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1. Introduction 

1.1. Purpose of this document 
The European funded project “Harmonised techniques and representative river basin data for 
assessment and use of uncertainty information in integrated water management (HarmoniRiB) “ 
worked for several years on uncertainty in data, models and procedures underlying decision-making in 
Integrated Water Resources Management (IWRM). The work has accumulated in 8 case studies 
demonstrating the research and development results. The current document summarizes some of the 
main conclusions of these case studies and the project as a whole.  
The aims of this report are: 

1) To communicate to the readership issues of uncertainty by demonstrating these issues. 
2) To demonstrate that current European legislation provides ample handles and 

recommendations to take uncertainty assessment serious in integrated water resources 
management. 

3) To introduce the main HarmoniRiB results relevant for operational water management.  
4) To disseminate the main findings of the HarmoniRiB’s case studies. 
5) To provide recommendations for the future. 

 
The target groups of this document are: 

• Water managers responsible for policy implementation, for example water managers who are 
closely involved in the selection of measures to improve the status of water. We hope that this 
document demonstrates the need, relevance and applicability of uncertainty assessments. 

• Researchers in the field of integrated water resources management. We hope the report will 
raise the interest to continue and extend on the results accomplished in HarmoniRiB. 

• Research coordinators such as members of the European Commission’s programme 
committees, to provide them with ideas for future research and policy support. 

 

1.2. Justification 
This report deals mainly with the outcomes of the HarmoniRiB project. This work obviously is well 
founded in the four-year research project. Some sections are based on the experiences and views of 
participants and external experts. These sections have only few links to scientific publications, but are 
more based in the discussions with managers and end-users. A full-scale review of all relevant 
publications on uncertainty in IWRM lies well beyond the scope and purpose of this document. 
Nevertheless it is important to note that the content of this document is the sole responsibility of the 
authors and the content of this report does not reflect by any means the views of the European 
Commission. 
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1.3. Reading guide 
Chapter 2 provides a general introduction to uncertainties, demonstrated with a number of illustrations. 
The aim of the chapter is to show that uncertainty related issues are everywhere in the real world. The 
next chapter (Chapter 3) provides insight in contemporary European legislations. Without aiming to be 
complete the author shows that this legislation promotes the consideration of uncertainty. Chapter 4 
focuses on HarmoniRiB. After a description of the project and its key outputs, emphasis is put on the 
eight case studies included in the project. In the final chapter (5) the conclusions and 
recommendations are provided. 
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2. Uncertainty in decision making 

2.1. Overview 
Water managers make policy and operational decisions on a day-to-day basis. These decisions are 
based on the information available to them. Ideally, the water managers ‘demand’ information, and 
information suppliers deliver this information.  
A conceptual view of this demand-supply chain is provided in Figure 1. 

 

Figure 1: Conceptual view on information demand and supply. 
 
In the top part of the figure, the decision making process is presented, as the traditional circle of 
problem recognition, policy preparation, implementation and evaluation. All the steps have their own 
activities and associated uncertainties. Decision factors are or can be political feasibility, public 
acceptability and of course the information stemming from the socio-economic-environmental system. 
The decision making process will generally ask for aggregate information on key indicators. Though 
this aggregate information may be based on modelling and simulation, it can also originate from expert 
panels. The aggregate information is based again on knowledge and data.  
In an ideal world the information reaching the decision making process is accurate and certain. 
Regrettably all aforementioned aspects have a certain degree of inaccuracy or uncertainty. If we move 
from the bottom to the top of Figure 1: 
 
Data 
Data or field observations are uncertain. Besides sampling and analytical errors, they become more 
uncertain if they are considered representing a large spatial unit or time. For example a daily 
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measurement in the middle of a river is uncertain due to sampling and analytical uncertainty, its 
position in the cross-section of the river and its representativeness over the full day.  
 
Knowledge / models 
The data handling by aggregation or modelling is also associated with different sources of uncertainty. 
Limiting it to modelling, the model parameters are uncertain. The numerical solution algorithms chosen 
in the models may result in some numerical inaccuracies. Errors in the software also occur and are 
therefore also a source of uncertainty. Finally, model complexity ranges from very detailed to very 
complex: Which processes need to be included for a given purpose and how good does the model 
approximate the real processes? This is called model structure uncertainty.  
 
Context - framing of problem 
The decision cycle also has its uncertainties. It may be that not all decision makers and stakeholders 
are involved in the decision process, leading to a low acceptability of results. Different stakeholders 
may have different perceptions of how the reality looks and what the problems and objectives are. 
Finally, external factors, such as future climate or future legislation and regulatory conditions, are also 
uncertain.  
 

2.2. What is meant by uncertainty? 
Several papers have been published defining ‘uncertainty’. A taxonomy on uncertainty is for example 
published by (Brown, 2004) and is visualized in Figure 2: 
 

Figure 2: Taxonomy of imperfect knowledge resulting in different uncertainty situations 
(Brown, 2004). 

 

  Certainty               ‘Bounded’ uncertainty           ‘Unbounded’ uncertainty 

All possible 
outcomes and all 
probabilities known 

All possible outcomes 
and some probabilities 
known 

All possible outcomes 
but no probabilities 
known 

Some possible 
outcomes and 
probabilities known

Some possible 
outcomes, but no 
probabilities known 

Spectrum of confidence (a state of awareness)

 

Ignorance: unaware of imperfect knowledge

Indeterminacy (‘cannot know’) 

No possible outcomes 
known (‘do not know’) 



 9

2.3. Examples  
Studies in integrated water management more and more frequently include aspects of uncertainty 
assessments. In the next sections some examples are given in the field of uncertainty. The examples 
demonstrate that uncertainties play a role on different levels of decision-making.  

2.3.1 Flood defences 
In the past decades a number of severe floods events occurred throughout the world. Initiatives are 
permanently ongoing to increase the protection against flooding. How certain do we want to be that 
flooding does not occur? 
Table 1 shows the standards that sea barriers should meet in countries adjacent to the North Sea 
(Jorissen et al. 2000, ten Brinke and Bannink, 2004). The values in the table represent the probability 
of occurrence: For example in the Netherlands some stretches of the sea defences are vulnerable to 
flooding when a 1 in a 2000 year flood occurs, other sea defences should be able to cope with a flood 
that occurs once in each 10000 years. The table demonstrates that there are major differences in flood 
defence standards that should be met. How (un)certain we want to be to avoid flooding is a political / 
societal decision.  This is also reflected in the legal status of the standards and the criteria on which 
standards are based.  
 

Table 1: Differences in sea barrier standards (Jorissen et al. 2000, and RIVM, 2004) 
 The 

Netherlands 
United 

Kingdom 
Denmark Flanders Germany 

Standard 
(Probability of 
flood per year) 

1/2000 to 1/10000 1/5 to 1/200 
(London: 1/1000) 

1/50 to 1/1000 < 1/1000 <1/100  
(Highest level 
recorded + a 

margin) 
Legal status Obligatory Framework Framework Framework Obligatory on 

state level 
Criteria for 
decision on 
standards 

Cost 
effectiveness, 

statutory standard 

Cost 
effectiveness, 

indicative 
standard 

depending on land 
use, London:  

statutory standard 

Risk to population 
and economic 

justification 
 

Technical 
standard 

Technical 
standard 

 
After a flooding event politics usually reacts by checking and changing flood defence standards and 
investing in higher protection levels. However, this attention tends to fade away after some time. How 
long attention is given to flooding is uncertain. 
Besides these political choices and inherent uncertainties there is also much uncertainty in the 
standard values itself. What is a one-in-a-thousand year flood? We have no direct observations over a 
sufficient number of years to be certain about the flood levels which will occur statistically once in 
thousand years. We thus use computational models and extrapolate beyond the observed values. Due 
to for example climate variability the statistics on flood may change, meaning that a one-in-a-thousand 
year flood today may be for example a one-in-a-hundred year flood 2100! In the Netherlands the 
statistics on floods are upgraded regularly, after which flood defences ‘suddenly’ may, or may not meet 
the obligatory standards.  
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2.3.2 Uncertainty on climate change 
The International Panel on Climate Change (IPCC) is the leading authority on projections of climate 
change. In the third assessment report strong evidence is presented that the observed temperature 
rise after 1860 is human induced (anthropogenic). Nevertheless, on a worldwide scientific level there 
is no unanimous agreement on this. Though the scientists who disagree appear to be a minority, one 
cannot state that there is certainty about the anthropogenic cause of climate change. This uncertainty 
has major worldwide political implications: It causes political doubt about the need and urgency to take 
costly precautionary and mitigating measures that would touch the very fabric of society. However, in 
each scientific field there is uncertainty. Challenging existing hypothesis is one of the fundamental 
aspects of research. On a political level the question again is: How certain do we need to be to act? 
The question if climate change is human induced is in that case not too important, though if one 
accepts the anthropogenic nature combating the causes is one of the measures that can be taken. If 
one does not believe in the anthropogenic nature the question remains how to protect us against 
‘natural’ climate change, and decisions need to be made on for example flood defence standards for 
the decades and centuries to come (see also 2.3.1 and Table 1).  
Figure 3 shows the IPCC’s 3rd Assessment Report’s global estimates on sea level rise (IPCC, 2001b).  
 

