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Abstract

In coastal regions, several hazards may lead to floods, and if they occur concur-
rently, the damage will be higher than for the hazards individually. The paper
outlines an approach for carrying out a risk analysis with several hazards and
applies it on a case study in Greater Copenhagen where two hazards, rainfall and
sea surge, are both important. The core in the methodology is the application of
copula functions as an extension of one-dimensional risk analysis and projec-
tions of future climatic changes. The results for Greater Copenhagen indicate
that the dependence between the hazards is weak and that climate change most
likely will not increase the correlation. The overall change in flood return
periods over a forecast horizon of 110 years are estimated to decrease by one to
three orders of magnitude.

Introduction

Extreme weather events giving rise to flooding in urban areas
are expected to occur more frequently in the future because
of anthropogenic climate change, and several studies indi-
cate that these changes can already be observed in historical
records (EU, 2007; Solomon et al., 2007; Madsen et al.,
2009). The natural hazards causing flooding include heavy
rain storms that lead to pluvial flooding before the runoff
enters any watercourse or sewer, fluvial flooding from rivers
and other watercourses, coastal flooding from seas and estu-
aries driven by, e.g. tidal waves and storm surges, and rising
groundwater levels caused by combinations of the afore-
mentioned. Several additional phenomena commonly con-
tribute to urban flooding, such as limited conveyance
capacity of urban channels and rivers as well as drains and
sewers because of blockages and infiltration–inflow, and
decades of urban development without upgrading of the
drainage infrastructure. The topography of the urban land-
scape furthermore affects how the surcharging water flows
on the urban surfaces during heavy rainstorms and the
damage incurred. While these mechanisms can, to some
extent, be analysed using state-of-the-art integrated urban
hydraulic modelling systems that currently undergo signifi-
cant developments (Chen et al., 2010; Sto. Domingo et al.,
2010), each hazard is usually analysed separately as indi-
vidual model forcings, i.e. inputs or boundary conditions

(e.g. Morita, 2008). This is partly because the probability of
concurrent events historically has been small and partly
because methods for a systematic analysis of concurrent
hydrologic phenomena have been missing in the hydrologi-
cal toolbox. Climate change may, however, increase the fre-
quency and the magnitude and change the seasonality of
extreme events, which means that concurrent flood hazards
of importance to urban flood risk management may occur
more frequently in the future.

Flood risk assessment is often defined as the combination
of the probability of a flood occurrence and the potential
adverse consequences of the event. The outcome of a flood
risk assessment is therefore an overview of what will happen
when extreme events occur, and it can be measured in mon-
etary, societal, or other costs. Higher flood levels will in
general lead to higher adverse effects, but they will also occur
less frequently. Thus, the maximum flood risk on a long-
term basis may be caused by events with moderate return
periods. Flood risk assessment frameworks such as the Euro-
pean Flood Risk Directive (EFRD; EU, 2007) are usually
applied considering a single type of flooding, typically either
storm surges or fluvial floods (Myronidis et al., 2009).
However, it would clearly be advantageous to make a joint
analysis including all relevant flood hazards in one flood risk
assessment.

The objective of this study is hence to develop and illus-
trate the usefulness of a methodology for analysis of simul-
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taneously occurring hazards in relation to climate change
impacts on urban flooding. Fundamental parts of this meth-
odology are to link state-of-the-art methods within regional
climate modelling, urban flood modelling and statistical
copulas in combination with Monte Carlo (MC) simulation
in a way that is coherent with the risk assessment frame-
work of the EFRD (EU, 2007). Regional climate models
(RCMs)_are currently used worldwide to predict the poten-
tial future development of climatic hazards (frequency,
magnitude, and seasonality) and as a basis for predicting
changing risks and for evaluating adaptation measures
(Arnbjerg-Nielsen and Fleischer, 2009; Jeppesen et al., 2009).
Urban flood modelling has made a leap forwards in
recent years by combining one-dimensional sewer models
with high-resolution digital elevation models and two-
dimensional surface water models (Schmitt et al., 2004;
Smith, 2006; Chen et al., 2010; Sto. Domingo et al., 2010).
Copulas are functions that link individual marginal variables
into a multivariate distribution while describing their inter-
dependency, i.e. they provide a means to mathematically
calculate the probability of simultaneously occurring flood
hazards for historical observations. Multivariate statistical
methods for extremes are important in many disciplines
such as hydrology and finance. An example of a non-copula
formulation for hydrology can be found in Yue (1999).
Lately, copula functions have, however, become popular
because of the high flexibility in describing dependencies
between variables, as can be seen in an overview of recent
copula applications created by the International Association
of Hydrological Sciences (STAHY, 2011). Finally, MC simu-
lations are used to predict present and future extremes by
assuming an underlying dependence structure.

