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Abstract. Flood events cause significant damage not only
on the surface but also underground. Infiltration of surface
water into soil, flooding through the urban sewer system and,
in consequence, rising groundwater are the main causes of
subsurface damage. The modelling of flooding events is
an important part of flood risk assessment. The processes
of subsurface discharge of infiltrated water necessitate coupled modelling tools of both, surface and subsurface water
fluxes. Therefore, codes for surface flooding, for discharge in
the sewerage system and for groundwater flow were coupled
with each other. A coupling software was used to amalgamate the individual programs in terms of mapping between
the different model geometries, time synchronization and
data exchange. The coupling of the models was realized on
two scales in the Saxon capital of Dresden (Germany). As a
result of the coupled modelling it could be shown that surface
flooding dominates processes of any flood event. Compared
to flood simulations without coupled modelling no substantial changes of the surface inundation area could be determined. Regarding sewerage, the comparison between the influx of groundwater into sewerage and the loading due to infiltration by flood water showed infiltration of surface flood
water to be the main reason for sewerage overloading. Concurrent rainfalls can intensify the problem. The infiltration of
the sewerage system by rising groundwater contributes only
marginally to the loading of the sewerage and the distribution of water by sewerage has only local impacts on ground-
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water rise. However, the localization of risk areas due to
rising groundwater requires the consideration of all components of the subsurface water fluxes. The coupled modelling
has shown that high groundwater levels are the result of a
multi-causal process that occurs before and during the flood
event.

1

Introduction

Flood events in recent years caused significant damage to urban areas in Europe and indeed all over the world. As the
economic value of urban areas has increased the total losses
due to flooding have grown. There are different reasons for
flood damages. Firstly, the riverine surface flooding is the
most visible and thus the most recognised type of flooding.
This causes damage mainly to housing and property, saturating both buildings and contents. Secondly, flood water flowing into the urban sewerage system can cause it to overflow.
Water can discharge onto the surface or into the basements
of buildings. Thirdly, a rising groundwater table is an often neglected cause of flood damage. The combination of
infiltrated flood water and the influx of groundwater from
recharge areas can cause groundwater to rise in areas not
previously at risk of surface flooding. In the flooding that
occurred in the State of Saxony in August 2002, 16% of the
damage done to public premises was caused by groundwater (Huber, 2003). Fast rising groundwater levels resulted in
a variety of problems, such as structural instability of buildings through buoyancy effects (Beyer, 2003), infiltration of
groundwater into the sewerage system (Karpf and Krebs,
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2004), recontamination of soils and sediments by polluted
groundwater, remobilization of pollutants and the endangering of drinking water (Marre et al., 2005).
The impact of both surface flooding and discharge in the
sewerage system on the groundwater were studied in Dresden after the flood of August 2002. These investigations
focussed on the impact of surface flooding and the flooded
sewer network on groundwater dynamics and groundwater
quality. It was shown, that the processes of the water dynamics were the most important factor of the flooding on the
groundwater (LH DD, 2005).
Thus, more detailed knowledge of the interaction of all
three zones of the urban water system, the surface flooding, the sewer network and the groundwater was necessary.
The modelling of flooding events is an important part of
risk assessment (e.g. Oberle et al., 2000; Nieschulz et al.,
2001; Oberle, 2004; Büchele et al., 2006). Whereas individual solutions for one or at most two coupled processes exist
(Gustafsson et al., 1997; Yang et al., 1999; Nieschulz et al.,
2001; Lerner, 2002; Hsu et al., 2002), there is still a lack of
modelling more complex systems integrating the three flow
regimes.
Whereas many cities situated alongside rivers have models
simulating surface flooding and discharge in the sewerage
system only few cities also have groundwater models. So the
aim of this project is to connect the existing models using a
coupling software.
The forecasting of groundwater flood events with regard
to the maximum groundwater level and the development of
the groundwater table is not congruent with the forecasting
of riverine surface flood propagation. Multiple factors affecting groundwater dynamics such as the pre-event groundwater level, the pre-event soil moisture, groundwater recharge
and characteristics of the flood event itself, as well as the response of tributary streams, determine the groundwater dynamics during and after flood events. Therefore, the prediction of groundwater has to be based on scenarios which
include the various boundary conditions.
This paper concentrates on the main water fluxes and interactions between surface flooding, sewerage and groundwater by applying a coupled modelling system. The coupling method and it’s application to the case study of the German city of Dresden, which was strongly affected by floods
in August 2002 and spring 2006 (Engel, 2004; Belz et al.,
2006), are described. The evaluation of the modelling results
leads to general conclusions for flood control strategies that
include groundwater.

