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Abstract

Flood retention capacity is one of the ecosystewicas provided by wetlands that is
being progressively and globally degraded desp#aricreased number of
environmental policies for the protection of natuesources (Millennium Ecosystem
Assessment, 2005). It has been established tloatier to arrest the global
degradation of wetlands’ functionality, managensdrdategies for natural resources
should be refocused to consider the benefits afystem service provisioning. The
aim of this study is to develop and implement ahmdblogy for evaluating flood
retention capacity which could be applied to imgrdive decision-making process of
river management strategies. The Donau-Auen NdtRaik in Austria was used as a
case study for the application of the methodolddys, the flood retention capacity
was evaluated in both physical and monetary teanthe National Park area. The
physical quantification applied a two-dimensiongdifodynamic model, Hydro2de,
and a modified non-linear reservoir method for¢hkeulation of flood storage
volumes, residence times and average flood peakitiels of an annual, 30-year and
100-year flood event. For the economic evaluatiosybstitute cost method was
developed. In addition, the study developed a histband future scenario, so that
predictions could be made about how the serviceigioming has and could change
with time. The study estimated a maximum storadenae of 207 million m by the
total area which was valued to produce around ®@6Euros of cost benefits in terms
of flood protection. The historical flood retentioapacity was found to have been
smaller compared to current levels because oflghijioodplain discharge in the
past. For the future, a small reduction in thedloetention capacity is predicted due
to planned restoration programme that actually soésfloodplain flow. However,
this will have no effect on the future value of irea as a mean of flood protection.
The significance of these results is limited by dassumptions made in the study and
hence, the calculated values can only be intenpratean approximation for the study
area in terms of flood retention provisioning. lRerimore, the implications are
affected by the particular history of river morpbgy in the study reach and will not
apply more generally.
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1. Introduction

1.1. Background

Flood retention capacity can be defined as therabability of floodplains to store
flood waters and detain the propagation of floodega i.e. it characterizes the
functionality of a region as a buffer area for reidg flood magnitudes and flood
hazard. Several authors have discussed the sigmigcof floodplains for the
transformation of a flood wave peak, with the maxmmrunoff of the event being
reduced and elongated over time (e.g. Kotze, 20dPathartet al, 2003). Hence,
flood retention capacity of an area provides onthefecosystem services produced
by natural fluvial systems that can have a sigaifteeconomic benefit.

The Millennium Ecosystem Assessment (2005) detezchthat over the past 50 years
wetland ecosystem services, including flood reteantapacity, have degraded more
rapidly than ever before, despite the globally éasing number of environmental
policies. Flood retention capacity is controllecedily by changes in surface
elevations, geometry, size and shape of floodplamghness, location in the
catchment, water regime and permeability of thé(&atze, 2000). These controlling
factors of the ecosystem service have been alter@dresult of several anthropogenic
activities, including the transformation of landveo, hydrologic modification,
drainage, infilling, spread of infrastructure ahe tonsequential pollution,
salinization and eutrophication (Millennium EcogmtAssessment, 2005).
Therefore, it has been proposed that a new apprehii addresses environmental
impacts of anthropogenic activities from ecosyssemvices perspective should be
developed in order to cease the progression ofagletvironmental degradation
(Millennium Ecosystem Assessment, 2005).

Moreover, Barbieet al. (1997) proposed that a major reason for exceskapéetion

of wetland ecosystem services is the failure tmaostadequately for their non-
market values in river management strategies anelalement decisions. Hence,
there is a need for the development of methododathiat would facilitate the
evaluation of the significance of ecosystem sesyitike flood retention capacity,
within wetland management decisions. This woulaive the quantification of the
service in physical terms and for a more effectiseourse with policy makers,
planners and managers, the values of ecosystemalstape expressed in monetary
terms.

Methods for quantifying flood retention capacityphysical terms have previously
involved: (1) either hydrological flow routing oytirodynamic models for calculating
flow characteristics over the study area (i.e. wdepths, velocities, discharge, area
under water) and (2) non-linear reservoir methadmear relationships for
estimating the retained flood water volume andsiieed of a flood wave (Valentova
et al, 2010). These methods have also enabled the ¢ealud the effects of change
in several factors identified by Kotze (2000) tbantrol the provisioning of the
service. Examples of assessing flood retentionnaekiwith flow routing models
include Ogawa and Male (1986) and Szolgay and Dmvaa(2008). These methods
are applicable for river reaches where limited inghata for hydrologic models is
available in terms of surface elevations and thghoess of the study area. However,