 

Figure 3: Global average sea level rise (1990 - 2100) for six Special Report Emission Scenarios 
(SRES) scenarios. Each of the six lines is the average of seven "Atmosphere-Ocean General 
Circulation Models (AOGCMs) for one of the six scenarios. The region in dark shading shows 
the range of the average of AOGCMs for 35 scenarios. The region in light shading shows the 
range of all AOGCMs for 35 scenarios. The region delimited by the outermost lines shows the 

range of all AOGCMs and scenarios including uncertainty in land-ice changes, permafrost 
changes and sediment deposition (IPCC 2001b). 
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The figure mainly illustrates scenario uncertainty. First of all, the different assumptions on future 
developments of greenhouse gas emissions (the six so-called Special Report Emission Scenarios 
(SRES) A1, A1T, A1F1, A2, B1, B2) result in different sea level raise scenarios (The six lines). 
Obviously the future sea level rise depends on different ideas of future emission developments. The 
dark shaded area shows the future plausible developments if all 35 scenarios from the Special Report 
Emission Scenarios are used. Clearly, more extreme scenario’s result in more spread of the plausible 
futures. The figure also provides clues on the relevance model structure uncertainties. Whereas the 
lines and dark shading are based on averages of seven different "Atmosphere-Ocean General 
Circulation Models (AOGCMs)”, the light grey shading represents the plausible futures if no model 
averaging is carried out. Thus the light grey area represents the plausible futures if all combinations of 
SRES and AOGCMs are separately plotted. Since there is a significant difference between the light 
and dark grey shading it is clear that model structure uncertainty adds significantly to the bandwidth of 
plausible futures. 
Altogether, the figure shows that there is a huge uncertainty about the future. Since sea barriers have 
a lifetime of many decades and investments on sea barriers are costly, the policy makers need to 
make a well-founded decision on how to protect society. Without the uncertainty bands they may 
simply take the worst-case scenario (dotted red line). However, given the width of the uncertainty 
bounds it is obvious that this may not be sufficient, but it may as well be too much.  
 

2.3.3 Geological uncertainty 
In the above example the uncertainty intervals around the different scenario predictions show a large 
overlap. This is not always the case. Højberg and Refsgaard (2005) calibrated three different 
groundwater models based on three different geological interpretations for a test site in Denmark. The 
three models were likely plausible given the available hydro-geological knowledge. Figure 4 shows 
breakthrough curves at four different pumping wells (A to D) for the simulated propagation of a 
conservative tracer that is put on the ground surface at time zero. For each of the three models (A-C) 
a central estimate and an uncertainty interval reflecting the effects of uncertainty in model hydraulic 
parameters are shown. 
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Figure 4: Simulated breakthrough in four selected abstraction wells (Højberg and Refsgaard, 
2005). 

 
The results show that only in well ‘A’ the three models coincide. It is however more important to note, 
that even when model parameter uncertainty is considered, the different models result in significantly 
different predictions. It is obvious that the different models will likely lead to different management 
decisions regarding groundwater protection. For situations where there is considerable uncertainty on 
process descriptions or, as here, geological interpretations, the example illustrated an approach of 
using use multiple environmental models to support policy decisions. 
 

2.3.4 Uncertainty on what makes a groundwater aquifer vulnerable to pollution 
A similar study was carried out by Copenhagen County (Copenhagen County, 2000; Refsgaard et al., 
2006). One of the county’s responsibilities is to protect the groundwater resources. For this purpose 
the county needs a reliable view on vulnerability such that imposed regulations on land use are 
effective and can be justified. Since the measures include restrictions on farming, the problem has a 
significant socio-economic dimension. The county invited five consultants to assess the vulnerability of 
groundwater resources to nitrate leaching. All consultants were given the same data. The consultants 
had different definitions of vulnerability and different tools to assess this vulnerability.  
Figure 5 shows the results. The figure shows that the two degrees of freedom, vulnerability definition 
and model choice, result in very different spatial distributions of vulnerability. It is therefore important 
that the county is involved in defining vulnerability and based on that uses appropriate tools.  
The differences between the five maps are scary seen from a management point of view, and resulted 
in some mistrust in model predictions. In contrast to the previous example, the uncertainties for the 
five individual studies were however not explicitly assessed, so it cannot be known whether the 
uncertainty intervals for the five studies in reality overlap. 
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Figure 5: Results of five studies regarding nitrate vulnerability of groundwater resources 
(Copenhagen County, 2000). 
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2.3.5 Data uncertainty 
Information on uncertainty on water samples due to laboratory analytical procedures is readily 
available. Table 2 list a number of examples (taken from Van Loon and Refsgaard, 2005)  
 

Table 2: Information about uncertainty probability distribution type, analytical uncertainties 
and data support for selected water quality compounds (for more information and references 

see Van Loon and Refsgaard, 2005). 
Abbrev. Probability 

Distribution 
function 

Coefficient of variation
(Standard deviation / 

value) 

Spatial 
support 

Temporal 
support 

Nitrate (NO3) via CRM Normal 5% 100 ml s 
Nitrate (NO3) via EM Normal 2.5% 10 ml s 
Nitrate (NO3) via IC Normal 4% 100 ml s 
Ammonium (NH4) Normal 11% 100 ml s 
Total phosphorus Normal 6% 100 ml s 
Chemical Oxygen 
Demand 

Normal 11% 500 ml s 

Biological Oxygen 
Demand 

Normal 10% 300 ml s 

Chlorophyll-a Normal 10% 2mL/min s 
 
The magnitude of coefficients of variation (uncertainty) is rather low. This however may lead to an 
unjustified trust in data. One should not forget that these figures only reflect the uncertainty due to the 
analytical procedures, thus the following sources of error are not included: 

• Uncertainties when taking the sample, storing the sample, transporting the sample 
• Uncertainties when preparing the sample for analytical analysis 
• Uncertainties when using the sample to represent the condition over a larger water volume 

and/or a larger period of time 
• Uncertainties when storing the numbers. 
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3. Obligations from European Directives 
The European Commission has endorsed a number of directives relating to Water Management. 
Within the HarmoniRiB project the legal document of the Water Framework Directive (WFD, European 
Commission, 2000) has been analysed (Blind and de Blois, 2003). Several WFD support documents 
were included in this analysis as well (CIS website, 2006).  
For this report also some other directives were briefly analysed: 

• Nitrates Directive (European Commission, 1991) 
• Bathing Water Directive (European Commission, 2006a) 
• Flood Directive (Proposal, European Commission, 2006b) 

 
The analysis carried out included a simple search on keywords that relate to uncertainty: 

• “Uncertainty” 
• “Reliable” / “reliability” 
• “Variability” 
• “Confidence” 
• “Risk” 

 
One may debate if including risk as term is justified. Risk is generally defined as “probability of an 
occurrence” multiplied by the “effect of such an occurrence”. In real-life both factors in the equation are 
difficult to estimate, hence an uncertainty assessment should always be a part of a risk assessment.   
 
Table 3 shows a few representative quotes.  
 

 Table 3: Quotes from various European Directives documents relating to uncertainty (Double 
underlined)  

Reference 
 Quote 
WFD legal text 1.3. (v)  (European Commission, 2000)  
 Type-specific biological reference conditions based on modelling may be derived using either 

predictive models or hindcasting methods. The methods shall use historical, palaeological and other 
available data and shall provide a sufficient level of confidence about the values for the reference 
conditions to ensure that the conditions so derived are consistent and valid for each surface water 
body type.  

WFD legal text Annex V, section 1.3.4 Frequency of monitoring (European Commission, 2000) 
 Frequencies shall be chosen so as to achieve an acceptable level of confidence and precision. 

Estimates of the confidence and precision attained by the monitoring system used shall be stated in 
the river basin management plan.  
Monitoring frequencies shall be selected which take account of the variability in parameters resulting 
from both natural and anthropogenic conditions. The times at which monitoring is undertaken shall be 
selected so as to minimise the impact of seasonal variation on the results, and thus ensure that the 
results reflect changes in the water body as a result of changes due to anthropogenic pressure. 
Additional monitoring during different seasons of the same year shall be carried out, where necessary, 
to achieve this objective. 
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Table 3 continued. 
Reference 
 Quote 
WFD legal text Annex V, 2.4.4, Identification of trends in pollutants (European Commission, 2000) 
 Member States shall use data from both surveillance and operational monitoring in the identification of 

long term anthropogenically induced upward trends in pollutant concentrations and the reversal of 
such trends. The base year or period from which trend identification is to be calculated shall be 
identified. The calculation of trends shall be undertaken for a body or, where appropriate, group of 
bodies of groundwater. Reversal of a trend shall be demonstrated statistically and the level of 
confidence associated with the identification stated. 

