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Abstract. Flood events cause significant damage not onlywater rise. However, the localization of risk areas due to
on the surface but also underground. Infiltration of surfacerising groundwater requires the consideration of all compo-
water into soil, flooding through the urban sewer system andnents of the subsurface water fluxes. The coupled modelling
in consequence, rising groundwater are the main causes dfas shown that high groundwater levels are the result of a
subsurface damage. The modelling of flooding events ismulti-causal process that occurs before and during the flood
an important part of flood risk assessment. The processesvent.

of subsurface discharge of infiltrated water necessitate cou-
pled modelling tools of both, surface and subsurface water
fluxes. Therefore, codes for surface flooding, for discharge in& Introduction

the sewerage system and for groundwater flow were couple

with each other. A coupling software was used to amalgaigod events in recent years caused significant damage to ur-
mate the individual programs in terms of mapping betweenyap areas in Europe and indeed all over the world. As the
the different model geometries, time synchronization andeconomic value of urban areas has increased the total losses
data exchange. The coupling of the models was realized ogye 1o flooding have grown. There are different reasons for
twoscales in the Saxon capital of Dresden (Germany). As &ood damages. Firstly, the riverine surface flooding is the
resulf[ of the c_oupled modelling it could be shown that surfacegst visible and thus the most recognised type of flooding.
flooding dominates processes of any flood event. Comparegis causes damage mainly to housing and property, saturat-
to flood simulations without coupled modelling no substan- ing both buildings and contents. Secondly, flood water flow-
tial changes of the surface inundation area could be detefig jnto the urban sewerage system can cause it to overflow.
mined. Regarding sewerage, the comparison between the ifyater can discharge onto the surface or into the basements
flux of groundwater into sewerage and the loading due to in-ys buildings. Thirdly, a rising groundwater table is an of-
filtration by flood water showed infiltration of surface flood e, neglected cause of flood damage. The combination of
water to be the main reason for sewerage overloading. Conpfijtrated flood water and the influx of groundwater from
current rainfalls can intensify the problem. The infiltration of recharge areas can cause groundwater to rise in areas not
the sewerage system by rising groundwater contributes onlyeviously at risk of surface flooding. In the flooding that
marginally to the loading of the sewerage and the distribu-qcc(rred in the State of Saxony in August 2002, 16% of the
tion of water by sewerage has only local impacts on ground'damage done to public premises was caused by groundwa-
ter (Huber, 2003). Fast rising groundwater levels resulted in
a variety of problems, such as structural instability of build-
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2004), recontamination of soils and sediments by pollutedThe influence of surface water on groundwater is observable
groundwater, remobilization of pollutants and the endangerin data from groundwater measuring wells. Figure 1 shows
ing of drinking water (Marre et al., 2005). two types of groundwater hydrographs in Dresden during the
The impact of both surface flooding and discharge in theAugust 2002 flood. Depending on the distance to the re-
sewerage system on the groundwater were studied in Dresseiving stream the groundwater rises either fast or slowly.
den after the flood of August 2002. These investigationsClose to the receiving stream the groundwater dynamics cor-
focussed on the impact of surface flooding and the floodedespond with the dynamics of the flood, the dominating effect
sewer network on groundwater dynamics and groundwatebeing a direct water flux from the surface flood into ground-
quality. It was shown, that the processes of the water dy-water. Further away from the flooded river and the flooding
namics were the most important factor of the flooding on theareas the groundwater rises slowly but the groundwater table
groundwater (LH DD, 2005). can remain on a high level for a considerable amount of time.
Thus, more detailed knowledge of the interaction of all The analysis of rising groundwater levels helps with the
three zones of the urban water system, the surface flooddevelopment of maps depicting maximum groundwater lev-
