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Abstract
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A common task in hydrology is the estimation of the design flood, i.e. a value of river discharge
corresponding to a given exceedance probability that is often expressed as a return period
in years. Flood risk assessment, floodplain mapping and the design of hydraulic structures
are a few examples of applications where estimates of design floods are required. Common
approaches for estimating a design flood are based on: (i) hydrological methods such as
continuous simulations with rainfall–runoff models, or (ii) statistical methods, such as the fitting
of a probability distribution function to a record of annual maximum values. In this thesis, these
alternative approaches are compared in view of the various sources of uncertainties affecting
the estimation of the design flood. Since design floods are typically not known a priori, a series
of virtual experiments was developed and implemented for both estimation methods, hence the
magnitudes and frequencies of the design floods are known ab initio, and the quality of estimates
(i.e., in terms of their accuracy and precision) were analysed. These virtual experiments are
defined as ‘numerical experiments with a model considered as the truth and best understanding
of the modelled processes’. This thesis looked at the influence of method of estimation, model
structure uncertainty, errors in the flow data, and sampling on design flood estimation. The
results show that design floods estimated by using a simple rainfall-runoff model have small
uncertainties (i.e., variance of the errors) even for high return periods compared to statistical
methods. Statistical methods performed better than the simple rainfall-runoff model in terms
of median errors for high return periods, but their uncertainty (i.e. variance of the error) is
larger. The thesis concludes that given the sources of uncertainty of statistical and hydrological
methods, they both should be applied as complementary.

Keywords: Design flood, uncertainty, rainfall-runoff, frequency analysis.

Kenechukwu Okoli, Department of Earth Sciences, Villav. 16, Uppsala University, SE-75236
Uppsala, Sweden.

© Kenechukwu Okoli 2019

ISSN 1651-6214
ISBN 978-91-513-0706-0
urn:nbn:se:uu:diva-390362 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-390362)



Akademisk avhandling som för avläggande av teknologie doctorsexamen i hydrologi vid Upp-
sala universitet kommer att offentligen försvaras i Hambergsalen, Villavägen 16, Uppsala, fre-
dagen 27 september 2019, klockan 10:00. Fakultetsopponent: Prof. Dr. rer.nat. Dr.-Ing. András 
Bárdossy (Universitet Stuttgart, Germany). Disputationen sker på engelska.  
 
Referat 
Okoli, K. 2019. Uppskattning av dimensionerande flöden med osäkerheter. Digital Compre-
hensive Summaries of Uppsala Dissertations from the Faculty of Science and Technology. 
47 sidor. Uppsala. ISBN 978-91-513-0706-0 
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drag överskrider ett givet värde, är ett allmänt hydrologiskt problem som exempelvis används 
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1. Introduction 

1.1 Background 
Flooding can often result in undesired consequences such as economic losses, 
environmental degradation, displacement of people and, more importantly, 
loss of lives. A recent example is the flooding that hit Zimbabwe, Malawi and 
Mozambique earlier this year (2019) with many cities and villages flooded. In 
addition, the recent trend in increased flood magnitudes and occurrence fre-
quency has been generally attributed to climatic changes. A reliable estimate 
of extreme floods is important for hydrology as a scientific enterprise, and also 
informs decision-makers about flood risk assessment and management. As a 
result, methods of flood estimation need to be developed, tested and their re-
liability reported for the benefit of all stakeholders.  

Methods for flood estimation are used for the design of hydraulic structures 
used for the conveyance of flood flows (culverts, diversion channels, spill-
ways) or for structural protection from flooding (levees and detention basins). 
The estimated flows are commonly referred to as “Design Floods” among 
practitioners who make use of such information to carry out various tasks re-
lated to water management. Two methods for flood estimation have been sug-
gested in the field of hydrology: 
 

1. Statistical methods – generally referred to as “Flood Frequency 
Analysis”, which requires the fitting of a probability distribution 
function to a record of annual maximum flows. Usually, the fre-
quency of occurrence (or return period) is specified and the corre-
sponding magnitude of flood is calculated by inverting the fitted 
probability distribution function (Moran, 1957; Klemeš, 2000). The 
origin of this method can be traced back to papers published in en-
gineering journals in the beginning of the early 20th century (Fuller, 
1914; Hazen, 1914). With Fréchet (1927) and Fisher and Tippet 
(1928) providing the theoretical foundations of extreme value sta-
tistics, this method has remained relevant to both real applications 
and hydrology research (Gaume, 2018; Kobierski et al. 2018). 

2. Hydrological methods – refers to the estimation of design floods 
based on mathematical models that describe the physical processes 
that influence the transformation of rainfall to runoff. For instance, 
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the influence of threshold effects (e.g. catchment storage) on flood 
frequency curves can only be explained using physically based 
hydrological models (Rogger et al., 2012). The models used are 
generally referred to as rainfall-runoff models (RR). Some exam-
ples of RR models are the rational formula by Mulvaney (1874), 
the linear reservoir (Buytaert, 2004), HBV (Bergström, 1992; 
Seibert 1997) and TOPMODEL (Beven and Kirkby, 1979; Beven, 
1986, 1987), just to mention a few. RR models can be used in two 
different simulation modes for the estimation of a design flood. The 
first one is the “event-based simulation” (EBS) that requires the se-
lection of a design rainfall from an intensity duration frequency 
(IDF) curve of rainfall with a given duration and assumed profile 
and uses it as input into the RR model to derive the flood hydro-
graph (Rogger et al., 2012). However, event-based approaches are 
limited in the fact that they do not account for the role of antecedent 
moisture content in runoff generation (which can be important for 
flood assessment). The second simulation mode is known as “con-
tinuous simulation” (CS) and can be based on the coupling of a sto-
chastic weather model (Bárdossy et al., 1992) with a RR model. 
The latter approach treats the discharge as a single term without 
prior separation into overland flow and baseflow. The problem of 
antecedent moisture content of the catchment is addressed implic-
itly as part of the modelling procedure (Calver and Lamb, 1995). 
Example applications of CS for flood estimation hydrology can be 
found in studies by Blazkova and Beven (1997), Cameron et al 
(1999) and Pathiraja et al (2012). 

 

The two design flood methods described above require the specification of 
potential models – statistical or hydrological. These models are now consid-
ered as candidates to be used for the quantification of hydrological risk, in this 
case, to estimate the size of an extreme river discharge with a selected fre-
quency of occurrence. The two methods are affected by several sources of 
uncertainties such as imperfect model structures (Bodo et al., 1976; Beven, 
2012), erroneous observation in hydrological and meteorological variables (Di 
Baldassarre and Montanari, 2009; Westerberg and McMillan, 2015), imper-
fect parameter estimates due to records that are disinformative or with record-
ing gaps present in them (Bárdossy, 2007; Bárdossy and Singh, 2008; Beven 
and Westerberg, 2011). With regards to hydrological methods, uncertainties 
might arise also due to imperfect geometric description of control volume or 
inexact initial states and boundary conditions (Beven, 2012; Koutsoyiannis, 
2010). While for statistical methods, uncertainties might arise from the choice 
of sample (annual maximum flows versus peaks-over-threshold), and method 
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of estimating parameters of the selected distribution (method of moments, L-
moments and maximum likelihood).  

