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Scientific summary 
This study proposes a method for how a combination of a rootzone- and groundwater 
hydrological model can be used to make an assessment of the effects and related 
uncertainties of measures for reducing nitrate pollution to surface waters by means of 
constructing scenarios and simulating water- and solute transport through the rootzone and 
groundwater domain. In order to make an uncertainty analysis viable using a complex model 
system consisting of a quasi-coupled rootzone-groundwater conceptualisation based on the 
MIKE-SHE/DAISY model code, the fully distributed model concept must be simplified. By 
running the rootzone model and feeding simulation results into the groundwater model in a 
two step procedure, and by varying sensitive model parameters in a Monte Carlo fashion, an 
uncertainty assessment can be done. Of critical importance is capturing model input variation 
at the catchment scale. Variation at autocorrelation length scales at the order of magnitude 
of the Odense catchment are dominant as compared to field scale variability with 
autocorrelation length scales less than the grid scale of the groundwater model.  
 
The primary data used for the uncertainty assessment is plot- and catchment scale variability 
of textural composition and land management. The plot scale variability is used for a 
rootzone model parameter sensitivity analysis. A method is proposed for the assessment of 
uncertainty at the scale of the Odense catchment. This method involves the following 
procedure. An appropriate pedotransfer function that captures the variability of a larger set 
of well established PTFs is selected for the generation of the soil water release characteristics 
parameters and unsaturated conductivity function parameters. This is achieved by varying 
the PTF model coefficients in a Monte Carlo fashion and derive a set of hydraulic parameters 
for the average texture properties calculated for the Odense catchment. An estimate of 
catchment scale variance of slurry application is used for generation of sets of DAISY 
parameters related to fertilizer settings. The DAISY model is run for an extended period and 
DAISY generated output timeseries are propagated through the MIKE-SHE model. Finally, 
MIKE-SHE output timeseries are analysed for their statistical properties, which constitutes 
the final uncertainty analysis.  
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1 Introduction  

1.1 General  

1.1.1 The Water Framework Directive 
In 2000 the European Parliament and Council passed the ambitious directive 2000/60/EC 
establishing a framework for Community action in the field of water policy, known as the 
Water Framework Directive (WFD). The key objective of the directive is to achieve ‘good 
ecological status of Europe’s water resources by 2015’, including groundwater (article 1-d, 
purpose of the directive: “ensures the progressive reduction of pollution of groundwater and 
prevents its further pollution”).  
To achieve this objective a number of activities need to be carried out, leading to an 
Integrated River Basin Management Plan (RBMP) in 2009 (figure below). The river basin 
management and planning process prescribed in the WFD focuses on integrated 
management, involving all physical domains in water management, sectors of water use, 
socio-economics and stakeholder participation. As such, the WFD poses new challenges to 
water resources managers. The traditional physical domain specific and sectoral approaches 
need to be combined and extended to fulfil the WFD requirements. A major part of such a 
RBMP will be the programme of measures that needs to be implemented to achieve the 
objectives. 
Though the WFD’s focus lies on achieving ‘good ecological status’ of Europe’s water 
resources, it more broadly aims at sustainable water use, covering issues such as droughts 
and floods (article 1-e, purpose of the directive: “contributes to mitigating the effects of 
floods and droughts”). Two other relevant directives are currently in preparation: The 
Groundwater (WFD-Daughter) Directive and the Flood-directive. In addition to the measures 
required under the Water Framework Directive, the proposed Groundwater Directive 
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Visualisation of the time line of the WFD and its required activities and deliverables (CIS, 2003).
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introduces measures for protecting groundwater from indirect pollution (discharges of 
pollutants into groundwater after percolation through the ground or subsoil).  
In practise, the implementation of the WFD depends very much on our interpretation and 
knowledge of e.g. ‘good ecological status’, processes, cause-effect relationships, costs, etc. 
This knowledge is general is incomplete and uncertain: Hence, when making decisions this 
need to be acknowledged and taken into account. Developing new methods and tools to 
handle uncertainties in data and models is the primary objective of the HarmoniRiB project.  
 

1.1.2 The HarmoniRiB project  
HarmoniRiB is a Research and Development project carried out under, and sponsored by, the 
European Commission’s “Energy, Environment and Sustainable Development” programme, 
Key Action 1 “Sustainable Management and Quality of Water”, 1.1 Integrated management 
and sustainable use of water resources at catchment river basin or sub-basin scale, 1.1.1 
Strategic planning and integrated management methodologies and tools at catchment/river 
basin scale. 
As can be concluded from chapter 1.1.1 there is a clear and urgent need for developing new 
methodologies and tools that can be used to assist in implementing the WFD. The 
HarmoniRiB project aims to deliver some of these new tools, focussing on issues of 
uncertainties. 
The overall goal of HarmoniRiB is to develop methodologies for quantifying uncertainty and 
its propagation from the raw data to concise management information. The four specific 
project objectives are: 
• To establish a practical methodology and a set of tools for assessing and describing 

uncertainty originating from data and models used in decision-making processes for the 
production of integrated water management plans. It will include a methodology for 
integrating uncertainties on basic data and models and socio-economic uncertainties into 
a decision support concept applicable for implementation of the WFD;  

• To provide a conceptual model for data management that can handle uncertain data and 
implement it for a network of representative river basins.  

• To provide well-documented datasets, suitable for studying the influence of uncertainty 
on management decisions for a network of representative river basins and to provide 
examples of their use in the development of integrated water management plans.  

• To disseminate intermediate and final results among researchers and end-users across 
Europe and obtain and incorporate feedback on the methodologies, tools and the 
datasets. 

Thus, the HarmoniRiB project aims to support the WFD implementation, by addressing issues 
of uncertainty in data en modelling, and by developing a ‘virtual laboratory for modelling 
studies’. This virtual laboratory will comprise of a set of river basins, of which data relevant 
to modelling and the WFD, are readily available for the scientific community. The data can 
be used for comparison and demonstration of methodologies and models relevant to the 
WFD. 
 

1.2 The Odense basin - A summary description 

1.2.1 Geographical area 
Odense River Basin encompasses an area of 1,046 km2 and includes approximately 1,100 km 
of open watercourse and 2,600 lakes and ponds (>100 m2). The present landscape of Fyn 
was primarily created during the last Glacial Period 11,500 to 100 ,00 years ago.  
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Figure 1.1. The Odense River Basin (Fyns Amt, 2003) 
 
The most common landscape feature is moraine plains covered by moraine clay that was 
deposited by the base of the ice during its advance. The meltwater that flowed away from 
the ice formed meltwater valleys. An example is the Odense floodplain, which was formed by 
a meltwater river that had largely the same overall course as today’s river. The clay soil 
types are slightly dominant and encompass 51% of the basin, while the sandy soil types 
cover 49%. The moraine soils of Fyn are particularly well suited to the cultivation of 
agricultural crops. Agriculture has therefore left clear traces in the landscape. Deep 
ploughing, liming and the suchlike have thus rendered the surface soils more homogeneous. 
 

1.2.2 Brief description of problems 
Odense Fjord catchment is affected by impacts of excessive nutrients, pesticides and 
hazardous substances from the land, atmosphere and adjacent water bodies. Monitoring 
carried out by Fyn County Council since 1976 shows that the objectives as specified in the 
Regional Plan are still not obtained, neither for the open coastal waters, nor the adjoining 
shallow water areas, fjords and coves. Phosphorus input to the coastal waters have been 
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reduced by more than 75 % due to improved treatment of wastewater, compared with the 
period 1976-1987. Land-based nitrogen input has been reduced by 25-35 %. The 
environmental state of the majority of the lakes is not satisfactory. The lakes are affected 
primarily by nutritional sewage outlets from scattered settlements and diffuse runoff from 
agriculture. The environmental state is satisfactory in 60 % of the major streams in the 
catchment, whereas this is valid for 20 % of the minor streams. Wastewater from scattered 
settlements as well as bad physical conditions caused by among other things heavy-handed 
maintenance are the major causes to this. 
 
According to the EU-Water Framework Directive (WFD, 2000/60/EC) typologies, reference 
conditions and future objectives for each type of water body - rivers (here named streams), 
lakes, groundwater and transitional waters, have been established in the Odense river basin 
by Fyn County and is thoroughly described in Fyns Amt (2003).  
 

1.3 Objectives  
 
The main objective of the present Odense case study is to analyse uncertainties involved in 
the use of hydrological models for the assessment of nitrate pollution due to agricultural 
activities and its impact on groundwater resources. This objective requires the use of a 
combined rootzone- and groundwater model as well as cost-effectiveness considerations for 
balancing uncertainty in effects for the overall model predicted improvement of water 
quality, and uncertainty in economic consequences. 
 

1.4 Relevance for Water Framework Directive Implementation 
 
The content of this case study is very relevant for the implementation of the WFD. The 
directive states the goal that all waters in the EU should reach a good status by 2015. In 
order to achieve this goal the member states need to set up river basin districts, each one 
having a management plan that includes a programme of measures which will achieve good 
status in the most cost-effective manner. This involves an evaluation of different policy 
measures, both with respect to the effects of nitrate reducing measures as well as its 
economic consequences. Of special relevance to the implementation of the WFD, the Odense 
case study contributes to the assessment of the uncertainties involved in this process. 
Specifically, the case study demonstrates the various uncertainties related to using 
hydrological modelling tools for such assessments of policy measures.  

1.5 Reading guide 
 
This document describes the strategy, methodology and results for the Odense river basin 
case study.  
 
Chapter 2 provides an overview of the river basin and the decision problem as well as an 
overview of the data availability and previous model use. First a general overview is 
presented in section 2.1 where a description of trends in water consumption for different 
stakeholders in the catchment leads to a better understanding of pressures with regard to 
water quality and quantity. Subsequently, in section 2.2 the framing of the decision making 
process related to the implementation of the Water Framework Directive is elaborated and 
the question of reaching good status for water quality in water bodies discussed. Further, 
evaluation criteria on the basis of already conducted cost-benefit analyses for potential 
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measures to be implemented under WFD is reviewed and leads to the multicriteria matrix for 
nitrogen reduction measures in the Odense basin. Section 2.3 present a short overview of 
data availability, followed by 2.4 and 2.5 on previous integrated assessment models used 
and previous studies on the subject of uncertainty specifically targeted on the MIKE-
SHE/DAISY model complex used.  
 
Chapter 3 is on the conceptualisation of the model study including a short presentation of 
the rootzone model DAISY and the groundwater model MIKE-SHE as well as previous studies 
on environmental assessment by means of combining both models into a full scale model for 
the Odense catchment. Then an explanation and justification is provided on how the full 
scale model is modified, i.e. simplified, so as to enable an uncertainty assessment of 
implementation of measures to reduce nitrate loss using techniques discussed later. Finally, 
the important issue on spatial scale considerations and how these affect the uncertainty 
assessment is briefly discussed. Section 3.3 deals with the actual modified model setup of 
DAISY and MIKE-SHE and the sensitivity analysis for DAISY model parameters with respect 
to simulated nitrate leaching. Uncertainty of modelling nitrate leaching at the catchment 
scale is then discussed and a method proposed to deal with uncertainty at this scale by 
means of an assessment of uncertainty introduced by making assumptions on the 
representativity of pedotransfer functions for estimation of hydraulic (model) parameters as 
well as assumptions on variability in use of fertilizer at catchment scale. It is argued that 
farm/plot scale variability in soil physical properties is important at short length scales. 
However, at the scale of the entire catchment it is imperative to account for structural 
uncertainty represented by use of PTF models and catchment scale slurry application. 
 