ing, the sewer network and the groundwater was necessargls and minimum depth to groundwater table. These maps
The modelling of flooding events is an important part of provide a first overview of areas outside the flooded area
risk assessment (e.g. Oberle et al., 2000; Nieschulz et alwhere there is a risk of groundwater influence on subsurface
2001; Oberle, 2004; &chele et al., 2006). Whereas individ- building structures and infrastructure in general.
ual solutions for one or at most two coupled processes exist Interaction between the various subsurface water fluxes
(Gustafsson et al., 1997; Yang et al., 1999; Nieschulz et al.means either infiltration into the sewerage network due to
2001; Lerner, 2002; Hsu et al., 2002), there is still a lack ofrisen groundwater or a rise in exfiltration of sewage water
modelling more complex systems integrating the three flowinto the aquifer or unsaturated zone due to increased water
regimes. levels in the sewerage system. Altogether, the coupled mod-
Whereas many cities situated alongside rivers have model§lling has to consider a number of water fluxes between sur-
simulating surface flooding and discharge in the seweragdace flood and subsurface water (Fig. 2).
system only few cities also have groundwater models. So the Infiltration of groundwater and inflow of drainage and sur-
aim of this project is to connect the existing models using aface water sources into the sewerage systems form a basic
coupling software. component of the flow in sewerage system. These inflows in-
The forecasting of groundwater flood events with regardfluence significantly the costs and the operation of drainage
to the maximum groundwater level and the development ofSystems and waste water treatment plants. It is necessary to
the groundwater table is not congruent with the forecastingdistinguish between short and long term impacts.
of riverine surface flood propagation. Multiple factors affect-  Short term effects of the overloading of the sewerage sys-
ing groundwater dynamics such as the pre-event groundwalems are the flooding of the surface area as well as backwater
ter level, the pre-event soil moisture, groundwater rechargeffects, which in turn can endanger the urban infrastructure
and characteristics of the flood event itself, as well as the reand eventually lead to the break down of system structures
sponse of tributary streams, determine the groundwater dytPumping stations, pipes). On the one hand, the capacity
namics during and after flood events. Therefore, the pre-overload during floods is a result of the increased inflows
diction of groundwater has to be based on scenarios whiclflue to infiltration in leaky sewers and the inflow of surface
include the various boundary conditions. water via openings of the system (man holes, out- and inlets).
This paper concentrates on the main water fluxes and inOn the other hand ways of discharge and overflow of sewage
teractions between surface flooding, sewerage and groundvater during flood events are reduced and in effect shortened
water by applying a coupled modelling system. The cou-due to increased water levels in the receiving stream. Even-
pling method and it's application to the case study of the Ger-tually discharges and overflows are attainable only by means
man city of Dresden, which was strongly affected by floods ©f Using pumping stations. Furthermore rain events concur-
in August 2002 and spring 2006 (Engel, 2004; Belz et al.,rent with floods can cause an accentuation of the capacity
2006), are described. The evaluation of the modelling result$verioad.
leads to general conclusions for flood control strategies that Long term effects are the increase in the hydraulic load
include groundwater. 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,
2 Subsurface water fluxes and their effects additional operational costs (pumps, aeration) and a deterio-
during a flood ration of the receiving stream (Ellis, 2001). Furthermore the
infiltration of groundwater causes the acceleration of pipe ag-
The first step in coupling models is to identify the coupling ing and the potential degradation of bordering infrastructure
parameters. Therefore, it is necessary to identify relevantiue to the flushing of backfill material in the vicinity of pipe
water fluxes between surface flooding and subsurface wateleaks.
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Fig. 1. Hydrographs of groundwater and of the Elbe River in Dresden from summer 2002 to spring 2003. Left: measuriadQibint

