurements of 13CO2 (Bowling et al., 2001). The variations in soil and ecosystem 

respiration are commonly linked with soil temperature and soil water content. Some 

relationships have also been found with soil organic carbon and plant growth rate 

(Franzluebbers et al., 2002). 

Biogeochemical models used to study the carbon cycle of different ecosystems 

include: HP (Thornley, 1998); CENTURY (Parton et al., 1987); SPUR (Foy et al., 1999); 

DNDC (Li et al., 1994) or MEL (Rastetter and Shaver, 1992) and the Pasture Simulation 

(PaSim) model (Riedo et al., 1998). Models can provide an improved understanding of the 

seasonal and interannual trends in the NEE and can be used to examine scenarios (e.g., 
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climate change scenarios) through the computation of the two components of the NEE: the 

gross primary production (GPP) and the total respiration of the ecosystem (Rtot). Models are 

also useful in upscaling flux measurements to regional or larger scales. The Pasture 

Simulation (PaSim) model (Riedo et al., 1998) is a process-based biogeochemical model for 

grasslands. It simulates the carbon and nitrogen dynamics and the energy and water fluxes of 

the ecosystem. It has been modified by Riedo et al., 2000) to include grazing in addition to 

other management input data such as grass cutting (forage) and fertilization. PaSim also 

computes (individually) the soil, plant and animal respiration. 

The purpose of this study was to examine the effectiveness of PaSim in simulating 

the seasonal and interannual variability of NEE, GPP and Rtot. We also used PaSim 

to investigate the impact of fluctuations in environmental variables (e.g., 

precipitation) on GPP and Rtot over a three-year flux measurement period. 

 

2.  Experiments and Methods  

Site 

Eddy correlation measurements of the NEE were carried out in managed, intensively 

grazed and fertilised grassland in County Cork in southern Ireland (Latitude: 52.14° N, 

Longitude: 8.66° W). The site has an average elevation of 200 m above sea level. The 

dominant soil type is sandy clay loam. The climate is temperate maritime with an average 

rainfall of 1470 mm year-1 and an annual daily mean temperature of 9.6˚C. The number of 

days when the air temperature is above 5˚C varies between 317 and 320 for each of the three 

years of the study (2002, 2003 and 2004). Frost occurs on less than 10 days per year. Some 

physical and climatic characteristics of the site are reported in Table 1.  

For each of the three years, the site received applications of approximately 200 kg of 

synthetic N ha-1 (mainly as NH4NO3) and approximately 130 kg organic N ha-1 (as farmyard 

slurry). The site was intensively grazed by dairy and beef cattle at a density of 2.2 LU ha-1 

(livestock units per ha) between April and October. Cattle were housed for the remainder of 

the year. Approximately 50% of the fields were cut for silage, twice a year, typically in June 
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and September. The dominant grass species is perennial ryegrass (Lolium perenne). The site 

is in managed grassland for approximately 20 years. 

The average flux footprint was estimated based on a fetch to sensor height ratio of 

100:1 combined with the probability density distribution of the wind direction. Most of the 

site is well drained with a small area prone to seasonal waterlogging. The footprint area is 

partitioned into approximately fifty small fields (or paddocks) to facilitate rotation of grazing 

cattle. Some of the fields are reserved for silage cutting to provide winter feed. Management 

practices are broadly similar across the whole site but the timing of fertilizer applications and 

grass cuttings varies. This implies a degree of heterogeneity (particularly in summer) that 

cannot easily be addressed directly by the model. We simplified the modeling exercise by 

using a single point simulation and representing each major succession of cutting events 

taking place in the field with two cuts separated by seven days in the model. In the model, the 

net effect of the cuts is to set the LAI to 1.5 m2 m-2 and the shoot dry matter to 0.15 kg m-2. 

We also assume that all the fields were continuously grazed during the summer time.  

 

Instrumentation 

The CO2 concentration is monitored by an LI-7500 Open Path CO2 non-dispersive, 

infrared gas analyzer (LI-COR, USA). In the eddy covariance technique, this data was used in 

conjunction with wind speed data from a 3-D sonic anemometer (Model 81000, R. M. Young, 

USA) to determine the fluxes of CO2. Concentrations of CO2 and wind speeds were logged at 

10 Hz and CO2 flux values were calculated at 30-minute intervals. The CO2 sensor intake was 

mounted 10 m above ground for 2002 and 2003, and at 3 m for 2004. 