WFD CIS Guidance Document No. 3 (2002). Analysis of Pressures and Impacts.  
 You will need to complete the first analyses, using appropriate estimates for pressures and impacts 

but you should be aware, and take account, of the uncertainties in the environmental conditions […] 
WFD CIS Guidance Document No. 1 (2002). Economics and the Environment 
 “Uncertainty on costs, effectiveness and time-lagged effects of measures needs to be dealt with 

throughout the economic analysis process, […]” (WATECO) 
WFD CIS Guidance Document No. 11 (2003), Planning Processes 
 Look out! Risk assessment is one of the main tools of the river basin planning process.  
Nitrates Directive, article 4 (European Commission 1991) 
 A summary of the action programmes drawn up pursuant to Article 5 and, in particular: 

(a) the measures required by Article 5 (4) (a) and (b); 
(b) the information required by Annex III (4); 
(c) any additional measures or reinforced actions taken pursuant to Article 5 (5); 
(d) a summary of the results of the monitoring programmes implemented pursuant to Article 5 

(6);  
(e) the assumptions made by the Member States about the likely timescale within which the 

waters identified in accordance with Article 3 (1) are expected to respond to the measure in 
the action programme, along with an indication of the level of uncertainty incorporated in 
these assumptions. 

Bathing Water Directive, article 10: (European Commission, 2006a)  
 Compliance should be a matter of appropriate management measures and quality assurance, not 

merely of measuring and calculation. A system of bathing water profiles is therefore appropriate to 
provide a better understanding of risks as a basis for management measures. In parallel, particular 
attention should be attached to adherence to quality standards and coherent transition from Directive 
76/160/EEC. 

Flood Directive, article 2 (proposal, European Commission 2006b) 
 The flood maps shall cover the geographical areas which could be flooded according to the following 

scenarios: 
o floods with a high probability (likely return period, once in every 10 years); 
o floods with a medium probability (likely return period, once in every 100 years) 
o floods with a low probability (extreme events). 

Flood Directive, article 2 (proposal, European Commission 2006b) 
 Member States shall establish appropriate levels of protection specific to each river basin, sub basin or 

stretch of coastline, focusing on the reduction of the probability of flooding and of potential 
consequences of flooding to human health, the environment and economic activity, and taking into 
account relevant aspects: water management, soil management, spatial planning, land use and nature 
conservation. 
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“Uncertainty” is not mentioned in the legal document of the Water Framework Directive itself. Terms as 
“significant”, “variability” and “risk” are included and do have a strong relation to uncertainty. Likewise, 
the CIS guidances do rarely speak of ‘uncertainty’, but strongly recommend dealing with uncertainty by 
frequently mentioning ‘confidence’, ‘risk’, etc. The other directives, which have been briefly analysed, 
include in one way or another (recommendations to account for) uncertainties.  
 
In conclusion the various European Directives and in particular the Water Framework Directive 
mention uncertainty related issues. The terms “confidence”, “significance”, and “reliability” all imply 
handling uncertainty in one way or another. One may thus conclude that dealing with uncertainties is 
mandatory in many Directives.  
“Risk assessment” is the most frequently used term within the different directives. Risk assessment 
cannot be conducted without considering uncertainty somehow. Risk is generally defined as 
“probability of occurrence times effect”, where the definition of effect may include monetary costs only, 
or include various other types of (social) effects. In general “probability of occurrence” is difficult to 
assess, as are the effects. It is therefore common to include some uncertainty in risk assessment, 
ranging from a more narrative approach stating the validity of numbers to full-scale statistical analysis 
of uncertainties.  
There is quite some uncertainty regarding the practical effects of the “mandatory” uncertainties when 
implementing the Directives. The Directives however provide no or few clues on how uncertainty 
should be addressed. What is meant by ‘significant’, ‘reliable’, etc. From a practical perspective these 
terms need to be made operational to allow proper use when implementing the Directives. Due to the 
lack of such specifications, it is unclear what the implications are of not including such assessments.  
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4. Contributions of HarmoniRiB in making uncertainty operational 

4.1. A bird-eyes view on HarmoniRiB 
The preceding section demonstrated that European legislation, especially the WFD, strongly 
encourages or even prescribes that uncertainty or closely related issues such as ‘sufficient confidence’ 
and ‘risk’ need to be accounted for when implementing various directives. From the scientific 
perspective it is also generally recognised that uncertainty assessments are important when data or 
model results are used to support water resources management decisions (Van Asselt and Rotmans, 
2002; Jakeman and Letcher, 2003; Refsgaard and Henriksen, 2004; Babendreier and Castleton, 
2005; Pappenberger and Beven, 2006; Beven, 2006). This has also been illustrated in the examples in 
chapter 2.3. 
 
However, despite strong recommendations to consider uncertainty aspects, it must be acknowledged 
that working with uncertainty is all but straightforward. Especially in integrated studies, knowledge on 
uncertainty assessments is in its infancy. Though much research has been carried out over the last 
decades, essential aspects are not yet matured. The uptake by water management is rather low.  
 
Therefore, there is a clear and urgent need for developing new methodologies and tools that can be 
used to assist in implementing the WFD. In order to support such research and development, it is 
necessary to have a network of representative river basins with datasets suitable for this purpose. This 
implies that the datasets, in addition to covering the diversity in terms of ecological regimes and socio-
economic conditions found across Europe, must have built-in information on the uncertainties in the 
data. 
 
For this purpose the European Commission funded the research and technological development 
(RTD) project “Harmonised Techniques and Representative River Basin Data for Assessment and Use 
of Uncertainty Information in Integrated Water Management (HarmoniRiB)” (contract number EVK1-
CT-2002-00109). The overall goal of HarmoniRiB was to develop methodologies for quantifying 
uncertainty and its propagation from the raw data to concise management information. The four 
specific project objectives were: 
• 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. The data will be publicly 
accessible and may be used by European scientists and end-users to assess the appropriateness 
of models and other tools. 

• 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. 

 



 19

Figure 6 shows that the main focus of the project was on environmental knowledge and data, but work 
on socio-economic models and data, and integration and decision support was also carried out. 

 

Figure 6: The main focus of the HarmoniRiB project. 
 
 

4.2. The key deliverables 
Besides the case studies, which were carried out within the project to test the projects results (chapter 
4.3), HarmoniRiB’s key results applicable for water management are: 

• DUE software tool (chapter 4.2.1.1). 
• Guidelines for assessment of data uncertainty (chapter 4.2.1.2). 
• The guidelines for supporting incorporation of socio-economic uncertainties in the decision 

making process (chapter 4.2.1.3).  
• Uncertainties in the economic analysis of the WFD(chapter 4.2.1.4 ). 
• Databases for accommodating uncertain data & River basin network and data (chapter 

4.2.2.1). 
• River basin network and data (chapter 4.2.2.2). 
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4.2.1 Uncertainty concepts and tools 
 
Much work was carried out on uncertainty assessment. In this chapter only the most practical work is 
included 
 

4.2.1.1 DUE software tool 

Development of the Data Uncertainty Engine (DUE) is a major scientific achievement of HarmoniRiB. 
DUE can support assessment of data and its propagation through models. The graphical user 
interface of DUE is illustrated in Figure 7.  
 
DUE separates the analysis of data uncertainties into four stages: 
1. Objects are first imported into the software. 
2. The sources of uncertainty are then identified (important for a structured analysis).  
3. The sources of uncertainty are translated into a simple model (e.g. probability model) from which 

‘alternative realities’ can be generated. These ‘alternative realities’ are used in an uncertainty 
propagation analysis to establish the impacts of data uncertainty on other operations, such as 
modelling.  

4. Finally, it is necessary to reflect on the quality of an uncertainty analysis, as they are fraught with 
assumptions and difficulties and can be misleading without quality control.  

 
The DUE software can be downloaded from http://workplace.wur.nl/harmonirib. The software and the 
associated manual have been thoroughly tested within the project. As a result of this it has been 
updated several times during the last two years of the project. 
 