Chapter 4 present the results of the uncertainty in output from the DAISY rootzone model, 
which is a prerequisite for the uncertainty assessment at the Odense catchment scale for 
which a method is proposed.  
 

2 The Odense basin 

2.1 General overview 

2.1.1 General 
 
The Odense Pilot River Basin project comprises Denmark’s contribution to the testing of a 
number of EU guidance documents relating to implementation of the Water Framework 
Directive (WFD). All relevant information in this respect is described in Fyns Amt (2003). 
Furthermore a description of the basin and the data availability is given in another 
HarmoniRiB report (van der Keur et al., 2006). 
 

2.1.2 Description of problems 

General overview: Pressures, Impacts, water competition related to the WFD  
 
Groundwater accounts for 95% of the water abstracted in the basin. Abstraction of surface 
water is primarily accounted for by industrial plants. The demand for water has been 
decreasing for many years. It is mainly consumption of waterworks water that has 
decreased. The figure for abstraction by single plants is an estimate as far as concerns 
households, and the precise trend is therefore unknown. As regards industrial single plants, 

 5



there is no clear trend; the same applies to abstraction for irrigation. The irrigation water 
consumption shows large variations from year to year due to annual fluctuations in 
precipitation. 
 
Trend in water consumption 
Water consumption is an essential indicator of water consumption. A projection of water 
consumption up to 2015 based on the trend in water consumption over the past few years 
shows a fall in water consumption that is expected to cease as a result of slightly increasing 
demand for water over the period. Thus a slight increase in demand is expected in industry 
and agriculture, whereas household consumption is expected to continue to fall as a result of 
the ongoing water saving campaigns. Various analyses of the susceptibility of this result to 
changes in the assumptions show, moreover, that it is unlikely that any major changes in 
water consumption will occur. Thus there is nothing in either household behaviour or in the 
expected development in the industrial and service sectors that can be expected to lead to 
substantial changes in water consumption in Odense River Basin during the period up to 
2015. The past trend in the amount of water abstracted is illustrated in Table 2.1, while 
Figure 2.1 shows the expected trend up to 2015. The amounts encompass both groundwater 
and surface water. 

Table 2.1. Trends in demand and abstraction volume of groundwater and surface water in 
Odense river basin. Intake of seawater from Odense fjord for cooling by Fynsværket CPH 
plant is not included (Fyns Amt, 2003). 

103 m3 water 1997 1998 1999 2000 2001 
Households – water works water 11538 10841 10578 10639 10209
Industry – water works water 3070 2885 2815 2831 2716 
Farms and market gardens – water works 2829 2658 2594 2609 2503 
Institutions and services – water works water 2588 2432 2373 2387 2290 
Households – own plant 1433 1433 1433 1433 1433 
Industry – own plant for irrigation 2637 2722 3035 3085 2864 
Farms and market gardens – own plant for 
irrigation 

3667 2566 2336 2878 2462 

Total 27763 25587 25163 25861 24478
 

  
Figure 2.1. Expected trend in water consumption by sectors up to 2015 (Fyns Amt, 2003). 
 
 
Trend for households 
With respect to households, a slight fall in water consumption is expected. Even though 
continued economic growth and ensuing wealth can draw in the direction of increasing water 
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consumption, increasing drinking water prices will counteract this. Increasing expenses to 
combat groundwater contamination will entail increasing prices. Regarding wastewater, 
pollution from sparsely built-up areas will be reduced. Approximately 10% of the households 
in the basin are not connected to the sewerage system. Discharges from all sources 
connected to the sewerage system, and hence to the treatment plants, are only expected to 
be reduced marginally. The wastewater treatment plants in the basin more than meet the 
current requirements concerning removal of organic matter, nitrogen and phosphorus (Fyns 
Amt, 2003). 
 
Trend for industry/services 
As with households, no substantial changes are expected for industry/services as regards 
water consumption or wastewater discharges. The only major change would be if the use of 
surface water from Odense Fjord for cooling by Fynsværket (thermal power plant) were 
changed. A proposal for a solution to this problem already exists. The expenses for solving 
the plant’s cooling water problems by separating the River Odense and the cooling water 
canal are estimated to DKK 10 million.  
 

2.2 Framing the decision making problem 
 

2.2.1 Good status reached or failed? 
 
General 
Odense Fjord catchment is affected by impacts of nutrients, pesticides and hazardous 
substances from the land, atmosphere and adjacent water bodies. Monitoring carried out by 
Fyn County Council since 1976 shows that the objectives of the Regional Plan for the 
catchment are not yet obtained, neither for the open coastal waters, nor the adjoining 
shallow water areas, fjords and coves. Phosphorus input to the coastal waters have been 
reduced by more than 75 % due to improved treatment of wastewater, compared with the 
period 1976-1987. Land-based nitrogen input has been reduced by 25-35 %. The 
environmental state of the majority of the lakes is not satisfactory. The lakes are affected 
primarily by nutritional sewage outlets from scattered settlements and diffuse runoff from 
agriculture. The environmental state is satisfactory in 60 % of the major streams in the 
catchment, whereas this is valid for 20 % of the minor streams. Wastewater from scattered 
settlements as well as bad physical conditions caused by among other things sub-optimal 
maintenance are the major causes to this. According to the WFD typologies, reference 
conditions and future objectives for each type of water body - rivers (here named streams), 
lakes, groundwater and transitional waters, have been established in the Odense river basin 
(Fyns Amt, 2003).  
 
Rivers 
Fyn County’s current Regional Plan stipulates a future quality objective stating the use for 
which each stream should be suitable. Whether a stream fulfils its quality objective is 
determined biologically from the fauna class (Danish Stream Fauna Index, DSFI). Since the 
fauna class at a given location can vary from year to year, among other reasons due to 
differences in precipitation and runoff, the objective is only considered to be fulfilled if the 
minimum fauna class requirement has been met for at least five consecutive years. Under 
the provisions of the WFD, streams have henceforth to be subdivided into five classes of 
ecological status. The objective here is that all streams should achieve good ecological status 
by 2015, while at the same time preventing deterioration in the existing status. A simple and 
manageable means of converting to the new system is to initially continue to employ the 
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macro invertebrate fauna to assess fulfilment of the objective. This is not without problems, 
though, as the DSFI employs a 7-step scale and the WFD a 5-step scale. Moreover, the WFD 
prescribes the use of considerably more quality elements, including both physicochemical 
elements and other biological elements. In order to determine what consequences this can 
have, a more detailed analysis has been made of data from 103 monitoring stations in Fyn 
County for which more detailed information is available, for example on land use and 
physicochemical and biological conditions. Regarding size and fauna class, the stations 
turned out to be reasonably representative for the whole regional station network, as well as 
for the station network in Odense River Basin, although, as mentioned earlier, the smallest 
streams are under-represented in the monitoring. The analysis encompassed an initial 
selection of the strongest descriptive variables in the data set and subsequent statistical 
analysis of these variables. From this it is apparent that there is a positive correlation 
between the selected biological variables and stream size, the presence of natural, varied 
physical conditions in the stream and the presence of woodland around the stream, 
respectively. Correspondingly, there is a negative correlation to the degree of anthropogenic 
pressure described by land use for agriculture, stream regulation and input of easily 
metabolically organic matter (BOD5) and nutrients from the surroundings, respectively. It 
should be noted that even though BOD5 is of relatively minor significance in this data set, an 
analysis of small streams alone would show that its significance for biological conditions is 
considerably greater (Fyns Amt, 2001). 
 
Lakes 
Due to the lack of knowledge it will be difficult to establish reference conditions for many of 
the lake types. None of the lakes in Fyn County can be said to hold reference conditions as 
they are all more or less affected by enhanced nutrient loading. New investigations of a 
deeper drill core show that the phosphorus content was also high before 1850. The lake is 
apparently naturally eutrophic, probably as a result of the inflow of phosphorus-rich water 
from naturally phosphorus-rich soil layers. In 2002, the phosphorus concentration was 0.172 
mg/l. Lake Arreskov is encompassed by international protection, EC Habitat and EC Bird 
protection sites. In this area “favourable conservation status” has to be achieved for certain 
species of aquatic plants and birds. 
 
Groundwater 
The WFD does not directly specify criteria for assessing the quality of the groundwater. The 
criteria have been subsequently specified in the Groundwater Directive. In Fyn County an 
objective has been set regarding the pesticide content of the groundwater, namely that 
pesticides and pesticide metabolites may not be present in the groundwater. Among other 
things, the background for this objective is that it must be possible to base the drinking 
water supply on uncontaminated groundwater. Fyn County has also set an objective for the 
nitrate content of the groundwater, namely that the nitrate content may not exceed 25 mg/l 
in nitrate-contaminated groundwater zones in the identified groundwater bodies (Fyns Amt, 
2005). This differs from the criteria established for assessing good chemical status of 
groundwater in the Groundwater Directive, namely 0,1 μg/l for pesticides and their relevant 
metabolites, and 50 mg/l for nitrate. The overall assessment is that in view of the pressure 
of land use and nutrient loading many of the aquifers are at risk of failing to meet the 
objective set and must therefore be considered to be at risk. The aquifers therefore need to 
be characterized further in order to more precisely determine the magnitude of the risk. 
 
Transitional waters 
Nutrient loading of the fjord from anthropogenic sources is high due to the large size of the 
catchment (1,060 km2), which corresponds to one third of the area of the entire island Fyn 
and is characterized by intensive agricultural production and a high population density. Thus 
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in 2001, for example, total loading from the catchment and the atmosphere amounted to 
approximately 32 g N (or 2.3 mol N) and 0.88 g P (or 0.03 mol P) per m2 of fjord, with 
atmospheric deposition only accounting for 5% or less. Given this high level of loading, 
Odense Fjord can be characterized as a eutrophic water body. Both national and local 
initiatives initiated in the late 1980s have helped reduce this high level of loading, and the 
point-source dominated P load has since been reduced to about 15% (or by about 85%). 
The N load, which is predominantly attributable to diffuse loading from farmland, has only 
been reduced by about 35%. 

 

2.2.2 Case study focus on one or two problem fields 
For the Odense basin, the main overall problem is the pollution (eutrophication) of the 
Odense Fjord (transitional water) as a result of pressures, nitrate load from agricultural land 
and phosphorus from wastewater. The focus of this study is on uncertainties associated to 
the assessment of measures for reducing the nitrate load.  

 

2.2.3 Identifying the decision maker(s) 
The decision maker with regard to taking measures for reducing nitrate pollution in the 
Odense Fjord is Fyn County. After January 2007 this authority will be transferred to the 
national government (ministry of environment) as a result of a major reform of the 
administrative structure in Denmark.  
 

