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Synopsis:

This Master’s thesis investigates the vari-
ability in rainfall-runo [relationships in
Danish urban catchment areas and eval-
uates whether they can explain potential
di Cerknces between calculated design pa-
rameters and their literature values.

The first half of the project explores
the theory and requirements of surface
runo [Cthodeling and monitoring. It also
provides an overview of the Danish runo[]
monitoring program and discusses options
for generalizing catchment data.

In the main part of the thesis, 12 urban
catchments with available historical data
were chosen to conduct di Lerknt catchment
analyses. These catchments are part of
the runo [Cmhonitoring program, in which
detailed measurements of surface runo[]
generating rainfall events are recorded.

For these catchments, their initial data,
such as physical and sewer network char-
acteristics are collected. Using this data,
the surface runo i3 calculated. By graph-
ing the rainfall and runo [(&lues of each
rain event, the catchments’ rainfall-runo ]
relationships are made and the results are
used to compare catchments with similar
attributes. Then, the 2024 conditions of
the catchments are found and the same
catchment analyses are repeated to assess
di Lerknces between historical and present-
day values.
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Preface

This Master’s thesis was written by Fruzsina Németh, a 10t" semester student in the Master’s
program Water and Environmental Engineering at Aalborg University, Denmark. The primary
focus of this project was to analyze a set of urban catchment areas and their rainfall-runo 1
relationships to compare di Lerknt design parameters to literature values. Most of the data used
in this thesis were obtained from the Danish Environmental Protection Agency (Miljgstyrelsen)
and the author would like to thank Bo Skovmark (bskov@mst.dk) for providing the data. The
project was written between 01/10/2023 and 06/06/2024.

Reading guide

The project is divided into five parts. The first two introduce the background of this thesis
and describe the various models and methods used throughout the later sections of the project.
The following two parts focus on the catchment analyses conducted using both historical and
present-day data. Then, the final part summarizes the main findings and conclusions.

In the written portion of this thesis, di Lerent chapters and sub-chapters are referred to as
[Chapter.Section]. Figures and tables are referenced similarly, with the chapter they are
located in stated first, in the format [Chapter.Section].

Sources in this thesis are referenced using the Harvard Referencing System. Throughout the
written part of the project, the publisher(s) or the last name of the author(s) is given first,
followed by the year of publication, in the form [Publisher/Surname, Year]. When [ibid.] is
used, it refers to the previous source cited in the text. At the end of the thesis, the sources
are listed in a bibliography, which provides further information about each source, such as the
title, format, edition, and publication details.

The author of this thesis is:
O
{ ]/L' W(Wv MAQSIN O~

Fruzsina Németh
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Abstract

Studies show that there is often a di[erknce between the literature values and the actual
calculated values of certain design parameters used in water-related projects. This is especially
prominent in residential urban areas, where the recommended values are often higher than
what would be su [cieht. These parameters, such as the hydrological reduction factor, the
initial loss, and the runo [cbe Lcieht are crucial components of designing and analyzing urban
drainage systems. Using significantly higher literature values could lead to overestimations
and a waste of resources.

In this thesis, the rainfall-runo Crélationships of 12 well-defined urban residential catchment
areas with detailed rainfall measurements are analyzed to see whether their calculated design
parameters di[led from literature values. Then, the possible correlations based on various
catchment characteristics are explored using the historical and updated catchment data,
modified to match present-day conditions.

The initial analyses led to the same observation as existing research, as for most catchments,
lower values of design parameters were calculated. As for why this variability happens, no
clear explanation could be given. It was concluded that the catchment analyses should be
conducted on more catchment areas. However, through the historical data analysis, a possible
method of generalizing the variability of design parameters to other catchment types was
found, which utilizes how closely connected the runo [cbe [cieht, hydrological reduction factor,
impervious area coverage, and total catchment area are.