2

Subsurface water fluxes and their effects
during a flood

The first step in coupling models is to identify the coupling
parameters. Therefore, it is necessary to identify relevant
water fluxes between surface flooding and subsurface water.
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The influence of surface water on groundwater is observable
in data from groundwater measuring wells. Figure 1 shows
two types of groundwater hydrographs in Dresden during the
August 2002 flood. Depending on the distance to the receiving stream the groundwater rises either fast or slowly.
Close to the receiving stream the groundwater dynamics correspond with the dynamics of the flood, the dominating effect
being a direct water flux from the surface flood into groundwater. Further away from the flooded river and the flooding
areas the groundwater rises slowly but the groundwater table
can remain on a high level for a considerable amount of time.
The analysis of rising groundwater levels helps with the
development of maps depicting maximum groundwater levels and minimum depth to groundwater table. These maps
provide a first overview of areas outside the flooded area
where there is a risk of groundwater influence on subsurface
building structures and infrastructure in general.
Interaction between the various subsurface water fluxes
means either infiltration into the sewerage network due to
risen groundwater or a rise in exfiltration of sewage water
into the aquifer or unsaturated zone due to increased water
levels in the sewerage system. Altogether, the coupled modelling has to consider a number of water fluxes between surface flood and subsurface water (Fig. 2).
Infiltration of groundwater and inflow of drainage and surface water sources into the sewerage systems form a basic
component of the flow in sewerage system. These inflows influence significantly the costs and the operation of drainage
systems and waste water treatment plants. It is necessary to
distinguish between short and long term impacts.
Short term effects of the overloading of the sewerage systems are the flooding of the surface area as well as backwater
effects, which in turn can endanger the urban infrastructure
and eventually lead to the break down of system structures
(pumping stations, pipes). On the one hand, the capacity
overload during floods is a result of the increased inflows
due to infiltration in leaky sewers and the inflow of surface
water via openings of the system (man holes, out- and inlets).
On the other hand ways of discharge and overflow of sewage
water during flood events are reduced and in effect shortened
due to increased water levels in the receiving stream. Eventually discharges and overflows are attainable only by means
of using pumping stations. Furthermore rain events concurrent with floods can cause an accentuation of the capacity
overload.
Long term effects are the increase in the hydraulic load
of the system due to continuously raised groundwater levels
after flood events. Thus increased infiltration during longer
periods leads to reduced efficiency of waste water treatment,
additional operational costs (pumps, aeration) and a deterioration of the receiving stream (Ellis, 2001). Furthermore the
infiltration of groundwater causes the acceleration of pipe aging and the potential degradation of bordering infrastructure
due to the flushing of backfill material in the vicinity of pipe
leaks.
www.nat-hazards-earth-syst-sci.net/9/1277/2009/
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Coupling of models
Due"-1")
to its
should be changed to "m / s" or "m s^{-1}" (meaning exponent
but flexible
not "m s". grid structure, RisoSurf is especially
suited for small scale simulations and was used in local study
groundwater model
flood model
input / output
sewer system model
The strategy of this
project is to use established
simulation
areas. Since the sewer model HAMOKA and the RisoSurf
programs for each of the
three domains (surface
water, sewer 3 system had already been 4coupled (Ettrich, 2003), HAMOKA
1 if h
2 if h
if hGW ≥ GOK
if hKW > hGW > hKS
KW > hGW
KW < hGW
and groundwater). These programs
are widely recognized
for
was also chosen for modeling in the local scale.
their particular area of application. They are coupled with
RisoSurf and TrimR2D are based on the 2-dimensional
each other by Figure
the MpCCI
softwarewater
(http://www.mpcci.de).
2. Relevant
fluxes as coupling quantities
Shallow Water Equations. Adaptive Triangles (RisoSurf)
MpCCI manages the communication between the individual
and a Cartesian grid (TrimR2D) are used for the discretiprograms, i.e., mapping between the different model geomesation in space. Hamoka and Hystem Extran use the 1tries, time synchronization and data exchange.
dimensional Shallow Water Equations. PCGEOFIM simuDepending on the task, two different codes were used
lates the groundwater flow described by Darcy’s Law; the
for each of the surface flooding (RisoSurf: Ettrich,
grid consists of 3-dimensional Cartesian cubic volumes with
2003, TrimR2D: Fulford, 2003) and the sewerage systems
different mesh sizes.
(HAMOKA: Universtiy of Kaiserslautern, Hystem-Extran:
24
Fuchs et al., 2004). Because the groundwater code (PCGE3.1 Software
OFIM: Sames et al., 2005) is able to calculate selected regions with a finer spatial resolution, it can be used for large
3.1.1 The hydrodynamic model TrimR2D
scale simulations, coupling TrimR2D and Hystem-Extran.
For small scale simulations, Risosurf and Hamoka were couThe raster-based hydrodynamic model TrimR2D (Transient
pled.
Inundation Model for Rivers-2 Dimensional) is applied in
www.nat-hazards-earth-syst-sci.net/9/1277/2009/
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this study. It solves the two-dimensional depth-averaged
shallow water equations for unsteady flow, which is based
on the conservation of mass and momentum. The numerical
solution uses a semi-implicit, semi-Lagrangian finite difference approach and applies a Manning-Chezy type expression
for the bed friction factor in bottom-stress term. A complete
description of the equations used is detailed in Casulli (1990)
and Fulford (2003).
The code of TrimR2D is a further development of a model,
which was originally developed for coastal and estuarine environments (Casulli, 1990; Cheng et al., 1993). The performance of the model is documented for the uniform depth
flows, laboratory dam-break flows and large-scale riverine
flows (Fulford, 2003). The US Geological Survey uses the
model for near-real-time flood forecasting (USGS).
The advantage of this model is the free access to the source
code which allows a flexible integration/modification of further parameters. As the roughness parameter was not spatially differentiated in the original source code, Weichel et
al. (2007) upgraded the model to include this functionality.
Corresponding with the spatial resolution of the topographic
input on a grid, the distributed roughness was also integrated
in the code. The roughness term in the code was expanded
by adding an array dimension for the distributed values for
roughness into the appropriate variable. Two different types
of roughness are applied (Table 1), with type 1 being the best
parameter set after Werner et al. (2005) and type 2 being an
aggregated spatial distributed set based on the Saxon biotope
map. The spatial resolution was set to a cell size of 20 m.
Figure 3 shows the calibration of the model for the flood 2002
(Weichel et al., 2007).
3.1.2