Another common problem in design flood estimation is that different model 
structures will lead to different estimates of the design flood. This point is 
demonstrated using an example based on statistical methods as shown in Fig-
ure 1. Supposing the 100-year flood is the event of interest, Figure 1 shows 
that the design flood estimate varies among the fitted distribution functions. 
Selecting one of these estimates (and ignoring the rest), in any real application, 
might lead to flood management solutions that are not robust against uncer-
tainties that arise when a wrong distribution function is used for estimation 
purposes. 

 
Figure 1. A plot showing the fit of different distribution functions to a record of an-
nual maximum flows at Kukkolankoski Övre, a gauging station located in the north-
ern part of Sweden. 

The hydrological literature has quite a number of studies comparing statistical 
and hydrological methods for design flood estimation. Rogger et al. (2012) 
compared statistical, EBS and CS approaches in ten small Austrian catch-
ments based on observation data at sub-hourly resolution. Grimaldi et al. 
(2012) and Grimaldi et al. (2013) compared CS modelling with EBS ap-
proaches in small ungauged watersheds in Italy using spatially uniform rain-
fall at sub-hourly resolution. Winter et al. (2019) compared CS modelling, 
EBS and statistical approaches in small Alpine catchments in Austria using 
sub-daily time series. The conclusion from these studies is that EBS methods 
lead to an underestimation of the design flood while statistical and CS meth-
ods lead to comparable results. Also, since all these studies are based on real 
data, and design floods are not known in advance, it is difficult to conduct a 
systematic assessment of the two methods of estimation.  
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Virtual experiments - in other words, synthetic experiments - were used in 
this thesis to circumvent the problem of not knowing in advance the true value 
of the design flood, and also for benchmarking results. They are defined as 
‘numerical experiments with a model considered as the truth and best under-
standing of the modelled processes’. These synthetic experiments were devel-
oped and implemented for both estimation methods, hence the magnitudes and 
frequencies of the design floods are known ab initio, and the quality of esti-
mates (i.e., in terms of their accuracy and precision) were analysed.  

1.2 Aim of thesis 
This work aims to investigate the influence of different sources of uncertain-
ties on the accuracy and precision of design flood estimates. 

 

In specific details, the aims of the thesis were divided into three parts: 

i Evaluating the consequences of errors in the flow data, length 
of sample and bias as a result of the choice of distribution func-
tion (Papers I, II, III, and IV). 

ii Develop a methodology to compare statistical and hydrologi-
cal methods of design flood estimation (Paper III). 

iii Develop a methodology to compare flood frequency analysis 
based on records of annual flood levels versus records of an-
nual maximum flows (Paper II). 
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2. Theoretical Background  

 “In relation to this topic, my criticism was directed to those who do not see 
this simple fact and confuse the substance with the form, and try to deduce 
hydrological truths not from the features of water movement in nature but from 
the features of black boxes, transfer functions, sampling properties of random 
numbers, proofs of mathematical theorems, etc.” - Vit Klemeš 

 

 

“…asymptotic arguments is used to generate extreme value models. It is 
easy to be cynical about this strategy, arguing that extrapolation of models to 
unseen levels requires a leap of faith, even if the models have an asymptotic 
rationale. There is no simple defense against this criticism, except to say that 
applications demand extrapolation, and that it is better to use techniques that 
have a rationale of some sort. “ - Stuart Coles 

 

 

2.1 Basic concepts of flood analysis 
Design flood estimation is concerned with the quantification of an extreme 
river flow whose frequency of occurrence is expressed in terms of return pe-
riod T. The design flood is conceived on an annual basis as the T-year flood 
and is defined as the average time (in years) that it takes for a flood of a given 
magnitude to be equaled or exceeded. Consider a gauging site where a long, 
continuous record of river flows Q is available. There will be some probability 

  = (  >  ∗                                                                                       (1) 

 

of observing flows exceeding Q*. This exceedance probability  has an inverse 
relation with T, and is expressed mathematically as, 

 =                                                                                                             (2) 
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Equation 2 suggests that the higher the return period of a flood the lower the 
probability of exceedance, and vice versa. It should be mentioned that the no-
tion of return period has been criticized, as it may give the impression (to non-
experts) that the stochastic process being modelled is periodic (Volpi, 2018). 
Some researchers (e.g. Read and Vogel, 2015) have called for its replacement 
and recommended the use of reliability for the design of flood control works. 
Reliability is defined as the probability that a system will remain in satisfac-
tory state (Hashimoto et al., 1982; Salas and Obeysekera, 2014) during its 
lifetime,  

Two types of sampling strategy can be used for flood frequency or design 
flood estimation. The first one is the block maxima, otherwise known as the 
annual maximum series. In this case, the maximum flow in each hydrological 
year is extracted from a continuous hydrograph to build a sample of annual 
maximum flows. The second one is based on flood peaks over a threshold, 
where the threshold is set to include at least three peaks per year (Cunnane, 
1979). The peaks-over-threshold (POT) or partial duration series provides a 
larger sample for flood analysis. However, these selected peak flows may be 
still part of one or more dependent storm events. Various empirical procedures 
are used to ensure independence between events by specifying a time separa-
tion between successive flow peaks (Cunnane, 1979).  

The relationship between Q and T is referred to as the flood frequency 
curve. The leap from frequency to probability of exceeding Q* can only be 
made if there is a long continuous record of Q, and the catchment and climate 
conditions are considered stationary. These conditions are rarely satisfied in 
any practical application because we are often interested in peak flows whose 
return periods are far beyond the maximum on record. Also, the climate and 
many catchments are heavily influenced by humans, through emission of 
greenhouse gases (GHG), deforestation and urbanization, just to mention a 
few. 

2.2 Statistical method 
The statistical method for design flood estimation requires the fitting of a 
probability distribution function to available records of peak flows. The most 
used families of distributions popular in flood frequency analysis, with well-
established theoretical support, are the three extreme value (EV) distributions 
(Gumbel or EV I, Frechet or EV II, and Weibull or EV III) or the synthetic 
form of these three distributions called general extreme value (GEV) distribu-
tion, the three parameter gamma (also called Pearson III), log-normal and log-
Pearson III (the logarithm of flows in the record has a normal or Pearson III 
distribution). The use of any of these distribution functions is the same as 
providing a rationale (in the spirit of the quote by Staurt Coles) suggesting that 
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the variability observed in the flow record can be adequately described by the 
selected distribution. 