from flood area; right: measuring point approx. 1 km from flood area. Data source: Environmental Office of Capital Dresden and Saxon
Regional Agency of Environment and Geology.
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Fig. 2. Relevant water fluxes as coupling quantities.
3 Coupling of models Due to its flexible grid structure, RisoSurf is especially

suited for small scale simulations and was used in local study
The strategy of this project is to use established simulatiorareas. Since the sewer model HAMOKA and the RisoSurf
programs for each of the three domains (surface water, sewalystem had already been coupled (Ettrich, 2003), HAMOKA
and groundwater). These programs are widely recognized fowas also chosen for modeling in the local scale.
their particular area of application. They are coupled with  RijsoSurf and TrimR2D are based on the 2-dimensional
each other by the MpCCl softwarét{p://www.mpcci.dg  Shallow Water Equations. Adaptive Triangles (RisoSurf)
MpCCl manages the communication between the individualand a Cartesian grid (TrimR2D) are used for the discreti-
programs, i.e., mapping between the different model geomesation in space. Hamoka and Hystem Extran use the 1-
tries, time synchronization and data exchange. dimensional Shallow Water Equations. PCGEOFIM simu-
Depending on the task, two different codes were usedates 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 systemsiifferent mesh sizes.

(HAMOKA: Universtiy of Kaiserslautern, Hystem-Extran:

Fuchs et al., 2004). Because the groundwater code (PCGE3.1 Software

OFIM: Sames et al., 2005) is able to calculate selected re-

gions with a finer spatial resolution, it can be used for large3.1.1 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
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this study. It solves the two-dimensional depth—averagedT ble 1. Val ¢ Manni h ¥s1) in th del

shallow water equations for unsteady flow, which is based aple % values of Mannings rougnhness tim s ) in the mode
. .__calibration.

on the conservation of mass and momentum. The numerical

solution uses a semi-implicit, semi-Lagrangian finite differ-

ence approach and applies a Manning-Chezy type expression

Typel Type2

for the bed friction factor in bottom-stress term. A complete Channel 0.022  0.025

description of the equations used is detailed in Casulli (1990) 0.015 (pavement)

and Fulford (2003). 0.033 (grassland, arable land)
The code of TrimR2D is a further development of a model, Floodplain 0.044  0.040 (fouling)

which was originally developed for coastal and estuarine en- 0.050 (fouling)

vironments (Casulli, 1990; Cheng et al., 1993). The per- 0.066 (forests, buildings)

formance 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 leaks (e.g. conductivity of the soil). The exfiltration coef-
The advantage of this model is the free access to the sourdécient (..) describes similar characteristics but is different

code which allows a flexible integration/modification of fur- from the infiltration coefficient due to the influence of the

ther parameters. As the roughness parameter was not spgeéwage water causing clogging of the soil in the vicinity of

tially differentiated in the original source code, Weichel et the sewer leaks. The surface water coefficiént) includes

al. (2007) upgraded the model to include this functionality. the characteristics of the inflow points, e.g. shape and area of

Corresponding with the spatial resolution of the topographicOPenings.

input on a grid, the distributed roughness was also integrated

in the code. The roughness term in the code was expanded-1.3 The modelling system RisoSim

by adding an array dimension for the distributed values for

roughness into the appropriate variable. Two different typed-igh-resolution models form the basis of the detailed inves-

of roughness are applied (Table 1), with type 1 being the bestigations into target areas of Dresden that were identified as

parameter set after Werner et al. (2005) and type 2 being affgions suffering from particular flooding problems on the

aggregated spatial distributed set based on the Saxon biotopé/rface. The degree of detail needed in the models has to

map. The spatial resolution was set to a cell size of 20 mPe related to the water levels and the expected water level

Figure 3 shows the calibration of the model for the flood 2002uncertainties. Therefore, the effect of rainfall on the surface

(Weichel et al., 2007). must be modelled taking into account small elements such as
curbs and walls.
3.1.2 The sewerage model HYSTEM EXTRAN For that purpose, the RisoDGM software generates tri-

angulated digital elevation models for multi-connected ar-
The sewer network software HYSTEM-EXTRAN (Fuchs et eas under the constraint that polygonal lines, e.g. represent-
al., 2004) consists of two modules which are coupled in sedng curbs, are preserved (Ettrich and Sieh, 2005; Ettrich,
ries. The module HYSTEM is used to calculate the rainwa-2007). Elevations from densely sampled high-precision
ter inflow into the sewer system based on several selectethser-scanner data are mapped into triangles after triangula-
precipitation-runoff approaches. With the module EXTRAN tion involving a fault-line preserving smoothing process for
the hydrodynamic transport processes in the sewer systemeducing measurement errors. Owing to additional features
are simulated. The basis of the sewer hydraulics is the Sainlike elliptically shaped smoothing operators for stronger
Venant (1871) equation consisting of the equation of motionsmoothing along a preferred direction, the detection of out-
and the continuity equation. liers, the topographical filling of artificial small-scale syn-

