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to simulate flows for a proposed flood emer-
gency storage area at the middle Elbe River,
Germany is carried out.

2 STUDY AREA AND DATA USED

The proposed emergency storage area is lo-
cated in the lowland area at the Middle Elbe
River, Germany (Figure 1). It extends 7 km
along the right bank of the Elbe River. The
overall area amounts to 17 km? with a maxi-
mum  storage capacity of approximately
40 million m?.

The storage area is divided into a northern
and a southern polder basin by an already exist-
ing dike road running through the area. Both
basins are connected by a sluice gate of 50 m
width and 2 m depth. This gate is termed as the
connecting gate. The filling and emptying proc-
ess of the storage area is to be controlled by
two adjustable overflow weirs of 25 m width
each. The gate for the north polder is termed as
the north gate while the gate for the south pol-
der is termed as the south gate. The emergency
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storage area is designed for reducing flood
peaks of not less than 100 years return period.
It has to be emphasised that the emergency
storage area is a potential retention site and
hence, at present neither the dikes surrounding
the polder basins nor any control structures ex-
ist. Topographic data, river flow data and in-
formation on control structures and polder
dikes were provided by the local water authori-
ties according to the current planning stage.

In this study, the flood event of the period
5t Aug. to 17t Sep., 2002, i.e. a duration of 44
days is considered to study the effectiveness of
the proposed polder. For this flood event, the
peak discharge is 4420 m3/s which occurred on
18 Aug, 2002 at the gauge of Torgau. Besides,
four other flood events are used for model cali-
bration and validation as described later.

Currently about 90 % of the area is under in-
tensive agricultural use. The rest is taken up by
watercourses and forests, most of which are
under nature protection. It is expected that the
land will retain its original purpose after desig-
nation as emergency storage area.

Fig. 1: Map of the proposed flood emergency storage area at the Middle Elbe River,

Germany
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3 METHODOLOGY

The one-dimensional model MIKE 11 and
the coupled one-/two-dimensional model
MIKEFLOOD are applied to simulate the
flooding and emptying processes in the polders
and flow in the Elbe River. The governing flow
equations of MIKE 11 are one dimensional and
are of shallow water types which are the modi-
fications of Saint Venant equations (DHI, 1997,
DHI, 2000). MIKEFLOOD integrates topog-
raphic data of the one-dimensional MIKE 11
river network with the two dimensional MIKE
21 floodplain (bathymetry data) through four
different linkages i.e. (i) standard link where one
or more MIKE21 cells are linked to the end of
a MIKE11 branch, (ii) lateral link where a string
of MIKE21 cells are laterally linked to a speci-
fied reach of MIKEI11, (iii) structure link con-

Comparison of hydrodynamic models of different complexities ...

sisting of a three point (upstream cross-section,
strtucture and downstream  cross-section)
MIKEI11 branch whose ends are linked to
MIKE21 cells, and (iv) zero flow link specified
to a MIKE21 cell will have zero flow passing
across the cell (DHI, 2004). For this study, the
standard link is the only relevant link that can
be used and hence, it is selected.

3.1 One-dimensional model setup

The 1D model MIKE 11 is set up to repre-
sent a 18.6 km reach of the Elbe River (Fig-
ure 2), which is described by a series of 34 cross
sections. These cross-section data are provided
by the local water authority. The cross-section
data available downstream of Elbe 187 km are
not only very sparse but these are available for
the main channel only. Hence, these cross-
sections were extended to the dikes using eleva-
tion data from airborne laser altimetry.
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Fig. 2: MIKE 11 model layout for the proposed flood emergency storage area
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The boundary condition at the upstream end
of the reach at 175.0 Elbe-km is a discharge hy-
drograph of the Torgau gauging station. Al-
though this gauge is located approximately 20
km upstream of the upper model boundary,
utilisation of these discharge data is justified as
there are only minor tributaries to the Elbe
River between Torgau and the modelled river
stretch. The downstream boundary condition at
193.6 Elbe-km is provided as a rating curve.

The emergency storage area is schematised
in the model by two storage cells each repre-
senting one polder basin. The storage cells are
described by their area-elevation curves (Fig-
ure 2). The curves are derived from a high-
resolution Digital Elevation Model that was ob-
tained from airborne LiIDAR survey. The gates
are implemented as control structures that op-
erate due to certain pre-set conditions as men-
tioned later.

3.1.1 Calibration and validation of model

Calibration of the hydrodynamic models for
emergency flood storage areas is difficult as
emergency storage areas are usually designed to
be used for flood peak capping during rare
flood events. The storage area may have never
been in operation before and hence, observa-
tion data for calibration purpose may not be
available. The same is true for the present study
which investigates a proposed flood storage
area that is not yet constructed. However, the
MIKE11 model is calibrated and validated for
the flow in the Elbe River and its floodplain
within the embankments.

The MIKE11 model is calibrated and vali-
dated against water levels recorded at the Mau-
ken gauging station at 184.4 Elbe-km. Because
of the different nature of bed materials two hy-
draulic roughness classes are distinguished, one
for the main channel and one for the adjacent
floodplain. In order to identify the two rough-
ness coefficients, a two stage calibration and
validation procedure is adopted. In the first
stage, the roughness coefficient for the main
channel is identified and in the second stage the
roughness coefficient for the floodplain is iden-
tified. Four flood events during the period 1%t
October to 30™ Nov 1999, 15t January to 31st
March 2002, 1t August to 27% September 2004
and 15t March to 30 June, 2005 are selected for
the process of calibration and validation. Of
these, water does not spill over to the flood-
plains for the first and third events and hence,

these are used for calibration and validation for
the main channel. Initially, the roughness in-
formation in the form of Manning’s n values is
taken from the literature (Chow 1959) and simi-
lar studies (Horritt and Bates 2002) which are
then modified during the calibration process.

Two goodness of fit criteria are used to
compare the simulated water levels with the ob-
served values. These are (i) the Nash-Sutcliffe
coefficient (Ens) and (i) the index of agreement
(d), which are as follows:
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Where, Eqs=Modeling efficiency, Q.= Ob-
setved discharge (m?/s), Qs = Simulated dis-
charge (m3/s), Qav= Mean of the observed dis-
charge (m?/s) and d= Index of agreement.

3.2 One-/ two-dimensional model setup

In the MIKEFLOOD model layout, the
Elbe River and the three gates (inlet or south
gate, connecting gate and outlet gate) are repre-
sented in the 1D model MIKE11. The polders
are represented in the form of a DEM in the
2D model MIKE21. Both the 1D MIKE11 and
2D MIKE21 models are dynamically coupled
by standard links. This coupled model is run
with the same boundary conditions, flood sce-
nario (i.e. for the August 2002 flood event) and
gate operation as the 1D model. Thus, the es-
sential difference between the 1D MIKE11
setup and MIKEFLOOD setup is in the repre-
sentation of the polders.

In this study, three different DEMs are used
which are obtained by resampling the LIDAR
DEM to grid sizes of 8 m, 25 m and 50 m. Ini-
tially, the LIDAR DEM is processed to remove
non-permanent objects, such as dung hills or
vehicles, and to correctly represent line struc-
tures, such as dikes and ditches. While generat-
ing a DEM by interpolation of point data ob-
tained by laser scanning, there is a risk that line
structures are not continuous in the DEM.
Thus, the following procedure is used for cor-
rect representation of line structures: (i) line
structures are digitised as line objects using to-
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pographic maps, (ii) height information is at-
tached to the digitised line objects, (iii) a large
number of points are generated along the line
objects and (iv) the DEM is generated by inter-
polating point data that were collected by the
laser scanner and generated from the line ob-
jects using GIS. As the laser scanner only col-
lects water surface elevation, bottom height of
ditches was obtained by terrestrial measure-
ments and included in the DEM generation
procedure. While aggregating LIDAR data to
other grid sizes, the DEM gets “smoother”, i.e.
dikes have lower elevation and ditches become
shallower. In order to preserve the flooding
characteristics, post-processing is done in the
aggregated DEM by converting the line objects
(with correct height information) to grid objects
of the same grid size as the aggregated DEM.
Subsequently, the corresponding grid cells in
the aggregated DEM are replaced by grid cells
of the line object. While aggregating the DEM
to grid sizes of 8m, 25m and 50m, it is ensured
that water does not spill over the dikes (Elbe
dike and polder dikes) by setting the dike cells
to their true elevations. However, the correct
depths of the ditches inside the polders are not
included in the aggregated DEMs as these
ditches are very narrow (about 3 to 5 m wide)
and hence, would be overrepresented when
converting them into grid sizes of 8 m, 25 m
and 50 m.

3.3 Sensitivity analysis

A detailed sensitivity analysis is carried out
for the different hydrodynamic models with re-
spect to a number of input parameters like (i)
Manning’s n values, (i) DEM’s of different
resolutions, (iii) number of cross-sections used
and (iv) gate opening time and opening/closing
duration. The conditions under which the sensi-
tivity analyses are carried out for each of these
input parameters is presented below.

3.3.1 Manning’s n

First the sensitivity analysis of the MIKE11
model setup for only the Elbe River (i.e. with-
out the polders) is carried out with respect to
Manning’s n values. For this purpose, two cases
of Manning’s n values are considered. In the
first case, the n values are decreased by 5%
from the mean/calibrated values while in the
second case, the n values are increased by 5%
(Table 1). Subsequently, the sensitivity analysis

of the MIKE11 model setup to the Manning’s
n values is carried out by including the polders.
Again, the same two cases of n values stated
above are considered (Table 1).

The sensitivity  analysis of  the
MIKEFLOOD setup to the Manning’s n values
is also carried out. In this case the n values for
the river as well as the river floodplain are kept
at their calibrated values while the n values for
the polders are varied ie. increased and de-

creased by 5% (Table 1).

Table 1: Range of Manning’s n values for different land-
use class considered in sensitivity analysis

Class Manning’s n*

0.0361 — 0.0399 (0.038)
River floodplain 0.0475 — 0.0525 (0.050)
Polder 0.0475 —0.0525 (0.050)

*Calibrated values are indicated in brackets

River channel

3.3.2 DEM's of different resolutions

The sensitivity of the 1D MIKE11 model to
the use of different DEM resolutions is studied.
Two DEMs of horizontal resolution 8 m and
50 m are used to derive the area-elevation
curves. The MIKE11 model is simulated for
the August 2002 flood event with the area-
elevation curves derived from the two different
DEMs.

The sensitivity of the MIKEFLOOD model
to the use of different DEM resolutions is also
studied. The sensitivity analysis is carried out
considering three DEM’s of different horizon-
tal resolutions for the polders viz. 8 m, 25 m
and 50 m. The sensitivity of the use of these
different DEM’s to the water level and dis-
charge reduction in the Elbe River as well as
the flow dynamics in the polders is studied. The
flood inundation extent and depth in the pol-
ders at a particular instant of time for the dif-
ferent DEM’s is also studied.

3.3.3 Number of cross-sections used

The sensitivity of the 1D MIKE11 model to
different number of cross-sections used is also
studied. In this case also, only the Elbe River is
modeled and the polders are not considered. As
stated earlier, a total of 34 cross-sections are
used to define the Elbe River in the MIKE11
model (Figure 2). These cross-sections are in
general 400 m to 800 m apart but the cross-
section spacing is more in the downstream side



Chapter IV 45

with a maximum spacing of 2.4 km between
Elbe River 189.6 km and 192 km. In order to
study the sensitivity of the results to the num-
ber of cross-sections used, two different cases
are considered in which different number of
cross-sections are used:

Case-I: Only 20 out of 34 cross-sections are
used, i.e. 14 cross-sections (nos. 3, 5, 7, 9, 11,
13, 15, 17, 19, 21, 23, 25, 27 and 29 (Figure 2))
are removed. Here, the 14 cross-sections which
are removed are in the stretch of the Elbe River
175 km to 187.6 km. In this stretch of the river,
the cross-section spacing varies from 400 to
800 m, i.e. they are closely spaced. Thus, the re-
sults obtained from the removal of these cross-
sections would indicate the closeness at which
the cross-sections are to be provided.

Case-1I: Again another set of 20 cross-
sections are used, i.e. a different set of 14 cross-
sections are removed (nos. 2, 4, 6, 8, 10, 12, 14,
16, 18, 20, 22, 24, 26 and 28 (Figure 2)) in the
same stretch of the Elbe River 175 km to 187.6
km.

3.3.4 Gate opening time and opening/ closing duration

The sensitivity of the 1D MIKE11 model to
the time of opening of the south gate during
the polder filling process is studied. For this the
following two gate opening times are consid-
ered for the south gate:

Case-1. 6 hour ahead of the actual opening
time.
Case-II. 6 hour after the actual opening time.

The sensitivity of the 1D MIKE11 model to
different gate opening and closing duration dur-
ing the polder filling process is also studied. In
this study all the gates (i.e. the south and north
as well as the connecting gates) open or close in
a span of 30 min (based on information from
local water authority). In order to study the sen-
sitivity of the gate opening and closing duration
to the water level and discharge reduction in the
Elbe River, two different gate opening and
closing durations are considered:

Case-I: All the gates take 5 min to open or
close.

Case-1I: All the gates take 60 min to open or
close.

4 RESULTS AND DISCUSSIONS

4.1 Calibration and validation of the one-
dimensional model

Table 2 shows the performance indices for
different trial values of Manning’s n for
MIKE11 simulated water levels at the Mauken
gauging site during calibration and validation
for the main channel only. The Eqs and d values
are found to be the highest for n equal to 0.038
during calibration. Using this n the Eqns and d
values are also found to be very high during
validation. Hence, the Manning’s n value of
0.038 is chosen for the main channel.

Table 2: Performance indices for MIKE11 simulated wa-
ter levels at the Mauken gauging site during calibration
and validation (for the main channel only)

Calibration Validation
Events > Oct-Nov, 1999 Aug-Sep, 2004
Manning’s E, d E. d
n (for river)
0.037 0.662 0.931 - -
0.038 0.925 0.984 0.92 0.983
0.039 0.844 0.967 - -

Table 3: Performance indices for MIKE11 simulated wa-
ter levels at the Mauken gauging site during calibration
and validation (for the floodplains)

Calibration Validation
Events > Jan-Mar, 2002 Mar-Jun, 2005
Manning’s n E. d E, d
For For
river  floodplain
0.038 0.035 0976  0.724 - -
0.04 0.98 0.728 - -
0.045 0.981 0.732 0979 0.584
0.05 0.979 0.736 0982 0.594

Different trial values of Manning’s n for the
floodplain are chosen keeping the main channel
n value equal to 0.038. Table 3 shows the per-
formance indices for the MIKE11 simulated
water levels at the Mauken gauging site during
calibration and validation for the floodplain.
For the Jan-Mar, 2002 event, the Ens value is
found to be the highest for floodplain n value
equal to 0.045 while the d value is found to be
the highest for floodplain n value equal to
0.050. But during validation with the Mar-]Jun,
2005 event, both the Eys and d values are found
to be the highest for floodplain n value equal to
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0.050. Hence, the Manning’s n value of 0.050 is
chosen for the floodplains. Figure 3 shows a
comparison of the observed and simulated wa-
ter levels at the Mauken gauging site during
calibration and validation for the floodplains.
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Fig. 3: Comparison of observed and simulated water lev-
els at the Mauken gauging site during (a) Calibration for
the flood event of 1% January to 31%t March 2002 and (b)
Validation for the flood event of 13t March to 30™ June,
2005

4.2 One-dimensional model results for
flooding and emptying processes in the
polder

Figures 4a to ¢ show the results obtained
from MIKE11 simulation for the flooding and
emptying processes in the polders and flow in
the Elbe River for the August 2002 flood event.
The peak discharge for this flood event is 4420
m3/s. Here, the area-elevation curves for the
storage areas are derived from a 50 m grid
DEM. It is observed from these figures that the

south gate opens when the water level in the
Elbe River reaches a threshold value of 76.94 m
cotresponding to a discharge of 4100 m3/s
(Figures 4a and b). At this instant of time a dis-
charge of about 440 m’/s enters through the
south gate (Figure 4¢) and this results in a sharp
reduction in the Elbe discharge and water level
(Figure 4a). Subsequently, the connecting gate
and the south gates close when the water level
reaches the design value in the north and south
polders, respectively. The entire filling process
takes about 30 hours. After the gates close, the
discharge and water level in the Elbe River rise
again. The water level reduction at the Elbe
River 184.4 km (i.e. at the Mauken gauge) is 25
cm while the corresponding discharge reduc-
tion at this point is 310 m3/s (Figure 4a).

In order to achieve the maximum water level
reduction in the Elbe River for given polder
volumes, the discharge in the Elbe River should
be as close as possible to a straight line after the
filling process starts in the polder. The factors
affecting the magnitude of water level reduction
in the Elbe River for given polder volumes are
(i) time of opening of the gates during the pol-
der filling process, (ii) gate opening/closing du-
ration (iii) gate width or partitioning of the
gates and (iv) shape of the flood hydrograph. A
detailed investigation on the effect of (i) se-
quential operation of the north and south gates
during the filling process (ii) partitioning of the
gates and (iii) shape of the flood hydrograph,
on the magnitude of water level reduction in
the Elbe River is reported in Forster et al
(2008). In this study, only the south and the
connecting gates (and not the north gate) oper-
ate during the polder filling process. The gate
opening/closing durations are 30 min and the
gate widths are 25 m (based on information col-
lected from local water authority). Further, as
stated earlier, the August 2002 flood hydro-
graph is considered here. Thus, in this study,
the time of opening of the south gate during
the start of the filling process of the polders is
the only crucial factor for obtaining the maxi-
mum possible water level reduction in the Elbe
River. The time of opening of the south gate
during the filling process of the polder is de-
cided manually based on a trial and error proc-
ess so as to maximise the water level reduction
in the Elbe River. Several trial runs are carried
out with different opening times for the south
gate (specified in MIKE11 for each trial run)
while the connecting and south gates close
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when the design water level is reached in the
north and south polders, respectively. For each
run the water level reduction in the Elbe River
is noted. It is observed that when the south gate
is opened corresponding to a water level of
76.94 m at Elbe River chainage 184.4 km (i.e.
on 17t Aug, 2002 at 15.40 hrs for the August
2002 flood event), a maximum water level re-
duction of 25 cm occurs in the Elbe River.

