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Thesis Topic 

The effects on urban drainage systems caused by climate change can be evaluated by mod-

eling long-term rainfall-runoff simulations using synthetic precipitation time-series accounting 

for climate change. NiedSim-Klima is a precipitation generator that generates synthetic pre-

cipitation time-series that account for climate change. Synthetic precipitation time-series can 

be generated in a high-temporal resolution for any location in Baden-Württemberg, Germany. 

        

When comparing the effects of climate change on precipitation patterns at different locations, 

it becomes clear that they are spatially heterogeneous. Furthermore, deviations are also 

found when comparing different precipitation realizations at one location. There are two 

sources that explain the variability at one location between different realizations:  

 

1. The climatic effect, which is characterized by the resampling of the circulation pattern 

sequence from the climatic model ECHAM5, 

 

2. The stochastic effect, which is obtained in the generation and in the optimization al-

gorithms. 

 

Additionally, in a previous study it was found that small differences in precipitation character-

istics can have a great impact on overflow patterns. Similar to the situation described above, 

those impacts at one location are due to the variability of different synthetic precipitation real-

izations.  

 

Consequently, the aim of this thesis is to present a methodology of how to determine the 

variability in both the precipitation generation and in the overflow characteristics due to the 

stochastic and climatic effect.  

 

Climate change is an additional contributor to variability in the synthetic precipitation time-

series due to the deviations within the global climate model ECHAM5, and the interpolated 

parameters describing the future precipitation in the optimization algorithm. As a second aim 

of this thesis, an assessment of the variability on precipitation patterns and overflow parame-

ters due to climate change will be carried out.        
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Abstract 

A method to determine the climatic- and stochastic variability present in the generation of 

synthetic precipitation time-series with the stochastic precipitation generator NiedSim-Klima 

has been carried out in this project. The project consists of two parts; i) determining the vari-

ability in the synthetic precipitation; and, ii) determining the variability in the overflow parame-

ters. Synthetic precipitation time-series for the Holzgerlingen station in Baden-Württemberg 

for the time periods 1981-90 (NSK1990) and 2041-50 (NSK2050) have been generated with 

and without resampling of the circulation pattern sequence (CP). Ten realizations were cho-

sen in order to determine the variabilit. The time-series generated without CP-resampling 

includes only the stochastic effect while the time-series generated with the CP-resampling 

includes both the stochastic- and climatic effect. The comparison of the two will yield the part 

of the variability that is due to the climatic effect.  

 

The long-term averages of the precipitation and overflow parameters have been investigated 

in order to determine the variability between different realizations. The precipitation parame-

ters were obtained from time-series analysis and the overflow parameters from a long-term 

simulation with the urban drainage model KOSIM. The parameters were analyzed using 

three different methods: box-and-whisker plot analysis, frequency distribution, and scatter 

plot analysis.  

 

The results from the box-and-whisker plot analysis show an increase in variability due to the 

climatic effect for all parameters for the time period NSK1990. Thus, the variability due to the 

stochastic- and climatic effect can be determined. The variability analysis through the fre-

quency distribution for the precipitation show unexpected results. The variability decreased 

for the highest daily precipitation intensities due to the CP-resampling. An increase in varia-

bility for all intensities was expected. The scatter plot analysis for the correlation between the 

yearly overflow volume and the overflow duration showed an increase in variability due to the 

CP-resampling for both the past and the future. However, only a visual interpretation was 

performed. More mathematically-correct analysis would be suggested for future investiga-

tions. The variability within the precipitation and overflow events, instead of the long-term 

averages, would also be suggested for the future. Then, the variability within the precipitation 

events causing an overflow event can be determined. 
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1 Introduction  

As urban areas grow, the need for safe stormwater management becomes increasingly im-

portant. Infrastructure as well as public and private developments change the landscape and 

the localized stormwater runoff. In Germany, urban areas are mainly drained by combined 

sewer systems (CSS), whose essential features are that it transports both waste- and 

stormwater in the same pipe, and that the combined flow eventually terminates at the 

wastewater treatment plant (Butler & Davies, 2010). However, the pipes are not designed to 

carry the highest combined flow-rates, which normally occur during heavy storm events. 

Therefore, it is necessary for some of the flow to be discharged into a watercourse, at a 

combined sewer overflow (CSO). During an overflow event, a substantial amount of pollution 

is discharged into the aquatic environment.  

 

The CSO activity in a combined sewer system can be evaluated and controlled by using nu-

merical computer models. By simulating one or multiple rain events over a catchment area, 

the discharge of the combined flow into the watercourse can be calculated. In the design and 

planning of sewer systems, numerical models are being utilized. As climate change may alter 

precipitation patterns, there are reasons to believe that this will also affect CSO activity. 

Therefore, in the evaluation and planning of sewer systems, the effects of climate change 

should to be considered.  

 

One way to investigate the impacts of climate change on urban drainage systems is to use 

synthetic precipitation time-series of the past and future in long-term urban drainage simula-

tions. To generate synthetic precipitation time-series, a precipitation generator is needed.  

NiedSim-Klima is one such example, which is based on the stochastic precipitation generator 

NiedSim (Bárdossy, 1998), and is able to generate synthetic precipitation time-series in a 

high-temporal resolution for any location in Baden-Württemberg, Germany (Beck & Bá-

rdossy, 2011). The NiedSim-Klima precipitation generator has been modified to account for 

climate change, and uses forecasts of air pressure at sea level and the mean air temperature 

from the global climate model (GCM) ECHAM5, as well as historical observations in order to 

generate precipitation time-series for the past and the future.   

 

When comparing different generation realizations at one location, deviations between the 

realizations are found. This is due to the heterogeneous behavior of precipitation which is a 

result of the natural variability in the climate. The natural variability is present in all time-

scales as well as in all spatial scales (Ghil, 2002). In the development of a precipitation gen-

erator, it is desired to account for the natural variability in the precipitation time-series.  
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In NiedSim-Klima, two sources explain the variability in the generation of precipitation time-

series:  

1. The climatic effect, which is characterized by the resampling of the circulation pattern 

sequence from the global climate model ECHAM5, 

2. The stochastic effect, which is obtained in the generation and optimization algo-

rithms. 

 

From the ECHAM5 model, the circulation pattern (CP) sequence and the mean temperature 

are obtained. The CP describes the mean sea level pressure fields over Europe and the 

northern Atlantic Ocean for each day. Depending on the CP and the temperature for each 

day, a certain precipitation response is obtained, which, ultimately with randomly-generated 

numbers that correspond to each hour of the day, prepare an initial time-series. Afterwards, a 

Simulated Annealing algorithm optimizes the time-series depending on the precipitation sta-

tistics. The climatic effect is due to the resampling of the CP-sequence, while the stochastic 

effect is due to the setup of the initial time-series and the optimization algorithm.    

Climate change also contributes to the variability in the precipitation generation due to the 

deviations within the global climate model ECHAM5, and the extrapolated parameters de-

scribing the future precipitation in the optimization algorithm.    

When investigating the effects of climate change on urban drainage using synthetic precipita-

tion time-series, previous studies show that relatively small changes in the precipitation pat-

terns can have a huge impact on the overflow characteristics. These impacts result from the 

variability within the synthetic precipitation. Therefore, it is important to be aware of the vari-

ability within the precipitation time-series and its effect on the overflow parameters when de-

signing and controlling urban drainage systems for future conditions. 

Thus, this study aims to present a method in order to determine the variability in the precipi-

tation generation and in the overflow characteristics due to the climatic- and stochastic effect.  

The effect of climate change on the variability and the precipitation- and overflow characteris-

tics will be carried out as a second objective in this study.  
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2  Theory  

A basic understanding of the urban water cycle and the impacts of climate change are need-

ed in order to understand and assess the variability within the synthetic precipitation and the 

overflow characteristics. An explanation of the urban water cycle and the previous research 

on climate change impacts in Baden-Württemberg will be provided in the following chapters.  

 

2.1 The urban water cycle  

When rain falls on a natural surface, three different processes occur (Butler & Davies, 2010):  

 Evapotranspiration, a process through which water is absorbed by plants and may al-

so refer to water returning to the atmosphere;  

 Infiltration, by which rainwater permeates the natural ground cover; and,   

 runoff, whereby the rainwater flows over the natural ground cover.  

 

These three processes are presented in Figure 2.1. The relative magnitude of each process 

depends on the ground cover and varies with time during the storm event. As the ground 

becomes increasingly saturated, the surface runoff will increase, and both the groundwater 

and the surface runoff will be discharged in rivers or other watercourses. The groundwater 

contributes to the rivers or streams base flow, while the surface runoff increases the flow in 

the watercourse.  

 

 

Figure 2.1. Magnitude of the processes occuring when rain falls on a natural surface (Butler & Davies, 

2010). Modified by Erika Nilsson 
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Urbanization leads to changes in the natural landscape by artificial surface materials cover-

ing natural surfaces (Butler & Davies, 2010). The artificial surfaces are often impervious and 

obstruct the rainwater from infiltrating into the ground. Thus, the surface runoff will increase. 

The evapotranspiration will decrease due to the lack of vegetation and availability of rainwa-

ter detention areas. The processes and their relative magnitude as a result of urbanization 

are explained in Figure 2.2. Due to the increased amount of surface runoff, the total volume 

of water reaching the rivers and streams will increase. The stormwater also travels faster on 

artificial surfaces, leading to higher peak flows. Consequently, the risk of flooding near rivers 

and other watercourses will increase.  

 

 

 

In developed urban areas, urban drainage systems are required due to human interactions 

with the natural water cycle (Butler & Davies, 2010). Primarily, these interactions are: the 

discharge of water resources and the obstruction of rainwater, which results from impervious 

artificial surfaces. These interactions lead to two types of water that requires drainage: 

wastewater from water usage, and stormwater generated from surface runoff. Without urban 

drainage systems, these flows threaten clean and safe living environments, as well as in-

crease the risk of flooding and further property damage.   

 

Urban areas often depend on artificial systems consisting of pipes and structures that collect 

and release waste- and stormwater (Butler & Davies, 2010). In Germany, 70 % of these sys-

tems are combined sewer systems (CSS). The essential feature of a CSS is that it transports 

both waste- and stormwater in the same pipe to the wastewater treatment plant (WWTP) 

before released into the recipient.   

Figure 2.2. Magnitude of the processes occuring when rain falls on an urban surface (Butler & Da-

vies, 2010). Modified by Erika Nilsson 
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However, combined sewer systems are not designed to sufficiently manage the highest 

stormwater peak flows, as it is not economically-feasible to construct such systems nor to 

have the capacity to treat the highest flow at WWTP (Butler & Davies, 2010). Therefore, the 

need of combined sewer overflows (CSOs) is an essential feature in combined sewer sys-

tems. The CSOs are placed downstream in a catchment area and are designed to carry a 

continuation flow to the WWTP. When the continuation flow is exceeded, an overflow event 

occurs in the CSO.   