The sequence of annual maximum flows xi = (x1, x2,…, xn) is assumed to be 
a random sample drawn from a population with a probability density function 
(pdf)  ( | . Let the notation   ( |  denote the probability density of a 
random variable x conditioned on particular values of parameter set . When 
the analytical forms of   ( |  and  are known, the design flood (or T-year 
flood) is that of magnitude  (  where 

 1 − ( |  =  1(∗                                                             (3) 

 

and x* denotes the lower bound of the population. This lower bound is the case 
of zero discharge. In any real application, the analytical form of   ( |   is 
not known a priori. A family of probability distribution functions are to be 
specified as potential candidates and their parameters must be estimated using 
the available data. 

Implicit in the statistical method for design flood estimation is the assump-
tion that the flow data are samples drawn from a homogenous population, and 
are stationary. However, process understanding of hydrological systems have 
shown that floods are a result of rainfall, snowmelt, or a combination of both 
(Tarasova et al., 2019). Thus, such physical understanding motivated the de-
velopment of mixed distributions, for example, the Two Component Extreme 
Value (TCEV) distribution by Rossi et al. (1984). Non-stationary methods for 
frequency analysis of a hydrological variable of interest is now an active area 
of research in hydrology (Strupczewski et al. 2001; Cheng and AghaKouchak, 
2014; Salas et al. 2018), especially with observed changes happening in al-
most every aspect of the hydrological system.   

The flow data used in inferring the parameters of the selected probability 
distribution function are derived using an uncertain rating curve. Some studies 
have shown that errors in observed data have an impact on design flood esti-
mates (Di Baldassarre et al., 2012). Limited samples and choice of inference 
method (maximum likelihood, method of moments, L-moments), including 
the choice of distribution function, are reported to impact the accuracy of es-
timated design floods (Di Baldassarre et al., 2009).  

The concepts described so far are applied to at-site flood frequency analy-
sis, i.e. design flood estimates determined for a giving gauging location. How-
ever, the design (or operation) of hydraulic structures often require the esti-
mation at ungauged or poorly gauged locations. The estimation of design var-
iable at ungauged locations is addressed by using regionalization techniques 
(Blöschl, G. et al. 2013).  
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Statistical methods of design flood estimation has faced some criticism as 
a result of its near lack in the use of knowledge from flood processes (Klemeš, 
2000). 

2.3 Hydrological method 
Design flood estimation based on hydrological methods is a step forward to-
wards providing a methodology that will provide a treatment of causative fac-
tors with a conceptual model closely linked to physical processes (Lamb, 
2005). Hydrological models that are used for estimation purposes are com-
monly referred to as RR models (Beven, 2012). The hydrological literature is 
replete with different kinds of models which makes it difficult to make a sys-
tematic review. However, a general view will be presented in this section with 
a focus on CS.  

Continuous streamflow simulations for design flood estimation refer to the 
assessment of losses from rainfall and the generation of stream flow by simu-
lating the wetting and drying of a catchment at daily, hourly and occasionally 
sub-hourly time steps (Boughton and Droop, 2003). CS represents a step for-
ward from EBS methods of estimation and allows the extraction of different 
kinds of information such as, flood peaks, flood volumes and the simulation 
of a continuous discharge hydrograph (Lamb, 2005).  Supposing the distribu-
tion function of flows is denoted as , a rainfall-runoff model that will be 
used for CS can be described mathematically as follows: 

  ( =   ( | Θ , , (                                                                  (4) 

 

where flow events  are outputs of a RR model, M, which contains a vector 
of parameters, Θ ,   as state variables, and a vector of time-varying boundary 
conditions, ( . The inputs to the RR model may be derived from different 
sources as weather records e.g. observed time series of precipitation and 
temperature. In some cases (e.g. this thesis),  can be a long time series of 
synthetic weather data generated using a weather model,  

 =  ( , Θ                                                                                            (5) 

 

where Θ  is a vector of model parameters and  is time. The weather model  serves as a key stochastic component, allowing the hydrological system to 
be modelled deterministically through , although for uncertainty analysis, 
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parameters of the weather model and RR model may be sampled from distri-
butions as demonstrated in the study by Lamb (2016). Due to the non-linearity 
of both weather and RR models, it is expected their parameters will interact in 
complex ways and result in uncertainty in the flood frequency curve and de-
sign flood estimate. 

In principle,  in Equation 4 could be any RR model. Lamb (2005) and 
Beven (2012) provide reviews of models applied in CS studies. Numerous 
studies have exploited the use of CS applications in design flood estimation 
(Blazkova and Beven, 1997; Cameron, 1999; Lamb et al., 2016; Breinl, 2016).  
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3. Materials and method  

This section describes the methods that were used or developed in the four 
papers attached to this thesis. A series of comparative analyses were made 
between model selection (MS) and model averaging (MA) in order to under-
stand their influence on design flood estimations. MS can be defined as the 
selection of a single best distribution function from a range of distributions 
considered for design flood estimation. While MA takes the design flood es-
timates from a range of distributions and combines them in order to obtain a 
skillful and reliable estimate (Höge et al., 2019). Two methods of MA were 
implemented: (1) weighted model averaging (WMA), which requires assign-
ing differential weights to the range of distribution functions considered with 
the best fitted distribution having the highest weight. (2) model mean (MM), 
which is based on equal weighting, i.e. arithmetic mean of all design flood 
estimates. MS and MA were implemented within an information theoretic 
framework, specifically, the Akaike Information Criteria (Akaike, 1973).  

In this thesis, Papers I, II and III are based on numerical experiments that 
exploited the use of synthetic flow data in analyzing different sources of un-
certainties that affect design floods and levels. The main reason for the exper-
imental design is that it provides an opportunity to systematically evaluate 
different techniques as one model (statistical or hydrological) is assumed to 
be the “true model”, with parameters and design floods determined in ad-
vance. This true model and its design flood estimates are used to compare the 
estimates from statistical techniques, distribution functions and hydrological 
models. The true model is also used for generating synthetic data that are used 
in further analyses. The methods implemented will be described conceptually 
in the following sections, to allow them to be replicable on any location of 
study. The results from the application of each method in the study area are 
discussed in Section 4. 
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3.1 Model selection versus model averaging (Paper I) 
The aim of this study was to investigate the influence of MS, WMA (denoted 
as MA in Paper 1) and MM on design flood estimates. While MS, WMA, 
MM are focused on analyzing the model choice uncertainty, the estimation 
problem was further analyzed by considering different observation errors in 
the flow data and varying sample lengths. The 100-year flood was used as the 
event of interest. 

