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1st CRUE
research

Funding

Initiative

on

FRM

ERA-Net CRUE is a network of European government departments who directly fund flood risk management
programmes and related research actions. In order to tackle the challenge of rising flood risk and to develop
effective policies and risk management practices, policy-makers and key stakeholders need a strong
evidence base. Evidence-based policy-making is the key to modern, forward-looking strategies for dealing
with increasing flood risk. Trans-boundary and trans-national flood risk management issues are becoming
more and more important, requiring in particular joint research and development initiatives. The creation and
implementation of a European research area in flood risk management – as intended by the CRUE ERA-Net
- is an important contribution to an improved trans-national perspective for flood-related research in Europe.
Besides co-ordinating research between Member States, CRUE aims to contribute towards the presentation
of research needs with its own trans-nationally based funding initiatives. Common trans-national research
calls initiated by the partner countries are a principal activity within the CRUE ERA-Net which can be
considered as specific actions to respond to current policy and development needs in Europe. With the
launch of the first CRUE common call, a first step toward the integration of flood research in Europe was
made.
The topic “Risk Assessment and Risk Management: Effectiveness and Efficiency of Non-structural Flood
Risk Management Measures” was selected by six of the CRUE partner countries through an intensive
consultation process and is to a great extent based on developments in European flood risk management
policy (e.g. EU Floods Directive). In particular, the call was designed to investigate and critically assess the
effectiveness and efficiency of non-structural measures in comparison to structural measures and to identify
barriers to implementation of these "soft" techniques. The call was an incentive to develop innovative
methodological approaches. Moreover, it challenged researchers across Europe to integrate knowledge
across different disciplines such as natural and social sciences, and engineering.
st

Each of the seven successful joint projects within CRUE’s 1 Funding Initiative for FRM research was
designed to understand different national approaches to the use and appraisal of non-structural measures,
explore what is successful, and what can be improved in terms of efficiency and effectiveness of such
measures themselves. The research results presented in this report will provide policy-makers with a better
understanding of how FRM as a part of integrated river basin management can deliver multiple benefits, for
example reduced flood risk and improved environmental quality.
I feel confident that the outcome of this research will be a valuable contribution to national policy
development and the improvement of flood risk-related practice.

John Goudie
ERA-Net CRUE Co-ordinator, Defra, UK
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Summary for Decision-Makers
This report compiles the work done and the results obtained in this project. The project has focused on a
comparison of the effectiveness of non-structural flood mitigation actions in three European catchments. In
particular, measures based on the following concepts have been evaluated:
a)

“Retaining water in the landscape” by land use changes (afforestation and/or deforestation) and
3
local retention measures of different numbers and sizes: micro-ponds (around 1,000 m and no
3
outlet structure), micro-reservoirs (in the order of 10,000-70,000 m ), small dams (less than
1,000,000 m³) and one single dam (more than 1,000,000 m³), and

b)

“Room for the river”, which are measures within the floodplain involving natural and forced
(polders) flooding areas.

The effectiveness of each measure has been estimated in terms of the reduction of hazard magnitude and
2
risk. The study of three catchments located in Spain (Poyo, 380 km ), Austria (Kamp, 1500 km²) and
2
Germany (Iller, 954 km ), with three different climates (semi-arid, sub-alpine and alpine), has permitted to
cover a wide spectrum of flood processes that can be expected in Europe.

Main project results
1600

Physical processes and modelling
Peak runoff (m³/s)

Runoff generation depends on precipitation
magnitude, but can be highly dependent on
processes not usually considered in flood
studies: soil moisture initial conditions, and
temporal and spatial variability of the storm.
As can be seen in Fig. 1 for the Poyo
catchment, storms of 24 hr precipitation
around 100 years return period, can produce
3
peak floods from 200 to 1200 m /s. The
internal storm variability in the Poyo
catchment is due to the torrenciality of the
Mediterranean climate.
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Figure 1. Influence of the temporal and spatial variability of
precipitation (100 synthetic storms) and initial soil moisture
conditions (two initial states) for the present conditions in the Poyo
catchment.

In the Iller catchment, the poor observation of
the actual altitudinal gradient of precipitation
was a major challenge with respect to hydrological modelling.

With the proper input and parameter information, present state-of-the-art hydrological models obtain
excellent results. However, the uncertainty in the translation of afforestation/deforestation actions into
hydrological parameter changes is high.
Present 1D and 2D non-stationary hydraulic models and the available floodplain DEM’s in most parts of
Europe, give enough resolution for the hazard mapping. Only urban areas will require a detailed DEM,
with cell size smaller than the street width or a treated DEM (forcing the street paths), in order to
reproduce properly the flows within them.
From the risk estimation point of view, in our experience, the vulnerability curve for each land use is the
most important source of uncertainty.
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Figure 2. Influence of a coarse DEM (30 m cell size) in the flow paths at urban areas: left, original DEM; right, treated
DEM.

Retaining water in the landscape

The influence of initial soil moisture condition
also affects the effectiveness of these types of
measures, but depending on the measure:

ii) For retention elements on the slopes
(micro-ponds) or in the channel network
(dams) the wet conditions produce higher
peak reductions, as it can be seen in Fig.
4 for micro-ponds.
In an exhaustive
investigation for the two hundred events of
the Poyo case study, it was found that in
dry conditions the second flood peak tends
to be higher than the first one as the
retention structures have already been
filled.
In all types of measures and in the three case
studies, the effect is a function of the mean
areal increase of storage capacity, which is
the ratio between storage increment and

VI
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For afforestation, the reduction is higher in
Peak runoff (m³/s)
dry conditions than in wet conditions,
Figure 3. Effect of afforestation on peak runoff (Iller catchment)
because the initially available soil storage
capacity and the available interception storage is higher. This effect was obtained in the three case
studies and is shown in Fig. 3 (Iller) and Table 1(Poyo).
16

Peak runoff reduction (%)

i)

9

Peak runoff reduction (%)

The effect of retaining water in the landscape
(for any type of measure) in terms of flood
peak reduction decreases with the event
magnitude, as indicated in Fig. 3 for
afforestation and in Fig. 4 for microponds. On
the other hand, for a large intensive structure
its effect, as a function of the flood peak, will
depend
on
the
outlet
discharge
characteristics.
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Figure 4. Effect of micro-ponds on peak runoff in the Kamp
catchment.
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catchment area. For the same total water storage, the spatial coverage is also a factor affecting the
effectiveness of a particular type of measure. For this reason, in most cases one single dam at the basin
outlet will be more effective than a set of equivalent dams within the basin.
As it can be seen in Table 1, in a fair comparison from the areal increase of storage capacity point of view
(6 mm in all cases), afforestation produces significant larger mean flood peak reductions than intensive
structural measures.
Table 1. Mean flood peak reduction for three retention measures (all of them with 6 mm of storage increment) and two initial soil
moisture conditions in the Poyo catchment.
Initial condition

Small reservoirs
(6 mm)

One single dam
(6 mm)

Afforestation
(6 mm)

Dry

2%

9%

38%

Wet

2%

9%

15%

However, in general, the potential additional storage capacity resulting from afforestation and micro-ponds
will have a physical limit. This limit can be exceeded only by intensive measures such as dams. For
example, in Poyo catchment, 6 mm is the maximum reasonable storage increase by afforestation, but with
3
one single reservoir of 16 Hm (technically possible) the areal increase of storage capacity is as high as 41
mm. In the first case, the risk reduction is limited to 39% and, in the second case, the reduction is 58%
(Table 2).
If the potentially damaged values in the flooded area have a high risk exposure, the more frequent events
(smaller in magnitude) can have a larger contribution to the total risk than the less frequent ones. As
indicated above, the effect of any retention measure in the landscape is much higher for small events than
for large events. The result is that risk reduction for these types of measures can be higher than expected
from the hazard reduction.
However, for the same reason, this risk reduction depends on the minimum return period of inundation, as
it can be seen in Table 2 for the maximum landscape retention scenarios. This effect is more marked for
the afforestation scenario than the retention measures based on reservoirs because their outlet discharge
characteristics.
Table 2. Total risk reduction as a function of the minimum return period of inundation (Tmin= 5 years is the present situation) for the
maximum landscape retention scenarios in the Poyo catchment.
Inundation Tmin

184 small reservoirs
(41 mm)

One single dam
(41 mmm)

Afforestation
(6 mm)

5 years

48%

58%

39%

10 years

52%

64%

19%

25 years

28%

50%

17%

Room for the river
Large polders or retention basins are needed within the floodplain to produce significant reductions in the
flood risk in the three case studies, with some local differences:
i)

In the Kamp catchment, significant reductions in the flood peaks can be obtained when retention
basins along the main stream are constructed and the flood plains are inundated. However, a lot of
room is needed for these measures. The main advantage of the room for the river methodology is that
the polders/retention basins can be designed in a way that there is no retention for small flood
discharges which leaves the full storage capacity for larger floods at the time of peak. In contrast, for
the retaining water in the landscape measures, the storage is exhausted at an early stage of medium
and large events, resulting in very small flood peak reductions (Fig. 5).
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ii) In the Poyo catchment, small local diversion structures forcing artificial hazard increase in already
flooded area, can be an effective measure for global flood risk reduction.
iii) At the Iller catchment, polder implementation can compensate the effects of dike rising upstream.
Another advantage of “room for the river” actions compared with “retaining water in the landscape” is that
the former are placed in the floodplain, where the benefits (flood risk reduction) are also located.

Recommendations for Decision-Makers
The selection of the proper flood protection measures (or combination of measures) should be based on a
local analysis of their effectiveness and efficiency. The following general findings, however, have been
obtained from this project:
1. Given that the changes in the flood magnitude are a delicate balance of the various controls, it is
important for the data to be of the best quality and the models to be carefully parameterised.
2. Volume matters. Overall, the effect of the reduction in flood risk depends on the retention volume
compared to the magnitude of the flood. The simulations indicated that in all three catchments the
additional retention volume obtained by afforestation is likely small. Also, the effect of retaining the water
in the landscape in micro-ponds is relatively small as, in most landscapes, it is difficult to accommodate
large retention volumes. However, it may be useful to combine the above measures with other positive
effects (not considered in this project) such as soil conservation, sediment transport reduction and
environment protection.
3. As it can be seen in Fig. 5, the effect of each
measure is different. The peak runoff reduction
of “retaining water in the landscape” measures
is a function of flood return period, reducing its
effectiveness with the flood magnitude. On the
other hand, “room for the river” is more
effective for medium return periods.
4. Allowing for “room for the river” provides
large retention volumes more easily. Such
measures may hence be socially more
acceptable than “retaining water in the
landscape”, given the spatial coincidence of
environmental impact and risk reduction in the
floodplain and the relatively limited effect of the
latter.

Figure 5. Estimated flood peak reduction of the "room for the river"
method (retention basins and flood inundation along the river
reaches), and the "retaining water in the landscape" methods
(micro-ponds and afforestation) for the Kamp catchment.

5. But, if the present flooding frequency is high, small reductions in the flood hazard can produce
significant reduction in the flood risk. Therefore, in this situation, “retaining water in the landscape” can be
also profitable.
6. While the effects of polders and additional flood plains along the main stream can be estimated reliably
by simulation models, it is much more difficult to estimate the changes in the infiltration capacity with
afforestation or deforestation within the catchment. The changes in the soil characteristics are likely to
occur over decades and it is hence strongly recommended to perform local infiltration experiments to
complement the model based assessment of the effects of land use change on flooding.
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1 Introduction
Floods are the costliest natural hazard in the world and account for 31% of economic losses resulting form
natural catastrophes (Yalcin and Akyurek, 2004). The economic losses of the combined European
countries from 1998 to 2003 amounted to more than US$ 60 billion (Plate, 2003). A review of the losses
caused by floods events in the period of the last ten to fifteen years indicate that in Europe economic
losses are dramatically increasing, mainly because there has been a marked increase in the number of
people and economic assets located in flood hazard zones.
On one hand, it is clear that the flood hazard must be estimated with the maximum precision, as was
pointed out by Francés (1998) and Jarrett and Tomlinson (2000), especially when the hazard is affecting
urban areas. Flood hazard underestimation contributes to larger damages than expected, but
unnecessary overestimation leads to costly overdesign of flood protection measures. On the other hand,
an inappropriate flood risk management (or the absence of it) may lead to considerable losses of property
and life.
Traditionally, flood hazard is estimated based on a design storm (without taking into account the actual
spatial and temporal variability of extreme storms), transforming it in discharges using an aggregated
rainfall-runoff model (not considering the spatial variability of the hydrological characteristics and loosing
the possibility of analysing the effect of land cover changes within the basin) and computing the maximum
water depth not using the most appropriate hydraulic model. I.e., the flood hazard uncertainty can be high
if the new trends in flood hazard estimation are not used.
The difference between hazard and risk must be clear (Figure 1). The flood hazard in a given point of the
flood prone area is the probability distribution function of the flood magnitude at this point. The magnitude
is defined by different variables related with the flood damages, as maximum water depth, maximum
velocity, flood duration, amount of sediments, etc., but in most cases the first one is the most
representative. The flood risk (or impact to be clearer) is the mean annual damage per unit area. Damage
in a wide sense: it can include economical, social and environmental losses. Potential damages are
considered through the vulnerability of each element of the flood prone area. The vulnerability is a function
of the flood magnitude, and it usually takes the form of a depth-damage curve (Grigg and Helweg, 1975).
Therefore, flood impact is the probabilistic integral of the combination of flood hazard and land use
vulnerability (Francés et al., 2001 and Plate, 2002):
∞

D = ∫ V (h) f H (h)dh
0

where V is the land use vulnerability, h is the flood magnitude and fH is its probability density function.
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Frequency
Hazard

Vulnerability

Magnitude

Impact or Risk
Figure 1-1. Basic definitions (computed concepts in yellow).

A detailed classification and description of flood protection measures was done by Yevjevich (1994), but
the most common classification is to distinguish between structural and non-structural measures. Very often
it is forgotten that the objective of the flood protection measures is to reduce the total flood impact, and not
specifically the flood hazard. In fact, most of the non-structural measures don't change the hazard: they
just reduce the flood impact by land use vulnerability changes. We will like to underline the worldwide
experience has shown that in the long term and in most cases non-structural actions are the most
effective ones (Natural Hazards Research and Applications Information Center, 1992; Smith and Ward,
1998).
We believe the flood impact (risk) analysis is needed in order to objectively compare different future
scenarios that can affect either the flood hazard and/or the vulnerability in the flood prone area. These
different scenarios arise mainly because land-uses changes in the basin and in the flood prone area and
because the flood protection measures that can be adopted.
This project has focused on a comparison of the efficiency of non-structural flood mitigation measures
which include the non-structural flood risk mitigation concepts “retain water in the landscape” and “room
for the river”. The study of three catchments located in Spain, Austria and Germany has permitted to cover
a wide spectrum of flood processes that can be expected in Europe.
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2 Objectives
The aim of this project is to examine the relative effectiveness of two particular non-structural flood
mitigation measures:
“Retaining water in the landscape”: Land use changes and Local retention measures in the
landscape
“Room for the river”: flood retention along the main stream by providing additional inundation area
To do this, new scientific frameworks and technical tools integrating multidisciplinary approaches
(meteorological, hydrological, hydraulics and socio-economical) on flood risk assessment have been used
and tested in three different and, at the same time, complementary case study areas.

3
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3 Methodology
Taking into account the project objectives and the problems to be solved at each case study, this section
describes the work packages of the project. The project is divided in 4 work packages, closely related as it
is shown in Figure 3.1. For the sack of clarity, the proposed mathematical models to be used will be
described below.

3.1

Work packages
WP1: Generating scenarios

WP2: Basin Hydrology

T1.1. Land-uses
T2.1. Model parameters
estimation
T1.2. Flood retention
T2.2. Simulations
T1.3. Hydrological inputs
T2.3. Statistical analysis

WP3: Flood prone area
analysis
T3.1. DEM and hydraulic
characteristics
estimation

T3.2. Hydraulic
simulations

T3.3. Hazard mapping

Figure 3-1. Linkages between work packages and tasks (output tasks in yellow)

4

WP4: Flood impact and
non-structural
measures evaluation
T4.1. Vulnerability

T4.2. Flood impact

T4.3. Non-structural
measures evaluation
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3.1.1

WP1. Generating scenarios

Comparison of scenarios is one of the major tools that can help the decision makers. In this stage, the aim
is both to describe the current status and to generate different scenarios (i.e. different “pictures” of future
development) concerning the conditions of land-uses in the catchment and flood-prone areas, potential
flood protection measures and storm and initial condition scenarios. These scenarios will serve as an input
to the hydrological and hydraulic models, representing both the nowadays situation and possible future
conditions.
Task 1.1: Land-uses scenarios
The hydrological effects of land-use (and land-cover) changes have been studied by several
authors, but thoroughly described by Calder (1993) and Ward and Robinson (1990). The major
changes in land use that affect hydrology are afforestation and deforestation, the intensification of
agriculture, the drainage of wetlands, road construction and urbanization. These changes located
within the whole basin area will affect the flood hazard. But also changes in the land-use of the
flood prone area can change significantly the total flood impact, by changing the flood
vulnerability. Future land-uses scenarios will be obtained from:
The Municipal and Regional Land-Use Plans, especially in the flood prone area.
Flood protection by land use changes (forest, agricultural, urban) based on the "retain the water in
the landscape" concept, changing mainly the runoff production and the evapotranspiration.
Task 1.2: Flood retention scenarios
With these scenarios it is planned to analyse, compare and evaluate the efficiency of two potential
non-structural measures:
Local retention measures based on the "retain the water in the landscape" concept, changing the
flood propagation characteristics within the basin.
Flood retention in the main stream by providing inundation area based on the "room for the river"
concept, increasing the flood routing in the flood prone area or close to it.
Task 1.3: Hydrological input scenarios
Two main hydrological inputs need to be analysed: extreme precipitation and initial conditions:
Extreme precipitation input for the hydrological models will need a large sample of extreme
storms, with a good description of its temporal and spatial characteristics. It is important that
different types of storms/floods will be analysed that represent typical conditions in the study
catchments. In the case of the Kamp catchments storm types to be identified include frontal
events, rain on snow events and convective events. Similar storm types will be identified for the
Iller catchment. In the case of Poyo catchment, high temporal resolutions rain gauge data are
scarce. Because of this, in addition to a small number of historic events, rainstorm will be
generated using the model RAINGEN.
The initial soil moisture condition can have a strong influence in the runoff production. For this
reason, long term daily simulations will be done in order to asses the probability distribution of the
initial situation before the extreme flood events. It is also expected that changes in evaporation (by
changes in the basin land-cover) will impact on the soil moisture state.

3.1.2

WP2. Basin hydrology

Four rainfall-runoff distributed models have been used: TETIS model in Rambla del Poyo, Kampus model
in the Kamp catchment and WASIM-ETH model in the Upper Iller catchment. The main objective of this
work package is to obtain the input hydrographs to the hydraulic models for the different scenarios.
Task 2.1: Models parameters estimation
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The first step is the estimation by an expert of the hydrological characteristics maps for each cell,
giving values close to areal mean point scale estimations. Depending on the available
environmental information, there will be a different degree of approximation in the estimation of all
cell parameters. Geological, soil, land-cover, ... maps will be used in this process with a GIS data
management.
In the three case studies some recorded floods can be used for parameter calibration and
verification. It is difficult to calibrate spatially distributed runoff model against runoff data (Grayson
and Blöschl, 2000). Traditionally, systematic manual methods have been used for the calibration
of complex hydrologic models. However, in order to obtain reliable results this type of calibration
needs for the user to be an expert and usually it is a long time consuming process. Different
calibration methodologies will be applied depending on the hydrological model, as described
below.
Parameterisation of the effects of land use and land use management on runoff production is a
difficult task. The main problem is that the effects on infiltration that are measured in the laboratory
due not necessarily apply to the catchment scale because of heterogeneity and feed back effects.
To address this scale issue (Blöschl and Sivapalan, 1995), in this project the model parameters
and their changes will be gleaned from experimental analyses of the effects of land use change on
floods directly at the catchment scale. Analyses of this type include Robinson et al. (2003), Brown
et al. (2005), Anreassian (2004) and Bronstert et al. (2002).
Task 2.2: Hydrological simulations
For all combinations of basin scenarios, precipitation inputs and initial conditions, the hydrological
simulations will be done in order to obtain the input hydrographs to the hydraulic models.
Task 2.3: Discharge statistical analysis
For the hazard estimation it is needed a frequency analysis of the random variable of interest.
When a flow gauge station is available near the flood prone area, this frequency analysis is done
directly to the recorded annual maximum peak discharges. This is the case of Kamp and Upper
Iller case studies.
For ungauged basins or with short flow records, the frequency analysis must be done with the
annual maximum daily precipitation, which is the case of Rambla del Poyo. To obtain the nonexceedence probability of the peak discharges obtained from the synthetic storms, conditional
expectation to the maximum storm 24 h precipitation will be used (Francés and Madriñán, 2004):
∞

FX ( x ) =

∫F

X r

( x r ). f R ( r ).dr

−∞

where: X= random variable of interest (peak discharge), R= annual maximum daily precipitation,
fR(r)= pdf of R, FX/r(x/r)= conditional cdf of X given r obtained from simulations.
For the design storms estimation, the IDF curves also will be computed at each case study.

3.1.3

WP3. Flood prone area analysis

Different hydraulic models will be used for the flood prone area analysis, depending on the problem and
the experience of the users. The main objective of this work package is flood hazard estimation for the
different scenarios.
Task 3.1: DEM and hydraulic characteristics estimation
The hydraulic models need as inputs the hydrographs (obtained in WP3), a DEM of the flood
prone area and terrain hydraulic characteristics. The DEM must be of the maximum precision. In
all cases there is already a DEM and in the case of Rambla del Poyo it was obtained using Lidar
(Light Detection And Ranging) technology.
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The hydraulic characteristic for the terrain is mainly the surface roughness, but also all special
structures within the simulation area need to be characterized.
Using stage data, in the Kamp catchment case study some calibration and validation will be done.
Task 3.2: Hydraulic simulations
For all combinations of flood prone area scenarios and input hydrographs, in Rambla del Poyo
and in Kamp catchment hydraulic simulations will be done in order to obtain the magnitude
(mainly maximum water depth) for each case. The described below hydraulic models will be used.
In the Upper Iller, its flooding situations has recently already been analysed by detailed hydraulic
modelling. This is why we do not need to apply a specific hydraulic model for this case study. The
WWA Kempten will provide the model results, in particular inundation maps for different flood
discharges and for different flood retention measures to be operated along the river.
To exploit the detailed DEM, a sensitivity analysis to grid size will be done in Rambla del Poyo.
Task 3.3: Flood hazard mapping
After the hydraulic simulations, the flood hazard maps for the different scenarios can be obtained.
GIS software will be used to help in this task. The flood hazard maps are the representation of the
cumulative probability distribution function of the flood magnitude (mainly maximum water depth)
at each cell, including high return period quantiles.

3.1.4

WP4. Flood impact estimation and measures evaluation

By a proper combination of the hazard and the vulnerability in the flood prone area, the total flood impact
will be computed. The main objectives of this work package are to compute the flood impacts. With these
impacts for each scenario and to analyse specifically the non-structural flood protection scenarios.
Task 4.1: Flood prone area vulnerability
A generic methodology will be established and adapted to the particular contexts related to each
case study. The proposed methodology is based on:
Determination of the vulnerability of the elements at risk through the step-damage-functions, i.e.
the degree of loss (0% to 100%) resulting from a potentially damaging event.
Estimation of financial, economic and social damages using defined estimation procedures.
An assessment of vulnerability is affected by data availability. Detailed analyses require an
extensive amount of data which often are not available in data poor environments. Also, even if
much spatial detail is included, most vulnerability analyses focus on the direct impacts and do not
consider indirect or induced effects arising from a catastrophic event. For example, the flooding of
a major roadway may affect the transportation of goods and the supply and distribution chain of
several manufacturing companies. Given that the main focus if the project is on the relative
efficiency of the mitigation measures, an aggregated vulnerability analysis, as consistent with the
scale and the duration of the project, will be performed. The results of the INTERREG IIIB
MEDOCC projects DAMAGE and QUATER (García Miralles, 2004 and 2005), Hazus FEMA
project (http://www.fema.gov/hazus) and FLOODsite (if available) will be used.
Task 4.2: Flood impact estimation
The flood impact was defined previously as the probability integral between flood magnitude and
land-use vulnerability. Obviously this integral must be solved in discrete form and using a GIS to
deal with the two basic layers of hazard (task 3.3) and vulnerability (task 4.1).
Task 4.3: Non-structural measures evaluation
Finally, the information concerning the flood impact at each scenario will be used to compare and
evaluate the effects of all investigated non-structural measures by assessing the different damage
potentials (due to different non-structural measures) and performing a meso-scale risk-analysis.
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Practical general conclusions will be obtained. For example, a ranking of the various flood
mitigation measures will allow drawing inferences on the relative efficiencies of the measures. It is
anticipated that the relative efficiency will depend, among other things, on the flood magnitude and
flood types. It is expected that the infiltration related measures will be most efficient for floods of
small and medium magnitudes, but it will be possible that in terms of total impact the efficiency
would be higher. The retention related measures will be most efficient for short floods, i.e. floods
with relatively small volumes relative to peak flows.

3.2

Mathematical models

Several models have been used in this project for different purposes. Next, it is attached a short
description of each of them. It is important to underline that all the models and the GIS software are
already available to partners and can be used for the purposes of the project. The partners have
substantial experience with hydrological and hydraulic modelling at each cases study.

3.2.1

RAINGEN: a extreme storm generator

RAINGEN is a conceptual multidimensional stochastic rainfall model, based on point processes theory
and built upon a coherent analytical description of the raincell as the fundamental unit (Salsón and GarcíaBartual, 2003). The hypothesis concerning the spatial and time structure of the rainfall field fit those
aspects which are more characteristic of intense rainstorms of convective nature. The model has shown to
be particularly suitable for synthetic generation purposes, oriented to numerical representation of rainfall
intensity fields from extreme rainfall events of convective type. It belongs to a well known family of pointprocesses based models (Waymire et al., 1984; Rodriguez-Iturbe and Eagleson, 1987; Willems, 2001),
and includes some specific analytical refinements for an improved representation of Mediterranean
rainstorms. Special attention is placed on the spatial and temporal evolution of the rainfall intensities
produced by the raincells.
Model parameters can be estimated from high-resolution data, so that the observed space-time correlation
structure in the rainfall intensity field is adequately reproduced, and also the expected cumulative rainfall
and duration of the events. Either data from rain gauges or radar can be used for this purpose. In the
Rambla del Poyo case study, reported herein, data from the Jucar River Water Board Real Time Flood
Warning System is used.
To achieve the goals of the ERANET research project, a number of climatologic and hydrological input
scenarios are required, including two main related issues to be analyzed: extreme precipitation events and
initial conditions.
Concerning extreme precipitation inputs for the hydrological models, there is a need for a large and
diverse sample of extreme events, realistic enough for a good description in terms of the rainfall intensity
field temporal and spatial characteristics. It is important that different types of storms/floods can be
analyzed, representing typical conditions in the study catchments. In the case of Poyo catchment in Spain,
high temporal resolutions rain gauge data are scarce, and synthetic convective rainstorm events are to be
generated using the space time stochastic model RAINGEN [Salson and Garcia-Bartual, 2003].
The model is built upon the central hypothesis that intense rainfall occurs over typical space-time scales
determined by the activity of convective cells. The cell experiments a life cycle, with a growing process, a
maximum activity and a third phase of progressing decay in time. The basic assumptions are illustrated in
the next two figures.
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Figure 3-2. Typical phases of the life cycle in a convective raincell

Figure 3-3. Basic conceptualization of the rainfall intensity field assumed in RAINGEN model

The raincells are described analytically in terms of a gaussian function in space and time, with probabilistic
parameters fixing its peak (maximum rainfall intensity) and its time evolution, as indicated in the figure.
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Cells are distributed randomly in space according to a Poisson process with parameter λ. If nC is the
number of cells in a region of area A, it then follows a discrete Poisson distribution:

(λ ⋅ A)n

⋅ e −λ⋅A
nC !

f (nC ) =

C

The spatial extension of cells is controlled by parameter D. The different cells that compose a single event
have different values of D, that is, cells show a range of spatial extensions, in accordance with properties
observed in historical events. To model this variation, a gamma function is introduced as follows:
 1 

δ −1

−θ ⋅ 2 
 1 
θ ⋅ 2  ⋅e  D 
 1 
D 
f 2 =
Γ(δ )
D 

δ

;

( )

E D2 =

θ
δ −1

The time of birth of the cells ( τ ), is modeled as an Erlang distribution function with parameters β and n:

f (τ ) =

β n+1 ⋅ τ n ⋅ e − βτ
n!

The rainfall intensity field ξ results from the superimposition of all active cells in a certain time of the event,
plus a week background intensity that is modeled as an uncorrelated noise of a given mean and variance.
The total depth of rainfall in a geographical point z at a given time T is calculated as
T

h(T , z ) = ∫ ξ (t , z ) d t .
0

The expected value of total cumulative depth at the end of the event is given by the expression

E[h(∞, z ) = σ =

[ ]

2 ⋅ π ⋅ λ ⋅ E[i0 ] ⋅ E D 2

α

The main 7 parameters of the raingen model are the following:
Point process:

Cell intensity:

Spatial description: Parameter λ
Time description:

Parameters n and β

Peak intensity:

Parameter E[i0]

Spatial distribution: Parameters δ and θ
Time distribution:

Parameter α

Theoretical first and second order statistics can be obtained [Salson and García-Bartual, 2003], allowing
parameter estimation by the method of moments.
Additionally, the mean and variance of the background intensity are added as secondary parameters for
generation purposes.
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Raingen model’s formulation incorporates certain variables and derived indexes which have particular
significance from the hydrological flood modelling perspective:

The convectivity index ζ is introduced to quantify how much focused or localized are rainfall
intensities in space. Large ζ values are associated with intense spatially localized rainfall fields of the
synthetic events. That is, ζ values tend to be larger as raincells locate in space far away from one another
and also when cell’s characteristic diameter D is reduced, producing little or non spatial overlapping of
rainfall intensities from different raincells. On the contrary, small values of the ζ index are obtained when
spatial density of cells is large and/or their spatial extension is also important, producing overlapping of
cells in space.