 

Overflow events can lead to impaired water quality and therefore, in order to minimize these 

occurances, drainage systems should be properly designed, controlled, and analyzed. The 

design of sewer systems is a balance between cost and potential damage. Urban drainage 

systems are long-term investments with lifespans of 50 to 100 years, according to the Ger-

man standard ATV-A 128E (German Association for the Water Environment, 1992). Conse-

quently, sewer systems built today need to be safe even for future climatic conditions. Thus, 

it is of great importance to understand and assess the changes in climate.  

 

2.2 The hydrological conditions in Baden-Württemberg  

Baden-Württemberg is one of Germany’s 16 federal states (Bundesländer) and is situated in 

southeast Germany, see Figure 2.3. As part of Central Europe, Baden-Württemberg experi-

ences highly-variable weather conditions and precipitation occurrences (Beck, 2012). In gen-

eral, the highest monthly precipitation sum is in June while the lowest is in February. Howev-

er, precipitation can occur at any time during the year. The yearly precipitation sum for Ba-

den-Württemberg is between 550 to 850 mm per year. 
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Figure 2.3. Baden-Württemberg is situated in southeast Germany (Baden-Württemberg Studyguide, 

2013) 

 

Precipitation is the result of condensation of water vapor in the atmosphere due to the circu-

lation of warm and cold air masses. Air circulation results primarily from two sources: air 

temperature and Earth’s rotation (State Climate Office of North Carolina, 2013). On the glob-

al scale, due to different exposure angles to the sun, elevated warm air and sunken cold air 

results in a high-pressure gradient between the Equator and the North- and South Poles 

(Wischet & Endlicher, 2008 through Beck, 2012). This pressure gradient induces a strong 

compensation movement in the northern hemisphere from south to north. Additionally, air 

movement induced by Earth’s rotation, known as the Coriolis Effect, results in a zonal west 

wind in the atmosphere, which can obstruct the exchanges of air masses between the south-

ern and the northern latitudes.  

 

However, this zonal west wind can be affected by the pressure gradient and destabilize, al-

lowing an exchange between the south and the north. In the west wind field, waves are 

formed, which move in a south-easterly direction. The exchange between warm and cold air 

is governed by the direction of these waves. If the waves peak to the north, warm air can 

move to the north, and where the wave peak to the south, cold air can move south. At the 

border between cold and warm air, precipitation will occur.  

 

The west wind eventually stabilizes and the cycle starts anew. However, sometimes a phe-

nomenon known as “blocking action” occurs. In the end of the undulating phase, cold air can 

be cut off from the interface between the warm and the cold air, and move southeastwards. 
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This can block the west wind until the gradient increases enough and the main western flow 

direction can be re-established. The blocking action can be caused by warm air from the 

southern altitudes as well.   

 

The global atmospheric circulation governs the local atmospheric conditions in Baden-

Württemberg. Due to the zonal west wind, the main flow direction in Baden-Württemberg is 

from west-southwest (Beck, 2012). Thus, the weather conditions are mainly determined by 

the energy and moisture from the Atlantic Ocean. Generally the atmospheric cycles change 

in irregular intervals over several days. However, the blocking actions, described in the para-

graph above, can last up to several weeks. The average weather conditions are governed by 

the west-wind field over Europe. As mentioned above, if the wave embedded in the field, 

moves north, warm air can enter and the conditions are warm and humid. If the wave moves 

south, colder winds from the northeast creates cooler conditions. During blocking situations, 

dry conditions can establish as the heat and moisture fluxes are cut off. Thus, longer dry pe-

riods are always caused by blocking situations.    

 

The characteristics of the weather conditions in Central Europe, and thus, Baden-

Württemberg, are also triggered by circulation patterns in lower levels. The area over the 

West Atlantic where the gradient between warm and cold air masses is the most pronounced 

is called the polar front. The waves embedded in the west wind fields affect the stability of 

the polar front which forms smaller waves. These smaller waves, referred to as cyclonic de-

pressions, start to circulate and move southeastwards over Europe. Depending on where the 

cyclonic depressions are formed, their pathway determines the weather conditions in Europe. 

Thus, the weather conditions in Baden-Württemberg are highly affected by the cyclonic de-

pressions.  

 

The precipitation in Baden-Württemberg is mostly due to warm and cold fronts of the cyclonic 

depressions. Two types of precipitation occurs, advective precipitation at warm fronts and 

convective at cold fronts. The advective precipitation is usually not strong in intensity but 

generally long lasting. Convective precipitation has a higher intensity but with a shorter dura-

tion. As mentioned before, the highest monthly precipitation sum is in June and this is due to 

an enhanced convection because of high solar radiation.    
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2.3 Expected impacts on precipitation in Baden-Württemberg due to climate change 

According to the fourth assessment report by the Intergovernmental Panel on Climate 

Change (IPCC), the climate is most likely changing due to anthropological effects (IPCC, 

2007). An increase in the emissions of greenhouse gases is causing an increase in the glob-

al mean temperature. Studies also show that climate change does not only affect the atmos-

pheric temperature, but also atmospheric circulation patterns (Auer et al., 2007; Beck, 2012).  

 

Moreover, the global water-cycle is sensitive to changes in the global mean temperature 

(Beck, 2012). The amount of water within the hydrosphere is constant and an increased 

temperature enhances the evapotranspiration and the air’s moisture content. If more water is 

present in the atmosphere it has to fall somewhere in order to complete the mass balance. 

However, a higher global precipitation volume does not inform the spatial-temporal distribu-

tion of the precipitation (Beck, 2012). The yearly precipitation amount may increase but rain 

events may be fewer and more intense with a higher seasonality. This will increase the risk 

of flooding as well as the stress on the water resources. The effect in the precipitation pat-

terns will look different in different parts of the world.  

 

In Baden-Württemberg, the trend in daily precipitation patterns has been analyzed in previ-

ous studies. Hundecha & Bárdossy (2005) studied records from 632 precipitation stations 

between the years 1958 to 2001 (Beck, 2012). Most of the precipitation parameters studied, 

including the extreme events, indicated an increasing trend. There is a pronounced increase 

in precipitation in the winter months and in the summer months there is a slight decrease. 

The same results are obtained from predictions using global circulation models for Central 

Europe.   

 

Extreme events on different temporal scales are caused by different events (Beck, 2012). 

Daily precipitation extremes are caused by cyclonic depressions originating from the Atlantic 

Ocean as described in Chapter 2.2. Extreme events on the hourly scale are mainly caused 

by convective precipitation. Thus, daily extreme precipitation cannot predict the effect of cli-

mate change on the hourly scale.  

 

One way to predict future climate conditions is to extrapolate observed trend-signals (Beck, 

2012).  In Figure 2.4 below, the scaling properties for the five highest extremes have been 

evaluated. As extreme events on different time scales are caused by different process, scal-

ing is a sufficient method to display the statistical properties of precipitation. As seen in the 

figure, a trend towards higher precipitation intensities for shorter time intervals is present.   
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Figure 2.4. Scaling properties for the five highest extremes for the time periods 1958-1980 and 1981-

2003 (Beck, 2012) 

   

Extrapolation of the trend for future conditions shows an even more pronounced trend on 

shorter time intervals, see Figure 2.5 (Bendel et. al, 2013). Future conditions, represented by 

the red data line show that approximately 60 % of the daily precipitation will fall within one 

hour compared to the past conditions, where 35 % of the daily precipitation fell within one 

hour. Thus, a trend towards higher intensities on hourly scale due to climate change is pre-

sent.   

 

 

Figure 2.5. Scaling properties for precipitation intensities for the past and future (Bendel et al, 2013) 
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The results shown in Figure 2.4 and 2.5 support the thesis of Trenberth (1999),  which hy-

pothesized that the precipitation on shorter time scales will be more intense due to climate 

change (Beck, 2012).  

 

2.4 Expected impacts on overflow patterns in Baden-Württemberg due to climate 

change 

The changes in precipitation patterns will most likely affect the overflow patterns at the 

CSOs. In a study carried out by Bendel, Beck & Dittmer (2013), the impacts of climate 

change on combined sewer overflows were investigated. Synthetic precipitation time-series 

generated by NiedSim-Klima was used as input in long-term simulations with the hydrological 

model KOSIM. The overflow parameters from seven stations in Baden-Württemberg were 

compared using data from past and future simulations. 

 

Although the annual precipitation sum increased, the results showed a decrease in the yearly 

net flow into the system (Bendel et al., 2013). An explanation for this outcome may be that 

the precipitation events are shorter and occur more often. As a result, the runoff decreases 

due to increased evapotranspiration and infiltration. Moreover, the overflow volume de-

creased while the frequency of overflow events increases.  

 

In the study by Bendel et al. (2013), the need to investigate the variability within the synthetic 

precipitation was found. Thus, the study by Bendel et al. (2013) is the main reason and 

background for investigating the variability in the precipitation generation and in the overflow 

characteristics in this project.   
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3 Methodology  

The aim of this project is to present a strategy to determine the variability in the synthetic 

precipitation and overflow parameters at one location, due to the climatic- and stochastic 

effect. The project has been divided into two parts as the variability within the two fields have 

been examined separately. In Figure 3.1 below, the workflow used in this project is present-

ed.  

 

 

The analysis tools represented in the bottom of the figure, namely box-and-whisker plot anal-

ysis, frequency distribution analysis and a correlation analysis visualized in a scatter plot, 

have been used for both the precipitation and the urban drainage part of this thesis. These 

methods represent the strategy to determine the variability and will be explained more thor-

oughly in chapters 3.3 and 3.4.  

 

To be able to determine the variability due to the climatic- and stochastic effect, a three-stage 

approach has been used in the generation of the synthetic precipitation time-series:  

1. Generation of precipitation time-series at one location with the same circulation pat-

tern sequence (CP) without resampling (No CP res) 

2. Generation of precipitation time-series at one location each with a new circulation pat-

tern sequence (CP) with resampling (CP res) 

3. Comparison of stages one and two 

 

The first stage will only include the variability due to the stochastic effect, while stage two will 

include the variability due to both the stochastic- and climatic effect.  

Figure 3.1. Workflow (Löfvendahl, 2013) 
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The comparison of stage one and two will yield the part of the variability that is due to the 

climatic effect. The three-stage approach is illustrated in Figure 3.2, where the stochastic 

effect is represented by the variability in the No CP res, and the climatic effect is represented 

by the part of the variability in the CP res that is not due to the stochastic effect.  

 

 

Figure 3.2. Illustration of the climatic- and stochastic variability (Löfvendahl, 2013) 

 

In Figure 3.1, the precipitation time-series is represented by the boxes in the top of the figure. 