2.2.4 Objective 
The objectives of this case study is i) to prepare a framework for the assessment of 
uncertainty related to the use of a combined rootzone and groundwater hydrologic model for 
the analysis of different measures leading to a reduction in nitrate leaching at catchment 
scale in order to comply with the WFD goals, and ii) to discuss the uncertainty related to 
cost-effectiveness of such measures  
 

2.2.5 Evaluation criteria 
For a formal decision analysis and decision support the objectives need to be transferred and 
operationalized to evaluation criteria. A criterion is understood as an instruction for 
measuring the degree of reaching the related objective. In this section two coarse categories 
of criteria for the evaluation of management measures are followed: i) Effectiveness (with 
respect to reaching the good status) and ii) costs. Below the effectiveness of measures 
related to i) tax regulation and ii) landuse are evaluated for their cost-effectiveness as an 
evaluation criteria. 
 
Tax regulation 
While administrative regulation and set-a-side are well known and used measures of 
regulation, taxes have not yet been used in order to regulate the usage of nitrogen in 
agriculture. Jacobsen et al. (2004) analysed the effects of a tax on the nitrogen surplus 
imposed at the sector level. When using a tax on nitrogen surplus all nitrogen supplied to 
agriculture is taxed and all nitrogen sold from the farm is subsidised, so that only the net 
nitrogen loss is taxed. In the analyses, it is assumed that a tax will replace parts of the 
current administrative regulation, namely nitrogen norms and requirements related to the 
utilisation of nitrogen in animal manure. The requirement regarding the relationship between 
the number of animals and the farmed area is maintained. Calculations show that a 
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replacement of the administrative regulation will require a tax of approx. € 0.4 per kg N. It is 
estimated that this change would reduce costs by € 8-9.3 million whilst still obtaining the 
same environmental goal. In welfare economic prices this is equivalent to € 10-12 million. 
The estimate is uncertain and is expected to be a lower estimate of the actual gain. The 
sector economic analyses show that a tax of € 0.53 per kg N will cost approx. € 1.73 per kg 
in reduced N-leaching, if the revenue is transferred back to the agricultural sector. A tax of 
€1.1 per kg N will lead to costs of € 2.3 per kg N in reduced leaching, while a tax of € 1.6 
(300 %) will cost € 2.7 per kg in reduced N-leaching. The latter estimate is very uncertain as 
high tax levels might lead to substantial behavioural changes, which might increase set-a-
side due to negative income. A tax of € 1.6 per kg N is expected to decrease the N-leaching 
by 10 % compared to full effect of the previous national plan for the aquatic environment 
(VMP2). The total annual cost in this case is estimated at € 56 million with the revenue 
transferred back to the agricultural sector.  
 
Measures related to land use 
It is estimated that the development in livestock and area usage towards 2010 will lead to a 
minor reduction in Nitrogen surplus. The economic calculations show that reallocation of 
current cover crops or establishing more cover crops, changed feeding and more wetlands 
are the cheapest administrative measures. On the other hand, measures like increased set-a-
side and grass schemes as well as reduction in livestock are expensive measures. The 
estimated cost effectiveness is entirely based on costs in relation to nitrogen leaching. The 
total costs of reducing nitrogen leaching by 10 % in relation to the full effect of VMPII using 
administrative measures, is € 48.7 million which is equivalent to € 2.8 per kg in reduced N-
leaching. The cost is a little lower than the use of taxes, but this is due to relative 
inexpensive measures like replacement of cover crops, which is not included in the 
ESMERALDA model (Jacobsen et al., 2004) analysis. Therefore the costs of using levies 
might be overestimated. Furthermore, the effect of taxing on N-leaching might be 
underestimated as expected technological changes is not included. A reduction of 25 % costs 
€ 200 million, when the most cost effective combination is used, whereas a reduction of 50 
% cannot be achieved with the measures included in the analysis. To reach such a 
reduction, a significant reduction in both livestock and the agricultural area is expected, 
which is why both the economic and environmental impacts are very uncertain.  
 
Welfare economic analyses 
The welfare economic analyses, which depict the costs for society, show that taxation (N-
surplus model) is the most cost effective measure. This result is supported by previous 
research in this area. Among the administrative measures, cover crops are the most cost-
effective, while taking land out of production leads to a high welfare economic loss. From a 
national point of view, a very cost effective scenario is set-a-side within the EU agricultural 
policy, as the compensation is financed through EU hectare premium. In the welfare 
economic analyses, the cost-effectiveness is calculated both with and without inclusion of the 
additional effects covering emissions of CO2 and NH4. The value of additional effects, such as 
the recreational value has not been included. The value of the additional effects varies with 
the different measures from € 0.3 to 1.7 per kg in reduced N-leaching. The value of 
additional effects related to taxation and reduced fertiliser norms are approx. € 0.8 per kg N, 
while the value of reducing livestock is almost € 3.3 per kg N in reduced leaching. The 
calculations show that the welfare economic ranking of the different measures is unchanged 
by the inclusion of additional effects. The analysis of the administrative costs for the 
agricultural sector, government, county and municipality show that the costs for the sector 
with respect to fertiliser plans and accounts constitute € 10.6 million yearly. This is 
equivalent to a yearly cost of € 253 per Danish farmer. On top of that there are costs related 
to area measures, like wetlands, of € 0.26 million yearly. The total cost for the authorities is 
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€ 17 million, of which € 3.33 million are related to fertiliser accounts, € 6.1 million related to 
the inspection of the farm made by the municipality and the rest is area-related activities 
such as the creation of wetlands, forest etc. For the latter measures, the average 
administration costs for the authorities and the sector constitute just over 8 % of the total 
amount paid in compensation. The yearly costs related to fertiliser accounts are 
approximately twice the costs related to area-related measures. The inclusion of 
administrative costs increases the costs of using fertiliser norms. On the other hand a 
change in the regulation, e.g. lower fertiliser norms or the introduction of phosphorus norms, 
is possible without major additional costs. A change from fertiliser accounts to taxation (N-
surplus model) will perhaps reduce the administrative costs if N-fixation is not included. The 
inclusion of N-fixating crops (e.g. clover and peas) would increase the administrative costs 
leading to the overall administrative costs of taxation being higher than the costs related to 
fertiliser accounts. The sector costs related to fertiliser accounts will remain almost 
unchanged, as taxation on nitrogen will also require detailed fertiliser planning at the farm 
level. 
 
Costs calculation for Odense Fjord 
For the Odense Fjord catchment area, an analysis of the costs of achieving a reduction in the 
nitrogen loss to the Fjord by 300, 600 and 1,200 tonnes N respectively have been calculated. 
A reduction of 1,200 tons is equivalent to a reduction in N-losses to Odense Fjord of 
approximately 60 percent. The calculation is based on the measures proposed by the 
Scenario group, which is another of the groups involved in establishing the technical 
foundations for the third national plan for the aquatic environment (VMP3). The costs of 
reaching the three levels of reduction are approximately € 1.3, 3.6 and 8.5 million, or € 3.5, 
4.7 and 5.1 per kg in reduced nitrogen leaching. Related to the nitrogen loss to the Odense 
Fjord, the costs are between € 4.9 and € 8.1 per kg N at the three levels. In the case where 
the most cost-effective measures are used (mainly cover-crops and wetlands), the costs can 
be halved. Using set-a-side as the sole measure, the costs constitute € 4.9-10.5 per kg N in 
reduced N-loss to the Fjord. The cost of reducing nitrogen leaching in Odense Fjord are 
lower than in the national analyses, as the calculated costs related to wetlands are based on 
an estimate of the actual costs for specific farms, whereas the national cost is based on 
subsidies needed to achieve voluntary agreements. Typically, the compensation using 
voluntary schemes will be higher than the direct cost for the farm in order to provide the 
necessary incentives. Based on the sector- and welfare economic analyses, it can be 
concluded that taxes are more cost-effective than administrative measures. An exchange of 
the present administrative system with a system based on taxation will lead to cost savings 
at the national level. The analysis also points out that large reductions in nitrogen leaching 
are very difficult to achieve using taxes or reduced fertiliser norms alone. In this case, large 
reductions in the agricultural area are also needed. Using set-a-side would have to be 
targeted regionally to achieve the most cost-effective implementation 
 

2.2.6 List of potential measures 
Various measures to reduce nitrate leaching to the Odense Fjord were considered in the 
VMP3 preparatory studies. This requires a comparison of the cost-effectiveness of different 
measures leading to a reduction in nitrate leaching. Such a comparison is a very complex 
task, which requires integration of economic and environmental models. Several types of 
economic models have been used. In order to estimate the sector economic consequences, 
Jacobsen et al. (2004) adopted the ESMERALDA model from the Danish Research Institute of 
Food Economics. At the farm level, the income has been modelled based on farm 
characteristics for the selected farms. Furthermore, calculations of the administrative costs 
for the agricultural sector and the government have been included. To assess the costs for 
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society as a whole, welfare economic calculations have been undertaken, where the 
additional effects related to environmental goals have also been included. The problem 
identification and determination of objectives lead to a list of evaluation criteria. 
Considerations about potential actor- and environment-related measures and combinations 
of different measures to alternatives bring out a list of alternatives. The result of the problem 
framing can be summarized in a multicriteria matrix where the head row contains the 
different criteria and the head column contains the different potential measures for the 
Odense catchment (Table 2.2) 
 
Table 2.2 Multicriteria matrix for measures to reduce nitrogen loads to Odense Fjord, their 
assessed effects and associated costs (SNS, 2003). 