the accuracy of the approach is limited by theeasgntation of flow dynamics and
geometric description (Valentoe al, 2010). The application of the alternative
approach, hydraulic models can be divided into (e[§. Miroslaw-Swiatelet al.,
2003; Sartor, 2005) and 2-D studies (e.g. FukuokbVeatanabe, 2002; Valentoga
al., 2010). 1-D models require the adoption of majoplifications in process
representation due to the fact that overbank flamnot be modelled realistically and
thus, has to be treated as flow through a sepeahatenel (Miroslaw-Swiatek, 2003).
Hence, 2-D hydrodynamic models provide an impraaeclracy for process
representation and for modelling floodplain flowshin sub-channels (Connedt al,
2001), and therefore are more appropriate for giyarg the flood retention capacity
of floodplains. However, very few studies have laid a detailed description of the
methods applied in the quantification of flood rdien capacity by 2-D models or
discussed their accuracy. Therefore, further rebeiarneeded to develop and assess
the applicability of these methods for the phys@antification of flood retention
capacity.

There are a few studies in environmental econothashave explored the
quantification of natural flood storage in termstefmonetary value (a summary of
examples is given by Schuyt and Brander, 2004 ¥lo%&l retention is a non-
marketable benefit that is in direct use (i.eammot be bought or sold on a market),
its value can be considered equivalent to the samanhgs received from reduced flood
damage and smaller expenditure for flood proteati@asures proportional to the
amount of retained flood water. Thus, if the pransng of flood retention would
cease to exist or be significantly reduced, thertkiream areas would need to
compensate for that loss by building new physilkcadd protection measures, or flood
damage will occur. This creates an effective magetalue for the ecosystem service
(King and Mazzotta, 2000). Hence, flood retentiapacity has been most commonly
evaluated by damage cost avoided and substitutereibhods, described in more
detail by King and Mazzotta (2000).

Very few studies have previously combined a dedaslesessment of flood retention
value in both physical and monetary terms, despddact that the physical

evaluation is partly a prerequisite for a monetsyessment. Hence, there is a need to
develop an integrated approach which would comemaronmental science

principles of physical quantification with enviroemtal economics for evaluating the
monetary value of flood retention provisioning goidplains. In order to explore the
estimation of flood retention capacity in physiaad monetary terms further, a case
study is needed on the basis of which hydrologidetiomg and economic evaluation
could be carried out.

1.2. Study area: Donau-Auen National Park

The study area includes the Donau-Auen Nationdt Pafustria that protects
ecosystems in one of the last functional alluvéaahes of the Danube with an
interactive river-floodplain system (Schiengtral,, 1999). A brief description of the
area, its history and future restoration programmdéise given here.

The national park extends from Vienna to the Sleasakorder, covering
approximately 45 km in length and 9,300 ha are& \(Wationalpark Donau-Auen,
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2011). It includes one of the few remaining wetmdCentral Europe that provides
habitats for a large number of endangered and eicdgacies (Nationalpark Donau-
Auen, 2011) (Fig.1). Beside its flood retention &eipy, the area also provides a
number of other ecosystem services, including gitauater recharge, sediment and
nutrient retention, water purification, biologiqalbbduce (e.g. wood, fish, game etc),
climate change buffering in the form of a carbarksand cultural services like
recreation and tourism (Schwarz, 2010).

The land cover types of the area include ripar@amlvood and softwood forests
(65%), meadows (15%) and approximately 20% of ¢netory is under water during
the mean flow conditions (Cierjacks al, 2010). Hence, the area is rich in the variety
of habitats it provides. For example beside thenmiaerbed, the river-floodplain
system accommodates oxbow lakes, side arms, steepanks, gravel shorelines,
riparian forests, meadows and xeric areas (Ciesjathl, 2010).

\ ©
C
2

WIEN GioBEnzersdort

A
L

-

=
\ %
j =
| BRATISLAVA

Figure 1. Map of the study area, Donau-Auen Natiéterk. The area is situated
between two European capitals, Vienna (upstreauh Bratislava (downstream). The
Danube reach passing through the National Park@stzom the 1918"%to 1885.6'
river kilometres of the Danube.

Hundreds of years of flow regulation works upstresard within the area have heavily
influenced the ecosystem services sustained bghythamic river floodplain system of
the National Park, including the flood preventi@pacity of the Danube floodplains.
Since 1600s, the Austrian Danube has been contshlyisubject to flow regulation
works for improving its navigational purpose, pretreg channel migration, bank
erosion and developing flood protection (Mohilladaviichimayr, 1996; Hohensinner
and Drescher, 2008). However, the first major flegulation works started in Vienna
in 1869 and since 1900s, the flood protection sysiethe Danube has been
gradually improved for local urban developments KMa and Michimayr, 1996). All
of this has resulted in fundamental changes to geemorphology and hydrology as
over the past few hundred years the naturally bahrtzer of Danube has been
transformed into a straight artificial channeltsreach through Vienna. The
historical fluvial dynamics of the Upper Danube @deen described by Hohensinner
and Drescher (2008) and hence, the details ofakerpver-floodplain system from
which the change has occurred will not be furthiscwussed here.

