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 Introduction 
 

1.1 Problem description 
Nitrogen (N) is naturally present in all global ecosystems and is required for plant and crop growth and is 
essential for sustaining living organisms as it is a building block for proteins and DNA (MEA, 2005; Salminen 
and De Vos, 2007). However, presently N exported by rivers have increased up to 5-fold compared to pre-
industrial times (Green et al., 2004) and is caused by increased amounts of N that are fixed and eventually 
emitted from fertilizer production, legume cultivation and energy production (Seitzinger, 2008). This lead to 
an increase in N that is emitted to surface waters, which is also seen on the scale of Europe where higher N 
concentrations in its water bodies have led to eutrophication and acidification. Eutrophication is typically 
described as the phenomenon of (toxic) algal blooms in surface waters, leading to light and oxygen 
depletion in the water, fish kills, loss of biodiversity, and overall deterioration of water quality, due to 
excessive inflow of nutrients (Stevenson, 1986; Mourad, 2008). Acidification can occur when high amounts 
of HNO3 enter into aquatic ecosystems with low acid buffering capacity (Van der Perk, 2006; Nieder and 
Benbi, 2008). High acidity levels are lethal to plants an organisms, and an example of this are the major fish 
kills in rivers and lakes in the southern part of Norway and along the Swedish west coast in the 1970’s 
(Erisman et al., 2003). Besides HNO3, N in the form of NH4

+ and NO2
- are also toxic to plants and organism at 

high concentrations. NO3- is less harmful,  although high levels drinking water can cause 
methemoglobinemia (blue-baby syndrome) with infants under six months (Wolfe and Patz, 2002). Other 
effects have of increased N emissions to surface waters have been deterioration of bathing water quality 
and an increase in water purification cost for the drinking water and the manufacturing sector (Saunders 
and Kalff, 2001; Fogelberg, 2003; EEA, 2005; Billen et al., 2009; Velthof et al., 2009). The process of N 
fixation as mentioned above, involves the transformation of unreactive N2 (dinitrogen) from the 
atmosphere into reactive forms of nitrogen such as NH4

+ (ammonium), NH3 (ammonia), NO3
- (nitrate), NO2

- 
(nitrite), and NO2 (nitrous oxide)  (Van Egmond et al., 2002). 
N emissions to the aquatic environment from point sources have been reduced since the implementation 
of the Urban Waste Water Treatment Directive (CEC, 1991a) and the Nitrate Directive (CEC, 1991b) in 1991 
due to improved connectivity to waste water treatment plants (WWTP’s) of households and industries, 
increased N removal efficiency in these plants, and decreased N content in detergents (OSPAR, 2003; EEA, 
2005). Although some progress is made in decreasing nitrogen emissions, the guideline concentration of 
5.6 mg/l as given by the Surface Water for Drinking Directive (CEC, 1975) is still exceeded in many surface 
waters (EEA, 2001). In European catchments, agricultural is the largest contributors to N in surface waters 
(Behrendt and Opitz, 1999; EEA, 2002).  
The state of N pressure and the associate problems led to the implementation of the Water Framework 
Directive (WFD) in 2000 (CEC, 2000), which stated that a ‘good ecological status’ and ‘good chemical status’ 
of all European water resources should be reached by 2015 (EEA, 2006). This created a demand in 
measurement to be taken by river basin managers, policy makers and other stakeholders in order to further 
reduce N concentrations in European rivers and lakes (Nixon et al., 2003). 
 
 

1.2 Research context and aim  
The SCENES (Water Scenarios for Europe and for Neighbouring States) project has been set up as a reaction 
to the request of policy makers to have tools to better understand the interaction between the 
environment and socio-economic development which is needed to achieve the goals as defined by the 
WFD. The aim of SCENES is to develop a tool that can help investigate change in water availability and 
water quality in European catchments for different scenarios.  
The research described in this report is part of the SCENES project and has a focus on water quality 
concerning nitrogen concentration in surface waters. The aim of this research is to develop a model that 
can simulate TN concentration for European surface waters. With this model quantitative information can 
be provided on possible changes in TN concentrations for the different scenarios. Application of the model 
for scenarios is not within the scope of this study.  
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1.3 Research questions  
The main research question of this thesis is: ‘How can total nitrogen concentration be modeled for surface 
waters in European catchments?’ Total nitrogen refers to all dissolved nitrogen transported by water with 
the main constituents being NO3-, NO2-, NH4+, and Dissolved Organic Nitrogen (DON), while surface 
waters refer to all water bodies that are part of a river network, which include river branches, lakes, 
wetlands and reservoirs. To guide the research the following eleven sub-question were defined:  
 

1) What type of output should the model generate to suit the needs its user ? 
2) What are the main N sources and what is their contribution to N emission to surface water in 

European catchment? 
3) What are the physical and biochemical N processes involved? 
4) What type of N - concentration / N - load models already exists, what are the differences, and how 

do these model differences affect the performance of the model? 
5) What are the available tools for making the model? 
6) What data can be used relevant for modeling N concentrations in surface waters? 
7) How can the obtained data be harmonized? 
8) How can a nitrogen concentration model be built? 
9) How can the model be calibrated? 
10) How can the model be validated  
11) How does the model perform and what are possibilities for model improvement? 
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1.4 Study area 
The study area in the SCENES project covers all river basins within Pan-Europe which reaches from 
Scandinavia in the north to the northern countries of Africa in the south, and reaches from Western Europe 
up to the Ural Mountains in the east. This area is shown in blue in figure 1. Due to data limitations for N 
emissions and validation, the area covered by the model was significantly reduced to the basins that are 
located within the hexagon depicted in figure 1.  
 

 
Figure 1 Area covered by the SCENES project (blue), and the area cover by the TN concentration model 

(basins in hexagon) - Source: (SCENES, 2008) 
 
 

1.5 Thesis outline 
The following chapter contains the research methods which is followed by Chapter 3 that contains all the 
results concerning the research sub-questions as defined above. A description of the model requirements is 
given in paragraph 3.1. Paragraph 3.2 to 3.4 contain a literature overviews on N sources, N processes and 
existing N models, respectively. In paragraph 3.5 and 3.6 a description is given on the choices made for 
model construction and on the data that was used as model input. 3.7 explains the proceedings on model 
calibration and the data used for calibration and validation. In 3.8 model results are presented followed by 
model validation in 3.9. In chapter 4 the performance of the model is evaluated and possibilities for model 
improvements are discussed. 
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2 Methods 
As an approach for the model development, the steps as described in the model development cycle by 
Karssenberg (2002) were followed. This cycle is depicted in figure 2 and in this figure the sub-questions are 
ordered according to the steps in the cycle.  

 
Figure 2 the model development cycle. Source: (Karssenberg, 2002) 

 
• Some basic requirements were formulated as starting point for the modeling development process 

to determine what kind of output the model should generate. This was done by communication 
with supervisors and reading documentation on the SCENES project.  

• A literature study was done on potentially relevant N sources, N transformation processes and N 
transport pathways to surface waters, and on already existing nitrogen models. An overview of this 
study is presented in this report.  

• Tools and facilities available at Deltares and the Utrecht University were used for data processing 
and construction of the model. 

• From the findings from the steps described above, a concept of the model was made to be able to 
determine the type of data that was required. Data was obtained from the SCENES project 
database, from literature and from web-sites of various research institutes and agencies.  

• Quantification methods were defined and applied to the model once sufficient data was found 
available to serve as input. If sufficient data was not available estimation or assumption were used.     

• Data representative for the year 2000 were used as input for the model. If no data was found for 
the year 2000, data was accepted if it was representative for a year between 1995 -2005.  

• After model completion a sensitivity analysis and calibration was carried out. A sensitivity analysis 
was conducted through a source apportionment study and the model was calibrated for the most 
sensitive and uncertain parameters with monitoring data from the Vistula river basin (WATERBASE, 
2009). 

• Measured data of TN concentration that was used for calibration and validation were obtained  
from the EEA (WATERBASE, 2009) and from literature. For some catchments monitoring data was 
not available. Literature on DON and NO3

- contributions to TN loads were investigated to see if this 
data could be used for as alternative calibration/validation data. Subsequently monitoring data and 
TN load estimation from literature were compared with modeled results to assess model 
performance.  
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3 Results 

3.1 Model requirements  
Before the  model was built model requirements were defined to determine what type of output the model 
should generate and how well it must perform to be fit scenario application.  
One of the requirements was that a source apportionment assessments per river basin could be generated 
from the model.  The contribution of the various sources of N can vary per river catchment  and a source 
apportionment can provide policy makers and stakeholders with information on the relative and absolute 
contribution of a N source to the total N load in surface waters. Such information can give an indication on 
what TN concentration reduction measures should be most effective. The model should also match the 
scale at which policy measures are implemented and to the scale at which the water quality status is 
assessed by the WDF which are both on the scale of river basins (Horn et al., 2004).   
The aim is to built a model that can generate results in average TN concentrations per month, so that inter-
annual variation can be reflected. Monthly output can  give a better indication on environment suitability of 
a certain aquatic system for ecosystem and human use. However, if data is too limited for monthly 
simulation, then the model will be built to generate average annual TN concentrations.  The model was 
required to be a TN - concentration model instead of a TN - nitrogen load model, as water safety or 
suitability threshold values are expressed in concentrations, not loads. However, calculations and routing of 
N within the model was done with N loads as it would have been cumbersome to calculate with 
concentrations. The aim is to generate model outcomes for average annual TN concentration that do not 
deviate more than 20 % from measured data. 
Consequently the model requirements can be summarized as follows: 
1. Model results should be generated on a catchment scale  
2. The model should be able to indicate the contribution of each source to the total nitrogen load (source 

apportionment) 
3. Model results should be presented as the number of months that a threshold is exceeded per year, or 

an average annual value with an indication of the range in which it may vary over the year  
4. Model outcomes should be given in total nitrogen concentrations  
5. Model output should not deviate more than 20 % from average annual values derived from monitoring 

data. 
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3.2 Nitrogen sources and processes  
The geosphere and the atmosphere contain large amounts of N of 1.6 *108 and 3.9 * 106 Tg N (Tg = 1012 g ) 
respectively. However, this is nitrogen that is not readily available to the biosphere. N becomes available to 
organisms, when it comes in the form of NO3

-, NO2
-, NH4

+, NH3, or N2O. All activities that result in N 
emissions to the soil, the hydrosphere or the atmosphere in bio-available form are described here as N 
sources. N sources are closely interrelated with various N transformation processes. Together, N sources 
and processes form the N-cycle as schematically depicted in figure 3.  
This paragraph presents an overview of N sources and are categorized as natural or anthropogenic. For 
each source an estimation is given on its quantity on a European scale, to give an indication of the 
significance of the source. This is followed by an overview on the different N transformation processes. 
How these sources and processes were taken into account and quantified in the  model is discussed in 
paragraph 3.6.  
 