2024 5 of 98






Table of Contents

Preface . . . . . . . . e 3
Abstract . . . . . . e 5
I Introduction 9
Chapter 1 Introduction . ... ... ... ... .. ... .. .. ... ..... 11
Chapter 2 Problem Statement. . . ... .. ... ... ............ 15
Il Models and Methods 16
Chapter 3 Rainfall Measurements . . ... .................. 17
3.1 Collection of rainfall data . . . . . . . . . . . ... ... ... ..... 17

3.2 Rainfall trends and climatechange . . . . . . . . . . . ... ... .... 20
Chapter 4 Surface Runoll. .. ... ...................... 21
4.1 Parameters for runoCmhodelling . . . . . . . . . . . ... L. 22

4.2 Simple surface runoCmhodels . . . . . . . . . ... 23

4.3 Rainfall-runo Crklationships . . . . . . . . . . . . .. .. ... ..... 25

4.3.1 Hydrological reduction factor . . . . . . .. .. .. .. .... 25

4.3.2 Impervious areas . . . . . . ... e e e 26

4.4 Uncertainty estimation of runo Cnhodel parameters . . . . . . . . . . . .. 29

4.5 Advanced surface runoCmhodels . . . . . . . ..o oo 31

451 Time-areamethod . . . . . . . . ... 31

452 Kinematicwave model . . . . . . . . .. ... 32

Chapter 5 Runo[Monitoring . . .. ... ... .. ... ........... 33
5.1 The Danish runo Cohonitoring program . . . . . . . . . . . . . . . . ... 33

5.1.1 Runolmheasurements . . . . . . . . . . . .. . ... . .... 33

5.1.2  The measuring program . . . . . . . . . . . . ... 34

111 Analyzing Historical Data 36
Chapter 6 Historical Data . . ... ....................... 37
6.1 General information about the catchments . . . . . . . . . . . . .. ... 38

6.2 Challenges with historical data . . . . . . . . . .. . .. ... ... ... 40

6.3 Catchment analysis indetail . . . . . . . . .. ... ... ... ... .. 41

6.4 Comparing calculated and reported values . . . . . . . . .. .. .. ... 42

2024 7 of 98



TABLE OF CONTENTS Fruzsina Németh

6.5 Data from the initial catchment analysis . . . . . . . . . . .. . ... .. 43
Chapter 7 Analysis of Existing Data . . . ... ................ 45
7.1 Uncertainty analysis . . . . . . . . . . . ..o 45
7.2 Categorization by catchmenttype . . . . . . . . . . . . . ... ... .. 52
7.2.1 Low- to medium-density residential areas . . . . . . . . . . . .. 52
7.2.2 Medium- to high-density residential areas . . . . . . . . . . .. 53
7.3 Categorization by catchmentsize . . . . . . . . . . . . . ... ... ... 55
7.4 Categorization by type of drainage system . . . . . . . . . ... ... .. 56
7.4.1 Catchments with combined sewer systems . . . . . . . . . . .. 56
7.4.2 Catchments with separate sewer systems . . . . . . . . . .. .. 56
7.5 Analysis based onrainevents . . . . . . . .. .. ... 57
7.6 Runo coecientanalysis . . . . . . . . . .. ... 59
IV Further Analysis 61
Chapter 8 The State of Catchments in 2024 . . . . ... ... ....... 63
8.1 A new method for determining impervious areas . . . . . . . . . ... .. 63
8.2 Updated catchmentdata . . . . . . . . . . . .. ... .. ... ..... 65
Chapter 9 Catchment Analysis (2024 Data) . . .. ... .......... 67
9.1 Comparison of historical and 2024 hydrological reduction factor values . . . 67
9.2 Runo coe cient analysis using data from 2024 . . . . . . .. ... ... 68
V  Summary 70
Chapter 10 Discussion . .. ... ... .. ... ... ... 71
Chapter 11 Conclusion . .. ... ... ... .. . .. ... ..., 73
VI Appendices 79
Chapter A Annual Precipitation Data . . . . ... .............. 81
Chapter B The Unpublished Reports . . . ... ... .. .......... 83
Chapter C CatchmentData . .. ... ...... ... ... ... .... 85
C1 Historical catchmentdata . . . . . . . . . . . . . .. ... ... .... 85
C.2 2024 Catchmentdata . . . . . . . . . . . . ..o 89
C3 Rainfall-runo relationships for 2024 . . . . . . . . . . . ... ... ... 91
Chapter D Additional Catchment Analyses . . ... ... ......... 97
D.1 Spatial analysis . . . . . . .. L 97
D.2 Other approaches to catchment analysis . . . . . . . .. ... .. .... 98

8 of 98 2024



Fruzsina Németh Aalborg University

Part |

Introduction

2024 9 of 98






1 Introduction

It is a well-known fact that greenhouse gas emissions are the primary cause of global warming
and climate change. In addition, the increase in global mean temperature signi cantly impacts
the hydrological cycle, and more water-related issues are expected to arise in the future,
ranging from ooding and extreme events to droughts and water shortages.