Figure 7: Screen shot from the Data Uncertainty Engine (DUE) 
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4.2.1.2 Guidelines for assessment of data uncertainty 

Reviews with results on data uncertainty reported in the literature have been compiled into a guideline 
report for assessing uncertainty in various types of data originating from meteorology, soil physics and 
geochemistry, hydrogeology, land cover, topography, discharge, surface water quality, ecology and 
socio-economics (Van Loon and Refsgaard, 2005). Some of the main results in this guideline have 
been submitted for a special issue of the international journal HESS, where it is expected that they will 
be published in 2007. 
The following domains of water management are included in the guidelines: 

1. Climatological data 
2. Soil physical and geochemical data 
3. Geological and hydrogeological data 
4. Land cover 
5. Discharge data 
6. Surface water quality data 
7. Ecological data 
8. Socio-economic data for river basin management 

 

4.2.1.3 The guidelines for supporting incorporation of socio-economic uncertainties 
in the decision making process 

Klauer and Dunbar (2005) have prepared a guidance document to support the framing of the decision 
problem with respect to selection of management measures to reach a certain goal. The decision 
making process is structured in three phases (Figure 8): 
 
• Framing the decision-making problem, including the problem identification, the first analysis of 

pressures and impacts, the identification of potential measures and alternative actions and the 
identification of evaluation criteria. 

• Impact analysis, where the effects of the different measures and alternatives on the considered 
criteria are estimated and assessed. 

• Final evaluation, decision support and decision making, where the information of the impact 
analysis is analysed, interpreted and utilised for supporting the decision makers and finally 
influences the actual decision-making. 
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Figure 8 Structuring of the decision making process for the selection of river basin 
management measures (Klauer and Dunbar, 2005) 

 
 

4.2.1.4 Uncertainties in the economic analysis of the WFD 

A comprehensive report has been prepared on uncertainties in the economic analysis of the WFD 
(Brouwer, 2005). It comprises analyses of uncertainty with respect to four WFD related topics:  

(a) Economic characterisation of river basins;  
(b) Assessing future demands and supply of water;  
(c) Selection of cost-effective programme of measures; and  
(d) Cost recovery of water services.  

 
The analyses are illustrated by comprehensive examples from The Netherlands. 
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4.2.2 Databases for accommodating uncertain data & River basin network and 
data 

 

4.2.2.1 Database design and implementation 

One key aim of the HarmoniRiB database system was to enable the HarmoniRiB Data Centre to 
receive, quality control, store and make available the representative basin data being assembled by 
the project. Ideally, it should be able to handle any data required for developing WFD-compliant River 
Basin Management Plans. This includes data for underlying modelling studies, and thus exceeds the 
WFD needs for reporting or river basin characterisations. 
For this purpose the HarmoniRiB consortium designed and implemented a database. The novelty of 
the database is that it meets the following requirements: 
• It can store time-series data 
• It can store spatial data, both raster and vector, as well as time-series of spatial data 
• It integrates data from many domains and many countries 
• It can store information about uncertainty in these data. 
 
The design of the HarmoniRiB database (Moore, 2005) can be found on 
http://workplace.wur.nl/QuickPlace/harmonirib/Main.nsf/. 
 

4.2.2.2 Representative datasets from eight river basin data. 

The database developed within the HarmoniRiB project has been used to store data from eight river 
basins. The data cover a wide range of water related topics but mainly take the form of site 
descriptions and time series records. They also include spatial data describing site locations, networks 
and variables such as land use or elevation. 
The data included in the data centre are free for use to research. Figure 9 shows the number of 
different data types (‘attributes’) and the amount of data per basin included in the database 
(June2006). Detailed information can be found in Passarella (2006b). To obtain access to the 
database please contact giuseppe.passarella@ba.irsa.cnr.it.  
 

Figure 9: Number of different data types ('attributes' and number of data included in the 
database in June 2006). 
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4.3. Case studies 
The methodologies and tools developed in HarmoniRiB were tested and evaluated by applying them 
in eight case studies. The location of the river basins is presented in Figure 10. The case studies 
covered different topics (Table 4): 

Table 4: The topics of HarmoniRiB case studies 
Topic Case studies 
Eutrophication / nutrient emissions Odense, Denmark  

Weiße-Elster, Germany 
Vecht, The Netherlands  

Water scarcity Candelaro, Italy 
Geropotamou, Greece 
Jucar, Spain 

Floods Svratka, Czech Republic 
Ecology Kennet, United Kingdom  

 
In this chapter for each of the above topics the key findings are presented. 
 
 

 
Figure 10: Location of HarmoniRiB's case studies. 
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4.3.1 Case studies on eutrophication (Odense, Vecht, Weiße-Elster) 
 

4.3.1.1 Odense River Basin, Denmark 

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).  

 

 

Figure 11: The Odense River Basin (Fyns Amt, 2003). 
 
 
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 reduced by more than 75 % due to improved 
treatment of wastewater, compared with the period 1976-1987. Land-based nitrogen input has been 
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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. 
 
In the Odense study, uncertainty in model parameters for the unsaturated component in a linked 
rootzone-groundwater model was assessed. The uncertainty analysis focussed on the parameters in 
the rootzone model characterising land management and soil physical properties. Furthermore, a 
model framework for an assessment of the uncertainty related to simulation of nitrate leaching at the 
catchment scale was developed. 
The Odense study demonstrates the need to put more emphasis on uncertainties. It can be supportive 
in communicating the relevance of uncertainties to water management. Certainly, the research 
conducted produces insights, which are relevant to (follow-up) research:  

• The analysis focussing on the rootzone model only showed that guidance is needed on how 
uncertainty in soil physical properties and fertilizer application at different spatial and temporal 
scales can affect integrated assessment of nitrate reducing measures.  

• From the uncertainties included in the study the hydraulic properties of the soils of the 
rootzone from which nitrate can leach into groundwater and the nitrogen content in slurry 
fertilizer appear to be most important. However, many uncertainties have not been 
quantitatively included.  

• Due to the large spatial variability the importance of plot scale uncertainty of soil properties 
and slurry application reduces when nitrate leaching is considered at catchment scale. Here 
uncertainty on other factors will dominate. Important factors in this respect are uncertainty of 
the pedotransfer functions that transform soil texture information to soil hydraulic properties 
(model structure uncertainty), uncertainty on the nitrogen content of the slurry applied to the 
entire catchment, uncertainty on the interaction between surface water and groundwater, and 
uncertainty on the effects of wetlands.. 

• The researchers advice to focus follow-up research on the uncertainty on the difference 
between a reference situation and a scenario with mitigation measures. The interesting 
question is often how large the uncertainty of the impact of a measure is rather than the 
uncertainty on the individual model scenario simulations. Furthermore, there is a need to study 
the economic uncertainty related to implementation of various scenarios, so that uncertainties 
on both effects and costs of measures are analysed. 

• On a higher level the authors advice that assessment of uncertainty should be part of each 
environmental modelling study. Already developed uncertainty guidelines must be made more 
visible and accessible. Awareness rising of the importance of uncertainty by means of 
seminars, courses etc. for both the research community and practitioners is desirable. In this 
way barriers can be reduced, and advantages made clearer. 

 
For details on this case study see van der Keur and Refsgaard (2006). 



 27

 
 

4.3.1.2 Vecht, The Netherlands 

The Vecht is a middle size rain river that originates 
in Germany and ends in the central north of the 
Netherlands, where it flows into Lake IJssel. The 
total area of the Vecht catchment is 3700 km2, which 
is almost equally divided over the Netherlands and 
Germany (Figure 12). The total length of the river 
itself is 167 km, of which 60 km is situated in the 
Netherlands (Schoumans et al., 2005 ). The Vecht 
basin is part of the Rhine Basin. 
The objective of this case study is to assess the 
influence of data and parameter uncertainty on the 
effects of a number of alternative measures, 
calculated by the model NL-CAT, aimed at reducing 
the concentration of nutrients in the surface water. 
Furthermore, the economic costs of these measures, 
their side effect, public support and acceptance by 
Brussels are assessed, including corresponding 
uncertainties.  
 
Three measures that have a positive effect on the 
reduction of nutrient concentration and reaching 
good ecological status were selected: reduction of 

fertilisation use in agriculture, broadening of small 
watercourses and reduction of nutrient discharge by 
waste water treatment plants (WWTPs). For these 
measures and for the baseline scenario, uncertainty 
information is assigned to five selected inputs/ parameters and propagated through the model. 
Furthermore, their costs and related uncertainties have been determined.  
The selection of the uncertainties has been based on expert knowledge regarding the importance of 
uncertainties, curiosity, relation to measures considered and practicability. The expert knowledge has 
been based on a sensitivity analysis of an earlier version of the SWAP (Swap-website, 2006) and 
ANIMO model (ANIMO website, 2006, Wesseling et al., 1998; Groenenberg et al., 1999) and expert 
judgment. The selected uncertainties for consideration in this study were: Oxygen diffusion in soil, 
phosphorus background concentration, fertilisation, iron and aluminium quantity in the upper soil and 
storage capacity of the detailed surface water system (Nuswalite website, 2006). 
Figure 13 shows that the effect of these uncertainties on the results is not very high and decreases 
with decreasing nutrient concentration. 
The authors conclude that given the study at hand uncertainty analysis adds extra valuable 
information on the basis of which you can assess the alternatives. The study shows that including 
multiple uncertainties does not lead to exploding output uncertainties. Some of the uncertainties had a 
smaller effect than expected. The authors recommend paying more attention to or developing the 
following: 

Figure 12: Complete river network of the 
Vecht catchment. Source (Schoumans, 

Groenendijk et al. 2005) 
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• Experiences gained by the application of the nation wide nutrient leaching model was utilized 
when selecting which specific inputs and parameters should be varied under uncertainty. This 
selection procedure could have been assisted by a catchment specific of nutrient sources.  

