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Abstract

Flooding can occur as a result of various events, including storm surges and heavy rainfall.
Measures such as the construction of dykes and canal systems are implemented to protect
people and property. However, compound flooding caused by storm surges and heavy rainfall
occurring simultaneously is usually overlooked. This is also the case in the German city of
Hamburg, which is used as the study area for this thesis. The aim of this study is to determine
the risk of compound flooding caused by heavy rainfall and storm surges and to compare it with
the risk of individual extreme events. For this purpose, a flood frequency analysis is first carried
out to determine storm surge and heavy rainfall levels of extreme events with a return period of
100 years. These values are then used as input for a hydrodynamic model with which the
flooding scenarios are simulated. The results show that the extent of flooding in the compound
event is significantly greater than in the individual extreme events. Extensive flooding can be
seen along the Elbe and in low-lying areas of the city. This is due to the phenomenon that the
high water level of the river during the storm surge prevents rainwater from draining away,
causing it to accumulate in certain areas according to the topography. The results of this study
underscore the need to integrate compound flooding into flood management in Hamburg and

comparable cities worldwide.

Keywords: Geography, Geographical Information Systems, Physical Geography, Flood
Frequency Analysis, Hydrodynamic Model, Compound Flood, Storm Surge, Heavy Rainfall
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Zusammenfassung

Uberflutungen kdnnen als Resultat verschiedener Ereignisse, unter anderem Sturmfluten und
Starkregen, auftreten. Um Menschen und Sachgiiter zu schiitzen, werden MaBBnahmen wie die
Errichtung von Deichen und Kanalsystemen umgesetzt. Gekoppelte Uberflutungen aus
gemeinsam auftretender Sturmflut und Starkregen werden dabei jedoch fiir gewdhnlich
missachtet. So auch in der deutschen Metropole Hamburg, welche fiir diese Arbeit als
Untersuchungsgebiet verwendet wird. Das Ziel dieser Studie ist es, das Risiko einer
gekoppelten Uberflutung aus Starkregen und Sturmflut zu ermitteln und dem Risiko der
individuellen Extremereignisse gegeniiberzustellen. Dafiir wird zundchst eine statistische
Analyse durchgefiihrt, um Sturmflut- und Starkregenhéhen von Extremereignissen mit einer
Widerkehrzeit von 100 Jahren zu bestimmen. Diese Werte werden anschlieend als Eingabe
fiir ein hydrodynamisches Modell verwendet, mit welchem die Uberflutungsszenarien simuliert
werden. Die Ergebnisse zeigen auf, dass das AusmaB der Uberflutung bei dem gekoppelten
Extremereignis deutlich hoher ausfillt als bei den einzelnen Extremereignissen. Es zeigen sich
weitreichende Uberflutungen entlang der Elbe sowie in niedrig-gelegenen Bereichen der Stadt.
Dieses ist auf das Phdnomen zuriickzufiihren, dass aufgrund des hohen Wasserstandes des
Flusses wihrend der Sturmflut, das anfallende Regenwasser nicht abflieBen kann und sich daher
der Topographie folgend in bestimmten Gebieten ansammelt. Die Ergebnisse dieser Studie
untermauern die Notwendigkeit, gekoppelte Uberflutungen in das Hochwassermanagement

Hamburgs und vergleichbarer Stadte weltweit zu integrieren.

Schliisselworter: Geographie, Geographische Informationssysteme, Physische Geographie,
Hochwasserfrequenzanalyse, Hydrodynamisches Modell, Gekoppelte Uberflutung, Sturmflut,
Starkregen
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1. Introduction

According to the Centre for Research on the Epidemiology of Disasters (2023), between 2003
and 2022, floods accounted for the majority (170 out of 369) of disasters caused by natural
hazards worldwide. Climate change and increasing urbanisation are causing flooding in urban
areas to become an ever-greater problem, increasingly jeopardising the safety of residents and
socioeconomic development (Xu et al., 2022). Coastal cities are the most severely affected,
where flooding can be triggered not only by heavy rainfall but also by storm surges (Chen et
al., 2023). When these two types of flooding occur together, the severity of the flooding is
amplified, threatening great economic losses and casualties (Lai et al., 2021). This is mainly
due to coastal backwater effects, in which the drainage of rainwater is slowed down or even
completely blocked by a simultaneous storm surge (Wahl et al., 2015; Xu et al., 2024). Flood
events caused by the interaction of several drivers are referred to as compound flood events
(Couasnon et al., 2020). Examples include the flash flood in Lisbon in 1967 (Trigo et al., 2016),
the Ravenna flood in 2015 (Bevacqua et al., 2017) and the floods in the Bouregreg estuary in
Morocco in 2017 (Zellou & Rahali, 2019). Quantifying compound flood risk, defined by
frequency and potential impact in terms of flood extent and depth, is essential for policymaking,
disaster risk reduction and engineering practices such as the construction of flood defence
structures (Bevacqua et al., 2019). Despite this, coastal flooding risk analyses usually do not
take compound events into account but instead perform independent risk assessments for
coastal flooding and pluvial flooding (Wahl et al., 2015). This is based on the assumption that
different types of flooding occur independently of each other, making an extreme compound
flood event very unlikely (Wahl et al., 2015). However, recent studies have found that storm
surges and heavy rainfall exhibit a significant positive correlation in many regions, meaning
that the probability of them occurring together is higher than would appear to be the case if they
were independent. Ignoring compound events therefore results in a significant underestimation
of flood risk (Chen et al., 2023; Dubois et al., 2024; Jalili Pirani & Najafi, 2023; Zhu et al.,
2024).

This thesis conducts a flood risk assessment for the German metropolis of Hamburg. The city
is located in the estuary of the Elbe River, which exposes it to various types of flooding. Flood
risk assessments for coastal flooding and heavy rainfall have been established by the city,
however compound events are not taken into account. To close this research gap, this thesis
determines the compound flood risk by simulating an event with a return period of 100 years.
The return period is a statistical measure that represents the estimated interval between two
events of the same magnitude (Zellou & Rahali, 2019). Extreme events with a return period of
100 years are commonly analysed in flood risk assessments and used for the dimensioning of
flood defence structures, for example (Milly et al., 2002).
1



The aim of this study is to quantify the flood risk posed by a compound flood from heavy rainfall
and storm surge in Hamburg, Germany, and to characterise the divergence of separately
occurring heavy rainfall and storm surge events with the same return period. The purpose of
this is to enhance the understanding and assessment of compound flood risk in Hamburg,
Germany, and to demonstrate the added value of a compound analysis compared to the
traditional independent approach. To this end, the following research questions will be

answered and the associated hypotheses tested:

1. How can the statistical correlation between storm surges and heavy rainfall in Hamburg be
characterised?

Hypothesis 1:

Storm surges and heavy rainfall show a significant positive correlation. As a result, the
probability and intensity of a compound event is higher than it would appear if the two factors

were assumed to be independent.

2. Which areas of Hamburg are at risk from a compound flood caused by storm surge and

heavy rainfall with a return period of 100 years?

2.1 Which areas of Hamburg are at risk from a compound flood caused by storm surge and
heavy rainfall with a return period of 100 years?

Hypothesis 2:

Areas bordering the Elbe and its tributaries, as well as low-lying areas in general, show a high
risk of flooding. Due to the coastal backwater effect, the flood risk of the compound event will

be higher than that of the individual extreme events.

The remainder of this thesis is divided into the following sections: Chapter 2 presents
background information and a literature review on the methodology used. In Chapter 3, a
description of the study area follows. Chapter 4 presents the materials used. Chapter 5
introduces the methodology used to produce the results in Chapter 6. The results are discussed

in Chapter 7. The thesis wraps up with a conclusion in Chapter 8.



2. Background

2.1 Flood Frequency Analysis

The habitation of coastal areas has a long tradition and is justified by numerous advantages in
terms of agriculture, fishing, transportation and access to water (Naghettini, 2017). At the same
time, however, there is also a major risk: Lamb (1995) notes that the number of deaths due to
flooding in the North Sea region reached 1.3 million in the late Middle Ages. In response to
this, the construction of protective structures such as dykes, dams and reservoirs was initiated
(Knottnerus, 2005). Reliable estimates of flood characteristics are necessary for the construction
of these structures (Naghettini, 2017). The analysis and prediction of water levels and rainfall
intensities is therefore a long-standing and ongoing task in water resources engineering
(Naghettini, 2017). The methodology of flood frequency analysis (FFA) is based on using
observed data to determine the probability that a defined threshold value will be reached or
exceeded (Kidson & Richards, 2005). Similarly, the severity of an event with a specified return
period can be determined (Mathias, 2023).

To create flood risk assessments, a univariate FFA is traditionally performed, in which a single
type of flooding (pluvial, fluvial or coastal) is considered (Chen et al., 2023). This involves
fitting a probability distribution to an extreme-value series consisting of the maximum values
within a given period (Naghettini, 2017). For example, Milly et al. (2002) perform a univariate
FFA to determine changes in the occurrence of extreme river floods in the context of climate
change. Another study examines coastal flood hazard in New York City through univariate
analysis of flood height (Garner et al., 2017). Over the years, new probability distribution
models and statistical approaches have been developed to produce more accurate estimates for

extreme events (Naghettini, 2017).

However, various studies have found that different types of flooding often exhibit statistical
dependence, as they occur as a result of the same weather system (Lai et al., 2021). For example,
during Hurricane Harvey in 2017, pluvial and coastal flooding occurred simultaneously in
Houston, USA (Emanuel, 2017; Zhang et al., 2018). Loganathan et al. (1987) find a significant
correlation between high tides and high river water levels in Chesapeake Bay, USA, in an
analysis of 628 pairs of tide and river water levels. They also show that the probability of a joint
occurrence is underestimated under the assumption of independence (Loganathan et al., 1987).
A study in south-west England shows a statistical correlation between rainfall and wave surge
levels (Coles et al., 1999). Svensson & Jones (2004) find a significant dependence between

river flow and daily maximum sea surge for most catchments along the southern and western



coasts of Britain. The strength of the dependence varies based on meteorological and orographic

conditions as well as soil moisture and lag time (Svenson & Jones, 2004).

Based on these findings, the univariate FFA has recently been extended by a bivariate FFA in
order to enable a more realistic assessment of flood risk (Chen et al., 2023). A bivariate FFA
allows the analysis of compound scenarios in which two types of flooding occur together
(Maity, 2018). Joint distribution functions are used to describe the probability of a compound
event. In recent years, a wide variety of methods have been used to form these, but they have a
number of drawbacks (Chen & Guo, 2019). For example, the probability distributions of the
two variables must belong to the same family, and the dependency structure is not modelled
separately but by adjusting the parameters of the probability distributions (Favre et al., 2004).
Furthermore, many models assume a linear dependence between the variables, which leads to
difficulties when a non-linear or asymmetric dependence structure is present (Chen et al., 2023).
Copula functions are the most recent and promising mathematical tool used for bivariate
analyses (Xiao et al., 2008). Copulas can capture various dependence structures between two
variables described by different probability distributions and then integrate them into a joint
distribution function (Serinaldi et al., 2009). They were described by Sklar (1973) and first
proposed for a bivariate FFA by Favre et al. (2004). Since then, copulas have been used in
numerous studies to investigate compound flooding. This includes studies on the combination
of different types of flooding, such as fluvial-coastal flooding (e.g. Dubois et al., 2024; Ganguli
et al., 2020; Paprotny et al., 2018; Sadegh et al., 2018) and fluvial-pluvial floods (e.g. Jalili
Pirani & Najafi, 2023; Zhong et al., 2020). Furthermore, bivariate analyses are also used to
investigate the dependence between different components of the same flood type. For coastal
floods, this includes, for example, wave activity and water level (Mazas & Hamm, 2017) or
wave height and storm surge height (Wahl et al., 2012). In fluvial analyses, for example, the
relationship between river discharge and volume has been characterised (Favre et al., 2004;
Salvadori et al., 2013).

The combination of pluvial and coastal flooding used in this study has also been examined
recently in various studies. In their study of a compound event involving heavy precipitation
and high tidal levels in Shenzhen, China, Tu et al. (2018) show that a bivariate analysis using
copula functions is very effective in characterising the joint probability of occurrence.
Similarly, Xu et al. (2019) describe that a bivariate FFA allows for a more adequate assessment
of flood risk than a univariate analysis. Chen et al. (2023) find a significant positive correlation
between heavy rainfall and storm surge in a river basin in China. They also show that the
probability of co-occurrence is underestimated if this dependence is ignored (Chen et al., 2023).
A study of the entire Canadian coast shows that in 80% of locations there is a significant
correlation between extreme precipitation and high-water levels (Jalili Pirani & Najafi, 2023).

A global analysis by Lai et al. (2021) confirms that there is a significant positive correlation

4



between the two variables in most regions, meaning that the return period of an extreme
compound event is on average about two years shorter than a univariate analysis would suggest
(Lai et al., 2021). Furthermore, Wabhl et al. (2015) show that the number of compound events
involving extreme rainfall and storm surges has risen sharply in the United States over the last
century. Similarly, Lian et al. (2013) find that the probability of such compound events in
Fuzhou, China has increased by more than 300% since 1984.