 
Figure 3.  N sources and N processes in the human influenced N-cycle. 

3.2.1 Natural sources 
Natural N sources, are source of N emissions not induced by human activities. Natural sources are N 
fixation by lightning, N fixation by microbial activity, and N release due to rock weathering. The chemistry 
involved and controlling factors in these processes are discussed in further detail in section 3.2.2 
Globally lighting N fixation is responsible for an input of  reactive N of approximately 5.4 Tg N yr-1  (Lelieveld 
and Dentener, 2000) and enters surface waters through deposition or via the soil groundwater system. 
Information on the contribution of lightning fixation to N emissions in Europe was not found.  
Certain types of microorganism are also capable of N fixation, which is process often referred to as 
biological nitrogen fixation (BNF). The N that is fixed is emitted during decomposition of organic matter 
into soil or water. 
In the process of rock weathering N contained in rock minerals can be released in a reactive form. 
Generally, igneous and metamorphic rocks have a N content of about 20 ppm and with sedimentary rocks 
this can range between 200 – 4000 ppm of which highest nitrogen content is generally found in shales (Van 
der Perk, 2006; ISWS, 2009).  N stored in sediments and sedimentary rocks is several of orders magnitude 
larger than the amount in the biosphere and hydrosphere, but it is also cycled much slower. No information 
was found on the contribution of rock weathering to nitrogen inputs in Europe, but studies by Dahlgren 
(1994) and Holloway and Dahlgren (1999) in the U.S.A. showed that nitrogen input from rock weathering 
can be significant in undisturbed ecosystems.  

3.2.2 Anthropogenic sources 
Anthropogenic sources emit N resulting from human activities. This involves emissions from households, 
industry, urban areas, agriculture, and the transport sector.  
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Households emit N in the form of human excreta and disposal of detergents (Behrendt, 1994). Some 
households are not connected to a sewage system and emit their waste water directly to water, to land, or 
the waste water is stored in a septic tank. N emissions from households that are connected to a sewage 
systems are emitted to surface water directly or after treatment in a waste water treatment plant.  
In the industrial sector various processes induce N fixation. On the one hand N is fixed during industrial 
processes associated with high temperatures or electrical discharges. The N that is fixed is subsequently 
emitted to the air. On the other hand N is fixed by the Haber Bosch process to include N compounds into 
products like fertilizers, plastics, or synthetic fibers. Some of the fixed N are emitted directly to water and 
some is emitted later when the industrial products are used or disposed of (CEC, 2006). Emissions through 
waste water discharge from both industry and households is estimated to be 2.6 Tg N yr-1 for Europe (Van 
Egmond et al., 2002). 
In urban areas N is emitted due to N contained in litter and excreta from pets falling on paved areas. When 
there is sufficient rainfall, the N on paved urban areas is transported into the sewage system or it is 
transported to unpaved areas (soil) where it can infiltrate. In times of heavy rain urban runoff is directly 
transported through sewage pipes to surface waters as sewage overflow. A schematic representation of 
two types of sewer systems, combined sewage system and a separate sanitary and storm sewer system, are 
depicted in figure 4. The combined sewer system is predominant in Europe (Sundberg et al., 2004) and so 
urban runoff is partly treated in WWTP’s.  
 

 
Figure 4 Schematic representation of a combined sewer system (a,b) and a separate sanitary and storm sewer system (c,d).  

In a combined sewer, sewage overflow occurs only during heavy rainfall and then also a part of the waste water flows directly 
to surface waters (b) Image-source: EPA, 2008 

 
Due to agricultural activities large amount of fertilizer and manure N are applied to agricultural fields from 
which N is emitted to surface waters by transport via the soil and groundwater. N is also emitted due to 
leakage of dissolved N compounds of N from manure storage systems or volatization of N in the form of 
NH3 (Velthof et al., 2009). An additional increase in reactive N is induced by cultivation of N fixing crops in 
agriculture. In Europe N put through fertilizer application is estimated to be approximately 11.8 Tg N yr-1  
fertilizer application, while N fixed by BNF (natural and crop cultivation) was estimated to be 2.2 Tg N yr-1 
(Van Egmond et al., 2002).   
In the transport sector high temperatures and pressures that are involved in combustion processes lead to 
N fixation. During combustion of coal, also N that is stored in the coal is released (Nieder and Benbi, 2008).  
Also electricity generation and use of electrical utilities in transport and industrial sectors and in households 
lead to N fixation (Hill, 2004; Chernikov and Bruskov, 2005).The amount of N that is fixed due to fuel 
combustion and other industrial processes is estimated at 3.3 Tg (Van Egmond et al., 2002). 
Reactive N in the atmosphere originates from anthropogenic and natural sources and occurs in the form of 
N2O,  NOx, NHy or HNO3, and can be deposited on the earths’ surface through either wet or dry atmospheric 
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deposition. Wet deposition can be in the form of rain, snow, or dew, while dry deposition is deposition in 
the form of dust particles (Langmuir et al., 1997).  
In table 1. an overview is given on the N in- and outputs for Europe as estimated by Van Egmond et al. 
(2002). 
 
 

Table 1 Total N inputs in Europe - Source: (Van Egmond et al., 2002) 
Input or 
output 

Process or activity specification Quantity of N 
(Tg) 

 
input 

N fixation(1 biological N fixation 2.2 
 N-fertilizer production  14 
 fuel combustion + other 

industry 
3.3 

Atmospheric deposition (NH3 + NOy) aquatic  2.2 
terrestrial  5.1 

imports into Europe  7.6 
output Denitrification 

N2, N2O 
aquatic 6.2 
terrestrial 7.6 

N emissions NH3 from manure 3.5 
NOy, terrestrial 0.7 
NOy from N fixation by 
transport sector and industry 

3.3 

  
Exports from Europe  6.3 
Export through rivers  6.2 

(1      11.8 Tg of industrially  fixed N is used in Europe as fertilizer, 2.9 Tg of fixed N is emitted by households to air (0.3) and to water (2.6). 
 
 
Emissions of N vary widely in different regions in Europe (Velthof et al., 2009). Total nitrogen (TN) loads are 
highest in England/Wales, Denmark, the Netherlands, Belgium and the western part of Germany, and in the 
Po river catchment in Italy. TN loads in Eastern Europe and the Baltic countries relatively low, and even 
lower in the Scandinavian countries. In major European catchments the main N source is agriculture except 
for example for catchments in Nordic countries where background input from soil can contribute up to 90 
% (Lepistö et al., 2006) and the Axios river catchment in Greece where point sources are the largest 
contributor (EEA, 2005) . 
 

3.3 Processes 
In this paragraph an overview is given on N processes and what environmental factors control the process 
rates. Basic understanding of these relations are required before sound decisions can be made on if, and 
how processes need to be represented in the model.  

3.3.1 Chemical processes 
The processes responsible for N transformations are:  N fixation, nitrate assimilation, ammonification and 
denitrification (Zumft and Cardenas, 1979; Stevenson, 1986)).  
As mentioned in the previous paragraph N fixation is a process that  is driven by microbial activity, by 
electrical discharge, by heat generation, or by the Haber-Bosch process in industry. N fixation by 
microorganisms is driven by symbiotic or free-living bacteria species (e.g. Rhyzobium, cyanobacteria) that 
are capable of fixing N2 from the into NH4

+, followed by further transformation into to organic compounds 
and assimilation into bacteria and plants (Nieder and Benbi, 2008). The process of N assimilation is the 
process in which NH4

+, NO2
-, or NO3

- is taken up by organisms and transformed into organic compounds. 
Cleveland (1999) conducted a study on biological N fixation rates in various natural ecosystem and found 
that nitrogen fixation can vary strongly per ecosystem type. The range of BNF rates was 0.1 to 160 kg N ha-1 
yr-1.  This wide range was accounted to temperate forest ecosystems, while BNF rates in short grasslands 
were estimated to range between 1 – 30 kg N ha-1 yr-1. Estimations on N fixation rates of various 
agricultural crop types (e.g. legumes, cereals) lie between 3 – 350 kg N ha-1 yr-1 (Smil, 1999; Nieder and 
Benbi, 2008). 
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Electrical discharge and heat generation causes conversion of N2 and O2 into NOx, which can subsequently 
be oxidized further into NO2 and HNO3. NOx, are emitted to the atmosphere and can travel significant 
distances before deposited to (Jonson et al., 1998) land or water surfaces. Emission rates depend on local 
activity in lightning, power plants, use of electrical utilities and activity in the transport sector. The Haber-
Bosch process is used in industry for the fixation of N2 into NH3, and these compounds are emitted mostly 
though fertilizer application on agricultural land.  
Ammonification, also referred to as mineralization, is the transformation process of organic N into NH4

+ , 
and is driven by microorganisms. Both anaerobic as aerobic bacteria are capable of transforming 
mineralizing organic N (Stevenson 1986). In surface waters ammonification occurs as a photochemical 
process, but process rates are generally lower. 
Nitrification is the process of oxidation of NH4

+ to NO2
-, which is often transformed in a relatively short time 

into NO3
-.  The conversion of  NH4

+ into NO2
-, as well as the transformation of NO2

- into NO3
- are bacterial 

processes and requires the presence of dissolved HCO3. Microorganisms responsible for nitrification require 
availability of oxygen, so the process will only occur in oxic conditions (Stevenson, 1986).  
Denitrification is a bacterial process in which nitrate and nitrite are reduced to N2 and a smaller fraction is 
transformed into N2O. The process requires an electron donor which is usually carbon, but minerals like 
pyrite can fulfill a similar role (Schwientek et al., 2008). Denitrification requires anoxic condition and starts 
at oxygen concentrations below 2.0 mg/l (Schwientek et al 2008). Denitrification is highest at oxic/anoxic 
interfaces as the denitrification rate is dependent on the supply of NO3

- from the nitrification process, and 
the nitrification occurs at oxic conditions (Inwood et al., 2005). Favourable condition for denitrification are 
generally found in areas such as riparian zones, stream beds, heavily irrigated regions, animal manure 
folding facilities, wetland rice cultivated areas, and water saturated soils (Galloway et al., 2004; Seitzinger, 
2008; Thieu et al., 2009). 
All processes described above that are driven by microbial processes are dependent on general factors 
controlling microbial activity, which are: temperature, moisture, pH, substrate NH4+, O2 concentrations, 
microbial biomass, nutrient availability and soil C and N concentrations (Booth et al., 2005). 
Transformation of NH4

+ to volatile NH3 is the process of N volatization and largest N emissions from 
volatization occur during the decomposition of manure (Van der Perk, 2006). Residence time of ammonia in 
the atmosphere is generally short (hours, days), which results in most of the NH3 being re-deposited close 
to the place from where it was emitted. Also plants interact with NH3 in the atmosphere. They can take up 
or release NH3 dependent on the relative concentration in the plant, air and soil (Jenkinson, 2001).  