• The specification of the output location has a large influence on the results of both the nutrient 
concentrations and the magnitude of the uncertainty. A synthesis of the output specification and 
the catchment specific nutrient source analysis would have resulted to a better understanding of 
the type of uncertainties to address. 

• The type of output (e.g. which indicator on which scale): It should be the guiding for which 
uncertainties to assess and how to assess them. Different types of uncertainties influence each 
scale.  

• Uncertainty assessment is always subjective. Assumptions and choices are necessary due to lack 
of knowledge, so there is a need for a good documentation. The most influencing assumptions are 
about how to deal with a lack of knowledge, which is especially relevant for the assessment of 
uncertainty in fertilization. The researchers extrapolated data outside the scope for which they 
were measured and have relied heavily on expert judgement. They assumed uncertainty to remain 
constant in time, which in reality is probably not the case. The questions on how to translate 
historical data into uncertain scenarios of the future, how to deal with meteorological variance and 
which output to consider should be better incorporated in a future study. 

• Uncertainty analysis is complex and time consuming for large models. There is a need for better 
guidance on how to make smart choices.   

  
The selected alternatives and their cost estimation have only limited relevance to reality. In a future 
study a more multi-disciplinary team should be involved, such that the alternatives are more realistic. 
Uncertainty assessment on the scale carried out in this study requires additional research to justify 
direct implementation in water management. But, the Vecht case study provides much positive 
insights and it is concluded that uncertainty assessment greatly improves our knowledge and hence 
should receive much more attention in the future.  
For details on this case study see Bijlsma et al., 2006. 

Figure 13: The effect and influence of uncertainty for the combination of all measures (1997, 
no measures are in effect). 
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4.3.1.3  Weiße Elster, Germany 

The Weiße Elster river basin (Figure 14) is a 
subcatchment of the Saale, which is the second 
largest tributary of the Elbe River. The 
catchment area is about 5300 km² and is mainly 
situated in the German federal states of 
Sachsen (Saxony), Thüringen (Thuringia) and 
Sachsen-Anhalt (Saxony-Anhalt), with its source 
in the Erzgebirge (Ore Mountains) in the Czech 
Republic. The river is 250 km long and has a 
mean discharge of 26 m³/s (gauging station 
Oberthau). 
The Weiße Elster study dealt with the effects of 
uncertainty on nutrient emissions. The 
effectiveness of various measures targeting 
points sources, land use practices and 
morphological changes were analysed. The 
models utilized were quite complex (SWAT 
website, 2006, WASP5 website, 2006), and not 
all uncertainties were taken into account.  
With regard to the SWAT modelling study we 
can conclude that the investigated ecological 
farming scenarios did not ensure a reduction of 
nitrogen leaching from agricultural land within 
the Weiße Elster catchment. Only the scenario 
on liberalisation of the agricultural market led to a considerable reduction of nitrogen loads due to 
large reduction of agricultural land use of 42.6%. Input data uncertainty analysis showed that 
systematic rainfall measurement errors can have considerable impact on simulated discharge as well 
as simulated nitrogen load. In small catchments with only one precipitation gauge station the selection 
of a wrong wind shelter class can lead in the case of low discharge to relative discharge errors of up to 
100 % and relative nitrogen load errors of up to 30%. The importance of detailed information on wind 
shelter classes of precipitation gauge sites compared to the use of mean correction factors will decline 
with an increase in catchment size and associated increase of rainfall gauge stations. Point 
measurement rainfall errors tend to compensate if a large number of precipitation stations is used.  
Hence, careful consideration of random point measurement precipitation errors is necessary only if a 
small number of precipitation stations (< 10) are included in the study. Figure 15 demonstrates the 
dependency of the simulated discharge and nitrogen load on the number of weather stations included. 
 

Figure 14: The Weiße –Elster. 
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Figure 15: Mean and maximum monthly error ranges of simulated discharge and nitrogen load 
in selected subcatchments of the Weiße Elster using a rainfall correction factor of 18.2% and 

randomly generated rainfall time series (Gumbel distribution). 
 
With regard to the river water quality modelling study it can be concluded that parameter uncertainties 
of the WASP5 river water quality model has a larger contribution to the overall model uncertainty 
compared to the investigated input data uncertainties. Parameter uncertainties were high and 
sometimes larger than the effect of the investigated river restoration management scenarios; hence 
the effect of the investigated measure was too small to be assessed by the model. The analysis of 
input data uncertainties showed that the investigated input parameters and variables Mannings n, 
periphyton biomass and point source inputs have largest effect on NH4-N followed by PO4-P. The 
uncertainties of the boundary conditions had comparably low impact on nitrate concentrations.  It has 
to be pointed out that uncertainties due to non point source nutrient inputs have not been investigated. 
It can be expected that these uncertainties have a large impact on in-stream nutrient conversion 
because of their large share of the total nutrient load. In the Weiße Elster catchment this is particularly 
true for nitrogen. Since in-stream nitrate degradation is strongly influenced by the nitrate concentration 
level in the water column, high dependencies between non point source input load uncertainties and 
uncertainties at the outlet of the investigated river reaches can be expected. 
Though several results of the case study are already used in follow-up work, the authors acknowledge 
that only including precipitation uncertainties poses some limitations to direct application of the results 
in water management. It is however difficult to include all uncertainties in such a complex modelling 
environment. Given the experiences gained uncertainties in fertilizer inputs, atmospheric deposition, 
diffuse inputs to the river water quality model would receive priority attention in further work. 
  
For details on this case study see Rode et al., 2006. 
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4.3.2 Case studies on water scarcity (Candelaro, Geropotamou, Jucar) 
 

4.3.2.1 Candelaro, Italy 

The Tavoliere delle Puglie, partially located in the Candelaro basin (Figure 16) is threatened with 
desertification. A dramatic drop, sometimes ranging from 15m to 20m (Polemio and Dragone, 1999), in 
the mean annual groundwater level during the last 20 years of the last century, reduced the available 
water due to uncontrolled use and created tension amongst the users. The groundwater level 
dropdown started with the introduction of pumping of groundwater resources for drip-irrigation of the 
main crops: grapes and vegetables. Following that, pumping became uncontrolled with farmers 
making an unknown number of unregistered wells. Illegal use of groundwater water is difficult to be 
policed. 

 

Figure 16: The Candelaro River Basin. 
 
Presently, it is common practice for most municipalities not to share the water amongst them, even if 
they belong to the same basin. An allegedly oversized dam has been constructed and is currently filled 
up, aiming to fulfil the irrigation water needs in the basin. These methods of management lay far from 
being characterised as effective but are currently common practice. There are also concerns on the 
water quality, but these are beyond the scope of this study. 
The main objective of the study was to establish an effective policy for decreasing groundwater 
abstraction and losses in order to reach the Good Ecological Status (GES) in the Candelaro 
catchment.  
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In order to deal with the groundwater resources problem in the Tavoliere Valley the implementation of 
crop changes in the Tavoliere Valley was studied. For this purpose a simple water balance model was 
developed and fed with uncertain monthly rainfall and potential evapotranspiration data.  
The results indicate that if no action is taken the situation in the Tavoliere Valley will worsen. Changing 
crops will improve the situation significantly, not only with respect to mitigate climate change impacts 
but also when compared to the current situation. The researchers estimated the savings that can be 
accomplished by the crop change (Figure 17) by multiplying the amount of water saved by the current 
costs (0.1 €/m3). The central value of this saving in the Tavoliere Valley is higher than the reduction of 
the Gross National Product (6.4M€) caused y the basin wide crop pattern change. In other words, the 
likeliness that the savings are likely to exceed the decrease in Gross National Product is about 69%.  
. 
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Figure 17: Uncertainty distribution associated to money saving deriving from coupled climate 
change and crop change scenario. 

 
 
Though the case study did not include water quality aspects, the authors conclude that much more 
data need to be available to effectively device a strategy to combat diffuse pollution. 
 