2.2 Flood Simulation

Statistical values from the FFA provide information about the magnitude of the two variables
for the defined return period, but they do not reveal the practical implications of such an event.
Statistical modelling is therefore combined with hydrological or hydrodynamic models
(Candela & Aronica, 2017; Lian et al., 2013; Ming et al., 2022; Xu et al., 2024). These models
are capable of simulating the extent and depth of flooding and are therefore used extensively in
flood risk assessments (Li et al., 2025). When choosing a suitable model, a balance must be
struck between the level of detail in the simulation and computational efficiency. Hydrological
models can simulate the movement, storage and transformation of water in the hydrological
cycle, such as precipitation, evapotranspiration and surface runoff of rainwater (Green et al.,
2025). They require less computational time, but as a result, they are less able to represent
physical processes in detail (Shen & Jiang, 2023). Hydrodynamic models can accurately model
the flow behaviour of water on the surface as well as in rivers and oceans due to the use of
governing equations, e.g. shallow-water equations (Green et al., 2025). They are therefore
usually able to simulate the flooding process accurately but encounter computational limitations
in large-scale applications (Shen & Jiang, 2023). For realistic modelling of flood dynamics in
compound floods, such as the interaction between rivers and the sea in estuaries or the influence
of flood protection structures on surface runoff, the latter are usually preferred in the current
literature (Green et al., 2025). For example, Kumbier et al. (2018) use a hydrodynamic model
to simulate a compound flood consisting of river flooding and storm surge in an estuary in
Australia. They show that not including river flooding results in an underestimation of the flood
depth and extent (Kumbier et al., 2018). Zhong et al. (2024) use a model based on Delft3D-
FLOW and HEC-RAS to simulate various extreme compound flooding events. Zellou & Rahali
(2019) combine a bivariate FFA based on copulas with the CAESAR-LISFLOOD model to
simulate compound flooding from extreme rainfall and storm surge in an estuary in Morocco.
As a result, they produce inundation maps that show that a bivariate simulation can depict real

flood events more accurately than a univariate one (Zellou & Rahali, 2019).



As can be seen from the studies presented, there is a wide range of hydrodynamic models that
can be used. Additionally, in the wake of technological advancements, the number of models
developed is steadily increasing (Bates et al., 2021; Chen & Liu, 2014; Lee et al., 2019). The
choice of a specific model is based on the application at hand, modelling requirements and
computational efficiency (Bulti & Abebe, 2020). Basically, five types of models can be
distinguished based on their underlying approach: rapid flood spreading, one-dimensional
sewer, one-dimensional surface, two-dimensional surface and coupled sewer-surface models
(Bulti & Abebe, 2020). The order of the types listed reflects the complexity of the models.
Models based on the rapid flood spreading approach offer low accuracy, making them suitable
only for large-scale applications but with lower computational costs, while coupled sewer-
surface models have high accuracy and are suitable for small-scale applications but have high
computational costs (Bulti & Abebe, 2020). A review based on 279 studies dealing with
compound flooding in coastal-estuarine regions shows that in recent years, the use of two-

dimensional surface and coupled sewer-surface models has dominated (Green et al., 2025).

Two-dimensional surface models are based on a grid of cells covering the entire study area
(Kim et al., 2014). In each cell, rainfall and catchment parameters such as terrain elevation are
homogeneous (RainGain, 2015). Surface runoff can spread from one cell to the four
orthogonally adjacent cells and is calculated using two-dimensional shallow water equations
(Bulti & Abebe, 2020). In addition to determining the maximum inundation extent, water depth
and velocity, two-dimensional surface models are capable of simulating flow around small-
scale topographic features, making them suitable for use in urban areas (Liu et al., 2012;
Nkwunonwo et al., 2020). However, one disadvantage is that they do not take into account the
effect of sewer systems (Bulti & Abebe, 2020).

Coupled sewer-surface models are characterised by the combination of a 1D sewer model with
a 2D surface model (Bulti & Abebe, 2020). This enables them to simulate not only the flow
behaviour in both systems, but also interactions, for example via gullies and manholes
(Jahanbazi & Egger, 2014). The flood simulations of such models are characterised by high
accuracy (Rangari et al., 2018), but they also have high computational costs and data
requirements (Kourtis et al., 2017; Schlau3 & Grottker, 2016). They are therefore suitable for
in-depth analyses that require detailed modelling of complex drainage systems (Bulti & Abebe,
2020).



3. Study Area

The study area for this thesis covers most of the city of Hamburg. With a population of 1.86
million, Hamburg is Germany's second-largest city (Federal Statistical Office of Germany,
2025). It is home to Europe's third-largest container port and is therefore the most important
trade and economic centre in Northern Europe (Hamburg Ministry of Economics and
Innovation, n.d.). It is connected to the North Sea via the river Elbe. Despite being more than
100 km from the open coast, the city is strongly exposed to the forces of the tides. The entire
area of the Elbe within the city borders is affected by the tides, which means that the water level
in Hamburg is almost independent of the water level upstream (FGG Elbe, 2021). Even inland
flooding in upstream areas contributes little to an increase in the water level in Hamburg
(Environment, Climate, Energy and Agriculture Authority [BUKEA], 2015a). The water level
conditions in tidal areas of rivers depend on sea level development as well as morphological
and anthropogenic changes (FGG Elbe, 2021). The entire city area belongs to the Elbe river
basin, which means that all precipitation either drains directly into the Elbe or via one of seven
tributaries (FGG Elbe, 2021).

3.1 Topography

Figure 1 shows the topography of Hamburg. The city can be divided into two types of landscape,
which have a significant impact on the elevation of the terrain. The higher-lying geest, a
landform found in northern Germany, Denmark and the Netherlands that was formed on sand
deposits from the last ice age, and the lower-lying marshland, which was formed on alluvial
sediments (BUKEA, 2015a). The latter stretches in a band from west to east through the
southern part of the city. It encompasses the entire course of the Elbe River, as well as the areas
bordering it to the west and southeast. In many areas, the terrain elevation is just above 0 m.
The transition from the marsh to the geest is clearly marked by an abrupt, sharp rise in terrain

elevation.
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3.2 Climatic Conditions

Storm surges are caused by various factors, such as wind pushing water towards the coast or
the barometric pressure effect, when the water level rises due to low-pressure weather systems
(Dubois et al., 2024). In Hamburg, storm surges are mainly caused by storms from the
northwest, which push water masses from the North Sea into the Elbe estuary (FGG Elbe, 2021).
Other influencing factors include long-distance waves from the Atlantic and the spring-neap
cycle, which describes an intensification of the tide during full and new moon (BUKEA,
2015b). The storm surge season in Hamburg runs from September to March (Hamburg Wasser,
2024). Heavy rainfall events can occur under various meteorological conditions, such as intense
cyclonic activity and convective weather conditions, which can occur in conjunction with the

conditions that cause storm surges (Dubois et al., 2024).

An analysis of storm activity in the North Sea between 1912 and 2012 shows high variability
without a clear long-term trend (Weisse et al., 2012). This result is supported by a study by
Germany's National Meteorological Service (DWD, 2021), which found no significant trend in
the number of storm days in Hamburg between 1981 and 2010. An evaluation of a series of
climate projections shows that there is no significant trend in the frequency and intensity of
storms for the period 2071 - 2100 either (Storch et al., 2018). Based on this finding, it is
therefore not expected that storm activity in Hamburg will change significantly (Storch et al.,
2018). The greatest influence on extreme water levels therefore comes from sea level rise
(SLR). In the report of the Intergovernmental Panel on Climate Change (IPCC, 2021), the global
mean sea level rise under the SSP5 8.5 scenario is estimated at 63 - 101 cm by the end of the
century. It is assumed that values within this range also apply to the German North Sea coast
(BUKEA, 2021). This is confirmed by a study conducted by the Royal Netherlands
Meteorological Institute, which, using the same emissions scenario, projects a SLR in a similar
range—between 59 and 124 cm by the year 2100—for the Netherlands (KNMI, 2024). Storm
surge water levels on the North Sea coast are therefore expected to increase at the same rate as
the mean sea level (Klein et al., 2018).

In terms of precipitation, there has been an increase in annual precipitation totals in Hamburg
of 112 mm for the period from 1881 to 2020 (BUKEA, 2021). The largest increase is in winter
(DWD, 2021). Heavy rainfall events are also showing a positive trend. The number of days per
year on which heavy rainfall occurred increased by 3.4 between 1951 and 2021 (DWD, 2021).
By 2100, Hamburg is expected to see a 3% increase in total precipitation, with an increase in
winter and a decrease in summer (BUKEA, 2021). Heavy rainfall events are also expected to
increase (DWD, 2021). The evaluation of a simulation under RCP8.5 shows an increase in
heavy rainfall events of 15 - 45% in the period 2071 - 2100 relative to the period 1976 - 2005
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(Climate Change and Consequences for Water Management [KLIWA], 2019). This is based on
the phenomenon that rising temperatures lead to a higher amount of water vapour in the
atmosphere, which in turn leads to more intense rainfall events (BUKEA, 2021). The intensity
increases by 14% per degree Celsius of warming (BUKEA, 2021).

With regard to compound events involving storm surges and heavy rainfall, climate change is
expected to cause a significant increase in Northern Europe (Rutgersson et al., 2021). Bevacqua
et al. (2019) conclude that an event in the North Sea region with a current return period of 60
years will occur statistically every 10 years in 2100. This is due to SLR and more frequent
heavy rainfall events (Bevacqua et al., 2019). Ganguli et al. (2020) show that the compound
flood hazard in north-western Europe is strongly influenced by SLR.

3.3 Flood Risk Management

3.3.1 Storm Surges and Heavy Rainfall Events in Hamburg

Hamburg is repeatedly hit by severe storm surges. The highest water levels were recorded in
1976, 1994 and 2013 (Hamburg Port Authority [HPA], 2019). The highest water level ever
measured is 6.45 m above sea level (HPA, 2019). However, storm surges have also occurred in
more recent years. The River Basin Community Elbe (FGG Elbe, 2024) reports three severe
storm surges (higher than 4.6 m above sea level) and one very severe storm surge (5.84 m above
sea level) in Hamburg since 2018. However, these storm surges did not have any significant
impact (FGG Elbe, 2024).

In contrast, local heavy rainfall events have repeatedly caused major damage in the past
(BUKEA & RISA, 2024). Over 180 heavy rainfall events were recorded in Hamburg between
2012 and 2022 (Agency of Roads, Bridges and Waters [LSBG], 2022). On 10 May 2018, for
example, major flooding resulted from a heavy rainfall event in the east of the city, causing
considerable damage due to undercutting and erosion (BUKEA, 2025a). Similar events
occurred on 18 June 2020 in the south-west of Hamburg (BUKEA, 2025a) and on 27 June 2024
in the entire city (North German Public Radio & TV [NDR], 2024).
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3.3.2 Protection against Coastal Flooding

Those areas of Hamburg that lie on marshland are particularly vulnerable to storm surges due
to their low elevation. This comprises one-third of the entire city (BUKEA, 2015a). To protect
these areas, dykes were built as early as the 12th century, which were repeatedly raised and
renewed in response to storm surges (BUKEA, 2015a). The storm surge in 1962 marked a
turning point in flood protection. The dykes at that time were dilapidated in many areas and not
designed to withstand the height of this storm surge (LSBG, 2012). This resulted in numerous
dyke breaches, flooding an area of 125 km?, roughly 1/6 of the city, and killing 315 people
(BUKEA, 2015a).

This storm surge goes down as the most devastating in Hamburg's history (NDR, 2025). This
was followed by a massive expansion of the protective structures, as a result of which none of
the storm surges that have occurred since then have caused serious damage (BUKEA, n.d.a).
Today, the city is protected by flood defences with a total length of 103 km, of which 78 km
are dykes and 25 km are flood barriers (BUKEA, n.d.b). There are also flood barriers at the
mouths of tributaries (FGG Elbe, 2021). Every year, Hamburg invests 20 - 30 million euros in
flood protection (BUKEA, n.d.a). The level of protection is continuously reviewed and adapted
to climate change projections, in particular SLR (BUKEA, n.d.a). The current height of the
structures 1s between 7.5 m and 9.25 m and takes into account SLR until 2050 (BUKEA, n.d.a).
However, there are also areas that lie in front of the public flood protection line. These include
the port facilities and the Speicherstadt, a UNESCO World Heritage Site (BUKEA, 2024a).
Despite the potential dangers, urban development is progressing in these low-lying areas
(BUKEA, n.d.a). One example of this is HafenCity, which is the largest inner-city urban
development project in Europe and covers an area of 157 hectares (HafenCity Hamburg GmbH,
n.d.). Alternative protection concepts such as mound construction and flood protection polders
are being used to protect these structures (BUKEA, 2015a).