Measure Area - ha  
(% agric. 
area) 

Reduced 
Leaching 
from root 
zone 
(Tons N) 

Reduced 
loading to 
Odense 
Fjord 
(Tons N) 

Cost / Cost 
effectiveness 
(k€ / €/kg N 
removed) 

20 % reduction on national N-
fertilizer quota 

 508 254 1355/5.30 

Wetlands in River Valleys 4000 (5.7 %) 400 400 1547/3.90 
New forest on cultivated areas 5000 (7.1 %) 214 112 1867/16.70 
Catch crops: increased use on 
areas with manure 

5000 (7.1 %) 185 93 174/1.90 

10 % higher utilisation of N in 
all manure 

 148 74 74/5.30 

17 % reduced livestock 
production (10000 LU pigs) 

 108 54 2160/40 

Reduction in cultivated area 
(urbanisation) 

1470 (2 %) 57 29 - 

Organic farming – increased 
area 

2500 (3.6 %) 50 25 957/38.30 

Catch crops: optimised use of 
existing catch crops 

3200 (4.6 %) 38 19 0/0 

Total reduction and total costs  1600 1060 8400/7.90 
 

2.3 Data availability overview 
 
Data for the Odense catchment has been uploaded to the HarmoniRiB database. Data is 
categorised for objects (climate stations, river stations, groundwater reservoirs, lakes and 
transitional waters) and their attributes, such as precipitation, discharge, chemical 
compounds and others). An overview of objects and attributes uploaded for the Odense 
catchment is shown in Table 2.3. This table serves as an example and is not exhaustive. An 
important attribute is the associated uncertainty (not shown). Some of the data uploaded 
has actually been used for the case study, e.g. climate data, while others are not and serve 
as a data repository for future scientific projects. Also, other data types not uploaded to the 
database have been used for the case study, e.g. soil physical properties at various depths 
for parameterisation of the DAISY rootzone model. 
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Table 2.3. Overview of data uploaded to HarmoniRiB database. The table serves as an 
example and is not complete. 
Data type  Uploaded Retrievable 
 

Temporal 
resolution  QA 

Spatial 
data 

Meteorological 
data 

     

Precipitation daily 7 7 N 
Temperature daily 1 1 N 
Evaporation, Ep daily 1 1 N 
Solar Radiation daily 1 1 N 
Relative Humidity daily 1 1 N 
Wind Speed daily 1 1 N 
Wind Direction daily 1 1 N 
Rivers      
Hydromorphological/hydrological regime  
Surface water discharge daily 2 2 N 
…      
Physical-Chemical     
Temperature weekly 4 4 N 
Dissolved Oxygen every 14. Day 4 4 N 
Electrical conductivity weekly 3 3 N 
pH weekly  4 N  
Total nitrogen weekly 4 4 N 
Ammonium weekly 4 4 N 
Total Phosphorous  4 4 N 
…    N  
Pesticides    N  
Phenanthrene ~ Monthly 2 2 N 
Dichlorophenoxyacit ~ Monthly 2 2 N 
2,6-Dichlorbenzamid ~ Monthly 2 2 N 
Dichlorethan ~ Monthly 2 2 N 
Bromoxynil ~ Monthly 2 2 N 
Benzo(a)pyren ~ Monthly 2 2 N 
Benz(ghi)perylen ~ Monthly 2 2 N 
…    N  
Heavy metals    N 
Dissolved Cd  1 1 N 
…      
System Characteristics    
Terrain model    Y 
Soil characteristics    Y 
Soil types     Y 
 
Data availability and associated uncertainties are documented in Odense River data report 
(van der Keur et al., 2006) 
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2.4 Overview of previous model use in the basin 
 
Many modelling studies have been carried out in the past. Comprehensive modelling efforts 
comprising three-dimensional hydrodynamic and water quality modelling have been made for 
the Odense Fjord itself. The basin modelling has been carried out both with a focus on 
groundwater conditions and on runoff and nutrient loads (Nielsen et al. 2004). Several 
nutrient models are being tested on the Odense catchment under the EUROHARP project 
(http://www.euroharp.org/toolbox/qt2.php). 
 
As part of the National plan for the aquatic environment (VMP3) preparatory studies, a 
comprehensive model was established for simulation of nitrate leaching from the Odense 
Fjord Basin (Nielsen et al., 2004). The selected codes behind this VMP3 model is MIKE 
SHE/DAISY (Styczen and Storm, 1993) 
 

2.5 Previous studies of uncertainty 
Prediction of nitrate transport from agricultural fields to the Fjord outlet is associated with 
large uncertainty in input parameter values and model structure. The latter is usually 
considered much larger than the first (e.g. Carrera & Neuman, 1986; Refsgaard et al., 2006). 
Thorsen et al. (2001) followed up on a study by Refsgaard et al. (1999) and Hansen et al. 
(1999) on catchment scale modelling of nitrate leaching from the rootzone taking into 
account scale aspects for the Karup and Odense basins in Denmark. Thorsen et al. (2001) 
applied the MIKE-SHE/DAISY code to the Karup basin in the western part of Denmark using 
Monte Carlo techniques for an assessment of model input parameter uncertainty for 5 key 
parameters known to be of importance for water balance, nitrate leaching and 
transformation: precipitation, soil hydraulic properties, soil organic matter content, slurry 
composition and depth of the nitrate reduction in the aquifer. They concluded that soil 
hydraulic properties (as related to soil texture), soil organic matter (SOM) and slurry 
composition contributed significantly to the simulated variation in the model output related 
to the nitrogen balance. Uncertainty introduced by precipitation influenced the water balance 
but not the nitrogen balance. Instead, precipitation intensity and timing are assumed to have 
great importance. Uncertainty in model structure was not considered.  
 
Nielsen et al. (2004) set up the VMP3 hydrological model for the Odense Pilot River Basin, 
which is the basis for the modelling of the present case study. They discuss the key sources 
of uncertainty in the hydrological model simulations with respect to nitrate transport/loss and 
list the following uncertainties of particular interest for the present case study.  

The rootzone model (DAISY): 
• Upper boundary condition: Grid-averaged 10 km x 10 km precipitation is used as 

input instead of point rainfall data. Grid averaged rainfall at the 10 km x 10 km scale 
probably does not reflect the dynamics of the point precipitation with respect to 
amount, intensity and timing. 

• Lower boundary condition: average groundwater head for one year derived from the 
9-layer national groundwater-model (DK-model) were used as the lower boundary 
condition for the entire simulation period. Both the rootzone model and the 
groundwater model include routing through drains. As a result this leads to delay of 
the discharge peaks due to the fact that drain water must pass through both 
drainage systems. 
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• Aggregation of many DAISY simulated soil profiles as a weighted average for input to 
a groundwater model grid (500 m x 500 m). This leads to too much averaging and 
thus a loss of variability and dynamics of the simulated results. 

• Soil physical parameters (including soil organic matter content) that characterise soil 
hydraulic conditions are averaged to the grid level as well as crop physiological 
parameters and fertiliser management all of which have an impact on nitrate leaching 
from the rootzone to the groundwater zone. 

The groundwater model (MIKE-SHE): 
 

• The model’s ability to correctly describe pathways through geological layers is limited 
by the resolution of the underlying geological interpretation and cannot be assumed 
very good at the fine (500 m) resolution. In addition the location (depth) of the 
interface between the upper oxic and the lower reduced zones is rather uncertain. 
Hence, the nitrate reduction in the underground that takes place when water is 
transported through reduced aquifer zone on its route from the root zone to the 
stream is simulated with considerable uncertainty. 

 

3 Physical Impact Analysis 

3.1 Purpose & conditions 
 
The purpose of the Odense River Basin case study is to assess uncertainty associated to i) 
the physical parameterisation and boundary conditions of the hydrological model used to 
simulate the effect of a measure, and ii) the costs of a measure. For this we use 
methodologies and concepts developed in WP2 and WP3. First, the rootzone model concept 
is developed with the purpose of conducting a sensitivity analysis of DAISY model 
parameters with respect to accumulated nitrate leaching from the rootzone to the 
groundwater. Then, a strategy is outlined for upscaling the DAISY modelling to the Odense 
catchment level and taking into account both field scale (random) variability as well as a 
systematic error (bias) due to uncertainty in the model (pedotransfer function) that relates 
soil textural properties to hydraulic properties to be used in the MIKE-SHE/DAISY model 
complex.  

3.2 Conceptualisation 

3.2.1 Modelling system 
The modelling system used in the present case study is based on the approach used in the 
VMP3 model for the Odense Fjord (Nielsen et al., 2004). The modelling codes used in the 
VMP3 model are: 
• DAISY, for description of the root zone processes, including nitrogen. 
• MIKE SHE, for description of the groundwater processes, including denitrification in the 

reduced zones of the groundwater system. 
• MIKE 11, for description of the river processes. 
• ECCOLAB, for description of nitrogen processes in surface water systems and wetlands. 
• MIKE 3, for description of hydrodynamics and water quality in Odense Fjord. 
 
The national model for the aquatic environment (VMP3) is a dynamic model used by Nielsen 
et al. (2004) for simulating water flows and nitrate transport and reduction for the entire 
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~1300 km2 Odense river basin (topographic area plus additional about 200 km2 due to 
differences between topographic and groundwater divides) for the period 1991 to 2002. The 
model is based on the above mentioned model codes. Below, the main characteristics of the 
rootzone component DAISY and the groundwater component MIKE-SHE are outlined. 
 

3.2.2 The DAISY model 
The DAISY model is a one-dimensional soil-plant-atmosphere system (Hansen et al., 1991; 
Svendsen et al., 1995; Abrahamsen & Hansen, 2000), designed to simulate water balance, 
solute balance and crop production in agro-ecosystems. The soil water balance includes 
water flow in the soil matrix as well as in macropores. Furthermore, it includes water uptake 
by plants and a model drainage. The solute balance model simulates transport, sorption and 
transformation processes. Special emphasis is put on nitrogen dynamics in agro-ecosystems. 
Mineralization immobilization, nitrification and denitrification, sorption of ammonium, uptake 
of nitrate and ammonium, and leaching of nitrate and ammonium are simulated. A schematic 
representation is shown in Figure 3.1. The water balance component of the model deals with 
the water balance of the surface and the soil. Hence the atmosphere and the ground water 
constitute the boundaries of the considered system. Considered fluxes at the surface are 
precipitation and irrigation (gains), and evapotranspiration and surface runoff (losses). 
Considered fluxes at the lower boundary of the system are deep percolation (loss) or 
capillary rise (gain) and if the considered system contains artificial drain also drain flow 
(loss). The modelling of surface fluxes of water is especially complicated as it also involves 
exchange of energy fluxes. In DAISY this problem is coped with by introducing the concept 
of potential evapotranspiration (PET). PET acts as the driving force in evapotranspiration 
modelling and constitutes the upper limit for evapotranspiration. If a more detailed 
description of surface conditions is required, DAISY also includes the soil-vegetation-
atmosphere transfer model based on a resistance network (van der Keur et al. 2001). The 
latter model requires detailed weather data, i.e. hourly values of weather data measured at 
the considered site. The objective of the soil solute balance is to keep track of how solutes 
are distributed within the considered soil profile. The model considers adsorbed solutes as 
well as solutes in the soil solution. The model integrates the ongoing transformation 
processes (losses and gains) and uptake by plants. The core of the solute balance model is 
the convection-dispersion equation. In the soil-plant-atmosphere system nitrogen is present 
in various forms. The objective of the nitrogen balance model is to keep track of: i) 
ammonium, ii) nitrate and iii) organic mater nitrogen. Exchange between the considered 
forms and losses from the system may take place due to different processes: i) 
immobilization of soil mineral nitrogen by soil microorganisms, ii) mineralization of organic 
matter and subsequent formation of ammonium, iii) nitrification of ammonium and 
subsequent formation of nitrate, iv) denitrification of nitrate, v) uptake of soil mineral 
nitrogen and subsequent formation of crop nitrogen and vi) leaching of ammonium and 
nitrate. The DAISY model has been linked to the fully distributed catchment model by 
Styczen & Storm (1993) for including the groundwater component and make groundwater 
simulations with DAISY input possible. However, there is no full coupling of the DAISY and 
MIKE-SHE and no feedback from the groundwater model to the rootzone model. 
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Figure 3.1. DAISY model (Hansen, 2004). 
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3.2.3 The MIKE-SHE model 
A groundwater model based on the MIKE SHE code (Refsgaard & Storm, 1995) shown in 
Figure 3.2 simulating water flows and transport in a 500 m grid with 13 vertical geologically 
based layers. Nitrate is assumed to be reduced when it is transported into aquifer areas that 
are characterised by reduced conditions. 