ξ=

1
D⋅ λ

D is a characteristic diameter controlling the spatial extension of cells, as it was explained before, and
λ is the parameter which controls de intensity of the spatial Poisson process governing raincells
occurrence in space. The diameters associated with different cells in the same storm actually have
different values, and therefore the spatial extension from cell to cell varies.
The severity index σ, corresponding to the expected value of the total cumulative rainfall depth:

σ=

2 ⋅ π ⋅ E [i0 ]
ξ 2 ⋅α

where E[i0] is the expected value of maximum rainfall intensity at the centre of the cell, and α the
parameter governing the time evolution of the rainfall intensities associated with a rainfall cell, and also the
life length of each of them.
Those two indexes, ξ and σ, quantify aspects which are known to be very relevant in the hydrological
response after a given storm.
The generation of a number of realistic space-time rainfall fields of different return period has been
achieve in the framework of the project, in order to allow investigations on the following topics:
Influence of storm type and characteristics to the flood event magnitude and associated
damage potential in small semiarid catchments.
Modification of the rainfall–runoff behavior of the catchment due to different properties of the
rainstorms (duration, severity, etc.)
Investigate possible rule extraction procedures applied to the complex distributed high
resolution rainfall-runoff modelling approach, which can give light for future developments in
practical implementation of flood prevention and alarm systems in small catchments.
Exploration of possible improved methods for actual estimation of severity and convectivity
indexes from available rainfall data bases.
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3.2.2

Hydrological models

TETIS is a conceptually based hydrological model, it simulates all the main components of the
Hydrological Cycle and it is distributed in space using a regular grid. This model has been developed by
the UPVLC Research Group during the last ten years, with good results in different climatic and catchment
size scenarios and for floods and continuous simulation related problems (Vélez, 2001; Francés et al.,
2002; Vélez et al., 2002a, 2002b and 2002c, Vaskova et al., 2004). It can be downloaded from
http://lluvia.dihma.upv.es/. The TETIS conceptualization for runoff production at each cell consists of 5
vertical tanks, each one representing the different water storages in an “extended soil column”. These
tanks are called static, surface, gravitational, aquifer and, in case of snow, an additional tank is activated
to represent the snow cover. The vertical connections between tanks describe the precipitation (rainfall or
snow), snow melting, evapotranspiration, infiltration and percolation processes. The horizontal
connections describe the overland flow, interflow and base flow. Therefore, the three main components of
the observed hydrograph at the catchment outlet can be simulated with the minimum number of tanks.
The propagation to the outlet of the overland, interflow and base flow collected by the river channel
network is done using a kinematic wave approach.
Within TETIS model, using the Split Parameter Structure (Vélez, 2001), it is possible to obtain an
automatic calibration of a distributed model maintaining the parameters spatial variability, i.e., different
values at each cell. The optimization algorithm for the automatic calibration used by TETIS is the so called
SCE-UA method, proposed by Duan et al. (1992) with the modifications introduced by Sorooshian et al.
(1993).
The Kampus model is a spatially distributed, raster based model that represents detailed hydrological
processes at small scales, including surface runoff, subsurface stormflow and groundwater processes.
The model has 20 parameters that need to be specified for each grid cell. To reduce the number of
parameters to be specified a number of zones of uniform model parameters are delineated for
subcatchments. This procedure is guided (in decreasing importance) by the understanding of runoff
processes from field surveys, geologic maps, soil maps and sensitivity analyses. It is important to note
that these zones differ from traditional hydrologic response units in that in assigning each pixel to one of
the eight zones the relative role of runoff processes is carefully assessed by expert judgement. One of the
zones, for example, is a groundwater recharge area which is identified by analysing the dynamics of
piezometric heads in the area.
For calibration, the strategy proposed by Reszler et al. (2006) is adopted for the Kamp catchment. The
strategy is a method for identifying the parameters and the structure of a pixel based spatially distributed
runoff models for a particular catchment using patterns of process information. The aim is to accurately
represent the runoff processes in every single pixel to maximise the accuracy of the flood forecasts for a
range of hydrological situations. The proposed method consists of five steps: (1) setting a priori parameter
values; (2) fine tuning the spatial patterns by spectral unmixing; (3) parameter calibration (fine tuning); (4)
fine tuning of the model structure; (5) plausibility check of the simulated spatial patterns. The method
provides a more reliable model structure and parameters than traditional calibration based on runoff data.
The German case study has been used the WASIM-ETH model (Schulla 1997), which has been used
extensively in previous studies and was already modified specifically for land-use change impact
simulations. This is a "process based" continuous hydrological model, which uses a grid discretization
scheme of usually between 50m and 250m grid length (Nieheoff et al., 2002). We will apply this model for
detailed analysis of the efficiency of the potential for water retention in the landscape and for the effects of
land use changes (e.g. afforestation, conservational agricultural practices, extension of urban areas) on
runoff generation during heavy rainfall periods.
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3.2.3

Hydraulic models

For the Rambla del Poyo case study it has been used the grid computing version of Sobek 1D2D. Sobek
1D2D is a non-steady state hydraulic model, developed by Delft Hydraulics, which can deal
simultaneously the 2D simulation with the 1D simulation in the main water ways. In both cases it is
possible to have subcritical and supercritical flows and the program solves satisfactorily the problem of
filling and draining. It is foreseen the use of a grid computing beta version, because the high
computational cost using a large sample of synthetic storms. Delf Hydraulics will help in the installation
and first runs of the program
In the Austrian case, the hydraulic model to be used is a non-steady state model suited for representing
flood inundation processes on the flood plains. Depending on the reach to be modelled either a 1-D nonsteady state model (such as HEC-RAS) will be selected or a 2-D non-steady state model (such as
Hydro_AS-2D). The latter will be important for complex channel-flood plain interactions.
No new hydraulic simulations have been done in the Upper Iller case study, because there have been
already comprehensive hydraulic investigations, lead by WWA Kempten. These results will be made
directly available to the project partner to enable the evaluation of flood risk impacts of the before
mentioned land-use change effects.
3.2.3.1

SOBEK RURAL WL|Delft Hydraulics

The program used to perform simulations has been Sobek-Rural. Some of the features of general-Sobek
Rural are, by their interest in the applicability to the present case, the following:
It allows the analysis of unsteady flow one and two-dimensional by resolution of the Saint-Venant
equations.
Work with cross-sections open with asymmetrical sections and defined by coordinates (y, z).
Within each cross-section can be defined with subsections formulations and different coefficients
of friction.
Both in the process of flooding and drying of the territory is operating with 100% of mass
conservation.
You can enter any kind of structure and in particular hydraulic weir, bridges, .... The structures
are discontinuities premises where assumptions are not met for the implementation of the SaintVenant equations, so the model introduces specific formulations in each case.
It is possible the imposition of initial conditions and contour varied. The boundary conditions can
be obtained from a module rain-runoff, the imposition of a level or a flow, constant or function of
time, or a function that relates both variables.
The design may include lateral flows and results from a module-rain runoff.
The program allows hydrodynamic simulations with one-dimensional diagrams, two-dimensional or
combining both types, either coupled or uncoupled. Thus, there are cases where problems are solved in
1D and 2D independently, whereas when there is coupling must be resolved simultaneously, considering
the interaction between 1D and 2D grid.
In the latter case described is exchanged flow between 1D and 2D grid, being called SOBEK-1D/2D. The
two-dimensional simulation of flow is required when the drainage network can not be modeled only by an
1D scheme. When the flooded areas are extensive one-dimensional flow assumptions are no longer valid
and it is imperative to work with a two-dimensional model.
The assumptions underlying the Saint Venant equations for two-dimensional flow are:
The flow is two-dimensional.
The curvature of the power lines is small and vertical accelerations− are negligible, which is the
distribution of hydrostatic pressure.
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The effects of friction and turbulence are considered by laws of resistance similar to those used in steady
flow.
The average slope of the flood plain is small and therefore the− cosine of the angle to the horizontal form
that can be considered unity.
The unsteady flow bidimensional floodplains, assuming the density and viscosity of water constantly, can
be described by three dependent variables: the depth and speed in the xy components. In any cell in the
grid of the floodplain need only three equations, each of which represent a physical law. However we can
make three laws of physics: Conservation of mass, conservation of momentum in each of the two axes (x
and y) and build on them equations that govern the transitional two-dimensional flow.
The resolution of the system of equations is solved simultaneously in each cell of digital elevation model of
the terrain of the flood plain. Following is the schedule for each increase computational:

n+1
Y
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u
h
contorno

n-1

n-2
X
m-2

m-1

m

m+1

Figure 3-4. Schematization conceptual flow bidimensional.

If the domain of calculation is defined by a system of cells rectangular 2D and there are works by step
(bridges, culverts, small channels) can connect the domain of a two-dimensional calculation outlining 1D,
solving the system together so both 1D/2D coupled and simultaneously.
Implicit coupling of 1D and 2D schematisations can be based upon the concept that both are to be defined
on separate computational layers, similar to the concept of the storage of spatial data on different layers in
a GIS.The 2D layer describes, on the basis of a rectangular computational grid, flow over DTM-defined
topographies adjusted for objects blocking flow in floodplains, such as dikes and natural levees. All subgrid conveyance objects, such as channels, including remnants of dead river branches and similar local
depressions, and all kinds of hydraulic structures are described on the 1D schematisation layer.
Subsequently,1D and 2D schematisations will be linked to each other via water level compatibility at
selected computational nodes
Both computational layers have finite difference formulations for volume and momentum balance
equations, based upon a staggered grid approach. The water level compatibility between both layers is
obtained by adding fluxes from the 1D and 2D schematisations through substitution into a shared
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continuity equation at the common grid points where water levels are defined. Referring to Frank et al.
(2001), the shared continuity equation is formulated as follows:

dVi , j (ς )
dt

L

+ ∆y ((uh )i , j − (uh )i −1, j ) + ∆x((vh )i , j − (vh) i , j −1 ) +

l = K i ,ij, j

∑ (Q )

n l

=0

l = K i1,k

Figure 3-5. Schematisations by 1D and 2D fluxes

3.2.3.2

TUFLOW

TUFLOW is software for simulating depth-averaged, two and one-dimensional free-surface flows.
TUFLOW was developed by WBM Oceanics Australia and The University of Queensland in 1990.
TUFLOW, originally developed for two-dimensional flows, stands for Two-dimensional Unsteady FLOW.
The two-dimensional solution algorithm solves the depth averaged, momentum and continuity equations
for free-surface flow in shallow water. The shallow water equations are derived using the hypothese of
vertically uniform horizontal and negliable hydrostatic pressure distribution. These assumptions are valid
where the wave length is much greater than the depth of water. TUFLOW also enables the linking of twodimensional and one-dimensional domains in different ways. One way is to replace a part of a onedimensional model by a two-dimensional domain. A second possibility is to incorporate one-dimensional
networks within a two-dimensional domain, for example a pipe system underneath a two-dimensional
domain. The third possibility is to clip a one-dimensional network through a two-dimensional domain to
account for flow patterns that are essential in two-dimensional nature like inundation processes. This type
of 1d/2d linking was used in the present case (Figure 3-6).
A two-dimensional domain is discretised as a raster of square cells. Each cell is given elevation data,
roughness values that were interpreted as Manning’s values, and intial water levels. Figure 3-7 shows that
the model topography is defined by elevations at the cell centres, mid sides and corners.
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Figure 3-6. 1D-2D linking
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Figure 3-7. Location of computation points

The ZC points define the volume of water and controls wetting and drying processes. The ZU and ZV
points control how water is conveyed from one cell to another. The elevation of ZH points are written to
simulation output data.
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4 Case studies catchments
Three case study areas have been selected in Spain, Austria and Germany, with different climate
(semiarid, humid and alpine respectively), hydrological and hydraulic characteristics, basic information,
flood generated problems and potential solutions. Therefore, on one hand, the specific methodology
applied at each one has been also different in the details. But, on the other hand, the results and in
particular the conclusions concerning the evaluation of the non-structural measures have been
complementary. This chapter provides a brief description of each case study.

4.1

Rambla del Poyo basin

The “Rambla del Poyo” basin has an area of 380 km2 and is located in the East coast of Spain. It drains to
the Albufera coastal lake from West to East, clearly open to the Mediterranean Mesoscale Convective
Storms. (Figure 4-1)

Figure 4-1. Location of Rambla del Poyo basin

The climate is semiarid, and the flow regime is typically ephemeral, but with highly frequent flash floods,
with peak flows in the order of 500 m3/s. Recently, in 2000 and 2002 the area was severe flooded.
The basin has 3 raingauges and 1 flowgauge operated by the Real Time Flood Warning System of the
Jucar River Water Board. Unfortunately, only three extreme storm events have been recorded in just 15
years of operation and the rainfall spatial variability description is poor: only one raingauge is actually
within the basin.
The basin land use and land cover has significantly changed during the last century. Nowadays only the
upper part of the basin can be considered to have a natural land cover, and the rest of the basin is a mix
of urban areas and irrigation agriculture (mainly orange trees). There is a strong second home
urbanization pressure within the basin, which must be taken into account in the downstream flood hazard.
(Figure 4-2)
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Figure 4-2. Land Use map of the Rambla del Poyo basin. Grey colofigure 4-2: corresponds with urban areas.

The flood prone area is located in the lower part of the basin, with an important concentration of different
urban centers and industrial and commercial areas (including part of the Valencia International Airport)
that can be affected in a serious way in case of flood. For this reason, the analysis of damages of
residential, industrial and commercial urbanized areas and the possible consequences of the measures
against the risk are essential for the prevention of damages.

4.2

Kamp catchment

The Kamp catchment is located in northern Austria (Fig. 4-3), approximately 120 km north-west of Vienna,
at around 49°N and 12°E. The catchment area of the most downstream forecast point is 1550 km².
Elevations ranges from 300 to 1000 m a.s.l.. The geology of the catchment is mainly granite and gneiss.
Weathering has produced sandy soils with a large storage capacity throughout the catchment. 50 % of the
catchment is forested. Mean annual precipitation is about 900 mm of which about 300 mm become runoff
(Parajka et. al., 2005). The western part of the Kamp catchment drains into the Kamp reservoir scheme of
the EVN-AG hydropower operator. The scheme consists of the Ottenstein, Dobra und Thurnberg
reservoirs.
Flood generation in the Kamp catchment is characterised by a number of particularities as compared to
other catchments in Austria. First, it is only a small proportion of rainfall that contributes to direct runoff. As
rainfall increases in magnitude, the runoff response characteristics change fundamentally because of the
soil moisture changes in the catchment. This may result in floods that are much larges than averages
ones. To illustrate the nature of hydrologic response of the Kamp catchment the largest flood events on
record and the associated rain events have been analysed. Figure 4-4 shows the event precipitation of
these events along with the direct runoff depths. The direct runoff depths were estimated by subtracting
baseflow from the event hydrographs that was assumed constant during each event. The events have
been ranked according to precipitation. There are two interesting findings. First, for the smallest events
only around 10% of rainfall become runoff while the percentage can be much higher for the larger events.
During the dry summer months large precipitation depths are necessary to exceed the soil capacity and
produce any sizeable runoff as was the case for the extreme event of Aug. 8, 2002 (Aug. 2002a). Clearly,
runoff generation is a non-linear process and as the magnitude of the event increases so does the
proportion of runoff that is generated. Second, for the same precipitation depth, runoff can vary
significantly. As a result of prior snow melt, antecedent soil moisture of the May 1996 event was high
which produced a large proportion of runoff. On the other hand, the two July 1997 events had almost the
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same rainfall as the May 1996 event but much less runoff. There was significant rainfall prior to the Aug.
13, 2002 (Aug. 2002b) event (namely the extreme Aug. 2002a event) which produced more than twice the
runoff of the July 1999 event that had similar precipitation but very little antecedent rainfall. It is clear that
soil moisture exerts a strong control on runoff response in the Kamp catchment.

Figure 4-3. Location of the Kamp catchment in Austria

Figure 4-4. Event precipitation and direct runoff depths for the largest events on record. Kamp at Zwettl, 622 km2.
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Figure 4-5. Areal photography during the 2002 flood in Zwettl/Kamp

4.3

The Upper Iller catchment

The Iller river is situated in Southwestern Germany at the border to Austria (see Figure 4.6). It is one of
the most important tributaries to the German part of the Danube. The upper reaches of the Iller upstream
Kempten drain an area of 954 km2 (103 km² in Austria), the highest point of the catchment lies at 3000 m
asl, the lowest (gauge Kempten / Iller) at 650 m asl. The Iller river starts at the junction of the Breitach
(catchment area 117 km²), Stillach (82 km²) and Trettach (76 km²) rivers near Oberstdorf. The main other
tributaries are the Ostrach (127 km²), Gunzesrieder Ach (47 km2), Konstanzer Ach (66 km²) and Rottach
(31 km²).
The flow regime of the Iller can be characterized as alpine and sub-alpine with low flow in winter, high
discharge during spring snowmelt and medium flow in summer. The mean annual flow at gauge Kempten
is 47 m³/s. Due to the alpine setting, the soil cover is, except for highly permeable gravel deposits in the
floodplains, mainly shallow. The area is predominantly covered by coniferous forest and meadows, the
urban areas cover less than 3 percent of the catchment. The main flood season is summer, where heavy
rainfall events of about 24 to 48 hours duration, usually orographically enhanced, can cause disastrous
floods: The two highest recorded floods in over 100 years of observation took place in May 1999 (peak
discharge at gauge Kempten: 850 m³/s) and August 2005 (peak discharge 900 m³/s) which means a
return period of approximately 300-400 years.
After the disastrous flood in 1999, a 100 Mio € flood protection project was launched, ranging from the
reinforcement of existing dikes, widening of the riverbed for increased transport capacity, structural
measures like new flood protection walls in the cities of Sonthofen and Kempten and the construction of a
6 Mio m³ Polder near the city of Immenstadt. Thanks to the measures completed until August 2005 (just
before the 2005 summer flood), the damage during 2005 was substantially smaller than in 1999, despite
the higher discharge in 2005. Both extreme floods and some other smaller ones will be analyzed in this
study.
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The catchment is well equipped with rainfall gauging stations and several discharge gauges. These data
are available at the Kempten water authorities (WWA Kempten) and have been provided to the project.

Figure 4-6. Location of the Upper Iller Catchment
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5 Catchment Hydrology
The quality of the output of a conceptual rain-runoff model depends on the quality of input data, the
structure of the model, and the calibration process (Sorooshian et al., 1993; Madsen, 2000 and Lidén and
Harlin, 2000). This chapter describes the processing of information used in the distributed hydrological
rainfall runoff models, as well as the process of calibration, validation, and the subsequent simulation of
events for obtaining the hydrographs as information input for the implemented hydraulic model at the
points of interest.

5.1
5.1.1

Rambla del Poyo basin
Hydrometeorological data

The quality of information input into the hydrological model is largely determined by its degree of
uncertainty. An important part of this information is the time series of precipitation that will be used by the
model in the runoff production process.

Figure 5-1. Location of hydrometeorological stations

Five daily rainfall record stations are located inside the catchment area and monitored by the National
Institute of Meteorology (Instituto Nacional de Meteorología), as well as one five-minute scale rainfall
station and another five-minute scale river flow station operated as part of the real time flood warning
system of the catchment area regulatory agency (Figure 5-1). Unfortunately, only three extreme storm
events have been recorded in just 15 years of operation, and the so the description of spatial variability is
poor, and therefore, calls into doubt the generation mechanism as one of the determinants of this
phenomena. Michaud and Sorooshian (1994), after Guichard (2005) found that densities of 20 square
kilometres per rainfall gauge are insufficient to detect maximum rates of convective-type rainfall – as these
rainfall cells fall on smaller areas.
As precipitation records at the desired scale are only available in the southern part of the catchment area,
a regional analysis of the rainfall records from the flood warning system of the catchment area regulatory
agency have been made for different events – with the aim of demonstrating the appropriateness of using
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stations near the catchment area (Figure 5-2). The results show a high dispersion and a time lag in the
occurrence of maximum rainfall, a situation explicable either by the type of rainfall generated in this
variation of Mediterranean climate, or temporary gaps in the records of the various stations.
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Figure 5-2. Regional accumulated rainfall recorded for historical events in La Rambla del Poyo and nearby basins

A spatial distribution of these regional spot rainfall record values was made using the methodology of the
inverse-square of the distance and the average area rainfall was calculated. It is noted that the rate of
precipitation reduces significantly when using regional information (Figure 5-3) and therefore smaller
runoffs are expected.
Additionally, by comparing Figure 5-4, (where the spatial distribution of precipitation for the 1998 event is
graphed for an aggregate time of two hours with regional information) and Figure 5-3, it can be seen that
there is no runoff response in the average part for the maximum intensity of precipitation near the
catchment headlands. Behaviour is similar for all five events. With these results, it can be seen that the
hilliness of the terrain has a significant effect on the regional distribution of rainfall, and so the mechanism
for generating the analyzed events is convective – as is normal in this type of Mediterranean catchment
area.
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Figure 5-3. Spatial distribution of rainfall for the 1998 event for an aggregate time of two hours with regional data

The results show that the use of the only season rainfall recording station within the catchment area and
operating at a five-minute scale, is useful because of the specific conditions of this catchment area,
despite the poorness of the representation of spatial distribution of precipitation. Therefore, the
precipitation time series from the regulatory agency warning system station has been used.
Table 5.1. Maximum events analyzed

duration
(hours)

accumulated
precipitation
(mm)

peak discharge
(m³/s)

November 1988

33.3

84

193

November 1989

72

181.4

175.6

Event

January-February 1998
220.5
154.2
October 2000
83.3
419.2
Mayo de 2002
123.2
82.5
* Note: The cells shaded in blue indicate the three extreme events recorded.

76.5
538.8
50.4

As stated above, there is only information available for three extreme events, and so to broaden the
spectrum of information in order to analyze the model inputs for calibration and validation, we have used
two available medium-sized events. Table 5.1. summarizes the main features of these events.
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Figure 5-4. Regional distribution of rainfall event January 1998

The available information shows a series of storms with varying characteristics. Thanks to the regional
analysis described above and a review of both the rainfall intensity patterns and hydrographs for each
event, it is apparent that this series of events is valid for the calibration and validation process – with the
exception of the event of May 2002 where inconsistencies were found in the rate of precipitation (See
Figure 5-5).
In this figure it can be clearly seen that the rainfall record for this event is very poor, since the station did
not record intensities that could produce the significant runoff recorded by the gauging point station –
which is in the same geographic location in the catchment area. It is very likely that the precipitation cells
were generated in the headland of the catchment area, and therefore not registered at the station. This
event has been eliminated from the process of calibration and validation.
Information is therefore used from four rainfall episodes and the respective series of flow capacities at the
gauging station. No available temperatures series for calculating evapotranspiration have been found, but
the influence of this factor at this scale of simulation may be negligible. Additionally, as described in the
chapter related to generating hydrological scenarios, information has been obtained relating to each of the
proposed retention scenarios with regard to the characteristic curves of the dams, and this information is
also used for model input.
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Figure 5-5. Hietograph and hydrograph recorded for the event May 2002

5.1.2

The hydrological model TETIS

TETIS is a conceptually based hydrological model, it simulates all the main components of the
Hydrological Cycle and it is distributed in space using a regular grid. This model has been developed by
the UPVLC Research Group during the last ten years, with good results in different climatic and catchment
size scenarios and for floods and continuous simulation related problems (Vélez, 2001; Francés et al.,
2002; Vélez et al., 2002a, 2002b and 2002c, Vaskova et al., 2004). It can be downloaded from
http://lluvia.dihma.upv.es/.
The TETIS conceptualization for runoff production at each cell consists of 5 vertical tanks (See Figure 56), each one representing the different water storages in an “extended soil column”. These tanks are
called static, surface, gravitational, aquifer and, in case of snow, an additional tank is activated to
represent the snow cover. The vertical connections between tanks describe the precipitation (rainfall or
snow), snow melting, evapotranspiration, infiltration and percolation processes.
Snow cover (T0). Precipitation is considered as snow to be added to this tank if the air temperature is
below a given threshold. If not, it will be considered as rainfall.

27

CRUE FUNDING INITIATIVE ON FLOOD RISK MANAGEMENT RESEARCH
ROOM FOR THE RIVER

Figure 5-6. Conceptual scheme of the TETIS model with a maximum path length equal to one -hillslope size of one cell-. (Francés et
al, 2007)

The actual evapotranspiration Y1 has been included in the model in a simple way, as a function of the
available water, the potential evapotranspiration, and the vegetation cover index (which has annual
periodicity with a different value for each month m)
Static tank (T1). This storage represents the initial abstractions (interception and water detention in
puddles) and the capillary water storage in the upper part of the soil.
Surface tank (T2). This represents the water on the hillslope surface, which can either flow over the
surface as surface runoff or it can infiltrate. Therefore, the residence time associated with this tank must
be coherent with the magnitude of the actual slopes within the catchment
Gravitational tank (T3). This tank can be interpreted as the gravitational storage in the upper part of the
soil, between field capacity and saturation
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Aquifer (T4). The outflows from this storage correspond to the groundwater outflow X5 and the base flow
Y4. Groundwater outflow represents the saturated flow which does not reach the surface catchment outlet.
The horizontal flow movement in TETIS occurs separated in two phases (Figure 5.7). In the first phase,
the overland, interflow and base flows are defined by a 3D mesh of connected tanks which drain toward
the corresponding tank in the downstream cell, following the surface flow directions until it reaches the
channel network. The second phase of horizontal flow movement is the propagation to the outlet of the
overland, interflow and base flow collected by the river channel network. This network is superimposed on
the grid cells in such a way that every cell can contain a channel reach. To introduce a non-stationary
velocity, the kinematic wave approach is employed.

Figure 5-7. Horizontal connections in TETIS model (Vélez, 2001)

Within TETIS model, using the Split Parameter Structure (Vélez, 2001), it is possible to obtain an
automatic calibration of a distributed model maintaining the parameters spatial variability, i.e., different
values at each cell. The optimization algorithm for the automatic calibration used by TETIS is the so called
SCE-UA method, proposed by Duan et al. (1992) with the modifications introduced by Sorooshian et al.
(1993).

5.1.3

Model parameter estimation

The parameterisation of the hydrological model distributed in TETIS in the studied catchment area
depends on information from the digital elevation model, contour maps, flow directions, and accumulated
cells; as well as the ground hydraulic parameters and the geomorphological parameters.
There is information available from previous studies in the catchment area (DIHMA, 2004): including
cartographic information processed through geographic information system tools: area geology obtained
from the geological map of Spain at 1:50.000; soil profiles obtained from a 1:100000 soil map of the
Valencia region; land use obtained from a 1:25000 land use map (1998); a drainage network and digital
elevation model (DEM) that is hydrologically correct with 100-metre cell sizes and calculated from 10
metre contour lines.
5.1.3.1

Parameters derived from DEM

The digital elevation model is crucial for the spatial representation of model parameters derived from the
topography. The reliability in estimating these parameter maps depends on the quality of DEM (Figure 56). As stated above, the DEM has been built from 10-metre contour lines and corrected hydrologically
from geographic information systems.
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Figure 5-8. Digital Elevation Model of Rambla del Poyo basin

From the parameter maps derived from the DEM, the TETIS model requires details relating to: slope of
the terrain as a percentage (Figure 5-7), drainage flow directions (Figure 5-8), and accumulated cells
providing the drainage network (Figure 5-9). These maps have been built from the information base with
the help of computational tools from geographic information systems.

Figure 5-9. Cell slope at Poyo basin
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Figure 5-10. Flow directions at Poyo basin

Figure 5-11. Cumulative cell (drainage area) at Poyo basin

5.1.3.2

Parameters derived from soil profile and land-use

The hydraulic parameters of the soil are derived from soil profiles and land-use maps. Additionally, an
index of vegetation coverage is also derived from the land-use maps and this information is then linked
with the model evapotranspiration process.
Soil hydraulic parameters
Soil hydraulic parameters included in the TETIS model include the maximum static soil storage
capacity, termed Hu, and expressed in mm; the saturated soil hydraulic conductivity, termed Ks,
and expressed in cm/h; and the hydraulic conductivity of the substrate soil, termed called Kp, and
expressed in cm/h. These parameters have been obtained through modal values associated with
the corresponding mapping units and assigned to each cell in the studied catchment area using
geographic information systems tools.
The modal values for the hydraulic conductivity of the substrate soil (Kp) were obtained from the
geological features of the area found in the geological map (Figure 5-10).

31

CRUE FUNDING INITIATIVE ON FLOOD RISK MANAGEMENT RESEARCH
ROOM FOR THE RIVER

Figure 5-12. Saturated deep soil (or base rock) hydraulic conductivity (Kp modal) at Poyo basin

The modal values for the hydraulic conductivity of soil (Ks), have been obtained from the spatial
distribution of soil types, and mapping unit profile characteristics from the soil map. The Ks modal map
has been modified to introduce the effect of ‘waterproofing’ caused by the change of natural land
coverage for urban development and/or roads, and as result the modal value of these areas is set at 10%
of their original values. (Figure 5-11)

Figure 5-13. Saturated upper soil hydraulic conductivity (Ks modal modified) at Poyo basin

The map of static maximum storage capacity of the soil (Hu) has been built from the sum of the map of
maximum capillary storage capacity, and the map of initial abstractions. The modal values for the map of
maximum capillary storage capacities are taken from the soil map. (Figure 5-12)
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Figure 5-14. upper soil capillary capacity (modal values) at Poyo basin

The initial map of abstractions, or initial losses, provides the model with the processes of rainfall
interception caused by vegetation coverage; and secondly, surface water storage caused by the
roughness of the terrain.
Interception has been assessed evaluating the ability of plants to quickly capture and retain water without
the water following a course on land (Figure 5-13). Values have been assigned for each mapping unit of
the different types of land use, taking into account the existing vegetation and the surface coverage and
stratification. (Table 5.2)

Figure 5-15. Interception by vegetation at Poyo basin
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Table 5.2. Interception values for each category of land use

Land Use type
1. Urban
2. Vegetable
3. Rice
4. Citrus
5. Non irrigated
6. Non irrigated trees
7. Shrubland
8. Pine
9. Water

Interception [mm]
0
3
1
5
1
3
4
9
0

Surface storage has been evaluated from the sum of cells on the land use maps and contour maps, by
using geographic information system tools (Figure 5-14). The allocation of values for land use has been
made by assessing the roughness of the local terrain associated with each type of ground coverage and
which is inversely proportional to the velocity of flow. (Table 5.3)

Figure 5-16. Surface storage by land use at Poyo basin
Table 5.3. Surface storage values for each category of land use

Land Use type
1. Urban
2. Vegetable
3. Rice
4. Citrus
5. Non Irrigated
6. Non Irrigated Trees
7. Shrubland
8. Pine
9. Water
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Surface Storage [mm]
4
23
21
25
13
15
16
17
0
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The storage due to surface roughness has been represented using the criteria that the steeper the land
then the lesser the chance of storage in hollows (Figure 5-15). A maximum storage in flat areas (10
millimetres of rain) has been assumed and from which point a lineal decrease can be expressed with the
following expression:
storage due to surface roughness (mm) = 10 - (1.3*slope)

Figure 5-17. Storage due to surface roughness (slope)

The definitive surface storage map is obtained from the sum of the surface storage area maps based on
the steepness of the terrain and land use. This is then added to the rainfall interception caused by
vegetation cover, and the result is the map of initial abstractions (Figure 5-16.)