In 2007, the EU introduced the Flood Risk Management Directive in response to several
catastrophic floods around the turn of the millennium (FGG Elbe, 2024). This provides a
framework for the assessment and management of flood risks and pursues the primary goal of
protecting people from flooding, reducing flood risk and preventing damage to the environment,
culture and economy (BUKEA, 2015b). These guidelines have been implemented in Germany
since 2010 (BUKEA, 2015b). Every six years, flood hazard maps and flood risk maps are
created and a risk management plan is developed (FGG Elbe, 2024). Based on the flood events
that have occurred since the last report, risk areas for coastal flooding are identified (FGG Elbe,
2024). As of 2024, 45% of Hamburg's total area is classified as a risk area (FGG Elbe, 2024).
This encompasses the entire marshlands as well as the low-lying areas bordering them to the

north. The hazard maps and risk maps depict three flood scenarios with return periods of 10,
11



100 and 200 years (BUKEA, 2020). Based on these maps, a catalogue of measures is being
developed to reduce the extent of possible flood damage. This includes adapted land use and

construction methods, as well as educating and warning the population (BUKEA, 2015b).

3.3.3 Protection Against Heavy Rainfall

Hamburg has several structures in place to prevent large-scale flooding during heavy rainfall.
These include retention basins and a 1,840-kilometre-long sewer network that drains rainwater
into the Elbe or one of its tributaries (Hamburg Wasser, 2025). The dimensions of these
facilities are based on the probability of rainfall events, which are characterised by the
recurrence interval, duration and amount of rainfall (Bremen University [HSB], 2017). Despite
the existence of these facilities, flooding often occurs during heavy rainfall. The reason for this
is that the sewer network, retention basins and water bodies become overloaded and cannot
drain the accumulated water (Hamburg Wasser, 2020). A lack of infiltration areas and a high
degree of sealing, which has continuously increased in the past, are cited as the causes of this
(Hamburg Wasser, 2020). To counter this problem, a plan has been presented to transform
Hamburg into a ‘sponge city’. The concept behind this is to store, infiltrate, evaporate or use as
much water as possible in order to relieve the sewer network, reduce flooding and protect
infrastructure and water bodies (BUKEA, n.d.c). To implement this, programmes have been
initiated to promote unsealing and the construction of rainwater cisterns, infiltration systems
and green roofs (BUKEA, n.d.c).

Although heavy rainfall is not classified as a significant risk under the Water Resources Act,
the current risk management plan from 2021 addresses the dangers for the first time (FGG Elbe,
2021). Hazard maps for heavy rainfall were developed, showing the extent of flooding and the
maximum water depth for a 30-, 100- and 1000-year heavy rainfall event (BUKEA, 2024b).

3.4 Delimitation of the Study Area

The boundaries of the study area and its characteristics are shown in Figure 2. The study area
is defined in the west, south and east by the official borders of the city. The northern boundary
is defined by the boundary of the coastal flood risk area, which was established in the city's
current risk management plan. As coastal flooding has no impact on the areas north of this
boundary, the flood risk posed by compound flooding is also classified as very low. These areas

were therefore excluded from this flood risk assessment. The study area is traversed by the river
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Elbe, which enters the city of Hamburg in the south-east, in the district of Bergedorf. The river
is approximately 400 m wide at this point (BUKEA, 2015a). The Elbe flows through Hamburg
for a length of 51 km (BUKEA, 2015a). It splits into the Norderelbe and Stiderelbe at the Elbe
island of Wilhelmsburg and rejoins further downstream before leaving the city in the west. The
area north of the Norderelbe represents the inner-city area, which has a mixed use of industrial
and residential space. This type of use is also predominant in Wilhelmsburg (BUKEA, 2015a).
To the west of Wilhelmsburg, in the Waltershof district, are the port facilities, which are located
in front of the public flood protection line. The districts of Harburg and Bergedorf in the south
and south-east of Hamburg are characterised by agricultural use (BUKEA, 2015a).

Figure 2 also shows the locations of the Schulau gauging station and the Fuhlsbiittel weather

station, whose significance for this study is described in Section 4.1.
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Figure 2 - Characterisation of the study area
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4. Materials

4.1 Flood Frequency Analysis

Two time series were required for the flood frequency analysis. The first contained the total
water level (TWL) of the Elbe in the west of the city. According to the definition of the United
States Geological Survey (n.d.), the TWL represents the combination of tides, surge and wave

run-up. It therefore describes the actual water level measured at the gauge.

A key feature of the time series is its length, as this has a direct impact on the estimates of the
probability distributions and joint distributions in flood frequency analysis (Lucey & Gallien,
2024). Although there is no suggested minimum record length for coastal flooding events
(Lucey & Gallien, 2024), inaccuracies can be introduced by time series that are too short. For
example, a random accumulation of extreme events may occur in the selected time window,
resulting in the adjusted distribution overestimating the probability of occurrence (Schulte,
2015). Similarly, a very low or even absent occurrence of extreme events leads to an
underestimation of the probability of occurrence of extreme events (Schulte, 2015). In their
analysis of a compound flooding event caused by rainfall, storm surge and waves, Lucey and
Gallien (2024) find that uncertainties are greatly reduced when the time series covers at least
70 years. However, as a review of TWL time series shows, only about 60 gauging stations
worldwide have such long records (Lai et al., 2021). Upon enquiry to the Hamburg Port
Authority, which operates various gauging stations in Hamburg, it was stated that continuous
water level time series for all gauges in the tidally influenced sections of the Elbe are only

available from the year 2000 onwards (U. Ferk, personal communication, 27 August 2025).

To circumvent the problem of short observed time series, many studies use modelled data (Xu
et al., 2023; Dubois et al., 2024; Lai et al., 2021). One example of this is the Global Tide and
Surge Reanalysis dataset. This dataset contains global surge and extreme sea level time series
based on hydrodynamic modelling (Muis et al., 2016). Another example is a global sea level
change time series, which contains 10-minute TWL data from 1950 onwards and is made
available free of charge by the Copernicus Climate Change Service (Copernicus Climate
Change Service, 2022). However, the limitation of these modelled datasets lies in their low
spatial resolution, which makes it impossible to accurately reconstruct the TWL in

topographically complex areas such as estuaries (Yan et al., 2024).

Despite the inaccuracies introduced by the short length of the time series, it was decided for this
work that the observed data is preferable to the imprecise, reconstructed data. Therefore, TWL

data from the Schulau gauge station located to the west of the city was used for flood modelling
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of Hamburg (Figure 2). Minute-by-minute water level data is available for download on the
Pegel Online website of the Federal Waterways and Shipping Administration and covers the
period from 1 January 2000 to 31 December 2024 (Federal Waterways and Shipping
Administration [WSV], n.d.). It is raw data (WSV, n.d.).

The second time series required for the flood frequency analysis contained rainfall data. As is
customary in similar studies analysing compound flooding caused by rainfall, daily rainfall
values (24-hour cumulative rainfall) were also used for this study (Chen et al., 2023; Jalili Pirani
& Najafi, 2023; Lai et al., 2021; Lucey & Gallien, 2024; Xu et al., 2023).

An analysis comparing the rainfall time series from five weather stations in the city shows that
there are spatial variations in rainfall patterns for Hamburg (Verworn Langenhagen &
Kuchenbecker, n.d.). The authors find that, using daily precipitation totals, the precipitation
amount of an extreme event with a return period of 100 years differs by up to 15 mm. The
values in the south-east of the city are rather low (approx. 74 mm), while the highest values
were determined north of Finkenwerder, directly adjacent to the Elbe (approx. 89 mm)
(Verworn Langenhagen & Kuchenbecker, n.d.). However, since small-scale modelling exceeds
the scope of this work and long time series from many measuring stations are not available, it
was decided to use data from a single measuring station as representative for the entire city.
Germany's National Meteorological Service operates two measuring stations in Hamburg,
which record rainfall time series that continue to this day (DWD, n.d.). Due to the lower number
of downtimes during the study period, the Fuhlsbiittel weather station, in the north of the city,
was selected (Figure 2). The data is freely available and can be downloaded from Germany's
National Meteorological Service's Climate Data Centre (n.d.a). The rainfall time series covers
the same period as the TWL data. The rainfall data has been verified by the operator (DWD,
2024). In addition, a time series of hourly rainfall totals was required to create a design
hyetograph, which was used as input for the hydrodynamic model. This data is also freely
available for the Fuhlsbiittel weather station in the Climate Centre of Germany's National
Meteorological Service (DWD, n.d.b).

The location of the selected weather station can be used to classify the inaccuracies that arise
from the use of a single time series. The generalised precipitation total for an event with a return
period of 100 years, as determined in this study, deviates from the local values to varying
degrees. Based on the study by Verworn Langenhagen & Kuchenbecker (n.d.), it can be
assumed that the flood risk from heavy rainfall in the western areas of the city, along the Elbe,

is rather underestimated, while it is slightly overestimated in the south-east.
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4.2 Flood Simulation

To perform the flood simulation, several input data sets are required in addition to the design
hydrograph and design hyetograph, which are created using the results of the FFA.
Topographical information is provided in the form of a digital elevation model (DEM) with a
spatial resolution of 1 m by the State Office for Geoinformation and Surveying of the City of
Hamburg (2022). For realistic modelling of flood dynamics at the city borders, the simulation
area was extended to include areas from the neighbouring federal states of Lower Saxony and
Schleswig-Holstein. DEMs with a spatial resolution of 1 m are available for both federal states
(State Office for Geoinformation and Cadastre Lower Saxony, 2025; State Office for Surveying
and Geoinformation Schleswig-Holstein, 2023). In order to correctly model the water flow
within the Elbe and adjacent water areas, topographical data of the waterbed was used in
addition to the surface DEMs. The data is provided free of charge by the WSV in raster format
with a spatial resolution of 1 m (WSV, 2022).

Land use data was used to consider different roughness values for different land uses. The
feature layer distinguishes between 24 land use classes based on Hamburg's land use plan. The
data is freely available on Esri Germany's Open Data Portal (Free and Hanseatic City of
Hamburg, Ministry of Urban Development and Housing, 2022).

A feature layer was considered for the accurate representation of flood defence structures. The
layer provided by the Hamburg State Agency for Roads, Bridges and Waterways contains
information on the location of protective structures as well as their height and date of

construction (State Agency for Roads, Bridges and Waterways, 2020).

A feature layer depicting the extent of the actual flooding was used to validate the simulation
of'the 1962 storm surge. The layer, created by the Ministry of the Environment, Climate, Energy
and Agriculture, is freely available on the Hamburg Geoportal (BUKEA, 2014).

A summary of all the materials used is provided in Table 1.
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Table 1 - Materials used for this thesis
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Table 1 — Continued
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5. Methodology

5.1 Structure

The structure of the methodology used in this study is depicted in a flow chart (Figure 3). The

methodology is divided into two sections.

The first section consists of the FFA, in which the time series of the TWL and rainfall were
used as input. The aim of this analysis is to determine the intensity of an event with a defined
return period (Mathias, 2023). Depending on the choice of a univariate or bivariate scenario,
different methodological steps are followed to determine the design values, which are the
calculated rainfall and TWL values, for an event with a return period of 100 years. First, for
both cases, events that can be classified as extreme are extracted from the time series (Chen &
Guo, 2019). An event is defined here as a continuous physical phenomenon that lies outside the
mean range of the environmental variable (Bernardara et al., 2014). Subsequently, probability
distributions are adjusted for these extreme events of both variables. In the case of a univariate
analysis, the design values can be determined directly using the adjusted distributions (Coles,
2001). For the bivariate analysis, the relationship between the variables must additionally be
characterised (Coles, 2001). For this purpose, value pairs are formed, which are then examined
in a correlation analysis (Xu et al., 2023). Based on the results of this analysis, a copula can be
fitted (Zhu et al., 2024). Using the fitted distributions and the copula, a joint distribution
function is constructed, which can be used to determine the bivariate design values (Xu et al.,
2023).

In the second section, univariate and compound flooding is simulated. The model is calibrated
to the study area using various input data (Zellou & Rahali, 2019). To validate that the model
produces realistic results, a historical event is reproduced, and the result is compared with the
actual extent of the flooding (Ming et al., 2022). After successful validation, the compound and
univariate floods are simulated using the previously calculated design values (Zellou & Rahali,
2019).
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Figure 3 - Flow chart of the methodology used. In the flood frequency analysis, the amount of rainfall and
the total water level (TWL) of events with a return period of 100 years are determined. These values are
then used as input for the flood simulation.
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5.2 Sampling of Extreme Values

5.2.1 Event Sampling Methods

To determine the design values of a defined return period, the first step is to fit a probability
distribution to an extreme series (Li & Zheng, 2016). This extreme series is created by
extracting extreme values from the observed time series using an event sampling method (Chen
et al., 2023). Mazas & Hamm (2017) note that the choice of sampling method probably has the
greatest influence on the result of the extreme value analysis. At the same time, they emphasise
that there is no universal answer as to which methodology is preferable to the other, but that
this decision must be made individually for each application (Mazas & Hamm, 2017). In
hydrological frequency analysis, there are two methods that are usually used to extract extreme
values from time series (Chen & Guo, 2019). In the annual maximum (AM) method, the event
with the highest value is extracted for each year in the time series (Eslamian & Eslamian, 2022).
In the peaks-over-threshold (POT) method, all events that exceed a specified threshold are
extracted (Ben-Zvi, 2009).