The first step in this study was to select the five-parameter wakeby as the 
true distribution. The parameters of the wakeby distribution where fixed ac-
cording to recommendations by Landwehr et al. (1980). Following the recom-
mendations of Landwehr et al. (1980), five different parameterizations of the 
wakeby distribution were used in five different experiments as true distribu-
tions.  The distinguishing factor amongst these true distributions is that they 
vary in skewness. The wakeby quantile function is described as follows: 

 = 1 − (1 − − 1 − (1 − +                                       (6) 

 

where alphabets a, b, c, d and m represent the distribution parameters,  is the 
design flood for a given return period , and  is the non-exceedance proba-
bility. Each wakeby distribution (with its fixed parameters), is used in calcu-
lating a true design flood and to generate synthetic flow data of a given length. 
Observation errors were introduced by using the error model for uncorrelated 
observation errors by Kuczera (1992). 

Four commonly used probability distribution functions were considered as 
alternative candidates for design flood estimation. The parameters of the dis-
tributions were inferred using the method of maximum likelihood. 

Table 1. Probability distribution functions used in this study 

Distribution function Parame-
ters PDF or CDF 

Gumbel or EV1 ( ,    ( , = − (−( − /  

Generelised Extreme 
Value (GEV) ( , ,   ( , = −(1 − ( − ( −  / ⁄  

Peason Type III (P3) ( , ,    ( , =  1 /(| | ( + 1 ( −/ (− ( − /  

Log Normal ( ,   ( , = 1 2  − 1 2 ( − ⁄⁄⁄   
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The AIC index (  is used for selecting the best distribution among a range of 
distribution functions considered and is expressed as: 

 

  = −2 + 2                                                                                   (7) 

 

where K is the number of parameters of the distribution function,   is the 
numerical value for the log-likelihood at its maximum point for the selected 
model and  is the maximum likelihood estimator of model parameters (Burn-
ham and Anderson, 2002). Equation 7 is used in calculating the AIC for all 
distribution functions. The distribution with the minimum  becomes the best 
to use for estimation, thus MS. Akaike weights  were computed for each 
distribution function and used to obtain a WMA estimate of the design flood.  is expressed as: 
 =  (−1/2∆ ∑ (−1/2∆⁄      = 1,2, …                    (8)    

 

where R is the number of models considered and ∆i is called the ‘Akaike dif-
ference’. It (Akaike difference) represents the discrepancy between the best 
model with the minimum AIC and the ith model. 

 For each of the generated flow samples, MS, WMA and MM are imple-
mented with the estimates compared with the true design flood. The procedure 
is repeated 1000 times and the results presented in terms of relative errors. 

3.2 Common versus alternative approaches of design 
flood level estimation (Paper II) 
This study aimed at exploring the potentials of estimating design flood levels 
based on frequency analysis of annual maximum levels, and compare it with 
the most common approach i.e. frequency analysis of annual maximum flows. 
The rationale is that the latter approach involves a cascade of three models 
that are potential sources of uncertainties. These models are: (1) rating curves 
to convert water levels to discharge. (2) distribution functions to extrapolate 
flow record and estimate design peak flow (3) hydraulic models that converts 
the design peak flow back to design flood level. Frequency analysis on water 
levels is common place when it comes to quantifying the risk associated with 
coastal flooding (Xu et al. 2018; Chen et al. 2014; Razmi et al. 2017), but there 
are only a few studies for river flooding applications (Dyhouse, 1985). 
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In this study, GEV was selected as the parent distribution and used to gen-
erate synthetic flow data. The GEV parameters were estimated based on max-
imum likelihood, and a 90 year record of annual maximum flows (1920 -2009) 
at the gauge station in Pontelagoscuro located in the Po River in Italy. The 
parameterized GEV is used to estimate the design peak flow with a return 
period of 100-years. The design peak flow is used as input into a calibrated 
HEC-RAS model by Brandimarte and Di Baldassarre (2012) to derive the cor-
responding design flood level. The two values (design peak flow and level) 
are considered as through and used as benchmarks for the sake of comparing 
the two approaches. The HEC-RAS model was developed for a 98km reach 
of the Po River between Cremona and Borgoforte, and all simulations were 
conducted under steady flow conditions. 

The parameterized GEV was exploited to generate synthetic flows of dif-
ferent lengths. These flows were then used as input into the HEC-RAS model 
to derive equal sizes of synthetic annual maximum levels. These water levels 
were assumed to be a typically observed sample that are usually available in 
any real application. To implement the common approach, the synthetic an-
nual maximum water levels are converted into estimated annual maximum 
flows by using a rating curve. The study used the power-law relationship (Pe-
tersen-Øverleir, 2004) as the rating curve model. Also, since in any real appli-
cation the parent model is not known a priori, the Gumbel distribution was 
selected as the fitting distribution and used to fit the estimated annual maxi-
mum flows and the estimation of a design peak flow. The estimated design 
peak flow is used as input to a hydraulic model to derive design flood levels. 
The Gumbel based design flood levels are compared with the true value and 
presented in terms of relative errors. The experiment was repeated 1000 times 
and for varying lengths, 30 50 and 100 years.  

3.3 Statistical versus Hydrological methods of design 
flood estimation (Paper III) 
The aim of this study was to evaluate the performance of two established 
methods of design flood estimation. The analysis was based entirely on four 
numerical experiments, with two experiments referring to statistical methods 
while the remaining two refer to hydrological methods.  

The first step was to calibrate a weather and hydrological model, respec-
tively, to available weather inputs and discharge record for a given catchment. 
A univariate Markovian weather model that was proposed by Richardson 
(1981) was adopted for this purpose while HBV (Bergström, 1992) served as 
the hydrological model.  The calibrated models were considered as the true 
representations of the dominant processes present in the catchment. The cali-
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brated weather model is used to compute a long synthetic sample of precipi-
tation data that is used as input into a RR model to derive long synthetic sam-
ple of discharges by CS. A sample of annual maximum flows is created by 
extracting from the long synthetic discharge sample the highest discharge in 
each year. A series of design floods corresponding to different return periods 
are calculated using the Weibull plotting formula, and based on the sample of 
annual maximum flows. 

The first two experiments refer to MS and MM, respectively, and imple-
mented within the statistical method. The methodology adopted is the same as 
the method described in Section 3.1. The long sample of annual maximum 
flows is 10,000 years long. The long sample was split sequentially into 50 year 
chunks to create 200 samples that were used for implementing MS and MM.  

The last two experiments are similar with the only difference being the 
choice of hydrological model used for CS. In this study, linear reservoir is 
used as a simple hydrological model. While HBV is used as complex hydro-
logical model in the last experiment. Since HBV has already been adopted as 
the truth, this means that the last experiment only served as a benchmark to 
compare results. 

The data for the last two experiments were prepared by splitting the long 
precipitation data into 50 year chunks to create 200 samples of precipitation 
data. For each precipitation data, and the corresponding 50 year discharge 
sample, the weather model (same as the true weather model) and a hydrolog-
ical model were recalibrated. The recalibrated weather model is used to gen-
erate another set of long precipitation data that is fed into the recalibrated hy-
drological model to derive a long sequence of discharges by CS. The estimated 
design flood derived from the recalibrated hydrological model is compared to 
the estimate based on the true hydrological model (i.e. HBV). The results in 
this study were evaluated and presented in terms of relative errors. 