The gate operation during the polder empty-
ing process is also decided manually. The objec-
tive is to empty the polders as soon as possible.
Thus, it is decided to release the water from the
polders into the Elbe River as soon as the water
level in the river falls below the water level in
the polders. Accordingly, it is decided that the
emptying process start when the water level in
the Elbe River near the south gate falls to 75.64
m (Figure 4a) i.e. 2 days after the filling process
ends which allows for a safe release of the flood
water. The south gate is opened first followed
by the north gate 8 hours later. The connecting
gate is opened 7 hours after the north gate is
opened (Figure 4b). Immediately after the con-
necting gate is opened, the south gate is closed
as the flow direction reverses and water starts
entering the polders again. As per the MIKE11
simulation, the entire emptying process takes
about 24 days. The long duration of the empty-
ing process is because after a certain time the
water level of the polders become same as the
water level in the Elbe and hence, the water lev-
els in the polder fall along with the river water
level. It is to be mentioned here that all gate
operations are automatically executed in the
MIKE11 model simulations based on the se-
lected decision criteria.

As mentioned eatlier the storage area under
investigation is yet to be constructed and hence,
only calibration data for the river is available.
Due to lack of calibration/validation data sets
for the storage area the simulation results ob-
tained herein are compared with a similar study.
In IWK (2003) the peak attenuation effect for
several proposed flood storage areas along the
Middle Elbe River was simulated considering
floods with peak discharges ranging between
4000 m?/s and 5000 m?/s. For the same stor-
age area as investigated in the present study a
peak reduction between 262 m*/s (14 cm) and
497 m*/s (23 cm) at the gauge Wittenberg was
simulated. These results are very similar to the
range of water level reduction obtained in the
present study.
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4.3  Comparison of one- and one-/ two-
dimensional model results

The DEM grid size used for MIKEFLOOD
is 50 m and the area-elevation curves for
MIKEI11 are also extracted from 50 m grid
DEM. A comparison of the results obtained
from MIKE11 and MIKEFLOOD simulation
runs show that there is absolutely no difference
in the water level and discharge reduction in the
Elbe River. This is because the discharge
through the south gate is the same for both
models. The identical discharge is because it is a
case of free flow discharge controlled by the
upstream water level and the upstream water
level for the south gate for both the models is
same even though the downstream water level
differs.

The differences between MIKE11 and
MIKEFLOOD results are that for MIKE11 the
water front reaches the connecting gate at the
same instant at which the south gate is opened
while for MIKEFLOOD the water front takes
about an hour to reach the connecting gate.
Further, due to the different treatment of the
polder filling in the models, the water levels up-
stream and downstream of the connecting gate
differ for the two models. As a result there is a
slight difference in the discharge through the
connecting gate for the two models.

In the emptying process of the polders there
is significant difference between MIKE11 and
MIKEFLOOD results. For the MIKEFLOOD
model, the emptying process continues till the
water level in the polders lowers down to about
73.25 m. The emptying process takes about 4
days with most of the emptying taking place in
the first one and a half days. The emptying
process stops after the water level reaches 73.25
m because the ground elevations near the north
gate are higher than its sill elevation (70.8 m)
and this does not permit further draining of the
water to take place. However, for the MIKE11
model, the emptying process continues till the
water level in the polders lowers to the sill ele-
vation of the north gate (70.8 m) along with the
river water level. The emptying process takes
about 24 days. This emptying result of MIKE11
is in fact incorrect since practically the draining
process cannot continue below the water level
of 73.5 m because of the ground elevation con-
ditions near the north gate as mentioned above.
Such an error is expected to occur in MIKE11
because the area-elevation curves which de-
scribe the polders do not take care of the spatial

variations of ground elevations. However, a
work around is possible in MIKE11 by raising
the sill level of the north gate to 73.5 m when
the water level in the north polder lowers to
73.5 m during the emptying process. However,
this would require the use of MIKEFLOOD
model to ascertain the required water level (73.5
m in this study) prior to using MIKE11. Such
an approach was not adopted herein as this pa-
per aims at an independent comparison of the
1D and 1D-2D models to model floods with
emergency storage areas.

MIKEFLOOD results for the polders show
large tracts of agricultural land, particularly in
the northern side of the north polder (with
depths of water as high as 1.5 to 2 m in some
places) remain inundated after the emptying
process through the north and south gates. Be-
cause of the topography, this water cannot be
drained using the gravity process through the
gates. Hence, some of the water may be drained
using a small gate in a stream on the northern
boundary (not considered here in the modeling
process) and the rest of it has to be pumped out
or gradually evaporate or seep away.

An additional information which is obtained
from MIKEFLOOD is the water velocities in
the polders. It is observed that at some places
in the polder near the south gate, the velocity is
higher than the mean velocity of 1.5 m/s (for
50 m grid size DEM). This type of information
will be of particular help in studying the erosion
and sedimentation problems in the polder as
well as in the subsequent risk analysis.

4.4  Computation time, storage space
requirements and modelling effort

A comparison of the computational time re-
quirements for the two models was carried out.
For this the models were run in a personal
computer having AMD Athlon(tm) 64 3500+
processor with 2.2 GHz speed and 2GB RAM.
Also, the models were run for the filling and
emptying processes in the polders as well as
flow in the Elbe River for the same August
2002 flood event. The MIKEFLOOD (with 8
m grid DEM for the polders) model was run
for shorter durations because of very high
computational time and storage space require-
ments. The simulation time step interval and re-
sult storing frequency for the different runs are
shown in Table 4. The computational time as
well as storage space requirements for the
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model runs is shown in Table 5. It is observed
that the computation time as well as the storage
space requirements for MIKE11 model is very
low while these are very high for the
MIKEFLOOD model. As expected, for
MIKEFLOOD the computation time and stot-
age space requirements increase drastically
when finer resolution DEMs are used.

Tab. 4: Model run details for the August 2002 flood

event

Simulation time Result storing

Model ‘ .
step interval (s) frequency (min)
MIKE11 5 -
MIKEFLOOD ~ MIKEIL =25 )
MIKE21 -2s 15

As far as the modelling effort is concerned,
considerable effort is required in setting up of
the MIKEFLOOD model. For MIKEFLOOD,
quite a few adjustments had to be made in the
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DEM near its links with the structures of
MIKEI11 to bring about model stability. The
DEM is cut and levelled near the structures and
provided with an initial water level. In compari-
son, considerably less effort is required in set-
ting up the MIKE11model.

Tab. 5: Computation time and storage space requirement
for different model runs

DEM grid Computation Storage

Model
size time (h:min)  space
MIKE11 2 min 22 MB
50 m DEM 3 h 43 min 1.1 GB
MIKEFLOOD 25 m DEM 14 h 23 min 3.1GB
8 m DEM* 12 h 40 min 1.3 GB

* The MIKEFLOOD model with 8 m grid DEM is
simulated only for the polder filling process i.e. from 5%
Aug. to 21 Aug., 2002.
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Fig. 5: Maximum water levels along longitudinal section of Elbe River as obtained from
M11 (polders are not considered) for different ‘n’ values for the August 2002 flood event
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4.5  Sensitivity analysis

4.5.1 Manning’s n

Figure 5 shows the maximum water levels
along the longitudinal section of Elbe River as
obtained from MIKEI11 (when only the Elbe
River is modeled and the polders are not con-
sidered) for different ‘n’ values for the August
2002 flood event. It is seen that as the n values
are decreased the water level decreases and
vice-versa. When the n values are decreased by
5%, the maximum water level difference occurs
at the upstream end which is 16 cm while the
water level differences at the points of interest
i.e. at the south gate is 15 cm and at the Mau-
ken gauging site is 13cm. Similarly, when the n
values are increased by 5%, the maximum water
level difference also occurs at the upstream end
which is 15 cm while the water level differences
at the points of interest i.e. at the south gate is
14 cm and at the Mauken gauging site is 12 cm.

Considering the fact, that the maximum water
level reduction at the Mauken gauging site is 25
cm (as stated earlier), these water level differ-
ences of 12-15 cm due to change of n values
seem to be significant.

Figures 6a and b show the results of sensi-
tivity analysis of the MIKE11 model to the
Manning’s n values when the polders are in-
cluded. It is observed that when the n values
are decreased by 5%, the water level reduction
is only 12.3 ¢cm and discharge reduction is 137
m3/s (Figure 6a). While the water level reduc-
tion is only 17.0 cm and discharge reduction is
218 m3/s when the n values are increased by
5% (Figure 6b). This happens because though
the south gate is still opened at the same water
level value of 76.94 m, the river discharge cor-
responding to this water level is different for
the two cases due to different n wvalues. As
stated earlier, the water level reduction is 25 cm
and discharge reduction is 310 m3/s when the
calibrated values of n are used. Thus, the model
is quite sensitive to changes in n value.
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polders are considered: (a) n = 0.0361 for river and 0.0475 for
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In this study, as mentioned eatlier, the Man-
ning’s n values obtained during the calibration
and validation process are 0.038 and 0.05 for
the main channel and adjacent floodplain, re-
spectively. The corresponding normal values of
Manning’s n for the prevailing land-use men-
tioned in literature (Chow, 1959) are 0.035 (for
natural streams — major rivers) and 0.05 (for
floodplains — light brush). As the calibrated val-
ues are very close to those mentioned in the lit-
erature and the land-use in the study area is
quite uniform, a lower range (£ 5%) of Man-
ning’s n is used in the sensitivity analysis. The
uncertainty associated with the roughness val-
ues in modelling floods has been a subject of
continuous research (Werner et al., 2005). Hor-
ritt (2005) states the difficulty in specifying the
hydraulic roughness values in spite of having a
reasonable idea of the land-use. The author fur-
ther suggests the use of calibration approach to
remove this difficulty. Hence, it is proposed
that a more detailed calibration and validation
procedure be adopted considering a large num-
ber of flood events in order to reduce the un-
certainties associated with the Manning’s n val-
ues. However, it is also expected that the
sensitivity to n values would decrease when
more than one polder is used and the conse-
quent peak water level reduction in the Elbe
River is much higher.

The results of sensitivity analysis of the
MIKEFLOOD model show that they are in-
sensitive to the variation of n values in the pol-
ders. This is quite expected because (i) the in-
flow to the polder remains the same as it is not
influenced by the polder water level and (ii) n is
proportional to the velocity which in bulk char-
acteristic is low. This finding justifies using only
one roughness value for the polders rather than
differentiating into several roughness classes.
Similar results are also reported by Werner et al.
(2005).

4.5.2 DEM's of different resolutions

The results of sensitivity analysis of
MIKE11 model to area-elevation cutves de-
rived from different grid size DEMs show that
the water level and discharge reduction in the
Elbe River remains unchanged. However, when
the south gate is closed after the filling process,
the discharge in the Elbe River for the 8§ m
DEM case increases to a lesser extent than that
of the 50 m DEM case. For both the DEM
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cases the polders are filled to their design levels
Le., 76.14 m for south polder and 75.35 m for
the north polder. Though the discharge
through the south and connecting gates are
same for both cases, the gates close a little ear-
lier for 50 m DEM case than 8 m DEM case.
This minor difference in the result is due to the
slightly different volume-elevation curves de-
rived from the two DEMs. Because of averag-
ing, the 50 m DEM has a slightly lesser volume
for the design water level as compared to the 8
m DEM. For the 50 m DEM, the volume of
water corresponding to the design water levels
are 20.24 Mm? in the north polder and 20.32
Mm? in the south polder (i.e. a total volume of
40.56 Mm?). Whereas for the 8 m DEM, the
volume of water corresponding to the design
water levels are 20.44 Mm? in the north polder
and 20.54 Mm? in the south polder (i.c. a total
volume of 40.98 Mm?). Thus, the total differ-
ence in volume of polders for both cases is 0.42
Mm?. But this does not produce significantly
different results. Hence, a 50 m DEM can very
well be used to derive the area-elevation curves
for the 1D MIKE11 model and yet get accurate
results.

The results of sensitivity analysis of
MIKEFLOOD model to the use of different
DEM resolutions for the polders also show that
the water level and discharge reduction in the
Elbe River remain the same. However, when
the south gate is closed after the filling process,
the discharge in the Elbe River for the 8 m
DEM case increases to a lesser extent than that
of the 25 m DEM case which in turn increases
to a lesser extent than that of the 50 m DEM
case. This is because for the design water level,
the volume of 8 m grid DEM is slightly higher
than that of the 25 m grid DEM which in turn
is higher than that of the 50 m grid DEM. As a
result, for the 50 m DEM case the south gate
closes ahead of the 25 m DEM case which in
turn closes ahead of the 8 m DEM case. The
south gate discharge is same in all cases because
of same upstream water level. So, even though
the downstream water levels differ, the dis-
charge remains the same as it is a case of free
flow discharge governed by upstream water
level. The water front takes about an hour to
reach the connecting gate for all cases. How-
ever, the discharge through the connecting gate
is slightly different for the three grid size DEMs
because of varying upstream and downstream
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water levels for the three cases. The upstream
water level for the 8 m case remains lower than
for the other two since the 8 m DEM has the
same volume of water at a lower elevation
compared to that of 25 m and 50 m DEM.
Figures 7a to ¢ shows the flood inundation
extent and depth in the south polder for the
three DEM cases (8 m, 25 m and 50 m) on 17®
August 2002 at 16.30 hours, i.e. 40 min after
the filling process starts through the south gate.
At this instant of time, the volume of water that
enters the south polder is the same for all the
three cases as the discharge through the south
gate is the same for all cases. For the 50 m
DEM, the inundation extent is 1.35 km?2 and
the maximum water depth is 3.01 m (Figure
7¢). For the 25 m DEM, the inundation extent
is 1.23 km? and the maximum water depth is
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3.36 m (Figure 7b). For the 8 m DEM, the in-
undation extent is 1.23 km? and the maximum
water depth is 3.64 m (Figure 7a). For the 50 m
DEM, the surface elevations are higher than the
25 m and 8 m DEM. Hence, the maximum wa-
ter depth is the lowest for 50 m DEM and the
resulting inundation extent is the highest. Fur-
ther, though the total inundation extent for the
8 m and 25 m DEM are same, their spatial
variation is different, particularly at the fringes
(Figure 7a and b). Unlike floodplain inundation
studies, for polder studies, the analysis of the
inundation extent and depth for different
DEMs is not of much significance since after
the initial phase where the water front pro-
gresses, the polders begin to fill up and the
DEM resolution does not play a major role.
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Fig. 7: Flood inundation extent and depth on 17% August
2002 at 16.30 hours in south polder as obtained from
MIKEFLOOD for DEM with gtid sizes (a) 8 m (b) 25 m
and (c) 50 m
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4.5.3 Number of cross-sections used

Figure 8 shows the maximum water levels
along the longitudinal section of the river as ob-
tained from MIKE11 for the case when all the
34 cross-sections ate used and for the two dif-
ferent cases of cross-sections used for the Au-
gust 2002 flood event. It is observed that for
case I, the water levels are sometimes a little
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higher and sometimes a little lower than the
case when all 34 cross-sections are used.
Whereas, the water levels for case-II are in gen-
eral a little lower than the case when all 34
cross-sections are used. However, for the lower
reaches of the river, the water levels for both
cases I and II almost coincide with the water
level for the case when all 34 cross-sections are
used.
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Fig. 8: Maximum water levels along longitudinal section of Elbe River as obtained
from M11 for different sets of cross-sections for the August 2002 flood event

The water level differences at the points of
interest i.e. south gate and Mauken gauging site
for the different cases are shown in Table 6. It
is seen that the water level differences are not
that significant considering that 14 cross-
sections are removed.

Table 6: Water level differences (in m) in the Elbe River

due to use of different sets of cross-section data

No. of Cross- Water level difference (m) at

Case sections river chainage
removed 182.6km 184.4km

1 14 -0.05 -0.02

11 14 -0.09 -0.08

These results indicate that for the two cases
when 14 cross-sections are removed, the shape
of the river including its depth and width are

very well represented by the remaining 20
cross-sections. Thus, in general it can be seen
that the number of cross-sections used in this
study to model the Elbe water level is reasona-
bly sufficient.

4.5.4 Gate gpening time and opening/ closing duration

As mentioned earlier, during the filling proc-
ess of the polder, the south gate is opened at
15.40 hrs on 17t Aug, 2002 in order to obtain a
maximum water level reduction of 25 cm in the
Elbe River. When the south gate opens 6 h
ahead of this opening time at 9.40 hrs on 17%
Aug, 2002 (corresponding to the Elbe water
level of 76.71 m at the Mauken gauge instead of
76.94 m), the water level reduction decreases to
14.8 cm (from 25.0 cm) which corresponds to a
discharge reduction of 182 m3/s. Similarly,
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when the south gate opens 6 h after the actual
opening time at 21.40 hrs on 17% Aug, 2002
(corresponding to the Elbe water level of 77.10
m at the Mauken gauge instead of 76.94 m), the
water level reduction decreases to 8.6 cm (25.0
cm) which corresponds to a discharge reduction
of 93 m3/s. This shows the importance of a
very good forecast for an effective reduction of
water levels in the main river.