The sewerage model HYSTEM EXTRAN

The sewer network software HYSTEM-EXTRAN (Fuchs et
al., 2004) consists of two modules which are coupled in series. The module HYSTEM is used to calculate the rainwater inflow into the sewer system based on several selected
precipitation-runoff approaches. With the module EXTRAN
the hydrodynamic transport processes in the sewer system
are simulated. The basis of the sewer hydraulics is the Saint
Venant (1871) equation consisting of the equation of motion
and the continuity equation.
HYSTEM EXTRAN was extended with a wrapper software in order to integrate the interface for the connection of
groundwater and surface water models via the coupling software MpCCI. Furthermore the wrapper code includes model
approaches to calculate the exchange fluxes between sewer
system, groundwater and surface water (Table 2).
The main force of the fluxes between the different domains
is the hydraulic potential (1hin , 1hex , 1hsw ). Further coefficients (kin , kex , ksw ) describe specific conditions of the
particular process. The infiltration coefficient (kin ) integrates
shape and area of sewer leaks, hydraulic conditions near the
leaks (pressure loss) and soil characteristics in the vicinity of
Nat. Hazards Earth Syst. Sci., 9, 1277–1290, 2009

Table 1. Values of Mannings roughness (m1/3 s−1 ) in the model
calibration.

Channel

Floodplain

Type 1

Type 2

0.022

0.025

0.044

0.015 (pavement)
0.033 (grassland, arable land)
0.040 (fouling)
0.050 (fouling)
0.066 (forests, buildings)

the leaks (e.g. conductivity of the soil). The exfiltration coefficient (kex ) describes similar characteristics but is different
from the infiltration coefficient due to the influence of the
sewage water causing clogging of the soil in the vicinity of
the sewer leaks. The surface water coefficient (ksw ) includes
the characteristics of the inflow points, e.g. shape and area of
openings.
3.1.3

The modelling system RisoSim

High-resolution models form the basis of the detailed investigations into target areas of Dresden that were identified as
regions suffering from particular flooding problems on the
surface. The degree of detail needed in the models has to
be related to the water levels and the expected water level
uncertainties. Therefore, the effect of rainfall on the surface
must be modelled taking into account small elements such as
curbs and walls.
For that purpose, the RisoDGM software generates triangulated digital elevation models for multi-connected areas under the constraint that polygonal lines, e.g. representing curbs, are preserved (Ettrich and Sieh, 2005; Ettrich,
2007). Elevations from densely sampled high-precision
laser-scanner data are mapped into triangles after triangulation involving a fault-line preserving smoothing process for
reducing measurement errors. Owing to additional features
like elliptically shaped smoothing operators for stronger
smoothing along a preferred direction, the detection of outliers, the topographical filling of artificial small-scale synclines, the models generated are very close to reality.
Simulations are carried out by the RisoSim software (Ettrich, 2003) that involves tools for simulating runoff, flow
through the sewer and input from roofs into the sewer. Calculations for the first two regimes are based on approximations of the shallow water equations whereas the latter utilizes standard storage cascade technology.
Boundary values for the RisoSim tools are provided by
large-scale simulations. For the slow flow, generated from
the increasing Elbe water level, it is sufficient to provide the
water levels along the boundary rather than inflow values in
m3 /s. The sewer flow hydrographs and water levels, both of
www.nat-hazards-earth-syst-sci.net/9/1277/2009/
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Table 2. Approaches to simulation of the water exchange between
groundwater, surface water and sewerage system.
process description

model approach

physical basis

groundwater into
sewer pipes

Qin =kin ·1hin ·L

DARCY

sewage water
into groundwater

Qex =kex ·1hex ·L

DARCY

surface water
into sewer pipes

√
Qex =ksw · 1hsw

TORICELLI

Fig. 3. Model calibration at the Dresden gauge with two different
sets of roughness values (Table 1). Differences are calculated between the
observed
and simulated
results.
values
(Table
1).data
Differences
are
calculated between the relevant
observed
data
and
model
layer
for the infiltration processes. Therefore,

Figure 3: Model calibration at the Dresden gauge with two different sets of roughness
simulated results.

which are time-dependent, can be provided for the upstream
and downstream boundary manholes, respectively. Further
boundary conditions come from the level of the groundwater
that may lead to in-/exfiltration to/from the sewer system and
also to/from the surface. While the coupling of surface water
with sewer is fully dynamic, the coupling with groundwater is viewed as stationary due to the slow groundwater flow
processes.
3.1.4