 
Figure 3.2. The MIKE-SHE model (www.dhi.com) 

 
Modification of VMP3 model 
 
In the present study we used a simplified version consisting of the rootzone model DAISY 
and the groundwater model MIKE-SHE. In the following a description of the modifications to 
the original VMP3 model as described by Nielsen et al. (2004) is given. 
 

3.2.4 The modified DAISY model 
The full-scale model developed by (Nielsen et al., 2004) as a comprehensive tool for the 
assessment of the national plan for the aquatic environment based on the MIKE-SHE/DAISY 
model code is modified in order to make an uncertainty analysis viable. In the Nielsen et al. 
(2004) model the different information sources on climate, soil type, land management and 
boundary conditions are integrated in a GIS containing a large number of polygons. The 
DAISY model was set up for a large number of soil columns (2094) derived from 

 18



combinations of climate zones (grids), soil type, groundwater level and land management. In 
addition, within one type of land management, crop rotations were perturbed, i.e. the 
sequence was changed in order to assure that all crop combinations occur for all years 
simulated; model results of perturbed crop rotations were then averaged for further 
computations. These combinations led to a total number of 5577 DAISY time series for input 
to the MIKE-SHE module. Clearly, for an uncertainty study based on Monte Carlo simulations 
this large number of DAISY columns must be reduced dramatically. This will of course lead 
to basically another model, which may behave differently as compared to the full-scale 
model. Justification for this is further elaborated below. Hence, to reduce the complexity of 
the model, i) the modelled area is reduced, and in addition the number of combinations of ii) 
climate zones, iii) soil types, iv) crop rotations and v) lower boundary must be reduced 
substantially. This is accomplished by:  

i) The entire Odense Fjord Basin with respect to simulated nitrate from the rootzone 
consists of a number of subcatchments of which the Odense river catchment is by far the 
largest (about 50 % of the area). Also, the Odense river basin as mentioned previously is 
by far the largest river draining water to the Odense Fjord estuary (Fyns Amt, 2003). The 
case study will include the Odense river catchment only.  

ii) Reducing the number of rainfall stations from 27 climate grid zones to one raingauge 
within the area. This raingauge has measured the same amount of yearly average 
precipitation for the period 1992-2001 as a weighted average of the 27 10 km by 10 km 
grids. The DAISY model is run for a period longer than 50 years. The spatial variation in 
measured grid precipitation across the catchment of about 25 % . Hansen et al. (1999) 
varied precipitation in the Karup basin by adding a random error (zero mean and a 
standard deviation of 50 %) to measured precipitation series and found that precipitation 
contributed least. Thorsen et al. (2001), for the same Karup basin introduced the same 
uncertainty to the precipitation time series as in Hansen et al. (1999) and found that this 
affected the simulated water balance, but not the simulated nitrogen balance, suggesting 
that the timing of the percolated water controlled by the soil hydraulic properties is more 
important for the simulated nitrogen loads than the total annual amounts of percolation. 
In this study, it is assumed that with the long period of simulation time with the year-to-
year variation the uncertainty in precipitation is sufficiently taken account of. 

iii) Reducing the soil texture classes in the Odense river catchment from four to one. The 
four classes included were moraine clay (JB6), glacial outwash deposits (JB4), peat 
(JB11) and glacial clay (JB8) covering 73.9%, 21.1%, 3.5% and 1.5%, respectively. This 
reduction is justified, because the differences in simulated water percolation and nitrate 
leaching from the root zone between the JB4 and the JB6 soils are sufficiently small 
(together JB4 and JB6 represent 95% of the soil types within the catchment) and 
because the remaining two soils cover very small areas as compared to the runoff to the 
Odense Fjord. All soil in the area is therefore simulated by using a JB6/Sandy Loam soil.  

iv) Reducing the number of crop rotations. The number of crop rotations is reduced to one 
for each group of cattle- and pig breeding, plant cultivation, low vegetation and forest. 
The selected crop rotation were visually inspected and seemed to capture most of the 
variation in total leached nitrate from the rootzone as well as the total amount of leached 
nitrate as simulated by the Nielsen et al. (2004) model. The cropping patterns for cattle- 
and pig farms, and for plant production have to be perturbed to ensure that each crop is 
equally represented for each climate year. Hence the total number of crop rotations 
amounts to 15. 

v) The most dominant lower boundary of the Odense river catchment is a varying 
groundwater level between 0.75 and 1.5 m below surface constituting 90 %. Therefore 
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the DAISY lower boundary option of drainpipes at 1 m depth is applied for the sandy 
loam soil type. 

 
Altogether, the number of DAISY soil columns is in this way reduced from 5577 to 42. The 
same model parameterisation as of Nielsen et al. (2004) was used and therefore no 
additional calibration was carried out.  
 

3.2.5 Groundwater model 
 
No changes have been made to the VMP3 groundwater model setup, except for the 
reduction in model area. 
 

3.2.6 River model 
 
In order to save computational time, the river model was only included for the flow 
simulations, but not for the simulation of transport and degradation. River flow modelling is 
required due to feedback mechanisms in the stream-aquifer interaction. Neglecting the river 
transport calculations implies that the nitrate transport can only be calculated as the total 
transport aggregated over the entire model area (and not distributed over all river grid point 
as in the VMP3 model) and do not take the delay due to the transport time in the river itself 
into account. As the transport time is in the order of days or maybe a couple of weeks and 
we are focussing on annual loads from the entire basin area, this approximation is justifiable 
in our case. Another limitation of omitting the river transport and degradation processes is 
that the denitrification of nitrate in the wetland areas cannot be estimated. This process, 
which according the VMP3 model amounts to 5-10% of the nitrate leaching from the root 
zone, has instead been simulated by simply removing a certain amount of nitrate from the 
flux from the basin model before it enters the fjord. This amount will be taken from the 
results of the VMP3 model.  
 

3.2.7 Model for the fjord 
 
A model for Odense Fjord was included in the VMP3 preparatory studies although not directly 
linked to the VMP3 basin model. The fjord model was used to establish a relationship 
between the annual nutrient load to the fjord and the ecological condition in the fjord. In this 
way the objective of a good ecological status could be transformed into a requirement of a 
maximum permitted nutrient load to the fjord. In our case we do not include a fjord model. 
We use the same relationship between nutrient load and ecological conditions in the fjord. 
 

3.2.8 Spatial scale considerations for the Odense catchment 
 
In this report we consider two spatial scales of interest for an uncertainty assessment: i) the 
point- or field scale for which the flow- and solute transport equations for both MIKE-SHE 
and DAISY are developed, and the ii) catchment scale to which solutions at the field scale 
must be upscaled in order to be applicable at that scale. Let us as an example consider the 
case of soil physical parameters for the DAISY model. Here an estimate of a soil physical 
parameter Y can be described as: 
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modelvar
ˆ εεεε +=+= andYY true  

 
Where the estimate Ŷ can be decomposed in the ‘true value’ Ytrue and a stochastic 
component ε. The uncertainty term ε can be decomposed in an uncertainty due to natural 
variability (non-reducible) and an uncertainty that covers a systematic deviation from the 
‘true’ value. In the context of the present case study the latter is labelled model structure 
uncertainty. Estimating model hydraulic parameters involves a model, i.e. a pedotransfer 
function for which the uncertainty term ε consists of εvar and εmodel. The first term represents 
the textural variation within a soil class and the latter is the uncertainty due to the assigned 
pedotransfer function PTF. This corresponds to a model structure error. It is well 
documented that the (autocorrelation) length scale (λ) of εvar is usually less than 100 m (van 
der Keur & Iversen, submitted), whereas the length scale of εmodel may be several orders of 
magnitude larger and probably well exceeds the length scale of the Odense basin. Thus εvar 
and εmodel are a function (F) of the following statistical properties: 
 

)100;;0( varvarvarvar mF ≤=== λσσμε  

 
and 
 

);;( modmodmodmod scalecatchmentF elelelel >=== λσσμμε  

 
Where μ is the mean and μmodel ≠ 0, σ is the standard deviation and usually σmodel << σvar  
 
This implies that the uncertainty of soil hydraulic parameters at field scale will be dominated 
by uncertainty originating from soil textural variability, εvar. At larger scale a catchment may 
be considered to be composed of many fields. As the autocorrelation length scale λ of the 
soil textural variation is in the order of or less than a field the many fields in a catchment will 
have properties that in practise are not spatially autocorrelated. Therefore the effects of this 
field scale variability at catchment scale will be negligible. Hence, the model structure 
uncertainty considered here is the uncertainty of the applied PTF with respect to its 
representativity at the catchment length scale and is the dominant source of uncertainty at 
this scale. The continuous pedotransfer function under consideration in this study have the 
general form (Wösten et al., 2001): 
 

XiablexeOMdclaycsiltbsandap b var*...***** ++++++= ρ              (1) 
 
Where p is the hydraulic parameter to be estimated; sand, clay etc. are percentages of this 
texture class, OM and ρb is organic matter and dry bulk density respectively. Finally, X is any 
other basic soil parameter that can be easily determined. The coefficients a…x are regression 
coefficients and thus Eq. (1) constitutes the general form of a PTF model, where different 
coefficients represent different model structures. This is further elaborated in section 3.3.3. 
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3.3 Model setup 
 

3.3.1 Setup of modified Daisy 
 
In this section, the setup of DAISY for the catchment is described. The setup is derived 
(simplified) from the full national water quality (VMP3) model setup as described in Nielsen 
et al. (2004). The simplified model is not calibrated as it is assumed that the overall 
dynamics of the simplified model is preserved, which is supported by Figure 3.3 that shows 
the hydrograph of the simplified MIKE-SHE/DAISY model against observed values at Odense 
River station 45-26 and compares well to the full national quality model. The hydrograph of 
the simplified model as shown in Figure 3.3 is the 50 percentile ranked DAISY output with 
respect to accumulated nitrate leaching for a 14 years period. 
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Figure 3.3. Hydrograph of modified MIKE-SHE/DAISY model (50 % percentile ranked 
timeseries) and full model against observed data at Odense River station 45-26 
 
Two sets of simulations are considered:  
i) the first set comprises simulations run from 1989 to 2013, where the meteorological input 
for the years 1992 to 2002 are repeated for 2003 to 2013. The first 10 years are run 
(‘warming up’) to let the organic matter pools reach a ‘natural’ state in order to avoid strong 
dependence of their initial state on output variables (Styczen et al., 2004) while the 
remaining 14 years nitrate leaching from the rootzone is accumulated for ranking purposes 
and sensitivity analysis,  
ii) the second set of simulations is derived from the first by ranking the outcome of 
accumulated nitrate leaching from the rootzone from the 24 years period (14 years for 
accumulated nitrate) and selecting from the ranking an appropriate number of percentile 
runs covering the output distribution for simulations of water percolation and solute 
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transport over a period of 55 years, extending the simulation period by repeating the 
meteorological input from 1992-2002 beyond 2013.. The longer period is required for a 
better approximation of soil organic matter pools equilibrium. The timeseries for those 
selected runs are then used for further propagation into the groundwater model. The setup 
for DAISY is summarised in Table 3.1. 
 