Due to its simplicity, the traditional AM methodology is still the most commonly used in most
countries (Bezak et al., 2014). For example, it is explicitly recommended by the Federal
Emergency Management Agency, the US authority for disaster control, for the evaluation of
coastal hazards (Federal Emergency Management Agency, 2016). It is also considered better
and safer than POT for the construction of structures such as dykes or other flood protection
facilities (Chen et al., 2023). However, a key disadvantage is the limitation to one sample per
year. For applications where only short time series are available, the number of samples is
insufficient for statistical analysis (Chen et al., 2023). Furthermore, additional TWL or rainfall
extremes may occur in a given year, which are lost using the AM methodology (Zhou et al.,
2016). Regarding compound floods in particular, this may include events with a lower value for
one variable but a higher value for the other, which are essential for statistical analysis (Chen
et al., 2023). Despite the choice of the maximum value per year, the AM methodology does not
guarantee that only extreme events are selected. Thus, very low values can also be included in

the selection if no extreme event has occurred in a given year (Bezak et al., 2014).

In addition to AM, the POT methodology is increasingly being used in FFAs (Zhu et al., 2024).
It enables a more physically sound recording of extreme events, as it considers both the
frequency and magnitude of extreme events (Onoéz & Bayazit, 2001). The higher number of
samples allows more information about extreme events to be extracted than with the AM
methodology (Bezak et al., 2014). The consensus is that the POT methodology delivers more

robust results, provided that certain conditions are met with regard to the choice of threshold
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and the independence of events (Ngongondo et al., 2013). For example, Bezak et al. (2014) note
that the POT methodology allows for a more precise determination of the return periods of river

floods, as it provides a better fit to the observed data compared to AM.

Due to its greater suitability for FFAs and the fact that the available data only covers a period
of 25 years, the POT methodology was selected for this thesis.

5.2.2 Peaks over Threshold

When using the POT methodology to extract the extreme values from the time series, two
criteria must be considered: selecting a suitable threshold and ensuring the independence of
events (Zhou et al., 2016).

5.2.2.1 Threshold Selection

The POT methodology is based on Pickands' theorem, which states that the distribution of data
exceeding a given threshold converges towards a generalised Pareto distribution (GPD)
(Pickands, 1975). The selected threshold must therefore be high enough that the distribution of
events approximates a GPD (Beirlant et al., 1996). However, the higher the threshold, the lower
the amount of data that can be used to calibrate the parameters of the distribution. This increases
the variance and thus the inaccuracy (Beirlant et al., 1996). The selected threshold must
therefore be adjusted so that it is as high as necessary to maintain the smallest possible deviation
from the GPD, but at the same time as low as possible to ensure the largest possible amount of
data (Bernardara et al., 2014). A frequently chosen approach to solving this problem is to set an
average number of events per year and adjust the threshold accordingly (Lang et al., 1999). The
specified number of events is based on expert knowledge of the physics and dynamics of the
variable under consideration (Bernardara et al., 2014). A literature review shows that a range
of three to seven events per year is used for both TWL and rainfall (Camus et al., 2021; Floris
et al., 2010; Marcos et al., 2019; Lowe & Gregory, 2005; Tawn & Vassie, 1989; Vousdoukas
et al., 2016; Walton, 2000). For this study, the thresholds for both variables were therefore

approximated at an average of five events per year.

The basic assumption of FFA is usually that flooding caused by extreme TWL or extreme
rainfall occurs evenly over the time window under consideration (Lima et al., 2015). In reality,

however, anthropogenic influences such as land use changes or climate change cause
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hydrological properties to change over time (Vogel et al., 2011). Such a time series is referred
to as non-stationary (Zhou et al., 2016). An evaluation of annual flood discharges shows that
these processes are also relevant in Hamburg. A sharp upward trend has been observed, which
is attributed to increasing soil sealing and climate change (BUKEA, 2015a). In order to take
this factor into account in the POT methodology, Zhou et al. (2016) argue that different
thresholds should be defined for different sections of non-stationary time series. The first step
in this process is to perform a Mann-Kendall test (Zhou et al., 2016). This test is used to
determine a linear and / or non-linear trend in the time series (Eslamian & Eslamian, 2022). A
trend in hydrology is defined as a steady and regular movement through which values either
increase or decrease over time (Kottegoda, 1980). For more detailed specifications of the Mann-
Kendall test, see Salas (1993). In this study, Burkey's (2025) MATLAB function was used to
perform the test. If no significant trend is detected, a single threshold is used for the entire time
series (Zhou et al., 2016). If the Mann-Kendall test shows a positive result, the next step is to
perform a test to determine change points (Zhou et al., 2016). In this study, the Pettitt test was
used for this purpose, performed using the MATLAB function by Dey (2025). For further
specifications on the Pettitt test, see Pettitt (1979). Assuming that A change points are detected,
the time series is divided into A + 1 sections. A threshold is then set for each section, which

approximates an average of five events per year (Zhou et al., 2016).

5.2.2.2 Independence Criterion

A rainfall or TWL event has a duration that exceeds the temporal resolution of the time series
used (Bernardara et al., 2014). For example, an extra-tropical storm can repeatedly trigger heavy
rainfall or extreme TWLs over several days (Weisse et al., 2012). In the time series, this
phenomenon is represented by extreme values occurring in quick succession. Since the values
can be attributed to the same storm event, they are dependent (Koscielny-Bunde et al., 2006).
However, a central condition in Pickands' theorem is that the extracted events must be
independent of each other (Pickands, 1975). In practice, this condition is usually met by
specifying a minimum time lag between two events (Camus et al., 2021). The concept here is
that two events can be classified as independent of each other if a certain amount of time has
elapsed (Bernardara et al., 2014). The length of the minimum time lag depends on the physical
properties of the locally prevailing meteorological conditions and should slightly exceed the
average length of these conditions (Bernardara et al., 2014). As was the case for setting the

threshold, expert knowledge was therefore also drawn upon here.

A review of the literature has shown that minimum time lags of between 12 and 72 hours are

used for rainfall events in Central and Western Europe, while between 72 and 96 hours are
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usually specified for TWLs (Camus et al., 2021; Hendry et al., 2019; Marcos et al., 2011; Jalili
Pirani & Najafi, 2023; Vousdoukas et al., 2016; Willems, 2000; Xu et al., 2023). Since a
common minimum time lag must be used for the compound event, a value of 72 hours was
selected for both variables in this study. As a result, for those events in which the threshold was

exceeded multiple times within the 72-hour window, only the maximum value was adopted
(Bernardara et al., 2014).

A statistical test was used to verify that the use of the minimum time lag in combination with
the selected threshold actually fulfils the requirement of independent, evenly distributed
extreme events. The Poisson distribution describes the probability that a given number of evenly
distributed, independent events will occur within a defined period of time (Haight, 1967). From
this context, it can be deduced that the extracted events are independent if they follow a Poisson
distribution (Lang et al., 1999). The test proposed by Cunnane (1979) is usually used for this
verification, which compares how much the mean number of annual events deviates from the
Poisson distribution. For further specifications on the Cunnane test, see Naghettini (2017). If

the test failed, the threshold was increased iteratively until the test was successful.

5.3 Fitting of Probability Distributions

The next step was to fit a probability distribution to the data. For this purpose, the Multivariate
Copula Analysis Toolbox (MvCAT) version 2.0 by Sadegh et al. (2018) was used. In the POT
methodology, extreme events are selected in such a way that they approximate a GPD. This
distribution is therefore also used to model the probability structure of the extreme series
(Pickands, 1975). The parameters defining the distribution were determined using the maximum
likelihood method. This method adjusts the values so that there is as little deviation as possible
between the observed and modelled probabilities (Sadegh et al., 2018). For further information
on this method, see Coles (2001). Various goodness-of-fit tests, including chi-square and
quantile-quantile plots, ensure that the adjusted GPD accurately reflects the observed

distribution of extreme events (Sadegh et al., 2018).
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5.4 Formation of Value Pairs

5.4.1 Determination of the Priority Variable

For the bivariate analysis, value pairs had to be formed next. There are two methods for doing
this: Either the extreme events of the rainfall time series are used and each event is assigned the
corresponding TWL value (= priority of rainfall), or the extreme events of the TWL time series
are used and each event is assigned the corresponding rainfall value (= priority of TWL) (Chen
et al., 2023). The choice of methodology can have a decisive influence on the correlation
analysis. For example, in their analysis of a compound flood in southern Sweden, Dubois et al.
(2024) find a significant positive correlation when rainfall (represented as river water level) is
the priority variable, whereas no significant correlation is found when TWL is the priority
variable. A similar result is found in a study of compound floods along the Canadian coast.
Here, too, a higher correlation is found when using the priority of rainfall than when using the
priority of TWL (Jalili Pirani & Najafi, 2023).

One limitation to consider arises when TWL is selected as the priority variable. It is often the
case that there is no rainfall during the period when extreme water levels occur, meaning that
the corresponding value pair does not represent a compound event (Chen et al., 2023). In this
case, the corresponding value pairs must be removed from the sample, which reduces the
amount of input data for the correlation analysis and adjustment of the copula (Jalili Pirani &
Najafi, 2023). This can lead to less accurate results, especially for short time series (Lucey &
Gallien, 2024).

Based on this reasoning, rainfall was selected as the priority variable for this study.

5.4.2 Assignment of the Secondary Variable

The next step was to determine how the values of the secondary variable would be assigned to
the extreme events of the priority variable (Camus et al., 2021). A commonly used methodology
for this is to define a time window around the extreme event (Wahl et al., 2015; Ward et al.,
2018; Couasnon et al., 2020). The maximum value within the time window is then adopted as
the value of the secondary variable (Camus et al., 2021). The time windows most commonly
used in the literature are 0 days (assignment of the value on the same day) (Chen et al., 2023;
Lian et al., 2013; Zellou & Rahali, 2019) and a lag of = 1 day (Jalili Pirani & Najafi, 2023;
Ward et al., 2018). However, some studies also use time windows of up to + 5 days (Couasnon

et al., 2020; Ward et al., 2018). Xu et al. (2023) investigate the correlation of rainfall and surge
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pairs using time windows between zero and seven days in a total of 26 estuary regions. They
find that in most estuary regions, the correlation is highest when using the value on the same
day (Xu et al., 2023). Hendry et al. (2019) reach the same conclusion in their study on
compound flooding along the UK coast. They also note that the time lag varies depending on
the characteristics of the catchment. For example, in large catchments, the highest correlation
occurs with a time lag of several days, while in smaller catchments, the correlation is highest
on the same day (Hendry et al., 2019).

The study area in this thesis is characterised by short flow paths, as the Elbe and its tributaries
extend throughout the entire study area. All rainfall therefore drains directly into the tide-
influenced Elbe. Due to these characteristics and the small size of the study area, it can be
assumed that a short time lag is most suitable for the creation of the compound event. Based on
this consideration and the evaluations by Xu et al. (2023) and Hendry et al. (2019), a time
window of zero days was chosen for this study. Accordingly, each extreme rainfall event was

assigned the maximum TWL value for the same day.

5.5 Correlation Analysis

To determine whether there is a statistical dependence between rainfall and TWL, a correlation
analysis was performed. Correlation coefficients can be used to determine the direction and
strength of the correlation between the two variables (Naghettini, 2017). The coefficient can
take values in the range from -1 to 1. Positive values indicate a positive correlation, which
means that as the value of one variable increases, the other also increases, while negative values
indicate that as the value of one variable increases, the other decreases (Naghettini, 2017). The
standard significance level of 5% was used to reject the null hypothesis HO, which states that
the two variables are independent. If the value p output by the test is < 0.05, HO is rejected and
a significant correlation between the variables exists. Similarly, a p-value of > 0.05 indicates
that HO is accepted and the variables are independent (Dubois et al., 2024). In this study, the
three correlation coefficients Kendall's tau, Spearman's rho and Pearson correlation coefficient
were used. The latter is suitable for expressing a linear dependence between the variables
(Naghettini, 2017). Kendall's tau and Spearman's rho are suitable for capturing dependencies in
non-normally distributed distributions, for which the Pearson correlation coefficient is
unsuitable (Chen & Guo, 2019). For further information on the three correlation coefficients,
see Naghettini (2017) and Chen & Guo (2019).