Precipitation was measured using a tipping bucket rain gauge (ARG100, 

Environmental Measurements Ltd, UK). A net radiometer (CNR1) was used to measure the 

solar irradiance (Kipp and Zonen, Netherlands). Photosynthetic photon flux density Qppfd (or 

photosynthetic active radiation Qpar) was measured using a PAR LITE sensor (Kipp and 

Zonen, Netherlands). Air temperature and humidity were monitored using a HMP45C 

 107



 

temperature and humidity probe (Campbell Scientific, UK) mounted 3 m above ground and 

were recorded at 30-minute intervals. 

All CO2 fluxes were adjusted using the Webb correction (Webb et al., 1980). As eddy 

covariance performed poorly during rain events, a precipitation filter was used to screen out 

unsatisfactory flux data. Using an incoming solar radiation threshold of 20 W.m-2 the data 

were then partitioned into daytime and night-time sets, The wind speeds from the sonic 

anemometer were double rotated such that the mean vertical wind speed was set to zero. In 

periods of high atmospheric stability, there is a lack of turbulent mixing near the soil surface 

and the eddy covariance technique does not always yield reliable results. Nocturnal fluxes 

corresponding to u* (frictional velocity) less than 0.2 m s-1 were excluded (Pattey et al., 2002; 

Baldocchi, 2003) and replaced by a regression exponential function of the soil temperature 

(Jaksic, 2004). The daytime data was sorted bi-monthly and for each two-month period a 

different regression relationship was developed between the good daytime CO2 fluxes and the 

photosynthetic photon flux density Qppfd (photosynthetic active radiation Qpar). The regression 

used the Misterlich formula (Falge et al., 2001) for the relationship between CO2 flux and 

Qppfd.. These relations were then used to gap-fill daytime CO2 fluxes. As discussed in Jaksic 

(2004), an upper threshold (for daytime data) and a lower limit (for night-time data) were set 

for the 30-minute CO2 flux measurements. After post-processing and filtering of spurious 

data, 57% of the CO2 flux data were suitable for analysis. The unsuitable 43% was replaced 

by modeled (empirical regression) data.  

Model description and parameterization 

The model used in this study is PaSim 3.6 (v5) (Riedo et al., 1998; Riedo et al., 1999; 

Riedo et al., 2000; Riedo et al., 2001; Schmid et al., 2001; Riedo et al., 2002, Vuichard et al., 

in preparation). The first version was described by Riedo et al., 1998). The model has five 

submodels: soil physics; soil biology; plant; animal; and microclimate. This model is driven 

with hourly meteorological input data for: radiation; air temperature; vapor pressure; wind 

speed; precipitation and atmospheric concentration of CO2 and ammonia (NH3). PaSim 
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integrates the land management practices of grass cuttings, grazing and the application of 

fertilizer and slurry.  

The soil biology submodel used in PaSim is derived from the CENTURY model 

(Parton et al., 1987). Organic carbon (C) and nitrogen (N) are divided into pools for plant 

residue and for organic matter. In order to run the model in a steady state, initial condition 

values for the concentrations of carbon and nitrogen in the different pools were those obtained 

at the end of a corresponding equilibrium run (Table 3). Equilibrium was reached when the 

change in C and N levels in the various pools was smaller than a prescribed threshold (here, 

the convergence criterion was reached when the change in the previous variables between two 

cycles was less than 2.5%).  

All the meteorological input data were measured on site, except for the concentration 

of CO2 and NH3, which were taken as constants from the literature (IPCC, 2001; Seinfeld, 

1986). In Figure 1, we show the monthly observations of air temperature and precipitation. 

There is a clear seasonality in the temperature with lows in the winter months (December and 

January) of ~ 5.5˚C and highs in the summer months (July and August) of ~ 15˚C. 