The results of sensitivity analysis of
MIKE11 model to different gate open-
ing/closing durations during the polder filling
process show that for case-1, there is a sudden
fall in the Elbe River discharge (as compared to
the 30 min duration case) when the south gate
opens. This is because the south gate opens
faster and hence, the initial discharge through
the south gate is higher. Also, the south gate
closes earlier (than for the 30 min duration
case). This is because both the south and con-
necting gates are closed when the respective de-
sign water levels are reached in the polders. As
the gates close very fast for case-I, the water
level (and hence, the volume) in both the pol-
ders after the gates are fully closed are lower as
compared to the 30 min case. The final volume
of water in the north and south polders for
case-I are 20.10 Mm? and 20.08 Mm?, respec-
tively; while the final volume of water in the
north and south polders for the 30 min case are
20.32 Mm? and 20.24 Mm?3, respectively. Thus,
as the storage volume in the polders is a little
less for case-I, the discharge and water level at
Elbe River 184.4 km rises a little higher than
the 30 min case. However, the total discharge
and water level reduction in the Elbe River for
case-1 is the same as that for the 30 min case,
because the total discharge and water level re-
ductions are still governed by the threshold dis-
charge and water levels at which the south gate
opens, and this threshold discharge and water
level are the same for both the cases. Similarly,
for case-1II, as the gates open and close slowly
the final volume of water in the north and
south polders are 20.58 Mm? and 20.43 Mm?,
respectively. Thus, as the storage volume in the
polders is a little more, the discharge and water
levels at Elbe River 184.4 km rises a little lower
than the 30 min case. However, in this case
also, the discharge and water level reductions
are the same as that for the 30 min case.

5 CONCLUSIONS

For the August 2002 flood event, the poten-
tial polder with the proposed gate dimensions
and gate control strategy is capable of reducing
the peak water levels near the Mauken gauging
site in the Elbe River by about 25 cm while the
corresponding discharge reduction is about 310
m3/s. The time of opening of the south gate
during the polder filling process is decided us-
ing a trial and error process so as to maximise
the water level reduction in the Elbe River. The
water level reduction can be further improved
through different gate control strategies. This
aspect as well as the effectiveness of the polders
in reducing the water levels in the Elbe River
for floods of different magnitudes and duration
is discussed in a separate paper by the same au-
thors (Forster et al., 2008). As far as the empty-
ing of the polders are concerned, there are not
much intricacies involved. The emptying proc-
ess starts when the discharge in the main river
falls to a low threshold value.

Both the 1D and coupled 1D-2D model
simulations for the potential polder yield the
same water level and discharge reductions in
the Elbe River. However, due to difference in
treatment of the polders in both the models,
the results for the flow processes in the polders
are slightly different. For example, there are dif-
ferences in the time for the water front to reach
the connecting gate as well as the discharge
through the connecting gate. Also, the empty-
ing process of the polders differs significantly
for the two models. While the 1D model drains
the polders completely in 24 days, the 1D-2D
model drains it only partially in 4 days. The 1D-
2D model result is practically correct as the
polders cannot be drained below a certain water
level because of ground elevation conditions
near the gates. The 1D-2D model provides ad-
ditional information in terms of the areal extent
as well as depth of water in the polders after the
emptying process as well as the water velocities
in the polders. The information on velocities
will be particularly useful in studying the ero-
sion and sedimentation problems and subse-
quent risk analysis in the polders. The computa-
tional time as well as the storage requirements
for the 1D model is very less while this is sig-
nificantly higher for the 1D-2D model and
more so when finer resolution DEMs are used.
Further, unlike the 1D model, considerable ef-
fort is required in setting up and simulating the
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1D-2D model. In view of all these, it is recom-
mended to use a 1D model for studying the
flooding processes of polders, particularly the
water level and discharge reductions in the main
river. The computational time requirement sug-
gests that a 1D model may be used in a near
real time mode as well. However, a 1D-2D ap-
proach may be used when the study of flow dy-
namics in the polder is of particular interest.

The 1D model is quite sensitive to changes
in the values of Manning’s n for the river and
its floodplain within the embankments. Thus,
there is a need for a rigorous calibration and
validation of the model before it is put to use.
The 1D-2D model is not very sensitive to
change in the Manning’s n values for the pol-
ders. This is because the ‘n’ values do not have
a role to play once the water front reaches the
boundary of the polders and the water level in
the polders starts rising.

A coarse resolution DEM can very well be
used to derive the area-elevation relationship
for the polders for use in the 1D model and yet
obtain accurate results. The same holds true for
a coupled 1D-2D model wherein a coarse reso-
lution DEM for the polders can be effectively
used. This would result in significant reduction
of the computational time and storage space re-
quirements. In this study, the use of a 50 m grid
DEM was found to yield good results.

The number of cross-sections should be
chosen such that the shape of the river includ-
ing its depth and width are very well repre-
sented by them. In this study, it is seen that the
34 cross-sections used to model the Elbe water
levels is quite sufficient.
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A different gate opening time for the south
gate causes the water level reduction to de-
crease drastically. This indicates that it is very
essential to have a good flood forecast in order
to effectively reduce the water levels in the
main river. The change in gate opening and
closing durations from 5 min to 60 min does
not have an effect on the water level reductions
in the Elbe River. In this study, the gate open-
ing and closing duration of 30 min is selected
based on information provided by the local wa-
ter authorities.
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Chapter V

Simulation of water quality in a flood detention area using

models of different spatial discretisation

ABSTRACT:

Detention areas are used to lower peak discharges during extreme flood events by temporary storage of
excess water. Hence, the risk of dike failures and extensive inundations in adjacent and downstream
river reaches is reduced. However, ecological side effects such as a deterioration of water quality during
water retention may occur. This is mainly due to the large amount of organic matter in the flood water
and the inundation of terrestrial vegetation in the detention area. Decay processes can cause a severe
depletion of dissolved oxygen (DO) in the temporary water body.

The impact of water retention on the DO dynamics in a planned detention area at the Elbe River
(Germany) is studied by means of water quality modeling. Models of different spatial discretisation, a
zero-dimensional (0D) and a two-dimensional (2D) approach, were applied to assess their suitability in
terms of performance and modeling effort. Both model approaches solely differ in their spatial
discretisation, while conversion processes, parameters, and boundary conditions were kept identical.

The dynamics of DO simulated by the two models are similar in the initial flooding period but diverge
when the system starts to drain. The deviation can be attributed to the different spatial discretisation of
the two models, and hence the different approach of determining flow velocities and water depths. The
2D model requires significantly higher efforts for pre- and post-processing and longer computing
times. It is therefore not suitable for investigating various flood scenarios and for testing the model's
reliability with an extensive sensitivity analysis. However, studying the impact of the spatial variability
on the evolution of the state variables necessitates a spatially distributed model approach.

For practical applications, it is recommended to firstly set up a fast-running model of reduced spatial
discretisation, e.g. a 0D model. Using this tool, the reliability of the simulation results should be
checked by analyzing the impact of uncertain parameters of the water quality model with a particular
focus on those parameters that are spatially variable and, therefore, assumed to be better represented in
a 2D model. The benefit from the application of the more costly 2D model should be assessed, based
on the analyses carried out with the 0D model. A 2D model appears to be preferable if the simulated
detention area has a complex topography, flow velocities are highly variable in space, and the
parameters of the water quality model are well known.

Published as: Kneis D, Forster S and Bronstert A. Simulation of water quality in a flood detention area using models of
different spatial discretisation. Ecological Modelling. (in preparation)
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1 INTRODUCTION

Detention areas form part of the flood man-
agement strategy for many lowland rivers such
as the Elbe River (Germany). They are used to
lower peak discharges in the river during large
flood events. Excess water is temporarily
stored, hereby reducing the flood hazard at ad-
jacent downstream reaches. The utilisation of
flood detention areas has been proved to suc-
cessfully reduce the peak discharge during the
Elbe flood in 2002 (Forster et al., 2005). How-
ever, such areas are often used for agriculture
and, apart from economic losses due to the in-
undation of crops, water quality problems may
occur. The decay of submerged biomass causes
high oxygen consumption rates and may lead to
a severe depletion of dissolved oxygen (DO)
levels. Large amounts of organic matter con-
tained in the river water during extreme floods
(IKSE, 2004) also contribute to oxygen con-
sumption. When a large detention area at the
Elbe River was flooded in 2002, fish extinction
due to DO depletion was nearly 100% (Bohme
et al., 2005).

Water quality modeling provides a means to
study the impact of flooding on ecologically
relevant parameters, such as dissolved oxygen.
For example, different hydrological scenarios
can be simulated to examine the effect of flood-
ing depth, water residence time, and initial
vegetation cover. To produce meaningful pre-
dictions, the water quality model must provide
both a reasonable description of the turnover
processes (ecological submodel) as well as an
appropriate representation of heterogeneity, i.e.
spatial discretisation. What kind of discretisa-
tion is appropriate, is determined by the hydro-
dynamic situation (geometry and boundary
conditions) as well as the relevant turnover
processes. In practice, however, the actual
choice is often dictated by the cost of setting up
a multi-dimensional and/or high-resolution
simulation model and - more often - by data
availability.

In this study, we explicitly investigated the
impact of model discretisation. For that pur-
pose, we simulated the oxygen dynamics in a
planned flood detention area using two models
in parallel: a zero-dimensional approach (0D
model) and a two-dimensional one (2D model).

The ecological submodel, covering the state
variables and interactions shown in Figure 1 is,
however, identical. The objective is to point out
pros and cons of the two levels of discretisation
and to assess the suitability of either approach
to predict DO concentrations in a flooded de-
tention area.
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Fig. 1: State variables of the water quality model. DO
represents the concentration of dissolved oxygen, MM is
the concentration of 'mobile' organic matter in the water
column and PY is the symbol for phytoplankton (all in
gm™). IM represents the ateal concentration of
'immobile degradable matter at the reservoit's bottom
and SPY is the concentration of settled phytoplankton
(both in units of gm™). DO, MM, and PY are
controlled by external forcings (dashed arrows).
Interactions between the state variables, including
negative feedbacks, appear as solid lines. Details on the
modeled processes are given in Section 3.2.

2 STUDY SITE

The test site for model comparison is a
flood detention area to be built at the Middle
Elbe River (Germany; 51°43' N, 12°54' E). The
area with a total extent of 17 km? is separated
from the River by the main dike. It consists of
two linked reservoirs with a total storage
capacity of 40 million m*® (Figure 2). The
shallow reservoirs are designed to temporarily
store part of the discharge of the Elbe River in
the case of flood events with a return period
> 100 years. Filling of the reservoirs and post-
event drainage are regulated by means of the
three control structures shown in Figure 2.

Currently about 90% of the area is under in-
tensive agricultural use with main crop types
being grain crops, corn, canola, and intensive
grassland. The remaining 10% are taken up by a
small watercourse and adjacent wetland forests,
most of which are under protection according
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to national and European environmental legis-
lation. It is expected that the land will retain its
original purpose after designation as a detention

area.
km
190

Lower
reservoir

Lower

. Connect-
weir

ing weir

Upper
reservoir

Fig. 2: Map of the flood detention area at the Middle
Elbe River. The arrows used for labeling the locations of
weirs indicate the normal flow direction.
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3 METHODS AND DATA

3.1 Comparison of the 0D and the 2D

approach

All the basic features of the 0D and the 2D
modeling approach are summarised in Table 1.
Since we aimed at studying the impact of the
models' spatial discretisation, we kept all fea-
tures except discretisation identical. Conse-
quently, the set of state variables and processes
is the same in both the 0D and the 2D ap-
proach (Figure 1). The two models simulate the
evolution of concentrations in a control volume
by solving a common set of ordinary differen-
tial equations (Table 2, Eq.s 4-20) for a com-
mon set of boundary conditions (Section 3.4).

Tab. 1: Compatison of basic features of the 0D and 2D model.

0D model

2D model

Hydrodynamics and transport
Spatial discretisation

Flow model Continuity eqn.
Geometry input
Transport model Mass balance

Time step variable, 2 min

Boundary conditions

2 stirred tank reactors

Storage functions

50 x 50 m grid model
2D St. Venant eqn.
DEM as grid

2D Advect.-Disp. eqn.

variable, 2 sec *

In- & Outflow rates; see Section 3.4

Water quality model
Components & processes

LSODA "

variable, 2 min

Numerical solver

Time step
Boundary conditions

User-defined; see Section 3.2
5th order Runge-Kutta

variable, 2 min

In-river concentrations, meteorology; see Section 3.4

Computational aspects

Software environment R-Script ©
Computation time © ~ 2.5 min
Size of output files f ~ 0.8 MB

MIKE, Ecolab *
~ 5 houts

~1.7GB

Required to ensure Courant numbers < 1

- 0 A0 o

The difference between the two model is
solely due to a very different discretisation of
the model domain as illustrated by Figure 3.
The 2D model accounts for lateral heterogenei-
ties in hydrodynamic variables and concentra-
tions. It solves the advection-dispersion equa-
tion to simulate lateral transport but still

From R-package ‘odesolve’; Originally by Hindmarsh (1983) and Petzold (1983)
Implemented by D. Kneis using R version 2.6 (R Development Core Team, 2007)
Developed by the Danish Hydraulic Institute (DHI, 2003)

Includes simulation and post-processing on a PC with 2.2 GHz CPU and 2 GB RAM
Uncompressed ASCII text; storage interval 15 min

assumes vertical mixing of the water column
(Figure 3, left). In the 2D model, each grid cell
with the extent AX=&=30m has its individual
depth D as determined from the water surface
elevation # and the digital elevation model
(DEM). Turnover computations are carried out
for each cell.
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Fig. 3: Discretisation of a modeled reservoir in the vertically averaged 2D model
(left) and the 0D stirred tank model (right). Symbol / represents the water surface
elevation and D is the depth of a grid cell (2D model) or the average depth of the

stirred tank (0D model). For this study we used Ax= Ay =50 m.

In contrast, in the 0D model, each of the
two reservoirs shown in Figure 2 is considered
as a stirred tank reactor (short: STR; Chapra,
1997). A STR is assumed to be both laterally
and vertically mixed (Figure 3, right). There-
fore, it is characterised by homogeneity with re-
spect to all state variables, e.g. concentrations.
As opposed to the 2D model, the O0-
dimensional stirred tank approach is built on
aggregated information on the water body's ge-
ometry in the form of storage functions (Fig-
ure 4). The basic relation is the one between the
water surface elevation ; and the surface area
4, AN s easily computed from a DEM. The
relation for the storage volume V() as well as
for the depth D) detive from A according
to Eq.s 1 and 2. Here, in contrast to the 2D ap-
proach, D(h) s an average value that is assumed
to be representative for the STR, i.e. the entire
reservoir.

v = [ )z (1)
_rm
Dy =" 2

Flooding and emptying of the proposed
detention area were simulated with the
MIKEFLOOD  hydrodynamic = modeling
package (DHI, 2004). The model integrates a
one-dimensional representation of the FElbe
River (~ 20 km reach) and a two-dimensional
model of the detention area itself. The 2D part
of the model uses a rectangular grid with a
resolution of 50 x 50 m for compatibility with

the 2D water quality model. The computation
of flow rates and depths is based on a finite
difference approximation of the Saint Venant
Equations.

«—
£ & - --- V:Storage volume ,” |- g
Z - A: Wet area /b

— - 7, o —_
= w _ D: Mean depth/, -2 E
g . o O
© >
2 v - -
Z o
> o S

Water surface elevation, h (m a.s.l.)

Fig. 4: Storage functions representing the upper
teservoit's geometry in the O-dimensional stirred tank
approach.

The computed inflow rates to the upper
reservoir, exchange flows at the connecting
weir as well as outflow rates at the lower weir
(see Figure 5 in Section 3.4) served as boundary
conditions for the water quality simulations in
both the 0D and the 2D model. However, only
the latter approach uses the computation results
for each grid cell (velocity components, depth)
in the simulation of lateral transport as well as
turnover.

3.2 Water quality processes

The control of the state variables (Figure 1)
by conversion processes and boundary
conditions is best illustrated by a Peterson
matrix (Reichert et al., 2001) as shown in
Table 2. The actual dynamics of the state
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variables are determined by the process rates r
according to Eq. 3, where y is the i-th state

variable, » is the total number of processes
considered in the model and the vector of
stoichiometry factors 9i-.. represents the i-th

column of the stoichiometry matrix (see

Table 2). The rate expressions are presented in
the subsequent paragraphs (Eq.s 4-20).

= Ylaon) ©)

Tab. 2: Process matrix of the water quality model showing the influence of processes on the simulated state variables. The
columns 4-10 represent the stoichiometry matrix. It contains the factors ¢ appearing in Eq. 3. If 4 | >0, the k-th process

is responsible for an increase in the value of the i-th state variable whereas 4 <( indicates a decrease according to Eq. 3.
i,

For clarity, a period is displayed in those positions where a state variable is not affected by a process, i.e. 4 =0. The rate
i

expressions for all processes are presented separately in Eq.s 4-20. See Tables 3 , 4, and 5 for the definition of all symbols.

# Process Rate MM IM PY SPY DO ™w V
Spresion (gm?)  (gm?)  (gm)  (gm)  (gm) (O (m)
1 Inflow Eq. 4 MM - MM PY  — PY . DO , - DO TW , - TW 1
2 Outflow Eq. 5 vV d . V. V. -1
3 Decay of MM Eq. 6 -1 . — foum
4 Decay of IM Eq.7 -1 - fm/D
5  Decay of SPY Eq. 8 . -1 — foy/D
6 Growth of PY Eq. 9 1 . Sfor
7  Respiration of PY  Eq. 12 -1 . — for
8  Settling of PY Eq. 13 -1 D .
9a  Aeration 1 Eq. 15 1
9b  Aeration 2 Eq. 17 1 .
10 Heatflux Eq. 20 1

Process rates 1 and 2: In- and Outflow

The process rate i accounting for the inflow
of water to the reservoir (OD model) or a con-
trol volume (2D model) is nothing but the flow

rate 9 (Eq. 4). Likewise, the process of out-
flow > is described by the corresponding flow
rate Qo (Eq. 5). The unit of the two rates is

3 -l
m s .