MvCAT was used to perform the correlation analysis and subsequent copula fitting.
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5.6 Fitting of the Copula

Based on the results of the correlation analysis, a copula was then selected and adjusted.
MvCAT contains 26 different copula families, from which the most suitable one is selected
(Sadegh et al., 2017). For specifications of the tool and the process of selecting the copula, see
Sadegh et al. (2018). Various tests are performed to verify the suitability and fit of the adjusted
copula (Sadegh et al., 2017). This includes maximum likelihood, root-mean-square error and
the Bayesian Information Criterion, which is a measure that compares the accuracy of the fit to
the data with the complexity of the model (Naghettini, 2017). For further information on the
latter, see Brockwell & Davis (1991).

5.7 Determination of Design Values

Finally, the design values for the bivariate and univariate events with a return period of 100

years were determined.

The following equation was used to calculate the univariate design values:

Zy = p+7 [y ¢t - 1] (1)

Here, the GPD with its adjusted parameters o and & is used to determine the design value Z of
an event with a return period of N years (Coles, 2001). ¢ corresponds to the probability that a
single observation exceeds the threshold value p defined within the POT methodology (Coles,
2001). In practice, this is calculated using the mean annual exceedance rate, which corresponds
to the quotient of the observed number of exceedances of p and the number of years in the time
series ny (Coles, 2001).

Unlike the univariate event, the bivariate event does not have a single design value, but rather
an infinite number of combinations of rainfall and TWL that correspond to an event with a
return period of 100 years (Salvadori et al., 2011). Depending on the characteristics of the study
area, severe flooding can be triggered if at least one of the two variables exceeds a critical
threshold (OR scenario) or if both variables exceed their respective critical thresholds
simultaneously (AND scenario) (Chen et al., 2023). Jalili Pirani and Najafi (2023) emphasise
that the choice of scenario should be based on the aim of the study and historical flood events.
The OR scenario shows the total flood hazard, regardless of whether it is primarily defined by
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extreme rainfall or extreme TWL (Dubois et al., 2024). To maintain a 100-year joint return
period in this case, the value of each variable must exceed a very high critical threshold as either
one could cause the system to fail independently. In contrast, the AND scenario is used for
situations in which critical flooding occurs solely due to the simultaneous occurrence of both

variables (Xu et al., 2023). As this is very rare, the values of the two variables are less extreme.

As described in Chapter 3, critical flooding based solely on the occurrence of a storm surge is
prevented by the extensive flood protection measures in Hamburg. Similarly, during normal or
low TWL conditions, the water resulting from an extreme rainfall event can be drained into the
Elbe, thereby preventing widespread flooding. Accordingly, a high risk of flooding only occurs
when a simultaneous high TWL prevents drainage. Due to this dynamic, the AND scenario was

selected for this study.

The joint probability distribution for the AND scenario is calculated using the following

equation:

Eszwp =P((R>1)N(T >1t)) =1—F.(r) = F,(t) + F.(r,t) ()

Where Fr(r) and Fe(t) are the probability distributions of rainfall and TWL, and Fc(r,t) is the
copula (Chen et al., 2023). The contour, which contains all possible value pairs corresponding

to an event with a return period of 100 years, can then be created using the following equation:

3)

T = —
AND ™ ¢Eanp

Here, Tanp represents the joint return period and ¢ the mean annual exceedance rate of the
priority variable (Chen et al., 2023). The equivalent frequency combination (EFC) method was
used to select the pair of values on the contour. This is a frequently used approach, which has
been established as the standard for determining design values in China, for example (Xiao et
al., 2008, 2009; Chen et al., 2010). This methodology selects the combination in which both
variables have the same probability of occurrence (Chen & Guo, 2019). An analysis by Chen
& Guo (2019), in which various methodologies such as conditional expectation combination,
component-wise excess realisation and most-likely realisation are compared, has shown that
the EFC method delivers reliable results and is therefore highly suitable for selecting the pair

of values.

30



5.8 Flood Simulation — Model Selection

In the second section of the methodology, a numerical model was used to simulate the extent of
flooding for the univariate and bivariate events. Following the current literature on modelling
compound floods, two-dimensional surface models and coupled sewer-surface models were
considered for this study. Due to the high computational cost of coupled sewer-surface models,
it was not possible to use them within the scope of this thesis. In addition, it was assumed that
a two-dimensional surface model would be suitable for the purpose of this study, which

primarily requires a comparison between univariate and compound events.

The hydrodynamic model LISFLOOD-FP was used for this thesis. This model was developed
specifically for coastal flooding simulations and strikes a balance between accurate capture of
the dominant physical processes and substantially reduced computational effort (Bates et al.,
2005). This configuration allows fine spatial resolution simulations to be performed on a
regional scale within a few hours on a normal PC (Bates et al., 2005). LISFLOOD-FP is a grid-
based model designed by Bates & De Roo (2000) and has been continuously developed since
then. Version 8.2 from 2025 was used for this study. For further information on the function
and characteristics of the model, see Bates et al. (2005, 2013) and Chowdhury & Kesserwani
(2024). The model has been used in various studies to simulate flood events and has been
confirmed as suitable for realistic modelling of flood dynamics (Liu et al., 2019; O'Loughlin et
al., 2020; Shustikova et al., 2019; Wing et al., 2020). A description of the input files required

to run the simulation is provided in Table 2.
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Table 2 - Input files needed to run the flood simulations using LISFLOOD-FP.

File Name Purpose Format
Specification of the properties of the simulation
Boundary Condition File | €2 boundaries (e.g. constant or time-varying Text file
sea level, inflow or outflow of water)
Topographical information for realistic
simulation of runoff characteristics; definition of
DEM File the extent and spatial resolution of the simulation Raster
area
Manning’s Coefficient | Definition of spatially varying surface friction
. Raster
File
Names of the files used for the simulation;
Parameter File definition of the solver; specifications for Text file
executing the model (e.g. simulation duration)
. _ Definition of spatially uniform, time-varying
Rainfall Data File rainfall Text file
Definition of the water depth of areas that are
Start File covered with water at the start of the simulation Raster

(e.g. rivers, lakes)

5.9 Model Calibration

To calibrate the model to the study area, a number of input files must be created.

5.9.1 DEM

The central element of the model is a DEM. This must be structured in such a way that, in
addition to the topography of the terrain surface, it also includes the characteristics of the Elbe
riverbed in order to simulate realistic flow behaviour (Zellou & Rahali, 2019). To this end, the
three DEMs of the federal states of Hamburg, Schleswig-Holstein and Lower Saxony were first
merged into a single DEM (Figure 4). Since the DEM lacks information about the ground

beneath water bodies, it was combined with topographical data on the riverbed of the Elbe

(Figure 4).
32



A key factor in modelling is cell size. Smaller cell sizes allow for more detailed simulations of
flow behaviour, which leads to more accurate results (Altenau et al., 2017). At the same time,
however, a finer grid also leads to higher computational effort, which is reflected in longer
computing times (Nwogwu et al., 2025). Therefore, a balance had to be struck between accuracy
and computational efficiency. Since the choice of cell size depends on the selected model, the
study area and the objective of the study, there is no central guidance on which cell size should
be chosen, which means that a subjective decision must be made (Nwogwu et al., 2025). Similar
studies have shown that grid scales of 50 m or less are often required for accurate flood
simulation in urban areas (Bates et al., 2005). To ensure the feasibility of this study within the
defined time frame, a maximum computing time of 24 hours was set. Several grid resolutions
between 10 and 50 m were tested, with a resolution of 25 m ultimately being selected. At this
resolution, all simulations could be completed within 15 - 20 hours. Bilinear interpolation was

used to convert the original 1 m DEM.

For a realistic simulation of a flood event in a city such as Hamburg, it is essential that the
position and height of flood defence structures are represented in the DEM (Ming et al., 2022).
Since the values in the DEM were interpolated, the heights of the protective structures were
changed. Furthermore, flood barriers in particular were not captured at all in many areas due to
their narrow width. Therefore, a feature layer of the flood defence structures was used to
determine the position of the protective structures in the DEM and to adjust the values of the

corresponding cells to the correct height (Figure 4).

33



ec-£'- 1IN €6-9's N ol S ST 0
§ W .
v'z--<'s- Il g's-¢'s
JopJlog Soje [ S
V\wl _ NﬁT‘_”: I N~w -8 _u <] 1e1s
8'v1- - 12- 6'2-9' T'1e- - _ "
[w] uoneas|3 [w] 3ybioH €'pST
9|3 2U3 Jo Aydeibodol SduajaQ poold [W] uoneAs|3 %

ulS|oH-bIMS|YdS UoIeWI04UI099

pue BuiASAINg 10} 3210 els ‘Binquiey

4o A1) Y3 Jo BUIASAINS pue uoljewIojul099
J1oj YO 33e)S ‘Auoxes Jamo aliseped)

pUB UOIRWLIOJUI0DL) 10} DIHPO SIe1S ‘sAemiiep
sue sabplig ‘speoy Joj Aousby ajels

:15901n0s ejeq

BaIy UODR[NUWIS 93 JO NHA

Figure 4 - DEM, which was used to calibrate the model. To ensure a realistic simulation at the boundaries,

the study area was extended to include areas from the neighbouring federal states. In addition, information

on the topography of the Elbe and the height of the flood defences was incorporated.
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5.9.2 Surface Roughness

The roughness of different surfaces affects flow behaviour and thus directly influences the
extent of flooding, water depth and flow velocity (Gallegos et al., 2009). In order to realistically
reproduce this behaviour, a land use layer of the study area is used, and a Manning's roughness
coefficient is assigned to each land use class (Zellou & Rahali, 2019). This coefficient reflects
the resistance to flow of the surface, which is influenced by factors such as particle size or
vegetation (Marcus et al., 1992). For this work, values proposed by Strahler & Chow (1964)
and Van der Sande et al. (2003) were used.

A feature layer of land use in Hamburg was used to construct the layer. The original 24 land
use classes were grouped into seven super classes. Table 3 shows the classes used and the
assigned Manning's roughness coefficients. The layer was converted into a raster with the same
format as the DEM.

Table 3 - Manning’s Roughness Coefficient for the different land use classes in the study area

Land Use Manning’s Roughness Coefficient
Agriculture 0.04
Forest 0.2
Green Spaces 0.1
Industrial 0.15
Residential 0.15
Roads 0.015
Water 0.03

5.10 Model Validation

In order to validate that the model produces realistic results, a historical flood event was
recreated (Ming et al., 2022). As already described in Chapter 3, the storm surge of 1962 is
considered the most devastating in Hamburg's history. As a result, it has been the subject of
numerous reports, studies and analyses, from which the necessary information about the impact
on flood protection structures, the height of the TWL and the extent of the flooding could be
obtained.
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5.10.1 DEM

Because massive expansion of flood protection structures took place after the storm surge of
1962 in order to better protect the city from future flooding events, the current DEM did not
accurately reflect the situation in 1962. An adjustment was therefore necessary, which consisted
of four steps: reducing the height of existing protection structures, removing protection
structures that did not exist at the time, adding structures that existed at that time but do not
exist today and taking dyke breaches into account. In the first step, the height was reduced to a
universal value of 5.70 m, which corresponds to the reported dyke height in 1962 (BUKEA,
n.d.a). In the second step, based on the map by Laubitz-Bertram (2012) and the information on
the date of construction from the layer provided by the Hamburg State Agency for Roads,
Bridges and Waterways (2020), those protective structures that did not exist at the time were
removed by adjusting the terrain height in the DEM to the value of the area behind them.
Thirdly, protective structures that were in place at the time were manually added and their height
was also set at 5.70 m. To take dyke breaches into account, gaps with a width of at least 2 cells
(50 m) were integrated into the protective structures based on the map from the State Office for
Geoinformation and Surveying of the City of Hamburg (1962). The elevation in these gaps was
adjusted to the level of the area behind them to allow water to flow in. Figure 5 shows an

overview of the adjustments to the protective structures.
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Figure 5 - Adjustments made to the flood defence structures to recreate the flooding of 1962
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5.10.2 Boundary Conditions

In order to reproduce the course of the storm surge of 1962, a hydrograph of the event at the
Schulau gauge station was required. However, as this data was not available, a design
hydrograph was created using the same frequency amplification (SFA) method (Xiao et al.,
2009). This methodology amplifies observed events using a constant amplification factor to
reflect a defined design event (Xu et al., 2024). For this work, the SFA methodology was used
to adjust an observed hydrograph from the Schulau gauge station so that it contained the known
maximum TWL of the 1962 storm surge at its peak. To map a realistic storm surge progression,
the event of 6 December 2013 was used. This day marks the highest storm surge in the available
TWL time series. A time window of 72 hours was selected for the simulation period, from two
days before the peak to one day after the peak (Ming et al., 2022). The peak of the 2013 event
was 576.92 cm above sea level, while the peak of the 1962 storm surge was 586 cm above sea
level (Ministry of Food, Agriculture and Forestry, State Office for Water Management,
Schleswig-Holstein, 1962). The amplification factor, which represents the ratio between the
design value and the observed value of the 2013 storm surge (Xu et al., 2024), was 1.0157.
Figure 6 shows the design hydrograph that was created. This hydrograph was defined as a

boundary condition at the western border, where the Elbe exits the simulation area.