Precipitation occurs throughout the year with higher amounts in winter than in summer. There 

is no dry season and no frost season. Some soil parameters were determined from samples 

taken from the top 20 cm of soil and from 20 to 40 cm within the flux tower footprint. Other 

soil parameters were set according to the literature (Clapp and Hornberger, 1978) or 

determined by optimization of PaSim results and fall within the range of literature values 

(Table 2). The vertical soil profile was divided in three layers: layer 1 from 0 to 2 cm; layer 2 

from 2 cm to 20 cm; layer 3 from 20 cm to 60 cm. The soil-rock interface was set at 2 m for 

modeling purposes. For modeling purposes, all fertilizer and slurry applications were 

temporally averaged in order to have 10 applications per year. 

The current version of the model is known to produce too much biomass in winter, 

even tough an additional stress parameter have been included to account for enhanced 

mortality in autumn and winter (Vuichard et al., (manuscript in preparation, 2005)). To 
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compensate for this we therefore include an extra cut at the end of each year to reset the 

biomass and leaf area index (LAI) to realistic values.  

PaSim calculates the ecosystem GPP and the respiration of the soil, plants and the 

grazing animals. Here soil respiration is defined as microbial respiration only. We define the 

NEE as the difference between the modeled GPP and the sum of all the modeled respiration 

components (Rtot). In this study we use the standard biological convention in which fluxes 

from the biosphere to the atmosphere are negative. 

 

3.  Results  

Figure 2 shows the cumulative NEE simulated by PaSim and observed by EC for the 

three years of study. As seen in this figure, the vegetation period (roughly April to October) 

can be divided in an active spring growing phase up to the first major grass cut (see arrow in 

Figure 2), and a less active phase thereafter. 

The measured annual uptake is 1.9, 2.6 and 2.9 tC. ha-1 for 2002, 2003, 2004, 

respectively, whereas the annual uptake computed with PaSim is 2.6, 2.7, 3.4 tC. ha-1 (Table 

4). For each year of the study, the modeled uptake is higher than the observed. Most of the 

carbon uptake occurs during the growing season in the months of April, May and June 

(Figure 2). The NEE simulated with PaSim captures the trends during the growing season 

very well. From June to September, the cumulative NEE shows neither net uptake nor loss, 

because of land management practices of silage cuttings and intensive grazing. The effects of 

the silage cuttings are visible as abrupt decreases in the cumulative modeled NEE (Figure 2). 

From the end of October to year’s end, the cumulative NEE decreases as respiration exceeds 

photosynthesis.  

To compare the evolution of NEE during the growing season of each year it is 

necessary to define the start and end dates of the season. The start date of the growing season 

varies within a fifteen day period from year to year. As there is no standard definition, we 

choose a growing season start date when the soil temperature at 7.5 cm depth is consistently 

above 6˚C (see results in Table 4). However, the growth of the grass sometimes may begin 
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before this date (Keane and Collins, 2004). The end of the growing season is defined as the 

day of the first grass cut (Table 4). In the observations the growing season lasts between 89 

and 106 days and in the model it is between 112 and 131 days. The gradient of the cumulative 

NEE curve represents the rate of change NEE. During the spring growing season, the gradient 

of uptake for the cumulative NEE observed is 2.8, 3.1, 2.7 gC. m-2 day-1 for the three 

consecutive years of the study. The gradient of uptake for the modeled NEE is similar to the 

observed (Table 4). 

Figure 3 shows the model output of GPP and Rtot. The annual GPP increases from 

19.9 tC. ha-1 (2002) to 21.5 tC. ha-1 for 2003 and 2004. The annual Rtot increases from 17.2 

tC. ha-1 (2002) to 18.9 tC. ha-1 (2003) and then slightly decreases to 18.2 tC. ha-1 (2004). The 

modeled interannual changes of GPP and Rtot are less than 9%. As NEE is the difference 

between GPP and Rtot (and is small relative to both), small interannual variation in NEE 

needs to be interpreted with caution. Figure 4 shows the modeled partitioning of Rtot as: 

Rsoil, Rplant and Ranimal. On average the soil respiration represents 55%, plants 40% and 

grazing animals 5%.  

 

4.  Discussion  

Comparison of modeled and observed NEE 

Figure 2 and Table 4 show that the modeled NEE broadly agree with the 

observations. However, the model overestimates the annual NEE by between 3% and 38%. 