Table 3.1: DAISY setup, an overview 
Setup Description Varied
Lower boundary 
condition 

Drainage pipes at 1 m depth No 

Upper boundary 
condition 

Meteorological data from 1 weather station No 

Soil texture  Silty loam (JB6) No 
Soil hydraulic 
properties 

Van Genuchten soil water release characteristics and Mualem 
hydraulic conductivity function 

Yes 

Simulated soil profile 
depth 

3.5 m No 

Simulated period 24 (sensitivity analysis) & 55 years (ranking for propagation to 
MIKE-SHE) 

N/A 

Land management Cattle - and pig farms, plant production, coniferous- and deciduous 
forest and grass 

N/A 

 
 

3.3.2 Identification of uncertain data at field scale 
 
After model setup a simple sensitivity analysis is conducted in order to establish the most 
important data and parameters to be included in the uncertainty analyses. Thus, the 24 
years simulation is conducted to identify the most sensitive DAISY model parameters in order 
to know which parameters are to be included in the longer 55 years Monte Carlo type 
simulations that are to be propagated to the MIKE-SHE model. A preselection of DAISY 
model parameters is done on the basis of literature and summarized in Table 3.2. Note that 
the sensitivity of those selected parameters for the present study is evaluated with respect to 
the accumulated nitrate leaching from the rootzone for 14 out of 24 years simulation results, 
the first 10 years being the warming up period as explained previously. Soil hydraulic 
properties for the van Genuchten/Mualem retention/hydraulic conductivity functions are 
estimated from soil texture data at the field spatial scale and values + ranges listed in the 
WP2 uncertainty guidelines (van der Keur, 2005). The organic matter content (SOM) and N-
content in pig- and cattle slurry is taken from Thorsen et al.(2001). The uncertainty in 
applied slurry is taken into account by varying the total amount applied, rather than the N-
content in slurry that is very uncertain. Of those properties soil hydraulic properties are 
related to transport of nitrate from the rootzone whereas SOM and slurry composition are 
related to turnover processes.  
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Table 3.2: The sources of field scale model parameter uncertainty assumed most important 
in the rootzone 
No
. 

Model 
Component 

Type Parameter or variable Uncertainty generated from 

1 DAISY Soil hydraulic 
property 

vG n Nielsen et al.(2004); van 
Loon & Refsgaard (2005) 

2 DAISY Soil hydraulic 
property 

vG α Nielsen et al.(2004); van 
Loon & Refsgaard (2005) 

3 DAISY Soil hydraulic 
property 

θs Nielsen et al.(2004); van 
Loon & Refsgaard (2005) 

4 DAISY Soil hydraulic 
property 

Ksat in A,B and C 
horizon 

Nielsen et al.(2004); van 
Loon & Refsgaard (2005) 

5 DAISY Slurry  Slurry amount Thorsen et al. (2001) 
Hansen (pers.com.) 

6 DAISY Rootlength Rootlength Expert judgement 
 
 
The quantification of parameter uncertainties listed in Table 3.2 with focus on DAISY 
simulation is further elaborated upon in this section. The properties 1-6 are further explored 
for use in the sensitivity analysis  
 
Soil hydraulic properties 
The Danish classification JB-6 soil type is thus reclassified to the USDA soil system in order to 
be able to apply the soil hydraulic property statistics derived for the USDA system. The JB6 
soil class is equivalent to a USDA 'sandy loam' and the soil hydraulic parameter statistics, i.e. 
probability density functions (pdf) and correlations from Meyer et al. (1997) for sandy loam 
are applied. Meyer et al. (1997) derived these distribution functions from resampling the 
original distributions of Carsel & Parrish (1988) based on soil pedotransfer functions from 
Rawls & Brakensiek (1985). DAISY requires a parameterisation of soil hydraulic functions. In 
this case the van Genuchten (1980) soil water release characteristics curve (Eq.1) and the 
unsaturated hydraulic conductivity function Mualem (1976) function (Eq.2) are applied for 
the retention curves and hydraulic conductivity functions respectively.  
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eS h hα
−

⎡ ⎤= +⎣ ⎦  and )(
)()(
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r
e hS θθ

θθ
−

−=       (1) 

and 
21/( ) 1 (1 )m m

e s e eK S K S S⎡= − −⎣ ⎤⎦         (2) 

where m is assumed to equal 1-1/n and other parameters previously mentioned. 
The statistical properties of the hydraulic van Genuchten parameters n and α (scale 
parameters) as well as θs and θr (saturated- and residual soil water content respectively) are 
thus taken from Meyer et al. (1997) for USDA soil texture classes including parameter 
correlations (Table 3.3). The values of hydraulic parameters for A-, B- and C-horizon are 
taken from the full model setup (Nielsen et al., 2004) to allow comparison to the simulations 
from this model. The statistical properties are scaled relative to the mean according to Meyer 
et al. (1997) as shown in Tables 3.3 and 3.4. Residual water content (θr) is set to 0.0 and 
therefore not included in Table 3.4. Rooted in Tables 3.4 denotes root depth. All other 
parameters are explained previously. 
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Table 3.3: Hydraulic parameters statistics for soil class ‘Sandy Loam’ (Meyer et al., 1997) 
Parameters pdf mean std Min max Correlations 
      n α θs θr 
n [-] log 1.89 0.155 1.46 2.43 1    
α [cm-1] log 0.0757 0.0368 0.0872 0.202 +0.36 1   
θs [cm3.cm-3] nor 0.41 0.089 0.132 0.688 +0.0 +0.01 1  
θr [cm3.cm-3] nor 0.0644 0.0169 0.0172 0.102 +0.60 +0.82 +0.01 1 
Ks [cm h-1] log 4.32 5.04 0.0345 124.9 -0.79 +0.14 0.0 -0.22 
 
Table 3.4. Hydraulic parameters statistics for A,B & C horizon for JB6 (Nielsen et al., 2004) 
Parameters pdf  A hor 

0-30 cm 
 B hor 
30-80 cm 

 C hor 
80-350 cm 

mean Unit 

n log 1.246 1.249 1.223 1.239 - 
α log 0.044 0.054 0.046 0.048 cm-1 
θs nor 0.386 0.360 0.338 0.361 cm3.cm-3 
Ks log 35.26 23.0 14.99 24.42 cm d-1 
rootdepth nor    80 cm 
 
For the distributed setup (Nielsen et al., 2004) hydraulic properties were estimated through 
the HYPRES pedotransfer functions (Wösten et al., 1999). Texture data were not varied 
explicitly as this would imply a correlated change in hydraulic properties as well and this 
relation is not well established. The clay content slightly affects the N mineralisation, but this 
effect is very weak compared to hydraulic effects (S. Hansen, pers.comm.). Root depth is 
known to be important for the rootzone water balance (Watertech, 2005) and this parameter 
is therefore included in the present analyses and its variation is estimated by expert 
judgement (Table 3.4). Although hydraulic properties vary slightly across the soil profile, for 
keeping the number of varied parameters as low as possible, the coefficients n, α and θs for 
horizons A, B and C are first averaged and the same sampled variation is used for the Monte 
Carlo based sensitivity analysis. For the same reason, the hydraulic conductivity Ksat for A 
and B horizons are (lognormally) averaged while Ks for the C horizon is preserved. The 
variation of the soil hydraulic properties reflects the variability in texture for one soil class 
and does not account for the heterogeneity at the catchment scale. 
  
SOM & N-content  
The initial organic matter content (SOM) is not varied as the variation is not well known. N 
content in cattle- and pig slurry is highly uncertain, therefore the amount of slurry applied is 
varied instead (S. Hansen, pers. comm.). The resulting adopted uncertainties of all varied 
parameters are shown in Table 3.5. 
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Table 3.5. N-related parameters statistics for sandy loam and crop rotation for cattle farm: 
cattle (cs)- and pig (ps) slurry fertilizer and plant production (pp) amount applied for different 
crops at different times (cs1-4, ps1-3) in tons wet weight per ha. Ks-u and Ks-l are the 
averaged A-B horizon Ksat and C-horizon Ksat respectively  
Par. Unit Median 2.50% 97.50% 25% 75% IQR CV' 
vGα cm-1 0.05 0.02 0.09 0.04 0.06 0.02 40.76 
vGn - 1.24 1.11 1.38 1.19 1.28 0.09 7.31 
θs cm3 cm-3 0.36 0.22 0.50 0.31 0.41 0.09 26.17 
Ks-u cm d-1 0.93 0.55 1.57 0.78 1.10 0.32 34.98 
Ks-l cm d-1 0.62 0.44 0.86 0.55 0.69 0.14 22.73 
root cm 100.00 77.95 121.86 91.19 108.65 17.46 17.46 
cs1 Ton* ha-1 36.38 0.88 73.97 24.10 48.81 24.71 67.90 
cs2 Ton* ha-1 18.19 0.09 36.78 11.97 24.38 12.41 68.25 
cs3 Ton* ha-1 33.32 0.24 67.58 22.01 44.67 22.66 68.01 
cs4 Ton* ha-1 21.78 0.53 44.88 14.22 29.23 15.01 68.91 
ps1 Ton* ha-1 30.58 0.74 62.19 20.26 41.03 20.77 67.92 
ps2 Ton* ha-1 24.48 0.13 49.52 16.11 32.82 16.71 68.26 
ps3 Ton* ha-1 11.21 0.08 22.74 7.40 15.03 7.63 68.05 
pp Ton* ha-1 8.20 0.20 16.66 5.43 11.00 5.57 67.90 
* wet weight 

3.3.3 Sensitivity analysis at plot scale 
 
The sensitivity analysis was conducted to analyse the sensitivity of the varied model 
parameters with respect to accumulated nitrate leaching by sampling from the model 
parameter distributions using the effective Latin Hypercube Sampling (LHS) technique 
(McKay et al., 1979; Iman et al., 1980). The LHS technique is a stratified sampling rather 
than random sampling in traditional Monte Carlo technique and also used by Hansen et al. 
(1999) and Thorsen et al. (2001) for the DAISY model. The UNCSAM (Janssen et al., 1991) 
statistical software package was used for this. Table 3.4 shows the number of parameters 
varied for each land management type. The hydraulic parameters vGα, vGn, θs, Ks-u, Ks-l 
and root are varied for each management type, while in addition 4 cattle slurry- (cs1-4), 3 
pig slurry- (ps1-3) and 1 plant fertiliser amounts are varied. Hence, the number of model 
parameters varied is 10, 9 and 7 for cattle farms, pig farms and plant production 
respectively. For the coniferous- and deciduous forest as well as permanent grass only 
hydraulic parameters are varied, i.e. 6 parameters. Hansen et al. (1999) argued that 25 LHS 
runs is sufficient for the 6 parameters they varied for the Karup catchment in Denmark. 
Iman & Helton (1985) argued that 4/3 times the number of parameters is sufficient, whereas 
Christiaens (2001) recommends between 2-5 times the number. In the present study a safe 
number of 100 runs is adopted. Accumulated data for a number of water- and solute 
transport related output variables was automated through a DAISY-SENSAN interface. The 
SENSAN package developed for sensitivity analyses is part of PEST (Doherty, 1995) and 
controls data flow from the DAISY model to output files that are processed by auxiliary 
software for further processing by UNCSAM. Here the variation in simulated output Y(t) as a 
result of the varying parameter input X(t) by means of the LHS simulations is captured by a 
linear regression model that fits Y(t) and X(t). This procedure is described further in Janssen 
et al. (1991) and Christiaens (2001).  
 