3.3.2 Anthropogenic influence on N processes 
Anthropogenic influence does not only relate to direct increase of N emissions to surface waters, but also 
indirect effects are can influence overall N emissions to the water. This influence is caused by activities such 
as deforestation, damming, drainage, water extractions and pavement constructions (Heathwaite and 
Johnes, 1996; Galloway et al., 2003) 
Deforestation can lead to mobilization of N due to increased erosion and loss of soil organic matter 
(Heathwaite and Johnes, 1996). Damming has globally tripled the average residence time of water in river 
works and increased the amount of standing water stock up to 7-fold (Vörösmarty et al., 1997) which led to 
an overall increase of instream nitrogen retention (Harrison et al., 2009). Drainage leads to acceleration of 
nutrients flowing from the soil to surface waters, it increases oxygen concentration in the soil, which may 
decrease denitrification rates (de Wit, 1999).  Drainage in peat lands can lead to increased N emission due 
to decomposition of organic matter and subsequent mineralization (Heathwaite, 1990).  
Due to anthropogenic influence catchments have changed from naturally forest dominated to pasture or 
agricultural dominated ones over a period of a few thousand years (Salminen and De Vos, 2007). In a study 
on the relationship between N export and environmental factors on a global scale by Alvarez-Cobelas et al. 
(2008) cropland dominated catchments exported twice and four times as much TN compared to pasture 
and forest dominated catchments, respectively.  
 

3.3.3 Pathways 
There are various pathways through which nitrogen compounds are transported to surface waters from the 
location from which it was emitted. These pathways can be distinguished between surface runoff and 
groundwater runoff. Information on how N load is distributed over these pathways, the travel time of N per 
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pathway, and the retention per pathway control the N load that enters surface waters at a certain period in 
time, and therefore these factors are relevant for estimating TN concentration in surface waters from data 
on N emissions.  
Estimation of the input from point sources such as waste water discharge from WWTP’s is relatively easy 
compared to estimation of N input from diffuse sources. Direct emissions have limited travel time to 
surface waters, N input from these emissions are relatively constant throughout the year and can be 
monitored more easily. Due to heterogeneities in the distribution of diffuse source in the landscape and the 
diffuse pathways, input from these sources are much harder to estimate  (De Wit, 1999) 
According to Kunkel et al. (2004) two main different aquifer types can be distinguished in Europe: lowlands 
where the subsurface consists of unconsolidated rocks and areas where it consists of consolidated rocks. In 
unconsolidated rock areas the groundwater runoff component was estimated to be of higher importance 
and travel times towards surface waters was also higher compared to consolidated rock areas.  
TN concentration in surface waters of a catchments with low nitrogen storage capacity is expected to be 
more strongly related to water flow, than in catchment with high storage capacity. In catchments with 
higher storage a more damped effect is expected due to buffering in the aquifer (Wade et al., 2004). This 
may also be a reason why in many catchment limited effect of nitrogen reduction measures in agriculture 
have been reflected in surface water N concentration, as there is a significant time lag between input to the 
soil and emissions to surface waters.  
As the main pathways of N are hydrological pathways it is not surprising that N export from catchments 
was found to be related to area specific runoff (Behrendt and  Opitz, 2000; Smith et al 2003; Böhlke et al., 
2007; Alvarez-Cobelaz et al., 2008, ). In various studies runoff showed a positive relation with both TN loads 

and TN concentration (Brunet and Astin, 
1996; Sigleo and Frick, 2007; CBS and PBL, 
2009a). 
The amount that is transported from one 
place to another through various pathways 
depends on the total N input and the amount 
that is retained during transport. At a certain 
level of nitrogen input the amount of N is too 
high to be removed by crop uptake and 
denitrification, and this excess N can be 
transported towards surface waters. Figure 
6. by Stevenson (1986) shows that this excess 
N in not necessarily  linear to N input. 
 
 
 
 
 
 
 
Figure 5 – Excess inorganic  N in relation with 
fertilizer application on agricultural soils  (Legg and 
Meisinger, 1982) 
 

3.3.4 Seasonal variation related changes in processes and sources 
Seasonal variations of TN concentrations in and N export through rivers can be significant as was shown by 
in studies by various authors (Böhlke et al., 2007; Sigleo and Frick, 2007; Mourad, 2008). These variations 
are caused by differences in temperature, precipitation, N plant uptake and organic matter decomposition 
rates  over the year. 
In studies conducted on rivers in north-western and north-eastern Europe higher TN concentrations, DIN 
concentrations and TN loads were found in winter compared to summer months (Loos et al., 2009; 
Mourad, 2008; Ahad et al, 2006 (Salminen and De Vos, 2007)). As high concentrations coincided with higher 
river water discharges in winter months this lead to a  ‘double’ increase of the TN loads (Ahad et al, 2006). 
In the Ahja river TN concentrations could range by a factor 3 or 4 over the seasons (Mourad, 2008). The 
general lower concentrations of TN in summer, were attributed to higher plant N uptake, higher 
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denitrification rates and lower water discharge during the summer period (Ahad et al., 2006; Böhlke et al., 
2007; Van Gerven et al., 2009). N concentration and loads can also depend on preceding weather condition 
as was demonstrated by Sigleo and Frick (2007) in which unusually high TN concentrations were measured 
after the first winter storm runoff, after a relatively dry year.  
In catchments with significant agricultural land coverage, nitrogen loads in rivers can become significantly 
higher during periods of fertilizer application. In the Ardour river catchment in the south of France, fertilizer 
application from February to July 1992, caused for increased TN concentrations in the Ardour river during 
this period, except for May, in which relatively low agricultural N flow into the river was appointed to crop 
uptake and retention in the riparian zone (Brunet &  Astin, 1996). Pathways of N transport towards surface 
water can also vary over the year due to frost and snow cover that can limit N transportation from the soil 
(Silgram et al., 2008). All this intra-annual variations indicates that when looking at TN concentrations on an 
annual scale different process dominate compared to if one looks at it on a monthly scale.  

3.3.5 Retention 
In a study by (Van Gerven et al., 2009) retention was defined as “the absolute or a relative difference 
between incoming and outgoing loads within certain spatial borders within a certain period of time”. On 
different spatial and temporal scales this retention could result in either an increase or a decrease of N. 
However, various authors have pointed out that on a catchment scale N loads entering a catchment is 
generally higher than the amount leaving the catchment through the outlet. So at the catchment scale 
retention can generally be expressed as a reduction of N loads.  
The factors that influence N loads are denitrification, N volatization, immobilization of N due to plant or 
microbial uptake, temporary N storage in soils and sediments,  residence of N in groundwater and 
decomposition of organic matter (Lepistö et al., 2006; Böhlke et al., 2007). The process of denitrification is 
the only process that leads to permanent loss of bioavailable N to the atmosphere (Laursen and Seitzinger, 
2002). An overview of retention processes and controls of the process rates are listed below in table 2.   

 
TABLE 1 - RETENTION PROCESSES AND FACTORS CONTROLLING THE PROCESS RATES. 

N retention 
component 

Controlling factors comments

denitrification Availability of DOC or other electron donors, pH, 
nitrate concentration, oxygen concentration, 
temperature, pH, residence time, stream flow 
regime* 

Most N is transformed into N2 which is ‘permanently’ lost to the atmosphere and 
leads to a decrease in bioavailable N (Inwood et al., 2005) 

volatization NH3 load, temperature, pH, moisture content Volatized N is generally redeposited not far from where it was emitted, on a 
temporal scale of hours or days (Jenkinson, 2001; Van Breemen et al., 2002)  

plant uptake Season, soil moisture content, N availability Plant N uptake is high in the growing season (spring/summer). In autumn and 
winter N uptake is limited and possibly there is a net release of N due to plant N 
decomposition. If net export of crops N uptake > N release ny plants  (Van Gerven 
et al., 2009) 

Storage in soil 
and sediment 

Soil texture, soil organic matter content, soil 
moisture content. 

NH4+ can be permanently bound in silicate minerals, and then this N becomes 
non-exchangeable with the bulk solution (ref).  