The generation of the precipitation time-series will be presented more thoroughly in Chapter 

3.1. 

 

To be able to determine the variability in the synthetic precipitation at one location, a time-

series analysis has been carried out in order to obtain the long-term averages for the select-

ed precipitation parameters. The chosen precipitation parameters will also be presented in 

Chapter 3.1.  

 

Long-term averages have also been determined for the overflow parameters. Long-term 

simulations with the urban drainage model KOSIM have been conducted. The chosen pa-

rameters and the description of the model are presented in Chapter 3.2.  

 

3.1 Used precipitation time-series 

The synthetic precipitation time-series was generated for one location, namely Holzgerlingen, 

southwest of Stuttgart in Baden-Württemberg, Germany. Consistent with the three-stage 

approach, the time-series were generated according to stage one and two, as noted above.  

 

Two time periods have been used for the generation of the time-series: one representing the 

past NSK1990 (1981-1990) and the other one representing the future, NSK2050 (2041-

2050). Generation of past and future data is necessary in order to determine the influence in 

the variability due to climate change, which is a secondary objective of this project.  
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Comparing past and future data with identical initial properties, yields the variability due to 

climate change. 

 

Consequently, there are four different precipitation time-series to analyze, each with the 

length of 10 years:  

 

 Generation with the same Circulation Pattern sequence for the time period NSK1990 – 

No CP res NSK1990 

 Generation with a new Circulation Pattern sequence for the time period NSK1990 –  

CP res NSK1990 

 Generation with the same Circulation Pattern sequence for the time period NSK2050 – 

No CP res NSK2050 

 Generation with a new Circulation Pattern sequence for the time period NSK2050 –  

CP res NSK2050 

Each precipitation time-series has been generated ten times, i.g. ten realizations, to be able 

to determine the variability in the precipitation generation. The number of realizations is cru-

cial as precipitation is highly variable and it is important that the dry spells and the extremely 

wet years are represented in the time-series in each generation in order for the analysis to be 

statistically correct. 

 

The temporal resolutions analyzed for the precipitation time-series are the hourly and daily 

precipitation intensities. Figure 3.3 below illustrates the generation structure of the data used 

in this study. The branch under the No CP res NSK1990 is the same for all four time-series.  

 

Figure 3.3. Generation scheme of the synthetic precipitation time-series (Löfvendahl, 2013) 

 

Holzgerlingen 

No CP res 

NSK1990 
(1981-90)  

Realization 1 

60 min 1440 min 

Realization 2 

60 min 1440 min 

Realization 10 

60 min 1440 min 

NSK2050 
(2041-50) 

CP res 

NSK 1990 
(1981-90) 

NSK2050 
(2041-50) 
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The time-series analyzed in this study are generated by the stochastic precipitation genera-

tor, NiedSim-Klima, which is based on the precipitation generator NiedSim. The main differ-

ence behind the two generators is that NiedSim-Klima also accounts for climate change 

(Beck & Bardossy, 2011). To be able to account for climate change, NiedSim-Klima uses 

forecasts from the ECHAM5 model in order to describe the future climate.  

 

Thus, in NiedSim-Klima, a CP-Temperature classification is used as input in the setup of the 

initial time-series. It is mainly the method used to setup the initial time-series that differs be-

tween the two generators. NiedSim-Klima uses forecasts from ECHAM5 to classify CP-

temperature classes with a certain precipitation response, while NiedSim uses collected rain-

fall data for the setup of the initial time-series. Other than the setup of the initial time-series, 

the two generators originate from the same approach. Therefore, the theory behind NiedSim 

is also presented in this chapter as it enables the understanding of the NiedSim-Klima appli-

cation.     

3.1.1 The precipitation generator NiedSim 

NiedSim is a stochastic precipitation generator, which is able to generate precipitation data in 

a high-temporal resolution, for any location in Baden-Württemberg, Germany (Beck, 2012). 

NiedSim has been utilized since the year 2000 and is mainly used by federal states in south-

ern Germany for the generation of synthetic precipitation data.  

 

NiedSim uses a data-driven approach to generate precipitation time-series (Beck, 2012). 

This method makes as few assumptions as possible and uses collected rainfall data to de-

scribe the statistical appearance of precipitation in the area. The only conceptual specifica-

tion in NiedSim is the theoretical distribution of precipitation values. Instead of directly using 

rainfall values, the statistical parameters from surrounding rainfall gauges are interpolated in 

the NiedSim generator. The statistical parameters are stored in a data-base, and according 

to these parameters, a stochastic simulation is carried out.  

 

Initially, a time-series of hourly values with the correct intensity distribution is configured 

(Beck, 2012). However, the temporal sequence of values differs from real precipitation char-

acteristics in the following statistics: autocorrelation, daily rainfall frequency and scaling. The 

autocorrelation is a measure of the degree of similarity between a time-series and a lagged 

version of itself. A positive autocorrelation describes the persistence in a rain event. For ex-

ample, if it rains in the present time-step, the likelihood of rain in the next time step, is high 

(Beck, 2012).  
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As mentioned in chapter 2.3, scaling is a measure of how statistical properties change when 

the data is aggregated over longer time intervals. The daily- and hourly extreme values for a 

certain location depend on different climatic processes and thus, the hourly extreme precipi-

tation intensity can be higher than the daily extreme precipitation intensity. Therefore, the 

extreme precipitation aggregated over a 24h-time-period shows a concave function between 

1 and 24h.  

 

In order to determine the correct temporal sequence, the time-series is optimized by an ob-

jective function, where the statistical characteristics of the time-series are compared with the 

target parameters derived from real world observations (Beck, 2012). If the synthetic time-

series perfectly fulfills the target parameters, the objective function, O(Z), is zero. The objec-

tive function is minimized by using a Simulated Annealing algorithm that repeatedly tries to 

swap two arbitrarily chosen rainfall values in order to obtain the correct temporal sequence, 

see process scheme in Figure 3.4. If the swap improves the objective function, the changed 

time-series is kept. However, if the swap does not improve the objective function, the 

changed time-series is kept with a certain probability. This is necessary to not end up in a 

local minimum. The probability of accepting an incorrect swap decreases as the algorithm 

proceeds. The algorithm stops when no further improvement of the time-series is possible. In 

order to dis-aggregate five-minute rainfall values from the hourly values, a similar Simulated 

Annealing optimization scheme is used. 

      

 

Figure 3.4. Optimization process by the Simulated annealing algorithm (Beck, 2012) 
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3.1.2 The precipitation generator NiedSim-Klima 

NiedSim-Klima is based on the stochastic precipitation generator NiedSim (Beck & Bárdossy, 

2011). Instead of directly using precipitation statistics from rain-gauges, NiedSim-Klima uses 

forecasts of air pressure at sea level and the mean air temperature from the global circulation 

model ECHAM5 to estimate indirectly the future precipitation. 

Similar to NiedSim, an initial time-series of hourly precipitation is set-up, which is based on a 

classification of a number of atmospheric circulation patterns (CP) and their respective pre-

cipitation response. The mean sea level pressure (MSLP) field over Europe and the northern 

Atlantic Ocean is based on the re-analysis of records of more than 50 years of global anal-

yses of atmospheric fields. The re-analysis is carried out by the National Centers for Envi-

ronmental Prediction (NCEP) and the National Centre for Atmospheric Research (NCAR). A 

more thorough description of the CP-classification can be found in Bárdossy et al. (1995).  

Based on historical observations for the time period 1991-2003, empirical precipitation distri-

butions are calculated for each CP (Beck, 2013). Assuming that the precipitation distribution 

for each CP stays the same in the future, the precipitation probability and the probability of 

intense precipitation can be calculated. Intense precipitation is assumed to be more than 

1 mm per hour.  

The CP classes are subdivided according to the mean temperature, which is due to the low 

probability of precipitation at high mean temperatures, but when precipitation does occur, 

there is a high probability that the rain event is intense. 

For each day, the predicted mean sea level pressure field and the predicted temperature 

from the ECHAM5 model are compared with the CP-classification matrix from the CP classi-

fication. The number of CPs is set to 12 in the classification. The CP with the highest resem-

blance, degree of fulfillment, to the MSLP-field from the ECHAM5 model is chosen as the 

daily CP. A time-series with daily CPs are set-up for the chosen time period. Each CP in the 

time-series is subdivided by temperature. Depending on the CP-Temperature class, the pre-

cipitation probability and the probability of intense rainfall are estimated for each day. Based 

on the precipitation responce, rainfall intensities are drawn for every hour. Intensities be-

tween 0-1 mm/h are drawn from a Beta distribution and values above 1 mm/h from a Weibull 

distribution.  

The time-series are then optimized by a similar Simulated Annealing algorithm used in Nied-

Sim (Beck & Bárdossy, 2011). It evaluates an optimization function under certain constraints 

and when no improvement is possible, the algorithm stops.  
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The constraints used for NiedSim-Klima are additional historical parameters such as the au-

tocorrelation on different aggregations and with different time-lags. For future, synthetic pre-

cipitation time-series, the autocorrelation does not change as it is assumed to be the same 

even in the future. However, other parameters are used in the optimization and have been 

extrapolated to resemble future conditions. The scaling behavior is extrapolated for the future 

and is used as a constraint in the optimization. The extreme 24h-sum is a parameter derived 

from the regional climate model REMO, and is also used as a constraint in the optimization. 

The generation scheme is illustrated in Figure 3.5. 

 

 

Figure 3.5. Generation scheme for NiedSim-Klima (Löfvendahl, 2013) 

 

3.1.3 Sources of variability in the precipitation generation process 

As mentioned in the Introduction, precipitation has a natural variability that is desired to be 

captured in the generation of synthetic precipitation time-series. In the generation of precipi-

tation time-series with NiedSim-Klima, there are two effects responsible for the variability 

between different generation realizations: the stochastic- and climatic effect. In the sections 

below, an explanation from where these effects originate is described.  Climate change is 

also added to the list of variability as NiedSim-Klima is modified to account for this.  
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Stochastic effect 

The variability in the synthetic precipitation data due to the stochastic effect is a result of the 

generation and the Simulated Annealing algorithm. In the configuration of the intial time-

series for each CP, a random number must be drawn each hour, which will contribute to a 

precipitation intensity and is based on the empirically derived precipitation distributions, see 

figure 3.5. Even in the Simulated Annealing algorithm, randomness is present due to the ar-

bitrarily chosen values in the evaluation of the objective function. Also, the use of distribu-

tions as constraints in the objective function contributes to a stochastic variability between 

different generation realizations.    