According to the United Nation's climate change research group, the Intergovernmental
Panel on Climate Change (IPCC), there are clear and rapidly increasing trends in many
aspects of the climate system. In their Sixth Assessment report, the general conclusion was
that anthropogenic activities are very likely the main driving factor for global upper ocean
warming, atmospheric warming, mean sea level rise, and decreasing ice layers since the 1970s.
Furthermore, regional climate change and weather extremes, like heatwaves, droughts, cyclones,
and heavy precipitation are all human-caused and have signi cantly increased in frequency
and intensity even since the previous assessment report, published in 2014. [IPCC 2023]

For Denmark, the Danish Meteorological Institute (DMI) predicts a warmer climate with
more extreme events in the future. Following the United Nations' best- to worst-case climate
scenarios, by the end of the 22 century, the following increases in the annual average
measurements are expected when compared to the reference period of 1986-2005: 1.0°C3rb
temperature, 3.5 - 10.0% in precipitation (see Figure 1.1 for the annual precipitation estimates)
and 0.20 - 0.70m in sea level. Regarding rainfall, the seasonal variations are expected to be
even more extreme with generally more heavy rain events. [DMI 2024b & DMI 2014]

Figure 1.1: Annual precipitation predictions compared to the 1980-2005 average, using the
UN's best- (green) and worst-case (red) climate scenarios [modi ed, based on DMI 2024b]

2024 11 of 98



Chapter 1. Introduction Fruzsina Németh

The predictions shown in Figure 1.1 were made by DMI, using 25 and 65 models for the best-
and worst-case climate scenarios, respectively. Even though these predictions are based on
the period of 1980-2005 and the minimum and maximum values are highly uncertain (not
depicted in the gure, see DMI 2014), theincreasing trend is evident.

From the urban hydrology perspective, increasing precipitation and more frequent heavy rain
events introduce many new challenges. Apart from climate change, the rapid growth of urban
areas poses further problems for surface water management, as the increase in impervious areas
leads to the simultaneous decrease of green and permeable areas, where water can naturally
dissipate (see Figure 1.2). As a result of urbanization and more rainfall, the amount of surface
runo is generally expected to rise signi cantly (see Figure 1.3), which must be taken into
account when renovating old systems and while designing new projects. Moreover, the increase
in surface runo also introduces the problem of more surface pollutants entering the water
cycle, resulting in the possible decline of the receiving water's quality, which is the opposite of
the goals stated in the European Union's Water Framework Directive (2000/60/EC).

Figure 1.2: Stormwater basin lled with Figure 1.3: Flooded bicycle lane under a main
surface runo [personal image] road during a rain event [personal image]

The e ciency of urban stormwater systems has always been a point of interest and due to the
reasons discussed, it is expected to rise in the future. The increase in surface runo means that
the drainage engineer has to utilize higher safety design parameters to account for the larger
amounts of water. Additionally, for Denmark and countries with similar climate projections,
the concern about extreme events with higher return periods becoming more common poses
the challenge of draining a large amount of water in a short duration. Generally, more water
is handled by using larger infrastructure, like wider pipes or retention basins with larger
surface areas. However, the size of the stormwater systems cannot be in nitely increased,
mainly because of economic and spatial reasons. Therefore, this problem has to be solved
by implementing new and improved climate change adaptation techniques. Such solutions
could be the re-evaluation of existing design parameters, utilizing historical data to analyze
the e ciency of existing systems, prioritizing the use of local in Itration to reduce the amount

of water entering the drainage system, and ooding green areas instead of urban areas to
minimize system overload and over ow situations. [Winther et al. 2011] This thesis mainly
focuses on the re-evaluation of existing design parameters and applying hindcast analysis to
prepare for future conditions, especially in urban settings.
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For most urban hydrology projects, design parameters are used to solve water-related problems
or plan new systems because it is di cult to accurately quantify the amount of surface runo or
the time it takes to reach the drainage system from impervious areas. Certain parameters, like
the runo coe cient, the hydrological reduction factor, and the initial loss are more important
because even a small change in their values can have a major impact on the calculations
and the nal project. Generally, authorities or credible organizations establish recommended
values for these parameters, which are treated as standard values in the given country or
region. While these literature values are widely used in practice and calculations made with
them are considered adequate, studies by Thorndahl et al. [2006] or Arnbjerg-Nielsen and
Harremoés [1996] show that when looking at individual cases, especially smaller catchments,
these recommended values can be up to twice as large as what would be su cient for that
speci c area. However, using higher values often results in overdimensioning, which means
increased initial and maintenance costs. This report aims to look into this problem by analyzing
potential causes or correlations that could explain why this phenomenon happens.