For details on this case study see Passarella and Barca (2006a). 
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4.3.2.2 Geropotamou, Greece 

The Geropotamou basin covers an area of 600 km2 and is located in the central southern part of 
Crete, about 50 km south of the city of Heraklion (see Figure 18) About 250 km2 of the total basin, the 
Messara Valley, is cultivated and the remaining area (highland) is used for livestock. The main land-
use activities are olive growing (about 175 km2) and grape vine cultivation (40 km2). The remainder of 
the cultivated land is used for vegetable, fruit and cereal growing. The Messara Valley has remained 
rural with a small population of about 40,000 inhabitants. The main source of irrigation and domestic 
supply is groundwater (almost 400 water wells). 

 

Figure 18: The Geropotamou Basin. 
 
The Geropotamou basin faces a severe groundwater resources problem due to the overexploitation of 
the aquifer, mainly for the irrigation of the 250km2 of agricultural land located in the Messara Valley. 
This situation has led to Messara Valley being threatened by desertification. This environmental issue 
calls for an immediate application of measures that will aim at both deterring the adverse effects of 
human activities but also have a positive environmental impact for the faster restoration of the 
ecosystem. In order to demonstrate the role of uncertainty in the decision-making process an 
uncertainty analysis was undertaken for all measurements and models used in this study. The 

Geropotamou Basin

  Geropotamou Basin 
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following uncertainties were considered: precipitation and seven different model parameters. By 
working with two scenarios for climate change some insight was gained in uncertainty of scenarios.  
A set of alternative measures aiming to remediate the groundwater problem faced in the basin was 
established. The analysed measures were: “Stopping illegal pumping”, “Increase water price” and 
“Develop an irrigation network”. The analysis was carried out for two future climatic scenarios.   
As an example, the results of developing an irrigation network are presented in Figure 19 for one 
climatic scenario. 
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Figure 19: Prediction of groundwater level fluctuation after irrigation network implementation 
for the Climatic Scenario 1. 

 
A socio-economic analysis was conducted in order to evaluate the effectiveness of each measure. A 
multi-criteria decision matrix was set up (Table 5).  
 

Table 5: Decision matrix for Climatic Scenario 1 

Criteria
 
Alternative 
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Unit meters 
from surface 

M Euros Categorical 

Stop illegal pumping -32.8 2,342 Medium 
Water price -33.9 0,250 Bad 
Irrigation Network -30.8 25,200 Good 

 
 
The results of the analysis show that a combination of measures can deal with the problem of 
groundwater over-exploitation. Specific effects on groundwater level by the year 2015 when the WFD 
is due to be implemented are presented. 
The authors conclude that the effect of some other uncertainties, for example model, scenario 
uncertainties, and cost uncertainties should be researched in-depth in the future. Nevertheless, they 
believe the most important uncertainties are included and well established, leading to confidence in 
the interpretation of the outcome. 
 
For details on this case study see Tsanis et al, 2006. 
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4.3.2.3 Jucar, Spain 

The Jucar River Basin District (RBD) comprises all river basins that run into the Mediterranean sea, 
between the left bank of ”La Gola del Segura”, in its mouth, and the mouth of the Cenia river, as well 
as the endorreic basin of Pozohondo. The total area is 42.989 km2, and extends over the autonomous 
regions of Castilla-La Mancha (36.6%), Valencia (49.6%), Aragon (13.2%) and Catalonia (0.6%, 
Figure 20). There are approximately 4.360.000 inhabitants (year 2001). Due to tourism, an additional 
1.400.000 non-permanent residents live in the area.  
 

 

Figure 20: The Jucar River Basin District. 
 

The goal of this case study was to illustrate how a qualitative uncertainty assessment of an issue 
relevant for WFD implementation may be carried out. In particular, the study assessed qualitatively the 
uncertainties involved in the estimation of the two factors that determine the assignment of good or 
bad (quantitative) status to a GW body, namely the available resource and the total abstraction. For 
each factor, the sources of uncertainty affecting the individual elements (parameters, variables or 
models) from which they are estimated are studied separately. Each uncertainty source is briefly 
described, including its relative importance, its relation with the variable(s) affected, its synergies with 
other sources, and possible measures to reduce it. The results are presented in Table 6. Significant 
means that it is likely that the errors in the estimation have such a magnitude that the success of the 
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(current) Program of Measures is in jeopardy. Furthermore, for some variables, such as the ‘return 
from irrigation’, the errors may have the same order of magnitude than the estimation itself. 
 

Table 6: Summary table of the qualitative assessment of uncertainty on the quantitative status 
of MOA. 

 
Factor Estimated 

Volume 
Importance for 

Quantitative 
Status in terms 
of percentage 

Uncertainty 
of the 

estimation 

Bias (overestimation 
[+], underestimation  
[-], or unbiased [0]) 

Quantitative 
impact of the 
uncertainty 

Rain 

infiltration 
147.72 20 High [+] in drought periods High 

Losses from 

rivers 
60 9 High [0] Moderate 

Return from 

irrigation 
78.91 11 Very high [++] High 

80% lateral 

recharge 
72 10 High [0] Moderate 

Reserved 

river flow 
-35.54 5 High [0] Low 

Available 
Resource 

323.09 50  
(sum of the 

above) 

High [+] High 

Abstraction 406.60 50 Moderate [-] High 

Difference 
([1]-[2]) 

 
-83.51 

 
100 

 
High 

[-] (Difference is 
likely larger than 

estimated) 

 
High 

 

 
To reduce the uncertainty the authors of the case study advice amongst others to:  

• Redefine the arbitrarily delimited parts of the aquifer according to more natural boundaries, so 
that uncertainty in lateral recharge is greatly reduced. 

• Use of two different estimates of recharge from rain infiltration (and hence of the available 
resource), one for normal years, and another (lower) for years within a drought period. 

• The revision of the estimate of ‘return from irrigation’, which is likely to be close to a null value. 
• To research the efficiency of actual irrigation practices the aquifer MOA, as to increase the 

irrigation volume estimates with a correction factor that takes into account the inefficiency of 
current practices. 

• To increase the density of the monitoring network. 
 
For details on this case study see Sans and Castilla (2006). 
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4.3.3 Case study on floods (Svratka, Czech Republic) 
The case study prepared by Povodí Moravy, s.p. focussed on assessing the uncertainty involved in 
calculations of flood flows and the extent of inundations generated by of the flood overflows. This was 
related to an economic assessment of future proposals of anti-flood measures. The study area, 
Svratka basin, is shown in Figure 21. 

The study focuses on assessing the uncertainty related to the one hundred year maximum flood on 
the river Svratka within the Brno intraurban area, from the point of view of the peak and volume of the 
flood, the maximum depths reached in the river channel and flooded area and resulting damage to 
property. All the proposals for anti-flood measures are based on calculations of overflows, depths and 
velocities. It is in this area that there is a requirement to assess uncertainties in the available materials, 
measurements and calculations.  
100 different flood hydrographs were created based on a measured event and uncertainty analysis. 
These flood hydrographs were then used to simulate the water elevations and associated damage of 
flooding.  
The original flood wave Q100 has a peak of 282 m3/s and a volume of 137,106 m3. 100 new waves were 
generated, whose peaks varied from 198 m3/s to 377 m3/s and whose volumes varied from 99 106 m3 
to 169 106 m3.  Compared to the original wave, the peaks varied between 70 – 133 % and the volume 
between 72 – 123 %. Given this approach the anti-flood defences should have a reserve dimension of 
approximately 30% compared to the calculations based on the original data only. In order to assess 
the height proposal of the technical measures (e.g. embankments) 5 places directly on the Svratka 
and 2 places in the flood area were chosen. The evaluation of the maximum achieved heights for all 
100 waves in the five places on the river and two places in the flood area is as follows (Table 7): 

Figure 21: Watercourses in the Morava basin 
(yellow) and the Svratka subbasin (orange).  
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Table 7: (Difference between) Observed, simulated maximum water levels at several locations 
in the Svratka river.  

 
Column no. 1 2 3 4 5 6 7 

Name 
Svratka 
258 195

Svratka 
261 337

Svratka 
264 882

Svratka 
267 170

Svratka 
267 643

Flood  
KSIROVA2 

Flood  
PRIZMODRIC

Max. observed water level  
Original wave 

(m above sea level) 
208,1 203,9 199,2 196,4 195,8 197,8 192,5 

Maximum water levels from 100 
simulations 

(m above sea level) 
208,71 204,86 199,78 196,87 196,16 198,26 192,81 

Difference (m) 0,61 0,96 0,56 0,47 0,36 0,46 0,31 

 
The height of the maximum calculated level for the original wave with a 50cm reserve was exceeded 
in three places on the Svratka, specifically in the upper half of the section of the Svratka in Brno. In 
this part the river base level is more enclosed. From the statistical evaluation it is however evident that 
these are extreme cases and that a reserve of 0,50m over the maximum level of the original flood 
wave is seams reasonable. 
 