The groundwater model PCGEOFIM

The modelling of the unsteady groundwater flow was done
with the modelling software PCGEOFIM (Sames et al.,
2005).4: Exemplary
This modelling
software Flow
calculates
the groundwaFigure
Computation
for 3-Code
Coupling.
ter flow in the saturated zone and the migration of pollutants in groundwater (Müller et al., 2003). The simulation
code calculates the groundwater filtration by the finite volume method. Since the finite volume may be calculated in
x-direction or only in x, y-direction or only in x, z-direction
or in x, y, z-direction, the modelling of groundwater filtration
in the aquifer can be done 1-dimensionally, horizontal-flat 2dimensionally or 3-dimensionally (Sames et al., 2005). The
model works with a regular Cartesian grid. Many special
boundary conditions, such as connections between aquifer
and rivers, lakes and pipelines with control mechanisms can
be used to provide a high level of likeness of the real system
(Müller et al., 2008). There are various ways to specify the
groundwater recharge, i.e. keeping it constant over time or
associating it with the depth to groundwater table (Müller et
al., 2008). A special dynamic boundary condition was developed for the illustration of the effect of flooding. This allows
the assimilation of the inflow of surface water through the
unsaturated zone onto the groundwater table. As soon as the
groundwater table reaches the terrain surface, the exchange
with the surface is calculated as a Cauchy boundary condition. The adjustment of the groundwater model to allow coupling with flood events requires careful pre-processing, particularly regarding the formation of the top layer, which is the
www.nat-hazards-earth-syst-sci.net/9/1277/2009/

this layer included both the introduction of the seepage area
units per model element and the mapping of the unsaturated
zone by a simplified conceptual approach. Furthermore, the
high velocities of the runoff processes on the surface and in
the sewerage network require a high temporal resolution and
very small simulation time steps. This was also necessary for
the groundwater flow simulation.
3.2

Spatial coupling

Figure 2 shows the interaction between the three different
simulation domains relevant to the coupling. Each of them
works with its own boundary conditions and will send one
quantity to each of the other components and in turn, receive
one quantity from each of the other components back.
In order to establish communication in the coupled computation, the geometrical part of the simulation model on each
side and the quantities to be exchanged have to be specified
for each of the bilateral exchanges. For example, for the coupling between the surface water code and the groundwater
code the geometrical part of the model result from the potentially flooded elements (triangles or rectangles) of the surface
water model and the top side of the cells nearest to the surface of the groundwater model.
The quantity sent by the surface water code is the water
level above ground measured in meters in the center of the
cell. The quantity sent in return by the groundwater code is
the water velocity (or water flux per area) measured in meters
per second. The same procedure is applied to each of the
other two combinations: surface code and sewerage program
as well as groundwater code and sewerage simulation.
25

3.3

Time-step coupling

The behavior of the flow within the three domains is very
different. Typical flow velocities are 1m per second on the
surface and in the sewer and 10−6 m/s in the groundwater.
In addition, the corresponding codes work with very different time steps. Therefore a customized coupling algorithm
was developed (Fig. 4). For this figure it is assumed that at
Nat. Hazards Earth Syst. Sci., 9, 1277–1290, 2009

values (Table 1). Differences are calculated between the observed data and
simulated results.
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Inside this loop, in addition, the coupling time steps are negotiated and the coupling quantities are exchanged. Furthermore, an API needs to be added to each code in order to
access the code’s internal data. For more details about the
implementation of the coupling see Peetz et al. (2007).