Figure 5-18. Initial abstractions

Finally, the initial abstractions map is added to the modal capillary storage value map to generate the soil
water storage map. (Figure 5-17)
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Figure 5-19. Maximum capacity storage static soil (Hu)

Parameters for evapotranspiration
The concept of vegetation factor has been used to link the ETP with the maximum ET and its
spatial and temporal distribution in order to model the process of evapotranspiration. Land use
maps have been used in accordance with the above defined categories to input the spatial
variability of evapotranspiration. To input the temporal variability, a monthly evapotranspiration
factor has been added to each of these categories (depending on their monthly average
behaviours over the year). This monthly factor is necessary for calculating the annual cycle of
evapotranspiration.
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Figure 5-20. Temporal distribution for the index of vegetation cover
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Table 5.4. Temporal distribution values for the index of vegetation cover

Land Use type
1. Urban

Jan Feb Mar Apr May Jun

Jul

Aug Sep Oct Nov Dec

1

1

1

1

1

1

1

1

1

1

1

1

2. Vegetable

0.2

0.2

0.6

0.8

0.8

0.8

0.6

0.4

0.2

0.2

0.2

0.2

3. Rice

0.2

0.2

0.2

1

1

1

1

1

0.9

0.2

0.2

0.2

4. Citrus

0.6

0.6

0.6

0.7

0.7

0.8

0.8

0.8

0.7

0.7

0.6

0.6

5. Non irrigated

0.2

0.2

0.3

0.4

0.5

0.5

0.5

0.5

0.5

0.4

0.3

0.2

6. Non irrigated trees

0.2

0.2

0.4

0.6

0.6

0.6

0.6

0.6

0.6

0.6

0.4

0.2

7. Shrubland

0.8

0.8

0.8

0.9

0.9

0.9

0.9

0.9

0.9

0.8

0.8

0.8

8. Pine

1

1

1

1

1

1

1

1

1

1

1

1

9. Water

1

1

1

1

1

1

1

1

1

1

1

1

5.1.3.3

Geomorphological parameters

The conceptualization of the runoff propagation in the TETIS model takes place in two phases and uses
nine geomorphological parameters established by algebraic type relations.
- Bankfull discharge and the drainage area:

Λ = κ ⋅ Qbϕ

- Width of the cross-section to full section and bankfull discharge:

wb = a1 ⋅ Qbα 1

w = Qα 2

- Width of the cross section and flow:
- Diameter of the sediment, slope, and the depth of flow:

d = c d ⋅ ( ys o )θ

- Coefficient of roughness and sediment diameter:

n = cn ⋅ d ξ

The values of these ratios and exponents are obtained through a detailed geomorphological study, in
which areas with homogeneous characteristics that can be input in the model are defined. According to
Velez (2001), when there are no detailed geomorphological studies, it is recommendable to use
parameters defined in the technical literature. As there are no available geomorphologic studies for the
study area, the following average values for these parameters, coefficients, and exponents are used (see
Table 5.5):
Table 5.5. Geomorphological parameters values

Parameter
κ
a1
cd
cn
ϕ
α1
α2
θ
ξ

Values
0.600
3.260
20.000
0.047
0.750
0.500
0.200
1.250
0.167
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5.1.3.4

Parameters for hydrological scenarios

The parameters of the TETIS model, when estimated as explained above, are valid for both the current
scenario (as a starting point for subsequent calibration and validation of the model), as well as scenarios
for local water retention – as these do not alter any of the model parameters. However, parameters for
the reforestation scenarios are derived from changes in land use and alter when vegetation coverage
changes are added. Therefore, the map of static maximum storage capacity of the soil (Hu) will be
different for each proposed scenario of reforestation.
The methodology used for the changes in the map of static maximum soil storage capacity (Hu) included
changes to the various deciles of the capillary storage map to reflect the new land uses: non irrigated, non
irrigated trees and shrubland uses have been replaced for pine deciles (Figure 5-19). In addition, the initial
abstraction maps that were crossed with the map of capillary storage and the static storage map have
been changed. (Table 5-6)
25
Pine
Shrubland

Upper soil capillary capacity (mm)

20
Non irrigated trees
Non irrigated

15

10

5

0
0

0.1

0.2

0.3

0.4
0.5
0.6
Cumulated frequency

Figure 5-21. Cumulated frequency distribution of upper soil capillary capacity
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Table 5.6. Parameters for the initial abstractions map for the afforestation scenarios

Land Use type

Interception
[mm]

Surface
Storage [mm]

0
3
1
5
9
9
9
9
0

4
23
21
25
17
17
17
17
0

1. Urban
2. Vegetable
3. Rice
4. Citrus
5. Non Irrigated
6. Non Irrigated Trees
7. Shrubland
8. Pine
9. Water

In Table 5-7 presents the mean increase in the parameter of static maximum static storage capacity of the
soil and in Table 5-8. shows the mean areal increase that occurs for this parameter (static maximum static
storage capacity) in each afforestation scenario proposed.
Table 5.7.

Mean increase for each land use to pine use (New parameters)
Afforestation scenario
from … to Pine
PINE
SHRUBLAND
NON IRRIGATED
NON IRRIGATED TREES

Mean Hu
Present
(mm)

Mean Hu
Afforestation
(mm)

mean increase
in Hu
(mm)

102.6
69.2
103.2
105.0

102.6
86.0
110.6
111.0

0.0
16.8
7.4
6.0

Table 5.8. Afforestation scenarios in Rambla del Poyo basin

5.1.4

Afforestation
Scenario

% Area
covered

Area covered
(Km²)

mean areal
increase in Hu
(mm)

Three land uses
Only shrubland
Only non irrigated
Only non irrigated trees

54.7%
24.3%
13.1%
17.3%

212.76
94.62
50.83
67.31

6
5
4
3

Model calibration

The level of confidence in the simulation of physical processes in the catchment area with hydrological
modelling depends firstly, on the conceptualization made by the model; and secondly, on the uncertainty
in input information and the temporal and spatial discreteness with which it works. The level of uncertainty
can be reduced when shaping the model calibration process.
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The structure of the TETIS distributed hydrological model allows the calibration of both production
processes and the runoff propagation, as well as the initial values of storage variables and the entered
coefficient for the spatial variability of rainfall with regard to altitude β. In total, there are nine corrective
factors affecting the model parameters, and four initial status levels for the storage tanks, as well as a
factor for the spatial variability of the rainfall. (Table 5.9)
The methodology used in the calibration process is an automatic type described in the ‘Shuffled Complex
Evolution – University of Arizona’ SCE-AU (Velez, 2003; Velez and Francés, 2004; Francés et al, 2007)
which is coupled to the TETIS model and its aim is to set an objective function to optimize. Among the
various function objectives provided by the model, the objective function selected for this case study is the
‘mean squared error (RMSE).’
Because of an a priori understanding of the physical behaviour of this Mediterranean catchment area, a
set of factors and state variables for the calibration process have been set. It should be noted that for the
case study there was no basis flow – the flow being temporary and short-lived – and where the processes
governing runoff generation respond rapidly or are mainly direct runoff. In total, seven correction factors
have been identified that affect the runoff production processes, in terms of static storage capacity of the
soil, evapotranspiration, infiltration, and percolation; as well as the runoff spread processes with regard to
surface speed, interflow speed, and the propagation channel speed. Therefore, storage and groundwater
input is defined a priori with a high value affecting groundwater losses. It is understood that the amount of
flow that would contribute to percolation may come from other catchment areas because this is a relatively
karstified environment. State variables have been defined with a priori zero baseline initial values for the
initial storage affecting the production of direct runoff, interflow, and base flow. Therefore, only the initial
value for static storage in the calibration process has been taken into account. Additionally, available
information has been used from the rainfall stations located within the catchment area with daily
information to determine the existence of rainfall spatial variability with regard to the altitude of the
positions. The accumulated rainfall values for the five available events show an increasing trend relative to
the rise in altitude (Figure 5-20). For this reason, an altitude rainfall correlation factor has been introduced
within the calibration process.
From the definition of corrective factors and state variables for calibration as stated above, various sets of
automatic calibrations for analyzing the main and most sensitive processes in the generation and spread
of runoff were launched. These calibrations start from the a priori definition of several ranges according to
the physical behaviour of the processes.
As stated above, according to the analysis of the hydrological time series (DIHMA, 2004) the most suitable
event for the calibration of the model is that which occurred in October 2000, and which is the largest
event recorded at the station – thereby leaving the remaining three for the validation process. It is worth
emphasising that in accordance with the analysis made on the precipitation time series, precipitation and
flow data have been used from the only stations located within the catchment area with information
updated every five minutes, namely the rainfall recording station at Rambla del Poyo and the gauging
station with the same name.
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Figure 5-22. Accumulated rainfall recorded for historical events inside the Rambla del Poyo basin

Figure 5-23. Results of the calibration process

Two sets of corrective factors from the results were found to be optimal – according to the definition of
evaluation criteria such as RMSE, the Nash & Sutcliffe efficiency index, balance error and timing error. It
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can be concluded that the set that best reproduces the physical behaviour of the catchment area is
‘optimal A’. In the hydrograph it is noticeable that a fairly acceptable production and runoff spread process
has been reproduced.
Table 5.9. Results of optimum calibrations of the correction factors and state variable initial values in Rambla de Poyo basin.

CORRECTION FACTOR
R1 STATIC STORAGE
R2 EVAPOTRANSPIRATION
R3 INFILTRATION
R4 HILLSLOPE VELOCITY
R5 PERCOLATION
R6 INTERFLOW VELOCITY
R7 GROUNDWATER OUTFLOW
R8 BASE FLOW
R9 RIVER CHANNEL VELOCITY
β PRECIPITACION
STATE VARIABLE INITIAL VALUE
H1 STATIC STORAGE
H2 SURFACE
H3 GRAVITATIONAL
H4 AQUIFER
EVALUATION CRITERIA
RMSE
Efficiency coefficient (Є)
Balance Error
Time Error

5.1.5

LOWER UPPER
LIMIT
LIMIT
0.50
4.50
0.50
4.50
0.50
5.00
0.00
1.00
0.00
2.00
0.00
20.00
0.00
0.00
0.00
0.00
0.00
2.00
0.00
0.01
0.00
0.00
0.00
0.00

100.00
0.00
0.00
0.00

OPTIMUM CALIBRATIONS
A
B
2.2922
2.5000
3.7485
2.0000
4.2370
5.0000
0.0290
0.0250
1.9500
0.0100
0.0504
15.0000
100.0000
100.000
0.0000
0.0000
1.0000
1.1000
0.0000
0.0004
48.0
0.0
0.0
0.0

38.0
0.0
0.0
0.0

41.35
0.82
0.20
1.72

43.17
0.80
-4.57
1.72

Model validation

In hydrologic modelling it is necessary to validate the model – to confirm its robustness and reliability –
through the use of information other than that used in the calibration process. However, because there is
no information other than the model parameters for spatial topographical data regarding soil profiles and
land use, it has only been possible to conduct a validation of rain events. As stated above, due to the
absence of another gauging point station in the catchment area, no validation of the model space can be
made – limiting the work to just one type.
A validation for all three events is carried out with the available information for each set of optimal
corrective factors. The initial state of static storage (H1) is unknown in the simulation, and this has been
estimated through an automated calibration.
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Table 5.10. Results of validation process

VALIDATION OPTIMUM A
tp
Evento H1 (%) Qmax obs Qmax sim Є Vol obs Vol sim Err Vol RMSE obs
nov-88
68
193.02
139.48
0.68
1.23
2.15
-74.40 20.32 20.92
nov-89
0
175.61
152.77
0.44
4.35
4.42
-1.77 19.83 52.50
ene-98
26
76.54
39.81
0.58
1.83
1.31
28.22
5.11 28.25
VALIDATION OPTIMUM B
tp
Evento H1 (%) Qmax obs Qmax sim Є Vol obs Vol sim Err Vol RMSE obs
nov-88
59
193.02
126.25
0.67
1.23
2.11
-71.77 20.59 20.92
nov-89
0
175.61
157.36
0.43
4.35
4.59
-5.56 20.15 52.50
ene-98
8
76.54
37.66
0.40
1.83
2.72
-48.67 6.12 28.25

tp
sim error %
21.58
-3.19
53.67
-2.22
30.50
-7.97
tp
sim error %
21.58
-3.18
53.58
-2.06
30.67
-8.56

The results of the temporal validation are shown in Table 5.10. These confirm that ‘optimum A’ is the
optimal corrective factor set when using the same criteria for evaluation and calibration processes. The
efficiency index, the RSME, and the error in time to peak are acceptable; however the peak error in the
events of 1988 and 1998 shows a poor value that can be explained by uncertainty in the precipitation data
caused by the existence of just one rainfall recorder at the scale of this project. In Figures 5-22 to 5-24 it
can be seen that the physical processes of the catchment area have been simulated in an acceptable
manner.

Figure 5-24. Temporal validation: event 1988
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Figure 5-25. Temporal validation: event 1989

Figure 5-26. Temporal validation: event 1998

5.2
5.2.1

Kamp catchment
Model structure

The Kamp catchment was divided into 13 subcatchments (Fig. 5-27) and in each of them runoff
generation is estimated on a 1 km square grid. The subcatchments are connected by 10 routing modules
as well as three modules that represent the hydraulic characteristics of the Ottenstein, Dobra and
Thurnberg reservoirs). The model runs on a time step of 15 minutes.
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Figure 5-27. Model components of the hydrologic model. Catchments (1-13); routing reaches (a-j); reservoir simulation modules (AC).

5.2.1.1

Pixel scale processes

The catchment is represented by a total of 1550 square grid elements. For each grid element, snow
processes, soil moisture processes and hillslope scale routing are simulated. These processes are
formulated directly at the model element scale of 1 km².
Snow model: The snow routine represents snow accumulation and melt by a simple degree day concept.
Precipitation input P at each pixel is partitioned into rain

Ta

Pr , and snowfall Ps , based on air temperature

:

Pr = P
Pr = P ⋅

(Ta − Ts )
(Tr − Ts )

Pr = 0

if

Ta ≥ Tr

if

Ts < Ta < Tr

if

Ta < Ts

(1)

Ps = P − Pr
where Ts and Tr are the lower and upper threshold temperatures, respectively. Melt starts at air
temperatures above a threshold Tm :
M = (Ta − Tm ) ⋅ D
if Ta > Tm and SWE > 0
M =0

(2)

otherwise

where M is the amount of melt water per time step, D is a melt factor and

SWE is the snow water

equivalent. In northern Austria, large melt rates are known to occur during rain-on-snow events (see Sui
and Koehler, 2001). This enhanced melting is represented in the model by increasing D by a factor of 2 if
rain falls on an existing snow pack. The catch deficit of the precipitation gauges during snowfall is
corrected by a snow correction factor, C s . Changes in the snow water equivalent from time step i – 1 to i
are accounted for by

SWE ,i = SWE ,i −1 + (C s ⋅ Ps − M ) ⋅ ∆t
(3)
where ∆t is the time step of 15 minutes.
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Soil moisture accounting: The sum of rain and melt,

Pr + M , is split into a component dS that increases

soil moisture of a top layer, S s , and a component Q p that contributes to runoff. The components are split
as a function of S s :
β

S 
Q p =  s  ⋅ ( Pr + M )
(4)
L
 s
Ls is the maximum soil moisture storage. β controls the characteristics of runoff generation and is
termed the non-linearity parameter. If the top soil layer is saturated, i.e.,
contributes to runoff and

S s = Ls , all rainfall and snowmelt

dS is 0. If the top soil layer is not saturated, i.e., S s < Ls , rainfall and snowmelt

contribute to runoff as well as to increasing

S s through dS > 0 :
Pr + M − Q p − Qby > 0

dS = Pr + M − Q p − Qby

if

dS = 0

otherwise

where, additionally, bypass flow

(5)

Qby is accounted for. Analysis of the runoff data at the Kamp indicated

that flow that bypasses the soil matrix and directly contributes to the storage of the lower soil zone is
important for intermediate soil moisture states S s . For ξ1 ⋅ Ls < S s < ξ 2 ⋅ Ls (with ξ1 =0.4, ξ 2 =0.9)
bypass flow was assumed to occur as

Qby = α by ⋅ ( Pr + M )

if

α by ⋅ ( Pr + M ) < Lby

Qby = Lby

otherwise

(6)

while no by pass flow was assumed to occur for dry and very wet soils. Changes in the soil moisture of the
top soil layer S s from time step i – 1 to i are accounted for by

S s ,i = S s ,i −1 + (dS − E A ) ⋅ ∆t

(7)

The only process that decreases

S s is evaporation E A which is calculated from potential evaporation,

E P , by a piecewise linear function of the soil moisture of the top layer:
S
E A = EP ⋅ s
if S s < L p
LP
(8)
E A = EP
otherwise
where L p is a parameter termed the limit for potential evaporation. Potential evaporation was estimated
by the modified Blaney-Criddle method (DVWK, 1996) as a function of air temperature. This
representation of potential evaporation was compared to other methods in Parajka et al. (2003)
suggesting that it gives plausible results in Austria.
Hillslope scale routing: Routing on the hillslopes is represented by three reservoirs (Fig. 5-28). The
contribution Q p of rain and snowmelt to runoff enters the upper zone reservoir and leaves this reservoir
through three paths: percolation to the lower and groundwater zones with a given percolation rate

cp ,

outflow from the reservoir with a fast storage coefficient of

k1 , and, if a threshold L1 of the storage state is
exceeded, through an additional outlet with a very fast storage coefficient of k 0 . The percolation rate c p
is split into two components by a fraction
reservoir. Bypass flow
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which flow into the lower zone reservoir and the groundwater

Qby is directly added to the lower zone reservoir.

Q0

represents fast runoff
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Q1 is a somewhat slower component reflecting interflow.
Q2 is a slower component from the lower soil zone. Q3 is the slowest component and is attributed to

reflecting surface runoff or near surface runoff.

groundwater flow. This conceptualisation is consistent with the observed runoff data in the catchments,
the hydrogeological interpretation, as well as other data as used in the parameter identification step. The
analysis of catchment response data also suggested that
relationship was assumed:

k1 = k1* ⋅ (1 +
where

δ1

δ1 ⋅ Ss
Ls

k1 und k 2 should be related to S s . A linear

) (9)

is a free parameter. An analogous relationship for

indicated that percolation

k 2 was used. Finally, the runoff data

c p changes with soil moisture. It was hence related to the storage of the top soil

S s by
γ

S 
c p =  s  ⋅ Lcp
(10)
L
s
 
where Lcp is the maximum percolation rate. Both Lcp and γ are free parameters. For those catchments
where part of the discharge is in the deep subsurface and not captured by the stream gauge, the slowest
groundwater component is reduced by a factor f 3 < 1 to account for deep percolation. Total runoff Qt
from a pixel then consists of the following components:
Qt = Q0 + Q1 + Q2 + Q3 ⋅ f 3 (11)
A total of 21 parameters exist for each pixel: Snow model parameters:
accounting parameters:

Ts , Tr , Tm , D, C s ; Soil moisture

Ls , β , α by , Lby , L p ; Hillslope scale routing parameters: k0 , k1* , δ 1 , k 2* , δ 2 ,

k 3 , L1 , Lcp , γ , α p , f 3 .

Figure 5-28. Structure of the rainfall runoff model on the pixel scale. S are the storage states and Q are fluxes.
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5.2.1.2

Within-catchment routing

The outflow from the reservoirs,

Qt , is then convoluted by a transfer function which represents the runoff

routing in the streams within each of the catchments. As a transfer function, a linear storage cascade with
the parameters

nc (number of reservoirs) and k c (time parameter of each reservoir) is used. For

parsimony, it is assumed that these parameters do not vary spatially within each catchment but they do
vary with time to reflect non-linearities in the within-catchment routing. Specifically, it was assumed that

k c decreases stepwise above dry weather flow Qc 0 and a high flow Qc1 to represent the increase in
stream connectivity as runoff increases:

k c = k c*

if Qt < Qc 0

*
c

k c = k ⋅ f c1

if Qc 0 ≤ Qt ≤ Qc1

(12)

*
c

kc = k ⋅ f c2
if Qt > Qc1
with f c 2 < f c1 < 1 . The convolution is performed in the state space notation in a similar way as stream
routing (see chapter 3.3). The sum of this convoluted runoff over each direct catchment is used as the
lateral inflow to the stream routing model of each river reach. A total of 6 within-catchment routing
parameters exist for each catchment:
5.2.1.3

nc , k c* , f c1 , f c 2 , Qc 0 , Qc1 .

Stream routing

In a similar way as catchment processes are formulated directly at the grid scale, stream routing
processes are formulated directly at the reach scale by making use of a lumped routing model. The main
advantage of lumped routing models in a flood forecasting context is numerical stability and
computationally efficiency. Also, as there are usually only a small number of model parameters involved,
these can be tested for plausibility to maximise the reliability and credibility of the forecasting procedure. A
linear storage cascade in the state space notation of Szolgay (2004) is used here with discharge
dependent parameters. If one assumes that the input vector U to each reservoir is constant within a time
interval (i, i − 1) of duration ∆t ,

S(i ) = F(i , i − 1) ⋅ S(i − 1) + G(i, i − 1) ⋅ U(i, i − 1)

(13)

Q( i ) = H ( i ) ⋅ S( i )

(14)

where S und Q are the ( n r
of reservoirs. H is an ( n r

⋅ 1 ) state vectors of reservoir storages and outflow with nr being the number

⋅ n r ) matrix that contains the inverse of the time parameter k r in the diagonal

H = (1 / k r , 1/ k r ,..., 1/ k r ) ⋅ I

(15)

where I is the identity matrix. The transition matrices F und G (dimension

F(ι , ς ) = e

−

∆t
kr

⋅

∆t ι −ς
(ι − ς )!⋅k rι −ς

G(ι,ς ) = k r − e
for

ι

greater equal

−

∆t
kr

n r ⋅ n r ) are defined as:
(16)

∆t υ
υ −1
υ = 0 υ!⋅k r
ι −ς

⋅∑

ς , and F=0, G=0 for ι

(17)
less than

ς , where ι

and

ς

relate to the rows and columns of

the matrices, respectively. The duration ∆t of the time interval is 15 minutes. Inflow U1 to each reach is
the outflow from the upstream reach plus lateral inflow from the direct catchments. To account for non-
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linear routing effects,

k r is allowed to vary as a function of the inflow to the river reach based on the

concept of Becker and Kundzewicz (1987). Varying k r is straightforward in the state space notation as
Eqs. (15) to (17) are evaluated for each time step as a function of the states S and Q of the previous time
step and the value of

k r that is consistent with the inflow between the previous time step and the current

time step. Typically,

k r is expected to increase with discharge due to the non-linearity in the flow -

resistance relationship but beyond bank full discharge,
into the flood plain.

k r is expected to decrease because of inundation

k r was hence assumed to be a piecewise linear function of the inflow to the reach,

U1 :
k r = k r*

if U 1< Qr 0

k r = k r* ⋅ f r1

if Qr1 ≤U 1≤ Qr 2

(18)

k r = k r* ⋅ f r 2
if U 1> Qr 2
and k r is linearly interpolated between mean annual discharge Qr 0 and Qr1 . Qr 2 is bank full discharge.
The number of reservoirs nr is not allowed to vary with the inflow but does vary between the river
reaches. A total of 7 stream routing parameters exist for each river reach:

nr , k r* , f r1 , f r 2 , Qr 0 , Qr1 ,

Qr 2 .
5.2.1.4

Input data

For the development of the distributed model, data from a total of 35 raingauges were used. Out of these,
19 raingauges recorded at a time interval of 15 minutes, the others were daily gauges. 16 of the recording
raingauges are telemetered and are used for the operational forecasting. At each time step, the raingauge
data are interpolated to the 1 km grid supported by climatologically scaled radar information. Air
temperatures observed at eight stations are interpolated to the 1 km grid.
The interpolated precipitation and air temperature fields are used to drive the runoff model to estimate the
state variables such as soil moisture, reservoir storage and snow water equivalent at each time step.
For the development of the distributed model, runoff data between 1990 and 2005 from a total of 12
stream gauges were used. These range in catchment size from 77 to 1493 km².

5.2.2
5.2.2.1

Parameter identification
Identifying parameters of pixel scale model and within-catchment routing

As runoff data are a necessary, but not a sufficient, condition for identifying model parameters in a realistic
way, numerous other hydrological response data were used. Rather than optimising an objective function
(e.g. Parajka et al., 2007), the identification of parameters builds on the ‘dominant processes concept’ of
Grayson and Blöschl (2000b) which suggests that, at different locations and different points in time, a
small number of processes will dominate over the rest. In a first step, Hydrological Response Units
(HRUs) were defined manually rather than by overlaying GIS maps, allowing some interpretation of the
understanding of the hydrology of the area to be introduced. The HRUs are urban areas, steep slopes
open, steep slopes forest, hills open, hills forest, tablelands, saturated areas, areas with aquifers, and
lakes and reservoirs. A priori parameter values were then assigned for each pixel (grid element) based on
preliminary analyses of observed stream flow hydrographs and piezometric heads in the catchment as
well as field surveys. The various pieces of information were then combined in an iterative way to
construct a coherent picture of the functioning of the catchment system, on the basis of which plausible
parameters for the HRUs were chosen. Different sources of information have been used:
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The runoff simulations of the individual steps were compared with runoff data, stratified by time scale and
hydrological situations which is in line with the ‘dominant processes concept’. A seasonal analysis allows
one to infer the magnitude of the evaporation parameters, the percolation parameter and the parameters
of the slow groundwater components. In the context of the flood forecasts, the seasonal dynamics are
important to estimate well the initial conditions of the forecasts, in particular the catchment soil moisture
state as well as the snow distribution. An analysis of the event hydrograph shapes allows one to infer the
characteristics of fast catchment response as well as the associated model parameters. The event
analysis was stratified by event magnitude and event types, again following the ‘dominant processes
concept’. Synoptic (large scale) and convective (small scale) events, snow melt events, and rain-on-snow
events have characteristic runoff dynamics of their own (see, e.g., Merz and Blöschl, 2003). An example
of a convective event is shown in Fig. 5-29 for the Kamp at Zwettl stream gauge which is located at the
confluence of reaches a and b (Fig. 5-27). The peak is not completely captured because of very local
rainfall that was not recorded by the raingauges nor the radar data. However, the main shape is matched
well. Fig. 5-30 shows a snow melt event in April 1996. The main difference from the convective event is
the soil moisture status which was much higher during the snow melt event. It is important to examine
these event types separately for the model to be able to represent a spectrum of hydrological situations.
This is essential in an operational forecasting context were situations that are not represented in the data
used for model development are likely to occur.

Figure 5-29. Convective event at the Kamp at Zwettl (622 km²).
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Figure 5-30. Snowmelt event at Kamp at Zwettl (622 km²) in March 1998. Precipitation and simulated snow water equivalents are
catchment averages. Snow depths are observations at the Bärnkopf station in the catchment.

Discussions with locals were another source of information used. For example, these discussions
provided information on flow pathways during past floods. This information was used to test the plausibility
of the model simulations. Fig. 5-31 shows maps of simulated overland flow at the beginning of a large
event (the August 2002 flood) and 18 hours later during the same event. At the beginning of the event, it is
mainly the sealed areas and the near stream areas that contribute to the flooding in the north west of the
catchment while there is almost no overland flow in the remainder of the catchment. 18 hours later, the
spatial pattern has changed. The precipitation intensity is somewhat lower and hence overland flow on the
sealed areas is lower. Additional areas contribute to overland flow, particularly the gullies and the rolling
hills of the west of the catchment. The shift in the runoff patterns during the event is consistent with the
understanding of runoff processes obtained during the recognisance trips and through the discussions
with locals. Other spatial information that was used to test the plausibility of the model were snow data.
Fig. 5-32 shows an example of this test, simulated snow water equivalent on the left and observed snow
depth interpolated from snow depth readings on the right. The field recognisance trips also provided
information on soil moisture and water logging which was used in a similar way. As part of the model
identification, the model structure was adjusted to what has been considered is the hydrological
functioning of this particular catchment. For example, a bypass flow component was added to represent
the fast drainage of the top soil during events as a result of percolation into heavily weathered bedrock
(Eq. 6). Other examples are the functional dependences of some of the parameters on soil moisture (Eqs.
9 and 10). The spatial distribution of the HRUs is shown in figure 5-33. For illustration, the parameters
obtained for catchment 1 (Fig. 5-27) are given in tables 5-11 and 5-12.
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Figure 5-31. Plausibility check of spatial patterns. Simulated surface runoff Q0 at the beginning (left) and halfway into a major flood
event (right) have been compared to qualitative field evidence.

Figure 5-32. Plausibility check of spatial patterns. Simulated snow water equivalent (left) and observed snow depth interpolated from
snow depth readings (right). April8, 1996 at 6:00.
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Figure 5-33. Spatial distribution of HRUs

Table 5.11. Model parameters for pixel-scale processes for the catchment Zwettl/Kamp.

L1 Lcp γ α p

f3

mm/
mm/
mm/
mm
mm hrs hrs
hrs
hrs mm
d/K
d
d
0 2.0 1.0 10 0.5 0.0 4.8 7 0.5 30 2.0 150 1.0 3000 1 1.0 2 0.1

1.0

Steep
-2 3
slopes open

0

2.0 1.0 90 2.0 0.0 4.8 56

5

30 2.0 150 1.0 3000

8

2.0 2 0.1

1.0

Steep
-2 3
slopes forest

0

1.8 1.0 110 3.0 0.1 4.8 70

5

30 2.0 150 1.0 3000 15

2.0 2 0.1

1.0

Ts Tr Tm

HRU

D

C s Ls β α by Lby L p k0 k1* δ 1 k 2* δ 2

k3

°C °C °C
Urban areas -2 3

Hills open

-2 3

0

1.5 1.0 180 3.0 0.2 4.8 112 10 40 1.5 170 1.0 3000 50

3.5 2 0.1

1.0

Hills forest

-2 3

0

1.5 1.0 200 3.0 0.2 4.8 126 10 40 1.5 170 1.0 3000 50

3.5 2 0.1

1.0

Tablelands -2 3

0

1.5 1.0 80 5.0 0.0 4.8 56 20 70 0.5 400 0.0 3000 30

2.0 2 0.1

1.0

Saturated
areas

0

1.5 1.0 30 0.5 0.0 4.8 21

1.0 2 0.1

1.0

-2 3

1

20 0.0 400 0.0 3000 20

Table 5.12. Within-catchment routing parameters for the catchment Zwett/Kamp.

nc

k c*

4

hrs
1.5

f c1
0.67

f c2

Qc 0

Q c1

0.2

m³/s
8

m³/s
50
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5.3
5.3.1

The Upper Iller catchment
Land use, soil types and topography

The hydrological model WASIM-ETH requires an extensive database of vegetation, soil and
meteorological data. The Upper Iller catchment has a size of 954 km² and is predominantly covered by
forest and meadows, the urban areas cover less than 3 percent of the catchment (Figure 5-34). The
highest mountain tops are without vegetation cover. While most of the area is dominated by loam type
soils, the upper mountain areas are often characterized by little developed soils (Figure 5-35). Elevations
in this catchment range from 650 to nearly 2650 m above sea level (Figure 5-36). The land use data
stems from the CORINE 2000 dataset and the soil map is obtained from the BÜK 1:1Mio.
All the above mentioned data sets are incorporated in the model as grids of 50m resolution.
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Figure 5-34. Land use classes in the Upper Iller Catchment
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Figure 5-35. Soil coverage in the Upper Iller Catchment
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Figure 5-36. Topography of the Upper Iller Catchment
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5.3.2

Hydrometeorological data

The specific challenges for this alpine case study include the strong gradient of temperature and
precipitation with altitude, which can often not be captured by the available climate station data. Especially
high-altitude stations are underrepresented. However, both parameters, temperature and precipitation, are
strongly influencing runoff generation and thus it becomes necessary to overcome this lack of data.
Spatial rainfall variability in the Iller Catchment is high. For example during the flood in August 2005 (300
year flood at Kempten) rainfall return periods at different raingauges were found to range between just
above 2 years and nearly 30 years (corresponding to 65-210 mm) (see Figure 5-37 – green circles).
Availability of climate data for all stations in the research area is shown in Figure 5-38. While data
availability has increased since 2004 it is clearly low in earlier years.