3.4 Real world application of model selection and 
averaging (Paper IV) 
The aim of this study was to apply the methodology developed in Papers I and 
III to a real flow record. An exceptionally long record of annual maximum 
flows recorded at Tiber River in Rome, Italy was collected to conduct this 
analysis. The record spans over a period of 500 years, and includes 185 years 
of systematic stage observation and 13 historical floods. When the water level 
is at 16 meters above the reference level (corresponding to 2550 m3/s) major 
inundations were experienced at the Ripetta Landing in Rome (Calenda et al., 
2005, 2009).   The length of the flow record will allow for a robust estimation 
of the 100-year flood.  
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 The available flow record was treated as a censored sample before it was 
used in estimating the 100-year flood. This estimate was purely based on the 
Tiber empirical distribution function. To make a reliable estimate of the 100-
year flood, the systematic series is extended using information on historical 
floods. The return period of the 100-year flood was estimated by using the 
plotting formula proposed by Hirsh and Stedinger (1987) for censored sam-
ples. 

Two subsamples were used to test MS, WMA and MM. These subsamples 
are referred to as modern series, spanning the period 1921 – 1989. The second 
sample is the systematic series (1782 -1989). The three techniques, MS, WMA 
and MM, and the distribution functions listed in Table 1 are used in analyzing 
the Tiber flow record. Bootstrapping is used in estimating measures of preci-
sion in terms of confidence intervals and standard errors. 
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4. Summary of papers 

4.1 Paper 1. Estimating design floods with errors in the 
flow data 
4.1.1 Motivation 
The estimation of design floods typically involves the fitting of a probability 
distribution function to a record of annual maximum flows, and the fitted dis-
tribution is used to extrapolate the record to a flow magnitude corresponding 
to a given return period. The estimation process is known to be affected by 
different sources of uncertainties. For this reason, Paper I is focused on un-
certainties arising from errors in the flow records, the choice of probability 
distribution function and sampling, i.e. the length of the flow record. These 
sources of uncertainties (and their effects) were evaluated in terms of relative 
based on numerical experiments and synthetic flow data. The design event in 
this study is the 100-year flood.  

The main goal of Paper I is to compare the effects of MS, WMA and MM 
on design flood estimates. The hypothesis in this study is that an averaging of 
design flood estimates will lead to a more accurate and precise estimation 
compared to the estimate conditioned on a single best distribution function.  

In different areas of forecasting such as economic, politics, and voting, the 
use of MM as a benchmark to compare other model averaging techniques is 
more or less a standard (Genre et al. 2013; Graefe et al. 2014, 2015). Thus its 
use in hydrology might be useful since it is both straightforward and easy to 
implement.  

 

4.1.2 Results 
Four different parameterizations of the Wakeby distribution (labeled as 
Wakeby-1, Wakeby-2, Wakeby-3, Wakeby-4 and Wakeby-5) were analyzed 
with Wakeby-1 selected as the parent with the highest value of skewness. 
Also, the five candidate probability distributions functions listed in Table 1 
were fitted to synthetic flow data sampled from each of these four different 
parent distributions and the accuracy and variance of their estimates evaluated 
in Paper I. For the sake of achieving a clear structure in presentation style, 
only the results of Wakeby-1 are discussed in the thesis.  
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The values of the parameters of Wakeby -1 were taken from Landwehr et 
al. (1978). The results of the numerical experiments are presented in Figure 
4.1 as boxplots. These boxplots compare the accuracies (including variance of 
errors) of design flood estimates based on different methods of dealing with 
uncertainty due to model choice, and estimates from individual distribution 
functions.  

In Figure 4.1, the magnitude of observation errors β for a given sample size 
increases from the left to the right panels, while the sample size n for a given 
observation error increases from the top to the bottom panels. The boxplots 
show the distribution of the estimates when the experiment is repeated 1000 
times. That is, 1000 synthetic flow samples are generated from the parent dis-
tribution and design flood estimation is conducted using each sample. In gen-
eral, there is negative bias, i.e. a tendency towards underestimation, for all 
techniques, namely MS, WMA and MM, and the individual distribution func-
tions when the parent is highly skewed. These underestimations is a result of 
information loss arising from fitting two or three parameter distributions to 
data derived from a parent distribution with five parameters. For an error mag-
nitude of 15% and a sample size of 50 years, on average, WMA underesti-
mates the true design flood by 19.6%, while MS and MM give an equal un-
derestimation of 22.3%. The results when β equals 0% (i.e. no error in the flow 
data) serves as a benchmark to evaluate the performances of techniques and 
candidate distribution for different levels of error in the flow data.    

The results also show that as the sample size increases, there is a corre-
sponding decrease in variance for the three levels of error magnitude consid-
ered. Another conclusion from this study is that - since MS, MM and WMA 
yielded comparable results - there is more to be gained when model averaging 
is implemented. Averaging the design flood estimates derived from a range of 
candidate distributions allows the hydrologist to make use of the from the er-
ror that might arise from arbitrarily selecting a single distribution, or selecting 
a distribution based on some criterion such as AIC. 
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Figure 4.1. Boxplots of percentage relative error for MS, MA, MM and all candidate 
models, with Wakeby-1 as parent model. The red line represents the median (50th 
percentile) and the lower and upper end of the blue box represents the 25th and 75th 
percentile respectively. Outliers are represented by red crosses. 
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4.2 Paper 2. Comparing the performance of two 
alternative approaches for the estimation of design flood 
levels 
4.2.1 Motivation 
The design of flood control measures requires the estimation of flood water 
levels corresponding to a given return period. The statistical method is the 
most common approach deployed to estimate these extreme flood events that 
the structural measures are designed to defend. The estimation typically re-
quires three main steps. First, direct measurements of annual maximum water 
levels at a river cross-section are converted into annual maximum flows by 
using a rating curve. Second, a probability distribution function is fitted to 
these annual maximum flows to derive the design peak flow corresponding to 
a given return period. Third, the design peak flow is used as input to a hydrau-
lic model to derive the corresponding design flood level. Each of these three 
steps contributes some degree of uncertainty in the estimated design flood lev-
els.  

Paper II used a simulation framework to compare the common approach 
(i.e. based on the frequency analysis of annual maximum flows) with an alter-
native approach based on the frequency analysis of annual maximum water 
levels. The motivation behind this study is that high water levels are directly 
measured, and they often come along with less uncertainty than river flows. 
Also, frequency analysis on water levels is commonly applied in risk assess-
ment studies for storm surge and coastal flooding (Xu et al. 2018; Chen et al. 
2014; Razmi et al. 2017). However, and to the best-of-my-knowledge, the 
only related study is a technical note published by Dyhouse (1985) that 
demonstrates the application of frequency analysis of water levels to levee 
system design.  