As an overall result of the regulation works, tlwmfiplains have been disconnected
from the main Danube riverbed, with an exchangeaaiter occurring only during
short term flood pulses (Tockner al, 1998). Up to 80% of former floodplain areas,
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backwaters and side arms have been lost (KeckdiSememer, 2002) owing to the
fact that the main channel of the Danube has lodvapproximately 1.5 m since
1875, causing a gradual dewatering of the floodlaind terrestrialisation of the
backwaters (Schiemet al, 1999). Moreover, the Marchfeld dike built foodid
protection cut off a large proportion of the natdi@odplain area from the fluvial
system. The intensity of geomorphological processieing channel migration has
also reduced while erosion has concentrated almgiin channel of the river
(Schiemeteet al, 1999). Other immediate effects of the compldiad regulation
schemes include the loss of riverine inshore htsbéad a reduced rate of
groundwater recharge (Schiens¢ral, 1999; Keckeis and Schiemer, 2002).

Therefore, the regulation works have affected ttenal functioning of the river-
floodplain ecosystem, while the total effect ons&iem services that the system
provides remains unquantified. However, the seminaaarea of the Danube
between Vienna and Bratislava still sustains soooesystem functions characteristic
to natural river-floodplain systems, although ferthesearch is needed into evaluating
their current functionality. With the establishmefhthe Donau-Auen National Park
in 1996, a restoration programme of the Danubedfdtenins was initiated for restoring
its hydrological connectivity and both benefitifigetendangered habitats and the
navigational purpose of the river. The main godlhe restoration scheme included
the promotion of floodplain habitats, reductiorbefd scour in the main channel and
sediment accumulation on the floodplain. Therefthre,restoration programme is
expected to produce benefits in terms of naturasgstem functioning and thus,
service provisioning.

In order to provide a context for the benefitstad testoration programme in terms of
ecosystem functioning, a few examples will be sgddn more detail. For instance, a
pilot project for the restoration programme wasiateéd between Haslau and
Regelsbrunn in 1997 (Schienwdral, 1999). The side arm system was reactivated by
lowering parts of the river embankment to the m@ater level, creating artificial
openings into the backwater system and loweringshdeam the main riverbed for a
more continuous flow (Tockner and Schiemer, 192hiSneret al, 1999). As a

result, the height of the river bed and the thidsnef the fine sediment layer grew due
to enhanced lateral erosion and the hydrologiatlfes became more heterogeneous.
In addition, an increase in geomorphological psses was observed along with an
induced length of the river shoreline and enhameedber of shallow water habitats.

Thereatfter, the side arm systems have been retttiganilarly at Schonau and Orth.
Moreover at Witzelsdorf and Hainburg, pilot progtr removing the artificial river
embankments have been carried out. Tockhat (1998) listed three main
hydrological outcomes for the restoration of thealed side arm system: firstly an
increase in the floodplain discharge, secondlynareiased time of lotic conditions in
the side arm system, and thirdly, a higher groundmlavel. Furthermore, the
changes in the hydrology reduced the bottom rivitdyesion due to diversion of
flow (Tockneret al, 1998). This demonstrates the significant poténfithe
restoration programme to affect the provisioning®feral ecosystem services.

Currently, preparation works for a large scaleaiedgion scheme, the Integrated River

Engineering Project (IREP), are carried out. ThHeeate covers five main goals: (1)
stopping river bed degradation by granulometric ingarovement (i.e. the addition of
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450kg/nf of gravel to the main channel), (2) improving tievigational purpose of
the river by applying a low flow regulation, (3)re@ncing the fluvial dynamics of the
river, (4) improving the hydrological connectivibgtween the river and the
floodplains by further side arm reconnection andaeal of artificial structures
(embankments, weirs etc), (5) reducing water lestating flood events by
reactivating the side arm system (Reckendafel., 2005). The IREP is currently at
the stage of an Environmental Impact Assessment.

1.3. Aims and objectives

The aim of this study is to improve the estimat¢hefflood retention capacity service
provided by the Donau-Auen National Park in phylséacal monetary terms while also
revising an appropriate methodology for the asseasmith the combination of
physical science and economics principles. Theysiill aim to develop a detailed
record of the methodology with a discussion ofréesoning used for adopting the
chosen techniques, something that the majoritglated studies lack in detail.