  

Climatic effect 

The variability in the synthetic precipitation data due to the climatic effect is a result of the 

setup of the CP-temperature sequence. As described in the description of the NiedSim-Klima 

generator, the precipitation response for each day is dependent on the MSLP-field, which is 

derived from the ECHAM5 model. The probability that a certain CP follows another CP is 

calculated from an ECHAM5 simulation for a normal period (Beck & Bárdossy, 2013). A 

probability matrix, dependent on the normal simulation period of the 12+1 CPs, determines 

into which sequence the CPs are distributed. There are numerous combinations of possible 

sequences, all deriving from the same matrix with the same statistical properties. A 

resampling of the CP-sequence, meaning that each realization has a unique CP-sequence, 

is the manner in which NiedSim-Klima tries to account for the natural variability.  

 

Climate change 

Climate change is an additional source of variability in the synthetic precipitation data due to 

the A1B scenario simulation from the ECHAM5 model. The A1B scenario is carried out by 

the IPCC and is one of the developed scenarios describing the change in climate due to an-

thropological effects (IPCC, 2007). The scenario assumes economic- and population growth, 

as well as technical developments, until 2100. The assumptions predict emissions of green-

house gases, leading to changes in the atmosphere.  

 

Even in the generation algorithm, the climate change variability is present due to the extrapo-

lated parameters used to describe and optimize the precipitation time-series for the future. 

The different CP-Temperature classes and their respective precipitation response are as-

sumed to be the same for future conditions. This is an essential feature of the NiedSim-Klima 

generator. Therefore, only the sequence in which the CPs occurs will be different in the fu-

ture.  
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3.2  Characteristics of the used Combined Sewer System 

As applied to urban drainage, long-term simulations with the hydrological model KOSIM have 

been performed in order to obtain the long-term average values of the overflow characteris-

tics. KOSIM is a deterministic model, thus, performing simulations with equal input values, 

will generate equal results. Consequently, using different precipitation time-series as input, 

the simulations will derive different results due to the variability within the time-series. 

 

The purpose of an urban drainage model is to mathematically describe the transformation of 

a rainfall hyetograph into a surface runoff hydrograph and its hydraulic response in the pipe 

network (Butler & Davies, 2010). Transforming the rainfall hyetograph into a surface runoff 

hydrograph involves two parts. Firstly, the effective rainfall is determined by subtracting the 

losses due to interception, depression storage, infiltration, and evapotranspiration. Intercep-

tion is characterized by the collection and retention of vegetation, while depression storage is 

stormwater trapped in minor depressions in the catchment surface. Infiltration and evapo-

transpiration are described in Chapter 2.1.  

 

Secondly, after the losses have been accounted for, the effective rainfall is transformed into 

an over-land flow hydrograph by surface-routing. The process of surface-routing describes 

the movement of the runoff across the surface to the nearest sewer system entry. In KOSIM, 

the Kalinin-Miljukov-Method is used to mathematically describe this process. The sub-

catchments in KOSIM are represented by linear reservoirs connected in series, where the 

number of cascades is set to three, and the equal storage coefficient is calculated using an 

overland flow time of four minutes. The CSO structures in the system with no storage are 

modeled as flow dividers. More information about the theory behind the model can be read in 

ITWH (2009).  

        

In the simulations, a standardized virtual Combined Sewer System (CSS) was used, see 

Figure 3.6. The CSS-system is designed as a standard system and has been used for com-

paritive simulation studies in Germany (Bendel et. al., 2013). The system represents a typical 

provincial town in Germany with 9,900 residents, two industrial polluters, and a total impervi-

ous area of 102.5 ha.  
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Figure 3.6. Standardized combined sewer network used in the simulations (Bendel et. al, 2013) 

 

In the CSS network, four CSO structures are used. Two are regular CSOs (CSO10 and 

CSO30) with a continuation flow of 14.4 l/(s∙ha) and 14.9 l/(s∙ha), respectively. The remaining 

two are CSOs with a storage tank to retain the flow before releasing it into the watercourse. 

The continuation flow for the CSOT10 is 1.25 l/(s∙ha) and for the CSOT20 is 1.23 l/(s∙ha). 

The tank volumes are calculated according to the German technical standards ATV-A 128E 

(German Association for the Water Environment, 1992). The tank volumes were adjusted to 

the local annual precipitation of the past, resulting in tank volumes of 1012 m3 for CSOT10 

and 180 m3 for CSOT20. When the continuation flow is exceeded, the flow is retained in the 

storage tanks and an overflow occurs when the tank volume is full. CSOT10 is placed down-

stream the CSS, see Figure 3.6. Therefore, it is the CSO structure with the highest inflow 

and overflow volume, about 70 % of the total yearly amount.  

 

For future conditions, urbanization will most likely lead to changes in the urban drainage sys-

tems. As more infrastructure is developed, higher demands regarding detention within the 

developed area, as well as sustainable urban drainage systems (SUDS), will be necessary. 

Thus, different conditions and design principles for urban drainage systems is expected for 

the future. However, the variability and the effect of climate change are, as investigated in 

this study, within the synthetic precipitation time-series and its response to the overflow pa-

rameters. Thus, no changes in the setup of the model have been made due to the different 

time periods. The attributes in the model are therefore the same for the past and the future 

conditions.        
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For each simulation, the long-term average parameters regarding inflow and overflow have 

been used in the variability analysis. The parameters describing the overflow of pollutants 

have not been considered in this study.  

 

The variability analysis of the selected overflow parameters will be described in Chapter 3.4. 

Firstly, the variability in the synthetic precipitation time-series will be explained.  

 

3.3 Variability in the synthetic precipitation data 

In the first part, the variability within the synthetic precipitation time-series has been exam-

ined. The time-series from each of the four generations have been analyzed and the long-

term averages of the statistical parameters have been calculated. The variability in each pa-

rameter within the ten realizations has been determined by using box-and-whisker plots. The 

variability within the frequency distribution has also been analyzed. An objective at the be-

ginning of this project was to determine the variability in the correlation between different 

precipitation parameters. Unfortunatley, there was not sufficient time to include this. In Figure 

3.7, the workflow for the precipitation part is presented.  

 

 

Figure 3.7. Workflow for the precipitation part (Löfvendahl, 2013) 
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3.3.1 Box-and-whisker plots 

One important step when analyzing data and determining the variability for a certain parame-

ter is to initially visualize the data (Massart et.al, 2005). Box-and-whiskers plots are an ap-

propriate way of visualizing data. The box-and-whisker plots are based on robust statistics as 

this way of presenting data is more resistant to outliers than normally distributed classical 

statistics. The box-and-whisker plots present the median and the interquartile range (IQR), 

which are robust ways of describing the central tendency and the dispersion of the data.  

 

The median and the interquartile range are used to construct the box, while the whiskers 

represent the range of the data (Massart et.al, 2005). The height of the box is equal to the 

IQR, which represents 50 % of the ranked data. More precisely, the IQR is the range be-

tween the lower quartile value, the 25 % percentile, and the upper quartile value, the 

75 % percentile. At the location of the median, a horizontal bar is drawn, dividing the IQR into 

two boxes, representing the lower- and upper quartile.  

 

The whiskers are illustrated as vertical lines, each terminating at the minimum and maximum 

values with a horizontal line. The whiskers originate from the 25 % percentile for the mini-

mum value and from the 75 % percentile for the maximum value. Figure 3.8, illustrates a 

box-and-whiskers plot and its components. In the figure, as well as in this study, the mean is 

also represented in the box-and-whisker plots.  

 

 

Figure 3.8. The principle of box-and-whiskers plot (SAS/STAT(R) 9.2 User's Guide, Second Edition, 

2013). Modified by Jennifer Löfvendahl, 2013 
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Comparing the dispersion within the IQR between the time-series generated with and without 

resampling is a robust way of determining the variability. The IQR is determined by more 

values as the frequency of values are higher around the mean in a distribution, see figure 

3.9. The total range is determined by singular, outlying values, which is not a robust way to 

compare the variability within a population. Thus, the IQR determines the variability in the 

precipitation parameters within the ten realizations. 

 

Figure 3.9. The interface between the box-and-whisker plot and a Normal Distribution, (Wikipedia, 

2013) modified by Jennifer Löfvendahl, 2013 

 

The following precipitation parameters have been analyzed through box-and-whisker plots in 

this study: 

 

The yearly precipitation sum 

The yearly precipitation sum is often used when describing the precipitation in an area. It is a 

parameter that differs from the rest because it is accrued over a whole year. The rest of the 

parameters in this study are in hourly- or daily scale. Due to the long-term scale, the variabil-

ity in the yearly sum should show a large impact from the resampling of the CP-sequence. As 

the yearly sum is calculated from the hourly values, the stochastic effect will be averaged out 

due to the high amount of random numbers, while the CP-Temperature sequence will have a 

higher impact on the variability in the yearly sum. The variability in the yearly sum is exam-

ined for each realization as the long-term average for the ten year time period.   
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The mean precipitation intensity 

The mean of the precipitation intensity is a statistical parameter that is of great importance 

when determining the variability in generated precipitation data. The mean is the most com-

monly used measure of the central tendency of data (Massart et.al, 2005). The importance is 

in its simplicity: it is a well-known statistical parameter that is easy to determine, understand, 

and compare, and is therefore often used in industry.  

 

However, the simplicity of the mean is also its biggest disadvantage as it is not seen as a 

robust statistic (Massart et.al, 2005). Extreme values could skew the mean in a manner that 

is not representative of the entire population. Therefore, it is important that the mean is pre-

sented with its confidence interval. The aim of this study is not to determine the mean pre-

cipitation intensity from a time-series, but to determine the variability in the generation of the 

data. Thus, as long as the chosen statistics are calculated in the same way, it is sufficient to 

compare the mean as a precipitation parameter.  

 

The mean precipitation intensity derived from the precipitation time-series is calculated for 

the hours and days with precipitation. Consequently, the hours and days with no precipitation 

(zero values) are not accounted for in the mean precipitation intensity. Calculating the mean 

precipitation intensity for only wet periods will yield a higher mean intensity. The variability in 

the mean precipitation intensity is examined for each simulation as the long-term average for 

the 10 year time period.   

 

Maximum precipitation intensities 

As described in Chapter 2.3, a trend towards shorter, more intense events is observable in 

the scaling properties for the five maximum events in Baden-Württemberg (Beck, 2012). 

Therefore, the maximum precipitation intensities are important parameters to assess in this 

study. 

 

Short, intense rain events are often the reason for overflow events in the combined sewer 

systems. These events occur multiple times a year, and therefore, the maximum precipitation 

intensities are important parameters when assessing the variability in the precipitation gen-

eration. Due to the high-return period and the contribution to overflow events, the 24th maxi-

mum precipitation intensity has been included in this study.  
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The following parameters have been analyzed in order to determine the variability in the 

maximum precipitation intensities:  

 

1. the maximum precipitation intensity,  

2. the median of the 1 - 24th maximum precipitation intensities. 