Residence in 
groundwater 

Groundwater residence time N is retained by groundwater by delay the N load from reaching surface waters. 
So it functions as temporary storage.  During groundwater residence certain 
amounts of N may be lost due to denitrification Note that groundwater becomes 
a source rather than a storage if outflow of N becomes larger than the inflow of N  

* De wit, 1999 

 
Various studies indicate that TN load and water residence time are the main controls of instream N 
retention in a catchment (Saunders and Kalff, 2001; Lepistö et al., 2006). Residence time is influenced by 
climate, and the occurrence of stagnant water systems. Saunders and Kalff (2001) conducted a literature 
review on N retention in rivers, lakes, and wetlands, which indicated that these systems retained 64%, 34%, 
2% of entering TN loads, respectively.  
For Europe the major contributor to catchment scale retention was found to be denitrification (Velthof et 
al., 2009). However, some river basins where lake densities are relatively high, like in the Oulujoki 
catchment (Finland)  sedimentation of organically bound N was estimated to contribute more to overall 
basin N retention (Lepistö et al., 2001; Lepistö et al., 2006). In a study done by Alvarez-Cobelas (2008) TN 
load was found to be a good predictor for N retention in lakes (r2 =0.80) and wetlands (r2 = 0.82), although 
it did not give good prediction for retention in rivers (r2 = 0.10). And although lentic systems like wetlands 
are generally thought to decrease the TN load, some studies that conducted  sampling during storm events 
indicated that during these events wetlands can actually act as an N source (Wade et al., 2004).  
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According to various authors (Alexander et al., 2000; De Klein, 2008; Van Gerven et al., 2009) retention 
rates decrease with stream size. This is explained by the presence of macrophytes in smaller sized river 
channel, which lead to N uptake, and lower flow velocities which promote sedimentation and 
denitrification due to longer residence times. Furthermore, contact between the water and the channel 
bed is higher in smaller sized upstream channel reaches, which also promotes denitrification (Gerven et al., 
2009)..  
Estimation on denitrification in groundwater was done by Kunkel et al (2004) for the German lowlands, 
nitrogen loads were halved within 1 – 4 years, due to oxygen free conditions and presence of organic 
carbon and pyrite. For consolidated rock regions in Germany it was estimated that 30 % of the diffuse 
nitrogen load entering groundwater is denitrified before reaching surface water, while this was estimated 
at 90% for unconsolidated regions. These higher denitrification rates in unconsolidated rocks was 
appointed to higher availability of cation exchangers and longer groundwater residence times in these 
areas.  
Various estimation on instream retention, soil groundwater retention and overall catchment retention 
factors were found in literature (see appendix 2). Instream retention estimates varied from 10 -50 
%(Lepistö et al., 2006), soil –groundwater retention varied from 20 –50% (Thieu et al., 2009), and overall 
catchment retention was estimated between 40 -60 % on a global scale by Van Breemen et al. (2002).  
 
 

3.4 Existing N models  
Various models have been developed for source apportionment, scenario or environmental assessment 
studies. The models that are of interest for this study were those that could model N transport on a 
catchment scale (Billen et al., 1994; Arheimer and Brandt, 1998; Arnold et al., 1998; Krysanova et al., 1998; 
Whitehead et al., 1998) on a continental scale (Howarth et al., 1996; Grizzetti and Bouraoui, 2006b) or on a 
global scale (Kroeze and Seitzinger, 1998; Caraco and Cole, 1999; Van Drecht et al., 2001; Dumont et al., 
2005), as the scale of the model that was to be developed in this project is comparable to the scales to 
which these model were applied. Generally N transport models can be distinguished between process 
oriented and data oriented models. Process oriented models try to describe ‘real’ processes and therefore 
generally are more complex and have higher data requirements compared to data oriented models. 
Empirical models do not model processes explicitly, but contain equations based on statistical relationships. 
An example of such a relation is the positive relation that was found between TN concentrations in surface 
waters and population density within a certain catchment (Caraco and Cole, 1999). The relation between 
model type and level of complexity as depicted by Schouwmans and Silgram (2003) is schematically 
depicted in figure 6. Resolution of the models vary from 1 x 1  km to approximately 50 x 50 km (Van Drecht 
et al., 2001), and output on N flow or concentrations are generated on a daily, monthly or annual basis.  
Consistent datasets that cover areas at the catchment, continental or global scale are scarce, which is often 
why data oriented models are generally preferred for large scale modeling (Grizzetti and Bouraoui, 2006a). 
A disadvantage of empirical models is that they are less suitable for making future prediction, as the 
empirical relationships of environmental factors and N load might change under different circumstances 
such as a change in climate.  
Since recently the artificial neural networks (ANN) approach has also been applied in nitrogen 
concentration modeling (Lischeid and Langusch, 2004). This approach is based on the principle that a 
computer can learn from relationships between variables and was inspired by the workings of the human 
brain. A model comparison study by Srivastava et al. (2006) showed that the ANN model performed better 
compared to the process based SWAT model in monthly N concentration predictions. Due to limited 
knowledge and later discovery of this model type, the ANN approach was not considered to be used in the 
TN concentration model.  
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Figure 6 Relation between model type and model complexity. Source: (Schoumans and Silgram, 2003) 

 
Description of retention processes in models can be done by explicit description of retention processes 
such as denitrification or plant uptake (Whitehead et al., 1998) but can also be represented by a fixed or 
variable dependent retention parameter (Grizzetti Bouraoui, 2006). Explicit descriptions of retention 
processes is of importance in models that generate output on a sub-annual scale (daily - monthly) as 
individual processes rates vary over the year and are controlled by different factors (Van Gerven et al., 
2009). The fixed or variable parameter approach is generally more suitable for modeling on annual scales. N 
load that is exported has been expressed in models as a function of temperature (Whitehead et al., 1998), 
proportion of water in a catchment (Lepistö et al., 2001), river length (Grizzetti and Bouraoui, 2006), or 
hydraulic load and specific runoff (Behrendt and Opitz, 1999). 
In a number of case studies statistical models performed to a similar extent or better compared process 
oriented models(De Wit and Pebesma, 2001; Grizzetti et al., 2005). But how the models perform is also dependent 
on the input data and the suitability of the model for application to a certain catchment. In the Euroharp 
project(Schoumans and Silgram, 2003), a number process oriented and conceptual models were compared 
and applied to a number European basin. No ‘best’ was identified. Rather it was recognized that a specific 
models is suitable for a specific purpose. 
 

3.5 Modeling tools  
The TN concentrations model was built in the spatial analysis tool HABITAT. For the preparation of the input 
data both a spreadsheet (MS-Excel 2003), and a GIS-tool ArcGis (Version 9.2) was used. 
The HABITAT tool can calculate with spatially referenced data in the format of bil-files that can transformed 
from asci-files within HABITAT. Data that serve as input for the model should be spatially referenced before 
calculation can be made with them in HABITAT and ArcGis was used to make the spatial reference of all 
data sets consistent and to adjust the format. In HABITAT results can be visualized in the form of maps and 
tables. It is a program which is based on PCRaster modeling language (Van Deursen and Wesseling, 1995) 
which is a language especially developed for environmental modeling. 
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3.6 The TN concentration model 

3.6.1 Choices on model construction  
The model developed in this research project became a static, semi-distributed, and data oriented model 
and uses a lumped approach to describe N processes. The model simulates TN concentrations at the river 
outlet of river catchments on an annual scale. How the decisions for this model were made is described in 
this section.  
In the model requirements it was stated that the aim was that the model would be able to simulate TN 
concentrations per month. However, this was not possible due to data and time limitations. Overall N 
emissions from source like fertilizer and manure N application vary over the year. And other factors that 
vary over the year are factors like river discharge, retention of N loads. During different periods in the year 
different processes dominate that control retention as was explained in paragraph 3.3.4. Making a model 
that could generate TN concentrations per month would require descriptions of the individual processes, 
and information on how N emissions from sources like N fertilizer application are distributed over the 
months for European catchments. It was concluded that time was too limited to find the data and to apply 
a process oriented approach. From this is was decided to built the model on an annual scale and the model 
describes retention with parameters that lump these processes together. For the annual scale it is easier to 
quantify N emission as data are mostly available on an annual scale, and it is easier to estimate the annual 
effect of retention, as inter-annual variation of TN loads and concentrations are smaller than intra-annual 
variation (Loos et al., 2009).  
The hydrological data that was available in this research was data on water discharge at river outlets of 
European river basins. It was decided to calculate TN concentrations at the river outlet and not model TN 
concentrations in more detail, like for example at the scale of river branches as was done in the study by 
Mourad et al. (2008). This was found acceptable as a model that could generate annual average TN 
concentrations data per basin on an annual scale could still provide quantitative data for the purpose of a 
scenario study.  
The difference between present day N emission compared to historical N inputs is not taken into account in 
the model. And so it is assumed that estimation of N emitted via groundwater in 2000 can be based on N 
applied to the soil in 2000. This can generally be true for aquifers that consist of consolidated rock as runoff 
as N transport to surface waters in these aquifer types are relatively short (Kunkel et al., 2004), but is 
unlikely for basins with large groundwater residence times.  
The model covers the major watersheds of Europe including the Upper-Danube, Douro, Elbe, Göta, Loire, 
Po, Oder, Rhine, Rhone, and the Vistula, and also some smaller ones like the Thames, the Scheldt, and 
Shannon  as shown in orange-colours in figure 7. The resolution of the model was chosen at 5 x 5 arc 
minutes, since most datasets (e.g. data on land cover, urban areas) were available at this or a higher 
resolution, or were expected to become available at this resolution in the near future. The spatial 
resolution of 5 x 5 arc minutes represent approximately 9 x 41 km in the north of Scandinavia, and 9 x 8 km 
in the south of Spain.  

 
Figure 7 - Modelled area 

                                                 
1  9 x 4 km: 9 km in the North-South direction, 4 km in the East-West direction.   
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3.6.2 Model description  
TN concentrations in surface waters were estimated by quantification of the following factors:  N emissions, 
N retention processes, and the water volume to which N is emitted. Land use data was used to define the 
various pathways through which N emitted was transported to surface waters. The N sources as discussed 
in paragraph 3.2.2 were quantified, which were: lightning N fixation, and biological N fixation from natural 
ecosystems and crop cultivation, manure and fertilizer application, rock weathering, and emissions from 
households, industry, urban areas, fossil fuel combustion, and electricity generation. Some sources are 
represented in the model by one variable. For example, N input from lightning, fossil fuel combustion and 
electricity generation are assumed to be represented by emission data for atmospheric deposition of 
reduced (NHy) and oxidized N (NOx). N emission from rock weathering, biological N fixation in natural 
ecosystems and agricultural land are lumped under an estimated value for background N emissions. In the 
model, N emissions due to lightning and BNF are quantified by assuming that these sources lead to an fixed 
amount of N emissions to surface waters per area of natural or agricultural land. This approach was chosen, 
as data on individual emissions per N sources were difficult to quantify. Spatial distribution of emissions 
from biological N fixation with help of land cover maps on ecosystems types and crop types was not applied 
due to the high uncertainty involved. Quantification of N emissions from the sources that are represented 
by atmospheric N deposition is cumbrous and not required as the pathways and the overall emission to 
surface waters remain the same. 
In the model three different types of retention factors were applied to TN loads dependent on the area this 
load was emitted to. A retention factor was applied to TN loads that entered non-agricultural land surface 
areas, another retention factor was applied to the N load emitted to agricultural, and the third one 
representing instream retention that is applied to all emissions entering surface waters. A distinction 
between these three retention factors was made as literature gave different estimations on their values, 
which are discussed in section 3.6.4. The three retention factors were set at the same value for all 
catchments in the model.  This approach for the model structure was inspired by the models of de Wit 
(1999) and Grizzetti and Bouraoui (2006). Emissions that first enter soil (either in agric or non-agric areas) 
and possibly also enter groundwater before reaching surface waters will be further referred to as indirect 
emissions, and N emission that directly flow into surface waters will be further referred to as direct 
emissions. The model approach is schematically depicted in figure 8.  
 