The functionality of the ecosystem service willdssessed by estimating the stored
flood water volume, residence time and the spedhbodl peak propagation for an
annual, 30-year and 100-year flood wave. Theseipdlysharacteristics will be
calculated on the basis of (1) outflow dischargeredes previously determined by
unsteady flow simulations of a 2-D hydrodynamic mlq¢Hydro2de) and (2) a
modified non-linear reservoir method that analybesinflow-outflow hydrographs.
The first objective however is to run the Hydro2dedel experimentally and
compare its results against monitoring data and {RAS predictions from a
previous study (Donau Consult, 2006), so that tbdehcould be parameterized to
produce reasonable flow results for the currerddfgain topography. Thereafter, the
annual, 30-year and 100-year flood events willibeukated to produce outflow
hydrographs and finally, the modified non-lineasewoir method will be applied to
calculate the flood retention capacity of the stadsa in physical terms. Moreover,
artificial scenarios where no overbank flow ocowit be simulated so that the total
effect of floodplains on the propagation of theoflovave could be assessed.

The monetary evaluation will aim to account for th&&l economic contribution, i.e.
the net benefits of the National Park that it pdea as a flood protection instrument
for downstream areas. Hence, the assessment millcaguantify by a substitute cost
method how much more would have to be spent ol ffpotection measures if the
floodplains would cease to exist.

Beside the present condition of the ecosystem &epriovisioning, the study will aim

to analyse how the production of flood retentios bhanged over the years as a result
of past river management strategies. This assessmiebe based on the analysis of
historical maps and the modification of input topag@hy in order to reflect changes in
the geometry of the floodplain. In addition, a setonodified input topography will

be produced on the basis of scheduled works fointiegrated River Engineering
Programme, so that an estimation of the futuredflaention capacity could be

made.
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2. Methods

2.1. 2-D hydrodynamic model description: Hydro2de

The outflow hydrographs used for the quantificatbdflood retention capacity in
physical terms were determined on the basis of fltiadelling across the study area
by a 2-D hydrodynamic model, Hydro2de. The modélased on the conservative
form of depth averaged shallow water equations §qos 1, 2, 3), while turbulence
is represented by the zero-equation turbulence haodethe numerical solution is
reached via the finite volume method with explitcite integration.

Equation 1: (Conservation of mass)

dh deg ar
— 4 — 4 —
at dx av

=0

Equation 2: (Conservation of momentum in the ection)

99 | Aa/R) | dlgr/h) | g o(h?) 0z _ 13(htay) 10hTx) | T _ g
at dx dy 2 ax dax g v g dx 2

Equation 3: (Conservation of momentum in the y-atiom)

ar  3G/h)  dtar/h)  g3(h?) +gh5_z_i3[h1}-x}_£3{h1yy}+ wy _ g
at av dx 2 ay dr p Bx gy ']

Where h is the flow depth;

tis time;

g and r are units of discharge in x gmirections respectively;

g is the gravitational acceleration;

p is fluid density;

Tyys Txx, Tyx @ndtyy are turbulent stresses from whighandt,, (normal
stressa®) assumed to be negligible, whilgandryx
(sheaesses) are calculated by applying the Boussinesq
approxima;

Tox andtpy are the bed shear stresses that have been estinyatee quadratic

friction law (Equat®d, 5).

Equation 4:
Thx = PYCFUNU® + V2
Equation 5:

Tpy = PYCFNUZ + V2
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Where u and v are the velocity terms in x and gations;
¢is the friction coefficient;
vy is a factor accounting for the increased wetted af sloping beds.

The friction coefficient, cis defined by Eq.6 which also demonstrates itstichship
with Manning’s n, the roughness coefficient.

Equation 6:
_gn?
C}L‘ -_— hl.-"ra

The model uses two sets of rectangular uniformsgtite first containing surface
elevations and the second roughness coefficier8gBnd Connell, 2001). It applies
initially dry floodplains in calculations unlessexpfied otherwise, over which the
flow is propagated on the basis of bed topogragiference in water levels, velocity
and direction of flow (Beffa and Connell, 2001).eliumerical flux from a cell is
calculated by a flux difference splitting schemeealeped by Roe (1981) which uses
upstream weighting for estimating fluxes (i.e. @praximate Reimann solver). This
approach is applicable for treating initially digddplains and allows the transition
between sub-and supercritical flows (Nicholas anttivll, 2003). The second order
accuracy of calculations is achieved by a variaskeapolation method (MUSCL
approach) (Van Leer, 1977) which uses time steferméned by the Courant—
Friedrichs—Lewy condition (Nicholas and MitchelQ@B). Hence, Hydro2de is set to
consider variable bed topography, processes ofngednd drying, bed friction and
diagonal flows from grid cells (Beffa and Conn@i01). Beffa and Connell (2001)
describe the model in further detail.