=0, )
=0, )

Process rate 3: Degradation of mobile
organic matter

The rate " describing the velocity of the
degradation of MM is given by Eq. 6. Here,
MM is the concentration of mobile organic
matter in the water column (g m ™), K (s7) is
the rate of aerobic decay, and “m (-) controls
the process' dependence on water temperature
™ (°C) through an Atrhenius term. DO

(gm”) is the oxygen concentration and hpo

(gm™) is the half-saturation constant in the
Monod term accounting for inhibition of the

aerobic process at low oxygen levels. The unit

. 3 4
of the process rate 5 isgm ™ s

- DO

_ . ) (TW=20)

= MM -kyy, DO+ hy, (6)
Process rate 4: Degradation of immobile

organic matter

The rate "+ as defined by Eq. 7 controls the
degradation of immobile organic matter that is
attached to the reservoir's bottom. In Eq. 7, IM
is the areal concentration of the degradable ma-

tetial (zm~), D (m) is the water depth and Dy
is a threshold value of the depth at which die-
off and decay of the vegetation sets in. The

meaning of the constants % and ‘m is equiva-

lent to the corresponding parameters in Eq. 6.
They were introduced to allow for different de-
gradability of IM as compared to MM . The re-
maining symbols 7% | DO and "»o are the same
asin 5 (Eq. 6). Since IM is defined in g m™ the

unit of rate " is g m”’s’
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IM - kIM ! tIM(TW720) : Dio fOr D> Dm[n
n= DO+ hyy, (7)
0 forD<D,,

Process rate 5: Degradation of settled
phytoplankton

The degradation of settled phytoplankton
SPY (s Eq. 8) is computed in a similar way as
the decay of /M (see Eq. 7) and the rate unit is
gm” s as well, because, like M, SPY is an
areal concentration (g m ™). To allow for differ-

ent degradability, a separate rate constant (kSPY)

and temperature correction factor (tSPY) were in-
troduced.

_ (TW -20) DO
15 =SPY -kgpy Lpy 'm 8
Process rate 6: Growth of phytoplankton
Phytoplankton growth is considered in the
model as is compensates for oxygen consump-
tion by aerobic decay at daytime. The growth

rate ' is computed as a function of the current
phytoplankton concentration PY (gm ™) using

a potential growth rate Koow (s™) which defines
the rate of cell division under optimum condi-
tions (Eq. 9). The model accounts for the ef-
fects of light limitation by the function #im (see
Eq. 10) representing the depth-integrated Steele
equation (Ambrose et al., 2001). The impact of
temperature is described by an Arrhenius term
(dimensionless parameter ‘e) similarly to
Eq.s 6-8. For this study, we assume that phyto-
plankton growth is not limited by nutrients be-
cause the concentrations of nitrogen and phos-
phorus in the river are high during flood and
additional nutrients are remobilised from the
inundated soil and the mineralisation of vegeta-
ton.

r6 =PY- kgmw ! tgraw(TW720) : lllm([w/ ’ ]opt s D’ eback > .f;‘hla H PY) (9>

Arguments to the function #im are the inten-
sity of photosynthetic active radiation just be-

low the water surface ' (W m~, boundary

condition) as well as the optimum intensity Lop
at which gross growth reaches a maximum.
Further arguments to #im are the current phyto-
plankton concentration PY (g m”), the water
depth D (m), a background extinction coeffi-

cient %« (m™), and the chlorophyll-a content

of the phytoplankton Jona (g g). The latter two
parameters are used for computing the total ex-

tinction coefficient % (m™) according to Eq.
11 (adapted from Ambrose et al.,, 2001). Light
adaption is not taken into account, ie.
Sona = const .

2.718 1 I,
l _ _ srf. _ .D) |- _sf
lim = = D[exp[ e, )J exp[ o D (10)

opt opt

ot = € T8.8-PY - [, +5-4'(PY'fch/a)(2/3) (11)

Process rate 7: Respiration of phyto-
plankton

This process accounts for the loss of phyto-
plankton biomass by respiration and mineralisa-

tion of dead algae. The rate 7 with the unit
gm s is computed according to Eq. 12. The

rate constant rev (s™) and the parameter = (-)
are equivalent to the corresponding constants
in Eq.s 6-8 and the other symbols were ex-
plained in conjunction with Eq. 6.

(TW-20) DO

5, =PY k., 1., DO+h
DO

(12)

Process rate 8: Settling of phytoplankton
By the process of settling, phytoplankton
(PY) is transferred from the water column to
12

the reservoir's bottom. The rate of transfer '

has the unit gm ™ s™'. It is estimated by Eq. 13

using an effective settling velocity “s« (m sil)
and the water depth D (m).

— py M
= PY -t (13)

Process rate 9: Oxygen flux between wa-
ter column and atmosphere

The model computes the rate of oxygen ex-
change through the water surface as a linear
function of the DO saturation deficit, i.e. the
difference between the actual DO concentra-
tion and the temperature-dependent saturation
level d0sat(TW) (o m~ Eq. 14).

dosat =14.652 —0.41022 -TW +0.007991 - TW > (14)
—-0.000077774-TW*
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Two separate approaches are used for esti-
mating the transfer coefficients (proportionality
factors). In the process rate "« (gm” s,
Eq. 15) the transfer coefficient “«n is com-
puted as a function of wind speed #SP (ms™)
and water depth D (m) using Eq. 16 that has
been found by Banks and Herrera (1977).

1y, = (dosat(TW) - DO)-k,,, ... (D,WSP) (15)

_ 0.728 -yWSP -0.317-WSP +0.0372. WSP? (1 6)
aer ,wind 86400 .D

In the process rate " (g m™ s, Eq. 17), the

transfer coefficient Ko (s) is estimated from
the flow velocity U (ms™) and the flow depth
D (m) according to the approach of O'Connor
& Dobbins (McCutcheon, 1989) displayed as
Eq. 18.

1y, = (dosat(TW)~DO) -k, 1,(D,U) 17)
. 3.93.U"
aer, flow W (1 8)

The flow velocity U appearing in Eq. 18 is
variable in space and time. In the 2D model,
values of U are available for each grid cell from
the hydrodynamic simulation. However, in the
0D model, a rough estimate of U can be de-
rived only. For that purpose, we used Eq. 19
where the denominator represents the wet
cross-section of a circular reservoir with depth
D (m) and water surface area 4 (m”).

_ max(Q,,,0,..)
v D-2-JAlx (19)

Process rate 10: Change in water tem-
perature

For this study, the water temperature W
was simulated by a simple equilibrium approach
(Eq. 20). The process rate "0 with the unit °C
s is controlled by the parameter ™« repre-
senting the ultimate water temperature under
given meteorological conditions. The rate con-

stant Xra determines how fast T approaches

Mewi Symbol D (m) represents the water depth.

rlO = khear : % (20)
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3.3 Computational procedures

The system of ordinary differential equations
to be solved by the 0D model consists of 2x7
equations in the form of Eq. 3 where ” is the
number of state variables in a stirred tank (see
Table 2). There are 2xn equations because the
model is designed to also handle alternating
flow directions at the connecting weir shown in
Figure 2. Hence, upper and lower reservoir are
simulated simultaneously. Numerical integra-
tion is performed by the stiffly stable LSODA
method originally developed by Hindmarsh
(1983) and Petzold (1983).

In the 2D model, the concentrations are
computed for each grid cell at all time steps by
(D calculating the concentration gradients be-
tween the previous and the actual time step ac-
cording to the advection-dispersion conditions,
(II) calculating the concentration gradients for
the actual time step according to the water qual-
ity process rates, and (III) calculating the result-
ing concentrations by numerical integration of
the time step gradients from both the advec-
tion-dispersion and the water quality differential
equations (DHI, 2003). The integration method
used is a 5th order Runge-Kutta scheme.

3.4 Boundary conditions, parameters, and
initial values

To examine the specific impact of spatial
discretisation, we ran the 0D and the 2D model
with exactly the same boundary conditions such
as flow rates, external loads, and meteorological
conditions. A summary of the common driving
forces is given in Table 3.

As a hydrological boundary condition for
this study we adopted the hydrograph of the
Elbe River from the 2002 event (return period
~ 200 years). The gates were assumed to be
operated in a way that minimises the peak flow
in the river while using the detention area's full
storage capacity. Details on hydrodynamic
simulations carried out for this and other flood
events can be found in Chatterjee et al. (2008)
and Forster et al. (2008). The relevant flow
rates at the three weirs (Figure 2) are presented
in Figure 5.
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Tab. 3: Boundary conditions of the water quality models.

Symbol  Units Description

0, m s’ Inflow into the reservoir from the river or the adjacent reservoir (0D model) or inflow of a

single grid cell (2D model).

0,. m>s? Outflow from the reservoir (0D model) ot outflow of a single grid cell (2D model).
MM gC m” Concentration of degradable organic matter (MM) in the inflow. *

PY, gC m” Concentration of phytoplankton (PY") in the inflow. b

DO, gDO m>  Concentration of DO in the inflow.

W °C Temperature of inflow.

I, W m?> Photosynthetically active radiation just below the water surface. ¢

WSP ms’ Wind speed at the nearest meteorological station.

a For inflow from the river, ppm . was estimated from observed concentrations of total organic carbon in the Elbe River.

b For inflow from the river, PY, was derived from observed chlorophyll-a in the Elbe River using the value of f,,, from

Table 4.

¢y, was computed from shortwave radiation at the nearest meteorological station assuming that 45% of the energy is
Ky

available for photosynthesis (Ambrose et al., 2001; Romero et al., 2004). An approximate albedo @ was computed as
a=0.08+0.02-sin(N -27/365 + z/2) where N is the day of the year (Antenucci and Imerito, 2002).

— Flow at weirs

S — Upper
T - -- Connect.
o o | Vi o Lower
E O 4

o

o _|

|

T T T T
Aug16 Aug21 Aug26 Aug 31

Fig. 5: Flow rates at the three gates shown in Fig. 2.
Positive values indicate flows in the following direction:
River — upper reservoir —> lower reservoir —> river.

The loads of mobile components entering
the upper reservoir were computed from the
inflow hydrograph at the upper weir (Figure 2)
and observed concentrations in the Elbe River
for the respective time period with daily
resolution (Lindenschmidt et al., 2008). Time
series of wind speed and solar radiation were
adopted from the nearby meteorological station
Bethau.

In addition to common boundary
conditions, we wused an identical set of
parameters and initial conditions in the two
models (Tables 4 and 5). One should note that
most of the parameter values were taken from
the literature. This was necessary, because the
studied flood detention area is not yet built and,

therefore, observation data for model
calibration do not exist. Since this study aims at
comparing alternative models rather than at
making precise predictions, the lack of
calibration data is less severe. However, using
the values from Tables 4 and 5, the obtained
dynamics and the minimum DO concentration
are in good agreement with observations from
other detention areas that were flooded during
the same event, ie. the Elbe flood in 2002
(Knésche, 2003).

3.5 Analysis of uncertainty

Overall model uncertainty results from the
combined effect of uncertain input data, model
parameters, and structural deficits (Kneis, 2007;
Radwan et al., 2004). To get more insight in the
reliability of the simulation results, the 0D
model was integrated in a Monte-Catlo
environment. We simultaneously varied those
parameters of the water quality model which we
considered most uncertain, such as the various
rate constants controlling the decay of organic
matter. 250 parameter sets were created with
the latin-hypercube method using the ranges
given in Table 6 and assuming a uniform
distribution for each varied item. Based on the
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output of all model runs, we calculated
quantiles of the predicted concentrations for
every time step.

In addition to the Monte-Carlo simulation
described above, we run the 0D model with the
standard parameters from Table 4 but eight
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different empirical formulas describing the
dependence of re-aeration on wind speed and
water depth. One of the tested relations is Eq.
16 and the remaining seven approaches were
selected from a list provided by Bowie et al.
(1985).

Tab. 4: Parameters of the water quality models and standard values used in the comparison of the 0D and 2D approach.

Symbol Value Units Description

iy 276" g g’1 Oxygen-to-carbon ratio for the decay of MM .
S 28°¢ g g‘l Oxygen-to-carbon ratio for the decay of IM.
Sfor 276" g g71 Oxygen-to-carbon ratio for the decay of PY.
Forta 0.028 " g g’1 Chlorophyll-a to carbon ratio in phytoplankton.
ks 0.032 ¢ q! Rate constant for decay of MM at 20°C.

ky 0.018 ¢ d! Rate constant for decay of IM at 20°C.

kgpy 0.032f d4! Rate constant for decay of SPY at 20°C.

Ko 0.1258 q! Rate constant of PY respiration at 20°C.

K rons 1.8 d’ Maximum phytoplankton growth rate at 20°C.
U, 0.1% ms’ Effective settling velocity of phytoplankton.
hpo 05* g m> Half-saturation concentration of DO for aerobic degradation of organic matter.
D, 0.03 m Water depth at which vegetation die-off starts.
tains 1.045* - Temperature coefficient for decay of MM.

i 1.045* - Temperature coefficient for decay of IM.

topy 1.045* - Temperature coefficient for decay of SPY".
Loy 1.068 & - Temperature coefficient for PY respiration.

L rons 1.045 8 - Temperature coefficient for PY growth.

1, 145" W m? Optimum light intensity for PY" growth.

€k 21 m! Background light extinction coefficient.

W i 207 °C Equilibrium temperature.

K poar 0.2] .~ Heat transfer rate.

a From Bowie et al. (1985)

b From Lindenschmidt (2000)

¢ Computed from C/N ratio of biomass.

d Estimated from BOD, and TOC data of the Elbe River making use of f, .

e Derived from experiments undertaken by Peukert (1970).

f Setto Ky -

g Values recommended by Ambrose et al. (2001).

h Average of values presented by Bowie et al. (1985); 1 Wm™ =2.065Lyd™".

i Calculated from Secchi depth p_ (m) and Chlorophyll-a data for the Elbe River using Eq. 11 and the approximation

Cot = 17/D; :

j For this study, the temperature model was practically turned of by setting s, .~ equal to the water temperature of the
equi

river and chosing a large value for k

heat *
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Tab. 5: State variables of the water quality models and initial values.

Symbol Units Description Initial value
MM gC m> Concentration of, mainly dissolved, degradable organic matter (as carbon) in the () 2
water column.
M gC m? Areal concentration of degradable plant matter at the bottom. 175°
PY g C m> Concentration of total phytoplankton. 0°
SPY gC m? Areal concentration of settled phytoplankton. 0
DO o m> Dissolved oxygen concentration. F(Tw) ¢
™ °C Water temperature. TW of river ®
V m> Storage volume of the reservoir (OD model) or grid cell (2D model). 1?
A m> Water surface area of the reservoir (0D) or grid cell (2D). (V) d
D m Water depth; Reservoir-average in the 0D model. f (V) 4

a The initial value has no effect on simulation results because the teservoit's initial volume is negligible compared to its

storage volume after filling. A non-zero initial volume is required because water depth and storage volume appear in the de-

nominator of many expressions (see e.g. Table 2).

b Calculated from a plant matter of 600 g DW m2 with a carbon content of 0.46 g C (g DW)! (MLLUR, 2007). About 35%
of the material was considered as non-degradable within the relevant time span (Peukert, 1970).

¢ The DO saturation level at the inital value of TW was used.

d In the 0D model, the values are computed from " based on the reservoir's geometry.

Tab. 6: Parameter ranges considered in the Monte-Catlo simulation carried out

with the 0D model.

Item(s)

Range

Rate constants £ ,,,,, £, & 3y, £ g
Phytoplankton growth rate £,
Optimum light intensity [ ,,,
Phytoplankton settling velocity # ,,
Chlorophyll-carbon ratio f,,,
Background extinction coefficient e,

Equilibrium water temperature #w

Initial value of IM

equi

Values from Table 4 = 50 %
Value from Table 4 + 25 %
Value from Table 4 + 25 %
Value from Table 4 + 50 %
Value from Table 4 + 25 %

1525m’"
20-25 °C
Value from Table 5 £ 25%

4 RESULTS

4.1 Simulation results of the two models

Figures 6-9 depict the evolution of state
variables and process rates as simulated by the
two models. We only present figures for the
upper reservoir shown in Figure 2 because the
results for the lower one are very similar. To
illustrate the spatial variability in the 2D model,
the median is plotted as well as the 10- and 90-
percentile of all cells that are wet at a time.

Figure 6 illustrates the change in the upper
reservoir's flooding depth over the simulation
period as a result of the in- and outflow rates
(recall Figure 5). In general, the reservoirs
average water depth as output by the 0D model
is close to the median depth computed by the
2D approach. However, due to the reservoir's
natural topography, the actual depth wvaries
between 1.5 and 3.4 m at the time of maximum
storage (10- and 90-percentile).