 

 

 
Figure 8 - Model structure modified from De wit (1999) and Grizzetti and Bouraoui (2006). 
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The governing equation for the calculation of TN load is as follows: 
 
 Ntot = a* (Ndir + (b * Nin_non )+ (c * Nin_agr) ) 
 
Where: a = 1- fin 

 b = 1- fsg 
 c = 1- fagr 
 
And where: 

Ntot is the total nitrogen load at the catchment outlet (kg) 
Ndir represents all direct N emissions (kg) 
Nin_non represents the indirect N emissions emitted to non-agricultural areas (kg) 
Nin_agr represents the indirect N emissions emitted to agricultural areas (kg) 
fin is the in-stream retention factor (-) 
fsg is the soil-groundwater retention factor for N loads entering non agricultural areas (-) 
fagr is the retention factor which is applied to all N inputs to agricultural areas before reaching 

surface waters (-) 
 
 
The TN concentration at the outlet can be calculated from the total nitrogen load Ntot and water discharge 
(Q) as follows: 

 C = (Ntot * 1000 ) / Q 

Where:  
- C is the average annual TN concentration (mg l-1) 
- Ntot is total dissolved nitrogen (kg) 
- Q is the water discharge (m3) 
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3.6.3 Quantification of N emissions  
In this section a general overview is given on the methods and data that were used for quantification of N 
emissions. A detailed description on the quantification methods and on metadata can be found in appendix 
4 and appendix 5, respectively. 
  

 
Figure 9 - Indirect and Direct Nitrogen emissions from sources and their pathways towards surface waters and 
the catchment outlet. 
 

 Emissions from industry 
Emissions from industry were quantified with a dataset from the website of the European Pollutant 
Emission Register (EPER, 2001) which is a dataset that contains data on N emissions of industrial facilities 
that emit more than 50.000 kg N per year. This data set covers the EU-15 member states, Hungary and 
Norway and represents emissions data of the year 2001. Information used from this dataset was the total 
amount of N emitted per facility, the location of the industrial facility in geographical coordinates, and the 
emission type. The emission types are distinguished between emissions to air, directly to water, and 
indirectly to water (via land). Emissions labelled as ‘water direct’ in the dataset are assumed to flow directly 
into surface water while ‘water indirect’ treated as indirect emissions to non-agricultural soil in the model. 
Inherently, emission data is missing in the EPER due to the threshold of 50.000 kg N that before N emissions 
are registered. Comparing data from the Dutch Emission Register (ER) and EPER data on Dutch industrial N 
emissions, the ER data gave N emission (95 Gg N) that were more than ten times the amount as the amount 
that was registered in the EPER (6.6Gg) for the Netherlands. In the model data from EPER is multiplied by a 
factor 7 in the entire modelled area. It is recognized that this data has high uncertainty on the ‘real’ 
industrial emissions and suggestions for data improvement are given in the discussion.   
 
 

 Emissions from households 
Household emissions were estimated from population data and an assumed value for the average N 
emission per persons for people in Europe. Population data was available on a 30 x 30 min scale covering 
the pan-Europe area  from the Centre for Environmental Systems Research (CESR, 2007), and estimations of 
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N emissions per capita were derived from literature which ranged from 9 -  18 g N day-1 (De Wit, 1999; Van 
Drecht et al., 2003) At first the guideline value of 12 g N cap-1 day-1 by OSPAR was used, but this changed 
into 11 after calibration. It was assumed that per capita emissions was the same over in all regions. 
Three different pathways of transport of household N emissions to surface waters were described in the 
model: 1. households connected to the sewage system, of which the waste was treated in a WWTP 2. 
households connected to a sewage system of which waste water was not treated in a sewage system, and 
was directly emitted to surface water, and 3. households not connected to a sewage system The third type 
of households will be further referred to as scattered dwellings. Data on the connectivity of household to 
sewage system, the fraction of the waste water that is treated in WWTP’s, and percentage of waste water 
treated per treatment type was available per country from the SCENES database. This data was obtained 
from national statistics, the WHO, EUROSTAT, and UNICEF, and an overview of this data is included in 
appendix 6.  Table 2. below contains the percentage of N reduction that was assumed for the three various 
treatment types, and we derived from (Grizzetti and Bouraoui, 2006a). All emissions from scattered 
dwellings were assumed to enter the soil-groundwater system.  
 

TABLE 2 - FIGURE 8 - PERCENTAGE OF N REDUCTION IN WWTP’S PER TREATMENT TYPE. 
Treatment type % of N reduction

primary 15
secondary 30

tertiary 60
Modified from: (Grizzetti and Bouraoui, 2006a) 

 
 

 Emissions from agriculture  
Emissions from agriculture were quantified from estimations on N fertilizer and manure application rates 
and data on agricultural land cover per basin. Data on N fertilizer and manure application rates were 
obtained from visual estimation from two maps by Mulligan et al (2006). One map depicted fertilizers N 
application and the other depicted manure N application rates for EU-27 on a 10 x 10 km grid in kg N ha-1 
per agricultural area (AA). The estimated value ranged from 10 kg ha-1 yr-1 per AA for river basins in the 
north of Scandinavia and to up to 320 kg ha-1 yr-1 for the Weser river basin in Germany. Spatial information 
on agricultural areas was obtained from that was compiled by the CESR and combined the Corine land 
cover map (CLC2000)(EEA, 2007) and the Global land Cover Characterization database (USGS, 2007). This 
map distinguished between various natural land cover types and four different agriculturally related land 
cover types, which were ‘grassland’, ’cropland’, ‘fruit farms’, and ‘cropland/natural vegetation mosaic’. It 
was assumed that total N application rates are equal for all areas classified as grasslands, cropland, and 
fruit farms and is 50 % less for areas classified as ‘cropland/natural vegetation mosaic’. 
 
 

 Atmospheric deposition 
Atmospheric N deposition data is obtained from the website of the Co-operative Programme for 
Monitoring and Evaluation of the Long-range Transmission of Air Pollutants in Europe (EMEP) which 
contained 50 x 50 km gridded N deposition data for the year 2000. The pathways of atmospheric N 
deposition to surface waters are dependent on what land cover type (urban, natural, agricultural, water) N 
is deposited on as is visualized in figure 9.  
 

 Background N emissions 
Background N emissions were quantified from data on the amount of natural and agricultural allocated 
within a catchment  and a fixed N export parameter per (natural/agricultural) area. An estimation of 
background N emissions was made from data on 1. estimated value of background concentration of TN for 
European rivers 2. River water discharge from at the outlet of a catchment  3. The total catchment area for 
that same catchment. The estimation was done based on European background concentrations of NO3

-- N 
of 0.2 - 0.3 mg/l (Meybeck, 1982; EEA, 2001; Nixon, 2004) and Rhine characteristics with a river discharge of 
2300 m3/s and a catchment area of 160.000 km2. Assuming that NO3

-- N of 0.2 - 0.3 mg/l equals TN 
concentrations of about 0.3 - 0.5 mg/l, then estimated background N emission range between 1.4 -2.3 kg 
ha-1.  And assuming that 0.5 kg ha-1  of this background N emission is from natural atmospheric deposition, 
(which is  quantified together with non-natural atmospheric deposition under ‘atmospheric deposition’) 
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background N emissions from biological N fixation and rock weathering is estimated to range between 0.9 
to 1.8 kg ha-1. All vegetated areas like agricultural land and all natural areas are assumed to contribute 
equally to N loss per unit area, except for the areas classified as covered with snow and ice and barren or 
built up areas. These areas are assumed to emit no background N. Although it is recognized that N 
emissions from  rock weathering and from biological N fixation do not enter water directly, background N 
emission is treated as a direct emission in the model, as the emission rate is defined as the N emissions  of 
these sources to surface waters.  After calibration of the model the background N emissions rate was set at 
150 kg ha-1 yr-1.  
 

3.6.4 Quantification of retention factors 
In this section the three retention factor of the model are quantified. 

 Retention in soil and groundwater 
The soil/groundwater retention parameter (fsg) is assumed too lie between 0.3 and 1.0. This range is 
derived from the estimation by Kunkel et al., (2004) that in catchments with a subsurface of unconsolidated 
rocks, a factor 0.9 of the transported TN load is retained due to denitrification in groundwater before 
reaching surface waters. This fraction was 0.3 for catchment with a subsurface of consolidated rocks. The 
upper value of this range is derived from the graph by Stevenson (1986) which shows that if there is no 
excess nitrogen, then all nitrogen is retained within the soil/groundwater system and the retention factor is 
1. In the model soil and groundwater retention factor was set at 0.4 after calibration of the model.  

 
 Retention in surface water 

The instream retention parameter (fin) is based on literature data as described in section 3.3. and ranges 
between 0.10 – 0.50. This retention factor is assumed to represents retention due to denitrification, N 
sedimentation and re-suspension, vegetation N uptake and N release due to decomposition of organic 
matter. It is also assumed that this factor takes into account the effect of the presence of wetlands, 
reservoirs, lakes on these processes. In the model this instream retention factor was set at 0.1 after 
calibration.  

 
 Retention in agricultural soils (fagr) 

The range of N retention (fagr) for N inputs entering agricultural soils is derived from data from reports from 
Dutch agencies and was estimated 0.90 to > 95 (STOWA, 2008; 2009b; CBS and PBL, 2009c). At higher N 
emissions at the soils surface the retention fraction is expected to be lower excess N is higher and as crops 
have a maximum amount of N they can take up and the soil can get N saturated (Stevenson, 1986) as 
described in section 3.3.3. However, these retention estimations were derived from a country where 
agricultural N application are one of the highest in EU-27 (EEA, 2006) In this model one fixed value for this 
retention value was assumed to be representative for each river basin in the model area, and was set at 
0.95. In table 3. the value for all three parameters are presented.   
 