Several authors have used Hydro2de for modellimgdiplain flows and demonstrated
its numerical stability (e.g. Connglt al, 1998, 2001; Nicholas and Mitchell, 2003;
Nicholas, 2003). However, it has been noted thatrbBde may underestimate flow
depths and the extent of a flood in the case ofhatbpographic resolution that
ignores the distribution of some surface featueeg. houses, hedges etc) (Coneell
al., 2001). Although this effect is also relatedhe specification of roughness, it has
been determined that from input parameters, theg@phic resolution affects the
accuracy of predicted results the most (Conetedil, 2001; Nicholas, 2003). Nicholas
(2003) also emphasised that the monitored flowanttaristics demonstrate more
variability than the predicted results of the mod®dicating a lack of sub-grid
process representation by Hydro2de. Thereforegaadocus was adopted for
preparing an input topography with the highest @pple accuracy.

2.2. Input data preparation for the Hydro2de model

2.2.1. Preparation of topography

The topographic data of the National Park usedrfodel simulations originates from
three surveys: airborne LIDAR survey with a resolutof 2.5 m, a Sonar dataset with
a resolution of 2 m and SRTM data with a resolutb80 m. The LIDAR data
provided a representative DTM model of the NatidPalk area with errors up to 40
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cm as a result of laser scanning, filtering ané gabcessing. The Sonar dataset
described the bathymetry of the main Danube chaMwmieover, as Hydro2de can
only process topographic input files in a rectanagshape, the rest of the topographic
data within the rectangle around the area of istdeermed by the LIDAR and Sonar
data was interpolated from a SRTM dataset.

Figure 2 provides a full representation of the gmaphy combined from the three
datasets. The border between LIDAR and SRTM dat&hwwere adjoined by a
simple merge function, can be easily distinguistheel to the difference in the original
cell sizes of the datasets. However, the combinaifd_.iDAR and Sonar datasets
proved to be more complicated.

2.2.1.1. Topographic combination of LiDAR and Sonar data

In order to construct a full topographic represeoreof the National Park area, two
datasets (LIDAR and Sonar) had to be combined. Kewe simple merge of the two
raster datasets would create issues with the aotytiaf topography while the LIDAR
data for the main channel area would be simplyedisrded and replaced by
bathymetric Sonar data. Firstly, as the bathymelaia were collected by a vessel
travelling along the Danube, only a limited regadrthe channel could be accessed
for gathering data due to groynes and islands emitler. Figure 3 demonstrates the
bathymetric data gaps created by this limitatioesiBe data gaps, a simple merging
of two datasets would also generate abrupt jumpspographic data on the border of
the river and the floodplain to the extent of a f@eters.

In order to overcome these issues, the followiegsivere taken:

1) The groynes and islands were digitized on th# B their location could be
easily identified due to low water levels at thradiof the LIDAR survey (Fig.4).

2) The DTM values of groyne and island surface aiens were transferred to the
combined dataset.

3) Data gaps were eliminated on the basis of intatjpn by inverse distance
weighting (IDW) while using a power parameter 2jafle search radius and 12
points per radius (Fig.5). The method was chosentduhe relatively high accuracy
and regular point data of the DTMs. Moreover, lal surrounding data points were
assumed to have an equal weighting on the predetés@tions within the data gaps
regardless of the direction of their location. Tdfere, the IDW method provided a
simple and convenient technique for interpolatiatues to the data gaps.
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Figure 2. Complete topography used to represensthdy area that combines topographic data fromAR) Sonar and SRTM datasets.
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Figure 3. Bathymetric data gapA.section of the Danube floodplain demonstrating
data gaps between the DTM and bathymetric dataBeg¢scontinuous line on the
Northern bank of the Danube represents the Martaliée.
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Figure 4. A section of the Danube main channel Wwéthymetric data overlying the
DTM. In the bathymetric data gaps of the river bed]dkation and height of groynes
and islands could be easily identified on the bakigeighbourhood statistics of the
DTM as during the time of the LIDAR survey the wdtvels were below the groyne
heights. The neighbourhood statistics signify stsefalevations that are 1/3 of
standard deviation times the value of the statdifferent from surrounding
elevations.
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Figure 5. A section of the Danube demonstrating#selt of the inverse distance
weighted interpolation method used to create aiooous dataset for the floodplain
topography.
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2.2.1.2. Defining grid resolution

In order to find the optimum resolution for runnimgpdel simulations, a number of
test runs was carried out with different topograpksolutions, the results of which
were thereafter compared and analysed. The maximasotution with the smallest
cell size that could be applied for the whole stadza in Hydro2de was 15 m due to
the limits set by the model for the size of thenmwahat it can process. In addition, a
number of more generalized resolutions, ranginmfa®-100 m, was tested with an
input discharge equivalent to a one-year flood evEme resolution of the topography
was reduced by spatial averaging of surface elewatbver a specific number of cells.
As a result, the level of detail across the floadiplwhich generates flow intricacies
was smoothed out. Because of the spatial averagamgpique used, the traditional
grid refinement analysis for calculating the Gridn@ergence Index (GCI) (Roache,
1994), which estimates the convergence of a saldtam the true numerical value,
was not applicable for this study. For estimatir@lQyrid resolution should be
reduced by removing values from the mesh, e.g.yesthier value for resolution
halving (Roache, 1997). However for the purposdasisfstudy, it was important to
generate an average representation of the topogvealpich could later determine the
general flow directions across the area.