Using the same plot setup as in Figure 0,
Figure 7 illustrates the simulated concentration
of dissolved oxygen in the upper reservoir.
Starting at an equilibrium value of ~9gm?=
before flooding, the inflow of undersaturated
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river water on August 17 causes a first
significant drop to a DO level of about
6.5gm>. After 4days of declining
concentrations, the DO concentration has
almost reached its minimum at 1gm~ on
August 21. This minimum occurs shortly after
the time of maximum storage. Over the
subsequent days, the oxygen concentration
slowly rises and a pronounced diurnal variation
develops.

max. storage
v

s — 0D
— ™ ; - - 2D, Median
£ : ' 2D, 10/90 %
£ N7
o
()]
(=) — — /- N\
o f T

21 Aug 26 Aug 31 Aug

Fig. 6: Water depth in the upper reservoir as simulated by
the 0D stirred tank approach and the 2D model (spatial
median, 10- and 90-percentile). The abscissa's left limit
corresponds to the time when the reservoir becomes
flooded. The triangle marks the time of maximum
storage when emptying of the reservoir begins.

During the period of falling DO levels, the
results of the 0D model are close to the output
of the 2D simulation. As indicated by the
narrow range of the 10- and 90-percentile in
Figure 7, the concentration does not show
significant spatial variability. At the time of
maximum storage, the output of the two
models starts to diverge, with higher DO levels
being predicted by the 0D approach.

As can be seen in Figure 8, the predicted
concentration of phytoplankton continuously
rises throughout the simulation period. During
the simulated event, the corresponding
concentration in the Elbe River amounts to =
0.2 gm=. In the detention area, the value rises
up to 5gm™ in the 2D model and 8 gm~ in
the 0D model. According to the stoichiometry
factor r, ~from Table 4 , this is equivalent to

chlorophyll levels of 140 and 244 pgL-,
respectively. Beginning at the time of maximum
storage, the predictions of the two approaches
diverge. The reservoir-average phytoplankton
level as output by the 0D model becomes
similar to the spatial 90-percentile calculated
from the 2D simulation results.
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The simulated dynamics of dissolved oxygen
(Figure 7) is also reflected by the process rates.
For example, Figure 9 illustrates how the rate
of degradation of organic matter at the
reservoir's bottom develops. Due to the Monod
term appearing in Eq.7, this process rate is
directly affected by the concentration of DO.
Both the computed dynamics as well as the
deviation between the results of the two models
show similarities with Figure 7.

max. storage
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Fig. 7: Concentration of dissolved oxygen in the upper
reservoir as simulated by the 0D stitred tank approach
and the 2D model (spatial median, 10- and 90-
percentile).
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Fig. 8: Concentration of phytoplankton carbon in the
upper reservoir computed by the 0D and the 2D model.
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Fig. 9: Rates of the degradation of immobile organic

matter (Eq. 7) in the upper reservoir as simulated by the
0D and the 2D model.
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The 2D model allows us to directly view the
computed spatial heterogeneity of oxygen
concentrations  at  selected time  steps
(Figure 10). During the filling period, the
predicted variability in concentrations is low. At
the time of maximum storage on August 21, the
simulated DO concentrations are generally

21.08. 00:00

19.08. 00:00

below 1.5 gm= in both the upper and lower
reservoir. When the reservoirs begin to run dry,
more or less fragmented water bodies of
different depths develop as indicated by the
white colors in the plots for the two final days.
At this stage, we observe increased spatial
gradients in the predicted DO levels.

Dissolved oxygen
concentration (mg 1)
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B 10-15
B 15-20
[120-25
[]25-30 01 2
[ 130 Lilometers

Fig. 10: Dissolved oxygen concentrations in the upper reservoir for the first 6 days of flooding as computed by

the 2D model (values at midnight).

4.2 Uncertainty of predictions

Figure 11 illustrates the range of dissolved
oxygen concentrations obtained in the Monte-
Carlo simulation (Section 3.5). The wvaried
parameters listed in Table 6 control various
processes  affecting DO consumption,
production, and even solubility. While the range
between the 10- and 90-percentiles is rather
narrow in the period of rising water levels, the
span of predictions grows substantially as the
reservoir drains and multiple water bodies
develop (recall Figure 10). It is worth noting
that, in the final period of the simulation, the
absolute values but also the range of DO
concentrations become particularly large during
daytime. The minimum DO concentrations
observed at nighttime, however, increase much
slower and the spread of the results remains
much narrower. Daily minimum values lie
between 0.5 and 4gm= DO (10- and 90-
percentile).

The oxygen dynamics as computed with
eight different formulas for wind-dependent re-
aeration (see Section 3.5) is shown in Figure 12.

The span of simulated concentrations is
surprisingly high with differences of up to
5gm~ at a time step. Depending on the re-
aeration formula, minimum DO levels between
0.3 and 3gm™ are predicted. With our
standard approach underlying all other
simulation results presented in this paper
(Eq. 16, solid graph in Figure 12), intermediate
results are obtained.
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Fig. 11: Quantiles of simulated DO concentrations in the
upper reservoir from 250 simulations with randomly
modified parameters within the ranges listed in Table 6.
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Fig. 12: Dynamics of dissolved oxygen simulated with
the 0D model using 8 different empirical formulas for
wind-dependent re-aeration. The result obtained with the
approach of Banks and Herrera (1977) (Eq. 16) is plotted
as solid line. Dashed lines represent the output for the 7
tested alternative formulas listed in Bowie et al. (1985).

5 DISCUSSION AND CONCLUSIONS

5.1  The impact of spatial discretisation

Dissolved oxygen does not only play a
central role in the turnover of organic matter
(Figure 1), but its concentration also controls
the abundance of higher aquatic species such as
fish. Hence, we are particularly interested in
making good predictions of DO and,
consequently, we focus the following discussion
on that state variable.

According  to Figure 7, the DO
concentrations simulated by the two models are
very similar in the initial period. However,
during the period of drainage starting on
August 21, the output of the models deviates
more and more. The DO levels in the 0D
model permanently exceed the corresponding
90 percentiles computed from the 2D model's
results.

To explain the observed differences, we
have to consider all processes being directly or
indirectly affected by the model's spatial
discretisation. Thus, we have to look at those
process rates (Eq.s 4-20) and stoichiometry
factors (Table 2) that depend on water depth D
and/or flow velocity v . These two variables are
reservoir-averages in the 0D model, while each
grid cell in the 2D model has its individual
value.

For example, both v and/or D appear in
the expressions controlling re-aeration (Eq.s 16
and 18). Consequently, we observe spatially
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variable re-aeration rates in the 2D model
(Figure 13). The fact that the rate of flow-
induced aeration in the 0D model exceeds the
median of the 2D results during the drainage
period (Figure 13, bottom) coincides with the
higher DO levels predicted by the 0D approach
around August 22 (Figure 7). The observed
differences in the flow-induced re-aeration rates
are not unexpected because of the necessarily
simple approach for estimating v in the 0D
model (Eq. 19).
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Fig. 13: Rate of wind-induced re-acration (Eq. 15, top
figure) and flow-induced re-aeration rate (Eq. 17, bottom
figure) as computed by the 0D stirred tank approach and
the 2D model.

Another very important but more indirect
link between water depth p and the DO
concentration is due to the appearance of p in
the light limitation term  controlling
phytoplankton growth (Eq. 10). Given a total
extinction coefficient  ~and a below-surface

light intensity I there is a depth D, where
ilim has a maximum and so has the growth rate.
As long as p>p, , phytoplankton growth is
limited by light availability. But, according to
Eq. 10, phytoplankton growth may also be
light-inhibited if p< D, because of increased

photo-respiration  and  possibly  pigment
destruction at too high radiation intensities. In
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our models, we have the situation p> D,, for

the largest part of the simulation period, i.e.
growth is mostly light-limited.

As shown in Figure 6, the reservoir's average
depth in the 0D model is always close to the
median depth computed from the 2D results.
Nevertheless, because of the spatially variable
depth in the 2D model and the highly non-
linear character of Eq.10, the average
phytoplankton growth rates computed by the
two models diverge considerably, leading to
different phytoplankton levels (Figure 8) and
different rates of biogenic DO production
(second part of the simulation period in
Figure 7).

Finally, when interpreting simulation results
for the drainage period, we must take into
account the evolution of multiple water bodies
in the 2D model (Figure 10). Since these wet
patches are only weakly connected or even fully
isolated, the leveling effect of mixing becomes
more and more negligible. In the 0D stirred
tank model, however, the assumption of
complete and permanent mixing is inherent.

5.2 Conclusions from the uncertainty analysis

If we want to assess the suitability of either
model for practical applications, comparing the
spread of results due to the model's
discretisation (Figure 7) to the spread of results
due to uncertain parameters and mechanisms
(Figures 11 and 12) is particularly interesting.
Because of the ecological relevance, it is
advisable to focus on the state variable DO and
the times when the concentration is lowest.

The minimum DO concentrations at the end
of the filling period simulated by the two
models are almost identical (Figure 7). The
prediction of the 0D model coincides with the
2D model's median and the difference between
the spatial 10- and 90-percentile is < 0.5 gm™
only. However, we can conclude from
Figure 11 that, due to uncertain rate constants
and further parameters of the model, we cannot
actually predict the minimum of DO that
accurate. For example, the interquartile range of
the 250 concentration time series obtained in
the Monte-Carlo simulation is in the order of
2 gm~™ at the time when the lowest DO levels
occur.

In the subsequent days of the simulation, the
difference between the prediction of the 0D
model and the spatial median of the 2D results
is in the order of 1-1.5 g m= (Figure 7). At the
same time, the range of concentrations covered
by 50% of the Monte-Carlo simulation results is
as wide as 2 g m~ and the span between the 10-
and 90-percentile amounts to ~3gm™
(Figure 11). Thus, the uncertainty in predictions
due to insufficient knowledge of the model
parameters is, again, larger than the error we
make by neglecting spatial variability, i.e. by
using the OD instead of the 2D model.

The uncertainty associated with the
simulated DO concentrations becomes even
more obvious when we look at Figure 12.
Apparently, although empirical re-aeration
formulas are part of many water quality models,
their use must be considered as a major source
of uncertainty. Depending on the selected
formula for wind-dependent re-aeration,
minimum DO concentrations between about
0.5 and 45gm™ are obtained. This range is
larger than the greatest spatial difference
computed by the 2D model for any time step.

5.3 Implications and recommendations

Our study shows that the parallel use of a
0D and a 2D model is not just of scientific
interest but is also beneficial for practical
applications.

The primary advantage of the zero-
dimensional approach is the short computing
time as well as the minimum effort for post-
processing of the model's output. This is a
precondition when various flood scenarios with
varying boundary conditions need to be
examined. Furthermore, only the fast 0D model
allows extensive analyses of sensitivity/
uncertainty to be carried out. We have shown
that, for assessing the reliability of simulation
results, such analyses are absolutely essential.

The advantage of the two-dimensional
model is its ability to simulate the heterogeneity
with respect to the state wvariables, i.e.
concentrations. This is desired if the water body
has a complex topography with significant
variations in depth, if lateral mixing is
ineffective, or when there is a pronounced
spatial variation in flow velocities. The
advantage of a multi-dimensional simulation is,
however, gained by much extra effort for the
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preparation, storage, and post-processing of
data as well as for running the model (recall
Table 1). The long computing times resulting
from the spatially explicit solution and the
associated restrictions on the length of a
simulation time step may severely limit the
model's overall applicability.

In Section 52 we have shown that
knowledge about the consequences of uncertain
model parameters may be quantitatively more
relevant than a proper representation of spatial
heterogeneity. In other words, the exclusive
application of a slow-running, highly discretised
model, which cannot practically be run in a
Monte-Carlo environment, is only reasonable, if
the parameter values are very well known. In
applied water quality modeling this is a rare
case.

For those who aim at modeling water quality
in a similar context, the following
recommendations may be helpful:

1. Build a simple zero-dimensional model
tirst.

2. Use this lightweight tool to check the
sensitivity ~of  results against uncertain
parameters and empirical formulas being part
of the water quality model. Check whether the
range of 'likely' results matches the required
accuracy in the target application, e.g. by
running a Monte-Carlo simulation.

3. Using the 0D model, examine the
sensitivity of those parameters that are spatially
variable such as flow velocity and depth and
which are, therefore, better represented in a
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distributed (e.g. 2D) model than in the 0D
approach. (We skipped this step as we aimed at
testing the 2D model anyhow.)

4. Build a distributed model if the spread of
simulation results obtained in step 3 is
significant when compared to the spread of
results which is due to uncertain parameters of
the water quality model (step 2).

5. For detention areas with deep reservoirs
the assumption of vertical mixing may be
inappropriate. Based on the experience gained
in this study, we recommend testing a 1D-
vertical model before building a 3-dimensional
one.
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Chapter VI

Assessing flood risk for a rural detention area

ABSTRACT:

Flood detention areas serve the primary purpose of controlled water storage during large flood events
in order to decrease the flood risk downstream along the river. These areas are often used for agricul-
tural production. While various damage estimation methods exist for urban areas, there are only a few,
most often simpler approaches for loss estimation in rural areas. The loss assessment can provide an es-
timate of the financial provisions required for the farmers’ compensation (e.g., in the context of cost-
benefit analyses of detention measures).

Flood risk is a combination of potential damage and probability of flooding. Losses in agricultural areas
exhibit a strong seasonal pattern, and the flooding probability also has a seasonal variation. In the pre-
sent study, flood risk is assessed for a planned detention area alongside the Elbe River in Germany
based on two loss and probability estimation approaches of different time frames, namely a monthly
and an annual approach. The results show that the overall potential damage in the proposed detention
area amounts to approximately 40000 € a-!, with approximately equal losses for each of the main land
uses, agriculture and road infrastructure. A sensitivity analysis showed that the probability of flooding
(i.e., the frequency of operation of the detention area) has the largest impact on the overall flood risk.

Published as: Forster S, Kublmann B, Lindenschmidt K-E and Bronstert A. 2008. Assessing flood risk for a rural de-
tention area. Nat. Hazards Earth Syst. Sci., 8, 311-322.
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1 INTRODUCTION

Flood risk management measures aim to re-
duce the negative effects of floods. The designa-
tion of detention areas as one of these measures
is currently being discussed for the Elbe and
many other rivers. Several sites along the middle
course of the Elbe River (Germany) have already
been proposed as potential locations for flood
detention, and were investigated in terms of
flood peak reduction potential (IKSE, 2003;
Helms et al., 2002). However, stakeholders, such
as farmers, are reluctant to allow allocation of ag-
ricultural lands for flood detention, because of
the negative effects inundated waters have on ag-
ricultural lands (crop losses, excessive sediment
and contaminant deposition, potential degrada-
tion of the soil, etc.). In order to provide decision
support for this controversial debate, it is neces-
sary to have an in-depth assessment of the flood
risk of the proposed sites.

The objective of the present study is to inves-
tigate the effect of time-varying damage in the
flood risk assessment of rural flood prone areas.
The concept is tested at a proposed flood deten-
tion area at the Elbe River. Section1 gives a
short overview of flood loss estimation methods
with a focus on rural damage. It shows that agri-
cultural losses have a strong seasonal variation,
while the flooding probability also varies with
seasons. In order to account for this variability,
flood risk that is to be expected for the detention
area is assessed based on two loss and probability
estimation approaches of different time frames,
namely a monthly and an annual approach (sec-
tion 2). During the large Elbe flood in August
2002, an area of 200 km? on the right side of the
Elbe River including the proposed detention site
was flooded due to several dike failures (BfG,
2002). This flood event enables a validation of
the damage estimation methods using damages
recorded at the municipal level (section 3). In a
sensitivity analysis the relative importance of the
factors crop share, market price and probability
of polder operation were investigated (section 4).
Finally, the two different flood loss estimation
methods, their applicability in other locations,
and the potential impact of future developments
(i.e., land-use changes, frequency of polder opera-
tion) on the results are discussed.

1.1 Damage estimation methods

This study estimates losses associated with the
flooding of a detention area in a rural environ-
ment. The review of flood loss estimation meth-
ods, therefore, focuses on floodwater damage to
croplands and grasslands and road infrastructure,
which are typical land-use types in such flood de-
tention areas.

Flood damage estimation methodologies are
applied in many countries in Europe (Meyer and
Messner, 2005) and worldwide (Dutta et al,
2003). These methods are useful in conducting
cost-benefit analyses of the economic feasibility
of flood control measures. In Germany, respon-
sibility for flood policy lies with the individual
federal states and, hence, there are large differ-
ences in the character and application of flood
estimation methods in these states. The investi-
gated site is located in the federal state of Saxony-
Anhalt, where damage evaluation is still rarely
used, according to Meyer and Messner (2005).
However, with the implementation of the new
European Directive on flood risk management
(EU, 2007) and the increasing availability of data,
it is expected that damage evaluation will gain
more importance in flood defence planning in
the coming years.

Expected losses in rural areas are typically
much lower than those in urban areas. Hence,
damage evaluation in rural areas is often ne-
glected or only accounted for by using simple
approaches and rough estimates.

Pivot et al. (2002) differentiate between losses
due to damage to crops grown at the time of
flooding, and damage affecting soil characteris-
tics. The first is mainly due to the anoxia suffered
by the crop, the water column pressure and lo-
cally the flow of the water. It results in a reduc-
tion in yield and crop quality and may require ad-
ditional expenditures for sowing, tillage, and the
application of fertiliser and crop protective
agents. The second refers to a potential decrease
in the quality of soil due to pollutant deposition
and a loss of soil structure due to compaction or
erosion.