4

The case study of the city of Dresden

Dresden, capital of the Free State of Saxony (Germany) is
situated in the Elbe valley. It serves as the study area for the
flood modelling and model coupling (Fig. 5). The Holocene
Figure 4:Computation
ExemplaryFlow
Computation
for 3-Code Coupling.
Fig. 4. Exemplary
for 3-CodeFlow
Coupling.
river valley is tectonic of origin (“Elbe basin”) and covers a width of 10 km. In the Elbe valley Cretaceous sediments (sandstone, limestone) are the footwall of the Quatertime t n quantities for the surface water and for the sewernary aquifer. The main sediments of this aquifer are gravel
age system (n1 ) as well as for the groundwater (n2 ) on their
and sand of the glacio-fluviatile series of Elsterian (Mindel),
respective domains are already calculated.
Saalian (Riss) and Weichselian (Würm) with a less than 10 m
Then the figure has to be interpreted in the following way.
to 60 m thickness from south to north.
The lowest layers are fluviatile and glacio-fluviatile gravel
1. At time t n the groundwater code stipulates the time
with
a thickness of about 15 m. The permeability of this layer
t n+1 (timestep 1t=t n+1 − t n ) and transfers its coupling
is about 1·10−3 m s−1 . Sand and fine gravel with a thickquantities to the surface water code and to the sewerage
ness less than about 10 m and permeability between 2·10−4
code.
and 1·10−5 m s−1 lay below. The upper sediments consisting
of sand and fine gravel form the low-terrace with a thick2. The surface water code and the sewerage code calculate
n+1
ness of about 12 m. Aquicludes between the glacio-fluviatile
up to t
with some intermediate coupling (indicated
sand and gravel mostly consist
by , time step 1t/m, dependent on the time-step stip25 of silt with fine sand, with a
thickness
of
up
to
2
m.
The
aquifer can be seen as a uniform
ulated by the groundwater code).
sediment complex since the aquicludes are not widespread
3. The surface water code and the sewerage code transover the whole area of quaternary aquifer. Silt of Pleistocene
fer their coupling quantities at t n+1 to the groundwater
low-terrace and Holocene alluvial clay with a thickness of 1–
code.
4 m represent the upper end of the Quaternary profile. These
sediments are not widespread over the aquifer either. The
4. The groundwater code calculates the time step from t n
existence of alluvial clay and silt of the lower terrace have
to t n+1 .
an important effect on the infiltration of flood water into the
aquifer. Figure 5 shows the general geological situation of
In this algorithm the codes for the surface runoff and the
the quaternary aquifer in the Elbe valley of Dresden (LH DD,
sewerage system with their faster dynamics couple more fre2005; LfULG, 2005).
quently with each other before they both couple with the
The depth to the groundwater table is an important pagroundwater code.
rameter for subsurface flood risk assessment in urban areas.
Normally in Dresden the depth to the groundwater table is
3.4 Coupling software
between 3 und 8 m. During the August 2002 flood event the
depth to the groundwater table decreased from 4 to 0 m.
MpCCI (Mesh-based parallel Code Coupling Interface) provides an application independent interface for the coupling
The Dresden sewer system catchment area covers 98 km2
of different simulation codes. MpCCI is a software enviwith approximately 470 000 inhabitants. Industrial areas
ronment which enables the exchange of data between the
with significant contributions to the waste water discharge
meshes of two or more simulation codes in the coupling reare also situated within the city’s catchment area. The sewergion. Since meshes belonging to different simulation codes
age system consists of 900 km of combined sewers, 380 km
are not compatible in general, MpCCI performs a suitable
of foul water pipes and 340 km of storm water pipes. Durinterpolation.
ing flood events the river water may enter the sewerage sysFor this application a driver for MpCCI was developed,
tem via flooded manholes and leaky overflow-gates which
that provides a simple interface consisting of a software liare normally designed cut off sewer and river system when
brary for codes that are to be coupled. However, each code
the water level in the latter is higher. Parts of the sewerhas to be extended for the coupling. The extension is realized
age system are temporarily or permanently influenced by the
by means of a loop around the underlying simulation code.
aquifer.
Nat. Hazards Earth Syst. Sci., 9, 1277–1290, 2009
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The full model extends“(m1/3s-1)”
over the entire
area
of thetoquaternary
year-flood (HQ 100) with a maximum water level of 9.24 m
"m^{1/3}s^{-1}"
(meaningwaexponents
and "-1")
aquifer. In this scale "m^{1/3}/s"
the modelsorof
TrimR2D (surface
at“1/3”
Dresden
gauge and with similar runoff characteristics to
Variscic complex
Cretaceuos aquifer
Granite complex of Lusitia
ter flood), HYSTEM-EXTRAN (sewerage) and PCGEOFIM
the August 2002 flood. This scenario was modified with two
(groundwater) were coupled.
detailed
conclusions,
espevariations, simulating flood protection as well as and no flood
Page 10, For
column
2, underline
of the figure
14:
level and
Groundwater
pressure
cially concerning the interaction Groundwater
between surface
water flood
protection. In order
to describe
thelevel
effects on the sewerage
Fig. 14. Dependence
of characteristic
time lagaquifer
on the distance from river
of the Danube
flow direction
in the Quaternary
in (Values
the Cretaceuos
aquiferRiver
and sewerage the models
of
RisoSim
(surface
water
flow
and
system,
the
100-year-flood-scenario
was
combined with a lofrom Vekerdy and Meijerink (1998))
sewerage) und PCGEOFIM (groundwater) were coupled in a
cal 1-year-rain event with a duration of 12 h.
local model inFigure
the south
part ofgeological
Dresden (Fig.
5). section through Elbe river valley (after LH DD,
6. eastern
Schematic
cross
10, study
columnarea
2, lineof32Dresden
(referencewas
LH DD,
Coupled modelling Page
in the
ap- 2005)
5 Results and discussion
2007)
plied to three scenarios,
reflect extreme flood situaafterwhich
“http://www.dresden.de/media/pdf/umwelt/gw_forschungsbericht.pdf”
please delete the bracket
tions. As a test and “)“
calibration scenario the August 2002
The results of the surface flood modelling of the entire city
flood event was used. This flood has the typical summer
26 They are
area using TrimR2D are shown in Fig. 7 (3 steps).
flood characteristic with a relatively narrow peak, triggered
Page 10, column2, line 4,
an important framework for both the small-scale modelling
by a short time rainfall event. The maximum water level at
and the model coupling.
instead of:
change into:

"a heavy rainfall of few year return period"
"heavy rainfall of few years return period"
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Legend:

Legend:

Fig. 8a. Comparison of the simulation results using TrimR2D and
Figure 7. Simulation of the flood 2002 using TrimR2D
Figure
Comparison
of the
the
observed8a.
extent
of the flood in 2002.
Dark simulation
blue: simulation Figure 8
FigureFig.
7. Simulation
of the
flood
2002
using
TrimR2D
7. Simulation
of the
flood
2002
using
TrimR2D.