HYSTEM EXTRAN was extended with a wrapper soft- clines, the models generated are very close to reality.

ware in order to integrate the interface for the connection of Simulations are carried out by the RisoSim software (Et-
groundwater and surface water models via the coupling softirich, 2003) that involves tools for simulating runoff, flow
ware MpCCI. Furthermore the wrapper code includes modethrough the sewer and input from roofs into the sewer. Cal-
approaches to calculate the exchange fluxes between seweulations for the first two regimes are based on approxima-

system, groundwater and surface water (Table 2). tions of the shallow water equations whereas the latter uti-
The main force of the fluxes between the different domainslizes standard storage cascade technology.
is the hydraulic potentialA#;,, Ah.,, Ahg,). Further co- Boundary values for the RisoSim tools are provided by

efficients &, kex, ksu) describe specific conditions of the large-scale simulations. For the slow flow, generated from
particular process. The infiltration coefficieht,() integrates  the increasing Elbe water level, it is sufficient to provide the
shape and area of sewer leaks, hydraulic conditions near theater levels along the boundary rather than inflow values in
leaks (pressure loss) and soil characteristics in the vicinity ofim3/s. The sewer flow hydrographs and water levels, both of
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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
sewage water

] into groundwater
surface water

L : = into sewer pipes Qex=ksuw:v/Ahsw  TORICELLI
10.08 2002 1508 2002 20.08 2002 25082002

diffarence [cm)

Qin=kin-Ahin-L ~ DARCY

Qex=kex-Ahex-L DARCY

Fig. 3. Model calibration at the Dresden gauge with two different
sets of roughness values (Table 1). Differences are calculated be-

tween the observed data and simulated results. relevant model layer for the infiltration processes. Therefore,

this layer included both the introduction of the seepage area
units per model element and the mapping of the unsaturated
which are time-dependent, can be provided for the upstreamone by a simplified conceptual approach. Furthermore, the
and downstream boundary manholes, respectively. Furthenigh velocities of the runoff processes on the surface and in
boundary conditions come from the level of the groundwaterthe sewerage network require a high temporal resolution and
that may lead to in-/exfiltration to/from the sewer system andvery small simulation time steps. This was also necessary for
also to/from the surface. While the coupling of surface waterthe groundwater flow simulation.
with sewer is fully dynamic, the coupling with groundwa-
ter is viewed as stationary due to the slow groundwater flow3.2 Spatial coupling
processes.
Figure 2 shows the interaction between the three different
3.1.4 The groundwater model PCGEOFIM simulation domains relevant to the coupling. Each of them
works with its own boundary conditions and will send one
The modelling of the unsteady groundwater flow was donequantity to each of the other components and in turn, receive
with the modelling software PCGEOFIM (Sames et al., one quantity from each of the other components back.
2005). This modelling software calculates the groundwa- In order to establish communication in the coupled compu-
ter flow in the saturated zone and the migration of pollu- tation, the geometrical part of the simulation model on each
tants in groundwater (Mler et al., 2003). The simulation side and the quantities to be exchanged have to be specified
code calculates the groundwater filtration by the finite vol- for each of the bilateral exchanges. For example, for the cou-
ume method. Since the finite volume may be calculated inpling between the surface water code and the groundwater
x-direction or only in X, y-direction or only in X, z-direction code the geometrical part of the model result from the poten-
orin x,y, z-direction, the modelling of groundwater filtration tially flooded elements (triangles or rectangles) of the surface
in the aquifer can be done 1-dimensionally, horizontal-flat 2-water model and the top side of the cells nearest to the sur-
dimensionally or 3-dimensionally (Sames et al., 2005). Theface of the groundwater model.
model works with a regular Cartesian grid. Many special The quantity sent by the surface water code is the water
boundary conditions, such as connections between aquifelevel above ground measured in meters in the center of the
and rivers, lakes and pipelines with control mechanisms carmell. The quantity sent in return by the groundwater code is
be used to provide a high level of likeness of the real systenthe water velocity (or water flux per area) measured in meters
(Mtller et al., 2008). There are various ways to specify theper second. The same procedure is applied to each of the
groundwater recharge, i.e. keeping it constant over time obther two combinations: surface code and sewerage program
associating it with the depth to groundwater tablei(lr et as well as groundwater code and sewerage simulation.
al., 2008). A special dynamic boundary condition was devel-
oped for the illustration of the effect of flooding. This allows 3.3 Time-step coupling
the assimilation of the inflow of surface water through the
unsaturated zone onto the groundwater table. As soon as thEhe behavior of the flow within the three domains is very
groundwater table reaches the terrain surface, the exchang#fferent. Typical flow velocities are 1m per second on the
with the surface is calculated as a Cauchy boundary condisurface and in the sewer andf0n/s in the groundwater.
tion. The adjustment of the groundwater model to allow cou-In addition, the corresponding codes work with very differ-
pling with flood events requires careful pre-processing, par-ent time steps. Therefore a customized coupling algorithm
ticularly regarding the formation of the top layer, which is the was developed (Fig. 4). For this figure it is assumed that at
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() Inside this loop, in addition, the coupling time steps are ne-
e () o] -H/ o] Qi . gotiated and the coupling quantities are exchanged. Further-
! 7 ! more, an API needs to be added to each code in order to
4‘7 A ‘ 7 i i
{ / m i access the code’s internal data. For more details about the
@ (@ | implementation of the coupling see Peetz et al. (2007).
{ n+l H
- Q’z’ @ Q2 e 4 The case study of the city of Dresden