Main variables that define the flood damage to
agricultural lands are the time of year of flood
occurrence, water depth, duration of flooding,
flow velocity, and deposition of pollutants
(DVWK, 1985; LfL, 2005; Citeau, 2003). Many
authors point out that the time of occurrence of a
flood with respect to crop growth stages and
critical field operations plays a crucial role in the
magnitude of damage (Penning-Rowsell et al.,
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2003; Todorovic and Woolhiser, 1972). This dif-
fers significantly from damage evaluation in other
damage categories, for example damage to build-
ings where loss potential does not vary with the
seasons. For example, flooding in June/July re-
sults in much higher losses for summer grain
crops just prior to harvesting than flooding in
August just after harvesting. Depending on the
time of flooding and the affected crop types, the
farmers may decide to undertake measures in or-
der to alleviate overall loss. USDA (1978) lists
measures to alleviate flood losses depending on
the time of year categorised in half-month peri-
ods for pasture and several crop types. For ex-
ample, it may be possible to replant winter wheat
in October with no or low yield reduction,
whereas it may be too late for replanting in No-
vember, the only option being to plant a substi-
tute spring crop. This saves costs for the harvest-
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ing of winter wheat but necessitates additional
tillage operations. Generally, loss estimates
should be developed for each crop type and pe-
riod of flooding, making allowance for yield
losses due to delayed planting, replanting costs,
savings due to costs not incurred, and costs for
clean-up.

Table 1 summarises the agricultural damage
variables that have been accounted for in selected
case studies of flood damage estimation. In most
case studies, time of occurrence is considered
whereas the flood variables water depth, inunda-
tion duration, and flow velocities are only in-
cluded in a few case studies. This is because the
data needed to quantify the impact of these vari-
ables on the expected damage are sparse. Citeau
(2003) gives a rough estimate of maximum toler-
able submersion time, inundation depth, and
flow velocity for different rural land-use types.

Tab. 1: Comparison of case studies on flood damage estimation including agriculture losses regarding the

considered flood variables.

Reference Submersion Water depth ~ Submersion Flow velocity

(case study site) period duration

Hoes and Schuurmans, 2005 no stage-damage  no no

(The Netherlands) cutve

Neubert and Thiel, 2004 yes (four petiods ~ no no no

(Gemany) per year)

Dutta et al., 2003 (Japan) yes (monthly) yes (three duration-damage no
classes) curve

Citeau, 2003 (France) yes (monthly) yes (three yes (four classes) yes (three classes)
classes)

Consuegra et al., 1995 yes (15-day period) no yes (two classes) no

(Switzerland)

The maximum tolerable levels refer to the
conditions that plants are expected to withstand
without severe damage. The estimates were de-
rived from a survey among farmers in France.
According to Citeau (2003), maximum tolerable
inundation duration for cropland varies between
three days in spring/summer to one month in au-
tumn/winter. Maximum tolerable depth of sub-
mersion strongly depends on the type of land use
and vegetation height. Examples provided in
Citeau (2003) are 1 m for orchards and 0.5 m for
vineyards. Maximum flow velocities vary between
0.25 m s for field vegetables and 0.5 m s for
orchards. No velocity values are provided for
cropland. High flow velocities can cause direct
damage to the plants and to soil degradation
from erosion (LfL, 2005).

Another variable causing agricultural losses is
the deposition of waste and mud that might con-
tain pollutants. Such losses often necessitate addi-
tional clean-up costs, and the inundated crops
and vegetables may not be sold due to contami-
nation.

Other agricultural goods that may be suscepti-
ble to flood damages are farm buildings, machin-
ery, and infrastructure (e.g. roads). In contrast to
crop and grassland losses, damage in these other
categories is independent of the season. Usually
stage-damage functions are applied which relate
the water level to the relative expected damage.
In order to obtain an estimate of the total ex-
pected loss, the relative damage is related to the
maximum damage per area and land-use type
(Merz et al., 2004). Indirect losses due to traffic



76 Assessing flood risk for a rural detention area

and business interruptions are usually estimated
as a proportion of direct costs (YRFCMP, 2003).

1.2 Study site

The present-day embankments confining most
of the German reaches of the Elbe River date
back to the 2nd half of the 19th century, al-
though dike construction along the Elbe began as
early as the 12th century. The embankments have
led to a reduction of the retention area in Ger-
many from 6172km? to 838 km? (13.6% of
original). The reduction of retention areas and
the straightening of the main river channel have
resulted in an acceleration of flow velocity and an
increase of the flood water levels (BfG, 2002).

Today the construction of detention sites in
the former inundation area along the Elbe is be-
ing discussed. Such sites would enable controlled
diversion and storage of excess water during large
flood events in order to reduce flood risk adja-
cent to and downstream from the detention ar-
eas.
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Fig. 1: Detention area with agricultural fields and road sys-
tem. It is confined by the Elbe main dike to the river and
polder dikes to the hinterland.

In the present study, one large controlled de-
tention area was investigated that is already in the
early planning stages (Figure 1). It is situated
alongside the right bank of the middle course of
the Elbe River between the Torgau and Witten-
berg gauges and is designed for reducing flood
peaks having a 100-years or more recurrence in-

terval. The storage capacity is 40 million m®. The
detention area consists of agricultural land with
very fertile soils and high agricultural productiv-
ity. More than 90% of the land is currently under
intensive agricultural use. The remaining 10% of
the area consists of watercourses and forest.
There are no settlements within the proposed de-
tention area. It is expected that the area will retain
its present function as agricultural land even after
it has been designated as a detention area.

In order to estimate the expected flood losses
on agricultural lands in the detention area, infor-
mation is needed on the type and mixture of
crops typically grown on those lands. The agricul-
tural land-use types for the years 2002 to 2007
were collected by interviewing the local farmers.
The farmers’ decision about which crops to grow
depends on the profit margins for different crops
and the farmers’ goal, which is assumed to be
profit maximization. Grain crops are grown on
51% of the agricultural area due to the good soil
quality in the former inundation area (Figure 2).
Main grain crops grown in the study area are
wheat and barley. Corn (9%) is used for energy
production and silage fodder. The share of grass-
land is comparatively low (7%). Grass is usually
cut three times per year and is mainly used for
fodder production.

other
15%

gras(s)land grain crops
7% 51%
canola
9%

legumes
8%

root crops corn
1% 9%
Fig. 2: Land use of the study site (% of agricultural land)

2 METHODOLOGY

Risk is defined as the probability of the ad-
verse effects of a natural process, such as a flood,
exceeding a certain magnitude (intensity) from
which certain damages and losses occur (vulner-
ability) (Merz et al., 2007). For the detention area,
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the probability of flooding corresponds to the
probability of opening the inlet gate for flood wa-
ter diversion, which would be the case for large
floods with return periods exceeding 100 years.
The costs are associated with the flood losses on
agricultural land and the road system within the
detention area. Since loss on agricultural land has
a seasonal variation, the flood frequency analysis
provides monthly weights on the flooding prob-
ability. The annual monetary flood loss in € per
hectare per year (€ ha'l al) on agricultural fields
is calculated by weighting the loss from a single
flood event occurring in each month with the
probability of flooding in that month (Hess and
Morris, 1987).

2.1 Damage estimation

Several approaches of varying complexity are
available to calculate losses in agricultural pro-
duction due to flooding. This study applies two
approaches, using a monthly and an annual time
frame for loss estimation.

A damage estimation model based on a
monthly disaggregation of damages to crops and
grasslands was developed within the framework
of the project “Methods for the evaluation of di-
rect and indirect flood losses” (MEDIS, 2007).
The expected damage for each crop is calculated

by:

12

ED=MV-> . PM, DI, 1)

m=1

where ED = expected damages (monetary
losses in € ha'l a-l), M7= market value (that can
be obtained by the harvested crop without flood-
ing in € ha'), PM = probability of polder flood-
ing every 100 years for a certain month » (a'l)
and DI = damage impact on crops for month
(%). The market value M1 is calculated by the
total yield of a crop harvested multiplied by its
selling price. M1 differs from region to region
since the crop yield is dependent on the climatic
and soil conditions and the type of agricultural
management practices used. Germany can be

subdivided politically into 38 administrative re-
gions, each of which has different M1 values for
each crop. The M1~ values for each region were
derived from the standard gross margins pro-
vided by the Curatorship for Technology and
Construction Engineering in Agriculture (KTBL,
2007). The M1/ values for the administrative re-
gion of Dessau/Saxony-Anhalt, in which the
study site lies, are given in Table 2 for selected
crops.

The damage impact factor DI depends on the
type of crop, the month of the flooding occur-
rence, and the inundation duration. Table 3 gives
an example of damage impact percentages for
wheat and grass for each month. The informa-
tion is based on empirical data from surveys in
France and Germany as referenced in LIUG
(2005) and expert knowledge. The damage im-
pact factors can reach values of up to 100% indi-
cating a total loss. The impact is particularly de-
pendent on the growth stage of each crop. Root
crops and grain crops are harvested once per year
and their impact factors have patterns similar to
the ones shown for wheat. Their impact factors
are differentiated into four classes of inundation
duration. Grass is an exception to the other crops
because it can usually be harvested three times
per year (May, July, and August). The total annual
yield of grass is distributed throughout the year in
three harvests in May, July, and August with an
annual average of 50%, 20% and 30%, respec-
tively. Hence, the impact factors are lower since
only a fraction of the total yearly harvest is dam-
aged by a flood. The impact factors are also in-
dependent of inundation duration because sedi-
ment deposition on grasslands occurs after every
flood, regardless how short the inundation period
is, making the grass unusable for high value fod-
der. For inundation times longer than about 10
days, additional costs may be incurred due to
structural damage to the grass roots requiring a
repair seeding of the grasslands. The costs for the
repair seeding of grasslands, which includes

seeds, labour and machinery are approximately
45 € ha! (KTBL, 2000).

Tab. 2: Market value of selected crops for the administrative region of Dessau/Saxony-Anhalt averaged over the years 2000

to 2005.
crop wheat rye batley corn canola  potatoes sugar beets grassland
market value (€/ha) 704 459 605 883 632 2339 2103 266
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Tab. 3: Damage impact factors for wheat and grass for different months of the year grouped by different du-
rations of flooding. Values have been extended from LfUG (2005).

Wheat

Grassland

ﬁﬁiﬁﬂ” 1-3 days (%)  4-7 days (%)
January 5 10
February 5 10
March 5 10
April 10 25
May 20 40
June 50 50
July 100 100
August 100 100
September 0 0
October 5 10
November 5 10
December 5 10

8-11 days (%)

> 11 days (%) 1-11 days (%)

20 80 5
20 80 5
20 80 10
40 80 20
70 100 50
80 100 15
100 100 20
100 100 30

0 0 10
20 80 10
20 80 10
20 80 10

Figure 3 shows the expected damage for each
crop differentiated into classes of inundation du-
ration. The maximum damage is expected to vary
between 10 and 16 € ha'! a-! for grain crops and
between 32 and 36 € ha'! a'! for root crops based
on an inundation duration of more than 11 days.
Damages for grass are the lowest at approxi-
mately 1 € ha' a'l.

In addition to the monthly damage estimation
model, an annual approach was applied in which
only two land-use classes were distinguished and
the time within the growing season when the

flooding occurs was not considered. Damages
with the annual approach are calculated by:

ED =MV -RD-PA @)

where ED = expected damages (monetary
losses in € ha'! a'!), market value (that can be ob-
tained from the agricultural land without flooding
in € ha'), RD = relative damage costs (%) and
PA = probability of polder flooding every 100
years (i.e. 0.01 a'l).

40
Inundation duration
35
O1-3d
30 ays
o O 4 -7 days
é" _25 || B 8-11days
g = B> 11 days
E ki 20 |
9 W |
2 15
w
5
10
5
0
wheat rye barley corn canola  potatoes  sugar grass
beets
crop

Fig. 3: Expected damages to grain crops (wheat, rye, batley, corn), oilseed plants (canola), root crops (po-
tatoes and sugar beets) and grass based on flooding occurrence categorised on a monthly basis. Data are
derived from LfUG (2005), KTBL (2006) and KTBL (2007). It is assumed that the inundation duration
of > 11 days classification corresponds to the degree of damage expected to occur within the polders.
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The agricultural land was differentiated in ar-
able land and grassland with market values of
4000 and 2000 € ha'l, respectively. These figures
are based on damage claims from past extreme
flood events in the state of Saxony in Germany
(LfUG, 2005).The relative damages to both, re-
gardless of flood depth, inundation duration or
the time within the growing season, were set to
be 50% and 10%, respectively. According to
LfUG (2005), these values were found to fit re-
corded damages in flat inundation areas best. In
comparison, relative damages in mountainous ar-
eas with discharges of 1 m? s increase to 75%
and 25%, respectively. The damage to be ex-
pected when operating the polders to cap floods
that exceed discharges with return periods of
more than 100 years are 20 € ha'l a'l for arable
farmland and 2€ha'la'! for grassland. These
damage values are of the same order of magni-
tude as the damages calculated on a monthly ba-
sis (compare Figure 3).

In order to provide a representative picture of
the current land-use situation, including crop ro-
tation schemes, the percentage shares of crop
types and grassland were averaged over the last 5
years (2003-2007). For the annual approach, this
information was aggregated into two classes of
arable land and grassland.

During the large flood in August 2002 having
a return period of approximately 180 years near
the study site the region where the proposed de-
tention basin would be located was flooded as a
result of dike failures. Afterwards losses were re-
corded by the authorities for compensation pur-
pose. Economic loss information for agricultural
land on the municipal level was made available
for the present study. In order to assess the qual-
ity of the results, recorded loss data for one mu-
nicipality were compared with estimated losses
for the same municipality. The municipality was
chosen because it has a share of the proposed de-
tention area and was almost completely inun-
dated in 2002, as indicated by satellite imagery.
Settlements were less affected because they are
built on slightly higher elevated ground. Analo-
gous to the detention area, data on the percent-
age of crop types and grassland in the selected
municipality were collected.

Besides losses in the agricultural sector, infra-
structure damage in the form of damage to the
road system is considered to be the other major
damage component in the study area. Informa-
tion on length and width of the roads was col-
lected from aerial photographs and field surveys.

The expected damage to the road system was
then calculated by:

ED=RC-RD-PA 3)

where ED = expected damages (monetary
losses in €ha'lal), RC=replacement costs
(€ha'), RD =relative damage (%) and
PA = probability of polder flooding every 100
years (i.e. 0.01 a!). Based on damages recorded
during past flood events, damage to the traffic
system is given as 200 € m2, whereas a relative
damage impact factor of 10% is provided for wa-
ter depths larger than 1 m and flow velocities be-
low 1ms?t (LfUG, 2005). This corresponds
closely to repair costs of 25€ m=2 for asphalt
roads that were found on the basis of bid prices
after the deliberate flooding of a polder system
further downstream along the Elbe River (Ell-
mann and Schulze, 2004). For a probability of
flooding of 1%, which corresponds to the opera-
tion of the polders every 100 years, the expected
damages would amount to 2000 € ha't!al. Al-
though this value is high compared to the ex-
pected damages for arable land and grassland ob-
tained with the annual approach, the total road
surface area is substantially less than that taken
up by agricultural fields.

In the present study loss estimation is re-
stricted to direct tangible damage. Indirect dam-
age such as traffic interruption is considered to
be relatively small in the rural study area. Since
the detention area is not inhabited and the people
will be warned prior to the polder operation, no
victims or loss of livestock is expected. Intangible
damage is mainly expected in the form of adverse
impacts on flora, fauna, and the terrestrial and
aquatic ecosystem in the affected area. In particu-
lar, the water quality degradation from flooding
can have negative effects on the fish fauna as re-
ported in studies on storage basins and flood-
plains (Knosche, 2003; Howitt et al., 2007). This
aspect will be part of future work on the same
detention area.

2.2 Flood frequency analysis

As the costs associated with flooding of agri-
cultural land are differentiated on a monthly ba-
sis, the expected percentage distribution of dam-
aging floods was also analysed monthly using the
discharge recorded from the gauge at Torgau for
the time period 1936 — 2004. The Torgau gauge
is located approximately 30 km upstream of the
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proposed detention area. There are no relevant
tributaries on the river stretch between the gauge
and the detention site. Figure 4 shows the
monthly distribution of all flood peaks in the an-
nual maximum series (AMS) and of the largest
10% of the AMS flood events. 73% of the flood
events in the AMS occur during the hydrological
winter season from November to April (with
more than 30% of the events occurring in
March). July and August events constitute 12%
of the AMS events, however account for 27% of
the largest 10% of the AMS events. Apparently,
there are many AMS events with comparatively
small peak discharge values in spring, whereas in
summer AMS events are less frequent, but typi-
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Percent of events
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cally larger. This indicates that there is a relation
between seasonality of floods and their magni-
tude, which should be accounted for when de-
termining the monthly percentage distribution of
damaging floods. The differentiation into months
having different flooding pattern is motivated by
the strong dependence of losses on the month of
flood occurrence. In Figure 4, the damage impact
factors for wheat are included to illustrate this
aspect. Extreme flood events with peak dis-
charges relevant for polder operation have a high
probability of occurrence during the summer
months shortly before harvest, when grain crops
are most vulnerable to inundation.
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Fig. 4: Seasonality of annual peak flows for all and the 10% largest events based on the discharge
AMS for 1936-2004 at the Torgau gauge and seasonality of the damage impact factor for wheat

for inundation durations of 8 to 11 days.

The seasonality of flood magnitudes is a result
of different flood generating mechanisms that are
often dominant during different seasons (Lecce,
2000). If this is the case it is advisable to separate
the flood series into seasons of similar generation
mechanisms. Petrow et al. (2007) investigated the
relation between dominate European atmos-
pheric circulation patterns and annual maximum
flood events for a sub-catchment of the Elbe ba-
sin. They found that westerly and north-westerly
cyclones are responsible for most winter floods,
but only play an important role for return periods
up to 10 years. Larger floods with return periods
larger than 50 years are exclusively generated by a
Vb-weather regime, which is characterised by a
cyclone system travelling northeastward from the
Mediterranean to Central Europe. Sivapalan et al.

(2005) propose a method to isolate the contribu-
tions of individual months or seasons to the an-
nual flood frequency curve to account for the in-
tra-annual variability in flood processes.