Better agreement occurs during the growing season, with the rate of change being modeled 

accurately. PaSim has limitations in the last three months of each year (winter period) where 

it over predicts the uptake. It is currently acknowledged that PaSim produces too much 

biomass in winter, and this weakness in the model is currently being investigated (Vuichard et 

al., in preparation). The shape of the curve for the modeled NEE in the first months of 2002 is 

different from that in 2003 and 2004 (Figure 2). This is due to the over-sensitivity of PaSim to 

initial conditions, even when the ecosystem can be considered to be in equilibrium.  
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The result of our approximation of the spatially and temporally heterogeneous 

management activities with a single point simulation is that the model captures the cumulative 

NEE but does not account for the week-to-week variation in NEE. In the autumn and winter 

period the observations show a decreasing NEE (i.e., Rtot > GPP). The model does capture 

this trend better in 2003 and 2004 than in 2002.  

For both model and observations, there is a year-to-year increase in NEE with the lowest NEE 

associated with the wettest year. The air temperature, incoming radiation and management 

practices over the three years were similar. The environmental variable that was most 

different between the three years was precipitation: 2002 was wetter than average (17% above 

the long-term annual average); 2003 was drier than average (19% below average); 2004 was 

9% drier than average. The decrease in precipitation (from 2002 to 2003) results in an 

increase in NEE. Some of the observed interannual variation in NEE may be due to the 

uncertainty inherent in the EC method (Baldocchi, 2003). The fact that NEE was higher in the 

dry year by (~ 30%) than in the wet year, suggests that this ecosystem is robust enough to 

tolerate a wide annual precipitation range (1185 mm to 1835 mm). 

Analysis of components of NEE 

PaSim simulates GPP and Rtot. In Figure 3a, we show the cumulative GPP for each 

of the three years and in Figure 3b, the cumulative Rtot for the three years. We note in Figure 

3a that the year with lowest GPP (19.9 tC. ha-1) was the wettest year (1785 mm). We note 

from Figure 3b that the lowest Rtot (17.3 tC. ha-1) was in the wettest year. In the wet year, 

GPP and Rtot are lower than in the drier years suggesting that productivity is dependent on a 

favorable soil moisture status. 

GPP and Rtot are dependent on meteorological, hydrological, soil, vegetation and 

microbiological conditions. In Figures 5a and 5b, we examine the variation over the years of 

the soil moisture and soil temperature. Earlier we noted that both GPP and Rtot were lowest 

in the wet year. From the model study, the optimum NEE (largest difference between GPP 

and Rtot), corresponds to an annual precipitation close to the average annual precipitation (~ 

1470 mm). Unlike the study of Xu and Baldocchi, 2004) of a grassland in California, the 
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variation in Rtot in our study can not be linked to daily precipitation events because the 

climate in Ireland is humid and temperate all the year round and consequently Irish soils are 

rarely subject to moisture deficit.  

We used the model to examine the components of Rtot: Rsoil; Rplant and Ranimal. 

The evolution of the cumulative respiration components is shown in Figure 4. There are few 

field scale studies partitioning respiration into its autotrophic (Rplant) and heterotrophic 

(Rsoil) components for grassland ecosystems. In laboratory analysis, Tu, 2001) found that, for 

a grassland, the plant respiration accounted for ~ 66% of the ecosystem respiration. In forests, 

plant respiration is considered to account for ~ 75% of total respiration (Arneth et al., 1998; 

Kinerson et al., 1977). 

 

Conclusions 

This study shows that the process oriented biogeochemical model (PaSim) for carbon 

cycling in this temperate humid grassland simulates well the eddy covariance measured NEE 

over the three-year study period. The model results and observed NEE are in especially good 

agreement during the spring growing season in each of the three years. However, departures 

from the observations were observed for the summer seasons. This may be due to the 

heterogeneous nature of land management in the summer period. The activities over the fifty 

small fields in the EC footprint is a mosaic of silage cutting fields and cattle grazing fields 

and we attempted to model these multiple activities with one grid cell.  