The methodology is demonstrated using a specific catch-
ment area in Copenhagen, Denmark. Being a coastal city
connected to the Baltic Sea and traversed by several minor
rivers that cut through the moraine sub-surface, Copenha-
gen is potentially influenced by several of the above-
mentioned flood hazards. An initial screening, however,
showed extreme rainfall and storm surge to be the most
important, and the methodology is therefore illustrated for
the bivariate case. Finally, it is shown how the probability of
flooding caused by the two hazards can be combined with
the adverse effects in a simple graphical method, thus
providing the basis for a complete dual-hazard flood risk
assessment.

The methodology section is devoted to conceptualisation
and mathematical detailing of the flood risk assessment
framework based on joint probabilities. The third section
then outlines the case area used as an example and shows
results obtained from each of the steps included in the meth-
odology, whereas the fourth section discusses the results and
the methodology, and the main conclusions are summarised
in the last section.

Methodology

Flood risk assessment framework

In general, the risk assessment output, R, based on only one
hazard, can be formulated as

R f T d A dTdA g T A g d A dTdA
T A T A

= ( )( ) = ( ) × ( )( )∫∫ ∫∫, ,
, ,

1 2

(1)

where T is the return period of the hazard, d is the adverse
consequence of the hazard that depends on the characteris-
tics of the study area A, g1(·) is the actual hazard (e.g. inun-
dation) for given A and T, and g2(·) is a cost function
expressing the damage induced by exposure to the hazard as
determined by the vulnerability of the urban environment.
Note that Eqn (1) implies that the risk, R, becomes the
expected (monetary) annual costs, and hence directly may be
included in the decision process for identifying and selecting
risk mitigation. Figure 1 (top) illustrates how the dominat-
ing contribution to the overall flood risk typically comes
from medium return period floods, as the small and fre-
quent floods typically cause little damage and the very large
and catastrophic floods occur rarely.

When analysing several hazards, g1(T) is a stochastic
vector where the elements are dependent. The overall risk
can then be calculated by a similar integration as shown in
Eqn (1) of g1(·) and g2(·), given that the dependence between
the hazards is known. However, just as the graphical illustra-
tion in the one-dimensional case, it can be important to
illustrate the contribution (and thus importance) of each of
the hazards relative to each other and the vulnerability. The
objective is thus to construct a n-dimensional relationship
that quantifies the same information from n hazards as the
one-dimensional graph in Figure 1 (top) shows with respect
to Eqn (1). An example for n = 2 is shown in Figure 1
(bottom). The overall multiple-hazard flood risk assessment
framework developed in this paper includes the steps below:
1. Identify the case area and the basic data sets for charac-

terising the relevant hydrologic hazards and select rel-
evant flood risk indicators expressing the vulnerability of
the catchment.

2. Identify a suitable way to model the seasonal distribution
of the statistical properties of the identified hazards. In
this study, we focus on extreme rainfall and storm surge
data and to model these by means of the partial duration
series (PDS) approach, which involves analysing only the
extreme region of the available data.

3. Estimate the relative change in the seasonal statistical
properties of the hazards between a control (present) and
a scenario (future) period and how this affects the sea-
sonal PDS parameters of the hazards.

4. Generate synthetic time series of the hazards by MC
simulations based on the seasonal PDS models for the
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control and the scenario period, to establish a data set
large enough to quantify the dependence between the
hazards.

5. Identify a suitable copula function to describe the
dependency between the hazards and calculate the con-
ditional probability (or return period) of concurrent
events for the control and the scenario period.

6. Calculate the impact of the concurrent hazards on the
cost function, g2(·), for all relevant return periods using a
suitable simulation model coupled with a digital eleva-
tion model and taking the predefined hazards as model
forcings.

7. Link the conditional probability (or return period) of
concurrent hazards with the cost function and illustrate
this in a manner that readily reveals the overall risk level

for different combinations of hazards, cf. Figure 1 (right).
In Figure 1, the red dots indicate for any given return
period the combination of hazards that result in the
highest value of the cost function.
It is for the sake of simplicity assumed in the following

that the case area does not undergo any changes in the future
scenario, but such changes could be incorporated in the
methodology as described by Zhou et al. (2012). Steps 2–7 of
the methodology are elaborated further in the paragraphs
below.