The maximum precipitation intensity is represented by a single value, namely the highest 

intensity value, for each year in the time-series. For each realization the average value from 

the 10-year period, the long-term average, is used in the variability analysis. Consequently, 

only one value represents the maximum intensity of a 10-year period. Thus, this is not a ro-

bust statistic as it can vary considerably between the realizations.  

 

The 1 - 24th maximum precipitation median have been calculated for each realization using 

the mean of the 10 year period for the corresponding maximum intensities. For each realiza-

tion, the median of the maximum precipitation intensities has been used in the variability 

analysis. As the analysis for this parameter relies on the median of 24 values, it is considered 

a more robust way of analyzing data as the extreme values do not affect the result to a signif-

icant extent.  

 

The results of the variability in the precipitation parameters will be presented in chapter 4.1.1. 

3.3.2 Frequency distribution 

A frequency distribution is a convenient way of determining the variability between the syn-

thetic precipitation time-series. By dividing the precipitation time-series into several classes 

with certain thresholds, the distribution of the hourly- and daily precipitation intensities can be 

calculated. In this way, the structure of the 10-year precipitation time-series is derived and 

the variability due to the CP-resampling can be estimated for each class.  

   

In this study, the number of classes was set to 25. Based on the precipitation time-series, 

appropriate limits for each generation-type were calculated. For the hourly values, the inten-

sities did not differ as much between the four generation types, resulting in the same thresh-

olds with a maximum of 25 mm/h. The minimum threshold was set to 0.1mm/h.  

 

However, for the daily resolution, the intensities differed substantially, resulting in different 

thresholds for the 25 classes. For the time period NSK1990, the maximum value for the 25th 

class of the precipitation time-series generated with the same CP-sequence (No CP res 

NSK1990) was 75 mm/d, whereas for the other generation combinations it was 50 mm/d. 
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Therefore, the classes needed to be combined into a fewer amount with larger threshold-

spans in order to be comparable. Instead of 25 classes, the number of classes was de-

creased to seven.  

 

A frequency distribution can be expressed in either absolute or relative values. The absolute 

frequency distribution only applies an accumulative structure, adding all values in each class 

on top of each other. The total number of events in each class and over the 10-year period is 

calculated in this way. However, when comparing different time-series with each other the 

total number of events can differ and are not accounted for in the absolute frequency analy-

sis. However, in the relative frequency distribution the total number of events is accounted for 

as each class is divided by the total number of events for the whole period. In this way, the 

internal structure, describing the proportion of events occurring in the different classes, of the 

precipitation during the time period, is presented. Consequently, the relative frequency de-

scribes the internal structure of precipitation, whereas the absolute frequency describes the 

total number of events. 

 

In this study, the variability in the absolute frequency has been analyzed. Thus, the total 

number of events in each class and not the internal structure of the precipitation time-series 

is evaluated. The variability between the ten realizations in each class has been determined. 

The variability, in this analysis represented by the range, is expressed as the difference be-

tween the maximum and minimum absolute frequency value between each of the ten realiza-

tions in each class, see Figure 3.10. Each bar is represented as one realization and there are 

10 realizations in each class.   

 

 

Figure 3.10. Variability in absolute frequency between the realizations (Löfvendahl, 2013) 
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On hourly scale, the variability due to the resampling of the CP-sequence will not be substan-

tial in the frequency distribution due to the setup of the generator. As mentioned in Chapter 

3.1.2, NiedSim-Klima generates time-series in hourly resolution. Thus, a random number for 

each hour is drawn in the setup of the initial time-series. Regardless of the CP-sequence, the 

hourly precipitation value is drawn from a beta distribution for intensities smaller than 

1 mm/h, and from a Weibull distribution for intensities larger than 1 mm/h. Therefore, the var-

iability in both No CP res and CP res in the hourly scale will follow the distributions and no 

significant differences should be visible. 

 

However, on the daily scale, the differences should be more pronounced. As the resampling 

of the CP-sequence clearly affects the daily precipitation generation, a higher variability due 

to the resampling is expected.  

 

The results of the variability analysis through absolute frequency distributions are presented 

in chapter 4.1.2.  

 

3.3.3 Scatter plot 

A scatter plot analysis for the precipitation time-series has not been carried out due to time 

constraints. In a scatter plot analysis, the correlation between two precipitation variables 

could give an indication of the spread of the variability, which is valuable when assessing the 

variability due to the stochastic and climatic effect.    

 

3.4  Variability in the CSO overflow characteristics   

The variability in overflow characteristic due to the precipitation generation has been deter-

mined using long-term simulations with the drainage model KOSIM. The same precipitation 

time-series analyzed in the precipitation part has been used as input in the model, see Figure 

3.11. The overflow parameters from the simulations have been analyzed using box-and-

whisker plots as well as a visual scatter plot analysis. This study aims to determine the sensi-

tivity of the urban drainage system due to different precipitation generation realizations, and 

therefore, the long-term averages have been analyzed. Similar to the precipitation part, a 

frequency distribution that describes the variability between the different realizations within 

classes of different overflow volumes was part of the objective as well. However, due to time 

constraints, the frequency distribution could not be included. 
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Figure 3.11. Workflow of the urban drainage part (Löfvendahl, 2013) 

  

In the analysis of the variability in the overflow parameters, box-and-whisker plots as well as 

a visual scatter plots analysis have been used to interpret the variability. The following chap-

ters will describe the methods used and the investigated parameters in more detail. 

3.4.1 Box-and-whisker plots 

The theory behind box-and-whisker plots is thoroughly described in Chapter 3.3.1. Similar to 

the precipitation part, the IQR determines the variability in each overflow parameter. The 

variability within the following overflow parameters has been investigated in this study:   

 

Yearly mixed inflow 

The yearly mixed inflow describes the yearly sum of the total combined flow entering the 

CSOs. The yearly mixed inflow is measured in cubic meters per year. The daily wastewater 

flow in the CSO is constant. Thus, the magnitude of the yearly mixed inflow is mainly con-

trolled by rain events and the losses occurring before the stormwater enters the pipe-

network.  

 

The yearly mixed inflow is a parameter that is directly affected by the precipitation patterns. 

The parameters contributing to the inflow volume are rain intensity, duration of the rain event, 

and runoff surfaces. As the catchments are the same in each simulation, only the precipita-

tion parameters can differ and affect the inflow volume.  
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Yearly overflow 

The yearly overflow describes the yearly sum of the total overflow volume in the CSOs and is 

measured in cubic meters per year. The amount of overflow is dependent on the inflow and 

the system response. The volume and the duration of a rain event are the essential parame-

ters contributing to an overflow event. If the tank volumes are enough to retain the flow, then 

a potential overflow event could be prevented.  

 

The yearly overflow is the most essential parameter to investigate as it describes the amount 

of combined flow released into the watercourse each year. The difference in precipitation 

generations and how they affect the yearly overflow is important to investigate as it is a 

commonly used parameter in the industry.  

   

Overflow duration 

The overflow duration is a parameter describing the length of an overflow event and is 

measured in hours per year. The overflow duration is mainly affected not only by the intensity 

and duration of the rain event, but also by the system response and the tank volume of the 

CSOs with a storage tank.  

 

Number of days per year with overflow 

There are numerous theories of describing a rain- and overflow event. The main difficulty is 

determining if two events are separated or originate from the same event. One way to pre-

sent the overflow properties as events, but at the same time avoiding the definition of an 

event, is to describe the number of days with overflow. A day with overflow is defined as a 

calendar day when an overflow event occurs, regardless of the volume and the duration of 

the event.  

 

The results of the variability in the overflow parameters through box-and-whisker plots will be 

presented in chapter 4.2.1  

 

3.4.2 Frequency distribution 

Due to time constraints, a variability analysis through a frequency distribution could not be 

conducted. In this study, the long-term average parameters are investigated. However, a 

frequency distribution should be event-specific. The classes should be divided within certain 

thresholds, and the overflow volume released in each event should be calculated depending 

on the classes. The same procedure would be possible even for the duration of the event.  
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Determining the variability through frequency distributions is a preferred method as the vari-

ability in the internal structure can be determined. For further studies a variability analysis 

through a frequency distribution for the overflow parameters is suggested.   

3.4.3 Scatter plot 

A regression analysis is a statistical tool used to describe the relationship between two ob-

served parameters (Büchse et.al., 2007). A regression analysis is a mathematical estimation 

method, computed to predict the expected mean of a response variable for a chosen value of 

a predictor variable. Within a scatter plot, a regression analysis can be presented graphically 

at locations where the relationship between parameters can be analyzed. In this study, only a 

visual interpretation of the regression analysis through a scatter plot has been performed in 

order to analyze the spread of the correlated overflow parameters. 

 

In the scatter plot, the correlation between the yearly overflow volume and the overflow dura-

tion has been investigated.    

 

The results of the variability in the visual scatter plot analysis will be presented in chapter 

4.2.2.  
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4 Results  

In this chapter, the results from the variability analyses is presented. The main objective is to 

determine the variability due to the climatic- and stochastic effect.  

 

As there are no previous studies made on this specific topic, the analysis of the results is 

based on qualified assumptions regarding the outcome of the results. The assumptions are 

based on theoretical knowledge of the behavior of precipitation, the generation of time-

series, and statistical analysis.   

  

4.1 Variability in the synthetic precipitation data 

The resampling of the CP-sequence adds an extra source of variability, namely the climatic 

effect, in the generation of the precipitation time-series. Thus, the IQR for the precipitation 

time-series generated with a new CP-sequence, CP res, should be larger than for the time-

series generated with the same CP-sequence, No CP res.  

 

How the variability will be affected by climate change is not yet known. As mentioned in 

Chapter 3.1.3, the different CP-Temperature classes and their respective precipitation re-

sponse are assumed to be the same even in the future. Only the sequence in which the CPs 

occur will be different in the future. Therefore, the aim of this thesis is not to determine the 

variability of climate change independently, but to examine how, as an input for the NiedSim-

Klima generator, the variability is altered through climate change. 

       

In the following chapters, the results will be presented and analyzed according to the state-

ments above.  

4.1.1 Box-and-whisker plots 

The following results were obtained from the variability analysis through box-and-whisker 

plots for the precipitation parameters:   

 

Yearly precipitation sum 

When comparing the interquartile ranges between the No CP res and the CP res for both 

the past and the future, it becomes clear that the resampling of the CP-sequence induces a 

higher variability in the yearly precipitation sum, see Figure 4.1. The results are consistent 

with theory, and the variability due to the climatic- and stochastic effect can be determined.  
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Figure 4.1. Variability in the yearly precipitation sum 

 

However, the No CP res for the time period NSK1990 seems to include more wet years as 

the whiskers, which represents the extreme values, show a higher range with higher intensi-

ties than the CP res for the same time period. The range between 680 and 730 mm/y is not 

an extreme range in the yearly precipitation sum when comparing with real precipitation. As 

mentioned in Chapter 2.2, the variability in yearly precipitation for Baden-Württemberg is 

between 550 to 850 mm/y. However, the results are realistic as it is the variability in the long-

term averages that are investigated. The fact that only a 10 year period and only one station 

is used also affects the range. As the outlying values are based on fewer statistics, the inter-

quartile range is the main parameter describing the variability. However, the fact that the No 

CP res NSK1990 seems to include more wet years than the CP res NSK1990 is notable as 

it is also visible in other parameters in this study.   