The lowest NEE occurs in the wettest year, implying that the ecosystem is sensitive to 

precipitation at the upper end of the interannual range. However, the difference between the 

highest and lowest NEE is less than 35%. The model simulations of GPP and Rtot, also 

showed that GPP and Rtot were highest in the drier years and lowest in the wet year. From the 

observations and simulations it appears that for this ecosystem there may be an optimum 

precipitation (producing maximum NEE), which is approximately that of the current values of 

the long term average precipitation of ~ 1470 mm. Although we found that NEE is inversely 

proportional to precipitation amount, the fact that the interannual variation of NEE is within ~ 
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35% suggests that this grassland ecosystem which was established ~ 20 years ago is tolerant 

of a wide range of precipitation. Finally, this three-year study gives us confidence that this 

process-based model (PaSim) is reliable in modeling the carbon cycle of this grassland 

ecosystem. Now that the model has been validated with satisfactory results, we plan to 

simulate different management and climate change scenarios. Furthermore, PaSim shows 

promise as a tool for upscaling of ecosystem-scale CO2 exchange measurements to the 

national level. 
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Figure 1:  (a) Monthly average air temperature, (b) monthly totals of precipitation, for 2002, 

2003 and 2004.  

 

Figure 2:  Modeled ( ___ ) and measured ( _  _  _ ) cumulative net ecosystem exchange for 

2002, 2003 and 2004 (tC. ha-1). The arrows indicate the timing of the first cut and so the end 

of the first active “spring” growing season. 

 

Figure 3:  (a) Cumulative gross primary production (GPP) in tC. ha-1, (b) Cumulative total 

respiration of the ecosystem (Rtot) in tC. ha-1. GPP is positive in accordance with the 

biological sign convention. 

 

Figure 4:  The three components of total respiration: (a) soil, (b) plant, (c) grazing animal, in 

tC. ha-1.  

 

Figure 5:  (a) Modeled time integrated soil moisture of the 2nd layer, (b) Modeled time 

integrated soil temperature for the 2nd layer, for the three year of the study. 
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Table 1. Physical and climatic characteristics of the site     

     

 Location 52.14˚ N   

  8.66˚ W   

 Altitude above sea level (m) 200   

 Soil type loam   

  2002 2003 2004 

 Average daily radiation (W m-2) 46.75 48.03 52.47 

 No. of days Tair > 5˚C 331 317 320 

 Average daily mean temperature (˚C) 9.6 9.6 9.5 

 Total precipitation (mm yr-1) 1785 1178 1340 
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Table 2. Soil parameters     

    

 aSoil pH 5.6 

 aMain rooting depth (m) 0.25 

 aSand:Silt:Clay (%) 42:41:17 

 aDepth of the 3 layers (m) 0.02 ; 0.20 ; 0.60 

 aBulk density (g/cm3) 1.0 ; 1.0 ; 1.7 

 bSaturated soil water content (m3/m3) 0.60 ; 0.43 ; 0.40 

 cAir entry potential (mm) -50.0 ; -100.0 ; -100.0 

 cSaturated hydraulic conductivity (mm day-1) 188.0 ; 18.0 ; 18.0 

 dParameter b 5.4 

    
a Soil samples. 
b Literature.  
c Model optimization. 
d Clapp and Hornberger, (1978).   
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Table 3. Initial conditions for carbon and nitrogen in the various pools 

    

  Carbon [kgC. m-2] Nitrogen [kgN. m-2] 

 Wstructa 1.693 - 

 Wmetabb 0.109 0.010 

 Wactivec 0.305 0.043 

 Wslowd 5.701 0.378 

 Wpassivee 5.054 0.455 

     
a Structural dead plant material, b Metabolic dead plant material, c Active soil organic matter, 
d Slow soil organic matter, e Passive soil organic matter 
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Table 4. Comparison of the observed and modeled NEE  

     

Annual sum of NEE       

     

  2002 2003 2004 

Observed (tC. ha-1 yr-1) 1.91 2.59 2.95 

Modeled (tC. ha-1 yr-1) 2.64 2.66 3.36 

     

Growing season for observed NEE     

     

  2002 2003 2004 

Starting date (julian day) 79 78 98 

Finishing date (julian day) 184 167 204 

Length (days) 105 89 106 

Gradient (gC. m-2 day-1) 2.8 3.1 2.7 

     

Growing season for modeled NEE     

     

  2002 2003 2004 

Starting date (julian day) 79 68 73 

Finishing date (julian day) 195 180 204 

Length (days) 116 112 131 

Gradient (gC. m-2 day-1) 2.3 2.5 2.8 
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Figure 4 
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