PDS approach

The PDS approach is applied to monthly data series in
this study using either the generalized Pareto distribution
(GPD) or exponential distribution (ED) to model the
extreme events that exceed a pre-defined threshold (b) and
assuming that the number, N, of extreme values in a period
of T years follows a time-homogeneous Poisson process
with intensity l (expected number of threshold exceed-
ances per year). With type II sampling to define the
extreme value region (fixed N or l, see, e.g. Mikkelsen
et al., 1996), the distribution parameters are the threshold
(sometimes referred to as the location parameter, b), the
scale parameter (a) as well as a shape (k) parameter (for
the GPD).

The cumulative density function for the GPD and ED is
shown in Eqns (2) and (3), respectively (Madsen, 2005).

F x
x

GP ( ) = − + −⎛
⎝

⎞
⎠1 1

1

κ β
α

κ

(2)

F x exp
x

exp ( ) = − − −⎛
⎝

⎞
⎠1

β
α

(3)

where x is the magnitude of the event.
The p-quantile of the distribution can be found by the

following equation (Madsen, 2005):

x F pp = ( )−1 (4)

where p = P(X � x). The T-year event refers to the level of X
that is exceeded on average once in T years and is usually
defined as the [1 - 1/(lT)]-quantile in the distribution of
the exceedances (e.g. Rosbjerg, 1985), where T denotes the
return period, i.e.

T
p

=
−( )

1

1 λ
(5)

The magnitude of a T-year event can then be found for the
GPD and ED using Eqns (6) and (7), respectively (Madsen,
2005).

x̂
T

T = + − ⎛
⎝

⎞
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⎥β α

κ λ
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Figure 1 Comparison of one- and two-dimensional risk analysis
visualisations. The top figure shows which return periods contrib-
ute mostly to the overall risk in a risk framework focusing on a
single hazard as shown in, e.g. Morita (2008) and Zhou et al.
(2012). The bottom figure shows the return periods calculated by
means of copula functions for two concurrent hazards (solid
lines), a vulnerability indicator (shaded areas) and the resulting
most detrimental combination of return period and vulnerability
(dashed line with red markings).
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x̂ ln
T

T = − ⋅ ⎛
⎝

⎞
⎠β α

λ
1

(7)

The parameters b, a, and k are here estimated from
monthly series of daily data using the statistical toolbox EVA
(DHI, Hoersholm, Denmark) (Madsen, 2005).

Prediction of future change of flood hazards

Once the statistical properties (PDS parameters l, a, and k,
cf. above) of the hazards have been estimated, the challenge
is to predict their future values as potentially influenced by
climate change. The approach taken here is to rely on simu-
lations with RCMs downscaled from simulations with global
climate models, for a control period (resembling the charac-
teristics of the present) and for a future scenario period
(resembling the characteristics of a projected future).

In the simplest case, such simulations can be used to esti-
mate ‘climate factors’ (CFs)

CF
x

x
T

T scenario

T control

=
ˆ

ˆ
,

,

(8)

expressing the potential development in relevant flood
hazards for defined return periods, T, because of climate
change. CFs can be applied to the estimated PDS parameters
based on heuristic arguments much like the delta change
values used when perturbing baseline meteorological data
with, e.g. monthly change values (e.g. van Roosmalen et al.,
2009). This method has been applied on several studies con-
cerning extreme precipitation hazards based on scaling of
properties of extreme rainfall (e.g. Grum et al., 2006; Larsen
et al., 2009; Onof and Arnbjerg-Nielsen, 2009).

The climate change impacts on other hazards related to
floods are less easily calculated because the key hazard is not
computed directly in the RCMs. Hence, some form of post-
processing must be carried out independently of the RCM
outputs. In the case of sea surges, the regional mean changes
of the sea level relative to the land must be added to the
maximum current surge statistics as well as a measure of
changes in wind-induced changes in wave height extremes.
In this study, we find a good correlation between monthly
extremes of wind speed from RCMs as calculated by Rockel
and Woth (2007) and observed monthly extremes of water
levels in the control period. Based on this empirical finding,
we establish a method for constructing future sea surges.
When evaluating future occurrences of fluvial floods and
groundwater-induced floods, actual hydrological models
must be set up, e.g. van Roosmalen et al. (2009).