Regression Coefficient (SRRC) was used by performing a regression on rank-transformed 
data rather than raw standardised data as this procedure resulted in higher R2 values. The 
SRRC indices have been shown to be one of the most robust and reliable means of assessing 
model sensitivity (Dubus & Janssen, 2003; Saltelli & Marivoet, 1990) and allows a 
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comparison of the relative contribution of each input parameter in the prediction of the 
model (Hamby, 1994). The regression model for SRRC can be written as: 
 

ε+=∑
i

srankedisranked iXSRRCoY )(*)( _,        (3) 

 
Where Yranked,s(o) and Xranked,s(i) are rank transformed and standardised output and input 
respectively and ε is the regression model error. The higher the SRRC value the more 
influence on model predictions this parameters has. 

3.3.4 Identification of uncertain data at catchment scale  
 
The scale of interest in this study is the catchment scale and an assessment of uncertainty 
related to simulation of measures for nitrate leaching reduction at that scale necessitates an 
inspection of how variability at a correlation length scale that equals or exceeds the spatial 
scale of the Odense catchment can be incorporated in the MIKE-SHE/DAISY modelling 
system. The idea behind this has been explained in section 3.2.8. This involves an estimation 
of catchment scale variability of i) soil hydraulic properties estimated from PTF models, and 
ii) cattle-and pig slurry application. The soil hydraulic parameters are estimated from 
empirical equations that relate basic soil physical properties to model hydraulic parameters.  
 
Uncertainty in PTF models 
 
Pedotransfer functions translate the spatial variability of basic soil properties into variations 
in soil hydraulic properties, and subsequently in varying hydrologic model output, e.g. using 
Monte Carlo techniques for simultaneous variation of parameters. In addition, the prediction 
uncertainty of the PTF itself results in variations in predicted hydraulic properties and 
contributes to the total uncertainty, denoted εtot and εtot = εvar + εmodel, in section 3.2.8. A 
study by Finke et al. (1996) dealing with both uncertainty due to spatial variability, 
contributing to εvar, and uncertainty resulting from the PTF model used, thus contributing to 
εmodel, showed that uncertainty due to the PTF itself may play an important role in simulating 
leaching of chemicals in the unsaturated zone. Vereecken et al. (1992) showed that 
estimation errors in PTFs overwhelmed soil variability when using a simulation model to 
predict the moisture supply capacity and the downward flux below the rootzone. Hence, 
there is evidence that different PTFs constitute a model structure uncertainty that is 
important at all scales. In this study, as mentioned previously, the PTF model structure 
uncertainty represents the catchment scale variability εmodel and must be estimated.  
Two well established continuous PTFs (refer to e.g. Wagner et al. (2001) for examples of 
other PTFs) to calculate soil hydraulic properties from texture data are applied for the 
Odense catchment: i) the Rawls & Brakensiek (1989) PTF based on soil data from the United 
States and the ii) HYPRES PTF (Wösten et al. (1999) based on European data, including 
Denmark.. In Table 3.7, the Rawls & Brakensiek (1989) PTF is shown. They both calculate 
the Mualem - van Genuchten hydraulic model parameters.  
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Table 3.6: PTF 1: Rawls and Brakensiek (1989) for θr, θs, α and n, and Brakensiek et al. 
(1984) for Ksat.  
Parameter PTF 
θr [-] -0.0182482 + 8.7269*10-4

 * S + 0.00513488 * C + 0.02939286 * θs - 1.5395*10-4
 *C2 - 

1.0827*10-3 * S* θs - 1.8233*10-4 C2*θs
2 + 3.0703*C2*θs - 2.3584*10-3*θs

2*C 
 

θs [-] 1 - ρb/ρs  
α [cm-1] α=hb

-1 and hb = exp(5.3396738 + 0.1845038*C - 2.48394546*θs - 0.00213853*C2 - 
0.04356349*S*θs - 0.61745089*C*θs + 0.00143598*S2*θs

2 - 0.00855375*C2*θs
2 - 

1.282*10-5*S2*C + 0.00895359*C*θs - 7.2472*10-4
 *S2*θs + 5.4*10-6*C2*S + 

0.5002806θs
2C. 

 
n [-] n=λ+ 1 and λ = exp(0.7842831 + 0.0177544*S - 1.062498*θs - 5.304*10-5*S2 - 

0.00273493*C2 + 1.11134946*θs
2 - 0.03088295*S*θs + 2.6587*10-4*S2*θs

2 - 
0.00610522*C2*θs

2 - 2.35*S2*C + 0.00798746*C2*θs - 0.00674491*θs
2C. 

 
 
In Table 3.6, θr, θs, α, n, estimated from Rawls and Brakensiek (1989), and Ksat, estimated 
from Brakensiek et al. (1984), are parameters in the Mualem-van Genuchten hydraulic 
conductivity- and retention function (section 3.3.2). S and C are percentage sand and clay 
respectively (USDA classification). 
 
Table 3.7: PTF 2: HYPRES (Wösten et al., 1999) 
Parameter PTF 
θs [-] 
 

0.7919 + 0.001691*C – 0.2961*D – 0.000001491*S2 + 0.000821*OM2 + 0.02427*C-1 
+ 0.01113*S-1 + 0.01472*ln(S) – 0.0000733*OM*C – 0.000619*D*C – 
0.001183*D*OM – 0.0001664*topsoil*S 

Ln(α) [α: 
cm-1] 

-14.96 + 0.03135*C + 0.0351*S + 0.646*OM + 15.29*D – 0.192*topsoil – 4.671*D2 – 
0.000781*C2 – 0.00687*OM2 + 0.0449*OM-1 + 0.0663*ln(S) + 0.1482*ln(OM) – 
0.04546*D*S – 0.4852*D*OM + 0.00673*topsoil*C         and α = exp(α*) 

Ln(n) [-] -25.23- 0.02195*C + 0.0074*S – 0.1940*OM + 45.5*D – 7.24*D2 + 0.0003658*C2 + 
0.002885*OM2 – 12.81*D-1 – 0.1524*S-1 – 0.01958*OM-1 – 0.2876*ln(S) – 
0.0709*ln(OM) – 44.6*ln(D) – 0.02264*D*C + 0.0896*D*OM + 0.00718*topsoil*C     
And n = exp(n*) + 1 

Ln(Ksat) 
[Ksat: m.s-1] 

7.755 + 0.0352*S + 0.93*topsoil – 0.967*D2 – 0.000484*C2 – 0.000322*S2 + 0.001*S-1 
– 0.0748*OM-1 – 0.643*ln(S) – 0.01398*D*C – 0.1673*D*OM + 0.02986*topsoil*C – 
0.03305*topsoil*S    and ksat = exp (Ksat*) 

 
The Vereecken PTF (Vereecken et al., 1989) is derived from a data set of 182 Belgian soil 
and the equations for estimation of the van Genuchten parameters is shown in Table 3.8. 
 
Table 3.8: PTF 3: Vereecken et al. (1989) 
Parameter PTF 
θr [-] 
 

0.015 + 0.005*C + 0.014*OM 

θr [-] 
 

0.81 – 0.283*D + 0.001*C 

Log(α) [α: 
cm-1] 

-2.486 + 0.025*S – 0.351*C – 2.617*D – 0.023*C 

Log (n) [-] 0.053 – 0.009*S – 0.013*C + 0.00015*S2 
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In Table 3.6-3.8 θr, θs, α, n and Ksat are parameters in the Mualem-van Genuchten hydraulic 
conductivity- and retention function (section 3.3.2). S, C and OM are percentage silt (particle 
size between 2 μm and 50 μm), clay (particle size < 2 μm) and organic matter respectively. 
D is bulk density, and topsoil and subsoil are weighing coefficients between 0 and 1.  
 
An evaluation of the captured range of estimated hydraulic properties is conducted by 
considering different well-established PTF models. This is accomplished by using Monte Carlo 
techniques and varying the PTF coefficients obtained by regression , i.e. the variances of the 
regression coefficients of the HYPRES and Vereecken PTF (Wösten, pers.com.; Vereecken, 
pers.com.). Next, single values of other PFT models are included as regression data is not 
available for all PTFs. One PTF is then selected capturing most of the variability of the entire 
set of considered PTFs. Adjustment of the PTF model coefficient variance may be needed to 
capture the range of all included models. In this way account is taken of model structure 
uncertainty of the selected PTF. Finally, from this selected PTF different PTF models are 
generated by varying the coefficients in a Monte Carlo fashion and using average soil 
physical properties for the Odense catchment. Hence, the PTF structure is modified and is 
assumed to represent catchment scale variability due to different geological formations and 
soil structures. 
 
Variability of slurry application at catchment scale 
 
Variation in slurry composition, i.e. N-content, is known to be high at the farm scale level 
and leaching very dependent on the spatial variation of precipitation amount across the 
catchment. This uncertainty at farm scale level is reduced at the scale of the entire 
catchment by the square of the number of simulated grids by using the MIKE-SHE model and 
approaches zero at this length scale. Uncertainty of slurry application at the catchment scale 
can be estimated by taking account of crop rotations and fertilizer application plans for each 
farm within the catchment. This is accomplished by making use of registered data on real 
land use and connected fertilizer plans from an agricultural database system. In this way 
realistic distributions of land management can be obtained and uncertainty in slurry 
application estimated (Børgesen et al., in prep.)  

3.3.5 Uncertainty analysis at catchment scale 
 
The identification of uncertainty in hydraulic properties and slurry distribution at the 
catchment scale as explained in the previous section is now synthesised into a proposed 
uncertainty analysis. The analysis of uncertainty related to the use of the MIKE-SHE/DAISY 
model complex for the assessment of nitrate reduction measures is a five-step procedure: 
 
i) An appropriate PTF capturing the variability of a larger set of well established PTFs is 
selected for the generation of the van Genuchten soil water release characteristics 
parameters and the Mualem conductivity function parameters (refer to section 3.3.2). This is 
achieved by varying the PTF model coefficients in a Monte Carlo fashion and derive a set of 
hydraulic parameters for the average texture properties calculated for the Odense 
catchment. 
ii) The catchment scale variance of slurry application following a method proposed by 
Børgesen et al. (in prep) is used for generation of sets of DAISY parameters related to 
fertilizer settings. As for the previous step, the UNCSAM software is used for the Monte 
Carlo/Latin Hypercube procedure. 
iii) The DAISY model is run for an extended period of about 50 years using the setup as 
previously described. 
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iv) DAISY generated output timeseries are propagated through the MIKE-SHE model. 
v) MIKE-SHE output timeseries are analysed for their statistical properties, which constitutes 
the final uncertainty analysis.  