Figure 5-37. High spatial variability of rainfall
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Figure 5-38. Data availability

This high spatial variability of rainfall results in an urgent need for sufficiently high numbers of rain gauges
in order to reproduce the discharge dynamics with a hydrological model.
Temperature, on the other hand, is very important for hydrological simulation as it is the basis for
modelling snow accumulation and snow melt (which has a strong effect on the hydrograph, especially in
alpine catchments). As temperature is clearly dependent on altitude (Figure 5-39) a simple inversedistance interpolation of station data was not satisfactory. This type of interpolation results in an
overestimation of temperatures at higher altitudes (Figure 5-40) and as a result also in an underestimation
of snow storage. As high elevation station data is missing for the time period before 2005 a simple
elevation based regression for temperature was difficult to achieve. To solve this problem, three synthetic
stations were produced at the same locations as the later installed high altitude stations Warth,
Mindelheimer Hütte, and Nebelhorn. With the data measured during 2004-2007 a linear statistical model
was established to predict precipitation and temperature at these locations. This linear statistical model
was applied for the time period 2001-2002 and thus “synthetic time series” for these high elevation
stations were produced.
With sufficient stations also for higher elevation a regression based method can be used, correlating
rainfall or temperature with elevation. This was successfully carried out for the temperature data (Figure 540). However, this proves to be more complicated for rainfall data: while there is usually a clear correlation
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with altitude on a monthly or annual basis this is type of relationship is difficult to establish for hourly
intervals. As the runoff coefficients shown in
Table 5.13 clearly show that measured and interpolated rainfall amounts are clearly unrealistic as we
obtain runoff coefficients of more than 90% or even 100%. For the here described study we therefore
chose a simple subcatchment specific correction of precipitation.

Figure 5-39. Meteorological data vs. elevation

Table 5.13. Rainfall amounts and resulting runoff coefficients on subcatchment basis.

subcatchment
[gauge]
Kempten
Durach
Greifenmuehle
Immenstadt
Gunzesried
Sonthofen
Winkel
Reckenberg
Gschwend
Thalkirchdorf
Breitachklamm
Oberstdorf_Stillach
Oberstdorf_Trettach
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mean altitude
[m]
827
841
909
999
1277
1064
1180
1431
913
946
1521
1474
1540

mean annual rainfall
(interpolated)
[mm/a]
1595
1341
1484
1764
1907
1984
1822
1939
1328
1771
2243
2242
2040

runoff coefficient from
interpolated rainfall
[-]
0.73
0.65
0.75
0.91
1.11
0.94
0.84
1.15
0.93
0.88
0.99
0.62
0.96
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Figure 5-40. Interpolation of temperature data – 2 possible methods

The climate stations used for the simulation period 2001-2002 as well as the types of meteorological data
provided by these stations are shown in Figure 5-41. The locations of the higher elevation stations with the
time series produced by the linear statistical model (the so called “synthetic time series”) are also given in
this map.
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Figure 5-41. Climate stations and data used for simulation

5.3.3

The hydrological model WASIM-ETH

The Topmodel-based Wasim-ETH (Schulla, 1997; Schulla & Jasper, 1999) is a deterministic and
distributed model for the simulation of catchment water balance. It was originally developed for the
investigation of climate change effects on water balance. It was has been extended to include macropore
flow, siltation and water retention in the landscape as well as an improved representation of urban areas
(Niehoff et. al 2002). It is grid based in the calculation of evapotranspiration, interception, snow melt and
snow storage, infiltration and vertical soil water movement. For a summary of the model structure see
Figure 5-42. Direct flow, interflow and baseflow are simulated as linear storages; the first two are
calculated per grid cell while baseflow is calculated on the basis of the entire subcatchment. For the
routing of streamflow the kinematic wave approach is used (Niehoff et. al 2002). For the simulation of
evapotranspiration the Penman-Monteith equation is implemented. Infiltration is modelled with the Green
and Ampt approach, deviding the incident rainfall into infiltration excess water and infiltrating water which
is routed to the soil model. The soil model does not model soil water movement but uses a system of
storages centering around the saturation deficit. The calculation of the saturation deficit is based on the
Topmodel approach of the topographic index. The/most parameters of the different storages need to be
calibrated (Niehoff et. al 2002). Wasim-ETH is a process oriented model, as it models flow components
such as infiltration/saturation excess, direct runoff, interflow and baseflow and some of the soil storage
characteristics can be connected to soil physical parameters.
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Figure 5-42. Model structure of WASIM-ETH
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Figure 5-43. Soil model of WASIM-ETH

Necessary input grids are landuse (Figure 5-34), soils (Figure 5-35) and a number of topographical grids
determined from a digital elevation model (Figure 5-36). Landuse and soil tables contain a high level of
physically based information. For examples of the input data necessary for these tables see Figure 5.44.
The spatial resolution chosen for this study were 50 m grid cells, and one hour time steps were used for
the simulation.

Figure 5-44. Data requirements of WASIM-ETH
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5.3.4

Model calibration (WASIM-ETH)

Six soil parameters and 4 snow parameters had to be calibrated (Table 5.15). As the Upper Iller
catchment is highly heterogeneous it was devided into 8 subcatchments (Figure 5-45). The 3 shaded
subcatchments on Figure 5-45. were not simulated. Instead, for these subcatchments measured
discharge time series were used as input for the simulation of subcatchment 1 and the entire basin.
Calibration was carried out for each subcatchments seperately. During the calibration phase
subcatchment 3 receives measured discharge time series for the subcatchments 6, 7, and 8 as upstream
input and subcatchment 1 from subcatchments 2, 3, 4 and 5 (Figure 5-45). This ascertains that model
errors from upstream catchments are not compensated for by the parameters determined for the lower
catchments. Catchment characteristics can be found in Table 5.14.
Table 5.14.Subcatchments, topographical characteristics and land use

Subbasin
Kempten
Gunzesrieder
Ach
Sonthofner
Iller
Ostrach
Burgberger
Starzlach
Stillach
Trettach

ID
1

mean
min.
max.
area
altitude altitude altitude
[km²]
[m]
[m]
[m]
245.55 826.86
658
1714

drainage
meadow/
slope
density forest pasture
%
[km/km²]
%
%
13.2
0.73
18.8
59.4

2

46.41 1276.64

875

1805

38.3

3.88

45.1

41.4

3
4

130.62 1062.23
126.96 1431.99

729
764

2122
2360

28.9
53.5

1.38
1.42

43.5
28.2

46.5
36.8

5
7
8

19.85 1179.79
81.14 1473.28
74.35 1543.50

766
784
784

1715
2638
2606

37.4
52.0
66.7

9.07
2.22
2.42

78.1
25.0
16.8

20.5
37.2
40.7
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Figure 5-45. Subcatchments used for model calibration.
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Table 5.15. Soil and snow parameters of Wasim-ETH

Parameter

description

unit

m

recession parameter for baseflow

m

Tcorr

correction factor for soil transmissivity

-

Kcorr

correction factor for vertical percolation

-

kD

single reservoir recession const.-surface runoff

h

Hmax

maximum storage capacity of interflow storage

mm

kH

single reservoir recession const.-interflow

h

t0r

temperature limit for rain

C

t0

temperature limit for snow melt

C

c0

degree-day-factor

mm/d/C

cmelt

fraction of snowmelt which is suface runoff

-

As some of the parameters in Table 5.15, especially m and Tkorr strongly define the system state it is not
possible to use the same initial conditions for different parameter sets. For this reason it became
necessary to produce initial conditions for each of the parameter sets tested during calibration. A stable
state of the system was achieved by running the model repeatedly for the time period March 2001 –
March 2002, each time using the final catchment state as initial condition for the next run until the size and
filling level of the storages corresponding to the saturated and unsaturated zone became stable. To
decrease computation time this procedure was carried out for a temporal resolution of days. Additional the
number of possible pre-runs was limited to 100.
The calibration procedure involved two different methodologies. In a first step (procedure 1) the parameter
space was scanned for parameter ranges with which is was possible to achieve sensible system states
which are able to produce flow from the direct flow, interflow and base flow. This was done by using a long
list of parameter sets (100-200) and varying each parameter in a predefined range. To allow for an
efficient combination of as many parameter ranges as possible, each parameter was varied between its
minimum and maximum with a different frequency. (If you would vary them all with the same frequency
you would only allow for combinations for example of the lowest parameter values or the highest
parameter values.) This variable frequency parameter variation is shown exemplarily for fictitious
parameters in Figure 5-46. After determining best parameter sets as well as sensible parameter ranges
with this method, calibration was carried out with PEST (a freely available software for non-linear
parameter estimation using the Gauss-Marquardt-Levenberg algorithm) (Doherty 2004). A composite
objective function was used to ensure the plausible reproduction of the different processes (total runoff,
groundwater response, storage dynamics...).
However, as the response surface of the Wasim parameters often is not smooth but discontinuous and the
numerical stability of the model is also influenced by the parameter combination PEST is often unable to
determine a clear gradient towards a better parameter set. In this case the optimisation result was chosen
as a new starting point for procedure 1. If a better parameter set was determined in this step PEST was
started from this newly determined parameter set.
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Figure 5-46. Efficient parameter variation in the first step of calibration.

As mentioned above calibration was carried out for each of the subcatchments separately. The simulation
results are shown in Figure 5-47. to Figure 5-54. and Table 5.16.
In Figure 5-47. to Figure 5-49. the results for the highly alpine headwater catchments are shown. In these
catchments model calibration proved to be the most difficult. This can have a number of different reasons.
As these three catchments have the highest mean altitudes as well as the highest range of altitudes they
are especially influenced by all problems resulting from the topographic gradient. This can be the
underestimation of precipitation in general and the misrepresentation of snow accumulation and snow melt
as a result of faulty temperature interpolation. Furthermore, no snow data was available for these
catchments and the snow model could only be calibrated to the extent and duration of the typical snow
melt pattern in streamflow, i.e. diurnal variations. After personal communication with the local Water
Authorities we also got the information that the stage-discharge relationship for subcatchments 7 and 8 is
highly uncertain and prone to strong overestimation in one case and underestimation in the other case.
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Figure 5-47. Simulation results for subcatchment 6.

Figure 5-48. Simulation results for subcatchment 7.
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Figure 5-49. Simulation results for subcatchment 8.

Figure 5-50. Simulation results for subcatchment 2.
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Figure 5-51. Simulation results for subcatchment 4.

Figure 5-52. Simulation results for subcatchment 5.
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Figure 5-53. Simulation results for subcatchment 3.

Figure 5-54. Simulation results for subcatchment 1.

Subcatchments 2, 4 and 5 are headwater catchments located at slightly lower elevations than 6, 7 and 8,
where subcatchment 2 proved to be the most difficult to calibrate. Subcatchments 3 and 1 (Figure 5-53.
and Figure 5-54) are not headwater catchments, thus receiving input from the upstream subcatchments.
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For the calibration measured discharges are routed into these basins while for the here shown modelling
results the simulated discharges from the upper catchments are used.
Table 5.16 shows summarises the model performance for each of the subcatchments. Both, information
on the water balance as well as the Nash-Sutcliffe model efficiency are given. The water balance is
generally reproduced quite well over the entire simulation period (March-August 2002), with deviances of
less than 10% in most cases. Runoff coefficients of > 1 are possible as a result of snow storage effects.
Nash-Sutcliffe efficiencies lie between 0.78 and 0.86, which is quite high given the above described
difficulties with the input data as well as streamflow data.
Table 5.16. Simulation results for WASIM-ETH for each of the subcatchments. Subcatchments 1 and 3 also include input from
upstream catchment simulation.

Subcatchment
1
2
3
4
5
6
7
8
Flow components

Runoff coeff.
measured
0.61
0.97
0.70
1.00
0.68
0.70
0.98
0.97

Runoff coeff. modelled
0.75
0.90
0.76
0.96
0.76
0.76
0.94
1.08

Nash-SutcliffeEfficiency
0.81
0.79
0.78
0.87
0.86
0.86
0.81
0.80

As WASIM-ETH is a process-based model it allows you to look at the different components of flow, such
as base flow, interflow, and direct flow. However the calibration process seems to enforce direct flow as
the most important flow component, because this usually produces best values of RMSE and also of the
Nash-Sutcliffe Efficiency. In these cases base flow is often 0 or almost 0 and shows no dynamics at all. As
this is not satisfactorily according to our understanding of the processes in this catchment, we used a
composite objective function putting emphasis on a plausible base flow production. This was successful in
some cases, eg. subcatchments 7 (Figure 5-48), 3 (Figure 5-51.) and 1 (Figure 5-52). However for all
other subcatchments streamflow could only be reproduced reasonably well with quite low base flow as
well as low base flow dynamics.
The flow components over time are shown for each of the subcatchments in Figure 5-55 to Figure 5-62
In most cases were base flow is only produced at a very low level, interflow takes over in providing stream
flow during periods between rainfall events. Surprising is the case of subcatchment 2 (Figure 5-58.),
where most of the event dynamics are produced by interflow instead of direct flow. Only during the snow
melt period as well as during larger rainfall events do we have a pronounced and strong response in direct
flow.
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Figure 5-55. Flow components for subcatchment 6.

Figure 5-56. Flow components for subcatchment 7.
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Figure 5-57. Flow components for subcatchment 8.

Figure 5-58. Flow components for subcatchment 2.
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Figure 5-59. Flow components for subcatchment 4.

Figure 5-60. Flow components for subcatchment 5.
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Figure 5-61. Flow components for subcatchment 3.

Figure 5-62. Flow components for subcatchment 1.
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5.3.5

Model validation (WASIM-ETH)

Model validation was carried out for the time period March-August 2005, with an initial pre-run phase from
March 2004 to March 2005. As the discharge time series of most gauging stations have one or more
gaps of at least several months, validation was only carried out exemplarily for one of the subcatchments,
subcatchment 4. The simulated and measured time series are shown in Figure 5-63.. The fit of simulated
and measured time series for the validation period is surprisingly good, with a Nash-Sutcliffe efficiency of
0.86.

Figure 5-63. Validation results for subcatchment 4.
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6 Catchment scenario simulations
This chapter is the methodology adopted in each case study to generate scenarios and the results found
for these scenarios with the hydrological simulations.

6.1

Rambla del Poyo basin

This study has generated two basic hydrological scenarios which take into account any variations resulting
from responses in the river catchment area to possible measures for reducing flood risk. These scenarios
are based on the concept of “water retention in the landscape”, with variations in the production or spread
of rain runoff:
i)

ii)

Changes in land use scenarios:
a. Changes in the land use from non irrigated, non irrigated trees, and shrubland to pine
forest
b. Changes in land use from non irrigated to pine forest
c. Changes in land use from non irrigated trees to pine forest
d. Changes in land use from shrubland to pine forest
Local water retention scenarios:
a. Construction of a dam near the town of Cheste, Valencia, for various volumes of water
retention
b. Variation of the above dam – and optimised for maximum flows at the 100-year mean
return period
c. Construction of small reservoir at the headwaters of the river catchment area – with the
same drainage characteristics and varying reservoir volumes as the dam at Cheste.

While taking into account information regarding the hydrological model, two scenarios have been
proposed to consider the importance of:
I.
II.

spatial and temporal variability of extreme convection-type storms
influence of the initial level of humidity in the river catchment area on the production of runoff
following an extreme event

To take into account the spatial and temporal variability of convective storms, the RAINGEN stochastic
model is used to generate a set of synthetic storms. Daily hydrometeorological historic data recorded in
the catchment area has been used for the analysis of background soil moisture and simulated with the
TETIS hydrological model.

6.1.1

Land use scenarios

Many of the hydrological processes (interception, infiltration, percolation and evapotranspiration) are
dependent on land use, and so changes in land use directly affect flows in the runoff production process.
According to various authors (Calder, 1993; Bronstert et al, 2002), the effects of changes in natural soil
coverage are quite significant in generating runoff. Major changes include: reforestation, deforestation,
increasing agricultural use, or urban development. Only reforestation is considered in this paper as it
introduces an increase in retention that may be comparable, to some extent, with water retention reduction
measures being proposed in the territory.
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6.1.1.1

Present state

Land use and vegetation coverage in “La Rambla del Poyo” has significantly changed over the past
century. Currently, only the top of the catchment area can be regarded as having natural vegetation
coverage, with the remaining surface a combination of urban areas and irrigated crops (mostly orange
orchards). There is a large area of the catchment area which is residential, and which must be taken into
account in the risk of downstream flooding. The flood zone is located at the bottom of the catchment area,
with a significant concentration of various urban centres – as well as industrial and commercial areas and
including part of Valencia International Airport. There are southern areas of Valencia city which may be
affected in case of serious flooding. It is therefore essential that to prevent human and economic losses a
thorough analysis of the impact on residential, industrial, and commercial areas is made – together with
the possible consequences of measures taken to reduce flooding.

Figure 6-1. Land use map of Rambla del Poyo basin

A 1998 land use map has been used to identify eight land use categories in the study area, plus an
additional category for bodies of water – such as marshes, dry riverbeds, and ravines. Figure 6-1. The
land use map for the headwater areas has been validated with a field visit on 05/03/2008 – which found
that despite several recent fires (in the years 2000, 2001, 2003) these areas have been regenerated into
the same land use category as reported in 1998. The surface of each category and its percentage of the
total catchment area is shown in Table 6.1.
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Table 6.1. Categories of land use in the present scenario in Rambla del Poyo basin.

LAND USE
Urban
Vegetables
Rice
Citrus
Non irrigated
Non irrigated trees
Shrubland
Pine trees
Water

Area (Km²)
42.02
9.2
1.83
108.93
50.83
67.31
94.62
2.09
12.18

% Basin
10.80%
2.36%
0.47%
28.00%
13.07%
17.30%
24.32%
0.54%
3.13%

The definition of each category is taken from DIHMA (2004), and can be summarized as follows:
Urban areas: Included in this category are continuous and discontinuous urban areas, industrial estates,
roads, railways, etc.
Vegetables: Land for growing fruit and vegetables on the flood plain of Mediterranean rivers and dry river
beds. These are usually seasonal crops with little biomass growth and covering a small proportion of the
land where they are planted.
Rice: An entirely seasonal crop commonly found in areas near Lake Albufera in Valencia. This land is
unproductive and barren between October and March, then flooded in April, and between June and
September it becomes a series of water-soaked paddy fields. The cycle begins again when the rice is
harvested in September.
Citrus: Citrus crops have made the greatest territorial advance in Valencia in recent times. These are
irrigated crops with a considerable growth in biomass, which when mature, covers virtually the entire
cultivated surface.
Non irrigated trees: Mostly local varieties of almonds, olives and vines. These crops grow throughout the
year, although much more slowly in winter. While the percentage of surface coverage is relatively high, it
is still substantially lower than irrigated tree crops and this is especially noticeable in winter.
Non irrigated: Crops found on the relatively unproductive dry lands – which are usually barren for much
of the autumn and winter. During the spring and summer this land is either covered in vegetables and
salad crops or native species. The biomass and percentage of coverage is always relatively low.
Shrubland: Forest areas where most of the vegetation cover is scrub, as well as areas that have suffered
fires, etc. The features and behaviours of these areas differ from other areas – with hydrological
characteristics that extend throughout the year and reach maximum development in the summer. Virtually
the entire surface is covered in bush.
Pine trees: Included in this category are the remaining forested areas on which trees (usually pine) can
be found – in addition to bush. These areas have a greater capacity to transfer water through
evapotranspiration, as well as intercept water at the initial stages of rainfall.
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6.1.1.2

Afforestation

Plant coverage in the catchment area has changed dramatically in recent years. The area of the
headwaters could still be categorised as natural coverage, however, these areas have been subjected to
several fires of varying magnitudes. As part of a post-fire recovery program these areas are reforested
mainly with pine (Quercus). The hypothetical scenario of a change in vegetation cover in order to study
the hydrological response is proposed in areas of mainly non irrigated trees, non irrigated, shrubland and
pine trees (Figure 5.2).

Figure 6-2. Afforestation scenario (Rambla del Poyo – Barranco Pozalet)

The percentage of the area planted with pines is 0.54% under current usage and this is increased to 55.2
% for a future scenario, as shown in Table 6.2.
Table 6.2.

Afforestation scenario: changes in the land use from non irrigated, non irrigated trees, and
shrubland to pine trees.
LAND USE

Area (Km²)

% Basin

Urban
Vegetables
Rice
Citrus
Pine trees
Water

42.02
9.2
1.83
108.93
214.85

10.80%
2.36%
0.47%
28.00%
55.23%

12.18

3.13%

In order to analyse changes in the hydrological response of the basin for various changes in vegetation
cover, three land-use change scenarios have been proposed additional to a different area forested. In the
tables 6.3. to 6.5 are presented the land use changes proposed.
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Table 6.3. Afforestation scenario: Changes in land use from non irrigated to pine trees.

LAND USE
Urban
Vegetables
Rice
Citrus
Non irrigated trees
Shrubland
Pine trees
Water

Area (Km²)
42.02
9.2
1.83
108.93
67.31
94.62
52.92
12.18

% Basin
10.80%
2.36%
0.47%
28.00%
17.30%
24.32%
13.60%
3.13%

Table 6.4. Afforestation scenario: changes in land use from non irrigated trees to pine trees

LAND USE
Urban
Vegetables
Rice
Citrus
Non irrigated
Shrubland
Pine trees
Water

Area (Km²)
42.02
9.2
1.83
108.93
50.83
94.62
69.4
12.18

% Basin
10.80%
2.36%
0.47%
28.00%
13.07%
24.32%
17.84%
3.13%

Table 6.5. Afforestation scenario: changes in land use from hilly shrubland to pine trees

LAND USE
Urban
Vegetables
Rice
Citrus
Non irrigated
Non irrigated trees
Pine trees
Water

Area (Km²)
42.02
9.2
1.83
108.93
50.83
67.31
96.71
12.18

% Basin
10.80%
2.36%
0.47%
28.00%
13.07%
17.30%
24.86%
3.13%

The change in vegetation cover necessarily causes a change in the parameters involved in the processes
of rainfall interception, evapotranspiration, infiltration, and percolation. For the purposes of the model, the
impacts are represented in one of the parameter maps (soil water storage map). The methodology for
calculating the parameter maps for this scenario is shown in the respective section.
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6.1.2

Flood retention scenarios

Various scenarios for the reduced effect of flooding as a result of the construction of small and mediumsized reservoirs in the headwaters, as well as a large reservoir in the southern part of catchment area, are
shown under the concept of ‘territorial water retention’.
6.1.2.1

Small reservoirs

This retention scenario corresponds to the construction of small or medium-sized reservoirs in the
headwater catchment area. We have proposed a total of 184 dams distributed in the headwaters of the
Rambla del Poyo catchment area with a potential storage of nearly 16 million cubic metres as shown in
Figure 6-3.

Figure 6-3. Location of small reservoirs in the headwaters of the Rambla del Poyo

The proposed dams have different characteristics and are grouped according to height. The main features
of this future scenario are summarized in Table 6.6.
Key hydraulic features for each reservoir include:
No lower drainage outlet
Overflow channels are placed at 80% of the height of the dam and their length is one-fifth of
the length of the dam.
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Table 6.6. Main characteristics of 184 small reservoirs scenario

Dam height (m)

Number of dam

Total volume (m³)

Widh spillway (m)

5

3

8328

1

10

64

619385

2

15

11

1020897

3

20

81

5609997

4

25

5

1673417

5

30

20

6938759

6

Total:

184

15870783

Based on this scenario, three additional scenarios showing a decrease in the total number of dams have
been proposed, in order to analyse the effect of the potential for reducing the peak of the flood with
respect to different territorial water retention capabilities, as shown below in Tables 6.7 to 6.12.
Table 6.7. Main characteristics of 138 small reservoirs scenario

Dam height (m)
5
10
15
20
25
30
TOTAL

Number of dam
2
46
7
59
4
20
138

Total volume (m³)
6608
404469
450889
3991342
1153284
6938759
12945351

Table 6.8. Main characteristics of 92 small reservoirs scenario

Dam height (m)
5
10
15
20
25
30
TOTAL

Number of dam
1
32
3
38
3
15
92

Total volume (m³)
432
203354
192078
1814741
723777
4332815
7267197
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Table 6.9. Main characteristics of 46 small reservoirs scenario

Dam height (m)
5
10
15
20
25
30
TOTAL

Number of dam
0
16
1
17
1
11
46

Total volume (m³)
0
110076
6742
858613
229002
3121641
4326074

Table 6.10. Main characteristics of 16a small reservoirs scenario

Dam height (m)
5
10
15
20
25
30
TOTAL

Number of dam
0
9
0
2
0
5
16

Total volume (m³)
0
75085
0
198189
0
2031868
2305142

Table 6.11. Main characteristics of 16 small reservoirs scenario

Dam height (m)
5
10
15
20
25
30
TOTAL

Number of dam
0
9
0
3
0
4
16

Total volume (m³)
0
83107
0
438022
0
1498964
2020093

Table 6.12. Main characteristics of 11 small reservoirs scenario

Dam height (m)
5
10
15
20
25
30
TOTAL
6.1.2.2

Number of dam
0
6
0
3
0
2
11

Total volume (m³)
0
76170
0
438022
0
564013
1078205

One single dam (Cheste dam)

One of the solutions proposed by the catchment area regulatory agency (Confederación Hidrográfica del
Júcar – CHJ) is a single dam and this has been proposed in this paper as a scenario. This scenario has
been called the ‘Cheste dam’ because it is located near the town of Cheste. The location of the reservoir
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for the purposes of the proposed hydrological model is UTM coordinates: UTM-X 703450 and UTM-Y
4374850.

Figure 6-4. Location of one single dam (Cheste dam)

To compare this scenario with the retention scenario previously outlined, the original CHJ design has been
modified and the new design includes a dam that is high enough to produce a volume of total storage
similar to the previously mentioned 184 small reservoirs , and with the same drainage characteristics. The
proposed dam has a crown height of 21.5 metres, a riverbed altitude above sea level of 153 meters, and a
length of 250 metres. The spillway is located at 170 metres above sea-level and is 50m long. The storage
capacity of the dam is 15,770,579 m³. There is no lower drainage. The spill flow has been calculated using
the general hydraulic expression for overflow channels:

Qd = C v LH 3 / 2
An overflow coefficient of 2.1 is assumed. The length of the dam has been used for calculating spill flow
values, and when the water level is above the overflow level, as in these circumstances, the whole dam
would act as a large overspill channel. Figure xxx shows the curves characteristic of this type of proposed
scenario.
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Figure 6-5. Curves characteristics of the Cheste dam

An additional six scenarios based on the Cheste scenario are also proposed. These will have storage
capacities similar to those proposed in the retention scenarios for small reservoir(138, 92, 46, 16ª, 16 and
11, respectively). The hydraulic characteristics are similar to the initial scenario. In the following table are
presented the main characteristics of these proposed scenarios.
Table 6.13. Main characteristics of the proposed one single dam scenarios

Scenario
Cheste DAM
DAM 2
DAM 3
DAM 4
DAM 5
DAM 6
DAM 7
6.1.2.3

DAM height
(m)
21.5
20.0
17.0
14.0
11.5
11.0
9.0

DAM length
(m)
250
240
230
215
210
200
160

SPILLWAY
width (m³)
50
48
46
43
42
40
32

TOTAL VOLUME
(m³)
15,770,579
12,748,698
7,594,991
4,120,021
2,343,693
2,030,357
1,107,213

Optimised Cheste dam

This scenario is a modification of the Cheste dam designed by the CHJ and placed in another location.
The optimum behaviour of the reservoir is sought in order to accommodate the maximum number of
events within a 100-year return period with the lowest possible dam height (DIHMA, 2006).
The hydraulic characteristics of this scenario are different to those proposed above. In this case, the dam
will have a crown height of 23 metres, a riverbed height of 153 metres above sea-level. The lower
drainage point is 156 metres above sea-level with an opening of 10 square metres. The maximum storage
capacity of the reservoir is 19,104,968 cubic metres.
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Figure 6-6. Curves characteristics of the optimised Cheste dam

The calculation of drainage outflow is similar to that previously shown. The lower outflow has been
calculated using the hydraulic expression:

Qfondo = C d A 2 gH
When using the lower outflow coefficient: Cd equals 0.08.

6.1.3

Hydrological input scenarios

To take into account the spatial and temporal distribution of rainfall in the catchment area, a series of
storms generated with the RAINGEN-UPV synthetic model (Salsón and Garcia Bartual, 2003) were used.
Additionally, it was necessary to determine the initial level of moisture for these storms, which was
calculated with a methodology that used historical hydrological data collected over the past 50 years for
the catchment area.
6.1.3.1

Convective rainstorms synthetic scenarios

To maintain the characteristics of the spatial and temporal distribution of the rainfall, a total of 100 storms
were selected from a set of 217 synthetic storms generated with the Raingen-Upv model for the studied
area. Rainfall intensities were defined with a spatial resolution of 1000 metres.
Analysis of the maximum intensities after the extreme storm occurred in October 12th
2007
Last October 2007 an extreme storm occurred in the Mediterranean Spanish coastal regions, including the
Balearic isles. Such storm produced in certain geographical locations rainfall intensities clearly over some
of the highest ever recorded in the area (see figure below), in particular for durations between 3 and 6
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hours. These values have been statistically analyzed and compared to previous studies. In the framework
of this research project, such analysis has oriented the criteria for validation and filtering of synthetic
storms generated with RAINGEN model, which is described in detail in the appendix below. The
raingauges that recorded maximum intensities are shown in the figure.

Figure 6-7. Rain gauges that recorded maximum intensities

Peak rainfall intensities over 200 mm/h in ∆t=5 minutes were registered, and over 300 mm accumulated in
a time period of only 3 hours. These data give an idea of how torrential the event was. The damage
produced due to various flash-floods was very impressive. The event has been carefully analyzed after the
registers in 6 automatic rain gauges with ∆t=5 minutes. Maximum intensities of different durations were
obtained, and spatial characteristics of the event were also estimated according to the data provided by
the SAIH Centre (Automatic hydrological information system). At the Valencia rain gauge the total
cumulative rainfall was 170.9 mm during one day.
Intensity-duration curves have been computed for this storm at different locations. The resulting values are
in some cases much higher than those recommended from previous Studies and large return periods
(T=500). For instance, the following graphic shows the empirical I-D curve for rain gauge Alcalali,
compared to those for T=100, 200 and 500 years return period at Alicante (data taken from the National
Institute of Meteorology)
Without a scientific or physical rigorous base, we have adopted a limiting I-D curve as shown in the figure
below (red curve in next figure), just for the purpose of rejecting those synthetic storms produce by
RAINGEN that include at any geographical point or any time interval values over that upper threshold.
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Figure 6-8. I-D curve used as absolute upper limit, to be applied for filtering the synthetic events.