MC generation of times series of flood
hazards extremes

The historical recordings of the time series of flood hazards
are in general too short to allow direct estimation of the

copula functions and, furthermore, time series are obviously
not available for a potential future influenced by climate
change. Therefore, artificial series of extremes of the hydro-
logical hazards are generated based on MC simulations using
PDS models described above. Two synthetic periods are
simulated representing the control period (present climate
scenario, 1961–1990) and the future scenario period (2071–
2100), respectively. A daily time step is used, which can be
justified by the catchment and phenomena under study (as
explained in the Application example). Generation of the
artificial time series of extremes are carried out in the fol-
lowing manner:
1. Randomly generate, for each flood hazard and for both

the control and the future scenario, from a uniform dis-
tribution a set of data between 0 and 1 for each day, d, of
each month, m, in a 1000-year period

r i d m y
r

i

i

, , , , , ; , , ; , , ,
;

= = = =( )( )
∈[ ]

1 1 30 1 12 1 1000
0 1

… … … …
(9)

If ri is larger than (1-l) (i.e. the monthly rate of occur-
rence of extremes in the Poisson process), then the date is
considered to contain an extreme event for the particular
hazard.

2. The magnitude of each extreme event is calculated by Eqn
(6) or Eqn (7), respectively, where T is calculated by Eqn
(5) using ri as p.
The generated daily time series will then consist of a date

and a vector of randomly generated values of extremes, one
for each flood hazard.

The artificial time series are generated assuming no cor-
relation between the occurrences of extreme hazards, except
for covariation due to seasonal variation of the probability
of extremes. If the resulting artificial time series has a diffe-
rent correlation structure between the extremes than that
observed in the historical observations, the simulations can
be improved by making conditional simulation of an
extreme given that another extreme has occurred.

Copula

The theoretical basis for copulas was mentioned by Sklar
(1959, cited in Nelsen, 2006) but has recently been introduced
in topics such as hydrology (Serinaldi and Grimaldi, 2007;
Singh and Zhang, 2007; Zhang and Singh, 2007; Schölzel and
Friederichs, 2008; Chowdhary et al., 2009; Pinya et al., 2009;
STAHY, 2011). The joint distribution between two random
variables X and Y is given by (Zhang and Singh, 2007)

H x y P X x Y y h u v dudv
yx

, , ,( ) = ≤ ≤( ) = ( )
−∞−∞∫∫ (10)

where x is a value of X, and y is a value of Y. To express the
copula function of two random variables, the Archimedean
family of copulas can be used. Here, U = FX(x) and
V = FY(y) are uniformly distributed random variables, and u
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and v are specific values of U and V, respectively (Zhang and
Singh, 2007). The one parameter Archimedean copula is
given by

C u v u v H x yθ φ φ φ, ,( ) = ( ) + ( )( ) = ( )−1 (11)

where f is a copula generator and should be a convex
decreasing function where f(1) = 0 and f-1(0) = 0, when u or
v � f(0) (Zhang and Singh, 2007). Several copula families
are available, but we chose the Gumbel–Hougaard copula
because closed-form relations are available:

C u v t tθ
θ θ θ

θ
θφ= − −( ) + −( )⎡⎣ ⎤⎦( ) ( ) = −( )exp ln ln , ln

1
(12)

where the copula-parameter q represents the degree of asso-
ciation between the two variables and is estimated from
Kendall’s tau coefficient of correlation (t) between u and v
(Zhang and Singh, 2007; Pinya et al., 2009):

θ
τ

=
−
1

1
(13)

Kendall’s tau can be calculated as (Pinya et al., 2009):

τ X Y
P

N n
P ni

i

N

, ;( ) =
−( )

− =
=
∑4

1
1

1

(14)

where N is the number of observations, and ni is the number
of Y’s (Yi+1, . . . , YN) in a ranked order of X that are higher
than Yi. Goodness-of-fit procedures are discussed in, e.g.
Genest et al. (2007), who presents a review of methods.

For a bivariate distribution using PDS, the following is
valid for the joint return period (Zhang and Singh, 2007).

T x y
H x y

X Y, ,
,

( ) =
⋅ − ( )( )

1

1λ
(15)

Eqn (15) indicates that either x or y or both x and y are
exceeded once every T years. To find the return period of the
concurrent event, where both x and y are exceeded, Eqn (16)
can be used (Viessman and Lewis, 2003).

P X Y P X P Y P X Y∪ ∩( ) = ( ) + ( ) − ( ) (16)

where P(X�Y) is the probability for two events to be union,
thereby the term ‘the probability of X or Y’ and P(X�Y) is
the probability for two events to be concurrent, thereby the
term ‘the probability of X and Y’. P(X) and P(Y) are found
from the extreme value distribution of the single event.

It should be mentioned that copulas in this article is used
for combining two random variables. Extensions to three-
dimensional applications of the copula method are relatively
easily accomplished as shown by, e.g. Serinaldi and Grimaldi
(2007) and Pinya et al. (2009).