TrimR2D; light blue: observed flooding area at 17 August 2002
resultset al.,
using
(Weichel
2007). TrimR2D and the observed

spatial

There is good agreement between the simulation results
extent of the flood in 2002. Dark blue: quality
and the observed flood data (Fig. 8).
Simulation TrimR2D; light blue: Observed from 0
However, major uncertainties in surface flood modelling
are to be found in the parameters of the model. In particuflooding area at 17.08.2002 (Weichel et overview
lar, resulting inundation areas depend on the quality of input
data such as land cover or surface roughness (Weichel et al.,
2007).
In order to determine the optimum parameter set for modelling, a Monte-Carlo (MC) based sensitivity and uncertainty
analysis was conducted. This is a type of sensitivity analysis (Saltelli et al., 2000) which performs multiple simulations
selected
inputs
for defined
Figurewith
8a. randomly
Comparison
of the model
simulation
Figure
8b. Theparameters.
error plot (A) represents a
The comparison is based on a reduction of the observed and
results using TrimR2D and the observed spatial classification of the simulation
simulated data to spatially distributed discrete binary patterns
extentwith
of the
flood extent
in 2002.
with a diminishing
similar
andDark
cell blue:
size. quality
The correctly
or incor- performance
Simulation
light
0 to 1.
The reference
rectlyTrimR2D;
classified
dryblue:
andObserved
wet areas from
are then
identified
by a map (B) is an
contingency
table
(Aronica
et
al.,
2002;
Hunter,
2005;
Pap-(DEM) with the
flooding area at 17.08.2002 (Weichel et overview of the domain
penberger et al., 2007; Fig. 8).
Fig. 8b. 27
The error plot (A) represents a spatial classification of the
Concerning the sewerage system, the flooding areas and
simulation quality with a diminishing performance from 0 to 1. The
backwater-influenced areas of a 100-year-flood event are ilFigure
8a. Comparison of the simulation Figure
8b.(B)The
error ofplot
(A) represents
reference map
is an overview
the domain
(DEM) with the a
lustrated in Fig. 9. The scenarios describe the situation in the
observed
inundation
area
(light
blue).
catchment area without any safety measures against surface
results
using TrimR2D and the observed spatial classification of the simulation
flooding. One simulation shows the situation with a simultaneous rain event (duration: 12 h, frequency 1a−1 , constant
extent
of the flood in 2002. Dark blue: quality
a diminishing
ter inflows with
and groundwater
infiltration. The performance
quantity of surintensity).
face water inflow is increased compared to the quantity of
It appears that under dry weather conditions the backwaSimulation
TrimR2D;
light
blue:cause
Observed
0 to
1.10).
The reference map (B) is an
infiltration
(Fig.
ter effects and
the flooding via
manholes
no broaden- from
ing of the flood. The area flooded by surface water from the
If the dynamics of the single processes in Fig. 10 are conflooding
at 17.08.2002
(Weichel
et overview
the that
domain
within-the
river is area
approximately
congruent to the area
where an oversidered, it can of
be stated
the increase(DEM)
in groundwater
load of the sewerage system can be expected. By contrast
filtration into the sewerage system is delayed in comparison
a simultaneous rain event during the flood can endanger arwith the surface water inflows. This in turn is the result of
eas which are normally not affected by the river flood. As
the delayed increase in groundwater levels. The increase of 27
pointed out above the backwater effects and the flooding of
groundwater infiltration is disturbed by the rain event. Due to
back areas are caused by an array of conditions: less overflow
increased discharges and rising water levels in the sewerage
and discharge capacity, simultaneous rain events, surface wasystem the hydraulic potential is lowered during the period
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a)

b)

Figure 9. Backwater effects and flooded areas during a 100-year flood event in
(b)
Dresden (scenario without any safety measures
on the surface) a): without additional

(a)

rain event; b): with additional rain event

Figure
9. Backwater
effects
and
flooded
areas
during
100-year
flood onevent
in
Fig. 9. Backwater
effects and flooded
areas during
a 100-year
flood event
in Dresden
(scenarioawithout
any safety measures
the surface)
(a): without additional rain event; (b): with additional rain event.
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Fig. 10. Dynamics of the cumulated exchange rates during a 100-year flood event (scenario without any safety measures on the surface).
-1.0

infiltration
-1
(m³s )

of rainfall-runoff. Contrary to the temporary decrease of in-2.0
filtration, exfiltration
increases due to rising water levels in
the sewerage4.0system.
3.0
The coupled
modelling also allows a comprehensive de2.0
scription of 1.0
the impact of floods on the groundwater. The focus of the groundwater
modelling is on the description of the
0.0
rising groundwater
groundwater
levels.
1 and maximum
25
49
73
97 Maps121
of minimum depth to groundwater table after a flood time
and (h)
1
maximum groundwater rise are important results aiding risk
management of the subsurface water dynamics.
1 “maximum groundwater rise” means the difference between

depth of the groundwater table at the beginning of the flood and
minimum depth of the groundwater table during the flood event
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Figure 11 shows a map of the minimum depth28to the
groundwater table along the
river Elbe for the 100-year scewith precipitation
nario without flood protection.
The flood-influenced area in
dry weather
the aquifer with groundwater depth less than 3 m makes up
around 110% of the inundation area. In the 100-year scenario
without pre-event precipitation and flood protection the flood
impact
groundwater
until 1 m) ranges up to be145on the169
193 (=rise
217
tween 800 and 1000 m far from the river (Fig. 12).
With the transient coupled modelling it could be shown,
that the temporary development of rising groundwater levels during and after a flood. Hence, the description of the
time lag between the peak of the surface flood and maximum
groundwater level is another result of the coupled modelling.28
Figure 13 shows this time lag for the 100-year-scenario in
Nat. Hazards Earth Syst. Sci., 9, 1277–1290, 2009
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Figure 11. Map of minimal depth to groundwater table at 100-year-flood scenario
table at 100-year-flood scenario