 

Comparing the time-series generated with a new CP-sequence, CP res, for the past and the 

future, climate change seems to decrease the mean- and median values. The lowering of the 

the mean and the median is an indication towards smaller precipitation sums in the future.   

 

Mean precipitation intensity 

The resampling of the CP-sequence induces a higher variability in the hourly mean precipita-

tion intensity for both the past and the future, see Figure 4.2. From this, the variability due to 

the stochastic- and climatic effect can be estimated. The resampling of the CP-sequence 

seems to decrease the mean and median and make the distributions more right-skewed for 

both the past and the future. A lowering of the mean and the median is an indication of lower 
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hourly precipitation intensities due to the resampling. A more right-skewed distribution is an 

indication that more events will be in the left part of the distribution, meaning that more 

events will have a lower intensity.    

 

 

Figure 4.2. Variability in the hourly mean precipitation intensity 

 

Climate change seems to increase the mean and the median for the future. The increase 

indicates higher hourly mean precipitation intensities in the future. Thus, higher intensities 

are predicted. These results are consistent with the trends for Central Europe and Baden-

Württemberg, as described in Chapter 2.3.  

 

On the daily time scale, an increase in the variability due to the resampling of the CP-

sequence is present for both the past and the future, see Figure 4.3. Thus, the variability due 

to the stochastic- and climatic effect can be determined. Similar to the hourly scale, a trend 

towards lower precipitation intensities and more right-skewed distributions is present.  

 

However, the trend is not as pronounced as for the hourly scale, and even higher intensities 

can be expected on the daily scale. The mean and median for NSK1990 is even increasing 

for the CP res when compared to the No CP res. This is due to the fact that, when the daily 

values are aggregated, there is an additional source of variability in the generation. As de-

scribed in the theory chapter, NiedSim-Klima generates time-series in hourly resolution. 

Therefore, in the Simulated Annealing optimization, the hourly values will not change the 

frequency distribution.  
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When aggregating the hourly values into a daily precipitation value, the frequency distribution 

will change depending on the sequence of hourly precipitation intensities. Thus, a higher 

variability is present in the generation of daily precipitation time-series.  

 

 

Figure 4.3. Variability in  the daily mean precipitation intensity 

 

Climate change seems to increase the mean and the median which indicates an increase in 

the daily precipitation intensity in the future. This is consistent with the trends described in 

Chapter 2.3. 

 

Maximum precipitation intensity 

The resampling of the CP-sequence induces a higher variability in the hourly maximum pre-

cipitation intensity, see Figure 4.4. Thus, the variability due to the stochastic- and climatic 

effect can be evaluated.  

 

However, the changes are not as profound as for other precipitation parameters. The low 

variability due to the climatic effect is a result that is consistent with theory due to the genera-

tion of the time-series. The variability in the hourly maximum precipitation intensity should 

follow the Weibull distribution and should be negligably affected by the climatic effect. Only 

one value is investigated for each year, realization, or generation type, and this is a value 

that is above 1 mm/h and therefore drawn from the Weibull distribution. Thus, the CP-

sequence only has a small influence on the hourly maximum precipitation intensity.   
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Figure 4.4. Variability in the maximum precipitation intensity 

 

The hourly maximum precipitation seems to increase in the future due to the increase of the 

mean and median. This is a result that is consistent with theory. The interpolated scaling 

properties for Baden-Württemberg also show a trend towards higher intensities for the maxi-

mum precipitation in the future.  

 

On the daily time scale, an increase in variability due to the resampling of the CP-sequence 

is present for the past, but not for the future, see Figure 4.5. The maximum precipitation in-

tensity is based on only one value in a 10-year period. Thus, the variability is not as robust as 

for other investigated parameters which are based on more values.  

 

Climate change seems to lower the median and mean for the future scenario. The lowering 

of the mean and median is an indication of lower daily maximum intensities in the future. This 

outcome is not consistent with theory as the daily extreme intensities are expected to in-

crease according to the theories described in chapter 2.3. As mentioned in the methodology, 

it is not a robust way to analyze only one value, and yet, the variability for the future precipi-

tation intensities should be generally higher. The reason for this outcome is unknown, future 

investigations with the IWS department is necessary.      
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Figure 4.5. Variability in the daily maximum precipitation intensity 

 

Median of the 1 - 24th maximum precipitation intensities 

The resampling of the CP-sequence induces a higher variability in the median of the 1 - 24th 

hourly maximum precipitation intensities, see Figure 4.6. Thus, the variability due to the sto-

chastic- and climatic effect can be evaluated. The mean and the median are decreasing due 

to the resampling of the CP-sequence. The decrease indicates lower intensities due to the 

CP-resampling.  

 

 

Figure 4.6. Variability in the median of the 1 - 24
th
 maximum hourly precipitation intensities 
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The same increasing trend in future hourly maximum intensities should be visible even in the 

median of the 1 - 24th hourly maximum. However, the mean and the median are decreasing 

for No CP res NSK2050 compared to No CP res NSK1990, which indicates a decrease in 

maximum intensity in the future.  

 

When comparing the time-series generated with a new CP-sequence, CP res, for the past 

and the future, the median increases for the future while the mean stays the same, see Fig-

ure 4.6. Thus, the distribution becomes more left-skewed in the future which is an indication 

towards higher intensities. This result is consistent with theory. However, there are uncertain-

ties in the manner NiedSim-Klima generates extreme values. Therefore, this needs to be 

investigated further with the IWS. 

 

Even on the daily time scale, an increase in the variability due to the resampling of the CP-

sequence is present, see Figure 4.7. Thus, the variability due to the stochastic- and climatic 

effect can be evaluated. The mean and median increases due to the resampling which indi-

cates higher intensities due to the resampling of the CP-sequence.  

 

 

Figure 4.7. Variability in the median of the 1 - 24
th
 daily maximum precipitation intensities 

 

The median seem to increase due to climate change, which indicates higher daily intensities. 

The mean, however, seems to stay the same. That the median value increases and the 

mean stays the same indicates that the distributions for NSK2050 becomes more left-skewed 

compared to the NSK1990 distributions and thus an increase in the intensity due to climate 

change.   
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As an example for future studies, the magnitude of the total variability which is due to the 

climatic- and stochastic effect has been calculated for each of the investigated parameters, 

see Table 4.1. The total variability is represented by the IQR for the time-series generated 

with a new CP-sequence for the past, CP res NSK1990.  

 

 

Table 4.1. Part of the total variability due to the climatic- and stochastic effect. 

 

The yearly sum varies between 670 to 729 mm/y due to the stochastic effect. Including the 

climatic effect, the yearly sum varies between 659 and 738 mm/y. Thus, the climatic effect 

represents almost 60 % of the total variability in the yearly sum, as seen in Table 4.1. As 

mentioned in Chapter 3.3.1, the yearly sum is a parameter that is highly affected by the 

resampling of the CP-sequence.  

 

The hourly mean precipitation intensity varies between 0.55 and 0.56 mm/h due to the sto-

chastic effect. Including the climatic effect, the hourly mean precipitation varies between 0.53 

and 0.56 mm/h. While the climatic effect is significant, the stochastic effect proves to have a 

higher influence of roughly 57 %. The daily mean precipitation intensity shows the same re-

sults: a higher influence from the stochastic effect of about 58 %, but also a significant influ-

ence from the climatic effect. The daily mean intensity varies between 5.3 and 5.5 mm/d due 

to the stochastic effect and, when including the climatic effect, it varies between 5.2 and 

5.5 mm/d. 

 

The hourly maximum varies between 16.1 and 17.6 mm/h due to the stochastic effect. In-

cluding the climatic effect, the hourly maximum varies between 16.3 and 18 mm/h. Thus, 

only 8 % of the total variability is due to the climatic effect. The remaining 92 % is due to the 

stochastic effect. As mentioned in the results chapter for the hourly maximum precipitation 

intensity, this has to do with the generation of intense precipitation intensities.  
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The daily maximum varies between 42.6 and 45.7 mm/d due to the stochastic effect. Includ-

ing the climatic effect, the daily maximum varies between 41.1 and 45.6 mm/d. Thus, the 

daily maximum is also mostly affected by the stochastic effect to about 71 %, but the climatic 

effect has a higher influence on the daily than for the hourly maximum, which is consistent 

with expectations.  

 

The median of the 1 - 24th hourly maximum varies between 6.4 and 6.6 mm/h due to the sto-

chastic effect. Including the climatic effect, the median of the 1 - 24th hourly maximumvaries 

between 6.2 and 6.6 mm/h. This results in a high influence from both the stochastic and cli-

matic effect, about 55 % and 45 % respectively.  

 

The median of the 1 - 24th daily maximum shows a different result. The median varies be-

tween 14 mm/d and 15.2 mm/d due to the stochastic effect. Including the climatic effect, the 

median of the 1 - 24th daily maximum varies between 14 mm/d and 15,6 mm/d. This results in 

a major influence from the stochastic effect of about 78 % and a minor influence from the 

climatic effect.  

4.1.2 Frequency distribution 

In Figure 4.8 and 4.9 below, the absolute frequency in the daily precipitation intensities for 

every realization in each selected class is presented. Figure 4.8 represents the precipitation 

time-series generated with the same CP-sequence for the past on a daily scale, No CP res 

NSK1990. Diagram 4.9 represents the time-series generated with a new CP-sequence for 

the past on a daily scale, CP res NSK1990. Considering the difference between the highest 

and lowest values of each column, it becomes clear that there is heterogeneity in the abso-

lute frequency between the different realizations for time-series generated with and without 

resampling.  
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Figure 4.8. The absolute frequency for each of the 10 time-series generated with no CP-resampling 

 

 

Figure 4.9. The absolute frequency for each of the 10 time-series generated with CP-resampling 

 

By a rough estimation comparing Figure 4.8 and 4,9, one could expect a higher variability in 

the generation with a new CP-sequence, CP res, which would be consistent with theory. 

However, in the classes with the higher intensities, the generation with the same circulation 

pattern sequence, No CP res, shows higher frequencies and also a higher variability. When 

estimating the variability further and by comparing the range in each class, the rough estima-

tion proved to be true.  
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Additionally, for the No CP res, the two last classes with higher intensities (total upper 

boundary = 78 mm/d) had to be removed from this analysis, as the CP res did not include 

intensities in that range.  