Geographical region for synthetic generation
The zone for synthetic generation covers a 50 x 25 km, with UTM coordinates at the SW corner X=682000
Y=4357000. The grid has cells of 1km x 1km, defining the spatial resolution for the synthetic rainfall
intensity field. Point rainfall hyetographs and areal averages can be obtained after the generation process.
Areal averages will be computed for each of the sub-basins in the graph, and also for the complete Poyo
basin (383 km2)

Figure 6-9. Geographical grid (1 km x 1km) for space-time rainfall generation

Parameters and criteria for synthetic rainfall generation
The parameters of RAINGEN model were estimated from recorded storms with the automatic hydrological
system network-SAIH (Confederación Hidrográfica del Jucar-Spain), following previous research [Salson,
García-Bartual, 2003].
From representative and realistic sets of parameters, different sets of parameters have been used
according to [Salson and García-Bartual, 2003], producing families of synthetic events in each case.
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Figure 6-10. Total cumulative depths in different stages of a synthetic storm generated with RAINGEN model

In a second step, a careful inspection of the properties for each one of the generated events was carried
out, discarding those with unreal I-D curves, intensities or total accumulated. The criteria followed for
upper intensity threshold was based on the criteria explained above.
It should be remarked that empirical I-D curves were computed for each geographical point and each
synthetic event, selecting only those events verifying the condition cited over the complete basin area.
Although the computational cost of this operation was very high, this verification process is necessary to
filter the initial family of synthetic rainstorms. A total of 100 synthetic events were finally selected, from
more than 200 initially generated. In a third step, each of them was qualitatively analyzed and describe
through the total rainfall depths spatial distribution, areal hyetographs, space and time correlation
functions.
Return period of synthetic events
The magnitude of the storms has been quantified in terms of the areal total cumulative rainfall over the
entire Poyo basin. More precisely, this value has been translated to an appropriate point-rainfall dailyequivalent (PD) through the formulae

PD =

24 ⋅ i28
ARF

where ARF is the areal reduction factor (0.828) and i28 is the average intensity (mm/h) during the most
intense 28-hour interval. This is a usual, commonly used criteria proposed by Spanish-Hydrographical
Studies Center at CEDEX-Madrid. The advantage of identifying storms in terms a point rainfall daily
equivalent is that it facilitates the assignment of a return period, as the extreme PD distribution is known
for the area from previous studies:

F ( PD ) = e

(

)

− k ⋅ 1+ α ⋅PD ⋅e

− α ⋅PD

with parameters k = 37,18 ; α = 0,481

The resulting distribution of return periods for the 100 selected synthetic events is depicted in the graph
below.
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Figure 6-11. Return period of the 100 selected synthetic events generated with RAINGEN model

The sample of synthetic events clearly covers a large range of return periods, including extreme storms
T>1000, keeping in all cases the essential structural properties observed in convective rainfall fields, as
conceptualized in the stochastic model RAINGEN. Such a sample allows a number of rainfall-runoff topics
to be investigated, accounting for the space and time variations of rainfall intensity.
Investigation on the convectivity index: Generating events with similar rainfall depth
and different convectivity index
One of the most relevant derived parameters in RAINGEN model is the convectivity index ζ (described in
the corresponding appendix). This index quantifies how much focused or localized are rainfall intensities in
space. Large ζ values are associated with intense, spatially localized rainfall fields. This means that
raincells centers tend to be far from one another, and also cell’s spatial extension tends to be reduced,
producing intense rainfall activity in small geographical areas. This index is analytically defined as

ξ=

1
D⋅ λ

being “D” the characteristic diameter that controls spatial extension of cells, and “λ” the intensity of the
spatial Poisson process governing raincells occurrence in space. The diameters associated with different
cells in the same storm actually have different values, and therefore the spatial extension from cell to cell
varies.
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Figure 6-12. The convectivity index values:

Where, (a)

ξ =1

; (b)

ξ <1

; (c)

ξ >1

The index has been computed for those events with total rainfall between 200 mm and 250 mm,
corresponding to return period values between 50 and 130 years. As the synthetic events in that interval
are only a few, new generations were launched, in search of storms with that magnitude that had, at the
same time, different convectivity index. All previously described process, including the validation,
qualitative description, derived parameters, etc was repeated for the new samples.
Finally, the resulting family of storms includes 75 synthetic events, covering a wide range of values for the
convectivity index (see figure below), and all them inside the interval [200; 250] for total cumulative depth
(mm).
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convectivity index
Figure 6-13. Convectivity index distribution

6.1.3.2

Initial condition of soil moisture

The synthetic storms are individual storms, so the initial level of moisture – essential in producing runoff –
is undetermined. The moisture level has been determined using a continuous daily simulation so as to
enable a statistical analysis of the initial condition in episodes of floodwaters in the Rambla del Poyo and
the Barranco del Pozalet.
The following information was used for modelling the daily scale: hydrological model input; information on
daily rainfall and temperatures over the past 52 years from the 13 INM metrological stations nearest to the
catchment area; and the average daily flow from the only gauging point located in the catchment area and
supplied by the automatic hydraulic information system of the CHJ.
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Calibration and validation of the daily scale model
The methodology described in the “Shuffled Complex Evolution–University of Arizona”( SCE-UA) was
used in the calibration. This sets an objective function that is minimized, and which in this case is the
mean squared error (RMSE). The model looks for a set of factor correctors which is as realistic as
possible. Data from December 2000 to June 2003 was used for the automatic calibration, with 100 days of
previous warming, and the remaining time series was used for validation. This series contained the most
important event that occurred in the period (October 2000).
According to the results obtained during the calibration of corrective factors in the Rambla del Poyo, we
found a good fit, with a volume error of 4.49%; a mean squared error (RMSE) of 0.5520; and a Nash and
Sutcliffe efficiency index (E) 0.8452.
Based on data available from September 1 to December 9, 1997, the initial moisture level was determined
for the validation. The model was executed with this correction in the humidity, as well as the factors
obtained in the calibration of the model. Satisfactory results were obtained – recording a volume error of
19.08%; a mean squared error (RMSE) of 2,173; and Nash and Sutcliffe efficiency index (E) of 0.6381.
Statistical analysis
Student’s t-test was applied to measure whether there is a statistically significant correlation between: the
total storm precipitation for generated events over a minimum of the 5 m³ per second threshold, and the
moisture level in the soil before the storm started. The test was performed for all events – with a
separation between those that occurred in autumn and in other seasons. The results are shown in Table
6.14.
Table 6.14. Results of statistical analysis of the initial condition of soil moisture

Events ocurring in:

r2

r

n

t

The entires series
In autumm
Different seasons of autumm

0.226
0.053
0.063

0.475
0.231
0.251

33
17
16

3.01
0.92
0.97

t crit
(α
α = 0.05)
1.698
1.74
1.75

t crit
(α
α = 0.01)
2.456
2.57
2.58

H0
R
A
A

When,
R = Rejected
A = Accepted
An analysis of the test results indicated that if the events are grouped by seasons, independence among
the variables for a reliability level of 95% is accepted. However, if we consider all the events in the same
population, independence is rejected, and therefore, the previous level of the moisture in the soil is
important.
These results are consistent, because when we look at the graphics it can be seen that all the events not
occurring in autumn, required as a prior condition, soil moisture levels above 40%; whereas events
occurring in autumn (the season when there is a high probability of storms with considerable
precipitations), were generated for the entire range of moisture levels. In both cases, there appears to be
a decreasing trend indicating that the higher the previous moisture level, the lower the magnitude of the
storm needed to produce an event when the threshold is taken as a criterion (5 m³ per second in this
case). In the figures 6-14 to 6-16 show this these results.
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Figure 6-14. Results of statistical analysis for the entires series
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Figure 6-15. Results of statistical analysis in autumm
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Figure 6-16. Results of statistical analysis to different seasons of autumm

According to the results, two representative initial conditions were estimated:
Initially DRY moisture condition with 10% of the maximum static storage for all cells, and
a probability of presentation of 0.4.
Initially WET moisture condition with 70% of the maximum static storage for all cells, and
a probability of presentation of 0.6.

6.1.4

Hydrological simulations

In accordance with the methodology used, at this stage the hydrological model has been calibrated and
validated satisfactorily and various scenarios providing hydrological input have been defined which
consider any flood reduction measures taken; and secondly, contain a set of synthetic storms with varying
spatial variability of rainfall and pre-storm levels of soil moisture. This can be summarized as follows:
Present hydrological scenario compared with the current hydrological retention scenarios in
the territory – there are 14 scenarios with similar local retentions and storage capacities
(seven scenarios for small and medium-sized dams and seven scenarios for a single
reservoir) and one optimized local retention scenario with an optimized single dam. Secondly,
there are four land-use change scenarios.
100 synthetically generated storms made with the RAINGEN model
Two initial humidity soil levels which are representative of the catchment area: an initial dry
moisture level with a presentation possibility of 0.4 (static storage capacity is at a maximum of
10%), and a of wet initial moisture level with a probability of presentation of 0.6 (storage
capacity is static at 70% of maximum).
In conclusion there are 20 hydrological scenarios, 100 synthetic storms, and two initial moisture levels.
Therefore, 200 hydrological scenario simulations have been implemented – creating a total of 4000
hydrological simulations. The results of these simulations are discussed in the following chapter.
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6.1.4.1

Discharge statistical analysis

Methodology
The methodology for the discharge statistical analysis consists of estimating the non-excedence
probability of the peak discharges obtained from the synthetic storms that take into account the previously
established initial conditions. A bivariate analysis (Francés and Madriñán, 2004) is proposed which
assumes the existence of two random correlated variables, namely, a storm expressed as the maximum
area precipitation in 24 hours and termed R; and the maximum flood flow termed X. The aim, therefore, is
to determine the marginal X distribution function, based on a sample of X conditional values for a nonrandom storm R with a known marginal distribution. (
By definition, the conditional probability or occurrence probability of an event x given that the event has
already happened r, is denoted as follows:

P( x r ) =

P(r , x)
P(r )

Equation 1.

P(r , x)

is the occurrence probability of r and x at the same time, and
where
probability of r.

P (r ) is the occurrence

The equation (1) can be written in terms of probability density functions:

f R , X (r , x)

f X r (x r) =

f R (r )

Equation 2.

Also, by definition, the distribution function of a continuous random variable assessed to a threshold value
given is:
a

∫f

FX ( a ) = P( X ≤ a ) =

X

Equation 3.

( x )dx

−∞

p( X ≤ x)

F (a)

where X
is the distribution function,
is the non excedence probability and
probability density function evaluated for the random variable X.

f X ( x) is the

According to the equation (3), the distribution function assessed until a threshold value given to a
conditional variable, can be:
a

∫f

FX r ( a r ) =

X r

( x r )dx

Equation 4.

−∞

And its bivariate distribution function, evaluated within an interval with upper limit b:
a

FX , R ( a, b) =

b

∫ ∫f

X ,R

( x, r )dx.dr

Equation 5.
Clearing in the equation (2) the term FR, X (r x) and replacing in the equation (5), is:
−∞ −∞

a

FX , R ( a, b) =

b

∫ ∫f

X r

( x r ). f R (r )dx.dr

−∞ −∞

Now replacing the equation (4) at (6), is:
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∞

∫F

FX , R ( a, b) =

X r

(a r ). f R (r ).dr
Equation 7.

−∞

The distribution function of the variable conditional X, can be expressed as follows:

FX ( a ) = FX , R ( a, ∞ )

Equation 8.

Replacing the equation (7) in the expression (8), is:
∞

FX ( a ) =

∫F

X r

(a r ). f R (r ).dr
Equation 9.

−∞

To evaluate the equation 9 by intervals (Ri, Ri +1), we can rewrite as follows:
∞

Ri + 1

i =0

Ri

FX ( a ) = ∑

∫ FX r ( a r ). f R ( r ).dr

Equation 10.

Then, by the mean value theorem of Lagrange, can be performed the following approximation of the
integral:
∞

FX ( a ) = ∑ FX r ( a r*) [F ( Ri +1 ) − F ( Ri )]

Equation 11.
where r* is a midpoint of the range of integration. The conditional distribution function value can be
approached by a simple "plotting position":
i =0

∞

FX ( a ) ≈ ∑
i =0

ni (a)
[F ( Ri +1 ) − F ( Ri )]
Ni

Equation 12.

where ni (a) = observations number less or equal than a, within the interval i of the range [Ri, Ri +1] and Ni
= total number observations within the i.
To take into account the state of initial moisture levels in the catchment area, a new variable has been
introduced. As stated earlier, this case study has identified two representative initial levels of moisture with
a probability of presentation, i.e. the probability of an event occurring in the dry state is 0.4. Finally, it can
be obtained the plotting positions for the marginal distribution of X:

∞

ni ( a )
Fdry ( Ri +1 ) − Fdry ( Ri ) +
i =0 N i
∞ n (a)
j
+ P[M = wet ]∑
Fwet ( R j +1 ) − Fwet ( R j )
j =0 N j

FX (a) ≈ P[M = dry ]∑

[

]

[

]

Equation 13.

To estimate the probability of joint presentation between an initial dry moisture level and the initial wet
moisture level, the frequencies of these states and ranges or intervals of presentation have been identified
for this methodology – with the aim of obtaining the best representation of probabilistic space for the
sample (Table 6.15)
Table 6.15. Return period intervals of the 200 synthetic storms
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Interval
1
2
3
4
5
6
7
8
9
10

Lower limit

Upper limit Accumulative
Frequency
frequency
return period in years
1.00
9.0
20
10
9.00
27.7
40
10
27.72
41.4
60
10
41.40
67.2
80
10
67.20
104.7
100
10
104.65
206.2
120
10
206.22
500.0
140
10
500.00
980.0
160
10
980.00
2,040.0
180
10
2,040.00
676,174.5
200
10

Results – Plotting positions
Have been defined the plotting positions of all scenarios proposed (present, one single dam, small
reservoirand afforestation) using the results of hydrological simulations with TETIS model. In Figures 6-17
to 6-19 presents the results of applying the methodology explained above.
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CHESTE dam
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CHESTE dam optimum
CHESTE dam 2
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CHESTE dam 3
CHESTE dam 4
CHESTE dam 5

Peak discharge in m³/s

1400

CHESTE dam 6
CHESTE dam 7
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Figure 6-17. Plotting positions of one single dam (Cheste dam) scenarios
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Figure 6-18. Plotting positions of small reservoirs scenarios
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Figure 6-19. Plotting positions of afforestation scenarios

They have been grouped in the graphs 6-20 to 6-22, scenarios that can be compared with the criteria of
similar mean areal increase retention in volume in the basin.
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Figure 6-20. Plotting positions of comparative scenarios (mean areal increase 3 mm)
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Figure 6-21. Plotting positions of comparative scenarios (mean areal increase 5 mm)
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Figure 6-22. Plotting positions of comparative scenarios (mean areal increase 6 mm)

6.1.4.2

Peak discharge reduction analysis

Have been extracted at various points of interest in the basin, the maximum peak discharge obtained
through the hydrological simulations for different scenarios, initial conditions and number of events. In
Figures 6-23 to 6-25 presents a representative example of the results of the peak discharge reduction
respect to the present scenario analysed at basin outlet (Rambla del Poyo – Pista de silla).
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Figure 6-23. Peak runoff reduction by afforestation scenario (mean areal increase 6 mm)

Figure 6-24. Peak runoff reduction by small reservoirscenario (mean areal increase 6 mm)

Figure 6-25. Peak runoff reduction by one single dam scenario (mean areal increase 6 mm)
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6.2 Kamp catchment
For catchments where the topography does not allow the construction of big retention basins at the river
reaches, alternative measures for the peak reduction of floods have to be found. One possibility is the
change of land use within the catchments. The idea is to maximise the fraction of area with great potential
to retain precipitation in the landscape. Generally speaking, areas with plant cover have the capacity to
retain precipitation for a longer time in the landscape than do agriculturally used areas. Litter on the forest
floor increases the potential to retain water in the catchment.
Another possible method to reduce flood peaks is the construction of small retention basins within the
catchment. These small retention basins are termed microponds in this report.The operating mode of
these microponds is different from conventional retention basins. The basic difference is that microponds
retain surface runoff on the hill slopes instead of discharges along river reaches.The volume of one
micropond examined here is about 100 m³. Therfore numerous microponds are necessary to obtain any
substantial retention volume within the catchment.

6.2.1

Landuse change scenarios

To simulate how land use change affects the formation of floods, the hydrological rainfall-runoff model is
applied to the Zwettl/Kamp catchment in this study. Figure 6-26 shows the catchment boundary as a red
line.

river gauge
Zwettl/Kamp

area
622 km²

10 km

Figure 6-26. Location of the catchment Zwettl/Kamp (red line). River gauge (black triangle).

The total catchment area is 622 km². About 47% of the catchment area is coverd with forest. The land use
in the remaining catchment area consists of agricultural land, grassland and meadows, residential areas,
swampy, wet areas and table land. Figure 6-27 shows a satellite image (LANDSAT 3) of the catchment
Zwettl/Kamp. The dark green regions indicate the forested parts of the catchment. Forestry is
concentrated in the southern and western parts of the catchment. These arethe highest parts of the
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catchment and significantly contribute to total catchment runoff. To quantify the effect of land use change
on flood generation, two scenarios are defined. In the first scenario, agricultural areas in the hilly areas
and along river valleys are changed to forest (39% of the catchment). The second scenario is defined by
the complete deforestation of the forested areas within this catchment and is examined for comparison
purposes. The swampy areas and table lands in the north-eastern part of the catchment are not changed
in the land use change scenarios.
Figure 6-28 shows the spatial patterns of land use and a summary table for the present situation and the
two scenarios - deforestation (scenario 1) and afforestian (scenario 2). In addition to the distinction
between forested and not forested areas, hills and steep slopes are differentiated. Compared to the hills,
the steep slopes are characterised by lower storage capacity of soils and faster runoff response. The 47%
of forested area of the present situation can be subdivided into 14% steep slopes and 33% hills. The open
areas consist of 9% steep slopes and 30% hills. For the first scenario (deforestation) the not forested area
consists of 23% steep slopes and 63% hills. For the second scenario (afforstation) the forsted areas is
subdivided into steep slopes and hills by the same percentage.

Figure 6-27. Satellite image of the catchment Zwettl/Kamp (622 km²) – present land use. Dark green indicates forests.

Because of the high concentration of urban areas, wetlands and table lands, which are excluded from
deforestation and afforestation, the north-eastern part of the catchment is hardly affected by land use
changes in both scenarios. Afforstation of urban areas is not a realistic case. The table lands hardly
contribute to runoff generation and are characterised by very slow runoff responde. Therfore, the change
of natural cover would not lead to a significant change of hydrologic response behaviour.
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Figure 6-28. Land use change scenarios

In the spatially distributed hydrologic model, the land use change scenarios are incorporated by changing
the model parameters (see section 5.2). The model parameters for runoff generation and surface runoff
account for the influence of forested areas. The portion of direct runoff is mainly influenced by the storage
capacity Ls and the parameter β, which accounts for the non linearity of runoff generation processes. The
occurrence of surface runoff depends on the threshold value L1. This threshold defines the storage level
at which the capacity of the upper soil layer is exhausted and the overflow of the reservoir begins. The
influence of a higher storage capacity Ls on the simulated runoff generation is shown schematicly in figure
6-29. Assuming a constant rainfall input, the relative soil moisture increases more slowly in the case of a
higher storage capacity (forested areas) than in the case of shallower soils (not forested areas). Therfore,
the effective rainfall is lower for greater storage capacities because of the lower realative soil moisture for
the same rainfall input in forested areas with deeper soils than in not forested areas with shallow soils.
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Figure 6-29. Influence of storage capacity of soils on runoff generation (schematic)

The reduction of effective rainfall through lower relative soil moisture is amplified by the non linearity
paramter β (figure 6-30). The subdivision of rainfall and snow melt into an effective rainfall fraction dQ and
a fraction which is retained in the soil dSS is related to the relative soil moisture (equ. XX, section XX). A
linear relationship between the fraction of effective rainfall dQ and the relative soil moisture Ss/Ls exists
only for β=1. Greater β values cause the reduction of the effective rainfall dQ and amplify the non linear
model behaviour. For a relative soil moisture of 75% (dotted line in the right panel of figure XX) and a β
value of, 1 75% of the rainfall becomes runoff. For the same soil moisture and β=3 only 40% and for β=5
only 12% of the rainfall become runoff. The remaining rainfall fraction is retained as soil storage and
increases the relative soil moisture. Forested areas are parametrised with higher β values than not
forested areas.
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Figure 6-30. Non linearity of runoff generation

Figure 6-31 shows schematically how the runoff response is influenced by the threshold value L1 for the
occurrence of surface runoff. This threshold value has a significant influence on the hydrological response
time. For surfaces in forested areas one can expect slower runoff response than for agrigultural areas and
grass land. Therfore, in not forested areas, higher threshold values are set than in forested areas. This
results in slower runoff response from forested areas, because the fast runoff component Q0 occures only
for higher storage levels and the runoff response is dominated by the slower component Q1. The surface
runoff is modelled as on overflow storage with a storage coefficient k0 in the order of a few hours. The
slower interflow is parameterised by a storage coefficient in the order of 40 hours.
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Figure 6-31. Threshold for the occurence of overland flow

Figure 6-32 shows a photo of a typical forest in the catchment Zwettl/Kamp. The forests in this region are
dominated by coniferous woodland. In addition to coniferous forest, some mixed forests can be found in
the catchment. The surface in the forested areas are typically covered by a layer of needles and leaves
(i.e. forest litter). A photo of such a typical forest surface is shown in the right panel of figue 6-32. The
layer of needles and leaves on the surface results in an additional storage volume and delays the
occurrence of surface runoff.
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Figure 6-32. Typical soil in forested areas of the catchment

The rainfall-runoff simulations for changed land use are based on the parameter values from model
calibration with present land use in the catchment. In case of the deforestation scenario for the affected
areas (figure 6-28) the parameters of the forested areas are replaced by those of the areas that are not
forested. Similar to this procedure, the parameters for the forested areas are set for the afforestation
scenario. The model parameters used for the forested and not forested areas in the catchment
Zwettl/Kamp are listed in table 6-16. The change of land use is applied to the steep slopes along the river
reaches and the regions with a hilly relief. The slopes and river valleys are characterised by steep slopes
and shallow soils. In general, the storage capacity in forested areas is greater and the runoff response is
slower than in the areas that are not forested. Overland flow mainly occurs on the steep slopes along the
river reaches. The greater capacity to retain water in the forested areas is represented by a greater
storage capacity L1 of the soils (20 mm greater than in the not forested areas). The non linearity
parameter β is set to a value of β =3 for forested slopes and β =5 for forested hills. For not forested areas,
the less distinctive non linearity of runoff processes is represented by lower parameters β for the slopes (β
=2) and hills (β =2). The threshold parameter L1 for the occurrence of surface runoff is set to 15 mm for
forested slopes and 7 mm for not forested slopes. Therfore, the runoff response in the not forested regions
is much faster than in the forested areas. Surface runoff rarely occurs in the hills with moderate slopes.
Therefore, no differentiation of the paramter L1 for forested and not forested hills is made. In both cases,
the threshold L1 is set to 50 mm. Any further increase of this value would not result in different
simulations.
Table 6.16. Model parameters for forested and not forested HRUs
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6.2.2

Microponds

In the following section, the potential for flood peak reduction by the application of many small retention
basins (microponds) is analysed for the catchment Zwettl/Kamp (figure 6-26).The basic principle of this
method is to retain the suface runoff at the hillslope by the small dams. The volume of such a micropond is
in the order of 100m³. The idea is to retain a fraction of the surface runoff in the catchment. Therfore, the
construction of many of these microponds is necessary. Another effect of the micro ponds is the reduction
of the downhill soil moisture. Areas which are not influenced by microponds contribute to the flood
discharge in a similar way as in the case without microponds. This retention strategy is different from
conventional retention basins along river reaches where the entire discharge is retained until the reservoir
is full.
Based on the model structure (section 5.2) some modifications to represent the additional water water
retention of the microponds in the catchment are made.
The changes in the model structure are marked red in figure 6-33. The microponds are represented by
additional bucket storages with a fixed spill over. A fraction of the effective rainfall dQ drains into the
bucket storage. This fraction dQM can be written as:

dQM = dQ ⋅ α M
where aM is the ratio of the pixel area drained into microponds and the total area of a pixel element. The
storage capacity is limited by the threshold LM. If the water level exeeds the threshold LM, the bucket
storage spills over and the additional water dQM* increases the effective rainfall dQ. At this point, the
storage capacity of the micropond is exhausted and the runoff response is similar to the runoff response
without microponds.
The microponds are only drained by constant deep percolation to the ground water storage S3. The
drained water from the microponds contributes to runoff with a cerain delay in time and hence does not
contribute to the fast runoff processes during the rising limb of floods. This is because of the very slow
ground water processes.

Figure 6-33. Structure of the hydrologic model at the pixel scale. Changes in the model structure are marked red.
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The modificitaion of the hydrologic model to account for microponds in the catchment results in three
additional model parameters: the areal fraction of the grid elements drained into microponds aM, the
threshold for limiting the storage capacity of the bucket LM and the constant deep percolation rate percM
for drainage of the bucket storage. The parameters are set as lumped values for the entire catchment
Zwettl/Kamp. An areal fraction aM of 0.4 is assumed for the entire catchment. Hence 40% of the
catchment area drain into microponds. The threshold LM is set to 3 mm. The microponds drain with a
constant percolation rate of 1 mm/day. A full bucket storage (3 mm) empties within a dry period of three
days and the full retention capability of the bucket storage is recoverd. The parameter values are listed in
table 6-17.
Table 6.17. Parmeter values for the micropond scenario

Table 6-18 shows the estimation of the necessary amount of microponds in the catchment Zwettl/Kamp.
For each pixel element (1km²) an additional storage capacity of 0.4*3mm*1km² is obtained. An additional
retention volume of 750000 m³ then results for the entire catchment Zwettl/Kamp with a total area of 622
km². Based on a mean storage capacity of 100 m³ per micropond, a total number of 7500 microponds or
12 microponds per km² are necessary to obtain this retention volume.
Table 6.18. Estimation of necessary microponds

Total catchment area:

AC =622 km²

Areal fraction drained into microponds:

AM =AC * aM = 249 km²

Entire retention volume of microponds:

VM=AM*SM= 746 400 m³

Mean storage volume of a micropond (10 x 10 x 1 m):

Vi=100 m³

Total number of microponds in the catchment:

nM = 7464

microponds per km²

ca. 12

Locations with suitable natural topographic and hydrologic characteristics are a good choice for
constructing the microponds. Natural depressions can be used to minimise the constructive effort. The
upper panel of figure 6-34 shows a possible location for a micropond at an agriculturally used slope in the
catchment Zwettl/Kamp. The position of the dam is marked in red area. The light blue area indicates the
estimated size of the micropond. Another example for a possible micropond is shown in the lower panel of
figure 6-34. A natural depression at the bottom of a slope can be used for the construction of a micropond.

113

CRUE FUNDING INITIATIVE ON FLOOD RISK MANAGEMENT RESEARCH
ROOM FOR THE RIVER

Figure 6-34. Feasible locations for microponds in the catchment Zwettl/Kamp
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6.2.3

Results

To evaluate the influence of changed land use scenarios and the construction of small retention basins on
flood generation processes, 10 different flood events in the catchment Zwettl/Kamp are analysed. Table 619 shows a summary of the main flood characteristics. Peak discharges, event types and initial catchment
moisture are listed for 10 flood events. For each event, a number of simulation runs are carried out. In
addition to the original model configuration and parameterisation the scenarios of deforestation,
afforestation and the scenario with microponds are analysed. The initial model states for all scenarios are
based on a continous simulation (starting in 1993).
Table 6.19. Summary of the flood events examined in this study.

event

Peak
discharge
[m³/s]

Event type

Initial wetness

May 1996

120

Rain on snow

wet

August 1996

12

convective

dry

December 1997

23

Rain on snow

wet

March 1998

24

convective

wet

July 1999

57

advective

dry

August 2002-1

458

advective

dry

August 2002-2

367

advective

wet

July 2005

95

advective

dry

August 2005-1

67

advective

dry

August 2005-2

65

advective

wet

The comparison of the model results for the simulation scenarios and the observed hydrograph for a
convective event in 1996 at the gauge Zwettl/Kamp is shown in figure 6-35 to 6-37.
At the beginning of this event the catchment was dry. High rainfall intensities in the city Zwettl at the
beginning of the event resulted in very fast runoff response (sharply rising limb). The second rainfall block
with lower intensities increases the discharge again. During the first increase of discharge only small
differences between the different simulation scenarios can be observed. The second discharge peak is
reduced by the microponds and the afforestation secenario. The simulated discharge for deforestation
scenario is clearly higher than the second peak simulated with the original model configuration.
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Figure 6-35. Micropond scenario for the 1996 event at the Kamp.

Figure 6-36. Afforestation scenario for the 1996 event at the Kamp.
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Figure 6-37. Deforestation scenario for the 1996 event at the Kamp.

Figure 6-38. Micropond scenario for the 2005 event at the Kamp.
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The simulation results for an advective event in August 2005 at the gauge Zwettl/Kamp are shown in
figure 6-38 to 6-40. After a long dry period which results in dry catchment conditions, heavy rainfall
occurred in August 2005. The additional retention volume of the microponds results in a small runoff
reduction during the entire flood. The reduction starts at the rising limb of the flood and remains constant
during the flood event. The flood peak is reduced from 65 m³/s to 60 m³/s. For this event, the land use
change has a greater effect on the flood flows than have the microponds.

Figure 6-39. Afforestation scenario for the 2005 event at the Kamp.

The higher storage capacity of the afforested regions results in a flood peak reduction from 65 m³/s to 45
m³/s. The reduced soil moisture leads to a larger retention volume in the afforested areas and therefore
the volume of the flood is reduced. The deforestation scenario influences the flood generation in the
opposite way. The first increase of the discharge occurs much earlier and the simulated flood peak
reaches nearly 100 m³/s. The peak discharge for the deforestation scenario is 35% higher than the peak
simulated with the original model configuration.
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Figure 6-40. Deforestation scenario for the 2005 event at the Kamp.

Figure 6-41. Micropond scenario for the 2002 event at the Kamp.
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Figures 6.41 to 6.43 show the results of the rainfall-runoff modelling for an extreme flood event at the
gauge Zwettl/Kamp in August 2002. The estimated return period of this event is in the order of 1000 years.
Within a time period of 48 hours, approximately 200 mm of rainfall were observed. At the beginning of the
event, the catchment was dry.The observed peak flow of 460 m³/s is much higher than all historical flood
peaks. The effect of the microponds on the flood event is small. The additional retention volume is already
exhausted during the first rise of the flood hydrograph.

Figure 6-42. Afforestation scenario for the 2002 event at the Kamp.

The flood peak reduction for the scenario of afforestation in the catchment is very small, too (Fig. 6-42).
For the first part of the flood a reduction of about 10 m³/s compared to the original model configuration can
be observed. The reduction of the flood peak is about 10m³/s, too. This means, the flood mitigation is not
substantial. The scenario of deforestation results in a 30 m³/s higher flood peak than the original
simulation result indicates.
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Figure 6-43. Deforestation scenario for the 2002 event at the Kamp.

6.3

The Upper Iller catchment

To analyse the efficiency of flood retention measures in the landscape a number of different scenario
simulations were run for the Upper Iller catchment. These scenarios include both, scenarios of land use
change as well as scenarios of small local retention measures (microponds and small retention
reservoirs).

6.3.1

Afforestation scenarios

The scenarios for the increase in forested area were generated in the following way:
1) only pastures/meadows below the tree line were considered as potential areas for forestation
2) as the subcatchments of the Upper Iller are characterised by a steep topography and the more
level pieces of land are the most valuable to the farmers, only pastures/meadows with a gradient
of more than 5% were chosen as potential forestation areas
3) furthermore, only plots of at least 5000 m² were considered for forestation
The resulting increase in forested area for each of the subcatchments is shown in Figure 6-44 and Table
6.20.
Table 6.20. Forestation scenario: increase in forested area for each of the subcatchments.
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subcatchment

ID

forested
mean
area
area
elevation
[km²]
[m]
[km²]

Kempten

1

246

827

2

46

3

Ostrach

forested
area [%]

scenario:
forested
area [km²]

scenario:
forested
area [%]

increase
forested
area [km²]

relative
increase
forest

46.2

18.8%

136.1

55.3%

89.9

2.9

1277

20.9

45.1%

39.2

84.5%

18.3

1.9

131

1062

56.9

43.8%

102.4

78.9%

45.5

1.8

4

127

1432

35.9

28.3%

78.1

61.5%

42.2

2.2

Burgberger
Starzlach

5

20

1180

15.5

78.0%

19.3

97.3%

3.8

1.2

Breitach

6

117

1521

54.0

46.2%

86.2

73.7%

32.2

1.6

Stillach

7

81

1473

20.3

25.0%

41.2

50.8%

20.9

2.0

Trettach

8

74

1543

12.5

16.8%

37.3

50.0%

24.8

3.0

entire
catchment

/

954

304.7

31.9%

582.2

61.0%

277.6

1.9

Gunzesrieder
Ach
Sonthofner
Iller

Figure 6-44. Forestation scenario: increase in forested area for the Upper Iller catchment.
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An increase in forested area directly effects interception, evaporation and transpiration via the plant
parameters, LAI (leaf area index), root depth, canopy resistance to wind, and albedo. Furthermore, it is
assumed that in the long term, a change in soil properties will also result forestation. This in incorporated
in the simulation as an increase in soil storage capacity by 2 Vol. %. The value of 2 Vol. % was chosen in
order to make the results of the Upper Iller case study comparable to those of the Kamp case study.
As a result two forestation scenarios were generated for each of the 8 subcatchment
1) increase in forested area following the criteria described above
2) increase in soil storage capacity by 2 Vol.% for newly forested areas.