Fig. 11. Map of minimal depth to groundwater table at 100-yearFigure
11.
Map
minimal depth to groundwater
flood
scenario
without
floodof
protection.
without
flood
protection

without flood protection

Figure 13. Map of time lag of minimal depths to groun

Fig. 13.(100-year-flood,
Map of time lag of blue
minimal
depths
to groundwater
table area)
line:
border
inundation
Figure
13. Map of
time
lag
of of
minimal
depths
after flood peak (100-year-flood, blue line: border of inundation
area).
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Figure
12. Map
of flood-influenced
area without
in the flood
aquifer
and 4000
value
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Distance
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river [m]
groundwater
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flood (100-year-flood
protection)

10 flood protection)
groundwater rise after flood (100-year-flood without
Fig. 14.Figure
Dependence
characteristic time
on the distance time
from lag on th
14. ofDependence
of lag
characteristic

the area of Laubegast. Different time lags are caused by differentiating the soil conditions and the sealing level of the
terrain. The velocity of the propagation of the flood-induced
groundwater rise amounts to 50 to 100 m/d in the phreatic
groundwater, dependent on the soil condition. The results of
the modelling are comparable to phreatic groundwater conditions in other river catchment areas e.g. the Danube (Fig. 14).
Furthermore, with the modelling of the groundwater flow
it is possible to describe the effects of flood protection on
the groundwater. The 100-year-flood scenario was modelled
with and without flood control measures. Dependant on the
soil condition the effect of the flood control on groundwater
can be significant. Figure 15 shows an example of a groundwater observation well approximately 200 m from the inundation border of the 2002 flood.

river (values of the Danube River from Vekerdy and Meijerink,
0 Danube from Vekerdy and Meijerink (1998))
1998). of
0

2000

4000

6000

Distance from river [m]

8000

The
need for
dynamic
simulations inofthecharacteristic
detail areas of the time lag
Figure
14.
Dependence
model must be discussed. Coupled dynamic simulations are
useful
if the domains
of flow
involvedand
haveMeijerink
similar capaciof Danube
from
Vekerdy
(1998))
ties. This is the case, when the one domain is not obviously
overloaded by receiving water from the other and if the dynamics of the exchange are also comparable. Large amounts
of water from the rising river level lead to flooding in areas
below the water level, a fact that is obvious without any simulation of the runoff. Therefore, it is sufficient to overlap
the elevation model with planes of constant elevation 29
of the

29
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Fig. 15. Flood induced groundwater dynamic for 100-year-flood scenario without and with flood protection (compared with 2002 flood
scenario).

Figure 15. Flood induced groundwater dynamic for 100-year-flood scen
and with flood protection (compared with 2002 flood scenario).

terpretation of the results. Yellow circles mark areas where
expected water level, although the water surface is not a plane
the surcharge water from the manholes leads to surface water
surface. Flood protecting walls can be planned accordingly.
Likewise, the sewerage system that is typically designed for
levels that may cause damage. The area within the left circle
is a local elevation minimum and therefore very difficult to
heavy rainfall of few years return period cannot cope with the
protect against flooding. For the area within the right circle,
floods and will fail. Due to the networked pipes it will transhowever, the weakest point is easily identified and it should
port water to remote parts of the surface that are below the
therefore be possible to take appropriate measures, potensurface water table. Measures to prevent this effect can be
tially on the surface to improve the situation by increasing
planned easily and do not need dynamic simulations either.
curb heights or similar. There is no need for any measures in
An important aspect to consider is how the measures
the area marked in white in Fig. 17 because either the street
against floods influence the drainage behaviour of the area
is capable of keeping the surcharge water away from private
under investigation in the case of heavy rainfall.
properties or, in case of flooding no valuable infrastructure is
Closing off drainage pipes leading towards the river and
affected.
other measures may reduce the onslaught of the rainfall
In essence, these considerations show that the highthe system can cope with under exceptional circumstances.
resolution elevation model is not only necessary to obtain
Therefore, it was investigated to which extend in the district
reliable simulation results but also allows for a precise interof Dresden Laubegast rainfall of return periods between 2
pretation of the results.
and 100 years drained under different conditions.
Within short simulation periods, the infiltration/ exfiltration effect of groundwater to/from the sewer can be neglected
assuming realistically small kf -parameter values. It was as6 Conclusions
sumed that the flood-protecting walls are already established
and that the sewer system inside the protected area is closed
The surface flood dominates any flood event. Compared to
against its outer parts. Consequently, water from the Elbe
flood simulations without coupled modelling no substantial
can be neglected in the simulations.
changes of the surface inundation area could be determined.
Figure 16 shows a typical result for such simulations.
The main reason is the enormous difference in quantity of
Rainfalls with return period of 100 years lead to a strong
surface flood water compared to the water volume discharged
Figuresystem.
16. Water levels on thewithin
surface
(dark
blue
levels Therefore,
> 0.2 m)
overload of the sewerage
the sewerage
system
and thefor
groundwater.
Even the 2 years rainfall results in the failure of a sewerage
the feedback from the groundwater and the sewerage has no
system. The failure
is severely augmented
if the discharge
manholes
(red lines)
for rain with
return
period
100and
a temporal distribution
substantial
influence
on the spatial
outfalls to the Elbe river are closed.
of the surface inundation during the flood event.
Thus, for the planning of the sewerage system scenarios
Regarding the sewerage network, the comparison between
that involve both high water levels in the river and heavy
the influx of groundwater into the sewerage network and
rainfalls must be taken into account.
the loading due to infiltration by the flood water has shown
that infiltration of surface flood water is the main reason
Due to the high accuracy of the elevation model used in the
simulation, the focus of Fig. 17 allows for a more detailed infor sewerage network overloading. Concurrent rainfalls can
www.nat-hazards-earth-syst-sci.net/9/1277/2009/
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right yellow area.