 

In the Figure 4.10 below, the difference in range between the CP res and the No CP res in 

each class is presented. Here, it becomes clear that the CP-resampling induces a higher 

variability for the classes with lower intensities. However, for the classes with a higher inten-

sity, the variability decreases due to the resampling of the CP-sequence. The events in the 

higher classes are extreme and occur very rarely. This outcome is not consistent with the 

expectations; the variability due to the climatic effect should be visible in each class. The 

reason for this outcome is unknown and further investigations in cooperation with the devel-

opers of the NiedSim-Klima generator at IWS are necessary.  

 

 

Figure 4.10. Difference in range between the CP res and No CP res for the time period NSK1990 

 

The same method is used on the daily scale for the future scenario, NSK2050. Here, a dif-

ferent outcome is present and the climatic effect only seems to induce a higher variability in 

the middle intensities. For the lower and highest intensities, the climatic effect seems to de-

crease the variability. Another result worth noticing is that the total variability seems to be 

less for the future scenario than for the past. The expectations were that it should have been 

the opposite: a higher variability in the future due to the climatic effect. As mentioned above, 

the climatic effect should increase the variability in each class. Why the results did not fulfill 

expectations are unknown, and further studies in cooperation with IWS must be carried out. 
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Figure 4.11. Difference in range between the CP res and No CP res for the time period NSK2050 

 

The variability in the frequency distributions on the hourly scale has also been investigated. 

As mentioned in the method chapter, 25 classes were used in the setup of the frequency 

distributions on the hourly scale. However, only 10 classes are presented for visibility and 

analysis reasons. About 90 % of the total values are in classes 1 and 2, with the remaining 

10 % divided among the other 23 classes with a decreasing trend. There are not enough 

values in the higher classes for a robust analysis, and therefore 10 classes have been cho-

sen as a threshold, which represents 99.5 % of the total values in the distribution.      

 

As mentioned in Chapter 3.3.2, the resampling of the CP-sequence should not induce a high 

variability in the frequency distributions on the hourly scale. Regardless of the CP-sequence, 

the hourly precipitation value is drawn from a Beta distribution for intensities lower than 

1 mm/h, and from a Weibull distribution for intensities higher than 1 mm/h. Therefore, the 

variability in both No CP res and CP res will follow the distributions and no significant differ-

ences should be visible. However, differences are found for both the past- and future scenar-

ios, see Figure 4.12 and 4.13. This outcome was not expected and future investigations with 

the IWS are necessary.    

 

-60

-40

-20

0

20

40

60

6 18 30 42 54

D
if

fe
re

n
ce

 in
 r

an
ge

 [
%

] 

Precipitation intensity (upper bound) [mm/d] 

Daily - NSK2050 



Results 43 

 

 

 

Figure 4.12. Difference in range between the CP res and No CP res on hourly scale for the time peri-

od NSK1990 

 

 

Figure 4.13. Difference in range between the CP res and No CP res on hourly scale for the time peri-

od NSK2050 

 

An interesting discovery for both the daily and hourly frequency distributions is that the 

resampling seems to have an effect on the lower intensities for the past but not for the future. 

In the future scenario, the variability seems to decrease due to the resampling of the CP-

sequence. As the lower intensities represents about 90% of the total values, the effect of the 

resampling should be visible in these intensities even in the future.  
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4.1.3 Summary 

The results from the precipitation part show an increase in variability due to the resampling of 

the CP-sequence through the box-and-whisker plot analysis. Thus, the influence of the cli-

matic- and stochastic effect in the total variability can be determined.  

 

In the analysis of the effect of climate change on the precipitation parameters, almost all the 

parameters where consistent with the trends. However, the maximum intensities are predict-

ed to increase in both the hourly- and daily scale, which was not the case for all investigated 

maximum parameters. Further investigations with the IWS department are necessary. 

 

The frequency distributions on both the hourly- and daily scale did not present the expected 

results. For the daily scale, including the climatic effect did not increase the variability in all 

classes as expected. On the hourly scale, the differences were pronounced even though the 

distribution of the absolute values on the hourly scale should not differ. Similarly for the box-

and-whisker plot analysis, the maximum intensities in the frequency distribution do not show 

the expected results. The variability decreases for the highest intensities on the daily scale 

when including the climatic effect, both for the past and the future. Further investigations in 

cooperation with IWS are needed.    

 

4.2 Variability in the overflow characteristics 

Previous studies have shown that a small difference in the precipitation generation can have 

a huge impact on the CSO activity. Therefore, to be able to determine the sensitivity of the 

urban drainage system due to the precipitation generation, the same precipitation time-series 

used in the variability analysis for the precipitation, have been used in long-term simulations 

in the urban drainage model KOSIM. 

 

The same principle as for the precipitation generation part is true even for the study of urban 

drainage: the resampling of the CP-sequence adds an extra source of variability in the gen-

eration of the precipitation time-series. Thus, the interquartile range for the long-term simula-

tions with precipitation time-series generated with a new CP-sequence, CP res, should be 

larger than for the simulations with precipitation time-series generated with the same CP-

sequence, No CP res.  

       

In the following chapters, the results will be presented and analyzed according to the state-

ments above.  
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4.2.1 Box-and-whisker plots 

The following results were obtained from the variability analysis through box-and-whisker 

plots for the overflow parameters:   

 

Yearly mixed water inflow, VQzu 

The resampling of the CP-sequence seems to induce a higher variability in the yearly mixed 

inflow for both the past and the future, see Figure 4.14. Thus, the variability due to the sto-

chastic- and climatic effects can be determined. The variability seems to have a significant 

increase due to the climatic effect.  

 

 

Figure 4.14. Variability in the yearly mixed water inflow 

 

The mean and the median for the future seem to be lower due to climate change, which indi-

cates a decrease in the yearly mixed inflow. This is consistent with the theory and the results 

presented from the study by Bendel et al (2013), presented in Chapter 2.4. An increasing 

amount of shorter events are expected in the future, which lead to higher losses of evapora-

tion and infiltration. 

 

Yearly overflow, VQue    

The resampling of the CP-sequence seems to induce a higher variability in the yearly over-

flow for both the past and the future, see Figure 4.15. Thus, the variability due to the stochas-

tic- and climatic effect can be determined.  
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Generally, the resampling of the CP-sequence causes less overflow for both the past and the 

future. The CP res NSK1990 seem more evenly distributed around the mean and median, 

while CP res NSK2050 is strongly right-skewed. This indicates less overflow volumes due to 

the resampling of the CP-sequence. 

 

 

Figure 4.15. Variability in the yearly overflow 

 

Climate change seems to lower the mean and median, and the distributions in the future are 

significantly right-skewed. This indicates less overflow volumes in the future. The CSOT 10 is 

placed downstream the CSS network and is responsible of about 70 % of the total overflow 

volume. According to the study by Bendel et al. (2013), the effects of climate change on 

yearly overflow volume depend strongly on the type of CSO structure. Bendel et al. (2013) 

recognized a decrease in the yearly overflow volume for CSO tanks and an increase for 

regular CSO structures. As the precipitation is expected to be shorter and more intense in 

the future, these events can be retained in the storage tank to a larger extent, leading to 

smaller overflow volumes. As the CSOT10 is controlling the major part of the overflow vol-

ume, the total response of the system is consistent with the results regarding the CSO tanks.       
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Yearly overflow duration, T,ue 

The resampling of the CP-sequence seems to induce a higher variability in the yearly over-

flow for the past but not for the future, see Figure 4.16. The duration of a rain event is not 

determined by the sequence of the CP to a significant extent, but rather from the autocorrela-

tion, which is a constraint in the objective function in the Simulated Annealing algorithm. 

Thus, the variability in the yearly overflow duration is mainly due to the stochastic effect.  

 

 

Figure 4.16. Variability in the yearly overflow duration 

 

Climate change seems to lower the mean and median, and the distributions in the future are 

more right-skewed. This is an indication for lower overflow durations in the future. A pro-

nounced decrease in the yearly overflow duration due to climate change was also found by 

the previous study by Bendel et al. (2013). The reason for the decrease is due to the shorter, 

more intense events in the future.  

 

Number of days per year with overflow, n,ue,d 

The resampling of the CP-sequence seems to induce a higher variability in the yearly over-

flow for both the past and the future, see Figure 4.17. Thus, the variability due to the stochas-

tic and climatic effect can be determined.  
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Figure 4.17. Variability in the number of days per year with overflow 

 

Due to climate change, the mean and the median seems to increase. This indicates a trend 

towards more days with overflow. The same results were obtained in the study by Bendel et 

al (2013). The events are predicted to become more intense with shorter duration times and 

higher frequency in the future.   

 

Similar to the precipitation parameters, the section of the total variability which is due to the 

climatic- and stochastic effect have been calculated for each of the investigated overflow 

parameters, see Table 4.2. The total variability is represented by the interquartile range for 

the time-series generated with a new CP-sequence for the past, CP res NSK1990.  

 

          

  VQzu VQue T,ue n,ue,d 

Climatic effect 69 45 8 34 

Stochastic effect 31 55 92 66 

Table 4.2. Part of the total variability due to the climatic- and stochastic effect. 
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The yearly inflow, VQzu, varies between 2.52 to 2.53 million m3/y due to the stochastic effect. 

Including the climatic effect, the yearly inflow varies between 2.51 to 2.54 million m3/y. Thus, 

the yearly inflow is profoundly influenced by the climatic effect. Almost 70 % of the total vari-

ability is due to the climatic effect. It seems like a reasonable result as the inflow is mainly 

affected by the precipitation into the system and not the system response. Similar to the 

yearly precipitation sum, the variability in the yearly inflow should show a large impact from 

the resampling of the CP-sequence, which is due to the long time scale.  

 

The overflow volume, VQue, varies between 231 and 242 thousand m3/y due to the stochas-

tic effect. Including the climatic effect, the overflow volume varies between 220 and 

242 thousand m3/y. Thus, the influence of the climatic- and stochastic effect is both signifi-

cant, 45 % and 55 % respectively.   

 

The overflow duration, T,ue, varies between 34,7 and 37,1 h/y due to the stochastic effect. 

Including the climatic effect, the overflow duration varies between 34,1 and 36,7 h/y. Thus, 

the overflow duration is mainly affected by the stochastic effect. Over 90 % of the total varia-

bility is due to the stochastic effect. This is a reasonable result as the duration of a rain event 

is mainly determined by the autocorrelation and only to a small extent affected by the 

resampling of the CP-sequence.  

 

The overflow frequency, n,ue,d, varies between 21,8 and 22,8 d/y due to the stochastic ef-

fect. Including the climatic effect, the days with overflow vary between 21,7 and 23,3 d/y. 