Therefore in order to calculate how different tesults produced by lower resolution
topographies are, a percentage change of prediefgitis and velocities from the 15
m resolution baseline was found (i.e. a fractie@rabr from the 15 m resolution) with
the assumption that the 15 m resolution topograptwyld yield the highest accuracy
for simulation results. Appendix A summarizes ttagistics of the fractional errors
from the 15 m resolution results relative to theréasing cell size, while Figure 6
provides a graphical representation of the keyssizd in the results comparison.

Medians of fractional errors were used for the gsialas the occurrence of some
extreme percentage changes skewed the mean vélihesoomparison and their
equivalent standard deviations. The median pergenthange decreased from
-2.12% for 20 m resolution to -28.57% for 100 notaton results, while the median
percentage changes for velocities fell from 0.68%B8t75% from 20 m to 100 m
resolution respectively. Thus, the comparison shibilvat lowering topographic
resolution decreases flow depths exponentially aittaverage of 0.34 % per 1% of
resolution decrease according to the median vakrastional errors in flow
velocities demonstrated an increase in results tn&ti50 m resolution, after which
further resolution reduction produced increasiriglyer velocities than 15 m
resolution. The average absolute change in vedscier 1% resolution decrease was
0.17%.

Hence, lower resolutions have a tendency to gdgyanatierestimate flow depths and
also velocities at resolutions approximately thiews smaller than that of 15 m.
Connellet al. (2001) observed similar results and concludedtti@tinderestimation
occurs as the lower resolutions exclude import@ambgraphic detail that would
otherwise increase flow depths. Nevertheless, sottrteme percentage increases
occurred for all comparisons as can be evidencatidynaximum fractional errors in
Appendix A.
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As the maximum percentage differences reached g 00% for flow depths and
181,000% for velocities, the occurrence of outli®es analysed further in order to
determine their significance on results with desmgg grid resolutions. The number
of outliers for each set of comparison was deteeohivhile defining a value as an
outlier if it satisfied conditions described bytat Eq. 7 or EQ.8.

Equation 7: x< Q1- 1.51QR
Equation 8: x> Q3+1.5I1QR

Where X is a value from the dataset to be detemir@isean outlier or non-outlier;
Q1 is the first quartile of the dataset;

Q3 is the third quartile of the dataset;

IQR is the interquatrtile range.

Thereafter, the number of outliers was standardsmedrding to the grid size. Within
the dataset comparisons, roughly 8-11% of flow kieptere significantly different
from the results produced by the 15 m resolutigogpaphy (i.e. identified as
outliers), while approximately 14-16% of flow velties were significantly different
(Fig.6). In addition, proportionally the numberaftliers did not increase with lower
resolutions, in fact it slightly decreased for franal errors in flow velocities.
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=20 M Outlier% in flow velocities
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Resolution used for calculating the % change values from 15 m resolution results

Figure 6. A summary of results comparison with ragytopographic resolution.
Median percentage changes of flow depths and \tedealong with the percentage of
outliers within the calculated fractional errors @lemonstrated.

The majority of extreme percentage differences ftbenl5 m resolution results (i.e.
outliers) occurred at the borders of side armsthadnain channel. Hence, these were
likely to be caused by the spatial averaging tepimiused to reduce the resolution of
the topography. Spatial averaging smooths outuhface as a mean elevation value
is assigned to an area that used to be coveredbgnber of smaller cells. When flow
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is propagated over the smoothed surface, it is mnbe expected that the main
differences in flow characteristics while compatedhigher resolution results will
occur at locations where the higher resolution gsppphy demonstrates a change in
surface elevations but where the spatial averagietpod has smoothed the features
out on the lower resolution. These locations pradantly include the borders of the
flow routes. The extreme differences are hencéylitceoccur when percentage
change values are found from small depths or vigdscat those borders.