 

4.2.2 Results 
The details of the methodology for this study is described in Section 3.2. Two 
river cross-sections (denoted as A and B) were selected for implementation. 
The cross-sections are 10 km apart and within the reach between Cremona and 
Borgoforte of the Po River in Italy. The results shown in Figure 4.2 suggest 
that frequency analysis of annual maximum water levels performed better in 
terms of accuracy and precision compared to the standard approach. The low 
performance of the common approach is due to the fact that it involves a cas-
cade of three models – rating curve, probability distribution and a hydraulic 
model. 
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                                                             (A) 

 
                                                             (B) 

Figure 4.2 Boxplots of error estimates for the two approaches with Gumbel distribu-
tion used for design flood level estimation at cross-section A and B. The red lines 
represent the median (50th percentile), the lower and upper ends of the blue box rep-
resent the 25th and 75th percentile, respectively. Outliers are represented by red dots. 
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To be more specific, the plots suggests that the common approach resulted 
in 3m to 4m underestimation, on average, when both cross-sections are con-
sidered. On the contrary, the alternative approach had approximately 0.8m un-
derestimation, on average, when both cross-sections are considered. These dif-
ferences are quite substantial and would have an influence on flood defence 
design or risk assessment.  Also, there is a more significant improvement in 
the precision for the alternative approach as sample size increases from 30 to 
100 years. This is, however, only a specific example application that high-
lights the potential of the alternative approach. Paper II discusses in a more 
comprehensive way the pros and cons of the two approaches, and concludes 
that they should be considered as complementary.  

 

4.3 Paper 3. Comparing statistical and hydrological 
methods for design flood estimation. 
4.3.1 Motivation 
When it comes to the estimation of design floods, statistical and hydrological 
methods are both well established in hydrology. The former method has faced 
some criticisms owing to the near lack of application of process understanding 
in the estimation process. The hydrological methods represent a shift towards 
providing a physical basis for the estimation problem. The shift has not been 
complete since in some countries design regulations for flood control projects 
still require the use of statistical methods. The main goal of Paper III is to 
develop a methodology to compare the design flood estimates based on these 
two methods. In this thesis, uncertainties arising from model choice (in both 
statistical and hydrological methods) were evaluated based on numerical ex-
periments. 

 

4.3.2 Results 
The results of the four different experiments that were implemented in this 
study are shown in Figure 4.3. On the left panel, Boxplots A and B refer to 
two separate experiments within statistical method of design flood estimation. 
Experiment A is focused on estimates based on MS technique, and experiment 
B is about MM based estimations of the design flood. While on the right panel, 
Boxplots C and D refer to estimations based on simple (C) and complex (D) 
hydrological methods, in particular by CS. For return periods above 20 years, 
MS and MM lead to an underestimation of the design flood as the return period 
increases, on average. The variance of the errors are quit large for the MS 
estimates. This is as a result of the high frequency in the selection of GEV, 
which is shown in Figure 4.4 to have large errors as return period increases.       
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Figure 4.3 Boxplots show the precision of estimated design floods for different re-
turn periods and estimation methods. 

 
Figure 4.4 Accuracy and precision of the four candidate probability distributions 
used for design flood estimation. 

 

The linear reservoir model experienced the same type of underestimation com-
pared to statistical methods with the only difference that it had low variance 
in the error estimates. These results show the influence of the number of the 
parameters to be calibrated in a hydrological model. The results from panel D 
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show the performance when the synthetic flows are fitted to the same model 
that was used for their generation. As for the previous experiments (Paper II), 
these outcomes are specific for our example application. Paper III discusses 
in a more comprehensive way the pros and cons of the two approaches, and 
concludes that they should be seen as complementary. 

 

4.4 Paper 4. Evaluating the effects of model averaging 
versus model selection for design flood estimation based 
on real flow data.  
4.4.1 Motivation 
The aim of this study is to apply the methodology developed in Papers I and 
III to a real flow record. A long record of annual maximum flows recorded at 
Tiber River in Rome, Italy, was collected for this analysis. The record spans 
over a period of 500 years, and includes 185 years of systematic stage obser-
vations and 13 historical floods. The length of the record allowed for a robust 
estimation of the 100-year flood. Records of this length are rarely available to 
evaluate the estimate of the 100-year flood, which is always required in flood 
risk assessments.  

 

4.4.2 Results 
The 100-year flood was estimated to be 3224 m3/s (Table 2) by extending the 
systematic series with the available historical floods. The estimated 100-year 
flood is treated as the true value since it was exceeded, on average, five times 
in the flow record. This form of ‘temporal information expansion’ is recom-
mended by Merz and Blöschl (2008) for the robust estimation of return peri-
ods of flows available in a record. For the sake of comparison, the 100-year 
flood is estimated using the systematic series only and presented in Table 2. 
For this series, the 100-year flood is expected to fall between 3087 m3/s (93-
years) and 3106 m3/s (186 years). 
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Table 2.  Estimates of 100-year flood estimate based on plotting position formulae 
by Hirsh and Stedinger (1987) and Weibull plotting position. 

Sample Sample size Sample Period Design flood 
(m3/s) Plotting position 

 

Extended series 
(1422 – 1989) 198 545 3224 

Hirsh and Ste-
dinger (1987) 

     

Systematic series 
(1782 – 1989) 185 207 [3088, 3106] Weibull 

     

 

The effects of MS and WMA on design flood estimates were analyzed by 
making use of two subsamples (systematic and modern series).. Figure 4.5 
shows a range of distribution fitted to the systematic and modern series, re-
spectively. 

 

 
Figure 4.5 Plots of distributions fitted to systematic and modern series using maxi-
mum likelihood, and based on the Tiber Annual maximum flow record. 
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For the modern series, AIC and Akaike weights are estimated for all distribu-
tion functions considered. All the distribution functions have similar AIC val-
ues, including weights as shown in Table 3. As expected, the point estimates 
of individual distributions are quite varied. Since there is no clear identifica-
tion of a best distribution function, and the design flood estimates vary quite 
reasonably among the distributions considered, we implemented a model av-
erage estimate as a way to deal with model choice uncertainty. The MM point 
estimate in the modern series is more robust compared to WMA even though 
the former overestimates the true design flood. In the systematic series shown 
in Table 4, MM and WMA underestimates the true design flood. However, 
the MM estimate is more robust since it represents a 5 % underestimation of 
the true value. The precision of all design flood estimates are estimated using 
the method of bootstrap and reported as confidence intervals and standard er-
rors (S.E).  

Table 3. Design flood estimates for all distributions and techniques based on the 
modern series (1921-1989)  

Distributions AIC  w Design flood 
(m3/s) 

Confidence interval 
(m3/s) S.E (m3/s) 

Pearson 3 1006 0 0.28 2727 [2238, 3093] 563 

GEV 1006 0 0.28 2720 [2356, 3076] 216 

EV1 1006 0 0.28 3132 [2829, 3400] 177 

Log-Normal 1007 1 0.16 3111 [2708, 3510] 247 

WMA - -  2900 [2402, 3237] 358 

MM - -  3897  [2945 , 4325] 338 

 

Table 4. Design flood estimates for all distributions and techniques based on the sys-
tematic series (1782-1989). 