 

TABLE 3 – SETTINGS OF THE RETENTION PARAMETERS FOR THE TN CONCENTRATION MODEL 
retention parameter description Value in model 

fsg 
Retention of N entering in non-agricultural areas before reaching surface 
waters 0.4 

fagr Retention of N loads in agricultural soils before reaching surface waters 0.95 
fin Retention of N entering surface waters before reaching catchment outlet 0.1 

 

3.6.5 Quantification N emission  to water and from the catchment outlet. 
The amount of N that reaches the catchment outlet depends on the load emitted and the amount that was 
retained on the way since it was emitted, which depends on whether it was emitted directly or indirectly to 
surface waters according to the model structure as described above. N input from some sources like 
atmospheric deposition and households both have direct or indirect pathways towards surface waters. In 
this section a description is given on how the pathways of N loads from source to outlet are determined in 
the model. A schematic depiction of these pathways is given in figure 9  (section 3.6.3). 
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Direct inputs of N (Ndir) that are taken into account into this model are as follows: 

- household emissions from sewage systems without treatment (Nhh_dir) 
- urban emissions from sewage systems without treatment (Nur_dir) 
- households emissions led to a sewage system and treated in WWTP’s (Nhh_wwtp) 
- urban emissions from sewage system and treated in WWTP’s (Nur_wwtp) 
- emission via industrial waste water discharge (Nind_dir) 
- atmospheric N deposition onto surface waters (Natm_dir) 
- background N emissions from agricultural and natural areas (Nback_dir) 

 
Total direct N emissions to surface waters can then be calculated as follows: 

Ndir = Nhh_dir + Nur_dir +  Nhh_wwtp + Nur_wwtp +  Nind_ dir  +   Natm_dir  + Nback_dir   

Ndir represents the N load of all direct N emissions to surface waters within a catchment. All N loads are 
expressed in kg yr-1.  
 
Indirect inputs of N in non-agricultural (Nin_non) areas are:  

- urban runoff infiltrating into the soil (Nur_in) 
- industrial waste disposal to land (Nind_in) 
- emissions from scattered dwellings (Nsc) 
- atmospheric N deposition on natural areas (Natm_nat)  

 
Indirect N emissions to non-agricultural areas can be calculated as follows: 

Nin_non =  Nur_in + Nind_in + Nsc + Natm_nat  

 
Indirect inputs of N in agricultural (Nin_agr) areas are:  

- manure N application (Nman) 
- fertilizer N application (Nfer) 
- atmospheric N deposition on natural areas (Natm_agr)  
 

Indirect N emissions to agricultural areas can be calculated as follows: 

Nin_agr = Nman + Nfer + Natm_agr  

 

3.6.6 Data harmonization 
Data harmonization can be described as the adjustment of data with the aim to make them spatially and 
temporally comparable and consistent. Data sets can be inconsistent in a number of ways. For example, 
data can represent measurements obtained in different time periods (e.g. different year, season) or 
locations, and there can also be differences in the measuring methods applied like laboratory analysis 
methods, and difference in measurement density and frequency (Wahlin and Grimvall, 2008) 
In this research the datasets obtained represented annual averages except for the water discharge data. 
Water discharge data was given on a monthly scale and was transferred to annual values by summation of 
discharge values for all months of the year 2000. Data on population, atmospheric deposition were scaled 
down to match the model resolution. This was done with the help of ArcGis. Transfer of data on N 
emissions or population number to a different resolution is done while keeping the total mass balance, or 
population number intact.  When data is scaled up or down , the N load or population number is allocated 
proportionally to the change in grid cell area. Data that represent emission rates, like with the agricultural 
data, can be directly transferred without modification of the values as the emission rates stay the same at 
any spatial resolution.  All gridded data sets were set to the WGS -1984. For details on the projection see 
appendix 3. 
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3.7 Calibration and validation data 
Data that is to be used for validation of the model need to be representative for the year for which input 
data was provided and the temporal extent for which the output is generated is average TN concentration 
for the year 2000. Some monitoring data on TN concentration close to outlets of a number of river 
catchments were available from a water quality dataset of the EEA (WATERBASE, 2009), which contained 
measurement data from between 1995 -2007. This data was used for validation of the model. Some of the 
station from which monitoring data was used were some distance away from the river outlet (e.g. for the 
Oder). This  decreased the representativeness of the data. However, due to lack of alternatives the data 
was still used if the larger cities in the catchment and water bodies like lakes and wetland,  lay upstream of 
the monitoring location.   
The monitoring stations were checked on their proximity to the catchment outlet, was with done with the 
coordinates of the measurement locations and GoogleMaps. For quite a number catchment TN 
concentrations measurement data was not available, or was not representative for either the year 2000 or 
for the concentration at the catchment outlet. For these catchments literature was addressed to find 
representative monitoring data. Measured TN concentrations or estimated loads for the Po, Scheldt, and 
Göta were obtained literature sources and are listed in appendix 5 on metadata. During this research it was 
found that the data on N concentrations were usually measured for limited number of N-species and 
mostly for NO3

- as this is relatively easy to measure (Raat et al., 2004; Salminen, 2005; Saraiva et al., 2007). 
This raised the question whether TN concentrations could be estimated if data on concentration of N-
species were available. Klepper et al. (1995) used data on NO3

- concentration as validation data for TN 
concentration and assumed a ratio between TN and NO3

- of 0.7.  Other authors also stated that NO3
- usually 

was the dominant N species making up the TN load (Dumont et al, 2005; Mourad, 2008), which implies that 
NO3

- concentration can be used as some indicator for TN concentrations, and might serve as validation 
data. However, a number of studies on N speciation (Klepper et al, 1995; Willet, 2004; Mourad, 2008; Loos 
et al., 2009; Kessel et al, 2009) showed  that ratio’s of NO3

-, NH4
+ and DON varies strongly depending on N 

source types, season, and the prevailing conditions for N transformation. In these studies ratio’s of 
contribution of NO3

- to the TN load were found to vary from close to 0  to up to 87 %, and DON ratio’s 
varied from < 30 to 80 % in surface waters. Therefore it was concluded that data on concentration of NO3

-  
or other N species cannot be used model validation in this study.  
 
Calibration is the activity of tuning model parameter values, or estimated emissions values to make its 
outcomes better fit to measured data (Brimicombe, 2003) with the aim to reduce the uncertainty of 
parameters and compensate for errors in input data (Thielman et al., 2001). Calibration can be done with 
help of statistical approaches like the Monte Carlo procedure (Grizzetti and Bouraoui, 2006a) or manually 
by a trial-and-error approach. This latter approach, trial-and-error, was used for the calibration of the 
model built in this research. The model was calibrated for the Vistula river basin (Poland). This basin was 
chosen as it was positioned relatively central on the North –South line, and the station from which the 
monitoring data was obtained lay very close to the catchment outlet which would make the model output 
suitable for comparison with this monitoring data.  The model was calibrated for 5 different parameters. 
These parameters were the three retention factors for non-agricultural areas, agricultural areas and surface 
waters, and the values for background N emissions and N emissions per person. These parameters were all 
tuned within their uncertainty ranges as described in paragraph 3.6. The initial settings and the settings 
after calibration are listed in table 3.  
 

TABLE 4 PARAMETER SETTINGS BEFORE AND AFTER CALIBRATION.  
Tuned parameter  Initial settings Settings after calibration unit
fagr 0.90 0.95 - 
fsg 0.6 0.4 - 
fin 0.2 0.1 - 
Background N loss factors  100 150 kg ha-1 yr-1

Per capita N emission 12 11 kg cap-1 yr-1

Factor for multiplication of industrial 
N emissions 5  7  
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In complex models the effect of change of input values on output values is not always straightforward, for 
example due to feedback mechanisms. For these models a structural and step by step sensitivity analysis by 
adjustments of uncertain parameters is necessary to determine sensitivity of the model output to these 
factors. A sensitivity analysis for the TN concentration model would give different results per river basin. As 
a basic sensitivity analysis a source apportionment was conducted and this presented in figure 11 in section 
(3.8.2). This gives an indication of the contribution of each source to the total N emissions to water and 
from the catchment outlet. For catchments where agriculture is a major source, the catchment will be more 
sensitive to changes in setting influencing the amount agricultural emissions. A catchment where 
background N emissions are mainly responsible tor the TN is not as sensitive to  changes in settings for 
agricultural N emissions.  
 
 

3.8 Model results 

3.8.1 TN concentration  

In this paragraph the model result on calculated TN concentration per river catchment is presented. The 
model results are classified according WFD water quality status classification as shown in table 4.  

 
Figure 10 - Modeled average annual TN concentrations at river catchment outlets for the year 2000. 

 
TABLE 5 CLASSIFICATION OF WATER QUALITY STATUS OF SURFACE WATERS FOR TN CONCENTRATIONS  

colour status TN concentration (mg/l)

 

High < 0.5
Good 0.5 – 1.0

Moderate 1.0 – 2.2
Poor 2.2 – 5.0
Bad 5.0 - 18

According to the model results a ‘bad status’  for TN concentrations can be found in basins in North-West of 
Europe which include the Thames, Scheldt, Meuse, Seine, Weser, Elbe and the Oder river basins. Other 
river basins for which the surface water at the catchment outlet was classified to be of ‘bad quality’ were 
the Guadalquivir, Segura, and Jucar river basins (Southeast Spain), and the Central-Danube basin 
(Hungaria). All other modeled river catchments, depicted in yellow or orange in figure 8. came out the 
model to be of low or moderate quality concerning average annual TN levels at the catchment outlet.  
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3.8.2 Source apportionment  
The present model area is limited by the coverage of Europe by industrial data. The following figure takes 
into account a larger amount of river basins than for which TN concentrations are modeled and presents a 
source apportionment per river basin, without taking into account emissions from industrial activities. The 
fractions of the pie-diagrams are based on the contribution per source to the TN load at the catchment 
outlet. The sources that are represented are households, agriculture, atmospheric deposition and 
background N.  
 

 
Figure 11 - Contribution to TN concentration of surface waters at catchment outlets per source, per river catchment, 

excluding contribution from industrial emissions. 
 