As a result of the analysis, 50 m resolution topphy was chosen for application in
the rest of the simulations, based on three reasnssly, the resolution demonstrated
one the smallest fractional errors in predicteafleelocities while compared to the
15 m resolution. Secondly, the resolution produmea@verage level of percentage
change in flow depths relative to the resolutiacréase. Thirdly, 50 m resolution
enabled the running of simulations within a timemnfie available for this study, i.e. a
100 year flood simulation could be run in approxieha60 hours, 30 year flood event
in 20 hours and an annual flood simulation in 8reoConsidering that the study
involved simulating each of the flood events 6 sn(2 of each for the present, past
and future scenarios), the total model running tadded up to approximately 660 h
while ignoring the time taken for test runs. Anyldidnal resolution increase would
have seen an exponential rise in the model runimmes.

2.2.2. Specification of boundaries

The outflow boundaries of the study area includeddastern and northern border of
the region, while inflow was propagated from thestgen border. A terrace on the
southern bank of the Danube prevented any outftom fthat direction.

The eastern outflow boundary was specified witlopesof 0.01, i.e. as a boundary
where flow is supercritical. The northern domaimibdary was specified at a slope of
0.000001, so that if flow was to reach this bomfeihe region, it could exit the study
area, however any backwater or draw down effectddvioe minimal.

The western inflow boundary was specified accordinfield data. It was assumed
that the modelled flood events were produced dnting an incoming flood wave
(characteristically flood events are caused irattea by the melting of Alpine snow
and glacier ice) and that no precipitation occhreughout the study area during the
events. Thus, monitoring values of water levelsifitbe Freudenau gauging station
were used for the construction of a stage-dischaglgéionship. On the basis of this
relationship and recorded water levels from the s1@002 floods, inflow
hydrographs for the annual, 30- and 100-year flooele constructed. During the
August 2002 floods, all three peak dischargesamdlevents in question were
recorded and hence, the rising hydrograph valudse the relevant peak could be
extracted from the dataset. However, the declihilfjof the hydrograph was partly
extrapolated according to the recorded trend ofedese of the water level values. The
slope for the inflow boundary was calculated frdra tonstructed topography.

In addition, two small tributaries enter the Danwober the study region, however,
their discharge is not continuously monitored. AGiRAS survey of the area (Donau
Consult, 2006) estimated a discharge between 3°19from both of the tributaries
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depending on the water levels of the Danube whidomparison with the main
channel discharge is negligible (respective maanakel discharges varied from 900-
10,400 ni/s). Therefore, for the purposes of this studydiseharges from the
tributaries were ignored.

2.2.3 The specification of roughness: Manning’s n

In recent years, several studies have used rerangeng data for automated
roughness parameterization of study areas in eodenprove the accuracy of
hydrodynamic modelling while classifying and clustg land cover types in terms of
vegetation heights (e.g. Cobbyal, 2001; Straatsma and Baptist, 2008; Catad,
2010). These methods have improved the accuraayodtlling flow depths on
floodplains up to the order of decimetres. Howetlez,generation of a floodplain
friction map requires the availability of severasources not accessible for this study,
mainly in terms of time commitment and field valida.

Moreover, a number of difficulties arise with thgesification of the roughness
parameter. Beside representing friction, the vawdso supposed to account for the
limitations of the model, e.g. for processes noluded. For example in this study
among other processes, soil infiltration and evanapiration were ignored. Hence,
the roughness parameter cannot be measured aarsilicieeds to be calibrated on the
basis of monitoring data.

The roughness parameter is also dependent onigei@s it accounts for the variation
of surface elevations within the sub-grid resolutfblicholas, 2005). Hence,
topography provides an additional layer of datadescribing the supra-grid
roughness in terms of topographic variation. NieBand Mitchell (2003) distinguish
between effective Manningisand modeh that are used in simulations. The effective
n represents total roughness of the specified &daricludes both the components of
supra- and sub-grid scale. However for 2-D modablsations, a large proportion of
the total roughness can be attributed to the mgriléland hence, calibrated modael
values which only aim to represent sub-grid scalghness should be used. Thus, the
calibrated values are dependent on the proporfiooughness that is already
represented by the topographic grid.

Moreover for non-steady flows, the roughness patant®es not only vary spatially
but also fluctuates with time as the value is depahon the amount of submerged
vegetation. As vegetation is covered by watererids and hence, the momentum-
absorbing area is reduced along with the roughcasficient (Wilsonet al, 2005).

A decrease in roughness with increasing dischaagealso been demonstrated by
Nicholas and Mitchell (2003). Therefore, as theex&tvels rise during a flood event,
the roughness of the area decreases and doesayabsistant throughout the event.
However, no temporal variation in the parameterlmaexpressed within the
Hydro2de model.