6.3.2

Microponds

For purposes of comparison, a scenario using micropondes similar to those in the Kamp case study was
generated: Small retention hollows (~10-100 m³) are proposed for keeping the water in the landscape. An
average potential storage capacity of 1.2 mm is assumed (as has also been done in the Kamp study). This
scenario is incorporated in the model as follows: the potential of the surface retention is increased by 1.2
mm. This storage can only be filled by infiltration or saturation excess. Once neither saturation excess nor
infiltration access are generated any longer (e.g. after the rainfall event or at lesser rainfall intensities) the
storage is emptied by infiltration. However, as these water filled hollows are likely to cause sedimentation
of fines on the soil surface not the soil characteristic hydraulic conductivity is assumed for infiltration from
-8
these hollows but a strongly reduced conductivity, in our case 1*10 m/s.

6.3.3

Micro-reservoirs

In a next step a scenario of slightly more sophisticated micro-reservoirs is generated. The potential
location and volume of these reservoirs has been determined in during a field campaign in May 2007.
These reservoirs are based on the local microtopography and are thought to be restricted by a small dam
with a culvert. These micro-reservoirs are defined by their catchment size, a constant outflow and a fixed
volume. Only a fraction of direct flow is routed into these reservoirs. This fraction is defined by the ratio of
catchment size of the reservoir over the size of the subcatchment. The catchment of the reservoir is
determined with the help of a GIS analysis of the digital elevation model given the location of the reservoir.
If the so defined fraction of direct flow exceeds the value of constant outflow the reservoir starts to fill up. It
will empty with the given outflow rate. If the reservoir is filled it will flow over and the outflow is the sum of
the spillage and the constant outflow rate. Volume and location of the simulated micro-reservoirs is given
in Figure 6-45. However, these micro-reservoirs are modelled on subcatchment basis, i.e. the volume of
reservoirs over the subcatchment is accumulated and modelled as a single storage. Similarly the
cumulated catchment size of all micro-reservoirs in a subcatchment is used to define the fraction of direct
flow that is routed into the reservoir. Summed up over the entire catchment we obtain a retention volume
of 452 000 m² and a cumulated reservoir catchment area of 90.3 km². This volume is small compared to
the polder which was built north of Immenstadt with a volume of 6 800 000 m² (construction started 2001
and will be completed in 2009).
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Figure 6-45. Microreservoirs: scenario for the Upper Iller catchment (the two largest reservoirs in subcatchment 1 and 3 are already
existing structures and are thus not incorporated into the modelled scenario).
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7 Hydraulic modelling
7.1
7.1.1

Rambla del Poyo basin
Cartography

The cartography used in a study of flooding is a major parameter that will affect the quality of the final
results. At this point defines the main features of cartography used, as well as its treatment for generating
digital terrain models and data input to the hydraulic models, so that results from them are consistent with
the scale and requirements of the study.
7.1.1.1

Reference System

The planimetric reference system is ED-50 (European Datum 1950), and the cartographic representation
system is UTM (Universal Transversa Mercator). As for the altimetric reference system, the origin of
altitude is referred to mean sea level in Alicante.
7.1.1.2

Mapping Sources

The mapping used in the study was obtained from two photogrammetric flights at 1:8000 conducted in
2003, obtaining vector cartography at 1:2000.
However, the scope of the hydraulic model includes areas not covered with photogrammetric flights, so it
has had to use a DEM with resolution of 10 meters, owned by the regional government.

Figure 7-1. Mapping sources used
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7.1.1.3

DEMs Generation

The method of modelling terrain is a Triangular Irregular Network (TIN). This method consists in creating a
network of nodes with the values of altitude, which are connected by lines, creating a network of triangles
with their respective sides, which define the ground from levels generated.
Thus, we will have a data structure in which the ground is represented by all flat surfaces that are in line
with a previous structure points
For the generation of the DEM in the study area have followed the following steps:
Filtering of cartography: While all elements of cartography are represented in three
dimensions, it is necessary to filter out some of the layers of the same in order that the
resulting DEM represent faithfully the ground depending on the needs of hydraulic models.
Integration of cartographic sources: Although the cartographic sources are in the same
reference system, we must make sure to maintain consistency between the maps before
making the calculation of digital elevation model.
Generation of MDT as a TIN: Once revised mapping and integrated both sources is the
calculation of DEM as a TIN (triangular irregular network)
Generation of MDT as a raster format (GRID): Once the TIN has been generated, we have to
transform it to raster format (grid) with a resolution of cell dependent on the accuracy required
in the hydraulic model.
Adding buildings to MDT: Since the digital elevation model will be integrated into a hydraulic model, we
must bear in mind that these buildings pose an obstacle to the passage of water, so that must be
integrated into the MDT. The way to integrate the MDT in buildings in a raster format, is to raise the cells
of the land for each building, a height equivalent to the height of the building.

Figure 7-2. Generation of the Digital Elevation Model
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7.1.1.4

Calculation of cross-sections

Another of the applications that will take the digital terrain models will calculate cross sections. These
allow to define the optimal size of cell for two-dimensional modelling, as well as obtain sections of the
channels in areas where they are going to do a one-dimensional modelling of the same.
For this calculation has been used sections of the TIN model, since its resolution depends on the density
of cartography used, rather than the width of two-dimensional mesh model.
It defined sections perpendicular to the channel so faithfully as may be required changes in the hydraulic
capacity of the same, and then intersect with the digital terrain model in order to get tables in the
appropriate format for data entry to hydraulic model .

Figure 7-3. Definition of cross-sections

7.1.2

Topology model and boundary conditions

One aspect as important as the simulation of overland flows by a mathematical model appropriate, is the
introduction of topographic data, geometric structures and obstacles, roughness and flow, and the
conditions for internal and external contour.
In this regard visits are vital field (in our case and they have been) for verification, completed or
modification of the data obtained starting on the basis of available records.
The two-dimensional (2D) model used consists of a parent grid computing of 216,068 cells in size 30x30
meters, distributed in 663 rows and 744 columns. The maximun level of the parent grid is 141,380 while
the minimum is worth -6,012:
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Figure 7-4. 2D model. Size 30x30 cell with nested 10x10

To win record in more urbanized areas have nested grids 3 children of cell size 10x10 meters with the
following characteristics:
Table 7.1. Characteristics of 3 children grids nested of cell size 10x10 meters

Rows
Cols
Cells
Mean level
Min level
Max level
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POLIGONO
209
278
58102
81.11
67.24
97.81

ALDAIA
377
563
212251
56.15
36.14
97.28

CATARROJA
419
389
162991
10.37
-2.00
30.28
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Figure 7-5. 2D model. Size 10x10 cell in the Polygon l’Oliveral

Figure 7-6. 2D model. Size 10x10 cell in Aldaia
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Figure 7-7. 2D model. Size 10x10 cell in Catarroja

The resolution's working model parent grid often is not enough to reliably represent the ability of channels.
A standard practice is to attach two-dimensional model (coupling 1D/2D) sections introducing onedimensional sections of the channel obtained from mapping detail.
The modeling of Poyo river has been done with a model one-dimensional (1D), logging throughout the
stretch to two-dimensional (2D) grid with the parent of 30x30 metres, except for its passage through the
town of Catarroja where it connects with the child grid of 10x10.
As elements of one-dimensional model have been introduced a total of 351 sections and 351 points
calculations that allow cross-connectivity with the two-dimensional model:
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Figure 7-8. Outline 1D in the Poyo River.

Figure 7-9. Coupling 1D/2D.

For the estimated overlandflows have been introduced 15 lines of control provisions in the twodimensional model to measure variables such as flow circulating through them:
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Figure 7-10. Lines of control in the two-dimensional model

7.1.2.1

Boundary Conditions

As a condition of contour have been considered the main hydrographs obtained from the hydrological
study conducted with TETIS, simulating a total of 21 events.
Bidimensional
The only direct entry to two-dimensional model for the hydrograph generated in the Pozalet Catchment.
This condition contour is introduced directly into the Grid (child) Polygon industrial l'Oliveral.
Downstream of the model, in the Albufera and mouth of the Turia, has imposed a condition of sea level
equal to 0.5 meters.
Unidimensional
The hydrographs for the Poyo, Gallego and Horteta Rivers have been introduced in the one-dimensional
model.
Downstream, in connection with the two-dimensional, has used a 1D2D Internal Boundary Line, allowing
the exit flow toward the Albufera.
The following table can appreciate the simulated events with their respective characteristics:
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Table 7.2. Main characteristics of the events simulated hydraulically at Poyo catchment

Nº
evt Inicial Soil Precipitation
Raingen
Moisture
Raingen

Tr
(años) Tr
(años) Máx
Flor
Ppt
runoff
(m3/s)

135
22
183
195
186
168
172
100
203
175
192
63
67
151
40
99
155
196
124
32
Oct-00

1.3
4.3
6.4
32.4
76.8
49.6
115
38.7
233.5
77.8
596.9
1200.2
166.5
38.1
63.4
498.6
1450.6
129.1
257.9
964.7

70
70
10
10
70
70
10
10
10
70
10
10
70
70
70
70
10
70
70
70

51.6
103.2
117.8
184.8
224.3
203.9
243.9
192.6
280
224.9
331.3
372
262.5
191.9
215.2
321.2
383.5
249.7
285.3
359.1

1
2
3
5
6
10
11
29
50
75
91
156
209
287
342
408
469
541
685
910

28.9
179
237.2
305.7
355.5
369.5
475.5
488.5
568.5
751.5
868.7
918.6
1034.7
1164.1
1169.6
1272.8
1440.1
1468.6
1516.8
1634.5
749.51

1800

1600

1400

Flood peak in m³/s

1200

1000

800

600

400

200

0
1

10

Flood peak return period in years 100

1000

Figure 7-11. 20 selected events for the hydraulic simulations
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7.1.2.2

Roughness

For estimating the roughness has made use of the classification presented by Chow VT (1982) which
establishes thresholds, normal and maximum ratio Manning (n) for different types of channel and flood
plain.
Based on this classification parameters have been obtained roughness Manning (n) depending on the
characteristics observed in situ and through orthophotos from different areas.
Bidimensional (2D)
The spatial distribution of roughness in the two-dimensional model has been made in terms of land use
established in CORINE 2000:
Table 7.3. Manning coefficients associated with level 5 of CORINE 2000

CORINE LAND COVER. 5TH LEVEL
Airports
Rice fields
Road network and associated land
Coniferous forest with needle leaves
Golf courses
Channels
Citrus
Rail network and associated land
Irrigated arable land
Open urban structure
Rainfed fruit
Great formations of dense or moderately
dense bush
Large areas of equipment and services
Inland marshes
Coastal lagoons
Salt marshes
Coniferous forest scrub
Little dense scrub bushes
Complex irrigated crops with spaces of natural
or semi-natural forest
Complex annual crops with permanent
irrigated crops
Complex annual crops with irrigated pastures
Complex mixed rainfed and irrigated crops
Complex permanent irrigated crops
Complex permanent rainfed crops
Irrigated fruit
Beaches and dunes
Leisure areas
Rivers
Continuous urban fabric
Non-irrigated arable land
Ladscaped urbanizations
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MANNING
0.013
0.035
0.013
0.075
0.028
0.015
0.045
0.017
0.030
0.060
0.045
0.100
0.060
0.050
0.000
0.000
0.100
0.060
0.050
0.040
0.035
0.040
0.035
0.040
0.045
0.020
0.025
0.025
0.060
0.030
0.060
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Rainfed vineyards
Mineral extraction sites
Construction sites
Industrial areas
Port areas
Green urban areas

0.035
0.025
0.025
0.060
0.013
0.028

Figure 7-12. Distribution of Manning

Unidimensional (1D)
The natural channel of Poyo river has been assimilated into watercourses with width above flood level
higher than 30 meters with a section of intermediate characteristics:
n = 0.032 – 0.035
For stretches channelled has introduced a Manning from:
n= 0.028 – 0.018

7.1.3

Analysis of scale

The treatment of DEM calculation can be a key task depending on the scale of work. The introduction of
buildings, walls, the opening of drainage works… improving the quality of results in areas with high
anthropogenic influence. In those cases where water flowing through a rural the correct estimate of the
roughness will be sufficient to obtain satisfactory values.
In our case has been made 6 simulations with 3 different resolutions:
Sim 1: DEM 30x30  original
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Sim
Sim
Sim
Sim
Sim

2: DEM 30x30  treated
3: DEM 10x10  orginal
4: DEM 10x10  treated
5: DEM 5x5  original
6: DEM 5x5  treated

For further analysis has been done an statistical of distribution of depths depending on the existing land
uses:

Figure 7-13. Distribution of land uses in the study area
Table 7.4. Affected area with original 5x5 m Digital Elevation Model

Zone
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Original 5x5m model
Affected area (m2)

Min. Depth
(m)

Max. Depth (m)

Med. Depth (m)

Std.(m)

Industrial-Commercial
Rural South
Rural West
Rural North
Discontinuous
urban
fabric

2,202,250
1,762,150
1,358,075
175,575

0.00
0.00
0.00
0.00

5.65
7.02
4.96
3.69

0.49
0.32
0.30
1.26

0.53
0.42
0.33
1.02

403,925

0.00

0.79

0.13

0.13

Continuous urban fabric

952,500

0.00

4.88

0.58

0.54
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Table 7.5. Affected area with treated 5x5 m Digital Elevation Model

Zone

Treated 5x5m model
Affected area (m2)

Min. Depth
(m)

Max. Depth (m)

Med. Depth (m)

Std.(m)

Industrial-Commercial
Rural South
Rural West
Rural North
Discontinuous
urban
fabric

2,225,375
1,764,525
1,383,350
175,475

0.00
0.00
0.00
0.00

5.66
7.03
4.94
3.69

0.49
0.32
0.29
1.26

0.52
0.42
0.33
1.02

403,700

0.00

0.80

0.13

0.13

Continuous urban fabric

966,775

0.00

4.89

0.58

0.53

Table 7.6. Affected area with original 10x10 m Digital Elevation Model

Zone

Original 10x10m model
Affected area (m2)

Min. Depth
(m)

Max. Depth (m)

Med. Depth (m)

Std.(m)

Industrial-Commercial
Rural South
Rural West
Rural North
Discontinuous
urban
fabric

2,528,000
1,834,800
1,290,900
161,800

0.00
0.00
0.00
0.00

5.22
6.32
4.54
3.56

0.48
0.30
0.31
1.33

0.51
0.38
0.35
0.96

440,800

0.00

0.60

0.11

0.11

Continuous urban fabric

1,008,300

0.00

4.77

0.60

0.61

Table 7.7. Affected area with treated 10x10 m Digital Elevation Model

Zone

Treated 10x10m model
Affected area (m )

Min. Depth
(m)

Max. Depth (m)

Med. Depth (m)

Std.(m)

Industrial-Commercial
Rural South
Rural West
Rural North
Discontinuous
urban
fabric

2,642,500
1,835,200
1,637,400
161,600

0.00
0.00
0.00
0.00

5.20
6.32
4.51
3.56

0.47
0.30
0.27
1.33

0.50
0.38
0.31
0.96

437,600

0.00

0.59

0.11

0.11

Continuous urban fabric

1,235,900

0.00

4.71

0.54

0.50

2

Table 7.8. Affected area with original 30x30 m Digital Elevation Model

Zone

Original 30x30m model
Affected area (m )

Min. Depth
(m)

Max. Depth (m)

Med. Depth (m)

Std.(m)

Industrial-Commercial
Rural South
Rural West
Rural North
Discontinuous
urban
fabric

2,531,700
1,801,800
1,287,900
188,100

0.00
0.00
0.00
0.00

4.70
5.66
3.59
3.64

0.54
0.27
0.25
1.17

0.60
0.41
0.37
1.05

496,800

0.00

1.19

0.12

0.12

Continuous urban fabric

714,600

0.00

4.94

0.74

0.76

2
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Table 7.9. Affected area with treated 30x30 m Digital Elevation Model

Treated 30x30m model

Zone

Affected area (m2)

Min. Depth
(m)

Max. Depth (m)

Med. Depth (m)

Std.(m)

Industrial-Commercial
Rural South
Rural West
Rural North
Discontinuous
urban
fabric

2,934,900
1,771,200
1,734,300
198,900

0.00
0.00
0.00
0.00

4.68
5.64
3.46
3.46

0.44
0.26
0.24
1.09

0.50
0.40
0.29
0.98

507,600

0.00

1.26

0.13

0.12

Continuous urban fabric

1,431,900

0.00

4.50

0.46

0.47

From the above tables can be drawn as follows:
a) in continuous urban fabric areas treating DEM reduces depths. The affected area is increased
significantly:
Original 10x10

Treated 10x10

Figure 7-14. Comparisons of DEMs in Industrial affected areas

b) in discontinuous urban fabric areas and commercial-industrial zones, variations of depths are little
appreciable, in some cases may increase.
c) in rural areas not seen any significant change in the distribution of depths
Original 30x30

Figure 7-15. Comparisons of DEMs in rural affected areas

From the above we can conclude the following:
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1- In continuous urban fabric areas treating DEM is a key factor, especially at low resolutions:

Figure 7-16. Comparison of several format models in industrial areas

Original 30x30

Treated 30x30

Figure 7-17. Comparison of the original and treated DEM in industrial areas (30x30 m size cell)

2- Both commercial-industrial zones, as in discontinuous urban fabric areas, the need for treatment
is less in terms of infrastructure and existing buildings.
3- In rural areas the processing of data is minimal, except for those points where there are linear
works involving an obstruction and therefore an accumulation flow unreal.

139

CRUE FUNDING INITIATIVE ON FLOOD RISK MANAGEMENT RESEARCH
ROOM FOR THE RIVER

Figure 7-18. Flow accumulations in rural areas in Poyo basin

4- According increases the accuracy of DEM the differences between depths and affected areas are
decreasing. The dimensions of the structures, buildings, represented… limit the detail necessary
for the simulation

7.2
7.2.1

Kamp catchment
Model topology

To analyse the potential of making room for the river available, a hydrodynamic model has been set up for
the Kamp and its tributary Zwettl. The model contains one- and two-dimensional domains that are linked
to each other. Figure 7-19 shows the modelled river valleys of the Kamp and the Zwettl rivers. In the
model, the channels are represented by a one-dimensional network (blue lines in figure 7-19) within a twodimensional model domain. River reaches of 12 km length of the Zwettl valley and 18 km of the Kamp
valley are represented by the hydrodynamic model. The model boundaries are shown as red lines in figure
7-19. Two alternative groups of scenarios are simulated, one group with retention basins that allow
inundation of the flood plains, and one group without such retention basins. Three flood retention basins
with culverts at each river are envisaged. The geometry of the bottom outlets is defined for design
discharges in a way to gain the greatest flood peak reduction for large flood events (above a 100 yr flood).
The green lines in figure 7-19 show the locations of these dams. The junction of the Zwettl and the Kamp
river is in the town of Zwettl (black circle).
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Figure 7-19. Relief map of the Kamp catchment. River reaches (Kamp and Zwettl) are plotted as blue lines. Green lines: location of
dams. Red lines: upstream and downstream model boundaries.

The following figure 7-20 shows an satellite image of the model area. The blue lines represent the one
dimensional river channels and the yellow shaded area indicates the two dimensional model area. In order
to minimise simulation time and computational effort, the two dimensional domain has to be as small as
possible but large enough to cover the potential inundation area.

Figure 7-20. Satellite image of the model area. The blue line shows the river channel. The yellow shaded area indicates the active
2D calculation elements. The domain shown is 12 by 12 km.
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7.2.2

Setup and data basis of the 1D-2D model

The basic data for the hydrodynamic model set up are information about the topography and surface
roughness. For the analysis at the Kamp and Zwettl river a downscaled digital elevation model (DEM) with
a spatial resolution of 10 m is available. The raw DEM is used for two dimensional inundation areas and
flood plains which are connected to the river channels. For the narrow river channels the spatial
discretisation of 10 m is too coarse. Therefore additional information from field surveys has been
integrated to define the one dimensional cross sectional geometry. Figure 7-21 shows the 2D and 1D
computational elements for a detail at the Kamp river. The two-dimensional domain is represented by a
regular grid of 10 m cell size (black grid in figure 7-21). The coloured elements indicate the interface
where the 2D domain is linked to the 1D channel. The center line of the Kamp river channel is shown by
the blue arrows. The rectangular green lines represent the 1D cross sections.
Figure 7-22 shows an example of the cross sectional geometry of the Kamp river valley.

Figure 7-21. Example for 1D – 2D linking at the Kamp catchment. Colored grid elements represent interactive elements for 1D-2D
linking.

Figure 7-22. Example for the 1D cross sectional geometry of the Kamp river valley
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The model of the Kamp river consists of 55818 2D elements and 37287 1D elements. The model of the
Zwettl river consists of 28602 2D elements and 19135 1D elements. This means that a total of 84420 2D
elements and 56422 1D elements are used. The two streams are combined by first simulating the Zwettl
and using these results as one of the boundary conditions to the Kamp simulations. The computational
time step for the 2D simulation is 10 seconds and for the 1D simulation 5 seconds. All simulations are
non-steady state and cover the period of the flood events examined.

7.2.3

Roughness parameter

The surface roughness is interpreted as Manning’s n values for 1D and 2D domains. The bed resistance
values for the Kamp and the Zwettl river channel are predefined according to an existing and calibrated
1D model (Komma et al.,2003). Resistance values of the 2D inundation areas are defined as mean values
for the main land use classes in the model area and are based on values from the literature. The model is
calibrated by varying the roughness parameters within reasonable ranges from the literature and
comparing the simulation results against areal photographs and flood markers. Specifically, the 2002 flood
event is used to calibrate the model by the comparison of simulated inundation areas in the city of Zwettl
with areal photos taken during the flood event. Additionally, the model results are checked against flood
inundation areas for different return periods based on a previous study (Merz et al., 2008) of the federal
government and insurance companies (figure 7-23).

Figure 7-23. Areal photo of the town Zwettl; comparison of simulated maximum inundation area for a 200 yr flood (blue shaded
area) with flood inundation areas according to the HORA study (red lines).

Table 7-10 shows a summary of the calibrated Manning n values for the Kamp and the Zwettl rivers.
Different roughness parameters for the river channels and the flood plains are used. The bed resistance of
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the Kamp river is slightly higher than it is at the Zwettl river. The roughness values of the flood plain areas
are the same for both rivers.
Table 7.10.

Calibrated Manning n values for the Kamp and the Zwettl river.

Channel
Flood plain

7.2.4

Manning n - Zwettl
0.037
0.067

Manning n – Kamp
0.040
0.067

Room for the river and flood retention basins

For the scenarios of flood mitigation with retention basins along the river reaches (along the stream to spill
into the flood plains) three locations at the Kamp and three locations at the Zwettl river have been chosen
for hypothetical retention basins or polders with bottom outlets. The aim of these retention basins is to
reduce large flood peaks with return periods of about 200 years. Therefore, the design capacity of the
bottom outlets should be large enough to allow small and medium flood events pass through without
retention. At the Zwettl river each hypothetical dam is equipped with five rectangular bottom outlets that
are 2 x 1 meters in size. At the Kamp river each hypothetical dam is equipped with five rectangular
bottom outlets that are 2 x 1.5 meters in size. If the storage capacity of the retention basins is exhausted,
the spillways will be activated. The crest of the hypothetical dams is chosen as 10 meters above ground
level for all retention basins.
7.2.4.1

Location of retention basins

The locations of feasible flood retention basins are chosen on the basis of areal photos and digital terrain
models. An overview of the positions of the hypothetical retention basins along the Kamp and Zwettl rivers
is given in figure 7-19. Figures 7-24 to 7-26 show detailed maps and photos of the sites at the Zwettl river.
The left panels show areal photos where the position of the dam is marked by a bold black line. The
simulated inundation areas for a 200-yr flood with and without flood retention is shown by the blue and red
shaded areas. Photos close to the sites are shown in the right panels. In a similar way the locations of the
retention basins and flood plains at the Kamp river are shown in figures 7-27 to 7-29.
7.2.4.2

Flood scenarios

The effects of flood retention basins along the Zwettl and Kamp river are analysed for two floods with
different return period. To save computational time, the hydrodynamic simulations for the Kamp and the
Zwettl rivers are conducted separately. In the first scenario, a 100-yr flood is used as model input and in
the second scenario a 200-yr flood is simulated. The input hydrographs for the scenarios are based on the
simulation results of the hydrologic model (see chapter 6.2) for the extreme flood event in 2002. The
simulated hydrographs for the Zwettl and the Kamp river are downscaled to a 100-yr and a 200-yr peak
discharge. The scaled hydrographs are used as upstream boundary conditions. The simulated hydrograph
at the downstream boundary of the Zwettl river is used as a tributary inflow to the Kamp model. Two
groups of scenarios are analysed with the hydrodynamic model. The first group is based on the present
situation without flood retention basins at the Zwettl and Kamp river. The second group is includes the
hypothetical flood retention basins and inundation areas along both rivers. In each of the two groups the
100-yr and 200-yr scenarios are simulated.
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Figure 7-24. First flood retention basin at the Zwettl river reach (dam 1). Left: The black line indicates the location of the dam. The
blue shaded area shows the inundated area without dam and the red shaded area shows the inundated area with flood retention
basin for a 200-yr flood. Right: Photo taken close to the hypothetical dam location.

Figure 7-25. Second flood retention basin at the Zwettl river reach (dam 2). Left: The black line indicates the location of the dam.
The blue shaded area shows the inundated area without dam and the red shaded area shows the inundated area with flood retention
basin for a 200-yr flood. Right: Photo taken close to the hypothetical dam location.

Figure 7-26. Third flood retention basin at the Zwettl river reach (dam 3). Left: The black line indicates the location of the dam. The
blue shaded area shows the inundated area without dam and the red shaded area shows the inundated area with flood retention
basin for a 200-yr flood. Right: Photo showing the flood plain.
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Figure 7-27. First flood retention basin at the Kamp river reach (dam 1). Left: The black line indicates the location of the dam. The
blue shaded area shows the inundated area without dam and the red shaded area shows the inundated area with flood retention
basin for a 200-yr flood. Right: Photo taken close to the hypothetical dam location.

Figure 7-28. Second flood retention basin at the Kamp river reach (dam 2). Left: The black line indicates the location of the dam.
The blue shaded area shows the inundated area without dam and the red shaded area shows the inundated area with flood retention
basin for a 200-yr flood. Right: Photo taken close to the hypothetical dam location.

Figure 7-29. Third flood retention basin at the Kamp river reach (dam 3). Left: The black line indicates the location of the dam. The
blue shaded area shows the inundated area without dam and the red shaded area shows the inundated area with flood retention
basin for a 200-yr flood. Right: Photo showing the flood plain.
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7.2.5

Simulation results

The hydrographs provided by the hydrodynamic simulations at the Zwettl river are given in figures 7-30 to
7-33. Figure 7-30 shows the simulation result for a 200-yr flood at the Zwettl river for the scenario without
retention basins. The shape of the simulated hydrograph at the downstream boundary of the river reach is
very similar to the input hydrograph. This indicates that there are no relevant flood inundation areas in the
natural river valley. The lag time of the flood peak is approximately 5 hours and the peak reduction is
marginal.
The simulated hydrographs for a 200-yr flood and the scenario with retention basins at the Zwettl river are
shown in figure 7-31. The input hydrograph is compared with the outflows from the three retention basins
at the Zwettl river. For all of the three basins the retention of the flood hydrograph is obvious. At the
outflow of dam 1 the flood peak is already reduced from 90 m³/s to 68 m³/s. The peak reduction after the
second retention basin (dam 2) is in the same order of magnitude. After the 3rd basin close to the
downstream boundary of the Zwettl river reach the flood peak is reduced to 42 m³/s. In addition to the
peak reduction, the time of peak is delayed due to the retention basins.

Figure 7-30. Input hydrograph and simulation result at the downstream boundary of the Zwettl river for a 200-yr flood and the
scenario without flood retention basins.

Figure 7-31. Input hydrograph and simulation results at the dam outlets of the Zwettl river for a 200-yr flood and the scenario with
retention basins.
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Figure 7-32 shows the simulation result for a 100-yr flood at the Zwettl river for the scenario without
retention basins. Again the shape of the input hydrograph is preserved at the downstream boundary of the
model. The time delay of the flood peak is approximately 5 hours. The flood peak at the outlet is nearly as
high as the peak flow of the input hydrograph.
The simulated hydrographs for a 100-yr flood and the scenario with retention basins at the Zwettl river are
given in figure 7-33. The effect of the retention basins is very similar to the first case of the 200-yr flood.
The total peak reduction from 72 m³/s to 37 m³/s after the 3rd retention basin (dam 3) is slightly smaller
than the reduction for the 200-yr flood.

Figure 7-32. Input hydrograph and simulation result at the downstream boundary of the Zwettl river for a 100-yr flood and the
scenario without flood retention basins.

Figure 7-33. Input hydrograph and simulation results at the dam outlets of the Zwettl river for a 100-yr flood and the scenario with
retention basins.

The simulation result for a 200-yr flood at the Kamp river for the scenario without retention basins is given
in figure 7-34. The simulated hydrograph upstream of the junction with the Zwettl river (green line)
preserves the shape of the input hydrograph and is only shifted in time with a lag of about 3 hours. The
hydrograph downstream of the junction with the Zwettl river is shown as the yellow line in the figure. The
flood peak after the junction is about 300 m³/s and approximately 90 m³/s higher than upstream of the
junction. The influence of the retention basins on the 200-yr flood event is shown in figure 7-35. At the
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outlet of the 1st retention basin (dam 1) the peak flow is reduced from about 210 m³/s to approximately
190 m³/s. A greater peak reduction is achieved at the second retention basin. At the outlet of this basin
(dam 2) the flood peak is 160 m³/s. A further reduction to 140 m³/s is simulated at the outlet of the third
retention basin (dam 3). Therefore, a total peak reduction from 210 m³/s to 140 m³/s is achieved upstream
of the junction with the Zwettl river. Downstream of the junction at the township of Zwettl the flood peak
decreases from 300 m³/s to 175 m³/s as a result of the room for the river methodology.

Figure 7-34. Input hydrograph and simulation results at the township of Zwettl upstream of the junction with the Zwettl river (i.e.
without Zwettl) and downstream of the junction with the Zwettl river (i.e. with Zwettl) for a 200-yr flood and the scenario without
retention basins.

Figure 7-35. Input hydrograph and simulation results at the dam outlets of the Kamp river and downstream of the junction with the
Zwettl river (i.e. with Zwettl) for a 200-yr flood and the scenario with retention basins.