Thus, the stochastic effect is more pronounced, representing about 66 % of the total variabil-

ity.  

4.2.2 Scatter plot 

Figure 4.18 shows the correlation between the yearly overflow volume and the overflow dura-

tion for the past. The red and blue “clouds“ are only a visual interpretation of the spread of 

values. The figure shows that the resampling of the CP-sequence induces a higher variability 

in the correlation between the yearly overflow and the overflow duration. For a fixed duration 

time, the precipitation time-series generated with a new CP-sequence generates events with 

both more- and less-overflow volume. Thus, the climatic effect induces changes in the varia-

bility in both directions, which can be visible by the red ellipse surrounding the blue ellipse, 

representing the cloud of events for each generation type.  
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Considering a fixed-overflow volume, the variability in the overflow duration is insignificant. 

The same conclusion is drawn from the box-and-whisker plot analysis: the overflow duration 

is scarcely affected by the resampling of the CP-sequence.      

 

 

Figure 4.18. Correlation between the yearly overflow volume VQue and the overflow duration T,ue for 

the past 

 

For the future scenario, the results look similar to the past scenario: an increased variability 

due to the resampling of the CP-sequence. However, only one value is responsible for the 

increase in variability. Otherwise, the values seem more condense within the green ellipse, 

representing the spread of the correlated parameters.  

 

Moreover, a decrease of lower overflow volumes and overflow durations is also visible. This 

is consistent with the results from the box-and-whisker plot analysis, showing a trend towards 

lower overflow volumes and duration times.   
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Figure 4.19. Correlation between the yearly overflow volume VQue and the overflow duration T,ue for 

the future 

 

4.3 Summary 

The results for the overflow parameters show an increase in variability due to the resampling 

of the CP-sequence when comparing the IQR for the No CP res and CP res for NSK1990 in 

the box-and-whisker plot analysis. Thus, the influence of the climatic- and stochastic effect in 

the total variability could be determined. The influence in the overflow parameters due to 

climate change is consistent with the theory and the results from the study by Bendel et al 

(2013). 

 

For both the past and the future, the scatter plot indicates a higher variability due to the 

resampling of the CP-sequence when correlated with the yearly overflow and the overflow 

duration. However, these results are only visually interpreted and a more mathematically 

correct method would be preferred.     
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5 Conclusion and outlook 

In this chapter, the results and the methods used in this study will be evaluated and conclud-

ed. Suggestions on further investigations will also be provided.  

 

5.1 Box-and-whisker plot analysis and number of realizations 

In the box-and-whisker plot analysis, the CP-resampling induces a higher variability for al-

most all the precipitation- and overflow parameters. Thus, the variability due to the climatic- 

and the stochastic effect can be determined for the precipitation generation and its response 

in the overflow characteristics. The box-and-whisker plot analysis proved to be an effective 

method to analyze the variability. As precipitation is highly variable and can be strongly af-

fected by extremes, expressing and comparing variability by the interquartile range proved to 

be beneficial.  

 

Expressing the variability as the interquartile range removed the focus from the actual influ-

ence of the number of realizations in the results. It is still unknown if the number of realiza-

tions were enough to express the variability in a robust and correct way. However, the varia-

bility increased due to the resampling of the CP-sequence for the majority of the investigated 

parameters, which is consistent with the theory and the expectations. The range did not in-

crease for all parameters due to the CP-resampling as the extreme values could be deter-

mined by only a few values in a population. Even if the number of realizations would in-

crease, there may not be a change in the total range as it is too much affected by the random 

effect. Thus, the number of realizations proved to be enough for the aim in this study. For 

future investigations, the number of realizations has to be balanced to serve its purpose.  

 

5.2 Frequency distribution 

For the precipitation, the variability in the absolute frequency distribution on a daily scale for 

the past was not consistent with expectations. An increase due to the CP-resampling was 

expected to be visible in every precipitation class. However, the CP-resampling did only in-

crease the variability for the lower intensities. A possible explanation for this outcome is that 

the CP-sequence used for the generation with the same CP-sequence includes more wet 

CPs. No investigation has been carried out concerning how the CP-sequence used in the 

generation with the same CP-sequence is related to the other CP-sequences used in the 

resampling. The CP-sequence used in the generation with the same CP-sequence could 

include more wet years and higher extremes and that will affect the frequency distribution for 

the higher precipitation intensities.  
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Further investigations in cooperation with IWS are necessary to investigate this outcome. In 

future studies, it would be preferable if the frequency of extremely wet and dry CPs could be 

investigated for each CP-sequence. Thus, the CP-sequence representing the median should 

be chosen as the CP-sequence for the generation with the same CP-sequence.  

 

When investigating the variability within the daily absolute frequencies for the future, the re-

sults were not consistent with expectations. An increase in variability in comparison to the 

past was expected. However, the results show a decrease in variability in comparison to the 

past scenario. A decrease in variability in the future has been visible in the box-and-whisker 

plot analysis as well. A reason for this outcome may be that there is not enough freedom in 

the optimization algorithm. Some parameters describing the future precipitation may be in 

conflict with each other, resulting in less variability in the generation. However, this is only a 

hypothesis and future investigations with the developers of the NiedSim-Klima generator at 

the IWS are necessary.  

 

5.3 Scatter plot 

An increase in variability due to the resampling of the CP-sequence in the correlation be-

tween the yearly overflow volume and the overflow duration for both the past and the future 

was visible. However, the results were only visibly estimated and a more mathematical ap-

proach is necessary.  

 

5.4 Climate change  

For most of the precipitation and overflow parameters, the results due to climate change 

were consistent with the trends of previous studies and simulations. For the precipitation pa-

rameters, the maximum values did not act as expected. This may also be due to the fact that 

there is not enough freedome in the optimization algorithm. However, future investigations 

with the developers of the NiedSim-Klima generator at the IWS are necessary.  

  

5.5 Outlook  

In this study, the mean of the 10-year period of each precipitation parameter has been used 

in the analysis. Through this method, variability was lost. The reason for this choice in meth-

od is that the variability within the realizations was investigated. However, for future studies, 

it may be a good idea to investigate the variability between the years to account for the total 

variability.  
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For future studies, it would be preferable to investigate more than one station in order to cov-

er different hydrological conditions. The variability due to the stochastic- and the climatic ef-

fect investigated in this study are represented by the hydrological conditions in Holzger-

lingen, and the results may look different for other places in Baden-Württemberg.  

 

In this study, a similar frequency distribution analysis for the urban drainage study as for the 

precipitation would have been preferable, but were not realistic to carry out due to the limited 

time-frame. Thus, it is suggested for future investigations. Additionally, the overflow volume 

within certain thresholds would be calculated to form the absolute frequency distribution for 

the urban drainage. When comparing the absolute frequencies in the overflow volume be-

tween the No CP res and the CP res, the variability due to the resampling of the CP-

sequence could be determined. The duration of the overflow event is not necessary to inves-

tigate as the duration of an event is controlled by the autocorrelation and is only influenced a 

little by the CP-resampling.     

 

A frequency distribution as well as a box-and-whisker plot analysis considering precipitation 

events would also be suggested for the future. In this way, the variability in the precipitation 

events causing an overflow could also be determined.    

 

For future investigations, the use of the scatter plot analysis would be preferable. A more 

mathematically correct method would be necessary, and a thorough investigation of correlat-

ed parameters has to be carried out. The scatter plots would preferably include event specific 

parameters for both urban drainage and precipitation. Even a correlation between precipita-

tion and overflow parameters could give indications on the variability and its spread.  
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7 Annex  

7.1 Constructing box-and-whisker plots in Excel 

Microsoft Excel has been used to create the box-and-whisker plots analyzed in this study. 

Excel has been chosen because of its simplicity and compatibility with the Visual Basics 

script written for the purpose of handling the data in this study.  

 

However, Microsoft Excel does not have a predefined box-and-whiskers diagram to directly 

apply and visualize the data. Nevertheless, a box-and-whisker plot can be constructed using 

the Excel functions Stacked Column Chart and Error Bars. 

 

The parameters analyzed are simple descriptive statistics for precipitation, as mentioned 

above. For each realization, the mean of the 10-year time period for the investigated parame-

ter has been used as input data. This results in ten values for each of the four generation 

combinations, see Table 7.1 below.  

 

Table 7.1. Example of the set up of the table to determine the variability within the 10 realizations by 

box-and-whisker plots (Löfvendahl, 2013) 

 

 

The method described by Jon Peltier on the Peltier Tech Blog in June 2011, has been used 

to construct the box-and-whisker plots in this study (Peltier, 2011).  

 

First, the necessary statistics needed to construct the box-and-whisker plots are calculated 

for each generation combination, see Table 7.2. The statistics calculated are the arithmetic 

mean, the minimum and maximum value, and the 25 %- and 75 % percentiles. The count is 

the number of realizations in each generation combination. The mean, median, minimum, 

and maximum values are common statistics of a population and do not need any further ex-

planation. The QUANTIL function calculates the k-percentile for a population. As the 25 % 

and 75 % percentile represents the interquartile range, k is set to 0.25 and 0.75 respectively. 

The formulas are in German as the language setting in the Excel program is German.  
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Table 7.2. Example of the statistics and their respective formulas used to calculate and construct the 

box-and-whisker plots. (Löfvendahl, 2013)  

 

 

Additionally, the values used in constructing the box-and-whisker plots are calculated, see 

Table 7.3. The height of the bottom bar is the 25 % percentile value as this is where the low-

er-quartile box begins. The second-quartile box is therefore the difference between the me-

dian and the 25 % percentile. Likewise, the 3Q Box, the upper quartile, is the difference be-

tween the 75 % percentile and median. The lower whisker is the difference between the 

25 % percentile and the minimum value while the upper whisker is the difference between 

the maximum value and the 75 % percentile. 

     

Table 7.3. Example of the input values calculated to construct the box-and-whisker plots (Löfvendahl, 

2013) 
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Finally, the box-and-whisker plots can be constructed by using the Excel functions Stacked 

Column Chart and Error Bars. The data yields four different categories representing the four 

generation types. The bottom, 2Q Box and 3Q Box are representing the columns stacked on 

top of each other in each category.  

 

The whiskers are added to each box plot by adding error bars from the 2Q Box, lower whisk-

er, and the 3Q Box, upper whisker. The bottom column is “removed” by changing its lines 

and filling color to transparent. The mean is added in the box-and-whisker plots by copying 

the mean into the chart as a line with markers. The line can then be removed and the mean 

will be represented as markers in the box-and-whisker plots. The final result is presented in 

Figure 7.1 below. 

 

 

Figure 7.1. An example of a complete box-and-whisker plot used in this study (Löfvendahl, 2013). 
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