Distributions AIC  w Design flood 
(m3/s) 

Confidence interval 
(m3/s) S.E (m3/s) 

Pearson 3 2822 0.50 0.50 2727 [2609, 3035] 347 

GEV 2822 0.50 0.50 2720 [2641, 3017] 114 

EV1 2831 9 0 3132 [3202, 3538] 103 

Log-Normal 2833 11 0 3111 [3051, 3510] 145 

WMA - -  2900 [2606, 3075] 291 

MM - -  3076 [2836, 3342] 227 
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5. Concluding remarks 

This thesis investigated the effects of different sources of uncertainty, ranging 
from errors in the flow data, length of sample and choice of distribution func-
tion (within the statistical method) or hydrological model (within the hydro-
logical method) on design flood estimation. The analyses were conducted us-
ing synthetic and real flow data.  

Below, the research outcomes in relation to the specific research objectives 
are reported. 

The main contributions are as follows: 

 

i. Evaluating the consequences of errors in the flow data, length of sample 
and bias as a result of the choice of the distribution function (Papers I, 
II, III, and IV). 

 

Paper I shows that, for a highly skewed parent distribution (not rare in hy-
drology), commonly used distribution functions underestimate the design 
flood for all the magnitude of error in data and sample sizes considered. Sec-
ondly, MS and WMA (denoted as MA in Paper I) had almost the same per-
formance in terms of accuracy and variance of errors in the estimate. MM had 
lower accuracy compared to MS and WMA but had the least variance for all 
sample sizes and magnitudes of errors considered. However, when the skew-
ness of the parent distribution starts to reduce (i.e. moving from Wakeby-3 to 
Wakeby-5), the performance of these techniques (MS, WMA, MM) vary but 
not so much from what was observed from the highly skewed parent. 

 

ii. Developing a methodology to compare statistical and hydrological meth-
ods of design flood estimation (Paper III). 

 

A methodology is developed in Paper III to compare design flood estimates 
based on statistical and hydrological methods of flood estimation. The results 
of this study suggest that, for large return periods which are usually required 
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in real applications, both statistical and hydrological methods lead to an un-
derestimation of the design flood. However, the use of a simple hydrological 
model gave low variance in error estimates when compared to statistical meth-
ods. Within the statistical framework, model averaging (in this case MM) lead 
to low variance in errors compared to MS. 

The following techniques, MS, WMA and MM were used in Paper IV to 
analyze the estimate of 100-year flood based on a real discharge record from 
the Tiber River in Rome, Italy. The results confirmed the findings from Pa-
pers I & III, which is that MA leads to more robust estimate of the design 
flood compared to MS. Secondly, MM out performed WMA in terms of ac-
curacy in Paper IV. 

 

iii. Developing a methodology to compare flood frequency analysis based on 
records of annual flood levels versus records of annual maximum flows 
(Paper II). 

 

A methodology was developed in Paper II to allow the comparison between 
flood frequency analysis based on annual maximum flows (i.e. the common 
approach) with flood frequency analysis of annual maximum water levels, for 
the estimation of design flood levels. The results from this study suggest that 
frequency analysis of annual maximum water levels performed better in terms 
of accuracy and precision compared to the standard approach. However, given 
the sensitivity of water levels to hydraulic effects (such as outfalls, vegetation 
and erosion) the potential of estimation design floods based on water levels   
seems to only apply to rivers with gentle slope and a stable channel geometry. 

 

There are a number of caveats in this thesis. First of all, the study was based  
on the stationary assumption. Moreover, the number of experiments was lim-
ited. In order to generalize the findings, more distribution functions and dif-
ferent methods of parameter estimation (in both statistical and hydrological 
methods) are needed. The methodologies developed should also be tested us-
ing data from different climatic conditions. Further studies could also include 
the quantification of these sources of uncertainties within the framework of 
formal Bayesian inference methods (Viglione et al. 2013; Kavetski, 2018) or 
informal Bayesian techniques such as the GLUE method (Beven and Binley, 
1992).  

    Finally, since the design flood is not known in advance in any real appli-
cation, it is recommended to implement both statistical and hydrological meth-
ods of design flood estimation. As a matter of fact, these methods are based 
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on consolidated theories, and have complementary advantages and limita-
tions. As such, by following the precautionary principle (Foster et al., 2000), 
which calls for erring on the side of least consequences, one should get two 
(or more) design flood estimates based on alternative methods and then pick 
the maximum value among them. This approach will minimize the likelihood 
of underestimating the design flood, and therefore help support the develop-
ment and planning of measures for flood risk reduction. 
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6. Sammafattning på svenska (Summary in 
Swedish) 

En vanlig uppgift vid planering, design och hantering av olika typer av kon-
trollåtgärder för översvämningar är att uppskatta sannolikheten för extrema 
flöden i ett vattendrag, vilket ofta uttrycks som återkomstperioder. Dock så är 
vår nuvarande kunskap kring processer som leder till översvämningar begrän-
sad, vilket kan leda till en hög osäkerhet kring det uppskattade flödet. För att 
lösa detta problem krävs det vanligtvis att följande fråga besvaras: vad är san-
nolikheten att ett flöde av magnitud X återkommer eller överstigs i ett givet 
vattendrag; alternativt, givet en sannolikhet för att ett visst flöde inträffar, vad 
är dess magnitud (i.e. vad är det dimensionerande flödet)? Två metoder som 
ofta används inom hydrologi för att hantera detta problem är den statistiska, 
respektive den hydrologiska, metoden. Den statistiska metoden har använts i 
drygt ett sekel, och har tillämpats vid utformning och ekonomisk utvärdering 
av olika åtgärder för att hantera översvämningsrisker. Med den statistiska me-
toden så anpassas en sannolikhetsfördelning till årliga maximala flöden, och 
för en vald återkomstperiod extrapoleras fördelningen för att ge motsvarande 
dimensionerande flöde. Olika typer av antaganden om fördelningen av flödes-
data (en given fördelning eller flera olika fördelningar) har lett till utveckl-
ingen av förhållandevis komplexa sannolikhetsfördelningar.  