Figure 7-36 shows to results of the hydrodynamic model run for a 100-yr flood at the Kamp river for the
scenario without retention basins. Similar to the model run for the 200-yr flood, the shape of the simulated
hydrograph upstream of the junction with the Zwettl river is similar to the input hydrograph. Again, the
travel time within the river valley is on the order of a few hours. The flood peak after the junction with the
Zwettl river is about 230 m³/s for the 100-yr flood. The results for the model run with a 100-yr flood and the
scenario of retention basins along the river reaches are shown in figure 7-37. The influence of the
retention basins on the flood peaks is smaller than for the 200-yr flood. The peak reduction downstream of
the first retention basin (dam 1) is approximately 10 m³/s. A further reduction of 20 m³/s is simulated at the
outlet of the second retention basin (dam 2). Downstream of the third basin (dam 3) close to the junction
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with the Zwettl river the flood peak is reduced to 130 m³/s. Therefore a flood peak reduction of 40 m³/s is
achieved at the Kamp river reach upstream of the junction. Downstream of the junction at the township of
Zwettl the flood peak decreases from 230 m³/s to 160 m³/s as a result of the room for the river
methodology.

Figure 7-36. Input hydrograph and simulation results at the township of Zwettl upstream of the junction with the Zwettl river (i.e.
without Zwettl) and downstream of the junction with the Zwettl river (i.e. with Zwettl) for a 100-yr flood and the scenario without
retention basins.

Figure 7-37. Input hydrograph and simulation results at the dam outlets of the Kamp river and downstream of the junction with the
Zwettl river (i.e. with Zwettl) for a 100-yr flood and the scenario with retention basins.

In figure 7-38 the peak runoff reduction resulting from the retention basins and associated inundation of
the flood plains is plotted against the flood peak for the scenario without retention basins at the township
of Zwettl below the confluence of the Zwettl and the Kamp. The blue points represent the results of the
simulations for the 100-yr and 200-yr floods. For the 200-yr flood, a flood peak reduction of 40% is
simulated, and for the 100-yr flood a 30% reduction is simulated. This difference is due to the fact that the
available retention volume has not been exhausted for the 100-yr flood. For this case of retaining water in
the flood plain areas along the stream through construction of retention basins, a design was chosen that
allows full discharge through the retention area up to a return period of about 30 years which is equivalent
to a peak discharge of 150 m³/s at the township of Zwettl below the confluence. This means there is no
retention at all for these small floods. This has the advantage of leaving the full storage capacity for larger
floods. As the event magnitude increases, the storage capacity starts to fill and reaches a maximum when
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the design capacity is reached. This is around a return period of about 200 years which is equivalent to a
peak discharge of about 300 m³/s at the township of Zwettl below the confluence. For larger flood
discharges, the spill way starts to operate and the percent peak reduction starts to decrease. However,
since the inundation area is large, there is significant flood peak reductions over a range of return periods
between 30 and 1000 years. For larger return periods, however, this type of flood mitigation measure is
exhausted and alternative methods for managing this excess risk need to be adopted such as flood
forecasting and associated measures of protection of property and/or evacuation.

Figure 7-38. Peak reductions resulting from the room for the river methodology plotted against peak runoff at the Kamp (including
Zwettl) for the case without retention basins.

The following two figures 7-39 and 7-40 show the simulated flow for the 200 yr flood event at selected
sites at the Kamp river. Figure 7-39 presents an example at the upper part of the Kamp river while figure
7-40 shows the situation around the waster water treatment plant downstream of the township of Zwettl
close to the downstream boundary of the model. The water depths are shown in colour from yellow to
blue. Velocity vectors indicate the simulated 1D flow direction in the channel and the 2D flow in the flood
plain. The 1D and 2D model domains are connected to each other. Therefore, interactions between
channel and flood plains are represented in the model. In the case of figure xx water bypasses a river
bend and flows straight through the flood plain as a short cut.
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Figure 7-39. Simulated water depths (colour) and flow velocities (arrows) at the Kamp river near the village Utissenbach. Time of
peak of the 200 yr flood, no retention basins.

Figure 7-40. Simulated water depths (colour) and flow velocities (arrows) at the Zwettl waste water treatment plant. Time of peak of
the 200 yr flood, no retention basins.
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The benefit of the room for the river methodology though flood retention basins is illustrated in figures 7-41
and 7-42 for the waste water treatment plant downstream of the township of Zwettl. In each figure, the
inundated area for the present conditions is shown in blue and the inundated area for the scenario with
retention basins is shown in red. The inundated areas decrease significantly as a result of the flood
retention measures, both for the 100 yr and the 200 yr events. For the 200 yr flood, the area of the waste
water treatment plant would even remain dry while the water level for the case without retention measures
at the plant is about 80 cm. In the domain shown in figure 7-42, the water levels decrease by 100-110cm
as a result of the room for the river methodology for the 200 yr event.

Figure 7-41. Maximum inundated area at the waste water treatment plant for present conditions (blue) and for the scenario with
retention basins (red) for a 100 year flood.
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Figure 7-42. Maximum inundated area at the waste water treatment plant for present conditions (blue) and for the scenario with
retention basins (red) for a 200 year flood.

For illustration, figure 7-43 shows an areal photo of the waster water treatment plant before the 2002 flood
event. The photo on the right shows the damage of the plant due to the 2002 flood event.

Figure 7-43. Waste water treatment plant of the township of Zwettl: Areal photo (left); damage of the 2002 flood (right)
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Figures 7-44 and 7-45 show the inundated areas for present conditions (red shaded area) and for the
scenario of flood retention basins (blue shaded area) in the township of Zwettl. For the 100 yr flood, the
inundated area decrease as a result of the flood mitigation measures. For a 200 yr flood the flood
retention measures are are even more effective since significantly less built area is flooded. For the 200 yr
flood, part of the old city would remain dry while the water level for the case without retention measures in
this part is about 40 cm. In the domain shown in figure 7-45, the water levels decrease by 80 - 90 cm as a
result of the room for the river methodology for the 200 yr event.

Figure 7-44. Maximum inundation area in the township of Zwettl for present conditions (blue) and for the scenario with retention
basins (i.e. room for the river methodology) (red) for a 100 year flood.
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Figure 7-45. Maximum inundation area in the township of Zwettl for present conditions (blue) and for the scenario with retention
basins (i.e. room for the river methodology) (red) for a 200 year flood.

The inundation depths for the 200 yr events with and without flood retention measures are shown in more
detail in figures 7-46 and 7-47. It is clear that the retention measures significantly reduce the water depths
and leave large parts of the city close to the stream dry.
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Figure 7-46. Inundation depths at the township of Zwettl for present conditions for a 200 yr flood at time of peak (colour code see fig.
7-40). In the foreground the Kamp river is shown, left the Zwettl river. Both the township of Zwettl (centre) and the waste water
treatment plant (background right) are inundated.

Figure 7-47. Inundation depths at the township of Zwettl for the scenario of flood retention basins (room for the river concept) for a
200 yr flood at time of peak (colour code see fig. 7-40). The third retention basin and the associated inundated flood plain of the
Kamp river is shown in the front. The township of Zwettl (centre) and the waste water treatment plant (background right) remain
almost dry as a result of the retention measures.

7.3

The Uppper Iller catchment

The „Institut für Hydrotechnik“ was commissioned by the local water authorities (Wasserwirtschaftsamt
Kempten) to carry out hydraulic modelling study for the Upper Iller Catchment. In this study special
emphasis was put on the simulation of the newly constructed polders north of Immenstadt with a retention
volume of 6 800 000 m³ and other smaller retention measures as well as the construction of dams
upstream. The basis for this simulation are profiles perpendicular to the river at 200 m intervals. For the
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simulation the hydraulic model FLOODSIM was used, which was developed at the “Universität der
Bundeswehr”, Munich. The model was calibrated with the flood event in May 1999.
For this study discharge reduction at gauging station Au (just downstream of Kempten) was determined
and is shown in Table 9.13 (from HWS-Konzept Iller Nord,2004, p.153). As the polder only is activated
during extreme events, considerable peak reduction is only achieved for flows > HQ 100.
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8 Risk analysis
This chapter is devoted to the development of the methodologies used to obtain the flood hazard maps
from the results of the hydraulic simulations for each case study. By a proper combination of the hazard
and the vulnerability in the flood prone area, the total flood risk has been computed.

8.1
8.1.1

Rambla del Poyo basin
Flood hazard mapping

As a result of the hydraulic simulations of 20 of the 200 events available, carefully selected to try to cover
a wide spectrum probability (from two to one thousand return period years), have been obtained the flood
hazard maps as a representation of the cumulative probability distribution function of the flood magnitude
in terms of the maximum water depth at each cell in the flood prone area.
Unfortunately, for reasons of computer time, have not been the hydraulic model 200 events available.
However, have been carefully select 20 events trying to cover the best probabilistic spectrum interest for
this study. Figure 7-11 shows the 20 selected events.
From the 20 selected flooding maps it has been developed a computational tool for calculating a
regression involving: the independent variable maximum water depth with the dependent variable return
period transformed into natural logarithm. Using this methodology have been generated the hazard
maps for the return periods of interest (See Figures 8.1 to 8.7).
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Figure 8-1. Hazard map for the 5 years of return period in the flood prone area of the Rambla del Poyo

Figure 8-2. Hazard map for the 10 years of return period in the flood prone area of the Rambla del Poyo
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Figure 8-3. Hazard map for the 25 years of return period in the flood prone area of the Rambla del Poyo

Figure 8-4. Hazard map for the 50 years of return period in the flood prone area of the Rambla del Poyo
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Figure 8-5. Hazard map for the 100 years of return period in the flood prone area of the Rambla del Poyo

Figure 8-6. Hazard map for the 300 years of return period in the flood prone area of the Rambla del Poyo
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Figure 8-7. Hazard map for the 500 years of return period in the flood prone area of the Rambla del Poyo

8.1.2

Flood prone area vulnerability

The aim of this study is to evaluate the movable property damage (in residential constructions and
elements in public areas) and building property (residential constructions). Also estimate building and
movable properties damage for industrial, commercial and warehouse uses. The final purpose is to obtain
the vulnerability curve of damage associated to each use. The curve reflects the damage in Euros for
each type of use affected by water’s level.
The Rambla del Poyo covers the west metropolitan area of Valencia. It principally affects the
municipalities of Chiva, Cheste, Loriguilla, Quart de Poblet, Torrent, Picanya, Paiporta and Catarroja.
The analyzed municipalities to obtain the vulnerability curve are these: Alaquás, Aldaia, Alfafar, Catarroja,
Massanassa, Mislata, Paiporta, Picanya, Quart de Poblet, Riba-roja del Túria, Torrente, Valencia and
Xirivella.
The methodology has been implemented following development:
8.1.2.1

Identification of residential uses affected by the flood area of Rambla del Poyo.

With GIS the flood area is superimposed on the uses map.
8.1.2.2

Typological classification of residential uses

Typologies were established according to the foreseeable magnitude of damage. In order to obtain the
different typologies it has been considerate the following parameters:
Ground floor’s use
The existence of a basement or semi basement of garages
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The existence of garage in ground floor
The elevation height of ground floor
Protection measures
The result analysis is the following typologies of residential uses:
- Houses without garage
- Houses with garage in ground floor
- Houses with garage in basement
- Buildings without garage
- Buildings with garage in ground floor
- Buildings with garage in basement

20%

Terraced house without garage

3%

45%

Terraced house with garage in
ground floor
Terraced house with garage in
the basement
Residencial building without
garage

16%

Residencial building with
garage in ground floor
10%

6%

Residencial building without
garage in the basement

Figure 8-8. Composition of the tipology classification (Percentages in the flood prone area of the Rambla del Poyo)

8.1.2.3

Affected constructions

To know the quantity of building properties affected by the flood area is necessary to intersect the
cadastre of Spanish Treasure Department database with the database of flood area. To do this it was
used ArcGis 9.0. For each affected municipality it has been done a card with the following data:
- Cadastre reference
- Street and number
- Level flood
- Use
- Ground surface of plot
- Building surface affected and
- Typology
8.1.2.4

Data obtaining

To evaluate the damage in building properties a survey of movable properties in each type of residential
building has been created. With this survey it has been obtained:
- Types of movable properties in housing
- Quantity of each one
- Value replacement of goods depending of level flood
These values have been obtained for each residential typology. The caused damage for each movable
property according to the water level has been obtained by consulting technical experts.
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8.1.2.5

Valuation of movable properties in housing

The following stage was to obtain the replacement value of each element. They have been obtained by
calquing the price average of each element according to the different shops in Valencia.
After that, we determine the quantity of each movable property in each residential typology. The
vulnerability curve is obtained by adding the produced damage in each element depending on water level.
(Figure 8-9)
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Figure 8-9. Vulnerability movables assets in each type of residential buildings

It has built a curve weighted average damage from the curves of damage for each type of residential
housing. (Figure 8-10)
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Figure 8-10. Average Vulnerability movables assets in residential buildings

8.1.2.6

Immovables assets in houses

The parameters used to calculate damages in real estate are the same as those used in personal
property, that is still driving the same typological classification. For terraced house (habitual) single was
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taken as half an area of 150 sq meters of plot and house in residential building (habitual) with 100 m2 in
ground floor.
8.1.2.7

Valuation of movable properties in streets

Vehicles, overall. The value replacement of vehicles (diesel or gasoline) has been obtained according to
the water level. Figure 8-11 show the damage curve for each type of vehicle and the aggregate curve.
According to the scale of work to calculate the flood risk, takes into account the number of cars per square
metre of street affected. It has been found of the analysis of the number of cars per urbanized area that
this relationship has a value of 3.1379.
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Figure 8-11. Vulnerability of cars in street

According to the scale of work to calculate the flood risks, takes into account the number of cars per
square metre of street affected. It has been found of the analysis of the number of cars per urbanized area
that this relationship has a value of 0.5446. (Figure 8-12)
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Figure 8-12. Average of the vulnerability of cars in street per 100 square metre of affected area.

It has been considered also the cost of cleaning the streets. Tables 8.1 and 8.2 shows these results.
Table 8.1. Drainage system cleanning

Cost Cleanning(€):
20,88
Generic drainage network

€ per 100 square metre of urbanized land

Specific collector

120,28

€ per 100 square metre of street

Registry well

461,13

€ per unit

Table 8.2. Streets cleanning

Cost Cleanning street (€):
11,68

€ per 100 square metre of urbanized land

67,31
258,04

€ per 100 square metre of street
€ per unit

8.1.2.8

Estimate of damage in industrial, commercial and warehouse uses

The vulnerability curve of residential typologies has been passed through the industrial, commercial and
warehouse uses. We know the payment of the damage caused in 2000 flood by the insurance companies.
With this data has been validated the vulnerability curve of the residential uses. It has been obtained too
the percentage of damage for the water level of the flood in 2000. Then, we have calculated the top
damage of the industrial, commercial and warehouse uses. (Figure 8-13)
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Figure 8-13. Vulnerability of industrial land use

8.1.2.9

Aggregate curves

Thousands

We have added the different curves for urban land use and for industrial land use, obtaining the curves
shown in Figure 8-14. which will be applied in calculating the flood risks.
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Figure 8-14. Vulnerability curves of residential and industrial land uses
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8.1.3

Flood risk estimation

The flood risk was defined previously as probabilistic integral of the combination of flood hazard and land
use vulnerability (Francés et al., 2001 and Plate, 2002):
∞

D = ∫ V (h) f H (h)dh
0

where V is the land use vulnerability, h is the flood magnitude and fH is its probability density function.
Both, flood hazard and land use vulnerability are defined in terms of flood magnitude (water deph) as
explained above. This integral has been solved in discrete form with the following expression using a GIS
tools:

D = V (10) f (10) + V (25) f (25) + V (50) f (50) + V (100) f (100) + V (300) f (300) + V (500) f (500)
The probability density function (fH) for each discretization element is defined as:

f H (h) = Pi −1 − Pi =

1
1
−
Tri −1 Tri

Where, P is the occurrence probability, i is the return period of the discretization element. Therefore, the
flood risk is defined with the following expression:

 1
 1
 1
1 
1 
1 
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−
−
−
 + V (25) 
 + V (50) 
+
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Tr
Tr
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 1
 1
 1 
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1 
V (100) 
−
−
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 Tr50 Tr100 
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 Tr300 

Millions

The previous expression is very sensitive to the definition of the minimum return period. As shown in the
Figure 8-15, the total flood risk changes considerably depending on the return period to define minimum
for the solution of the integral density risk.
9
Tr min = 5 years

8

Tr min = 10 years
Tr min = 25 years

damage in euros

7
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4
3
2
1
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Figure 8-15. Flood risk in the flood prone area of the Rambla del Poyo for different minimum return periods

The flood risk estimation has been realized only for the urban and industrial land uses, because, the
damage in other land uses (vegetables, citrus, etc) are insignificant in comparison with urban and
industrial land uses. The Figure 8-16 to 8-20 shows the density flood risk as the damage in Euros per
affected area affected by a resolution of 10 meters in size cell in the flood prone area of the Rambla del
Poyo at each scenario.

Figure 8-16. Risk map in flood prone area of the Rambla del Poyo at present scenario (urban and industrial land use with Tmin = 5
years )
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Figure 8-17. Risk map in flood prone area of the Rambla del Poyo at small reservoir scenario (urban and industrial land use Tmin =
5 years)

Figure 8-18. Risk map in flood prone area of the Rambla del Poyo at one single dam scenario (urban and industrial land use Tmin =
5 years)

Figure 8-19. Risk map in flood prone area of the Rambla del Poyo at afforestation scenario (urban and industrial land use)

171

CRUE FUNDING INITIATIVE ON FLOOD RISK MANAGEMENT RESEARCH
ROOM FOR THE RIVER

9 Discussion of Results
9.1 Rambla del Poyo basin
According to results in the calibration and validation stage, the main catchment hydrological processes
have been reasonably represented by the distributed hydrological model TETIS. From basic spatial
information (DEM, land cover and soil map and profiles) the initial values of the spatial TETIS parameters
were estimated at 100 m grid resolution, and, with the split parameter structure, it was possible to
autocalibrate the effective parameters using the SCE-UA algorithm (Francés et al, 2007). The calibration
using this methodology for the extreme event occurred in October 2000, provided good results with a
Nash-Sutcliffe efficiency index of 0.82 and balance error of 0.2%. Temporal validation results are
acceptable, with values of efficiency index of 0.68, 0.44 and 0.58 for available historical events of 1988,
1989 and 1998, respectively.
200 event simulations where performed using the TETIS model (using 100 synthetic storms generated
with RAINGEN model and with the two different initial conditions mentioned above) for each hydrological
scenario. Figure 9.1 shows the generated peak discharge as a function of the return period of the
maximum 24 h areal precipitation within the basin. In general, the dry initial condition produces smaller
peaks than the wet condition, as expected. But the different spatial and temporal distribution of each storm
results in a wide dispersion of the peak discharge for similar total precipitation magnitude.

Figure 9-1. Influence of precipitation temporal and spatial variability and initial soil moisture condition

The following sections shows for the results found in each scenario (present, afforestation, small reservoir
and a single dam equivalent in volume), an analysis of the influence of the initial moisture, retention
volumes and event scale on the effectiveness of each mitigation measures in terms of peak runoff
reduction. The simulations indicated that the retention effects, overall, it depends of scale of the floods
and the retention volume proposed. For small, medium and large floods, land use changes result in a
reduction in peak flow better than the other scenarios, it depends of the volume retention (covered area in
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afforestation scenario and storage capacity in one single dam and small reservoirs). The effectiveness of
flood mitigation measures depends on the initial value of static storage. For the land use change
proposed, the mean results show that, for dry initial conditions the flow reduction is higher than for wet
initial conditions. For the other measures, it is not appreciable. In general, the afforestation scenario is
more effective than local retention measures. (See Figures 9-2 to 9-4)
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Figure 9-2. Comparisons of effectiveness flood mitigation measures (6 mm mean areal increase)
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Figure 9-3. Comparisons of effectiveness flood mitigation measures (5 mm mean areal increase)
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Figure 9-4. Comparisons of effectiveness flood mitigation measures (3 mm mean areal increase)
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9.1.1

Afforestation

By introducing changes in vegetation cover, it has been increased the static storage value from the one
related to the present land use to the associated to pine trees cover (in deciles). According to the TETIS
model (Figure 9-5), if we increase the Hu values, it will increase the water retention capacity that exists,
which is available only for evapotranspiration. When the maximum capacity is reached, it is produced the
hydrological excedence that depends on soil characteristics (Hu), soil moisture content (H1) and input
precipitation, according to:

X 2 = Max[0, X 1 − H u ⋅ FC1 + H 1 ]
Where, X2 is the hydrological excedence involved in the process of direct runoff, interflow, base flow or
groundwater outflow, X1 the input precipitation, Hu the static storage, FC1 the correction factor for this
parameter, and H1 the state variable initial value of the static storage (% over maximum storage capacity).

Figure 9-5. Conceptual scheme of the TETIS model (extract by surface processes)

In the afforestation scenario, the same results found in the present scenario for the representative state
variable initial value the static storage (i.e., a dry state where H1 = 10% Hu and a wet state where H1 =
70% of Hu, with a probability of 0.4 and 0.6 respectively) have been maintained. We assume that due to
on increase in density of vegetation, by changing land use is expected an increase in the retention and
evapotranspiration processes and therefore, these results will not change significatively.
The results of the hydrological simulations for the proposed afforestation scenarios (see Table 9.1) shows
that the mean effectiveness in flood peak reduction is higher for the same event in the dry state that in the
wet state, and for different covered areas, as shows in Figure 9-6 and 9-7. These results are consistent,
though to increase the Hu values in afforestation scenario and to maintain the same percentages for the
state variable initial static storage (10 and 70% of Hu), the gap in mm per cell between the two initial
conditions will be higher and more favourable to dry state in the retention process than in the wet state,
with respect to the present scenario.
Table 9.1. Peak runoff reduction in afforestation scenarios at Poyo catchment

175

CRUE FUNDING INITIATIVE ON FLOOD RISK MANAGEMENT RESEARCH
ROOM FOR THE RIVER

Afforestation Scenario

% Area
covered

mean areal
increase (mm)

Three land uses
Only shrubland
Only non irrigated
Only non irrigated trees

77.4%
42.4%
9.2%
25.8%

13
8
2
4

Three land uses
Only shrubland
Only non irrigated
Only non irrigated trees

54.7%
24.3%
13.1%
17.3%

6
5
4
3

DRY
WET
MAX
MEAN
MAX
MEAN
RAMBLA DEL POYO - A7 (190.14 km²)
73%
39%
62%
13%
72%
19%
53%
7%
12%
3%
11%
1%
29%
10%
24%
3%
RAMBLA DEL POYO - SILLA (389 km²)
63%
38%
52%
15%
49%
10%
22%
4%
42%
13%
31%
5%
25%
11%
17%
4%

100%
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90%
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Figure 9-6. Peak runoff reduction by afforestation at motorway A7 in Rambla del Poyo .
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Figure 9-7. Peak runoff reduction by afforestation at outlet of Rambla del Poyo

9.1.2

One Single Dam

The peak runoff reduction by one single dam evaluated just at the outlet (157.08 km ² tributary area)
respect to input flow is on average higher for events with dry initial soil moisture condition than wet
condition. But insofar as the control point is more downstream the effectiveness is different (higher in wet
condition that the dry condition) in correspondence with the storage capacity of the dam. (Table 9.2)
The analysis of the results of the hydrological simulations obtained at dam outlet (for the set events with
different magnitudes and spatial distribution as well as for different volume retention) shows a clear
correspondence between the magnitude of the event and the storage capacity of the dam. Figure 9-8.
shows that the effectiveness of one single dam tend to be greater for events in the dry state, because in
this state events have mostly small and medium magnitude, so that the entire flow from the headwaters
basin can be stored in the dam. This trend changes only for a few events with a particular hydrological
basin response in the wet initial condition: large-scale events with multiple peaks, where the peak of the
flooding occurs at the beginning of the storm. (Figures 9-9 and 9-10).
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Table 9.2. Peak runoff reduction in one single dam scenarios

One single dam
scenario

Volume
(m³)

mean areal
increase
(mm)

cheste dam
cheste dam
cheste dam
cheste dam
cheste dam
cheste dam
cheste dam

2
3
4
5
6
7

15,770,579
12,748,698
7,594,991
4,120,021
2,343,693
2,030,357
1,107,213

100
81
48
26
15
13
7

cheste dam
cheste dam
cheste dam
cheste dam
cheste dam
cheste dam
cheste dam

2
3
4
5
6
7

15,770,579
12,748,698
7,594,991
4,120,021
2,343,693
2,030,357
1,107,213

41
33
20
11
6
5
3

DRY

WET

MAX
MEAN
MAX
MEAN
CHESTE DAM OUPUT (157.08 km²)
100%
88%
100%
78%
100%
85%
100%
72%
100%
75%
100%
58%
100%
60%
100%
42%
100%
44%
100%
27%
100%
41%
100%
25%
100%
28%
100%
17%
RAMBLA DEL POYO - SILLA (389 km²)
87%
20%
93%
25%
87%
19%
93%
23%
87%
16%
83%
18%
87%
12%
49%
13%
56%
9%
36%
9%
49%
8%
36%
8%
26%
6%
27%
6%

100%

big dam dry
big dam wet
small dam dry
small dam wet
Pot regression (cheste dry)
Pot regression (cheste wet)
Pot regression (small dam dry)
Pot regression (small dam wet)
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Figure 9-8. Peak runoff reduction at output of the one single dam scenarios
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Figure 9-9. Representative hydrograph of the maximum event 090 in big dam output
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Figure 9-10. Representative hydrograph of the maximum event 041 in small dam output

The change in the trend of the effectiveness of one single dam insofar as the control point is more
downstream, being greater for events with wet antecedent state that dry state (Figure 9-11) is explained
by the influence of the magnitude and spatial-temporal distribution of the storm and the hydrologic basin
response as well as the storage capacity of the dam. As the scenario has less storage capacity it loses
effectiveness, as is expected.
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Figure 9-11. Peak runoff reduction at outlet of Rambla del Poyo of the one single dam scenarios

The results of the 100 events simulated in each initial condition for greater storage capacity dam, shows
that in 72 cases the effectiveness of this measure is higher in the wet state that in the dry state at basin
outlet (Rambla del Poyo - Silla). An analysis of the hydrographs of these events shows that events are
generally long, multi-peak flows and they are produce by the whole basin, i.e. there is an important
contribution not only by headwater but also by the tributary subbasin (Barranco Horteta and Barranco
Gallego). For these events in dry state, the dam stores greater part or the complete discharge from the
headwaters, but the maximum peak runoff at this point is caused by the contribution of downstream area
of the dam and subbasins. In wet state, the results are similar with the particularity that the flood
abatement by the dam is higher for this initial contidition and for the present scenario this contributing flow
produces the maximum peak runoff. Comparing to flood peak reduction effectiveness, in the wet state the
reduction is greater than observed in dry conditions, which is on logical outcome for the storage capacity
of a control dam. In figures 9-12 to 9-14, can be seen this typical trend for three events with different
magnitude.
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Figure 9-12. Representative hydrograph of the small event at outlet of Rambla del Poyo (dry state - up, wet state - down)
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Figure 9-13. Representative hydrograph of the medium event at outlet of Rambla del Poyo (dry state - up, wet state - down)
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Figure 9-14. Representative hydrograph of the largest event at outlet of Rambla del Poyo (dry state - up, wet state - down)

183

CRUE FUNDING INITIATIVE ON FLOOD RISK MANAGEMENT RESEARCH
ROOM FOR THE RIVER

9.1.3

Small reservoirs

The effectiveness of this mitigation measure downstream is similar to the one single dam effect as show in
Table 3. This trend could be explained considering that the two measures are located in the headwaters
basin, and their effectiveness in each initial condition is conditioned by the flood response as well as the
storage capacity of each proposed scenario, as explained above.
Table 9.3. Peak runoff reduction in small reservoir scenarios at Poyo catchment

Small reservoir scenarios

mean areal
increase
(mm)

volume (m³)

184 small reservoirs
138 small reservoirs
92 small reservoirs
46 small reservoirs
16a small reservoirs
16 small reservoirs
11 small reservoirs

15,870,783
12,945,351
7,267,197
4,326,074
2,334,000
1,945,000
1,167,000

83
68
38
23
12
10
6

184 small reservoirs
138 small reservoirs
92 small reservoirs
46 small reservoirs
16a small reservoirs
16 small reservoirs
11 small reservoirs

15,870,783
12,945,351
7,267,197
4,326,074
2,334,000
1,945,000
1,167,000

41
33
19
11
6
5
3

DRY
MAX MEAN

MAX

WET
MEAN

RAMBLA DEL POYO - A7 (190.14 km²)
90%
26%
86%
28%
88%
23%
86%
24%
75%
15%
64%
15%
68%
12%
58%
10%
53%
7%
46%
6%
26%
3%
24%
3%
25%
3%
24%
3%
RAMBLA DEL POYO - SILLA (389 km²)
81%
8%
72%
11%
81%
7%
69%
10%
54%
5%
36%
6%
47%
3%
35%
4%
25%
2%
19%
2%
19%
1%
16%
1%
19%
1%
16%
1%

100%
184 ponds and small dam dry

90%

184 ponds and small dam wet
16 ponds and small dam dry
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Figure 9-15 Peak runoff reduction at motorway A7 in Rambla del Poyo of the small reservoir scenarios
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Figure 9-16. Peak runoff reduction at outlet of Rambla del Poyo of the small reservoir scenarios

9.1.4

Room for the river

The “room for the river” method has been applied in the Poyo catchement in two ways, on a one hand a
natural flood routing, and in the other hand a artificial increases of flood routing.
9.1.4.1

Natural flood routing

The use of natural flood zones is a good alternative to avoid negative impacts on vulnerable populations
located downstream. Respect for and exploitation of these areas can result in many cases a measure
highly effective against flood risks.
However, not always a wide area overflow may prove effective for the natural mitigation. The use of these
zones is a function of parameters such as:
Hydrograph flood: it is important to define the event of calculation.
Flooded areas available: the storage capacity will vary depending on the area flooded
Roughness, slope and structures: the flow must find it difficult to advance to retain water.
This latest variables will influence directly in the speed and time of retention of overflow on the study area.
In our case study has analyzed the natural routing produced by the overflow at the junction between the
rivers of Poyo and Gallego:
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Figure 9-17. Flow direction and structures (junction between the rivers of Poyo and Gallego)

The curve level-volume in the area of analysis provides an estimate of the storage capacity of the area:
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Figure 9-18. Curve level-volume in the area of analysis (junction between the rivers of Poyo and Gallego)

The flood zone must be capable of retention in terms of its roughness, slope and configuration of the
terrain. To learn in detail the mitigation capacity, hydrographs obtained from the hydrological simulation
are analyzed:

186

CRUE FUNDING INITIATIVE ON FLOOD RISK MANAGEMENT RESEARCH
ROOM FOR THE RIVER

Laminación natural en la confluencia de las ramblas del Poyo - Gallego para Ev33
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Figure 9-19. Inflow and Outflow (junction between the rivers of Poyo and Gallego)

In the case of the mitigation produced by 33 event is significant, but insufficient to achieve the targets
necessary to avoid affections downstream:

Figure 9-20. Flooding downstream of the study area

For the correct identification and exploitation of accumulation zones as a measure to mitigate floods are
recommended:
Establishment of a flow threshold depending on the problem downstream.
Characterization geomorphological: the first step is necessary to know the configuration of the
geomorphological flood area. We therefore must identify:
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o

Areas of accumulation zones, sinks, river terraces,…. Subsequently will gauge the curve
level-volume that indicates the relationship between capacity and depths

o

Estimation of the drainage network: flows return to the channel, main directions,
connecting with other channels

o

Presence of structures: the action of man in the territory generates new configurations in
the field. Therefore the existence of linear infrastructure, drainage works, dikes, dams…
can modify the drainage system and therefore their natural routes. In this sense it is
useful to consider land use planning to estimate the impact of human action.