Calculation of vulnerability

The vulnerability of the catchment is quantified in terms of
the cost function, g2(·). Calculation of the cost function is

not the key aspect of the study, and hence the amount of
flooded area is used to represent g2(·). A model is set up for
the urban drainage system including the surface topography
to calculate the flood hazards in the area given the external
forcings rainfall extremes and/or sea surges. The simulation
program used is Mike Flood (Sto. Domingo et al., 2010;
DHI, 2011), consisting of a Mike Urban module to simulate
one-dimensional flows in the urban drainage system, and a
Mike 21 module to simulate two-dimensional flows on the
surface. Inputs are the complete sewer network including
outlets to the low-lying river and the coastal area, and a
digital terrain model with a resolution of 1 point per square
metre. The storm surge is modelled by fixing the water level
in the coastal cells of the digital terrain model to that of the
storm surge level. Thereby the hydraulic head needed to
force the water out of the catchment area is represented
realistically.

Linking concurrent probabilities with flood
hazard indicators

In a risk framework considering only one hazard, it is easy to
map the combination of the return period of the hazard and
the corresponding cost as shown in Figure 1 (top) (e.g.
Morita, 2008). Such a figure illustrates the contribution of
each return period to the overall risk, R. Correspondingly, it
is of interest to see which hazard contributes the most to the
overall risk by combining information about several hazards
and the vulnerability. This can be done as suggested in
Figure 1 (bottom) for the case of two hazards. The artificial
example shows a case where the two hazards are equally
important for low-return periods. For medium-return
periods, the dashed line is almost vertical, indicating that
hazard 2 is the most important for these return periods. By
depicting R(T) corresponding to the course of the dashed
line, a curve similar to the one-dimensional case can be
achieved.

Application example

Catchment and historical observations

The case area studied is the downstream part of a 70-km2

catchment in Greater Copenhagen, Denmark. Copenhagen
is a coastal city connected to the Baltic Sea via the Øresund
belt. The considered area covers part of the Købanhavn and
Hvidovre municipalities, which are separated by the Harre-
strup Å river that discharges into the Kalveboderne bay. The
part of the catchment that is most vulnerable to flooding is
shown in Figure 2 (left). Harrestrup Å river has very low dry
weather flows, but it receives substantial amounts of wet
weather discharges from separate and combined sewer
systems. Due to a very high rate of urbanisation, the concen-
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tration time is about 3 h. Kalveboderne is connected to
Øresund, and both the river and the catchment are thus
vulnerable to storm surges from the Baltic. For the sake of
simplicity, we chose the spatial extent of flooding as a simple
way to represent the vulnerability. Some of the coastal areas
are protected with dikes, especially near industrial areas.

Sonnenborg et al. (2006) studied the potential impacts of
climate change on water resources in Denmark and con-
cluded that the seasonal distribution of streamflow and
groundwater levels are not subject to change, and neither are
currently considered critical to flooding in the area, due to
manmade drains and manipulated riverbeds ensuring very
high flow capacity of the river. Excluding these effects allows
focusing this study on the effects from extreme rainfall
(pluvial flooding) and storm surges (coastal flooding).
Figure 2 (right) shows an example of a simulated flooding
caused by a combination of extreme rainfall and a high water
level in the bay illustrating that as expected, the flooded areas
appear along the coast (mainly due to the surge) as well as
inside the urban catchment (due to the extreme precipita-
tion load).

Observed rainfall data (1979–2008, i.e. 30 years) from a
tipping bucket gauge with 0.2 mm resolution at Hvidovre
waterworks was used to derive statistical 3-h duration rain-
fall events (matching the hydrological response time of the
catchment) that could be used as representative rainfall
input. This gauge is part of the Danish regional network of

high-resolution rain gauges (Jørgensen et al., 1998; DMI,
2009), for which regional intensity–duration–frequency
relationships have been constructed (Madsen et al., 2002,
2009). Observed sea-level data (1992–2007, i.e. 16 years)
from the Drogden Fyr station in Øresund close to the Kalve-
boderne bay (Kystdirektoratet and Transportministeriet,
2007) were used to establish the storm surge statistics for the
current climate.