f n Af f”+l 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
river valley is tectonic of origin (“Elbe basin”) and cov-
ers a width of 10km. In the Elbe valley Cretaceous sedi-
) N ments (sandstone, limestone) are the footwall of the Quater-
time /" quantities for the surface water and for the sewer-pary aquifer. The main sediments of this aquifer are gravel
age systems¢y) as well as for the groundwate®§) on their  and sand of the glacio-fluviatile series of Elsterian (Mindel),
respective domains are already calculated. Saalian (Riss) and Weichselian (Wn) with a less than 10 m

Then the figure has to be interpreted in the following way. 1o 60 m thickness from south to north.

The lowest layers are fluviatile and glacio-fluviatile gravel
with a thickness of about 15 m. The permeability of this layer
is about 1103ms1. Sand and fine gravel with a thick-
ness less than about 10 m and permeability betwekdr2
and :10-°ms! lay below. The upper sediments consisting

2. The surface water code and the sewerage code calcula® sand and fine gravel form the low-terrace with a thick-
up to"+1 with some intermediate coupling (indicated ness of about 12m. Aquicludes between the glacio-fluviatile

by [, time stepAt/m, dependent on the time-step stip- sand and gravel mostly consist of silt with fine sand, with a
ulated by the groundwater code). thickness of up to 2m. The aquifer can be seen as a uniform
sediment complex since the aquicludes are not widespread
3. The surface water code and the sewerage code tranwver the whole area of quaternary aquifer. Silt of Pleistocene
fer their coupling quantities at+! to the groundwater  |ow-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
existence of alluvial clay and silt of the lower terrace have
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 i
sewerage system with their faster dynamics couple more freth® quaterary aquifer in the Elbe valley of Dresden (LH DD,

quently with each other before they both couple with the 2005; LTULG, 2005). ] ]
groundwater code. The depth to the groundwater table is an important pa-

rameter for subsurface flood risk assessment in urban areas.
3.4 Coupling software Normally in Dresden the depth to the groundwater table is

between 3 und 8 m. During the August 2002 flood event the
MpCCI (Mesh-based parallel Code Coupling Interface) pro-depth to the groundwater table decreased from 4 to O m.
vides an application independent interface for the coupling The Dresden sewer system catchment area covers 98 km
of different simulation codes. MpCCI is a software envi- with approximately 470000 inhabitants. Industrial areas
ronment which enables the exchange of data between theith significant contributions to the waste water discharge
meshes of two or more simulation codes in the coupling re-are also situated within the city’s catchment area. The sewer-
gion. Since meshes belonging to different simulation codesage system consists of 900 km of combined sewers, 380 km
are not compatible in general, MpCCI performs a suitableof foul water pipes and 340 km of storm water pipes. Dur-
interpolation. ing flood events the river water may enter the sewerage sys-