Simulation hydraulic: land use are crucial in the estimation of the roughness. The relationship
between variables roughness-slope with the geomorphology and existing structures determine
speeds on the overflow area and hence the retention time within the flooded area. This should
help to estimate the mitigation capacity.
Analysis of alternatives: from the results and the objectives defined, will discuss the possibility of
carrying out actions to assist the retention of flow in the area of interest: to increase the Manning
by the change in land use, building dikes to increase storage capacity.
A brief description of the effects of room for the river (natural mitigation) at confluence of the Poyo and
Gallego rivers is presented, with follow:
At the confluence of the rivers of Poyo and Gallego occurs overflowing of the hydrographs simulated. The
configuration of the drainage system, field slope and roughness allows the speedy return of streams
overflowing into the Poyo river. (Figure 9-21)

Figure 9-21. Overflowing at confluence of the Poyo and Gallego rivers

Depending on the magnitude of overflow, the return to Poyo can occur through various directions
preferred flow. In any case, there is always a connection between overland flow and the drainage network
that allows their return to mainstream very quickly:
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Figure 9-22. Flood return to mainstream at Poyo river

In the next image can be seen mitigation produced the passage of two peaks. It is noted that the rapid
emptying prevents an appreciable natural mitigation:

Figure 9-23. Flood mitigation by room for the river Poyo

In an initial instantly overland flow extends across the junction, connecting with the downstream of the
Poyo river through the drainage network. The drainage is fast, With few areas of accumulation of water. In
the second peak, overland flow area is slightly higher, occurring again a very rapid emptying that it avoids
the storage zones.
By collecting the results of the 21 simulations have been extracted peak flows inlet and outlet in the area
of confluence between Poyo and Gallego. To analyze the natural mitigation produced is represented the
peak flow decrease for each of the simulated events. It is noted as the natural mitigation stands at around
10% - 20% of the input flow.
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Table 9.4. Flood peak reduction by room for the river at Poyo basin

Event
22
32
33
40
63
67
99
100
124
135
151
155
168
172
175
183
186
192
195
196
203
Oct-00

Inlet flow (m3/s)
181
1276
1390
871
737
712
1078
112
1135
7
1018
1074
182
455
486
46
259
505
112
1285
294
591

Decrease %
9.94%
19.75%
16.12%
19.86%
17.77%
15.03%
11.50%
8.93%
13.57%
42.86%
16.80%
17.04%
10.44%
10.99%
8.85%
30.43%
16.60%
16.04%
10.71%
14.79%
14.29%
16.07%

Outlet flow (m3/s)
163
1024
1166
698
606
605
954
102
981
4
847
891
163
405
443
32
216
424
100
1095
252
496
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Figure 9-24. Flood peak reduction by room for the river Poyo

9.1.4.2

Artificial increases of flood routing

At the confluence of the rivers of Poyo and Gallego occurs overflowing of the hydrographs simulated. The
configuration of the drainage system, field slope and roughness allows the speedy return of streams
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overflowing into the Poyo river. To achieve an improvement in the flood routing has done a sensitivity
analysis, altering the roughness and incorporating elements to delay the peak flow.
The event in October 2000 has been simulated with different parameters, varying the roughness and the
DEM entering the walls impeding the flow of water in the channel, forcing overland the entire flow.

Figure 9-25. Different configuration of walls in the flood prone area at Poyo

Subsequently have been compared the base case to determine the sensitivity of these variables. The
simulated cases are shown in the following table:
Table 9.5. Simulated cases in the sensitivity analysis in the flood prone area at Poyo

1
2
3
4
5
6
7

Base Case (no wall + n=0.035 (river) - n=0.045 (floodplain)
Manning homogeneus n=0.1
Manning homogeneus n=0.2
Manning n=0.035 (river) - n=0.1 (floodplain)
Wall v01
Wall v02
Wall v02 + n=0.1

The results show the increase in roughness achieved by reducing the peak flow. The placement of wall
that force overrun the entire flow gets slow the flow peak, but fails to reduce the peak flow as much as the
increase in roughness.
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Figure 9-26. First part of hydrograph for the event of October 2000
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Figure 9-27. Second part of hydrograph for the event of October 2000

The purpose of the analysis is to provide a solution that avoids overflows in the flood prone area. So it is
more interesting to reduce the peak flow rather than delay it. For the geomorphological configuration of the
flood plain of the solution of the wall is not appropriate for hydrographs with high flow rates, as it is not as
effective as increasing the roughness.
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9.1.5
9.1.5.1

Efectiveness by risk analysis
6 mm water retention landscape scenarios

A comparative analysis of the results shows that the density flood risk is reduced considerably to the
afforestation scenario, showing more effective than the local retention scenarios (small reservoir and one
single dam). (See Figures 8-16 to 8-20)
These results are highly dependent on the choice of minimum return period in the discretization of
calculating the integral probabilistic of the density flood risk. It has been chosen as the minimum return
period of 5 years according to the knowledge of the case study, however for the purposes of sensitivity
analysis was calculated for the full return period of at least 10 and 25 years. In Table 9.4 presents the
results in terms of the total damage reduction compared with the present scenario.
Table 9.6. Total risk reduction for the 6 mm landscape retention scenarios

Tmin = 5 years
Tmin = 10 years
Tmin = 25 years

9.1.5.2

Small
reservoirs
9%
2%
7%

One single
dam
17%
8%
24%

Afforestation
39%
19%
17%

Maximum water retention landscape scenarios

The risk of different maximum reasonable storage increase scenarios has been calculated. In the case of
afforestation, 6 mm is the maximum reasonable storage increase, but with one single reservoir or 184
3
small reservoirs, both of 16 Hm (technically possible) the areal increase of storage capacity is as high as
41 mm. In the first case, the risk reduction is limited to 39% (Table 9.7), in the second and third cases, the
reduction is 58% and 48%, respectively.
Table 9.7. Total risk reduction for the maximum landscape retention scenarios

Tmin = 5 years
Tmin = 10 years
Tmin = 25 years

9.1.5.3

184 small
reservoirs
(41 mm)

One single
dam
(41 mmm)

Afforestation
(6 mm)

48%
52%
28%

58%
64%
50%

39%
19%
17%

Room for the river

The effectiveness of Artificial increases of flood routing at the confluence of the rivers of Poyo and Gallego
on flood prone area has been evaluated in the case that flooding occurs in the northern part of the flood
plain (where the risk is increased by increasing the vulnerability) by overflowing of the river Poyo. It is
proposed for this, a configuration of walls that prevent the overflowing and has increased the roughness in
the area of natural flood routing. The results show that a combination of walls and increasing the
roughness of the terrain, the reduction of the flood risk in the downstream area is the 87%. (See Figure 928)
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Risk in the present situation

Risk in the future situation: „room for the river“
measure

Figure 9-28. Flood risk reduction by “room for the river” measure

9.2 Kamp catchment
The peak reduction due to the construction of microponds for 10 flood events (as of table 6-19) is shown
in figure 9-29. Flood events with wet initial conditions are plotted as blue circles, flood events with dry
initial conditions are plotted as red circles.The relative peak reduction in percent rapidly decreases with
rising flood peaks. For small, mostly convective, events, flood peak reductions of up to 14% can be
observed when microponds are constructed in the catchment. For extreme flood events with peak
discharges above 350 m³/s the reduction potential of the microponds is nearly zero. Further the effect of
microponds is higher in the case of wet initial conditions.

Figure 9-29. Potential of flood peak reduction at the Kamp by micro ponds.

Figure 9-30 shows the influence of the land use change scenarios (afforestation and deforestation) on the
ten flood events (as of table 6-19) at the gauge Zwettl/Kamp. The upper panel of figure 9-30 shows the
relative flood peak reduction in percent for the afforestation scenario and the lower panel shows the
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relative flood peak increase in percent for the deforestation scenario. The peak reduction and the peak
increase are both plotted against the observed flood peaks. Flood events with dry initial conditions are
marked by red circles and events with wet initial conditions are plotted in blue color. For both scenarios
the influence of land use change decreases with rising flood magnitude. The results for both cases
indicate that the influence of land use changes is stronger in case of dry initial conditions. Similar to the
microponds the effect of land use change is very small for extreme floods with peak discharges above 350
m³/s. For smaller events the influence of land use change is obvious. Peak reductions up to 30% are
indicated for the scenario of afforestation in the catchment. Clearly increased flood peaks are indicated for
the deforestation scenario for the case of small and medium events. Compared to the original model
configuration much higher flood peaks are simulated for the deforestation scenarios. The maximum peak
runoff increase is about 80%. The stronger influence of the deforestation scenario can be related to the
non linearity of runoff generation processes.

Figure 9-30. Potential of flood peak reduction at the Kamp by afforestation. Increase of flood peaks by afforestation is shown for
comparison.

The results of the analysis show that the effect of the microponds is mainly due to the decrese of
catchment soil moisture in the catchment, while conventional retention basins retain the water directly in
the river reaches. A large number of these microponds are needed, about 8000 of such small retention
basins within a catchment of 622 km². An additional retention volume of about 750000m³ can thus be
obtained. The influence of the microponds on flood response is examined for different event types.
Therfore it is possible to analyse the influence of different event characterstics. The first event
characteristic is the flood magnitude. For small events, the peak reduction is about 15% for a catchment
with an area of 622 km². In case of extreme events, the peak reduction decreases to 1%. The analysed
extreme event is the largest flood on record and large parts of the catchment were already saturated after
the first intensive rainfall. Therfore, the reduction of soil moisture due to the construction of microponds
has only a small effect on the flood peak. The second event characteristic is the initial soil moisture in the
catchment, particularly for small and medium events. The peak reduction through microponding is higher
for wet intial conditions. This is due to the fact that the fraction of surface runoff is greater in the case of
high soil moisture and more water drains into the micro ponds.
The influence of land use changes on flood generation were analysed for different scenarios. The
simulations suggest that land use changes do have a significant effect on the flood peaks and volumes for
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small and medium flood events. Conversely, deforestation of large areas seems to increase flood hazard
significantly. The deforestation of 47% of the catchment (for agricultural use) causes a 80% increase of
flood peaks. Also, the reduction of flood peaks for small and medium events due to forestation measures
in the catchment is substantial. The afforestation of 39% of the catchment area results in a flood peak
reduction of about 30%. However, for large flood events, the effect of land use change is small. The
results indicate that the systematic afforestation of agriculturally used areas results in a significant
reduction of the peak flows for small and medium events but in almost no reduction for large events.

Figure 9-31. Estimated flood peak reduction of the "room for the river" method (retention basins and flood inundation along the river
reaches), and the "retaining water in the landscape" methods (microponds in the landscape and afforestation) for the Kamp
catchment.

Figure 9-31 shows a summary of the scenario analyses of Chapter 6.2 that represent "retaining water in
the landscape" methods (microponds in the landscape and afforestation) and the scenario analyses of
Chapter 8.2 that represent the "room for the river" method (retention basins and flood inundation along the
river reaches). As noted in Chapter 6.2 the flood peak reduction depends on event types and antecedent
soil moisture conditions.The lines shown in Figure 9-30 are average peak reductions. Similarly, the flood
peak reduction by the room for the river method strongly depends on the inundated area and the design of
the bottom outlet of the retention basins. The lines shown in Figure 9-31 are for the capacities assumed in
Chapter 7.2. As can be seen in Figure 9-31, the main difference between the "room for the river" method
and the "retaining water in the landscape" methods is the magnitude of the flood event for which the
retention is maximised. For the case of retaining water in the landscape (either by land use change or
microponds) the storage capacity obtained by these measures is filled at the beginning of the event. For
small event magnitudes, the flood peak reduction is hence maximised. However, as the event magnitude
increases this early filling of the storage is a disadvantage as the storage capacity left decreases during
the course of the event. For large events, the total storage capacity is exhausted at an early time, leaving
no room for any retention at the time of peak which is critical for flood peak reduction. In contrast, in the
case of retaining water in the flood plain areas along the stream, a design was chosen that allows full
discharge through the retention area up to a return period of about 30 years. This means there is no
retention at all for these small floods. This has the advantage of leaving the full storage capacity for larger
floods. As the event magnitude increases, the storage capacity starts to fill and reaches a maximum when
the design capacity is reached. For larger flood discharges, the spill way starts to operate and the percent
peak reduction starts to decrease. However, since the inundation area is large, there is significant flood
peak reductions over a range of return periods between 30 and 1000 years. For larger return periods,
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however, this type of flood mitigation measure is exhausted and alternative methods for managing this
excess risk need to be adopted such as flood forecasting and associated measures of protection of
property and/or evacuation.
The importance of the difference in the flood mitigation patterns of the "Retaining water in the landscape"
and "room for the river" measures is illustrated in Table 9.8. The water level reduction of the "Retaining
water in the landscape" measures have been estimated from the available scenario simulations. It is clear
that "Retaining water in the landscape" measures have very little effect on the flood mitigation of the
downstream township of Zwettl. 10-15 cm in flood level reduction for the afforestation scenario is small,
given that 242 km² (i.e. 39% of the total catchment area) would have to be changed to forest which clearly
is not a realistic option. There is a lot of uncertainty associated with the effect of afforestation because the
detailed soil characteristics are unknown. Field irrigation experiments would be needed for a more
accurate assessment. However, it is clear that the effect of afforestation decreases with the flood
magnitude and for events on the order of 200 yr floods the mitigation effect is small. Also, 4-6 cm in flood
level reduction for the micro pond scenario is small, given that 7500 micro ponds would have to be
constructed. The micro ponds may not be very expensive as the following cost estimate suggests (Table
9-10). The two main cost items are land and earth works. Additionally, some costs for the planning can be
expected. It may be possible to negotiate with the current land owners not to purchase the land and leave
the ponds in their property. This would obviously reduce the costs significantly. However, given that the
flood mitigation effect is very small and, most importantly, decreases with flood magnitude, micro ponds
are probably not a very attractive mitigation option.
Table 9.8. Flood peak reduction (in percent) and water level reduction at peak (in cm) in the township of Zwettl as a result of three
upstream mitigation measures.

Flood peak reduction in
Zwettl for a 200 yr event

Water level reduction in
Zwettl for a 200 yr event

Retaining water in the landscape
(242 km² afforestation)

5%

ca. 10-15 cm

Retaining water in the landscape
(7500 micro ponds @ 100m³)

2%

Ca. 4-6 cm

Room for the river (total of 6 retention
basins at the Kamp and Zwettl)

40%

80-110 cm

It is important that the differences of the mitigation effects mainly result from the timing the storage is used
and to a lesser degree from the differences in the total storage capacity. Table 9.9 shows a comparison of
the total storage volumes of the mitigation measures for the Kamp catchment at Zwettl. For the
afforestation strategy the total storage volumes range between 0.92 and 1.60 Million m³. This is equivalent
to average water depths (related to catchment area) between 1.5 and 2.6 mm. For the micro ponds, the
total storage volume is always 0.75 Million m³ or 1.2 mm water depth. For the room for the river
methodology the total storage volumes range between no storage for the small events and about 1.60
Million m³ for the largest events which is equivalent to 2.6 mm. This means that there is not a huge
difference in the total storage volumes but a large difference in the mitigation effects as a result of the way
the storage volumes are filled.
Table 9.9. Total storage volume (in Million m³) of the three mitigation measures for the Kamp. The return period T=10 relates to the
August 2005 event (dry initial conditions), T=100 and T=200 relate to the scaled August 2002 event, and T=500 relates to the August
2002 event (dry initial conditions). "~" indicates storage estimates from the other events.

T=10yrs

T=100yrs

T=200yrs

T=500yrs
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Retaining water in the landscape
(242 km² afforestation)

0.92

~1.05

~1.20

1.60

Retaining water in the landscape
(7500 micro ponds @ 100m³)

0.75

0.75

0.75

0.75

Room for the river (total of 6 retention
basins at the Kamp and Zwettl)

0

1.19

1.51

~1.60

Table 9.10. Rough cost estimate of the micro ponds in the Kamp catchment.

Item (per pond)

Cost per unit

Cost per micro pond

Total cost

Land (200 m²)

5 €/m²

2000€

15 Mill €

Earth works (4 hrs)

70€/hr

280 €

2.1 Mill €

50€

0.4 Mill €

2330€

17.5 Mill €

Planning
Total
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9.3 The Uppper Iller catchment
9.3.1

Scenario simulation results

The following scenarios were used for simulation in the Upper Iller catchment:
1)
2)
3)
4)
5)

forestation
forestation and resulting increased soil storage
microponds
a combination of forestation, increased soil storage and microponds
micro reservoirs

The scenarios were simulated for the period March 2002 to August 2002.
Scenario results are shown exemplarily for one headwater catchment (subcatchment 4) and for the entire
basin.
Scenario simulations for subcatchment 4:
It was found that while the scenarios had some effect for small and medium size events in subcatchment
4, there was very little effect for the largest event (Figures 9-32 to 9-34). This can also be seen in
Table 9.11.

Figure 9-32. Small event – Simulations runs for all scenarios – subcatchment 4.
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Figure 9-33. Medium size event – Simulations runs for all scenarios – subcatchment 4.

Figure 9-34. Large event – Simulations runs for all scenarios – subcatchment 4.

200

CRUE FUNDING INITIATIVE ON FLOOD RISK MANAGEMENT RESEARCH
ROOM FOR THE RIVER

Table 9.11. Simulation results for all scenarios for three selected events (subcatchment 4).

Subcatchment 4 (Reckenberg-Ostrach)
Area
3 single events:

127.113 km²
large event
medium event small event
11.08.2002
11.06.2002
24.06.2002

antec.Precip (5days)
Precip

120.85
217.4

64.2
49.4

10.9
53.4

event volume
ref
Scenario 1 (sum - mm)
Scenario 2 (sum - mm)
Scenario 3 (sum - mm)
Scenario 4 (sum - mm)
Scenario 5 (sum - mm)

216.44
215.53
215.57
216.8
215.9
216.42

64.79
60.97
60.96
64.86
60.98
64.78

29.43
27.52
27.51
28.72
26.8
29.42

2.75E+07
2.74E+07
2.74E+07
2.76E+07
2.74E+07
2.75E+07

8.24E+06
7.75E+06
7.75E+06
8.24E+06
7.75E+06
8.24E+06

3.74E+06
3.50E+06
3.50E+06
3.65E+06
3.41E+06
3.74E+06

1.16E+05
1.11E+05
-4.58E+04
6.86E+04
2.48E+03

4.86E+05
4.87E+05
-8.90E+03
4.84E+05
1.48E+03

2.43E+05
2.44E+05
9.03E+04
3.34E+05
1.00E+03

0.42%
0.40%
-0.17%
0.25%
0.01%

5.90%
6.28%
-0.11%
5.87%
0.02%

6.49%
6.98%
2.58%
9.16%
0.03%

peak flow in mm/h
ref
Scenario 1
Scenario 2
Scenario 3
Scenario 4
Scenario 5

4.253
4.241
4.243
4.254
4.244
4.253

1.102
1.058
1.054
1.097
1.048
1.102

0.551
0.510
0.509
0.507
0.465
0.551

peak reduction in percent
Scenario 1
Scenario 2
Scenario 3
Scenario 4
Scenario 5

0.27
0.24
-0.03
0.20
0.00

4.02
4.31
0.42
4.84
0.03

7.42
7.62
7.97
15.63
0.01

ref (sum m³)
Scenario 1 (sum m³)
Scenario 2 (sum m³)
Scenario 3 (sum m³)
Scenario 4 (sum m³)
Scenario 5 (sum m³)
reduction in volume over entire event
Scenario 1 (reduction-m³)
Scenario 2 (reduction-m³)
Scenario 3 (reduction-m³)
Scenario 4 (reduction-m³)
Scenario 5 (reduction-m³)
reduction in volume over entire event (%)
Scenario 1
Scenario 2
Scenario 3
Scenario 4
Scenario 5
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In order to study the peak reduction a little more closely, the same three events were plotted with event
discharge in black (left y-axis) and the discharge reduction in m³/s for all scenarios on the right (blue) yaxis. It was found that the forestation scenarios (scenarios 1 and 2) already reduced flow before the start
of the event, the micropond scenario only became effective with the onset of rainfall. In case of the small
event the micro-reservoirs did not have any noticeable effect, as flow remained below the constant flow
outflow of the reservoirs almost for the entire period (Figure 9-35). This was also the case for the medium
size event (Figure 9-36). In this case you can also see the effect of delayed infiltration from the
microponds as discharge reduction for this scenario (scenario 3) becomes negative and is thus increasing
discharge at late times. For the large event (Figure 9-37), we can also see the effect of the microreservoirs, which are filled entirely before the peak of this event is reached and thus become ineffective for
peak discharge. At late times we also see the discharge phase and the resulting negative flow reduction.

Figure 9-35. Small event – discharge reduction for all scenarios – subcatchment 4.
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Figure 9-36. Medium size event – discharge reduction for all scenarios – subcatchment 4.

Figure 9-37. Large event – discharge reduction for all scenarios – subcatchment 4.
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Scenario simulations for the entire basin:
Similar effects as in subcatchment 4, but on a larger scale were found for the entire basin of the Upper
Iller. Again we see the largest relative reduction for the smallest event, which is also the event were the
effect of the microponds is highest (Figure 9-38) However, microponds in his case have an effect on peak
flow but not on peak volume (
Table 9.12). Hardly any effect can be seen for the large event in August 2002 (Figure 9-40).
Again, the micro-reservoirs only become active for the largest event (Figure 9-43). For this event you can
also see quite nicely how the microponds become inefficient as they are already filled during the first small
peak and then actually increase flow during the event (Figure 9-43 and
Table 9.12).

Figure 9-38. Small event – Simulations runs for all scenarios for the entire basin.
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Figure 9-39. Medium sized event – Simulations runs for all scenarios for the entire basin.

Figure 9-40. Large event – Simulations runs for all scenarios for the entire basin.
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Table 9.12. Simulation results for all scenarios for three selected events (entire catchment).

Subcatchment 1 (Upper Iller - Kempten)
Area
3 single events:
antec.Precip (5days)
Precip

175.14
253.85

102.18
64.21

5.89
55.34

event volume
ref
Scenario 1 (sum - mm)
Scenario 2 (sum - mm)
Scenario 3 (sum - mm)
Scenario 4 (sum - mm)
Scenario 5 (sum - mm)

210.02
208.22
208.33
210.29
208.51
210.02

57.51
54.90
54.91
57.71
54.83
57.51

23.74
22.86
22.83
23.78
22.43
23.74

2.00E+08
1.99E+08
1.99E+08
2.01E+08
1.99E+08
2.00E+08

5.49E+07
5.24E+07
5.24E+07
5.51E+07
5.23E+07
5.49E+07

2.27E+07
2.18E+07
2.18E+07
2.27E+07
2.14E+07
2.27E+07

1.71E+06
1.60E+06
-2.59E+05
1.43E+06
-1.82E+03

2.48E+06
2.47E+06
-1.94E+05
2.55E+06
3.91E+02

8.44E+05
8.76E+05
-3.57E+04
1.25E+06
2.86E+02

0.85%
0.81%
-0.13%
0.71%
0.00%

4.52%
4.72%
-0.37%
4.63%
0.00%

3.72%
4.02%
-0.16%
5.51%
0.00%

3.239
3.220
3.221
3.239
3.220
3.222

0.931
0.892
0.892
0.919
0.886
0.932

0.356
0.339
0.337
0.336
0.313
0.356

0.59%
0.55%
0.00%
0.58%
0.52%

4.18%
4.28%
1.28%
4.90%
-0.06%

4.64%
5.14%
5.62%
12.13%
0.00%

ref (sum m³)
Scenario 1 (sum m³)
Scenario 2 (sum m³)
Scenario 3 (sum m³)
Scenario 4 (sum m³)
Scenario 5 (sum m³)
reduction in volume over entire event
Scenario 1 (reduction-m³)
Scenario 2 (reduction-m³)
Scenario 3 (reduction-m³)
Scenario 4 (reduction-m³)
Scenario 5 (reduction-m³)
reduction in volume over entire event (%)
Scenario 1
Scenario 2
Scenario 3
Scenario 4
Scenario 5
peak flow in mm/h
ref
Scenario 1
Scenario 2
Scenario 3
Scenario 4
Scenario 5
peak reduction in percent
Scenario 1
Scenario 2
Scenario 3
Scenario 4
Scenario 5
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Figure 9-41. Small event – discharge reduction for all scenarios – entire basin.

Figure 9-42. Medium size event – discharge reduction for all scenarios – entire basin.

207

CRUE FUNDING INITIATIVE ON FLOOD RISK MANAGEMENT RESEARCH
ROOM FOR THE RIVER

Figure 9-43. Large event – discharge reduction for all scenarios – entire basin.

Peak discharge versus peak reduction:
Analysis of peak discharges was carried out for 10 automatically identified events for the entire basin and
for 14 events for subcatchment 4 (Figure 9-44). Peak discharge versus peak reduction was plotted for
both the entire basin and subcatchment 4 in Figure 9-45. Again we find the larger the event, the smaller
the effect of the scenarios. We also find a slightly higher effect of scenarios 1, 2, 4 and 5 in the entire
basin than in subcatchment 4 for maximum peak discharges. While the forestation scenarios are clearly
more efficient than both, microponds and micro-reservoirs for smaller events, this differences diminishes
at higher flows.
Peak reduction and antecedent conditions:
The 14/10 events analysed for the peak reduction study were separated into events with wet antecedent
conditions (more than 40 mm of rainfall in the 5 days prior to the event) and events with dry antecedent
conditions (less than 40 mm of rainfall in the 5 days prior to the event). This separation made it possible to
study the effect of antecedent conditions on peak reduction (Figure 9-46 and Figure 9-47). For
subcatchment 8 we clearly see that microponds are most effective for dry antecedent conditions. For all
other scenarios there is no clear pattern for the headwater catchment. The micro-reservoirs seem to work
best for medium sized events and dry antecedent conditions, however this result might also be caused by
the small sample size.
For the entire catchment there is a clear pattern for scenarios 1-4: peak reductions are highest for smaller
events with dry antecedent conditions. The separation that only smaller events are classified as dryer
antecedent conditions for the entire basin is a bit unfortunate as this causes a mixing of effects: event size
and antecedent conditions.
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Figure 9-44. Selected events for subcatchment 4 (upper graph) and the entire basin (lower graph).
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Figure 9-45. Peak discharge vs peak reduction for subcatchment 4 (upper graph) and the entire basin (lower graph).
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Figure 9-46. Peak discharge vs peak reduction for subcatchment 4 for all 5 scenarios. Blue dots signify wet antecedent conditions
(more than 40 mm of rainfall in the 5 days prior to the event).
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Figure 9-47. Peak discharge vs peak reduction for the entire basin for all 5 scenarios. Blue dots signify wet antecedent conditions
(more than 40 mm of rainfall in the 5 days prior to the event).
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9.3.2

Comparison with the hydrodynamic simulation of a large
polder

For HQ 100, which is about the size of the large event modelled with Wasim-ETH for the simulation period
in 2002, peaks are not decreased but increased. This is the result of a disadvantageous superposition of
hydrographs as a result of flood retention measures upstream. Comparing this figure with maximum
retention with our flood retention scenarios (0.59% peak reduction with forestation scenario 1) we find that
the forestation scenario achieved a peak reduction of 5 m³/s at peak flow, while the polder simulation
resulted in an increase of 14 m³/s. At HQ 300 on the other hand the polder simulation achieved a peak
reduction of 103 m³/s, while the peak reduction from forestation for such extreme events is likely to be
close to zero.
Flooded area for the area of the city Kempten at HQ 100 is shown in Figure 9-48 (from HWS-Konzept Iller
Nord,2004). A similar picture is to be expected for the forestation scenario generated in the here
presented study.
Table 9.13. Peak reduction – results from the hydrodynamic simulation of the new polder and additional smaller retention measures
and dams (entire catchment) (from HWS-Konzept Iller Nord,2004).

HQ5
Q
[m³]
(without new
retention
measures)
Q[m³]
(with
new retention
measures)

HQ10

HQ20

HQ50

HQ100

HQ300

HQ500

HQ1000

309

352

459

525

594

919

1005

1108

302

345

461

532

608

816

894

991

Figure 9-48. Flooded area in Kempten at HQ 100 (from

HWS-Konzept Iller Nord,2004).
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Implications for Stakeholders

The selection of the proper flood protection measures (or combination of measures) should be based on a
local analysis of their effectiveness and efficiency. The following general findings, however, have been
obtained from this project:
1.- Given that the changes in the flood magnitude are a delicate balance of the various controls, it is
important for the data to be of the best quality and the models to be carefully parameterised.
2.- Volume matters. Overall, the effect of the reduction in flood risk depends on the retention volume
compared to the magnitude of the flood. The simulations indicated that in all three catchments the
additional retention volume obtained by afforestation is likely small. Also, the effect of retaining the water
in the landscape in micro-ponds is relatively small as, in most landscapes, it is difficult to accommodate
large retention volumes. However, it may be useful to combine the above measures with other positive
effects (not considered in this project) such as soil conservation, sediment transport reduction and
environment protection.
3.- The effect of each measure is different. The peak runoff reduction of “retaining water in the landscape”
measures is a function of flood return period, reducing its effectiveness with the flood magnitude. On the
other hand, “room for the river” is more effective for medium return periods.
4.- Allowing for “room for the river” provides large retention volumes more easily. Such measures may
hence be socially more acceptable than “retaining water in the landscape”, given the spatial coincidence
of environmental impact and risk reduction in the floodplain and the relatively limited effect of the latter.
The room for the river concept has the additional advantage of being able to design the mitigation
measure in a way that the maximum flood reduction can be achieved for a chosen magnitude (eg. 200 yr
flood) while afforestation and micro ponds mainly reduce the small floods and their storage may be
exhausted for medium and large floods.
5.- If the present flooding frequency is high, small reductions in the flood hazard can produce significant
reduction in the flood risk.
6.- While the effects of polders and additional flood plains along the main stream can be estimated reliably
by simulation models, it is much more difficult to estimate the changes in the infiltration capacity with
afforestation or deforestation within the catchment. The changes in the soil characteristics are likely to
occur over decades and it is hence strongly recommended to perform local infiltration experiments to
complement the model based assessment of the effects of land use change on flooding.
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Recommendations for future Work

The most important recommendations for future research are:
1.- The effect of land management on soil infiltrability can be introduced into the analysis using distributed
models, but is a matter which needs further experimental studies to assure the proper parameter changes.
2.- The effect of initial soil moisture condition depending on the climate, hydrological conditions and type
of measure was not completely explained in this work.
3.- In the case studies, “room for the river” type of measures was difficult to implement with a significant
effectiveness due to the influence of floodplain geomorphology, flood magnitude, hydraulic characteristics
of the floodplain (mainly slope and roughness), etc. More research is needed using a wider sample of
case studies.
4.- The risk analysis is very sensible to a large number of factors (data quality, model parameterization,
vulnerability estimation, land use planning, climate change, ...), all of them with a high associated
uncertainty. The risk uncertainty must be introduced in the future.
5.- The selection of the proper flood protection measure (or combination of measures) is a delicate issue.
Decision would have to be based on an integrated flood management plan that balances the various
options of flood mitigation and management and their actual costs. I.e. efficiency analysis methodology
must be improved.
6.- The inclusion of social and environmental impacts must be done into the risk analysis through
multiobjetive criteria.
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Distributed Hydrological Model
Technical University of Valencia (Spain)
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water balance.
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