In figure 12 the contribution of different N sources to overall TN emissions to surface waters is expressed in  
area specific loads. Highest loads can be found in North West European, the Po and the Guadalquivir river 
catchments. Lower areas specific N loads are found in catchment of the Northwest part of Spain and the 
Scandinavian, and also in the Dnieper and the Danube catchments. Area specific N load for The Thames, 
Scheldt, Meuse, Rhine and the Po are high mainly due to household and agric N emissions, which can be 
explained by the high population densities in these catchment and the high amount of fertilizer and 
manure N application. In the catchments lying in parts of Scandinavia like the Glomma, the Neva, and the 
Kemi the area specific input from all sources are relatively low, which can be explained by low population 
densities, less agricultural activity and smaller fertilizer and manure N application rates and agricultural 
input are very.  
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Figure 12 Contribution to TN emissions to surface water per source, expressed in area specific load. 

 



 28

3.8.3 Validation results 
The TN concentration model was validated for those catchment for which measured data was available on 
average annual TN concentration. The deviation between the modeled and the measured TN concentration 
values is depicted here as the ratio between modeled and measured value as shown in figure 13. The 
model was calibrated for the Vistula catchment, and therefore the fraction of modeled to measured is 1. 
Little deviation of model results is found for the Guadalquivir, the Po, the Rhone, and the Scheldt.  

 
Figure 13  Ratio between modeled and measured annual average TN concentration at the catchment outlets 
 
Results in figure 14 show that the model performance was good  for five out of the twelve catchments, as 
the modeled result for these catchments did not deviate from the measured ones for more than 20%, that 
was aimed for. The largest deviation in the model results was for the Guadiana catchment, where the 
model overestimated the TN concentrations by a factor 2.6. The largest underestimation found was for the 
Garonne by a factor 2.3. Modeled average annual TN-concentrations remained between the minimum or 
maximum measured values at the catchment outlets  for most catchments, as can be seen in figure 
3.7(a,b).  
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Figure 14  a) deviation of modelled results compared to measured TN concentrations;  b) modelled average TN concentration 
values compared to minimum measured concentrations; c)  modelled average TN concentration compared to maximum 
measured concentrations.  

4 Conclusion and Discussion 
The model performed well for about half of the catchments for which the model was validated, and for the 
majority of remaining catchment the model gave results that stayed within the maximum and minimum 
measured values for TN concentration at the catchment outlet. For a model with  simplistic representation 
of N transport pathways and transformation processes the model performance is reasonable.  
Theoretically the model could be used for scenario applications, as the most important function is to see 
the relative effect of the various socio-economic development scenario’s on TN concentrations in surface 
waters. However, only general variables can be changed in the model for scenario application like 
population number, waste water treatment efficiency in WWTP’s, and change in river water discharge 
related to change in human water consumption patterns. The model is not found suitable for estimating 
the effects of  measures like development of riparian zones, or estimating the net effect of various 
processes. For this type of application a more detailed description of individual N processes is required. This 
was not accomplished in this research project due to time limitations.   
For more consistency in the representation of N emissions in the model it is suggested to check the 
industrial data input into the model. This can be done by comparing model values on industrial emissions 
with data on industrial N emissions from other sources, such as national statistics. It is also suggested that 
EPER data on industrial emissions for 2004 is used. The reason for this is that 2001 was the first time the 
EPER was implemented. Using data from 2004, would lead to a larger coverage of the model (EU-27 and 
Norway, instead of EU-15 and Hungary and Norway), the reporting is expected to be more complete, and 
emission values for 2004 are expected to be sufficiently representative for the year 2000.  
Other data that can be improved are agricultural N emissions. Present estimation on agricultural and 
manure N emissions in river basins are relatively uncertain as they were estimated visually. Reducing 
uncertainty in data for agricultural emission estimates is relevant as agricultural N is a significant N source 
for most European river basins. Alternative fertilizer and manure N emission data can be found for example 
in Oenema et al. (2009), or alternatively from the FAO. 
Another adjustment that might improve emissions quantification concerns the methods used to quantify N 
emissions from households. It is expected that more accurate estimations can be made on household 
emissions and the N emission pathways by allocating N emission from scattered dwelling to rural areas, 
while relating households connected to sewage systems to urban areas. Households are a large contributor 
to overall N emissions to surface water, so improved estimation on these emission can lead to a better 
model performance or, in any case, to a better representation of ‘reality’.  
Another suggestion for improving model performance is to investigate how its performance changes when 
N retention is included in the model as a function of temperature, water surface area within a catchment, 
river length (available in Crouzet, 1999) or precipitation. These factors are suggested as data on these 
factors are relatively easy to collect on the scale of Europe. This approach would give a better 
representation of the N retention processes as temperature affects process rates, and river length and 
water surface area are indicators for water residence time affecting the time in which retention processes 
can take place.  
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APPENDICES 
 
Appendix 1 - Global Nitrogen stock 
 
RESERVOIRS 1016 kg % OF TOTAL

Biosphere  
 

Total Biosphere   0.028  0.0002  
plants (1  0.0015        0.000009   
animals (1  0,00002      < 0.000001 

humans (1  0,0000009     <<
 0.000001 

microbial biomass  0.0006   0.000004 
Hydrosphere  Total Hydrosphere  2.3  0.014  

Atmosphere  
Total Atmosphere  390  2.3 
N2  390  2.3  
N2O  0.00014   < 0.000001 

Geosphere 

Total Geosphere   16400     96.5 

 Soils and Sediments 
soils and sed. total   35 - 400   0.2 -2.4  
soil organic matter(2  0.015         0.00009   

 coal  0.007  0.00004 
 Crust   130 -1400   0.78-8.4  
 Mantle and Core     16000    94.1  

Reservoirs Total     17000  100  

Modified from: (Stevenson, 1986; Krug and Winstanley, 2002; ISWS, 2009)  
(1   source:  (Jenkinson, 2001) 
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Appendix 2 – Literature overview on estimations of catchment scale retention fractions: soil-
groundwater, instream and overall catchment retention. 
 
 

River basin 
Average 
instream 
retention % 

Aquifer 
retention % 

Overall 
catchment 
N retention 
% 

comments source 

Po 26    Palmeri et al., 2005 
Vantaanjoki     Grizetti et al.,2003 

Seine, Somme, Scheldt  20 – 50 
  Most retention took place in 

riparian zone Thieu et al., 2009 

Basins in northeastern 
Germany 18    Behrendt et al, 1999 

Basins in Finland 22    
Range of in-stream 
retention: 
0 – 68 % 

Lepistö et al., 2006 

Rhine river basin 21    De Wit, 1999 
Elbe river basin 42   De Wit, 1999 

Ahja River 10   
In June July, Nret-instream is 
70%, May –Septermber  no 
N retention 

Mourad, 2008 

Global  50   Galloway et al 2004 

Global 18   
‘’loss’ of N dependent on 
residence time and 
temperature 

Green et al. 2004 

Global 30  9  Bouwman et al, 2003 

Various basins Europe 9 -27    Grizzetti and Bouraoui, 
2006 

16 basins in USA   40 -60  Seiztinger et al., 2002 
Global  11  34   Van Breemen et al., 2002 

 
 
 



 37

Appendix 3 – Specifications of geographical projection of gridded data in the TN concentration model  
 
GCS WGS 1984 
Angular Unit: Degree (0.017453292519943299) 
Prime Meridian: Greenwich (0.000000000000000000) 
Datum:  D_WGS_1984 
Spheroid: WGS_1984 
Semimajor Axis: 6378137.000000000000000000 
Semiminor Axis: 6356752.314245179300000000 
Inverse Flattening: 298.257223563000030000 
Columns and Rows: 1000, 641 
Cell size X, Y: 0.083333, 0.083333 
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Appendix 4. – Detailed description of the TN concentration model for European river basins.  
 

 Atmospheric deposition: direct 
The direct component of atmospheric deposition is the deposition of N on surface waters, while N 
deposition on urban, agricultural and natural areas are considered as indirect N emissions (fig (A-1.2). 
   

 
 
Fig. A-1 Schematic representation of direct (a.) and indirect (b) atmospheric N emissions to  surface waters 
 
Quantification of direct N deposition on surface waters is done according to the following principle: 

  Natm_dir  = (Latm * Asw) 

Where Natm_dir is N input from atmospheric deposition onto surface waters (kg), Latm is the atmospheric N 
deposition per unit area (kg km-2), and Asw is the water surface (km2), 
 
Indirect atmospheric N deposition on urban areas follows the pathways as described under ‘urban runoff’ 
explained in below. Before atmospheric deposition on natural areas enters surface waters in the model, it is 
reduced with the retention factor for indirect emissions onto non-agricultural areas (fsg), while atmospheric 
deposition on agricultural areas is reduced with the retention factors for indirect emissions onto agricultural 
areas (fagr) as described is section 3.6.2 of this report.  

 
 Urban runoff 

The amount of N that can potentially runoff  from urban areas is quantified by calculating the atmospheric 
deposition on and the amount of N litter in urban areas which is assumed to be 4 kg ha-1 yr-1 (Behrendt et al., 
2002). The atmospheric deposition data is derived from the atmospheric N deposition map for the year 2000 
available from the EMEP-website. The data on location and size of urban areas in catchments is derived from 
a map of built-up areas which was available within the SCENES project, from the CESR.  
It is assumed that 50% of N in urban runoff enters the soil - groundwater system, 50 % goes into the sewage 
of which half is treated and half flows into surface waters untreated as depicted bellow. 
 

 
Fig. A-2 Pathways of emissions from urban runoff to surface waters 
 

ba
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The overall N removal efficiency of N from surface waters can be calculated as follows: 

 Rtot_X  = R1 * f1  +  R2 · f2  +  R3 * f3   

 
 
With:  
- Rtot_X  : overall N removal efficiency per country (X) 
- R1, R2, R3 :  N removal efficiency per treatment type (primary =1, secondary=2, tertiary =3)  
- f1, f2, f3 : fraction of the waste water entering sewage systems that is treated per treatment type (primary =1, 

secondary=2, tertiary =3) per country 
 
The distribution of the N load from urban runoff is calculated as follows:  
 
50% of N in urban runoff enters the soil – groundwater system: 
 Nur  * 0.5 = Nur_in    
25% flows directly into surface waters: 
 Nur * 0.25 = Nur_dir    
25% is treated in a WWTP plant: 
 Nur * 0.25 * (1- Rtot_X) = Nur_wwtp     
  
With:  
- Nur: total N emission from urban runoff  
-  Nur_in : indirect N emission from urban runoff  
- Nur_dir  : direct N emissions from urban runoff  
- Nur_wwtp: direct N emission from urban runoff after treatment in WWTP 

 
 
 Households  

In this section the quantification methods of N output from households connected to sewage systems is 
described. In this model concept the term ‘household’ will only refer to households connected to a sewage 
system, while scattered dwellings (3.6.4) is used to refer to unconnected households and is quantified 
separately under ‘scattered dwellings’. N emissions from households is either treated in waste water 
treatment plant (WWTP’s) or released to surface waters untreated. The fraction of the N emission that is 
treated, as well as the N removal efficiency during treatment differs per country. 
 