Till skillnad från den statistiska metoden så har den hydrologiska metoden 
främst funnit tillämpning inom forskningen, även om den även har använts 
kommersiellt vid t.ex. utvärdering av dammsäkerhet. Inom den hydrologiska 
metoden så tillämpas avrinningsmodeller för att simulera vattenföring i ett gi-
vet vattendrag med användning av nederbördsdata över det givna avrinnings-
området. Fördelen med den hydrologiska metoden är att den ger en möjlighet 
för användning av den senaste kunskapen kring processer som leder till över-
svämning. Eftersom att i stort sett alla typer av avrinningsmodeller kan använ-
das så tolkas avrinningsmodellen som en hypotes rörande de huvudsakliga 
processerna involverade i översvämningar. Med den tekniska utvecklingen så 
har intresset för användandet av den hydrologiska metoden och avrinnings-
modeller ökat, då längre simuleringar kan göras utan att vara allt för tidskrä-
vande. 
Det är sedan tidigare känt att de två ovanstående metoderna påverkas av fler-
talet osäkerhetskällor, exempelvis: fel som finns i inmatnings- och kalibre-
ringsdata; partiska parameteruppskattningar som kan uppkomma genom olika 
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metoder för parameteruppskattning, alternativt desinformation i, eller saknad 
av, insamlad data; olika modellstrukturer (d.v.s. användandet av olika sanno-
likhetsfördelningar eller avrinningsmodeller) som ger rimliga anpassningar 
till kalibreringsdata. Att fastställa hur dessa osäkerheter påverkar noggrann-
heten i uppskattningar av dimensionerande flöden är inte bara viktigt för hyd-
rologisk forskning utan också för kommersiella tillämpningar. 

I denna avhandling har problemet med uppskattning av dimensionerande 
flöden undersökts genom att jämföra två tekniker för att hantera osäkerhet som 
härrör från valet av de sannolikhetsfördelningar som används för extrapole-
ring av flödesdata. Dessa två tillvägagångssätt är: (1) val av en specifik modell 
(MS, eng. model selection), där målet är att hitta den optimala sannolikhets-
fördelningen från en samling av olika fördelningar. Generellt så används MS 
vid mer praktiska tillämpningar, exempelvis för att välja rätt modell för en 
specifik tillämpning. (2) Användandet av flera modeller (MA, eng. model ave-
raging), där flertalet sannolikhetsfördelningar används för att uppskatta det 
dimensionerande flödet under antagandet att dessa tillsammans ger en mer ro-
bust uppskattning i jämförelse med att använda en enskild (specifik) sannolik-
hetsfördelning. MA används generellt då det är en större osäkerhet i de pro-
cesser som leder till översvämning. Viktad MA (WMA, eng. weighted model 
averaging), och MA med lika vikt (eng. equal weight averaging; eller genom-
snittet av flera modeller, MM, eng. model mean) är två tillvägagångssätt för 
MA som beaktades i denna avhandling. De två tillvägagångssätten implemen-
terades med hjälp av ”Akaike Information Criterion” (AIC) vilket är baserad 
på informationsteori och uppskattar mängden information som går förlorad 
när en antagen sannolikhetsfördelning anpassas till data med en okänd sanno-
likhetsfördelning. 

Ett problem vid uppskattningen av dimensionerande flöden är att det verk-
liga dimensionerande flödet generellt är okänt från start, vilket gör det svårt 
att systematisk utvärdera metoden som använts för att uppskatta det dimens-
ionerande flödet. Ett sätt varmed detta problem bemöttes i den här avhand-
lingen (artikel I, II och III) var genom virtuella experiment, där en modell 
(statistisk eller hydrologisk) används varifrån parametrar och dimension-
erande flöden betraktas som sanna och är kända i förväg. Därefter utvärderas 
felen mellan de sanna och de uppskattade värdena. 

Påverkan av olika storleksordningar av fel, mängden insamlad data, samt 
användandet av MS eller MA, på uppskattningen av dimensionerande flöden 
studerades i artikel I, vilket baserades på numeriska experiment med syntetisk 
flödesdata härrörande från en antagen sannolikhetsfördelning. Fyra olika san-
nolikhetsfördelningar betraktades som möjliga för att anpassa de genererade 
flödena. Resultaten visade att MS och MA var nästintill likvärdiga beträffande 
noggrannhet och varians för att uppskatta det dimensionerande flödet. MM 
leder emellertid till varianser som är nästan samma som det mer komplexa 
WMA. Eftersom observationsfel i flödesdata vid översvämningar vanligtvis 
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kommer från den avbördningskurva som används så jämfördes frekvensana-
lyser baserade på årliga maximala flöden (dvs. standardmetoden) med fre-
kvensanalyser baserade på årliga maximala vattennivåer (artikel II), då målet 
är att uppskatta dimensionerande flöden vid översvämningar. Eftersom vat-
tennivåer vanligtvis har minimala observationsfel, är direkt mätta samt enkla 
att mäta, så antogs det att uppskattningen av en dimensionerande vattennivå, 
snarare än ett dimensionerande flöde, skulle minska osäkerheten i de dimens-
ionerande värdena. Statistisk analys av vattennivån, snarare än vattenflödet, 
är en standardmetod för att modellera översvämningar i kustområden, dock så 
finns det inga motsvarande studier för översvämningar av vattendrag. Resul-
taten från artikel II tyder på att frekvensanalys av maximala årliga vattenni-
våer var mer noggranna och hade en högre precision i jämförelse med stan-
dardmetoden. Standardmetodens låga prestanda beror dess sekventiella an-
vändande av tre olika modeller - avbördningskurva, sannolikhetsfördelning 
samt en hydraulisk modell. 

Eftersom vissa forskare har kritiserat den statistiska metoden och argumen-
terat för användningen av den hydrologiska metoden för att uppskatta dimens-
ionerande flöden så jämfördes de två tillvägagångsätten i artikel III. I denna 
artikel antogs en komplex hydrologisk modell som en korrekt beskrivning av 
de fysiska processerna och användes för att generera syntetiskt flödesdata. De 
syntetiska flödesdata för dimensionerande flöden användes i fyra experiment, 
två inom den statistiska metoden och ytterligare två inom den hydrologiska 
metoden. Resultaten visade att, för längre återkomstperioder, så var den stat-
istiska metoden mer tillförlitlig i jämförelse med en enkel hydrologisk modell 
som användes som ett exempel i hydrologiska metoder. Dock så var variansen 
av fel baserat på den enkla hydrologiska modellen låg i jämförelse med den 
statistiska metoden för längre återkomstperioder. 

De tre första artiklarna bygger på att utforska olika källor till osäkerheter 
och analysera deras inflytande på uppskattningar av dimensionerande flöden 
i anslutning till översvämningar. I den sista artikeln (artikel IV) så testades 
WMA och MM på en lång serie med uppmätta årliga maximal vattenföring i 
floden Tibern (Rom, Italien). Flödesdata från Tibern är unikt i den meningen 
att det sträcker sig över 500 år och möjliggör en robust uppskattning av 100-
årsflödet. Resultaten från denna studie visar att MA leder till en mer robust 
uppskattning av det dimensionerande flödet i jämförelse med MS, samt att så 
var MM, som är lätt att implementera, mer tillförlitlig än WMA. Det finns 
således mer att vinna när en genomsnittlig uppskattning av det dimension-
erande flödet används. 
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