To create the start file, the water level of the Elbe was set to the start value of the hydrograph
(182.02 cm).
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5.11 Simulation of Flood Events

To analyse the flood risk of a compound event compared to univariate events, three scenarios
were simulated, all with a return period of 100 years: a storm surge, a heavy rainfall event and

a compound event.

5.11.1 Storm Surge

A design hydrograph was created as the boundary condition for the storm surge. As for the
reconstruction of the 1962 storm surge, the storm surge of 6 December 2013 was used as the
reference hydrograph. The SFA methodology was also used here. To do this, the amplification
factor was first calculated from the ratio between the peak of the reference hydrograph and the
design value determined from the univariate FFA. The amplification factor was then used to
determine the remaining values of the design hydrograph. To create the start file, the water level

of the Elbe was set to the start value of the design hydrograph.
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5.11.2 Heavy Rainfall

A design hyetograph was created to simulate the heavy rainfall event. As with the creation of
the design hydrograph, an extreme event from the rainfall time series was selected. The selected
heavy rainfall event took place on 27 June 2024 and caused widespread flooding in Hamburg
(NDR, 2024). For the application of the SFA methodology, the amplification factor was
determined from the ratio between the rainfall sum of the reference hyetograph and the design
value from the univariate FFA. The hourly rainfall sums were then determined by applying the
amplification factor to the reference hyetograph. The resulting design hyetograph was then
stored in the rainfall data file. The water level of the Elbe was set at mean sea level for the entire
duration of the simulation in order to simulate a scenario in which the accumulated rainwater

can drain freely.

5.11.3 Compound Event

A design hydrograph and design hyetograph were also used to simulate the compound event.
The creation process was similar to the methodology used for the univariate simulations, with

the sole difference being that the design values from the bivariate FFA were used.

The aim of this simulation is to depict a worst-case scenario to show the maximum extent of
the flood risk of such a compound event. Due to the characteristics of the study area, it was
assumed that the greatest flooding would occur when maximum TWL and maximum rainfall
coincided. The simultaneous occurrence of the two extremes was therefore defined such that
the maximum rainfall would be reached one hour before the maximum TWL value. The one-
hour time lag was intended to ensure that the rainwater accumulating in the entire study area

would have time to reach the river.
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6. Results

6.1 Flood Frequency Analysis

6.1.1 Sampling of Extreme Values

Since the TWL time series contains raw data, the first step was to check for erroneous values.
Since the maximum values of the time series are used to adjust the GPD, it was ensured that
there were no outliers in this range. To this end, the recorded maximum values were compared
with various lists of all severe storm surges recorded at the Schulau gauge or nearby stations
(Federal Maritime and Hydrographic Agency, 2011, 2018; Jensen, 2019). Three extreme events
from the time series were not mentioned in any of the official lists, which is why it was assumed
that these were measurement errors. The corresponding values were therefore removed from

the time series.

The POT methodology was applied to both time series to extract the extreme values. For the
rainfall time series, a Mann-Kendall test was performed first. The result is a p-value of 0.6169,
which is well above the significance level of 0.05. Accordingly, the null hypothesis HO, which
states that there is no trend, is accepted. According to the methodology of Zhou et al. (2016), a
single threshold is therefore appropriate. To determine the threshold, a value was approximated
that is as close as possible to an average of five events per year. For this time series, this value
i1s 18 mm, which corresponds to exactly five events per year. All events above this threshold
were extracted from the time series. The independence of the events was ensured by applying
a minimum time lag of 72 hours. However, the extreme value series failed the test by Cunnane
(1979), which is why the threshold was increased iteratively in 0.5 mm increments. At a value
of 20 mm, the test was positive, thus fulfilling the requirement that the extreme value series
follows a Poisson distribution. The threshold of 20 mm corresponds to the 98.63rd percentile,
meaning that the events extracted correspond to the upper 1.37% (Figure 7). This corresponds

to 91 extreme events in the given time series.

For the TWL time series, the Mann-Kendall test showed a significant positive trend averaging
0.0019 cm per year. To determine whether the use of multiple thresholds is appropriate based
on this result, the Pettitt test was performed. This showed no change points in the time series.
Based on this result and the fact that the determined trend was extremely small, with a total
increase in TWL of only 0.048 cm over the period under consideration, a single threshold was
used for this time series. Here, too, a value was approximated that is close to an average of five
events per year. The determined threshold is 336 cm, which corresponds to an average of 4.96

events per year. This threshold corresponds to the 98.64th percentile (Figure 7). All events
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above this threshold were extracted from the time series, and the independence was ensured by
applying the minimum time lag. The test according to Cunnane (1979) was positive, confirming
the suitability of the extreme value series created. A total of 94 extreme events were identified

in the 25-year period under review.
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Figure 7 - Time series with their determined thresholds. Events above the thresholds were extracted and
used to create the extreme value series.

6.1.2 Fitting of Probability Distributions

Next, probability distributions were fitted to the extreme value series of rainfall and TWL. Since
the extreme value series were created using the POT methodology, the GPD is the distribution
that is best suited for modelling the data (Pickands, 1975). The distribution equation and the
parameters adjusted using the maximum likelihood method are shown in Table 4. Positive test

results confirmed the goodness of fit of the adjusted distributions.
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Table 4 - Probability distributions, which were fitted to the extreme value series. The parameter values
were determined using the maximum likelihood methodology.

) Probability .
Variable - Equation Parameters
Distribution
Location p = 20.0

Rainfall GPD Scale 0 = 9.88

y — piy. -1 Shape & =-0.28
F =1-01 — )] ¢ .
» [1+% ( o )] Location p =336.0

TWL GPD Scale 6 =40.76

Shape & =-0.04

6.1.3 Formation of Value Pairs & Correlation Analysis

To form the value pairs for the bivariate analysis, each rainfall event was assigned the maximum

TWL value of the same day (Table A1). Figure 8 displays the generated pairs of values in a scatter

plot.

450

400 .

350 s

[ ] ™ . [ ]
300 F 4 . .
[ ]

— - .: oy .
5250 * L] [ ¢ .o ]
: . *% e . .' . * o .
£ 200 B e e vt .
~ .. .... . [ ..t ™

150 AR .

[ ]
[ ]
100
50
[ ]
0
0 5 10 15 20 25 30 35 40 45 50

Rainfall [mm]

Figure 8 - Scatter plot of the generated value pairs
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The value pairs were subsequently used for the correlation analysis. The three correlation
coefficients Kendall's tau, Spearman's rho and Pearson correlation coefficient were used for this
purpose. The values of the coefficients and the associated p-values are depicted in Table 5. All
three coefficients show that there is a slight positive correlation between the two variables.
However, the p-values of all three coefficients are above the significance level of 0.05, which

means that HO is accepted and the positive correlation is classified as insignificant.

Table 5 - Results of the correlation analysis

Correlation Coefficient Coefficient Value p-Value
Kendall's tau 0.0869 0.2278
Spearman's rho 0.1392 0.1906
Pearson correlation coefficient 0.1286 0.2271

6.1.4 Fitting of the Copula

Since the correlation analysis showed that there is no significant correlation between the
variables, the process of selecting a suitable copula family could be dispensed with. This is
justified by the fact that in the case of independence, the independence copula is used (Brunner
et al., 2016; Dubois et al., 2024). This copula is defined by the following equation by Nelsen
(2003):

C(u,v) =uv (4)

Here, u and v represent the fitted probability distributions. The unique feature of this copula is
therefore that the joint probability is obtained purely by multiplying the individual probabilities
(Dubois et al., 2024).
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6.1.5 Determination of Design Values

The univariate design values of an event with a return period of 100 years were calculated using
equation (1) (Table 6). For the compound scenario, the joint probability distribution was
calculated from equation (2) and then the contour of the value pairs for a return period of 100
years was created using equation (3) (Figure 9). The EFC methodology was then used to select
the value pair on the contour (Figure 9). Under the given use of the independence copula, this
corresponds to the univariate events with a return period of 10 years. The bivariate design values
are listed in Table 6.

—100-year Contour
560 - ® EFC Design Pair

540 -

520 -

500 -

5,480
= 460 -
440 -
4201
400

380

| | | | | | | | | | |
30 50 34 36 38 40 42 44 46 48 50
Rainfall [mm]

Figure 9 - Contour of those pairs of values from TWL and rainfall that have a return period of 100 years.
The pair of values selected according to the EFC methodology is marked in red.

Table 6 - Determined design values of the compound and univariate events

Scenario Design Value Rain [mm] Design Value TWL [cm]
Univariate Rain 48.8 -
Univariate TWL - 549
Compound Event 42.5 473
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6.2 Flood Simulation

6.2.1 Model Validation

In order to validate that the calibration of the LISFLOOD-FP model for the study area was
successful and that realistic simulations of flood events can be generated; the storm surge of
1962 was reproduced. In addition to the Manning's Coefficient File, the adjusted DEM (Figure
5) and the design hydrograph (Figure 6) were used for this purpose.

Figure 10 shows the comparison between the simulated and actual extent of flooding. It is
immediately apparent that the areas correctly identified as flooded by the model (marked in
blue on the map) are smaller than those in the reference layer. This can be attributed to the
following two factors: Firstly, when analysing the areas in the reference layer, it is apparent that
these are always contiguous sub-areas. However, due to small-scale differences in terrain
elevation, it is likely that there were isolated sections within these large areas that were not
flooded. This can be seen in a comparison with the model results, which show a significantly
smaller-scale structure with fewer large, contiguous areas. Upon enquiry, the BUKEA
confirmed that the layer, which was created by digitising old maps, is a generalised
representation of the extent of the 1962 flooding. It shows the spread of the flood without taking
small-scale structures into account (F. Nohme, personal communication, 15 January 2026). Due
to this generalisation, the reference layer contains inaccuracies. The second factor relates to
changes in the topography that have taken place since 1962. This includes, in particular,
artificial terrain elevations, which have been carried out in almost all affected areas, such as
Wilhelmsburg, Harburg and Bergedorf (BUKEA, 2025b). A reduced extent of flooding also
results from the implementation of alternative protection concepts, such as the construction of
polders in the harbour area from 1976 onwards (LSBG, 2012) and the construction of the
HafenCity on artificial mounds (Ministry of Urban Development and Housing, 2025).

The areas depicted in green are those that were identified as flooded by the model but were not
flooded according to the reference layer. It is noticeable that the proportion of these areas is
very small. The identified flooding in Finkenwerder and Waltershof, for example, can be
attributed to the fact that these areas were not developed until after 1962. There is an Airbus
production plant in Finkenwerder, which already existed at that time but has been steadily
expanded over the years (Link, n.d.). The western section was completed in 2002 (BUKEA,
2025b).

The evaluation of Figure 10 shows that the calibration of the model was successful. There is a
high degree of agreement in the designation of areas that were flooded during the storm surge

of 1962, with a very low proportion of areas incorrectly designated as flooded. Deviations, in
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particular the lower extent of flooding, are largely due to topographical changes. The suitability
of the model for simulating present-day univariate and bivariate flood scenarios has therefore

been validated.
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Figure 10 - Comparison between the modelled and actual extent of the 1962 flood. Red areas show the
flooding according to the reference layer. Areas marked in blue are those that were marked as flooded in
both cases. Green areas were only designated as flooded in the model.
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6.2.2 Simulation of Flood Events

6.2.2.1 Univariate Scenario

To simulate the univariate storm surge event, a design hydrograph was created based on the
observed hydrograph of the 2013 storm surge and adjusted to the determined peak value of 549
cm (Table 6) using the SFA methodology (Figure 13). This was then defined as the boundary
condition at the western edge of the study area, across the entire width of the Elbe. To create
the start file, the water level of the Elbe at the beginning of the simulation was set to a value of
170 cm.

Figure 11 shows the results of a simulation of a storm surge event with a return period of 100
years. The resulting flooding occurs exclusively along the Elbe; there is no spread of the flood
wave or water masses to more distant areas. In principle, minor flooding occurs in many
sections immediately adjacent to the Elbe, but this is usually limited to a width of less than 100
metres. Exceptions to this can be seen in the harbour area in the west of the city, for example in
eastern and northern Finkenwerder, where flooding occurs in areas that are in some cases more

than 250 metres away from the Elbe.

To simulate the univariate heavy rainfall event, a design hyetograph was created based on the
hyetograph of the observed heavy rainfall event on 27 June 2024 (Figure 14). For this purpose,
the total rainfall amount was adjusted to the calculated value of 48.8 mm (Table 6) using the

SFA methodology. The design hyetograph was then entered into the rainfall data file.