 
Fig. A-3 Pathways of household N emissions to surface waters 
 
First the treated and untreated fraction of household N emission is calculated, then the effective N emission 
per capita for those connected to WWTP is determined. With this information and data on population 
numbers the overall household N emission can be calculated per catchment.  
 
The fraction of household N emission that is treated or untreated is calculated as follows: 
 
fCT(countryx) =  (PC - PCU ) / 100   
fCU(countryx) = PCU / 100 
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With: 
- fCT_X : fraction of household waste water that is treated per country (X) 
- fCU_X : fraction of household waste water that is untreated per country (X) 
- PC : percentage of households connected to a sewage system  
- PCU : percentage of households connected to sewage, of which waste water is not treated. 
 
The effective N emission per capita for those connected (treated) to a WWTP in country x, is derived as 
follows:  
 
Ncap * ( 1 – Rtot_X ) = Ncap_CT_X 
 
 
With: 
-       Ncap_CT_X : effective N emission per capita for those connected (treated) to a WWTP per country (X) 
- Ncap, : N output per capita (g N day-1 cap-1) 
- Rtot_X : N removal per capita per country (X)  
 
Quantification of total effective household N output of both sewage (untreated) and WWTP’s (treated) per 
country lying within a certain catchment: 
  
(PopNo ·  ( fCT  · Ncap_CT   +  fCU * Ncap )) = Nhh_tot 

 
With: 
Nhh_tot : total N emission to surface waters, from households connected to the sewage system (treated + 
untreated) (kg). 
PopNo: Population number (-) 
fCT : fraction of people connected(treated) per country (≤ 1) 
fCU : fraction of people connected(untreated) per country (≤ 1) 
Ncap_CT   : effective N output per capita for households connected to WWTP, per country (kg yr-1).  
 
N emissions per river basins are calculated by adding up all household emissions for all grid cells lying in a 
river basin. River basins are are defined by a map that has unique ID numbers for all grid cells lying in a 
certain basin.   
 
 
 Scattered dwellings  

It is assumed that all waste water originating from scattered dwellings enters the soil/groundwater system. 
 

 
Fig. A-4 Pathway of N emissions from scattered dwellings to surface waters 
 
 Total N emissions from scattered dwelling (Nsc) is quantified as follows: 
 
PopNo * Ncap * ( 1- Pc ) = Nsc      
 
Where Nsc is N emissions from scattered dwelling (kg), PopNo is the population number in a catchment, Ncap 
is the N emission per capita (kg yr-1), and Pc is the fraction of the people connected to a sewage system.  
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 Industry 

For estimation of induatrial emissions the EPER dataset was used. In this dataset all factories are spatially 
referenced by coordinates that can be allocated to corresponding grid cells. Two pathways from industrial 
facility to surface waters are distinguished: direct emissions or indirect emissions via the soil and 
groundwater system. These two pathways are highlighted in figure A-5. In this model it is assumed that 
emissions as registered in EPER are one-seventh of the ‘true’ emissions, and therefore EPER emission loads 
(kg) are multiplied with 7.  
 

 
Fig. A-5 Direct input from industrial N emissions to surface waters  
 
 
 Agriculture 

Agricultural N emissions are estimated from maps on mineral fertilizer and manure application from 
Mulligans et al (JRC, 2009). If on the land cover map, a grid cell is classified as agriculutural land, then the N 
emission is calculated from the N application rate (manure + fertilizer) and the surface area the grid cell 
represents.  
 
1Nagr= Ax * Lagr 
 
Where Nagr  is the total N emission on a certain grid cell (kg), Ax is the surface area of a grid cell x (km2), and  
Lagr is the N application rate from manure and fertilizer which has a separate value per river basin (kg km2 yr-

1), To calculate agricultural emissions per river basin, a summation is done of all grid cell values per river 
basin for Nagr. 
 
 Background N loss 

 
Background loss of N is defined as N emissions resulting from biological N2 fixation and rock weathering. 
These N emissions are estimated from a fixed N emission rate per surface area that is classified as 
agricultural or natural land. This emission rate is estimated from following three factors: N concentration in 
major unpolluted rivers, the annual discharge of a certain river, and the size of the upstream catchment area 
of that river. According to Meybeck 1993 (as in Loos et al. 2009) the global maximum of N concentration in 
unpolluted major river is 0.2 mg/l.   
 

                                                 
1  Nagr  = Nfert + Nman   ; as in fig 9. in the report  
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A -6. Schematic picture to demonstrate the qualification method for background emissions.  
 
The following function was used to estimate background N emission rate per unit area:  
 
Lback  = (( Q * 1000 * 365 * 24 * 3600) * (Cback / 106) )/ Arhine

  
 
Where Lback  as the N emission rate from natural land in kg N km-2 yr-1, Q as the river discharge (m3 s-1), Cback 
as the estimated background TN concentration in European rivers mg l-1,  and Arhine as the size of the Rhine 
river basin upstream of Lobith (km2).  
 

 
A-7. Pathway of background N emissions as represented in the model 
 
Background N emissions are indirect N emissions in the ‘real’ world, but are treated as direct emissions in 
the model, as the  background N  emissions are estimated as N emissions per unit  area to water.  

 
Grid cells classified as to be covered by natural or agricultural land, background N emissions are assumed to 
occur at a fixed rate per unit area is the same for the entire model area. The total N load from background N 
emissions can then be calculated as follows: 
 
Nback = Ax * Lback 

 
Where Nback is the background emissions that reaches surface waters from a certain grid cell (kg), Ax  is the 
surface area represented by grid cell x (km2) that is classified as agricultural or natural area (except for 
natural areas covered by ice or snow, or classified as barren area), and Lback is the background N emission 
rate to water per surface area (kg km-2 yr-1)  
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Appendix 5 – Metadata of input, calibration and validation data used for the model 
 
 
Table 6 -  Overview of model input data  

Data Type Dataset  description 

Year(s),  
which   
data 
refers to 

comments Region unit Spatial 
resolution Source 

base data 
 

River basin 
boundaries boundaries of river basins 2000 same as in 

WaterGap3 pan-Europe - Polygons 
 CESR 

base data  Country borders 
of Europe 

unique grid cell ID 
appointed to all grid cells  
located in a certain 
country  

2000 same as in 
WaterGap3 pan-Europe - Polygons  

 CESR 

base data 
 

Map combined 
from CLC and 
GLCC maps  

Dominating land cover 
type per grid cell, with 
distinction between on 
natural land cover classes 
and cropland.   

2000 same as in 
WaterGap3 pan-Europe classes 5 x 5 arcmin. CESR  

Base data Built-up area Percentage of built-up 
area per grid cell 2000 same as in 

WaterGap3 Pan-Europe % 5 x 5 arcmin.  CESR 

base data Global Wetland 
Database 

lakes, rivers, reservoir 
surface, % per grid cell  < 2004 

available from 
the WWF 
website 

pan-Europe %  5 x 5 arcmin.  (Lehner and Döll, 
2004) 

drivers 
 Water availability 

water  quantity: model 
results from WaterGap for 
baseline scenario year 
2000. 

2000 output from 
WaterGap21 

major river 
basins m3/ month 5 x 5 arcmin CESR 

drivers 
 

Population 
density population density 2000 - pan-Europe no./ha 30 x 30 

arcmin CESR 

drivers 
 
 

Total N 
application on 
agricultural land 

 
total N application per 
AA* 

1997 
estimated from 
Mulligan et al 
2006 

EU -27 
kg N ha-1 yr-

1 per  AA 
 

Estimated 
per 
catchment 

JRC 

drivers 
 

Industrial 
emissions 

dataset with quantity and 
location of industrial N 
emissions 

2000 -
2004 

Only includes 
industry with N 
emissions larger 
than 50 metric 
tons a year.  

EU-15 metric tons 
per yr  

point data; 
locations 
specified 
with 
coordinates 

EPER-website 
(EPER_dataset_15-
08-2008) 

drivers 
 

Atmospheric 
deposition 
 

Atmospheric deposition of 
reduced and oxidized N 
per grid cell  

2000 modeled data EU-25 kg km-2 yr-1 50 x 50 km 
grid EMEP-website 

drivers 
 

Waste water    
treatment 
efficiency and 
connectivity to 
WWTP’s 

efficiencies for primary, 
secondary and tertiary 
treatment, per country 

1995 - 
2007 

for some 
countries based 
on estimation 

EU - 25 % per country 
WHO, UNICEF, 
EUROSTAT, OECD, 
national statistics 

parameter
s Retention factors Terrestrial and instream 

retention factors - 

No fixed number, 
but ranges 
derived from 
literature 

- % catchment 
scale 

Various authors 
(see 3.6.4) 

calibration  
data N concentration 

average annual TN 
concentrations  measured  
near catchments outlets 

1995 - 
2007 measured data Europe mg TN L-1 

point data; 
locations 
specified 
with 
coordinates 

(WATERBASE, 
2009) 

validation 
data N concentration  

average annual TN 
concentrations  measured  
near catchments outlets  

1995 - 
2005 measured data Europe mg TN L-1 

point data; 
locations 
specified 
with 
coordinates 

(WATERBASE, 
2009)literature; 
various authors 2 

*AA = agricultural area 
 

                                                 
1 It is expected that the output from WaterGap 3, with a spatial resolution of 5 x 5 arcmin and water availability adjusted for water 
consumption will be used in future versions of the model 
2 Po: Salvetti. et al 2006 – Göta:  Helcom 1998 – Scheldt: http://www.scheldeschorren.be/natuurtalent/p9.html 
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Appendix 6 - National statistics on connectivity to sewage, WWTP’s, and treatment type (primary, 
secondary or tertiary). This data was used for quantification of N emissions from households. Source: 
SCENES (unpublished)  
 

 

 
 
 
  
 