Comparing the assumed total costs for constructing anti-flood defences in Brno, approx. CZK 224 
million, and the results of assumed direct and total damage for all 100 generated waves, it is evident 
that the construction of the defences is worthwhile from an economic point of view. For the lowest level 
of simulated overflow the calculated direct damage is 1.5 times, and the total damage 3.5 times 
greater than the estimated costs for building anti-flood defences. 
 
The researchers conclude that on the basis of this case study, when proposing the anti-flooding 
measures, the 50cm height reserve is optimal and sufficient from a safety point of view. In future it will 
however be possible to suggest this reserve in such a way that the input flood wave with high point 
and volume be increased by 30% and the calculation redone. The proposed measures for this 
adjusted flood wave should be adequate from a safety point of view. 
 
For details on this case study see Biza et al. (2006). 
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4.3.4 Case study on ecology (Kennet, United Kingdom) 
 
Figure 22 illustrates the location of the Kennet, a sub-catchment of the River Thames, located in 
central southern England. The area of the catchment is approximately 10,000 km², and much of this 
lies on permeable chalk geology. The catchment is of predominately rural character, and there is 
considerable use of the water resource for public supply and agriculture. 
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Figure 22: The Kennet and Thames catchments 
 
 
The objective of the study was to examine the effects of uncertainty on the calibration of a river flow-
ecology model, and how this affects its ability to detect the effects of water abstraction on river 
ecology, over and above the effects of naturally varying river flows. Water abstraction acts to reduce 
river flows that would have occurred naturally.  
To study the relationship between streamflow, water abstraction and ecological status (represented as 
‘LIFE-score’) a multilevel regression model was calibrated under uncertain inputs. Uncertain inputs 
considered were flow, abstraction and ecological status (LIFE-score).  
The study has highlighted the difficulties in preparing good quality time series of historical flows and 
abstractions at ungauged sites, even when relatively comprehensive data are available to start with. 
The study has resulted in a new approach for the integration of uncertain physical pressure and 
biological response data, which could be applied in other contexts. Although the relationships between 
historical flows and the LIFE score were clear, it was not possible to demonstrate a link to abstraction 
data as well. It was thus not possible to support the working hypothesis and ascribe a negative impact 
to the effects of water abstraction, over and above the effects of historical flows on LIFE score. 
Several factors may have contributed to this, particularly the small number of sites used in the study. 
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The case study has demonstrated what was initially a rather unexpected result, that incorporation of 
uncertainty into model input data can actually improve the quality of a model. With hindsight, this is 
actually not so surprising. If data points which did not fit a model well are in fact outlying partly 
because of sampling uncertainty, then it is logical that downweighting these points would improve the 
model overall.  
In the case study, some (uncertainty) modelling aspects may be improved with additional work. Given 
the presented results it is however questionable if this will change the overall conclusion given the 
data available to the study.  
Recent, currently unpublished work undertaken in the UK as part of the development of the next 
version of the Environment Agency’s RAM (Resource Assessment and Management) framework, has 
highlighted the difficulties in ascribing ecological impacts to levels of water abstraction at the national 
scale. This is despite the fact that on a case-by-case basis, impacts are often very clear. The Kennet 
case study has highlighted the importance of considering both historical flows and abstractions when 
looking for such relationships. Unfortunately, the mechanisms of impact of flow regulation are more 
complex than those of many chemical pollutants. Despite this increasing complexity, if the right data 
exist, it should be possible to quantify such impacts without resorting to very detailed site 
investigations. In this regard, it is very useful to consider uncertainties in the various data sources, 
consideration of such uncertainties does not always make the problem more complex, and in some 
cases relationships can be clarified. Collection of site or river-specific replicate sample data should be 
considered to improve uncertainty estimates in ecological data. 
 
For details on this case study see Dunbar and Goodwin (2006). 
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5. Summary, conclusions and recommendations   
By means of some examples this report has first of all shown that uncertainty is an important aspect to 
consider when making decisions. The appearance of uncertainty on different levels, from data to 
decision making has been demonstrated. This was followed by an analysis that revealed that current 
European Directives promote the use of uncertainty during implementation. Though uncertainty is not 
often explicitly mentioned, terms such as ‘confidence’, ‘reliability’ and ‘risk’ are, and these terms have 
a close relationship to uncertainty. Scientists also frequently advocate that uncertainty should be more 
thoroughly included. 
The HarmoniRiB consortium developed a number of tools to make working with uncertainties more 
straightforward. These tools were then tested in eight case studies.  
Based on a separate interview with the case study leaders the conclusion is drawn that the software 
tools developed by HarmoniRiB serve their purposes well, though many improvements are suggested 
Montesinos et al, 2006). The guidance documents (van Loon and Refsgaard, 2006; Klauer and 
Dunbar, 2005) provided were also considered very helpful.   
 
With respect to the usability of the case study for water management the following conclusions can be 
drawn from interviews with the case study leaders. 
 

5.1. Eutrophication 
The results from the studies on eutrophication cannot be used directly by water managers to make 
management decisions. The results from the Weiße Elster appear to be most useful to operational 
managers, and some of the aspects are already used in other projects. All three case studies are very 
useful to demonstrate approaches to and effects of uncertainty to water managers. In general, the 
main challenges to operationalise uncertainty in such studies are: 

• The models utilized are very complex. The number of model inputs and model parameters are 
high, making it difficult to determine model parameters with precision. Sensitivity analysis only 
provides limited insight in which inputs and parameters to focus on, since it does not include 
the uncertainty of individual inputs.  

• Estimating some of the inputs, e.g. the fertilizer amounts, is challenging. Adequate data are 
difficult to obtain and estimating uncertainty on relevant spatial levels is very difficult. 

• The difference in spatial scales of inputs and parameters (model processes) and the scale of 
management (model outputs) are large. Knowledge of the management scale could help to 
determine the scales of input uncertainties and data. The model process scales should also 
be taken into account. Further research leading to the development of guidance on how to 
determine the relevant scales could significantly improve the effectiveness of handling 
uncertainty in complex management and modelling situations.  

• In the case studies the available models were leading the modelling process. In a real life 
situation one should much more focus on the correct translation of the management issues 
and scale of potential measures to the relevant model scales. 
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5.2. Water scarcity 
Two out of three case studies (Candelaro and Geropotamou) actually utilized models in their case 
studies. In comparison to eutrophication the authors are much more optimistic about the direct 
usability of the results. The confidence in the applied methodology is high. The case studies can very 
well be used to demonstrate the methodology and the uncertainty results to water managers. In the 
Geropotamou case study a complex modelling suite was used, and some other uncertainties may be 
included in follow up research. The modelling in the Candelaro was very simple: Rather than adding 
more uncertainty in the modelling, the model structure may be subject to further research. However, in 
both case studies it is very likely that the most important uncertainties have been included and the 
results can directly be used to raise awareness with water managers and demonstrate the effects of 
measures currently under consideration. One of the key highlights in the studies is the inclusion of 
climate change scenarios: The case studies demonstrate the importance of including these scenarios 
for water management, even for time scales up to the year 2015. 
In all three case studies on water scarcity the data availability was a major issue. Besides 
unavailability of data in general, the information required to upscale this information and assess 
upscaled uncertainties was difficult. Given the boundary conditions of data availability, it becomes 
even more important to include uncertainties and keep track of uncertainties and assumptions when 
carrying out a study. In these situations using uncertainty analysis maybe provides the most added 
value. Obviously, data (and model) availability can be so low that even including uncertainties is of 
little added value. 
 

5.3. Floods 
The results of the flood case study (Svratka) can be of direct use to water management. Including the 
uncertainties in flood wave measurements provides direct insight in the danger of flooding and 
associated costs. Though only one uncertainty (flood level) was considered, the authors consider 
uncertainties in digital elevation and river cross sections as far less important.  
Uncertainty assessment proved to be of added value to validate the management decision of 
additional safety levels for dike heights.  
 