Apart from determining the runo volumes, the high uncertainty of design parameters makes
adapting to future conditions much more di cult. A possible solution could be the hindcast
analysis of historical data to evaluate the capacity and e ciency of existing systems and
then use its ndings together with extreme event statistics to establish what is considered an
extreme event and to improve runo volume estimates for new projects.

The Danish regional model for extreme rain, developed in 1999, is based on statistically
processed extreme rainfall measurements with a frequency of roughly three per year. This
model has been updated multiple times since it was rst published as more data became
available. While previous publications assumed constant precipitation properties throughout
the historical period used to estimate the extreme precipitation intensities, in the Danish
Water Pollution Committee's latest report, the model was updated to use a 40-year period of
measurements, which can be used to account for di erences in climate. [SVK 2023]
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2 Problem Statement

Based on observations from available research, it is clear that for certain design parameters
used in runo -related projects, their literature values tend to overestimate compared to the
actual calculated values. This phenomenon is particularly noticeable in urban catchment areas
but the reasons behind are not well explored. Therefore, the main goal of this thesis was to
answer the following question:

What is the variability in rainfall-runo relationships in Danish urban catchments, and how
can it be explained?

Additionally, the following sub-questions were formed to help answer the main question above:

1. What types of catchments and catchment data can be used for analyzing rainfall-runo
relationships in Danish urban areas?

2. How can rainfall-runo relationships be calculated and generalized based on di erent
catchment characteristics, such as the total area, type, imperviousness, and extreme
events to compare multiple catchments?

3. How do literature values di er from actual calculated rainfall-runo relationships and
can their variability explain the potential di erences?

4. How can historical catchment data be utilized to nd the present-day conditions of a
catchment?

5. Can the impervious area coverage of a catchment be assessed more precisely by using
remote sensing techniques or models built on machine learning?
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3.1

3 Rainfall Measurements

Precipitation falling on a catchment area is a key parameter for various projects, especially if it
generates runo . The depth of rainfall is widely used in urban planning to solve water-related
issues and in climate research to analyze the e ects of global warming. It can also be utilized
by water supply companies and the agricultural sector to manage water resources e ectively.
(Schilling 1991 & Morbidelli et al. 2021) However, information about the rain events and the
rain intensity cannot be used alone for these purposes. It has to be converted into a standard
form to properly calculate the in ow to the sewer system and/or undergo statistical processing
to nd the relevant rain event(s) for the speci ¢ problem to be solved. This thesis mainly
focuses on urban drainage, where rainfall data is crucial to prepare for future heavy rain events,
prevent or minimize urban ooding, and manage excess stormwater.

According to Segovia-Cardozo et al. [2023], there are two main ways to measure the amount of
precipitation: either by ground-based monitoring through meteorological observation stations
and weather radars or by using remote sensing in the form of satellite data. This chapter
describes ground-based rainfall monitoring options and observed trends in Danish annual
precipitation measurements.

Collection of rainfall data

Based on data from the Danish Meteorological Institute (DMI 2023b), there were 215 active
meteorological observation stations in Denmark as of December 2023, of which 112 measured
precipitation. Apart from DMI, the Danish Water Pollution Committee (Spildevandskomiteen,
SVK) also has a precipitation measuring system, consisting of 191 self-registering stations as
of the end of 2023 (DMI 2024a). Although several other companies and institutions measure
the amount of precipitation, the combined network of DMI and SVK stations (see Figure 3.1)

is considered to be the main source of rainfall data in Denmark

In terms of ground-based monitoring, arain gauge refers to an instrument that measures the
amount of liquid precipitation over a prede ned period at a point location. [Ochoa-Rodriguez

et al. 2019] Therefore, from now on the DMI and SVK precipitation measuring stations are
referred to as rain gauges. These gauges are catching rain gauges, meaning they directly
measure the rainfall entering them, which is the oldest and most widely used method of
monitoring. The frequency of data collection generally depends on the type of the gauge: in
Denmark, manual ones are usually read daily, while automatic gauges collect data every 10
minutes, hourly or daily. All data is collected and stored in DMI's database. [DMI 2023a] The
automatic gauges can be tipping bucket gauges, weighing gauges, or level gauges. [Segovia-
Cardozo et al. 2023] It is assumed that the majority of the rain gauges used in Denmark are
tipping bucket rain gauges (see Figure 3.2), as they are the most common version of automatic
recording gauges, therefore only this type is discussed further.
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