Figure 12 shows the results of the simulation. Outside the Elbe itself and some canals and
tributaries, the maximum flood depth is approximately 1.5 m. These values are reached in
isolated areas of Harburg, in the south-west of the study area and in the northern parts of
Bergedorf in the east of the city. In the north, these higher water depths are mainly limited to
the Alstersee. However, the majority of the study area, approximately 90%, exhibits very
shallow water depths of no more than 8 centimetres. One factor worth noting is that the water

depths along the Elbe are no greater than in the rest of the study area.
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Figure 11 - Results of the simulation of a univariate storm surge with a return period of 100 years
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Figure 12 - Results of the simulation of a univariate heavy rainfall event with a return period of 100 years
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Figure 13 - Comparison of the observed hydrograph of the 2013 storm surge with the constructed
univariate and bivariate hydrographs
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Figure 14 - Comparison of the observed hyetograph of the 2024 heavy rainfall event with the constructed
univariate and bivariate hyetographs
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6.2.2.2 Bivariate Scenario

To simulate the bivariate scenario, a design hydrograph with a peak value of 473 c¢cm (Table 6)
and a design hyetograph with a total rainfall amount of 42.5 mm (Table 6) were created (Figure
13, 14). To create the start file, the water level of the Elbe was set to the start value of the
hydrograph of 147 cm above sea level. For the convergence of the two extremes, the peak of
the heavy rainfall event was set to hour 47, while the peak of the TWL occurred one hour later
(Figure 15).
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Figure 15 - Temporal coordination of the two variables. To represent a worst-case scenario, the
maximum rainfall occurs one hour before the TWL peak.

Figure 16 shows the resulting extent of flooding from the compound event. As can be seen, the
majority of the study area is dominated by two categories: areas with low water depths (< 1.4
m) and areas with medium water depths (1.4 - 5 m). Areas with high water depths (> 11 m) are
found in the western part of the Elbe, while slightly lower water depths occur in the eastern
section. Medium water depths can be found both in small areas distributed throughout the study
area and in large, contiguous areas. The latter can be found in Harburg, for example, but

especially in Bergedorf. Here, it is also particularly clear that the areas with medium water
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depths border almost directly on the Elbe. Also noteworthy is the Alstersee, which has a water

depth of approximately 5.4 m and is surrounded by areas with medium water depths.
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Figure 16 - Results of the simulation of a compound event consisting of a storm surge and heavy rainfall
with a return period of 100 years
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6.2.2.3 Comparison of the Univariate Events with the Bivariate Event

Comparison maps were created to examine the differences in flood risk between the univariate

and bivariate events.

Figure 17 shows the comparison between the univariate storm surge and the bivariate event. It
is noticeable that the areas with higher water depths in the univariate event are relatively small.
These cells represent only 0.0002% of the total study area. The affected areas are almost
exclusively located in the 50 m wide strip directly adjacent to the Elbe. Individual exceptions
to this can be found in the areas north and west of Wilhelmsburg, in the centre of the study area.
Large parts of the areas in the north and south have similar water depths in both scenarios. A
moderately higher water depth occurs in the Alstersee and in the north of Bergedorf, while the
greatest differences occur north of the Norderelbe and in the canals north of HafenCity, which
connect the lake to the Elbe. On average, the water depth per cell in the bivariate event is 1.1 m
higher than in the univariate event. It is also noteworthy that the water depth within the Elbe is
slightly higher in the bivariate scenario than in the univariate scenario, despite a lower storm

surge height.

Figure 18 compares the univariate heavy rainfall event with the bivariate event. It is apparent
that the proportion of areas with higher water depths in the univariate scenario is significantly
higher than in Figure 17. These areas are concentrated north and south of the coastal flood risk
area and along the flood defences. The water depths in the harbour areas and around
Wilhelmsburg in particular are similar in both scenarios. As in Figure 17, it should be
emphasised again that the majority of the study area exhibits a higher water depth in the
bivariate scenario, despite a lower amount of rainfall. In this context, it should be noted that the
pure storm surge effect, as can be seen in Figure 11, is limited to the few areas in front of the
flood protection line. Areas with moderately and much higher water depths in the bivariate
event show a similar distribution to that in Figure 17. On average, the water depth in the
bivariate scenario is 1.1 m higher, although it should be noted that a large part of this can be
explained by the up to 473 cm higher water level of the Elbe. Accordingly, the actual difference

in terms of heavy rainfall is significantly smaller.
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Figure 17 - Comparison of water depths for the univariate storm surge and the compound event. Areas
marked in red are those in which the water depth is higher in the univariate event. Areas marked in blue
show a higher water depth in the compound event.
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Figure 18 - Comparison of water depths for the univariate heavy rainfall and the compound event. Areas
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7. Discussion

7.1 Sampling of Extreme Values

The Mann-Kendall test did not identify any significant trend in the rainfall series. This contrasts
with the analysis by the BUKEA (2021), which identified an increase in annual precipitation
totals in Hamburg between 1881 and 2020. These results are supported by studies conducted
by the DWD (2021) and KLIWA (2019). The reason for the lack of a trend in the present
analysis is based on two factors: the length of the time series used and the strength of the trend.
The studies point to an increase of 112 mm over a period of 139 years (BUKEA, 2021).
Assuming a linear trend, this suggests an increase in annual precipitation totals of
approximately 20 mm for the 25-year period under review. In relation to an average annual
precipitation total of 775 mm (DWD, 2021), this increase can be classified as minor. It can
therefore be assumed that although there is a trend in the given time series, it is so small that it
is classified as insignificant by the Mann-Kendall test, which operates with a significance level
of 5%. Furthermore, natural variations in rainfall can also cause deviations from the actual trend
in this short time series (Schulte, 2015). Assuming a stationary time series, despite the
knowledge that a trend is very likely, introduces inaccuracies that affect the further course of
the analysis, such as the creation of the extreme value series, the adjustment of the probability

distributions and the determination of the design values.

Unlike the rainfall series, a significant positive trend has been observed for the maximum daily
water level series. This result is consistent with the analyses by the BUKEA (2021) and Klein
et al. (2018), who found an increase in extreme water levels parallel to SLR for the German
North Sea coast. Analyses by Copernicus (2025) identify a global mean SLR of 3.7 mm per
year for the period from 1999 to 2024, resulting in a total increase of 9.38 cm. The Mann-
Kendall test determined an average increase of 0.019 mm per year for the time series, which
corresponds to a total increase of 0.475 mm over the 25-year period under consideration. The
trend determined is therefore significantly lower than would be expected. On the one hand, the
deviations can be explained by the influence of the short time series described in the previous
section. On the other hand, changes in water levels can be caused by anthropogenic changes
(FGG Elbe, 2021). A study on the hydrodynamic development of the tide-influenced sections
of the Elbe shows that the estuary has been strongly influenced by anthropogenic factors for
centuries (Fickert & Strotmann, 2007). The development of water levels shows clear deviations
from the mean SLR, which can be explained by a superimposition of external natural influences
with various anthropogenic interventions in the tidal system of the Elbe (Fickert & Strotmann,
2007). For example, continuous deepening of the Elbe led to a reduction in the mean low tide
level of in some cases several centimetres per year (Fickert & Strotmann, 2007). The last
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adjustment was made in 2022, which included a deepening of 1 m (Hafen Hamburg Marketing
e.V., 2022). At the same time, the width of the Elbe was increased by up to 20 m in some
sections (Hafen Hamburg Marketing e.V., 2022). Furthermore, the introduction and continuous
adaptation of flood protection measures led to a change in the tidal regime (Fickert &

Strotmann, 2007). The significantly weaker trend can be considered a result of these factors.

As a result of applying the POT methodology according to Zhou et al. (2016), the thresholds
were determined to correspond to the 98.63rd percentile for the rainfall series and the 98.64th
percentile for the TWL series. The extreme value series created therefore contained the highest
1.37% and 1.36% of rainfall and TWL events, respectively. In addition to the approach used in
this study, various alternative methodologies for threshold selection are used in the literature.
One of these methodologies is the use of mean residual life plots. Xu et al. (2023), for example,
use these to determine the thresholds of surge time series for several estuaries. The thresholds
determined in this way range from the 99th to the 99.4th percentile (Xu et al., 2023). Other
studies do not adjust individual thresholds and instead use more general reference values. This
introduces inaccuracies into the subsequent statistical analysis, as the extracted extreme events
do not converge to a GPD if the threshold is set too low (Beirlant et al., 1996). Due to the poor
fit of the probability distribution, the design values determined cannot be considered accurate
(Sadegh et al., 2018). Despite this, such methods are used, particularly in global studies, in order
to limit the computational effort. An example of this is to set the threshold based on a defined
return period. Bevacqua et al. (2019) choose a 1-year return period for the analysis of a
compound event consisting of precipitation and storm surge; the corresponding threshold
corresponds to the 99.7th percentile. They also apply the restriction that the threshold is lowered
to the 95th percentile if fewer than 20 value pairs emerge from the original extreme value series
(Bevacqua et al., 2019). The most commonly used alternative methodology is simply to set a
percentile. For example, Chen et al. (2023) and Jalili Pirani & Najafi (2023), who investigate
compound flooding from storm surges and heavy rainfall, use a threshold corresponding to the
95th percentile. Ming et al. (2022) use the 90th percentile for the analysis of a trivariate
compound flood, and Ruggiero et al. (2010) set the 99.5th percentile in their study on wave
heights. Despite the use of different methodologies, there is a consensus that the selected
threshold should be in the range from the 90th to approximately the 99.5th percentile. The

thresholds determined in this study therefore show good agreement.
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7.2 Characterisation of the Statistical Correlation

The results of the correlation analysis between heavy rainfall and storm surge in Hamburg
showed a slightly positive but not significant correlation. This contradicts the results of most
previous studies in which a statistical dependence between different types of flooding was
established. For the combination of storm surge and heavy rainfall considered in this paper,
significant positive correlations were found for study areas in various parts of the world,
including China (Chen et al., 2023; Lian et al., 2013; Tu et al., 2017; Xu et al., 2019), Canada
(Jalili Pirani & Najafi, 2023) and the USA (Wahl et al., 2015).

Although there is a consensus that in most regions there is a significant positive correlation
between the variables and that this affects the probability and intensity of compound events,
some studies show that certain study areas are exempt from this. For example, Jalili Pirani &
Najafi (2023) find that six of the 41 study areas analysed along the Canadian coast show no
significant correlation between heavy rainfall and storm surge. In their analysis of compound
events involving storm surges, precipitation and waves, Lucey & Gallien (2024) find no
significant correlation in 33% of the scenarios examined. They attribute this to the choice of

event sampling method and different climate conditions (Lucey & Gallien, 2024).

Studies on the occurrence of compound flooding have found that the probability of weather
systems that can trigger heavy rainfall and storm surges varies depending on latitude, local
topography and the shape of the coastline (Chang et al., 2013; Hawcroft et al., 2012; Khouakhi
et al., 2017). Weather systems characterised by strong winds, low pressure and abundant
moisture transportation are cyclones (Khouakhi et al., 2017; Walsh et al., 2016). Tropical
cyclones are responsible for over 80% of compound floods in East Asia and over 50% of
compound floods in Central America and northern Australia (Lai et al., 2021). In mid and high
latitudes, over 60% of heavy rainfall and extreme storm surges are triggered by extratropical
cyclones (Lai et al., 2021). Lai et al. (2021) find a strong positive correlation between extreme
precipitation and extreme storm surges in Asia, Australia, North America and Southern Europe,
as these regions are most affected by cyclones. This result is consistent with the studies
presented, which find a predominantly significant positive correlation in these regions. At the
same time, Lai et al. (2021) note that in many regions of Europe, a nonsignificant correlation
between the two variables dominates. The reason for this lies primarily in the seasonality of
extreme precipitation and extreme storm surges (Ward et al., 2018). These extremes occur in
different seasons in large parts of Europe (Lai et al., 2021). This behaviour is also evident in
Hamburg, where storm surges occur mainly between September and March, while heavy
rainfall events occur mainly between June and August (Hamburg Wasser, 2024). Although

compound floods are also triggered by extratropical cyclones in Europe, this seasonal separation
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ensures that extreme storm surges and heavy rainfall events occur less frequently at the same

time. The non-significant correlation found in this study reflects this effect.

The nature and strength of the correlation between storm surges and heavy rainfall has a direct
impact on the level of the bivariate design values. In regions with a significant positive
correlation, the probability of such compound events is increased, which means that the design
values for a specified return period are higher than would be expected from an independent
consideration of the variables (Chen et al., 2023). This results in a smaller discrepancy between
the design values of the univariate events and the bivariate event. In the present case, the design
values correspond to the values obtained from an independent consideration of the variables.

As a result, the bivariate design values are significantly lower than the univariate values.

7.3 Flood Risk of the Univariate and Bivariate Events

As part of flood risk management, flood hazard maps for storm surges and heavy rainfall events
were produced for the city of Hamburg. A comparison between the official coastal flood hazard
map for an event with a return period of 100 years and the univariate TWL map created in this
study shows a high degree of consistency. This validates that the FFA, in combination with the

hydrodynamic model used, has produced realistic results.