Since the dikes are designed to retain floods
with return periods of up to 100 years and hence
the detention area is operated only during very
large flood events, it is necessary to determine the
probability that this discharge will be exceeded.
From the Torgau gauge discharge record for the
years 1936 — 2004, the largest flood in the entire
year and in each of the 12 months is picked to
construct annual and monthly flood frequency
curves (Figure 5). A composite of the GEV
(Generalised Extreme Value) (Kotz and Nadara-
jah, 2000) and GL (Generalised Logistics) (John-
son et al., 1994) distributions using L-moments
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gave the best fit to the data. Both distribution
functions are widely used in flood frequency
analysis. The composite distribution function is a
combination of the two functions, which were
given equal weights (Merz and Thieken, 2005).
Figure 5 shows that the discharge associated with
the annual return period of 100 years is
4000 m? s, while the monthly return periods

5000

annual
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corresponding to the discharge of 4000 m3 s are
larger (for example about 150 years for March),
L.e. the occurrence probabilities smaller. This
means that the probability of a flood peak of a
certain discharge (for example 4000 m?s1) oc-
curring in a particular month is smaller than its
probability of occurrence at any time of the year.
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Fig. 5: Flood frequency analyses based on the annual and monthly maximum
discharges of the years 1936 — 2004 at the gauge at Torgau. A composite of the

GEV and GL distributions is used.

3 RESULTS

The temporal and spatial distribution of
flooding variables, such as inundation duration,
water depth, and flow velocity were obtained in
previous 2D-hydrodynamic simulations of the
same detention site based on the large flood
event of August 2002 (Forster et al., 2008;
Chatterjee et al., 2008; Huang et al., 2007).
Simulated water depths in the detention area
range from 0.5 m in the higher elevated south-
ern part to 5.7m in the central part, with a
mean water depth of 2.5 m. The entire deten-
tion area remains inundated for three days until
the start of the emptying process. After day
four, the surface water retreats from only 5% of
the area, whereas 75% of the area remains in-

undated for more than one week. Maximum
flow velocities of 1.4 m s'! are simulated behind
the inlet gate. Areas with maximum flow veloci-
ties of more than 1 m s! are restricted to the
stilling basin behind the inlet gate and along an
already existing stream through the detention
area. Figures 6 and 7 show the spatial distribu-
tion of the inundation duration and the maxi-
mum flow velocity in the detention area, re-
spectively. The results are based on the 2002
flood event, which was characterised by a rather
steep flood hydrograph. Inundation duration is
expected to increase for flood events having
wider flood hydrographs than the 2002 event,
because the emptying process will start not ear-
lier than the Elbe water level falls below a level
that allows for safe discharge at the down-
stream river reaches
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Fig. 6: Simulation results for the flood event of August
2002 (inundation duration in days).

The farmers interviewed stated that most
fields were not accessible for machines for sev-
eral weeks or even months after the August 2002
flood due to high soil moisture and sludge depo-
sition, although the surface flood water had long
retreated. Hence, the case of more than 11 days
may realistically represent the agricultural damage
and was applied in the estimation of the annual
damage using the monthly approach.

The estimated annual damage in agricultural
fields for the monthly and annual approach
amounts to 21400 € a! and 14600 € a'l, respec-
tively. The annual damage to the road system was
estimated to be 15800 € a-!. Apart from damages
to field crops, additional losses to agricultural
production due to damages to buildings, machin-
ery, inventory, and clean-up measures occur.
They are very site-specific and not easy to esti-
mate. The loss information collected by the au-
thorities for the affected municipalities during the
flood in 2002 gives an indication of the magni-
tude of these additional losses. An average of
11% for building damages, 3% for machinery
losses, 7% for inventory losses, and 12% for
clean-up costs out of the overall agricultural
losses in the flood affected area was recorded.
Together, they make up approximately 30% of
the overall agricultural losses. Adding these addi-
tional costs to the loss estimates obtained with
the monthly and annual approaches results in
overall losses of approximately 30500 € a'l and
21000 € a'l; respectively. Together with the esti-
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Fig. 7: Simulation results for the flood event of August
2002 (maximum flow velocity in m s1).

mated loss to the road infrastructure, overall an-
nual damage obtained with the monthly and an-
nual approaches ranges between 46000 € a'! and
37000 € a’!; respectively. The negative effects on
the total production process of the farming op-
eration (e.g., reduction in animal production from
diminished fodder quality, changes in crop rota-
tion, non-fulfillment of delivery contracts) were
not considered due to the difficulty in quantifying
these effects on a regional scale.

In order to assess the quality of the damage
estimation methods, trecorded and estimated
losses for one representative municipality were
compared. The agricultural losses recorded for
this municipality for the specific flood event of
August 2002 amounted to 644000 €. Losses in €
were estimated with the monthly and annual ap-
proaches for the same flood event. As these are
event values, annual or monthly flooding prob-
abilities were not considered. Estimated losses
using the annual approach are much higher
(3569000 €) than those using the monthly ap-
proach (546000 €). This is because in the annual
approach, the damage values are independent of
when the flood occurs during the growing season
(April-October) and therefore constitute an aver-
age of the expected losses. In the monthly ap-
proach damage impact factors were applied ac-
cording to the specific month in which the flood
occurred. At the time of flooding at the end of
August, most of the cereal fields had already been
harvested and, hence, estimated losses were com-



Chapter VI 83

paratively low. It illustrates the impact that the
time of flood occurrence has on the overall loss.
Depending on the time of occurrence, the ex-
pected agricultural losses associated with a spe-
cific flood event in the detention area vary be-
tween 287000 € in January and 994000 € in July.

4 SENSITIVITY ANALYSIS

A sensitivity analysis was performed to deter-
mine the relative importance of different factors
that are directly influenced by humans. The fac-
tors included:

1. crop share of agricultural land use
2. market price for crop types (£ 20%)
3. probability of polder operation (HQso)

To account for the sensitivity of the results to
different crop shares, four land-use scenarios
were considered, which involved allocating the
entire land coverage of the polder area to either
grain crops, root crops, energy plants, or grass-
lands:

- grain crops — 100% grain crops (wheat, rye,
barley)

- root crgps — 100% root crops (potatoes, sugar
beets)

- energy — 100% of crops used for biomass en-
ergy production or as biofuels (corn, canola)

- environment — all of the land is converted to
grasslands (grass has a lower oxygen demand
on overlying flood waters than do tilled fields
and, hence, adverse ecological effects, such as
stress on fish populations due to oxygen defi-
ciency, will be reduced).

The actual crop production will be a mixture
of the scenarios. Figure 8 shows the results of the
four scenarios compared to the current land use
in the detention area derived using the monthly
damage estimation approach. It is evident that
grains, canola and corn (grain crops and energy sce-
narios) do not change the expected damages sig-
nificantly from the current situation because a
majority of the land coverage is currently a mix
of these crops. However, focusing on the pro-
duction of root plants (root ¢crops scenario) would
increase damages by 22 times. In comparison,
expected damages to grasslands (environment sce-
nario) are minute.

Changing the market price of the crops in the
current situation by £20% would vary the ex-
pected damages by the polder operation by ap-
proximately the same degree (17% increase and
22% decrease in expected damages if the crop
price is increased or decreased by 20%, respec-
tively). The probability proved to be a sensitive
factor with expected damages doubling if the
polders were to cap discharge peaks of flood
events having a return period of 80 years (i.e.,
Qpeak = 3300 m? s as opposed to 100 years with
Qpeak = 4000 m3 S’l).
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5 DISCUSSION AND CONCLUSIONS

Although agricultural damage is often low
compared with urban or infrastructure damage, it
should be accounted for in areas where agricul-
tural production is a predominant activity (Mess-
ner et al., 2007). The proposed monthly damage
assessment procedure is applicable to a wide va-
riety of agricultural schemes that are character-
ised by seasonal variation in plant growth and
hence expected losses due to flooding.

The damage to agricultural production that re-
sults from flooding during a specific flood event
mainly depends on the time of occurrence rela-
tive to the growth stages and the share of crop
types and grassland in the area flooded. Unfortu-
nately, bibliographic sources only provide little
information on the resistance of crops to floods
(Citeau, 2003). The market value as a product of
total yield and selling price varies greatly between
the different agricultural land-use types, while
each type exhibits a different seasonal pattern of
expected losses.

Other damage variables, such as water depth,
inundation duration, and flow velocity, are less
relevant in case of flooding of an agriculturally-
used detention area. This is due to the fact that
the water depths are comparatively high in order
to provide a large storage volume compared to
the ground surface area. In most cases, a total
yield loss has to be assumed because of the com-
bined adverse effect of damages and the re-
stricted accessibility after the flooding due to
high soil wetness. The operation of detention ar-
eas is a special case of inundation in the sense
that the flooding occurs deliberately with warning
times long enough to undertake measures that al-
leviate the losses, such as bringing in the harvest,
evacuating livestock, or removing machinery
from the flood prone area.

The applied monthly and annual approaches
are based on market values of the grown crops in
order to estimate agricultural production losses,
whereas damages to farm buildings, machinery
and inventory as well as clean-up costs were not
considered. Hence, both damage results are com-
parable. The comparatively lower estimated an-
nual damages obtained with the annual approach
can be explained by the specific conditions in the
study area. The fertile soils allow high yields from
the intensive production of crops with high mar-
ket prices. Furthermore, in the monthly ap-

proach, damage impact factors often reach 100%
for arable land because of the long inundation
times that are characteristic for detention areas,
whereas in the annual approach a uniform dam-
age impact factor of 50% is assumed for arable
land. Depending on the specific characteristics of
flood prone area with respect to the shares of
land-use types and the pattern of flooding prob-
ability both approaches may result in different
risk assessments. The monthly approach is more
desirable as it is likely to provide more accurate
estimates. Advantages of the annual approach
are, however, the low data requirements and a
less time-consuming estimation procedure.

If losses for certain flood events in € instead
of annual damages in € per year are to be esti-
mated, the monthly approach seems even more
adequate, since the loss estimates strongly depend
on the flood occurrence time. The example of
the municipality that was flooded in August 2002
demonstrated the large differences in estimated
losses between both approaches.

Estimated losses to the road system also con-
stitute a large proportion of the overall expected
losses. Damage potential to the road system in
the study area has even increased over the past
years. This is because after the extensive inunda-
tion of the area during the flood event in summer
2002, several formerly unpaved field lanes were
reconstructed with an asphalt cover that bears
larger reconstruction costs in case of future in-
undations.

The sensitivity analysis showed that in flood
risk assessments of rural areas with low intensive
land use it is more important to evaluate the
variation in flooding probability than the varia-
tion in land use. It is particularly of importance as
large summer floods are becoming more likely to
occur. According to Kundzewicz et al. (2005),
projected increases in temperature and associated
increases in potential water content and intense
precipitation are expected to increase summer
flooding in most of Central Europe. Not only the
flood magnitude, but also the seasonal distribu-
tion of flood occurrence is likely to be affected
by climate change (Sivapalan et al., 2005). Deten-
tion basins and other flood management meas-
ures are one option to cope with future changes
in flooding probability.
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Chapter VII

Conclusions and recommendations

In this thesis, hydraulic, environmental and
economic impacts of flood polder management
were investigated using model approaches of
different complexities. The research focused on
two flood polder systems built for the mitiga-
tion of the flood hazard on the Middle Elbe
River in Germany.

Based on the research questions posed at the
beginning of the thesis, this chapter summarises
and discusses the research results and gives rec-
ommendations for flood polder management
and future research.

1 CONCLUSIONS

1.1  Hydrodynamic modelling

Research Question: How effective are the
flood polders in terms of peak reduction for
varying flood scenarios and operational
schemes?

Hydrodynamic models were applied in both
study areas to investigate the peak reduction
under different flood scenarios and operational
schemes. The study demonstrated that flood
peak levels can effectively be capped by tempo-
rarily storing excess floodwater in flood pol-
ders. However, it also showed that the obtain-
able flood peak reduction strongly depends on
the shape of the flood hydrograph. The event-
specific shape is related to catchment character-
istics such as basin size, soil permeability or
tributary pattern and flood event characteristics
such as rainfall pattern and initial soil moisture.

In order to assess the potential effectiveness
of flood polders in terms of peak reduction,

Table 1 compares the ratio of storage capacity
to basin size and storage capacity to mean an-
nual flood discharge for several flood polders in
Germany including the two flood polder sys-
tems that were investigated in this thesis. The
higher the two ratios, the larger is the general
flood peak reduction potential. However, spe-
cific conditions such as flood predictability and
polder topography have to be considered when
evaluating the effectiveness of each single site.

Tab. 1: Comparison of storage indicators of several flood
polders in Germany

Flood polder Storage Storage Storage
capacity capacity to capacity to
basin size = MHQ¥*

(million m?)  (m3/km?) (m?3/(m3/s))

Altenheim'/ 18.0 358 5788
River Rhine

Riedensheim®/ 8.3 415 7155
Danube River

(planned)

ijeHS/ Elbe 40.0 724 28369

River (planned)

Havelpolder'/  110.0%* 1125 62147
Elbe River
Rosa’/ Mulde 215 3484 44792

River (under
construction)

* MHQ = mean annual flood discharge
** only Havel flood polders without Havel floodplain

Gauge and discharge time series used: ! gauge Maxau
1931-2003 (BfG, 2003), ? gauge Ingolstadt 1975-2001
(BfG, 2001), 3 gauge Torgau 1935-2004 (BfG, 2004),

4 gauge Tangermiinde 1961-2002 (BfG, 2002a), > gauge
Bad Diiben 1961-2006 (LfUG, 2000)
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The timing of opening a flood polder is cru-
cial for a successful operation as pointed out by
several authors (Galbats, 2006; Ratky and
Szlavik, 2001). If the storage is utilised too
early, most of the detained volume is taken
from the rising limb. If the inlet gate is opened
too late, the volume is merely taken from the
falling limb. In both cases the peak lowering
obtained will be less than potentially possible
(Silva et al., 2004). In this study the opening
time of the inlet gate was pre-determined for
each investigated flood scenario so as to maxi-
mise flood peak reduction.

Dividing the inlet gate into separately opet-
able parts has been proved to be a promising
strategy for an adjusted gate control. It also al-
lows for the utilisation of the flood polder in
case of a gate malfunction.

Flooding characteristics as obtained from
the  one-/two-dimensional  hydrodynamic
model showed a large spatial and temporal
variation in flow velocity and water depth
within the investigated flood polder Axien.
These variables are relevant in the subsequent
water quality model, which was coupled to the
hydrodynamic model.

1.2 Water quality modelling

Research question: How does the long water
storage affect dissolved oxygen levels in the
flood polders?

During the operation of the Havelpolder
system in August 2002, a large number of fish
died due to a considerable de-oxygenation of
the water in the flood polder reservoirs and the
subsequent release of stored oxygen-poor water
into the Lower Havel River which is known for
its wealth of fish (Knosche, 2003). An envi-
ronmental risk for fish and other aquatic ani-
mals may occur if oxygen-poor flood water is
released to a river reach with a small ratio of
storage capacity to mean annual flood discharge
or if the flood polder itself contains aquatic
habitats. The first applies to the Havelpolder
system, where water is released to the Lower
Havel River, which is a comparatively small
tributary of the Elbe River with a mean annual
flood discharge of 212 m?/s (based on the dis-
charge series 1981-2002 at the gauge Havelberg
(BfG, 2002b)). The second applies to the
planned flood polder Axien, where a small
stream runs through the flood polder area,

which is home to several protected species and
put under protection according to national and
European nature conservation legislation.

Numerical water quality simulations in the
flood polder Axien showed that under the con-
ditions used in this study oxygen concentration
in the flood polder falls below 3 mg I'l. This le-
vel is considered critical for fish (Béhme et al,,
2005), while Wolter et al. (2003) point out that
there are large variations among the species re-
garding tolerance levels and lethal oxygen con-
centrations. The low simulated oxygen levels
can mainly be attributed to the low flow veloci-
ties and large amount of degradable organic
matter in the flood polders compared to the
river, leading to a strong de-oxygenation of the
flood water. Warm and calm weather condi-
tions, as observed shortly after the August 2002
flood event, will even intensify the depletion of
dissolved oxygen. Adverse impacts on the water
quality of the Elbe River itself when releasing
the oxygen-poor stored water are negligible due
to the high Elbe discharge compared to the
much smaller outflow from flood polder Axien
and Lower Havel River, respectively.

1.3 Vulnerability assessment

Research question: How can economic vul-
nerability be assessed when considering time-
varying damage in agricultural areas?

Both study areas are characterised by an in-
tensive agricultural land use with grain crops,
corn, canola and grassland being the main crop
types. Agricultural fields show a typical growth
pattern throughout the year. Losses in case of a
flooding therefore strongly depend on the time
of flood occurrence relative to growth stages
and agricultural field operations. Furthermore,
losses vary greatly among the crop types.

Not only the vulnerability of agricultural
land, but also the flooding probability varies
with seasons. Often the seasonal flooding prob-
ability is different for smaller floods than for
very large floods which are relevant for flood
polder operation. Extremely large floods of the
Elbe River have a higher occurrence probability
during summer when agricultural vulnerability
is highest, compared to lower floods which are
most frequent in spring. To account for the
seasonal variability in both expected agricultural
losses and flooding probability, a monthly dif-
ferentiation was chosen in this study.
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Different from the time of occurrence, agti-
cultural losses in the flood polders do not vary
much between floods of different magnitude
and duration. However, the potential loss in the
benefiting areas, ie. the areas in which the
flood hazard is reduced due to flood polder
utilisation, strongly depends on these flood
characteristics. This is due to the fact that for
the flood polder, the affected land is restricted
to the area within the polder dikes, and damage
to crops is relatively independent of water
depth. In the benefiting area, however, a flood
of larger magnitude and duration may result in
a larger flood-affected area and higher inunda-
tion depths in areas of various land use types.
Particularly in urban areas, loss strongly corre-
lates with inundation depth.