For this application a driver for MpCCIl was developed, tem via flooded manholes and leaky overflow-gates which

that provides a simple interface consisting of a software li-are normally designed cut off sewer and river system when
brary for codes that are to be coupled. However, each codéhe water level in the latter is higher. Parts of the sewer-
has to be extended for the coupling. The extension is realizedge system are temporarily or permanently influenced by the
by means of a loop around the underlying simulation code.aquifer.

Fig. 4. Exemplary Computation Flow for 3-Code Coupling.

1. At time " the groundwater code stipulates the time
"t (timestepAr=¢"*1 — ") and transfers its coupling
guantities to the surface water code and to the sewerag
code.

4. The groundwater code calculates the time step frbm
to "+,
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the area of the groundwater model and the coupled entire model. Data source: Environmental Office, City of Dresden.
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The coupling of the models was realized on two scalesthe Dresden gauge was 9.40 m. A second scenario was a 100-
The full model extends over the entire area of the quaternaryear-flood (HQ 100) with a maximum water level of 9.24 m
aquifer. In this scale the models of TrimR2D (surface wa- at Dresden gauge and with similar runoff characteristics to
ter flood), HYSTEM-EXTRAN (sewerage) and PCGEOFIM the August 2002 flood. This scenario was modified with two
(groundwater) were coupled. For detailed conclusions, espevariations, simulating flood protection as well as and no flood
cially concerning the interaction between surface water floodprotection. In order to describe the effects on the sewerage
and sewerage the models of RisoSim (surface water flow andystem, the 100-year-flood-scenario was combined with a lo-
sewerage) und PCGEOFIM (groundwater) were coupled in acal 1-year-rain event with a duration of 12 h.
local model in the south eastern part of Dresden (Fig. 5).

Coupled modelling in the study area of Dresden was ap- . )
plied to three scenarios, which reflect extreme flood situa> Results and discussion
tions. As a test and cahbr_atlon scenario the AUQUSt 2002I'he results of the surface flood modelling of the entire city
flood event was used. This flood has the typical summer

o . ; area using TrimR2D are shown in Fig. 7 (3 steps). They are
flood characteristic with a relatively narrow peak, triggered | . .
. . : an important framework for both the small-scale modelling
by a short time rainfall event. The maximum water level at

and the model coupling.
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Legend:

l Elbe river

ok | A
Inundation area

' Floodplain
a Holocene terrace
)@ Tributary, creek Fig. 8a. Comparison of the simulation results using TrimR2D and
the observed extent of the flood in 2002. Dark blue: simulation
Fig. 7. Simulation of the flood 2002 using TrimR2D. TrimR2D; light blue: observed flooding area at 17 August 2002

(Weichel et al., 2007).

There is good agreement between the simulation results
and the observed flood data (Fig. 8).

However, major uncertainties in surface flood modelling
are to be found in the parameters of the model. In particu-
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 mod-
elling, a Monte-Carlo (MC) based sensitivity and uncertainty
analysis was conducted. This is a type of sensitivity analy-
sis (Saltelli et al., 2000) which performs multiple simulations |
with randomly selected model inputs for defined parameters. L
The comparison is based on a reduction of the observed anc
simulated data to spatially distributed discrete binary patterns
with similar extent and cell size. The correctly or incor-
rectly classified dry and wet areas are then identified by a
contingency table (Aronica et al., 2002; Hunter, 2005; Pap- goqd 4 ' ‘ ) ' ) pad
penberger et al., 2007; Fig. 8).