The official heavy rainfall map is not directly comparable with the univariate heavy rainfall
map created in this study due to a different scenario and deviating modelling. In the official
map, a 1-hour extreme event with a return period of 100 years is depicted (BUKEA, 2020),
while the univariate map depicts an extreme event based on 24 hours. Furthermore, the official
map is created using a coupled 1D-2D model that takes into account not only the topography
but also the sewer network, infiltration and interception (BUKEA & RISA, 2024). Although
the univariate map is based on simplified modelling, there are similarities in the general spatial

distribution of areas with a higher flood risk.

To assess the flood risk of a compound event compared to single-driver floods in Hamburg, the
created maps (Figures 11, 12 and 16 — 18) are interpreted. First, the differences between the
univariate storm surge and the compound event are analysed. The univariate storm surge event
has a peak water level that is 76 cm higher than the bivariate event. Despite this, the flood risk
is only minimally higher and is limited to individual areas along the Elbe and in the harbour.
This result demonstrates the effectiveness of the flood protection structures. With a current
height of between 7.5 m and 9.25 m, they are designed to withstand a storm surge with a return

period of 200 years (BUKEA, n.d.a). The flood protection structures are therefore capable of
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withstanding both the lower, bivariate storm surge with a peak of 473 c¢cm and the higher
univariate storm surge with a peak of 549 cm. The flood risk posed by storm surges in Hamburg
can therefore be classified as low and is limited to those areas in front of the flood protection

structures.

An analysis of Figures 12 and 18 shows that rainwater accumulates in hollows, depressions,
lakes and canals if it cannot drain directly into the Elbe. This effect is much more pronounced
in the compound scenario than in the univariate heavy rainfall scenario, even though the total
rainfall in the former is 6.3 mm lower. The observed result that the flood risk is higher in the
compound scenario than in the univariate scenario is consistent with the findings of previous
studies (Xu et al., 2024; Zellou & Rahali, 2019). The reason for this lies in the most significant
difference between the two scenarios, namely the higher water level of the Elbe in the
compound event. The backwater effect is therefore responsible for the higher flood risk. This
describes how rainwater cannot drain away due to the high-water level in the river, causing it
to collect in low-lying areas and tributaries and trigger flooding there (Wahl et al., 2015).
Evidence for this behaviour can be found in the comparison maps (Figures 17 and 18). For
example, it can be seen that the water depth of the Elbe in the bivariate scenario is slightly
higher than in the univariate storm surge event, despite a lower storm surge height. This can be
attributed to the fact that rainwater from the entire city drains into the Elbe. In the univariate
heavy rainfall event, this is evident from the lower extent of flooding, as the rainwater can drain
into the Elbe, which has a low water depth of mean sea level in this simulation. Furthermore,
both comparison maps show that the water depth in some areas directly adjacent to the Elbe is
much higher in the compound scenario than in the univariate scenarios. These are central
tributaries that drain the rainwater from a large area into the Elbe. The high water depth in the

bivariate scenario results from the fact that the outflow is blocked due to the storm surge.

The results of these analyses show that those areas of Hamburg that are at risk of compound
flooding are, on the one hand, those with low elevations. This specifically includes northern
Harburg, parts of Wilhelmsburg, Bergedorf and those areas bordering the Alstersee. On the
other hand, those areas along the central tributaries to the Elbe, especially east of the Norderelbe

and along the canals connecting the Alstersee with the Norderelbe, are also at risk.

7.4 Outlook

The evaluation of the results, in particular the comparison with official maps and similar studies,
has shown that the methodology used produced realistic results that enable an assessment of the

flood risk of a compound event. Nevertheless, there is potential to refine the assessment.
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One option here is to use smaller spatial units for a more detailed recording of rainfall events.
As a study by Verworn Langenhagen & Kuchenbecker (n.d.) shows, precipitation patterns vary
in different parts of Hamburg. An evaluation of precipitation records from various measuring
stations in the city area, accompanied by a calculation of the amount of rainfall for the defined

return period, would enable a more realistic modelling of flood risk.

A comparison of the univariate heavy rainfall map created with the official heavy rainfall hazard
map of the city of Hamburg revealed some differences in flood risk. This can largely be
attributed to the use of a more complex hydrodynamic model. For this study, a pure surface
model was used, which determines the extent and depth of flooding based on topography and
surface roughness. Coupled sewer network and surface models are capable of capturing flow
behaviour on the surface and in the sewer system, as well as modelling interactions between the
two models, such as water entering the sewer system from the surface via manholes (HSB,
2017). When using these models, a DEM with a higher spatial resolution, e.g. 1 m, is usually
used, which enables accurate mapping of ditches and retention areas (BUKEA & RISA, 2024).
Furthermore, hydrological loss approaches, such as infiltration and interception, can be
integrated into the model (BUKEA & RISA, 2024). The use of such complex models enables
greater accuracy in flood simulation but also comes with a high computational cost (Mondal et
al., 2023). Despite this, they are increasingly being used for the analysis of univariate and
bivariate flooding. For example, Fernandez-Pato et al. (2020) simulate flooding caused by
fluvial flooding in Glasgow, and Tang et al. (2025) use a coupled 1D-2D model for the analysis

of compound coastal flooding in urban regions.

The study conducted shows the current flood risk of a compound event. For planning purposes,
such as the dimensioning of sewer systems and flood protection facilities, it is also of central
importance how the flood risk will develop in the future. The evaluation of the projections has
shown that the frequency and intensity of heavy rainfall events will increase in Hamburg
(KLIWA, 2019) and that the height of storm surges will increase with SLR (Klein et al., 2018).
Therefore, the flood risk posed by compound events will also increase in the future (Bevacqua
et al., 2019). In order to include the effects of climate change in the construction of design
values, a series of projections on SLR and heavy rainfall development can be included in the
analysis (Ghanbari et al., 2021). A non-stationary methodology is used to capture future
changes in the probability structure and correlation of the variables. Unlike the methodology
used in this study, the parameters of the probability distributions and the copula are not
stationary but can change over time (Ghanbari et al., 2021). Various studies have adopted this
methodology. For example, Wang et al. (2023) use a non-stationary analysis to determine the
current and future probability of compound flooding from heavy rainfall and storm surges in
Ho Chi Minh City. Their findings show that, when climate change is taken into account, the
design values obtained using a non-stationary methodology for a 100-year compound event are
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15-30% higher than those obtained using a stationary methodology. They also find that the
probability of compound flooding will increase by over 50% by the year 2100 (Wang et al.,
2023). Similarly, Ghanbari et al. (2021) find, using a non-stationary methodology, that the

frequency of compound coastal-fluvial flooding in the south-eastern United States in 2050 will

be two to three times higher than it is today.
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8. Conclusion

The aim of this study was to quantify the flood risk posed by a compound flood from heavy
rainfall and storm surge in Hamburg, Germany, and to characterise the divergence of separately
occurring heavy rainfall and storm surge events with the same return period. This was intended
to close the research gap regarding the lack of assessment of the flood risk of compound events
in Hamburg. In the course of this, two research questions with associated hypotheses were

answered.

The first hypothesis put forward in this paper addresses the research question: ‘How can the
statistical correlation between storm surges and heavy rainfall in Hamburg be characterised?’
The hypothesis states that there is a significant positive correlation between the two factors. As
a result, the probability and intensity of a compound event are higher than it would appear if
the two factors were assumed to be independent. The correlation analysis conducted in this
study found a non-significant correlation between the two variables, thereby rejecting the
hypothesis. The reason for this lies in the seasonal separation of heavy rainfall and storm surge

events.

The second hypothesis deals with the flood risk of univariate and bivariate events with a uniform
return period of 100 years. The first research question posed in this regard is: “Which areas of
Hamburg are at risk from a compound flood caused by storm surge and heavy rainfall with a
return period of 100 years?” The hypothesis states that areas adjacent to the Elbe and its
tributaries, as well as low-lying areas, are generally at risk. The second research question
examines the comparison between the univariate and bivariate events. The question is: ‘What
spatial divergences arise when comparing the flood risk of the compound and individual
extreme events?’. The hypothesis in this case refers to the coastal backwater effect, which leads
to a higher flood risk for the compound event compared to the univariate events. The findings
confirm the hypotheses that were put forward. The evaluation of the maps that were created
showed that the flood risk of a compound event is higher than that of the two univariate extreme
events. The main reason for this is the backwater effect, which prevents the rainwater from

draining into the Elbe, causing significant flooding in the low-lying areas of the city.

The results of this study therefore reinforce the appeal made in previous studies that the
inclusion of compound events in flood risk management in vulnerable regions is essential to
protect people and property from flooding. For Hamburg, it was found that existing flood
protection structures are very effective in defending against storm surges. The primary flood
driver is therefore heavy rainfall. To reduce the flood risk from univariate and, in particular,

compound events in Hamburg, it is essential to reduce surface runoff from rainwater as much
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as possible. The implementation of the ‘sponge city’ concept presented in the context of heavy
rainfall prevention can contribute to this. However, against the backdrop of climate change,
which will lead to a higher frequency and intensity of univariate and compound extreme events

in Hamburg, further measures may be necessary.

The results of this study can also be applied to other regions. The correlation analysis showed
that there is no significant correlation between storm surge and heavy rainfall in Hamburg,
which means that the probability of occurrence / magnitude of the variables for a defined return
period is low. Nevertheless, a high flood risk was identified. As the literature review showed,
this phenomenon could also occur in other regions where a low correlation is expected, such as
in large parts of Europe. However, since there is a positive correlation in most regions of the
world, it is to be expected that the flood risk posed by compound flooding from storm surges
and heavy rainfall will be significantly higher there. This underlines the need for the analysis

of compound flooding to continue to be a high priority in the future.
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Appendix

Table A1l - Pairs of extreme rainfall and associated maximum TWL of the same day used for the
bivariate analysis.

Date Rainfall TWL [cm] Date Rainfall TWL [cm]
[mm] [mm]
01-Aug-2000 35.8 184 09-Sep-2013 22.6 197
27-Jun-2001 24.1 186 12-Oct-2013 24.1 114
23-Aug-2001 22.4 194 04-Nov-2013 27.3 280
07-Sep-2001 24.0 229 08-Dec-2013 20.6 267
18-Sep-2001 30.6 228 04-Apr-2014 20.3 145
11-Feb-2002 30.3 261 08-Jul-2014 28.0 157
28-Jun-2002 29.6 301 22-Dec-2014 36.1 343
17-Jul-2002 45.7 216 13-Sep-2015 25.8 176
21-Jul-2002 35.7 187 15-Nov-2015 33.5 258
01-Aug-2002 36.6 176 21-Feb-2016 24.1 266
26-Oct-2002 26.0 297 24-Jun-2016 26.1 221
16-Nov-2002 20.5 192 22-Jul-2016 359 206
29-Aug-2003 234 194 03-Jan-2017 25.1 276
06-Feb-2004 21 201 19-Mar-2017 23.5 227
09-Jun-2004 20.3 199 19-May-2017 37.1 220
20-Jul-2004 21.1 181 03-Jun-2017 22.9 187
21-Sep-2004 38.6 342 22-Jun-2017 20.6 173
20-Jul-2005 36.4 241 30-Jun-2017 28.1 242
29-Jul-2005 36.6 184 05-Oct-2017 234 309
14-Aug-2006 354 225 03-Jan-2018 22.2 297
18-Jan-2007 24.8 324 21-Jun-2018 20.4 267
16-Jun-2007 28.6 203 27-Aug-2019 394 157
21-Jun-2007 30.6 195 29-Sep-2019 31.1 218
26-Jun-2007 434 314 15-Oct-2019 21.2 209
22-Jul-2007 34.8 183 29-Jan-2020 29.5 264
29-Oct-2007 20.8 214 09-Jul-2020 24.7 195
21-Jan-2008 24.7 221 23-Dec-2020 25.1 190
29-Feb-2008 20.2 194 30-Jun-2021 22.7 226
04-Jul-2008 37.8 240 06-Feb-2022 21.0 314
22-Aug-2008 32.3 203 08-Sep-2022 23.2 169
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16-Oct-2008
23-Mar-2009
01-Nov-2009
10-Dec-2009
26-Mar-2010
30-Mar-2010
04-Nov-2010
05-Feb-2011
02-Jul-2011
13-Jul-2011
05-Dec-2011
24-Jun-2012
29-Jul-2012
21-May-2013
19-Jun-2013

323
253
22.4
35.4
23.7
20.8
36.0
30.4
26.1
24.2
22.0
234
24.5
47.1
28.2

257
282
162
201
180
205
252
391
244
159
251
197
166
180
193
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22-Jun-2023
31-Jul-2023
20-Oct-2023
23-Dec-2023
02-Jan-2024
22-May-2024
27-May-2024
27-Jun-2024
01-Jul-2024
27-Jul-2024
14-Aug-2024
04-Sep-2024
08-Sep-2024
09-Oct-2024
27-Nov-2024

28.8
43.1
21.9
22.4
30.8
28.4
30.5
333
22.4
239
22.8
21.9
24.9
29.0
26.1

217
203
26
301
215
183
206
214
200
220
188
203
205
196
196
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