Under the current land use, the expected
loss per m* of retained water is estimated for
both study areas (Table 2). Mean expected
losses on agricultural lands, including crop
losses, additional losses due to building and
machinery damages and mean losses in the road
infrastructure, are considered. Relative losses
are significantly higher in the planned flood
polder Axien than in the Havelpolder system,
although the mean water depth in the Axien
flood polder is considerably higher. The differ-

ence in relative losses is mainly attributed to
there being less vulnerable land use in the
Havelpolder system, in particular the propor-
tion of grassland. While grassland coverage is
nearly 70 % in the Havelpolder system, it is
only 7 % of the agricultural land in the planned
flood polder Axien. Relative losses also vary
among the single flood polder reservoirs in
both study areas as result of prevailing land use
and storage capacity.

Apart from losses that occur in the flood
polders during their utilisation, further cost fac-
tors have to be considered when assessing cost-
efficiency of flood polders, however, they were
mostly beyond the scope of this study. These
factors include the damage mitigation or re-
duced expenses for flood management in the
benefiting areas, possible land acquisition pay-
ments or costs for land use conversion and the
expenditures for construction and maintenance
of engineering structures such as control gates
and dikes. Also the flood polder’s location rela-
tive to benefiting areas and their vulnerability
must be taken into consideration. Flood polders
should preferably be located adjacent to or up-
stteam of highly vulnerable areas, but down-
stream of flood-relevant inflows into the river.

Tab. 2: Compatison of cost-efficiency indicators for both study areas

Case study Losses Storage Losses to storage Area Losses to area Mean water

area capacity capacity depth
(million €) (million m*)  (€/1000 m?) (km?) (million €/km? (m)

Havelpolder 6.7 110 61 100 0.07 1.1

Axien 4.6 40 115 17 0.27 2.4

1.4 Model complexity

Research question: Which is the appropriate
model complexity to simulate hydraulic and wa-
ter quality processes in flood polders?

Hydraulic processes in flood plains are often
very complex including three-dimensional flow
structures (Knight and Shiono, 1996). How-
ever, for practical purposes there is a need for
simplified spatial representations of the model
domain for reasons of limited resources and
data availability. All models incorporate certain
simplifying assumptions and approximations,
which pose specific limitations for certain ap-
plications (Shanahan et al., 1998). The appro-

priate spatial discretisation should be chosen
according to the system’s complexity and the
study objective. In this study, hydraulic and wa-
ter quality models of different spatial discretisa-
tion were applied for the simulation of flood
polder processes in order to assess the models’
suitability in view of performance and model-
ling effort.

A one- (1D) and a coupled one-/two-
dimensional (1D-2D) model approach were ap-
plied to simulate the flooding and emptying
process in the planned flood polder Axien and
the flow in the adjacent Elbe River reach. In
both model approaches the river and floodplain
geometry was described by a series of cross sec-
tions. In the coupled 1D-2D approach the
flood polder was represented in the form of a
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Digital Elevation Model (DEM), whereas in the
1D approach the flood polder geometry was
given solely as a storage function, assuming a
horizontal water surface.

Both the 1D and coupled 1D-2D model
simulations yield the same flood wave reduction
in the Elbe River. However, the 1D-2D model
provides additional information such as the
spatial variation in flow velocities and water
depths. A two-dimensional simulation of the
water flow process in the flood polder may be
inevitable for certain applications. They include
studying the effects of different land use types
on water propagation, identifying flow obstacles
and preferred flow paths, optimizing the loca-
tion of control structures, gaining information
on the spatial and temporal development of
flow velocities or identifying remaining water
patches during the emptying process of the
flood polder.

The computational time as well as the stor-
age requirements for the 1D model were con-
siderably lower than for the 1D-2D model and
even more so when finer resolution DEMs are
used. Further, unlike the 1D model, consider-
able effort was required in setting up and simu-
lating the 1D-2D model. In view of all these
factors, it is recommended to use a 1D model
for studying the flooding processes of polders,
particularly the peak reductions in the main
river. However, a 1D-2D approach may be
used when the study of flow dynamics in the
polder is of particular interest, if a spatial distri-
bution of the flooding parameters such as in-
undation duration is required for a subsequent
damage assessment or if a 2D water quality
model is coupled to the 2D hydrodynamic
model, as was done in this study.

A 2D vertically averaged model and a zero-
dimensional (0D) stirred tank model were ap-
plied to simulate the dissolved oxygen dynamics
in the flood polder Axien. The same gate inflow
and outflow boundary conditions were used in
both models as obtained from the previous 1D-
2D hydrodynamic simulation. Water quality
boundary parameters and water quality proc-
esses were chosen to be identical in both mod-
els, the spatial discretisation being the only dif-
ference between the two approaches. The
dissolved oxygen dynamics as simulated with
both models were similar in the initial flooding
period, but deviated with the start of the empty-
ing process. The deviation can be attributed to

the different approach of determining flow ve-
locities and water depths in the two models.

The 2D model approach required a signifi-
cantly higher pre- and post-processing effort
and longer computation times per simulation
run. It is therefore not suitable for the investi-
gation of various different flood scenarios and
for testing the model reliability with an exten-
sive sensitivity analysis. However, investigating
the impact of the spatial variability within the
model domain on the state variables requires a
spatially distributed model such as the 2D simu-
lation approach used in this study.

Therefore, for practical application it is rec-
ommended to firstly set up a fast running
model of lower spatial discretisation like the 0D
stirred tank model. Secondly, the parameter
sensitivity on the water quality results should be
checked with a particular focus on those pa-
rameters that are spatially variable and therefore
assumed to be better presented in a 2D model.
Thirdly, a 2D model should be run if a high
spatial variation in water quality results is as-
sumed from the previous runs. Generally, 2D
model approaches may be preferred in flood-
plain areas and flood polders of complex to-
pography and distinct variations in hydraulic
variables such as water depth and flow veloci-
ties.

2 RECOMMENDATIONS

2.1  Flood polder management

In this section general recommendations and
suggestions for flood polder management are
drawn from the investigations.

When choosing potential locations for flood
polders the most important criteria are (a) a
large storage volume compared to the discharge
volume of the river flood wave, (b) suitable to-
pographic conditions to allow for an efficient
filling and emptying, (c) a suitable location,
preferably just upstream or adjacent to the river
reaches to be protected, (d) a low vulnerable
land use within the flood polder area, and (e)
the availability of an accurate and timely flood
forecast to adjust the gate control to the pre-
dicted flood wave.

The utilisation of flood polders is limited to
the flow time of the flood wave in the frame-
work of the available forecast (LAWA, 1995).



Chapter VII 91

The lead time should be long enough to cover
the whole flood peak to be capped so as to de-
termine the optimal gate control strategy with
reference to the available storage capacity and
maximum flow rates through the gates. For op-
erational reliability, it is necessary to divide the
inlet into at least two separately operable parts
as it allows for the utilisation of the storage area
in case of gate malfunction. Separately operable
gate parts may also be favourable in view of
improving inflow control, as demonstrated in
this study.

Apart from optimising gate control, a good
flood forecast will also facilitate eatly commu-
nication to residents and farmers so as to allow
for loss alleviation. During a flood event, the
earlier farmers are informed about the flood
polder utilisation, the more time they have to
undertake loss-reduction measures, such as
bringing in the harvest, evacuating livestock, or
removing machinery from the flood-prone area.

Reducing the amount of organic material on
the fields by cutting the grass and bringing in
the harvest is also advisable in view of water
quality. The more easily degradable organic
matter remains on the fields, the stronger the
oxygen depletion. Particularly under warm and
calm weather conditions, oxygen concentration
in the water may fall below levels that are lethal
for fish and other aquatic and terrestrial ani-
mals.

In view of water quality, it is recommended
to fully utilise the flood polder storage capacity.
Particularly in summer, larger water depths will
dampen water warming and hence contribute to
higher oxygen saturation levels since cold water
can hold more dissolved oxygen than warm wa-
ter. Furthermore, the possibility of allowing a
continuous flow through the flood polder
should be considered so as to increase the flow
velocity and hence increase oxygenation due to
flow-induced re-aeration. Generally, storage
times should be kept short by starting the emp-
tying process as soon as possible so as to re-
duce degradation of biomass and hence de-
oxygenation of the retained water. However,
during the emptying process additional control
may be required in cases where catchment man-
agement objectives set constraints on the quan-
tity and quality of water release (Hall et al,
1993). In respect of the quantity of water re-
lease, the emptying process should not start ear-
lier than when safe discharges at downstream
river reaches are assured. Regarding water qual-

ity, the investigations in study area 1 (Havelpol-
der system) demonstrated that it may be advis-
able to restrict release of oxygen-poor water
into the Lower Havel River with its high fish
abundance in order to maintain a sufficient
oxygen level in the River.

A controlled emptying process implies the
existence of adjustable control structures rather
than spillways or an intentional dike opening by
dike blasting or excavation. In most cases, ad-
justable control structures are necessary for
safety reasons so as to enable an interruption of
the filling process when the flood polder capac-
ity is reached or in unforeseen incidents. Also,
they allow for saving storage capacity in the
case of a second successive flood wave and for
controlling the time of water release during the
emptying process. However, control structures
are often uneconomic if they are only used for
the purpose of flood protection during very
rare flood events. Only one of the six reservoirs
of the Havelpolder system is equipped with
control structures, whereas the others were
opened by dike blasting or excavation during
the 2002 flood. A comparative analysis showed
that the costs for construction and maintenance
of the control structures exceed by far the costs
for dike blasting and reparation in the case of
utilisation during rare flood events (Ellmann
and Sauer, 2004). Dike blasting may even be
more economically favourable if demolition
chambers are installed. The picture may change
if additional purposes of the control structures
are included, such as frequent use for so-called
ecological floodings.

Ecological flooding (also called managed
flooding) refers to the periodic flooding of low-
lying polder areas during small flood events. It
allows for the development of flood-adapted
wetland species and therefore reduces future
damage in the rare case of flood polder utilisa-
tion for flood protection. Ecological flooding
often necessitates a permanent land-use change,
such as a conversion of intensive arable land to
extensive grassland. This involves yearly com-
pensation transfers to the farmers or one-off
payments in case of land purchase. In the case
of the Havelpolder system, opportunity costs
for land use change would by far exceed the
damage reduction during rare flood events (Ell-
mann and Sauer, 2004). In other riverine areas,
such as on the River Rhine, ecological flooding
schemes, which combine objectives of flood
protection and nature conservation, are already



92 Conclusions and recommendations

in operation (Bettmann and Bauer, 2005; Arm-
bruster et al., 2000).

According to the German “Act to improve
preventive flood control” (BMU, 2005), flood
polders are designated as flood plain areas and
each federal state is obliged to adopt land use
regulations in order to protect or improve ecol-
ogy of water bodies and their flood areas, pre-
vent and alleviate flood damage and prevent
erosion. The water resources laws of the federal
states of Brandenburg and Saxony-Anhalt,
where the study areas are located, prohibit con-
version of grassland to arable land in flood
plain areas. Moreover, arable land should be
converted to grassland if possible. In the origi-
nal version of the German preventive flood
control act, a strict prohibition of tillage in un-
specified “flow regions” of the flood plain areas
was proposed. However, this clause was not
adopted in the final version of the act as the
danger of erosion and pollution of the river was
unproven scientifically (Munk, 2005). In fact, in
most of the flood plain areas sedimentation
processes dominate. Erosion is merely expected
to take place in zones and at times of high flow
velocities. Therefore considerable erosion in
flood polders is mainly restricted to areas near
the inlet gates during times of filling. Apart
from the construction of stilling basins, erosion
may be reduced by filling and emptying flood
polders at the lowest lying part if gate location
is not restricted by other factors. This study
showed that grassland in flooded areas is not
generally preferable over arable land in terms of
economical vulnerability and oxygen depletion.
In fact, there are periods such as shortly after
harvest when losses on grassland outweigh crop
losses. Similarly, the amount of water de-
oxygenation due to surface biomass degrada-
tion varies considerably throughout the year
and is subject to agricultural field operations
prior to flooding. Unmown grassland may con-
stitute a larger source of easily degradable bio-
mass than do tilled fields.

The selection of appropriate locations for
flood polders often leads to conflicts with
farmers and land-owners, although there is a
general agreement in the necessity of such
measures. Even more opposition is expected in
the case of land use restrictions or ecological
flooding schemes. The importance of public
participation was clearly demonstrated by the
case of a planned flood polder designation at
the Dutch-German border, where public resis-

tance eventually led to an end of the plans
(Roth and Warner, 2007). Stakeholders will ac-
cept new proposals that affect their local envi-
ronment more readily if they are consulted in
the early planning stages and are encouraged to
make suggestions as to how the project could
be modified to meet local requirements (Hall et
al., 1993).

Farmers’ acceptance is also raised by assur-
ing financial compensation in the case of flood
polder utilisation. After the flooding in 2002
farmers experienced yield losses due to exces-
sive growth of weeds or changes in grassland
species assemblage. Grassland in the Havelpol-
der system only reached its original state after
four years (IaG, 20006). However, these long-
term effects are usually not compensated nor
are they included in vulnerability assessments.

In view of cost-efficiency, an increase in
stored volume in the flood polder will hardly
affect the expected loss in the flood polder,
whereas it may contribute considerably to a de-
crease in the extent of affected areas, water
depth and hence potential loss in downstream
areas. If only a portion of the full storage capac-
ity of a flood polder system is required from a
hydraulic point of view, it may be considered
preferably to utilise only those flood polder res-
ervoirs with the least damage potential and the
lowest amount of degradable biomass at the
time of flooding. However, hydraulic considera-
tions for an optimization of the peak reduction
effect should have first priority. If only selected
polder reservoirs are used, dike stability of the
unused reservoir dikes must be ensured.

2.2 Future research

In this thesis, it was demonstrated that the
analysis of flood risk reduction by means of
flood polders requires comprehensive interdis-
ciplinary approaches, including methods from
hydraulics, socio-economics and ecology.

It was also stressed that the number of proc-
esses considered in the applied models and the
models’ spatial discretisation should always cor-
respond to the availability of observation data
and appropriate parameter values. While there
were few water level and water quality meas-
urement data available in the study area 1, the
lack of calibration and validation data in study
area 2 made it advisable to keep model com-
plexity low. Nevertheless, there is still consider-
able improvement potential in the applied hy-
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draulic and water quality models so as to better
describe the processes that take place during
flood polder utilisation. Potential improve-
ments in the hydraulic models include the in-
troduction or refinement of groundwater proc-
esses. The water quality model could be further
refined by adding more processes than those
currently considered, such as de-oxygenation
due to sediment oxygen demand or deriving
water temperature from solar radiation.

The results of the hydraulic simulations sug-
gest that the shape of a flood wave strongly in-
fluences the potential flood peak reduction,
while the probability (which in term determines
the frequency of flood polder operation) and
the seasonality of flooding are of particular im-
portance when assessing costs and benefits of
flood polder utilisation. At the same time,
changes in flood frequency and timing due to
climate change are projected in many studies,
e.g., Christensen and Christensen (2003). Taken
to extremes, this could mean that the discharge
corresponding to a 100 year flood under cur-
rent conditions may be observed on average
every 50 years or even more often. This would
necessitate a more frequent flood polder opera-
tion and has to be accounted for in the design
of flood protection measures in general. There-
fore, future research should aim at predicting
changes in flooding probability, seasonality and
flood wave characteristics as it determines the
effectiveness of flood control measures such as
flood polders.

In the economic analysis only direct tangible
damage was considered. For a comprehensive
evaluation of flood management strategies,
though, indirect as well as intangible damage
should be taken into account. Whereas ap-
proaches exist for the inclusion of indirect
damage like disruption to traffic, production or
trade, an appropriate assessment of intangible
damage such as damage to human health and
ecological side effects is a major challenge for
further research.

The depletion of dissolved oxygen during
long flood water storage is a serious adverse
ecological side effect. Consequently, it was in-
vestigated in this thesis and may contribute to
an ecological assessment of flood polder opera-
tion. Further environmental indicators to be in-
cluded when assessing flood polder measures
may be the deposition of pollutants (Wurms
and Westrich, 2008) or impacts on vegetation
growth (Armbruster et al., 2006), which were,
however, beyond the scope of this study.

These along with other criteria, including the
studied flood peak reduction and economic
losses, may contribute to an overall assessment
of flood polder measures in a multi-criteria
analysis (MCA). MCA techniques may either be
applied to evaluate alternative flood protection
measures that contribute to the flood risk re-
duction of a certain area or they may be applied
to evaluate alternative variants of a specific
flood protection measure. Alternative variants
of a flood polder measure may refer to the de-
sign and location of polder dikes and control
structures, operational strategies or different
land use schemes.

MCA methods also allow for the considera-
tion of non-monetary criteria in the evaluation
process. After criteria evaluation is completed,
weights are assigned to the specific criteria.
Weighting is the most crucial part in a MCA. It
is often very controversial, especially when sev-
eral stakeholder groups are involved. In the in-
vestigated study areas several objectives such as
agriculture, fishery, nature conservation or rec-
reation must be taken into consideration. Cur-
rently, most studies comprise social, economic
and environmental risk criteria. However, only
few examples of real applications of MCA in
flood risk management exist (Meyer et al,
2008). Further research should aim at improv-
ing MCA techniques for flood risk management
to adopt them successfully in real cases involv-
ing relevant stake holders and decision makers.
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