Concerning the sewerage system, the flooding areas anEig. 8b. The error plot (A) represents a spatial classification of the
backwater-influenced areas of a 100-year-flood event are ilsimulation quality with a diminishing performance from 0 to 1. The
lustrated in Fig. 9. The scenarios describe the situation in théeference map (B) is an overview of the domain (DEM) with the
catchment area without any safety measures against surfa@@served inundation area (light blue).
flooding. One simulation shows the situation with a simul-
taneous rain event (duration: 12 h, frequency“aonstant
intensity). ter inflows and groundwater infiltration. The quantity of sur-

It appears that under dry weather conditions the backwaface water inflow is increased compared to the quantity of
ter effects and the flooding via manholes cause no broaderinfiltration (Fig. 10).
ing of the flood. The area flooded by surface water from the If the dynamics of the single processes in Fig. 10 are con-
river is approximately congruent to the area where an oversidered, it can be stated that the increase in groundwater in-
load of the sewerage system can be expected. By contrasitration into the sewerage system is delayed in comparison
a simultaneous rain event during the flood can endanger amwith the surface water inflows. This in turn is the result of
eas which are normally not affected by the river flood. Asthe delayed increase in groundwater levels. The increase of
pointed out above the backwater effects and the flooding ofyroundwater infiltration is disturbed by the rain event. Due to
back areas are caused by an array of conditions: less overflomcreased discharges and rising water levels in the sewerage
and discharge capacity, simultaneous rain events, surface waystem the hydraulic potential is lowered during the period
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100-years flood event and simulttaneaus local
100 years flood event during local dry weather conditions 1-years rain event with a duration of 12 h

) . A by sewerflooded ares ) A by sewer flooded area
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Fig. 9. Backwater effects and flooded areas during a 100-year flood event in Dresden (scenario without any safety measures on the surface
(a): without additional rain eventp): 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).

of rainfall-runoff. Contrary to the temporary decrease of in- Figure 11 shows a map of the minimum depth to the
filtration, exfiltration increases due to rising water levels in groundwater table along the river Elbe for the 100-year sce-
the sewerage system. nario without flood protection. The flood-influenced area in
The coupled modelling also allows a comprehensive dethe aquifer with groundwater depth less than 3m makes up
scription of the impact of floods on the groundwater. The fo-around 110% of the inundation area. In the 100-year scenario
cus of the groundwater modelling is on the description of thewithout pre-event precipitation and flood protection the flood
rising groundwater and maximum groundwater levels. Mapsimpact on the groundwater (=rise until 1 m) ranges up to be-
of minimum depth to groundwater table after a flood andtween 800 and 1000 m far from the river (Fig. 12).
maximum groundwater rideare important results aiding risk ~ With the transient coupled modelling it could be shown,
management of the subsurface water dynamics. that the temporary development of rising groundwater lev-
els during and after a flood. Hence, the description of the
I“maximum groundwater rise” means the difference betweentime lag between the peak of the surface flood and maximum
depth of the groundwater table at the beginning of the flood andgroundwater level is another result of the coupled modelling.
minimum depth of the groundwater table during the flood event ~ Figure 13 shows this time lag for the 100-year-scenario in
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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 condi- The need for dynamic simulations in the detail areas of the

tions in other river catchment areas e.g. the Danube (Fig. 14)model must be discussed. Coupled dynamic simulations are
Furthermore, with the modelling of the groundwater flow useful if the domains of flow involved have similar capaci-

it is possible to describe the effects of flood protection onties. This is the case, when the one domain is not obviously

the groundwater. The 100-year-flood scenario was modelleadverloaded by receiving water from the other and if the dy-

with and without flood control measures. Dependant on thenamics of the exchange are also comparable. Large amounts

soil condition the effect of the flood control on groundwater of water from the rising river level lead to flooding in areas

can be significant. Figure 15 shows an example of a groundbelow the water level, a fact that is obvious without any sim-

water observation well approximately 200 m from the inun- ulation of the runoff. Therefore, it is sufficient to overlap

dation border of the 2002 flood. the elevation model with planes of constant elevation of the
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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).