Extraction of extremes and modelling of their
monthly distributions

All extreme events were extracted from the basic data series
on the basis that there should be 24 h between two extreme
events, and the inter-event level should be lower than 30% of
the highest value. A total of 271 extreme 3-h duration rain-
fall events were extracted from the 30 years of rain data, and
204 extreme sea levels were extracted from the 16 years of
data. The observations from the period where both gauges
were recording is shown in Figure 3; 162 extreme rainfall
events and 204 sea surge were registered, of which 49 events
were concurrent (Figure 3, blue dots) when using thresholds
of 6 mm/3 h for rainfall and 0.3 m for sea level. These
thresholds were used here to ensure a reasonable amount of
concurrent observations while at the same time ensuring
that only the observed extremes were included in the PDS
modelling.

–7.7 – –2
–2 – 0
0 – 2
2 – 4
4 – 6
6 – 8
8 – 10

10 – 12
12 – 14
14 – 16
16 – 18
18 – 20
20 – 22
22 – 24
24 – 26
26 – 33

Legend
Industry
Green areas
Urban Areas

High: 10.102

Low: 0.00063

Elevation (m)

Inundation (m)

N

Figure 2 Case study area. Left: digital terrain model of the downstream catchment area. Right: flooding in the area when a rainfall event
of 100 mm/3 h happens at the same time as a water level in the bay of 2 m. A dike protects Avedøre Holme from direct flooding from
the surge, which is why flooding is relatively modest in this low-lying area. The simulated inundation shown in the figure corresponds
to an extreme event with a calculated return period of more than 1 000 000 years in the present climate.
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The extracted extreme value series were divided into
monthly series, and the PDS parameters were estimated for
each month assuming ED of the exceedances Eqn (7), as the
number of observations in each month were too few to allow
a more complex model such as the GPD Eqn (6). The results
are shown in the upper parts of Table 1 and Table 3 for
extreme rainfall and sea surges, respectively.

Annual exceedance series of extreme rainfall and sea level
is modelled as a GPD Eqn (7) and ED Eqn (6), respectively.

Prediction of future extremes

Extreme rainfall intensities giving rise to pluvial flooding are
not well represented in state-of-the art RCM simulations at
the 25–50 km spatial grid scale, and linking of RCMs with
ocean and estuary models to simulate storm surge is still in
its infancy (Solomon et al., 2007). Therefore, crude assump-
tions must be made, and the inherent uncertainty of the
projection is large because of incomplete knowledge about
the processes governing the changes over time. The RCM
model outputs available for the study on which the rainfall
projection is based is from a high-resolution simulation
using the RCM model HIRHAM4 (Christensen and Chris-
tensen, 2007). The simulation is run using a high-middle
emission scenario describing a heterogeneous world with
little economical integration, a continuously increasing

population and a slow technological development, often
denoted the A2 scenario (Nakicenovic et al., 2000). To keep
consistency, the sea-level rise expected will be based on the
same scenario. Furthermore, we chose to focus on changes
over a period of 110 years, using 1961–1990 as control
period and 2071–2100 as scenario period, in accordance
with most of the IPCC literature (e.g. Christensen and
Christensen, 2007).

Extreme rainfall

Climate factors for monthly PDS parameters for rainfall
were obtained from a recent Danish RCM study using a
12 km spatial resolution (Gregersen and Larsen, 2007;
Larsen et al., 2009). Figure 4 shows monthly climate factors
for the Poisson intensity (l) and the scale parameter (a) of
the monthly PDS models for 1-h rainfall intensities as
obtained from Gregersen and Larsen (2007). According to
Gregersen and Larsen (2007), the uncertainty of estimating
the shape parameter (k) from the RCM output was too large
to identify a change from the control to the future scenario
period, and k was therefore assumed not to be influenced by
climate change. We assume that these factors are also valid
for 3-h rainfall and obtained monthly PDS parameters for

Table 1 Parameters of the exponential distribution for precipitation for control and future scenario for each month

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Control b (mm/3 h) 6 6 6 6 6 6 6 6 6 6 6 6
a (mm/3 h/year) 1.52 0.63 2.16 2.76 2.99 5.99 5.40 6.06 4.45 3.61 2.61 1.55
l (month-1) 0.016 0.011 0.011 0.023 0.041 0.071 0.061 0.085 0.059 0.047 0.029 0.017

Future b (m) 6 6 6 6 6 6 6 6 6 6 6 6
a (m/year) 2.52 1.03 4.69 5.43 4.65 8.85 8.58 9.11 6.28 5.53 3.86 2.55
l (month-1) 0.036 0.016 0.015 0.017 0.035 0.072 0.060 0.057 0.055 0.080 0.029 0.016
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Figure 3 Concurrent dataset (1992–2007) for water level and rain-
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the future scenario period by direct multiplication of the
climate factors with the monthly PDS parameters estimated
from the observations. The ‘climate-adjusted’ PDS param-
eters for 3-h rainfall are shown in the lower part of Table 1.