intensify the problem. The infiltration due to rising groundwater only marginally contributes to the loading of the sewerage network.
Furthermore, coupled modelling emphasises the basic
principle of consistency of flood protection for both, surface
and subsurface. Protection measures in the sewerage system are successful if infiltration from the surface beyond the
protection line into the sewerage system can be prevented.
In addition, subsurface flooding only can be effectively protected against, if protection measures against discharge in the
sewerage network are underneath the flood protection line.
The micro-scale modelling has identified an increase of
flood risk in the case of the simultaneous occurrence of heavy
rainfalls and high water levels in an adjacent river that does
not allow the discharge of surplus water from the sewerage
system. Consequently, additional water will flood the surface
and will need to be managed there in such a way that the
potential damage can be reduced. The micro-simulation of
surface runoff water is an appropriate method for planning
effective measures as it can identify areas where the streets
Nat. Hazards Earth Syst. Sci., 9, 1277–1290, 2009

have enough capacity to keep the water away from valuable
infrastructure or where the raising of curbs can substantially
increase this capacity. Potential further measures to be modelled are small-scale retention basins that only cover a small
effective area in contrast to large-scale basins that are often
impossible to construct in existing urban areas.
The localization of risk areas due to rising groundwater requires the consideration of all components of subsurface water fluxes. Both, infiltration in flooded areas and groundwater
recharge due to the pre-event rainfalls were the main drivers
for rising groundwater tables in August 2002 in Dresden. In
other words: the high groundwater levels resulted from a
multi-causal process before and during the flood event. The
distribution of water by the sewerage system only affects
this groundwater rise locally. The visualisation of the temporary development of the groundwater dynamic, resulting
from coupled modelling supports decision-making on temporary as well as general protection strategies against rising
groundwater.

www.nat-hazards-earth-syst-sci.net/9/1277/2009/

T. Sommer et al.: Coupled modelling of subsurface water flux
Acknowledgements. The investigations were undertaken within the
project 3ZM-GRIMEX – Development of a Three Zone Model
for Flood, Infrastructure and Groundwater Management in Urban
Areas. This project was part of the founding priority RIMAX. We
thank the German Ministry for Education and Research (BMBF)
(No. 02WH0557) for the financial support given. Furthermore, we
thank the reviewers for their helpful comments as well as Karla and
Graeme McCabe for editing the English text.

Edited by: A. Schumann
Reviewed by: two anonymous referees

References
Aronica, G., Bates, P. D., and Horritt, M. S.: Assessing the uncertainty in distributed model predictions using observed binary information within GLUE, Hydrol. Process., 16, 2001–2016, 2002.
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Büchele, B., Kreibich, H., Kron, A., Thieken, A., Ihringer, J.,
Oberle, P., Merz, B., and Nestmann, F.: Flood-risk mapping:
contributions towards an enhanced assessment of extreme events
and associated risks, Nat. Hazards Earth Syst. Sci., 6, 485–503,
2006, http://www.nat-hazards-earth-syst-sci.net/6/485/2006/.
Casulli, V.: Semi-implicit finite difference methods for the twodimensional shallow water equations, J. Comput. Phys., 86(1), 56–
74, 1990.
Cheng, R. T., Casulli, V., and Gartner, J. W.: Tidal, Residual, Intertidal Mudflat (TRIM) Model and its applications to San Francisco Bay, Estuar. Coast. Shelf. S., 36, 235–280, 1993.
Ellis, J. B.: Sewer infiltration/exfiltration and interactions with
sewer flows and groundwater quality. interactions between sewers, treatment plants and receiving waters in urban areas – INTERUBA II, Lisbon, 311–319, 2001.
Engel, H.: The flood event 2002 in the Elbe river basin: causes of
the flood, its course, statistical assessment and flood damages,
Houille Blanche, 2004(6), 33–36, 2004.
Ettrich, N. and Sieh, W.: Detaillierte städtische Höhenmodelle
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