5.4. Ecology 
The Kennet case study showed that uncertainty information has added value. In this particular case it 
has become obvious that there is a lack of data to investigate the relationship between flows and 
ecology. This lack of data has two aspects: Some data are not publicly available at relevant scales, 
and some data are not available at all. Though the results cannot be used to directly take decisions on 
water abstractions in relation to ecological status, the results do support a focus on follow up research 
on data availability and ecology-water quantity relationships. Despite these difficulties, the authors are 
optimistic that the generic approach that was developed for the case study is a step forward in 
managing uncertainty in hydro-ecological studies. Key issues have been the quantification of both 
historical flows and artificial influences to flow, the use of estimates of replicate sampling error, and the 
use of a multilevel model which allows the incorporation of data from multiple monitoring sites while 
still allowing individual sites to retain their own character. Collection of site or river-specific replicate 
sample data should be considered to improve uncertainty estimates in ecological data.” 
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5.5. Utilizing uncertainty in decision situations 
In spite of the differences in the approaches and aspects of uncertainty use in water management in 
the different case studies, the following general conclusions can be made: 

1. Handling uncertainty in data and models in a water management setting is of added value.  
2. Including uncertainties in integrated studies did not lead to exploding uncertainty in the outputs 

of modelling studies.  
3. Handling uncertainty in data and models is difficult, but achievable. Significant steps have 

been made within the project to make uncertainty an integrated aspect of studies supporting 
water management. 

4. For complex models future work should support the selection of the right data and model 
parameters to look at. Advice is required: With proper guidance the additional work on 
uncertainty should be manageable. Besides the guidance on which uncertainties to include, 
more practical advice is required on scaling (how is uncertainty affected with temporal and 
spatial support scale), model structure uncertainty and bias in data. 

5. Uncertainties in management options and associated socio-economic costs were difficult to 
assess. In a real-life situation much more expertise needs to be brought into a project team to 
include these important aspects. Given the results of the economic parts of the case studies, it 
appears that the uncertainty in the decision process and in the economic conditions are so 
large that the uncertainty in physical-chemical modelling sometimes may be of less 
importance. Specific problems arose when soft measures were used, such as e.g. promoting 
changing crop patterns. The relationship between (economic) incentives and effects on water 
resources was beyond the scope of the project, and thus crude assumptions were made. 

6. Communicating on uncertainties has been sometimes difficult. There is a need for capacity 
building on all levels, from researchers, consultants to water managers. ‘Ignorance’ on the 
relevance of uncertainties occurs. 

7. Though the tools developed in HarmoniRiB proved to be very useful, uncertainty assessment 
is still far from easy. For example, the Data Uncertainty Engine developed in HarmoniRiB 
could be extended with libraries on specific uncertainties pinpointing the user to for example 
typical values for analytical errors, distribution types for various parameters and experiences 
on upscaling in time and space. Having such information in libraries, the data uncertainty 
engine would allow a step-wise guidance to assess specific input data uncertainties 

 

5.6. Conclusions from HarmoniRiB’s final workshop 
The HarmoniRiB consortium organized a workshop entitled “Uncertainty in data and models: On the 
way to operational use in environmental management” in Brussels on 21st September 2006. In this 
workshop the results of the project were broadly discussed with representatives from research, policy 
and water management. The conclusions were (Refsgaard, 2006):  
• “Uncertainty aspects should be taken into account as part of the water management process. It is 

already included in some areas such as climate change. Uncertainty should not be seen with a 
negative connotation that should be avoided, but as a reality you have to live with and that may 
provide opportunities and benefits during negotiations. 

• Transparency in data handling, in communication and in documenting uncertainty in data and 
model results is a key issue. A tool that can support this is the Modelling Support Tool (MoST) that 
has been developed by a parallel EU FP5 project HarmoniQuA. 
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• Efficient use of data is not only a matter of integrating data from different sources into databases. 
It is also required to connect the modelling and monitoring communities. 

• There is a need to better include uncertainty in policy. Uncertainty should be put into a risk 
assessment framework for policy makers. Things that can help towards such development are: (a) 
uncertainty assessment should be integrated with economics in order to make the results more 
relevant for policy makers; (b) transparency and communication of the data, modelling and 
decision process and the associated uncertainties should be improved; and (c) more emphasis 
should be given to social science aspects of uncertainty. 

• There is a need to better include uncertainty in the practical water management. A number of 
useful uncertainty tools exist now. A major constraint, however, is that uncertainty aspects are 
often complicated to deal with. Understanding uncertainty is often in reality a more difficult thing 
than to operate uncertainty tools. Nevertheless, improved and more user friendly tools will help 
driving the capacity building process, because it will generate a larger demand among 
practitioners to understand uncertainty concepts. 

• It has taken a long time to get models from research into practical use. Now the computer and 
modelling software infrastructure makes it relatively easy to use models, and many practitioners 
today use models and models results. Similarly we may expect that the development of user-
friendly uncertainty software tools, such as the Data Uncertainty Engine (DUE) developed under 
HarmoniRiB, will catalyse a more widespread use of uncertainty assessment. Although it is still 
relatively seldom for water managers to demand inclusion of uncertainty assessments in analyses 
of data and models, there has been a clear trend in this direction during the past few years. This 
trend is likely to greatly accelerate the practical use of uncertainty during the coming years. 

• Although some operational uncertainty tools, such as those developed by HarmoniRiB, already 
exist, there is a need for more research on uncertainty in relation to water resources management. 
Major challenges in this respect include: (a) how to characterise and assess the effects of model 
structure uncertainty; (b) how to deal with scale effects and uncertainty in data from different 
sources; and (c) how to integrate aspects of social science and natural science into a broader and 
more holistic view of uncertainty for use in water resources management. Improved utility of 
research outputs can be facilitated by establishment of research and demonstration projects with 
joint participation of researchers, policy makers and water managers to develop and test concepts 
and tools that are adapted to the needs of policy makers and water managers. The potential co-
operation between EU and US research groups on uncertainty issues is also believed to become 
a great asset. “ 

 
As can be concluded from the above quote, the results from individual HarmoniRiB case studies 
coincide largely with conclusions form the broader scientific and water management communities 
 

5.7. Final remarks 
The HarmoniRiB project advanced the thinking and methods on integrated uncertainty assessment for 
water management, focussing on models and data. It has provided several methods and tools which 
can be applied in both research and water management. Uncertainty assessment is receiving more 
and more attention worldwide, and other initiatives are taken to bring our knowledge forward. Also, 
some syntheses of where we are on uncertainty assessments are being developed.  Besides this 
report, the guidance prepared in the framework of the EU concerted action Harmoni-CA’s is another 
highlight (Refsgaard et al., 2005). The ongoing EU project NeWater (NeWater website, 2006) also 
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puts special emphasis on water management under an uncertain future. Worldwide there are 
numerous other initiatives. 
Many open ends exist on how to deal with uncertainties: many have been listed in chapter 5. Some of 
the open ends can be targeted quite easily by dedicated scientific projects, additional data collection 
etc.  
However, scientific work alone is insufficient to make integrated uncertainty assessment effective in 
the end. The following list the main overarching topics on which to advance to improve the application 
of uncertainty in integrated water resources management: 
• Capacity building and communication: Understanding uncertainty is difficult. The difference in 

knowledge and understanding between different groups needs to be tackled. Different groups are 
for example different scientific domains (hydrology, ecology, economy, etc...) but also different 
application levels (research, consultancy, operational management, policy development).  

• Integration and prioritisation: The relevance of uncertainties in a decision process may vary during 
the process. Whereas at certain stages political uncertainties are important, at other moments 
focus should be put on data and underlying assumptions. Determining which uncertainties are 
most relevant (political, decision process, data) sometimes appears to be based on ‘believe’ or 
personal views. The challenge to develop a holistic framework on how to deal with uncertainties 
throughout for example the implementation of the Water Framework Directive has yet to be 
tackled. This framework could be based on the notion of ‘risks of erroneous decisions’. 

• Making uncertainty operational / capacity building: Though more and more good tools are 
available, the road to easy use in water management is long. The tools originating from research 
are still quite complex, and should be improved to include the best available knowledge and 
procedures. For example, the Data Uncertainty Engine developed in HarmoniRiB could be 
extended with libraries on specific uncertainties pinpointing the user to for example typical values 
for analytical errors, distribution types for various parameters and experiences on upscaling in 
time and space. By this means assessing uncertainty can be based on experience elsewhere . On 
the other hand, improving the tools will not lead to automated and error free uncertainty 
assessments. Practitioners will also need to increase their understanding of uncertainty.  

• Information availability: The data and information required to assess uncertainty of raw data are 
not readily available. To make uncertainty operational, easy access to information on monitoring 
site characteristics, sampling and analysis methods, etcetera is required.  

• Awareness: To bring uncertainty and risk forward in day-to-day water management, the benefit of 
uncertainty needs to be made much clearer to water managers. It is however difficult to 
demonstrate in monetary terms that the additional investment in uncertainty assessment is cost-
efficient. This report showed some examples where uncertainty information can be helpful in 
decision-making, or where decision-making based on only one traditional ‘deterministic’ study 
without considering uncertainty is very risky and may lead to poor decisions. These examples 
could be used to raise awareness with water managers and motivate them to include uncertainty 
in their daily work explicitly.  
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