expected water level, although the water surface is not a planterpretation of the results. Yellow circles mark areas where
surface. Flood protecting walls can be planned accordinglythe surcharge water from the manholes leads to surface water
Likewise, the sewerage system that is typically designed follevels that may cause damage. The area within the left circle
heavy rainfall of few years return period cannot cope with theis a local elevation minimum and therefore very difficult to
floods and will fail. Due to the networked pipes it will trans- protect against flooding. For the area within the right circle,
port water to remote parts of the surface that are below thénowever, the weakest point is easily identified and it should
surface water table. Measures to prevent this effect can béherefore be possible to take appropriate measures, poten-
planned easily and do not need dynamic simulations either. tially on the surface to improve the situation by increasing
An important aspect to consider is how the measurescurb heights or similar. There is no need for any measures in
against floods influence the drainage behaviour of the are#he area marked in white in Fig. 17 because either the street
under investigation in the case of heavy rainfall. is capable of keeping the surcharge water away from private
Closing off drainage pipes leading towards the river andProperties or, in case of flooding no valuable infrastructure is
other measures may reduce the onslaught of the rainfaiaffected.
the system can cope with under exceptional circumstances. In essence, these considerations show that the high-
Therefore, it was investigated to which extend in the districtresolution elevation model is not only necessary to obtain
of Dresden Laubegast rainfall of return periods between 2reliable simulation results but also allows for a precise inter-
and 100 years drained under different conditions. pretation of the results.
Within short simulation periods, the infiltration/ exfiltra-
tion effect of groundwater to/from the sewer can be neglected
assuming realistically smatl;-parameter values. It was as- 6 Conclusions
sumed that the flood-protecting walls are already established

and.that.the sewer system inside the protected area is closeghe gyrface flood dominates any flood event. Compared to
against its outer parts. Consequently, water from the EIbgioo¢ 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 100years lead to a strong syrface flood water compared to the water volume discharged
overload of the sewerage system. within the sewerage system and the groundwater. Therefore,

Even the 2 years rainfall results in the failure of a seweragenhe feedback from the groundwater and the sewerage has no
system. The failure is severely augmented if the discharg&ubstantial influence on the spatial and temporal distribution
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

Due to the high accuracy of the elevation model used in thehat infiltration of surface flood water is the main reason
simulation, the focus of Fig. 17 allows for a more detailed in- for sewerage network overloading. Concurrent rainfalls can
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Fig. 16. Water levels on the surface (dark blue for leve2 m) and surcharging manholes (red lines) for rain with return period 100 a.

Fig. 17. Left: zoom into Fig. 16. Right: elevation model for the area within the right yellow area.

intensify the problem. The infiltration due to rising ground- have enough capacity to keep the water away from valuable
water only marginally contributes to the loading of the se- infrastructure or where the raising of curbs can substantially
werage network. increase this capacity. Potential further measures to be mo-
Furthermore, coupled modelling emphasises the basidlelled are small-scale retention basins that only cover a small
principle of consistency of flood protection for both, surface effective area in contrast to large-scale basins that are often
and subsurface. Protection measures in the sewerage syisapossible to construct in existing urban areas.
tem are successful if infiltration from the surface beyond the The localization of risk areas due to rising groundwater re-
protection line into the sewerage system can be preventedquires the consideration of all components of subsurface wa-
In addition, subsurface flooding only can be effectively pro- ter fluxes. Both, infiltration in flooded areas and groundwater
tected against, if protection measures against discharge in the.charge due to the pre-event rainfalls were the main drivers
sewerage network are underneath the flood protection line. for rising groundwater tables in August 2002 in Dresden. In
The micro-scale modelling has identified an increase ofother words: the high groundwater levels resulted from a
flood risk in the case of the simultaneous occurrence of heavynulti-causal process before and during the flood event. The
rainfalls and high water levels in an adjacent river that doesdistribution of water by the sewerage system only affects
not allow the discharge of surplus water from the seweragehis groundwater rise locally. The visualisation of the tem-
system. Consequently, additional water will flood the surfaceporary development of the groundwater dynamic, resulting
and will need to be managed there in such a way that thérom coupled modelling supports decision-making on tem-
potential damage can be reduced. The micro-simulation oporary as well as general protection strategies against rising
surface runoff water is an appropriate method for planninggroundwater.
effective measures as it can identify areas where the streets
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