Storm surge

The level of storm surges is influenced by a change in global
mean, in regional mean, land-uplift, and changes in the
extremes. Changes in the extremes are assumed to be
affected primarily by changes in the wind extremes, while the
other processes are assumed to be constant in the future
scenario and independent of changes in the extremes.

According to Meehl et al. (2007), the global sea water-level
rise is projected to be 0.37 m (0.23–0.51 m) for the A2
scenario, and due to regional differences, the water level is
projected to increase additional 0.2 m around Denmark. A
land-uplift will occur at a rate at 10 cm/100 years, which will
reduce the impact of sea-level rise (Copenhagen Municipal-
ity, 2009). Based on this information, the local increase in sea
level is assumed to be on average 0.5 m in the future sce-
nario. The sea-level rise occurring throughout 2070–2100 is
neglected. Therefore, the location parameter, b, in the PDS
model is increased from 0.3 to 0.8 in the future scenario.

Rockel and Woth (2007) found that extreme wind events
occur from October to March for a simulated control period

1960–1991, which is also the period where extreme storm
surges happen. Based on their study, we have found that
there is close agreement between characteristics of simulated
wind extremes and observed surges. We use this correlation
to predict characteristics of the future monthly surges in
a ‘space-for-time’ approach, based on Euclidean distance
between simulated present and future wind extremes. As an
example, the future wind speed extremes in February is
expected to be similar to the historical January, and therefore
the scale (a) and Poisson (l) parameter for the future Feb-
ruary is the same as for the historical January, recalling that
the threshold value is adjusted according to the general pat-
terns of average sea-level rise. The resulting changes in the
wind extremes and their influence on occurrences of surges
are summarised in Table 2, and the PDS parameters of the
model is summarised in Table 3 (lower part).

Generation of synthetic hazard time series

For both rainfall and sea levels, and for both the control and
the future scenario periods, synthetic daily time series were
generated as explained in the Methodology section using
MC simulation for 1000 years. The parameters used in the
MC simulations are shown in Tables 1 and 3. These gener-
ated synthetic time series were then used as a basis for esti-
mating non-seasonal PDS models for each hazard and each

Table 2 Changes in wind speed according to Rockel and Woth (2007). The parameters a and l are changed in the future scenario
accordingly

99th percentile mean
wind speed (m/s)
(Rockel and Woth, 2007)

Changes in a future
A2 scenario (m/s)
(Rockel and Woth, 2007)

99th percentile mean
wind speed in a future
A2 scenario (m/s)

Correspond
to which
month today?

January 14.8 -0.17 14.7 January
February 13.8 +0.6 14.4 January
March 13.6 -0.5 13.1 April
April 12.9 -0.7 12.2 May
May 12 -0.4 11.6 May
June 11.2 0 11.2 June
July 11 +0.3 11.3 August
August 11.3 +0.3 11.6 August
September 12.4 -0.4 12 Sep
October 13.2 +0.3 13.5 Nov
November 13.3 -0.2 13.1 Oct
December 14 +0.2 14.2 Dec

Table 3 Parameters of the exponential distribution for sea surges for control and future scenario for each month

January February March April May June July August September October November December

Control b (m) 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
a (m/year) 0.25 0.20 0.18 0.17 0.07 0.04 0.05 0.08 0.11 0.15 0.19 0.17
l (month-1) 0.15 0.18 0.12 0.06 0.02 0.04 0.10 0.09 0.15 0.11 0.19 0.17

Future b (m) 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
a (m/year) 0.25 0.25 0.17 0.07 0.07 0.04 0.08 0.08 0.11 0.19 0.15 0.17
l (month-1) 0.15 0.15 0.06 0.02 0.02 0.04 0.09 0.09 0.15 0.19 0.11 0.17
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period. PDS models were also constructed based on the
observed time series. The results are shown in Figure 5.
Based on the figures, it seems reasonable to conclude that the
marginal distributions for the control period resemble the
observed data well.

Copulas

Kendall’s Tau, t, and the corresponding Gumbel–Hougaard
copula parameter, q, were calculated for each of the series
(see Table 4). The correlation is positive, but very low for all
series, indicating that the hazards are close to being inde-
pendent of each other. Formal testing of goodness of fit of
the copula function was not carried out because the under-

lying assumption was that the correlation was only due to
annual variation. The correlation for the control series is as
high as for the observed series, justifying the assumptions
about correlation structure between the two hazards. Inter-
estingly, it seems that the correlation between the extremes is
not higher in the future simulations, even though there is a
larger overlap in time of concurrent events.