4 Results 

4.1 Uncertainty of nitrate leaching at field scale  
 
Each crop rotation and 4 perturbations for the cattle- , pig- and plant production rotation as 
well as grass and coniferous and deciduous forest with only one perturbation is analysed for 
accumulated amount of leached nitrate from the root zone for the simulated period of 24 
years, of which the first 10 years are run for reaching a ‘natural’ state of the organic matter 
pools, as explained in section 3.3.1, and are not included for model output . As the simulated 
output of leached nitrate from the root zone is in focus, the analysis is twofold: i) parameter 
sensitivity with respect to the accumulated amount of leached nitrate to the groundwater is 
calculated, and ii) the data on accumulated amount of leached nitrate is ranked and time 
series for further propagation to the groundwater model is extracted according to percentile 
values of accumulated nitrate. The median and range of leached nitrate represented by the 
2.5% and 97.5% percentile value for the 6 land management types (cattle, pigs, plant, 
coniferous, deciduous and grass) and 4 perturbations (p1, p2, p3 and p4) is shown in Table 
4.1 & 4.2. The Inter Quartile Range (IQR) is calculated as the difference between the 25 and 
75 % percentile values, and the CV’ is IQR/Median. 
 
Table 4.1: Output statistics for accumulated water percolation from root zone for 14 years 
simulation for 6 management types including 4 perturbations.  
Accumulated water percolation from rootzone [mm yr-1] 
  2.5% 25% Median 75% 97.5% IQR CV' 
        
cattle-p1 293 317 338 350 390 33 9.9 
cattle-p2 293 315 336 349 388 34 10.0 
cattle-p3 290 313 335 349 389 36 10.6 
cattle-p4 294 318 340 354 390 36 10.6 
pigs-p1 300 329 340 355 394 26 7.7 
pigs-p2 300 330 341 356 394 25 7.5 
pigs-p3 304 333 345 359 396 26 7.5 
pigs-p4 302 331 342 357 394 25 7.4 
plant-p1 308 329 344 361 394 32 9.2 
plant-p2 303 326 341 359 394 33 9.6 
plant-p3 299 324 339 354 390 30 8.8 
plant-p4 303 326 342 357 391 31 9.0 
conif. 399 423 432 439 462 17 3.9 
Decid. 233 266 286 313 352 47 16.4 
grass 288 314 332 347 383 34 10.1 
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Table 4.2: Output statistics for accumulated nitrate leaching from root zone for 14 years 
simulation for 6 management types including 4 perturbations 
Accumulated nitrate from rootzone [kg N ha-1 yr-1] 
  2.5% 25% Median 75% 97.5% IQR CV' 
        
cattle-p1 19 43 63 84 127 41 64.8 
cattle-p2 13 41 59 80 117 39 66.0 
cattle-p3 13 32 53 75 116 43 81.1 
cattle-p4 20 43 66 88 136 45 67.6 
pigs-p1 31 73 94 123 169 50 53.5 
pigs-p2 38 80 105 130 174 50 47.8 
pigs-p3 38 83 102 125 173 43 41.8 
pigs-p4 31 77 97 119 170 42 43.1 
plant-p1 37 56 70 83 102 27 39.0 
plant-p2 41 61 76 89 107 28 36.7 
plant-p3 38 57 72 84 102 27 37.2 
plant-p4 35 57 72 85 102 28 38.3 
conif. 36 80 88 94 98 13 15.2 
decid 51 68 74 78 82 10 13.2 
grass 5 7 8 12 23 5 61.8 
 
From table 4.1 and 4.2 it is clear that the coefficient of variation for nitrate leaching is in 5-8 
times larger than the CV of water percolation and also that differences between different 
land management types are larger than between perturbations of the same crop rotation. 
This stresses the need of a quantification of uncertainty when using modelling tools for the 
assessment of measures. 
 
In Table 4.3 the overall R2 is shown as well as a measure for co linearity, i.e.  
 
Table 4.3: R2 and co linearity for different management types 
Management type R2 VIF rank regression 
Cattle farms 0.78 1.18 
Pig farms 0.80 1.19 
Plant production 0.78 1.18 
Coniferous forest 0.90 1.18 
Deciduous forest 0.86 1.18 
Grass 0.82 1.18 
 
The overall R2 for fitting the output variable ‘leached nitrate’ to a linear combination of 
hydraulic parameters and nitrogen input in Table 9 ranges from 0.78 to 0.90. The VIF is 
close to 1 for all management types implying near uncorrelated parameter values in the 
regression analysis. The largest VIF must not exceed 10 for applying a linear regression 
model (Janssen et al., 1992). For the measure of sensitivity the SRRC (Eq. 3) is used, as 
explained in section 3.3.3.  
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Table 4.4. SRRC regression coefficient and ranking (in parentheses) for different 
management types. SRRC values in bold are significant (P=0.05) 
SRRC accumulated water flux from rootzone SRRC accumulated water flux 

 
par  

Cattle Pigs Plant Conif Decid Grass 

vGα +0.02 (9) +0.03 (7) +0.08 (5) +0.35 (2) +0.01 (7) +0.12 (4) 
vGn +0.30 (2) +0.46 (2) +0.44 (2) +0.05 (5) +0.38 (2) +0.31 (2) 
θs -0.81 (1) -0.76 (1) -0.75 (1) -0.61 (1) -0.82 (1) -0.80 (1) 
Ks_u +0.09 (3) +0.21 (3) +0.09 (4) -0.28 (3) +0.19 (3) +0.07 (5) 
Ks_l +0.06 (7) +0.02 (8) +0.15 (3) -0.06 (4) +0.09 (4) +0.21 (3) 
Root +0.02 (10) -0.04 (6) -0.06 (6) -0.05 (6) -0.09 (5) -0.02 (6) 
P/Cs1 +0.09 (4) +0.06 (5) -0.04 (7) -0.04 (7) -0.01 (6) -0.01 (7) 
P/Cs2 +0.07 (6) +0.09 (4)     
P/Cs3 +0.08 (5) 0.00 (9)     
P/Cs4 +0.04 (8)      

 
 
Table 4.5. SRRC regression coefficient and ranking (in parentheses) for different 
management types. SRRC values in bold are significant (P=0.05) 
SRRC accumulated leached nitrate from rootzone 

 
par  

Cattle Pigs Plant Conif Decid Grass 

vGα +0.07 (6) +0.09 (8) +0.18 (4) +0.11 (3) +0.11 (3) +0.25 (4) 
vGn -0.57 (1) +0.54 (2) +0.78 (1) +0.92 (1) +0.87 (1) +0.44 (2) 
θs -0.39 (3) -0.20 (4) -0.30 (2) +0.13 (2) +0.33 (2) -0.36 (3) 
Ks_u +0.07 (7) +0.10 (7) +0.12 (5) 0.11 (4) +0.08 (4) +0.01 (7) 
Ks_l +0.05 (9) +0.11 (6) +0.04 (6) 0.08 (5) +0.05 (6) -0.06 (6) 
Root +0.04 (10) -0.01 (9) -0.03 (7) +0.03 (6) +0.07 (5) +0.07 (5) 
P/Cs1 +0.12 (5) +0.22 (3) +0.24 (3) -0.02 (7) -0.01 (7) +0.59 (1) 
P/Cs2 +0.34 (4) +0.61 (1)     
P/Cs3 +0.39 (2) +0.12 (5)     
P/Cs4 +0.07 (8)      

 
The results in Table 4.4 and 4.5 provide SRRC values for accumulated water percolation and 
nitrate leaching from the rootzone for a period of 14 years. The higher SRRC values the 
more sensitive a parameter is relative to the others. Note, that the SRRC value is not the 
percentage variance explained. The UNCSAM package enables a t-test for calculated SRRC 
values and bold numbers in Table 4.4 and 4.5 indicate a SRRC value significantly different 
from 0. The results in Table 4.4 and 4.5 show that the hydraulic parameters θs and n are 
very sensitive to both water percolation and nitrate leaching from the rootzone. Hydraulic 
conductivity for the upper and lower zone are ranked much lower in this respect. Similar 
results for percolated water were obtained by Dubus et al. (2000) for the MACRO model. The 
low and almost always insignificant values for rootlength suggest that this parameters has 
neglible influence on both percolation and leaching. Clearly, medium ranked and significant 
SRRC values indicate that the amount of applied slurry has importance for crops and cattle 
and pig farms with respect to nitrate leaching and obviously none for water percolation.  
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5 Evaluation of HarmoniRiB products 
 
The DUE software (WP2) was used to generate realisations of precipitation timeseries for 
potential use in this study. Due to the relatively early start of the preparation of Monte Carlo 
time series for use in the rootzone model DAISY as compared to the development stage of 
the DUE package, already developed software was used instead of DUE. Data from the 
Odense basin has been uploaded to the HarmoniRiB database (WP6), but no use has been 
made of data retrieval and data uncertainty assignments. The uncertainty guidelines report 
(WP2) has been used for retrieving statistical properties and correlations on soil physical 
data. The WP3 guidance report on ‘supporting decision making under uncertainty for river 
basin management – Guidance for HarmoniRiB case studies’ has been used for information 
on a multicriteria matrix.  
 
 

6 Conclusions 
 
In this study, model parameter uncertainty has been considered at the plot / field scale and 
at the scale of the Odense catchment. The first uncertainty has a short autocorrelation 
length scale and is dominant at a scale that cannot be resolved within the grid scale of the 
groundwater model. The latter scale has an autocorrelation length that is at the order of 
magnitude of the Odense basin or larger and is the uncertainty that is of interest in this 
study. A sensitivity analysis of selected rootzone model parameters was conducted using the 
textural variation of a JB6 (sandy loam) soil as listed in the WP2 uncertainty guidelines 
chapter on ‘uncertainty in soil physical- and chemical properties’ and expected variation in 
cattle- and pig slurry application as well as rootdepth from expert judgement. It was found 
that crop sequence (perturbations) has little impact on accumulated percolation and nitrate 
leaching from the rootzone for a simulated period of 14 years following 10 years of initial 
runs for stabilising simulated organic matter storage in the soil (‘warming-up’). The 
coefficient of variation for leached nitrate calculated as the IQR/median shows a range from 
about 15 for forest to 80 for cattle farms. The SRRC indicator was used for parameter 
sensitivity with respect to accumulated water percolation and nitrate leaching. The results 
show, as expected, a high sensitivity of the van Genuchten soil water release characteristics 
parameters for percolation and leaching. The amount of applied slurry has a relatively high 
sensitivity for leached nitrate from the rootzone. A method is proposed for conducting an 
uncertainty assessment at the catchment scale by accounting for structural uncertainty due 
to uncertainty related to the representativity of PTF models at this scale. Various PTF models 
are considered for the generation of an ensemble of PTF models by incorporation of known 
uncertainty on PTF model coefficients. Hydraulic model parameters estimated by this class of 
PTF functions are then propagated through the rootzone model and the groundwater model. 
Also, structural uncertainty of slurry application is likely to be important at the scale of the 
Odense basin and a method is proposed for dealing with this.  
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