The overall return periods will, however, change substan-
tially due to changes in the marginal distributions of both
precipitation and surges. The concurrent return period of
the bivariate copula for the control and future scenarios can
be seen in Figure 6.

When comparing the future with the control scenario, the
probabilities change, and the return periods for the future
scenario period become smaller than for the control period.
This indicates that a concurrent event will happen more
often in the future. The difference in calculated return period
for the joint exceedance probability ranges from less than
one order of magnitude to almost three orders of magnitude
as shown in Figure 7.

Calculation of flood risk

By simulating selected combinations of storm surge and
rainfall in the study area by Mike Urban (DHI, 2011), it is
possible to find the flooded area for different combinations
of storm surge and rainfall. An example of the flooding
extent in the area can be seen in Figure 2 (right). By inter-
polating the different combinations, a grid of the flooding
extent can be made, resulting in the coloured background
layer in Figure 6.

The risk analysis of the case study area can then be visu-
alised as shown in Figure 6, representing g2(·) by the amount
of flooded area. The maximum cost for each return period is
indicated with a red dot, and the blue markings of the return
period curves indicate that the cost is less than 5% below the
maximum cost. In that way, it can be seen for which combi-
nation of the two hazards the most damaging effect of a
certain return period is. The results indicate that in the
control period, the dominating hazard is rainfall, while in
the future scenario, the dominating hazard for high-return
periods is sea surges. For relatively low-return periods, the
dominating hazard is still rainfall.

Figure 8 shows the change in maximum risk between the
control and the future scenario as a function of return
period as indicated in Figure 1. Integration of this curve over
the return period will yield the overall maximum risk
according to Eqn (1). In the case study, this integration
would not yield realistic results because of the simple cost
indicator. Indeed, Figure 8 highlights the shortcoming of
using the amount of flooded areas as an indicator. The actual
cost of flooding of the first 600–700 ha of land is low because
the land is not developed for urban use. However, the
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Table 4 Estimates of t and q based on the three series of extremes

Observed Control Future

t 0.082 0.088 0.076
q 1.0893 1.0963 1.0827
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remaining areas are fully developed urban areas with a high
cost of flooding per unit area. Therefore, the actual change in
risk is much higher than the change in calculated risk would
indicate.

Discussion and conclusion
The main focus of the paper is to outline a methodology
suitable for studying floods caused by several concurrent
hazards and to study the influence of anticipated climate-
induced changes for these hazards. The case study indicates
that changes in the return periods of one to almost three

orders of magnitude is likely and that sea surge will become
more detrimental than precipitation for some return periods
for the Greater Copenhagen region. The results of the analy-
sis should be interpreted with caution. Indeed, we acknowl-
edge that there are some weaknesses in the application of the
framework that contribute to the uncertainty of the analysis.
These shortcomings are discussed below.

First, the assumption of lack of correlation between the
two hazards may seem unrealistic from a meteorological
point of view. Both precipitation extremes and sea surges
occur when large fronts are passing over the catchment.
However, as the results indicate, the assumption seems good
in the sense that historical observations can be reconstructed
using a MC framework. We interpret this result as in indi-
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cation that even though some underlying meteorological
processes suggest a correlation, the processes of generating
extremes are quite different from the average of these
processes.

As discussed in section 2.3, the ideal prediction of future
extremes would be based on several downscaling experi-
ments with a range of emission scenarios and driving global
models with different sensitivity to greenhouse gas emis-
sions. However, these are not generally available for relevant
urban flood risk hazards, and in any case, the uncertainty
would be underestimated because of incomplete knowledge.
As an example of such incomplete knowledge, the recent
suggestions of higher average sea-level rise can be men-
tioned, as well as rather large changes in precipitation
extremes in the catchment over the last two decades. As an
example of such changes, we note that two precipitation
events larger than the maximum precipitation hazard mod-
elled in this study have been recorded in the greater Copen-
hagen region during 2010 and 2011.

Even given the shortcomings discussed above, it seems
reasonable to conclude that the risk of concurrent hazards is
low for the catchment in question. It is also reasonable to
assume that the suggested change in the relative importance
of the hazards is a tangible outcome that is quite certain in
spite of the uncertainties.

The initial hypothesis of a higher correlation between the
two hazards due to a higher overlap in time was not con-
firmed by the results of the study. This can to some extend be
a result of inadequate predictions of the future behaviour of
extremes. A research programme has just been initiated to
study the processes of sea surges for the Baltic region.
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