Therefore while considering the issues discussegiglihree roughness values were
assigned for the study area on the basis of vegetstibmergence as follows:

1) Main channel- the effects of vegetation wereiasxl to be negligible

22



2) Side arms- all vegetation was accounted to bensuged during an annual flood
3) Floodplain area and islands- emergent vegetationrs during an annual flood

The three areas were defined as polygons as tmmehlaoundary, islands, bankfull
side arms and the floodplain area were digitizetherbasis of the DTM and aerial
photography. For side arms, only the channelsvilea¢ inundated throughout the
year were digitized as these are the areas wheweairring vegetation is submerged

during high water levels.

The initial values of the Manning’s n were assigaedording to the roughness
characterisation by Arcement and Schneider (19B&8)Ié 1). However bearing in
mind the concepts of effective and models explained above, the roughness
coefficients were calibrated to smaller values. precess of calibration is explained
further in Section 2.3.

Table 1. The initial roughness values defined adcy to the Arcement and
Schneider (1989) criteria and the equivalent partarsein their calibrated form.

Characteristic

Base value of the

roughness
coefficient
relative to the
median size of
bed material
Degree of bank
irregularity

Variation in
channel cross-
section
Effect of
obstructions
Amount of
vegetation
Channel
meandering

Niotal :( Mhaset
Ni+ Mt Mg+ 1y)
Xxm

Calibrated value

Symbol

Npase

Ny

n;

N3

Ny

MNiotal

Description and estimated vale

Main channel

Coarse gravel

0.026

Minor
0.004

Alternating
occasionally
0.005
Minor
0.005
Small
0.01
Minor
1.0
0.05

0.05
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Side arms

Sand channel,
median sed. size

0.4 mm
0.02

Minor
0.005

Alternating
occasionally
0.005
Appreciable
0.02
Medium
0.015
Severe
1.3
0.08

0.06

Floodplain and
islands
Same as for
sidearms
0.02

Moderate (rises
and dips)
0.01

N/A

Appreciable
0.03
Extreme
0.1
N/A (1.0)

0.16

0.07



2.3. Hydro2de parameterization

Two parameters were calibrated in order to finditest fit of model predictions with
the observed field data. These included spatiadyiduted roughness parameters
(Manning’s n) and the constant coefficient of edtbcosity (cv). Firstly, the values
were calibrated against monitored water levels\edent to a steady state flow
simulation with an input discharge of 1928/sthat represents the arithmetic mean of
the long-term discharge recondq donay 1996), i.e. the average flow discharge at
the beginning of the reach. Secondly, an unstemalyliation, depicting the conditions
of the 100-year flood that took place in August208as run with a hot start from the
previously calibrated steady state water leveleré&after, the 100-year flood water
levels were calibrated against recorded field @téghe maximum flood levels. The
main channel and floodplain results were examimgédately. Unfortunately, the
parameters could not be calibrated against mowitan@ual and 30-year flood levels
as no field data could be accessed for those evearasldition, no calibration data for
distributed discharges or flow velocities were &lae for the study area.

Thus, the parameter calibration was carried outawiirstly for the steady state and
secondly for the unsteady state flow. It was assliinat the parameter values
calibrated for the 100-year flood would also belapple for other unsteady flow
simulations, i.e. for the annual and 30-year flaespite the fact that roughness and
turbulence are dependent on discharge. Duringdbese of calibration, it was
determined that the effects of changing the turzdecoefficient were minimal
(equivalent to an average change of 0.00002 chown depths per 10% change in
turbulence). On the other hand, a decrease irtighness value of 10% caused the
average reduction of flow depths of approximateG1@ cm. More importantly
however, changing these two parameter values #stted the distribution of water
levels across the study area. Thus, the reductiorceease of the roughness and
turbulence coefficients did not decrease/increlase depths by the same amount
throughout the region. Therefore during the catibraprocess, the results of both
steady and unsteady simulations were fit to mdtemtonitoring data by identifying
parameter values that would produce the observeéer\evel distributions. In order
to reduce the remaining differences, model preahistiwere further multiplied by a
constant which was chosen so that the averageetite between monitored water
levels and model predictions would be minimal.

The assumption was made that the water level bligion for the three flood events
in question (annual, 30-year and 100-year floods)ld/remain a constant reflection
of the topography of the floodplain. The chang&éhmobserved flood extent for the
three flood events would be minimal because offike on the northern bank and the
terrace on the southern bank that border the aakahble for overbank flow from the
main channel. Therefore, the water level distrimutivould be proportional for all
three flood events as the area would be floodedsimilar sequence while the height
of water levels would change in response to themade of the flood wave. Hence,
it can be said that in order to keep the waterlldigtribution proportional for all

three flood events, the model parameters shouldireat the level calibrated for one
of the events as otherwise, bias in terms of wate distribution would be
introduced. The height of the actual water leveuldphowever, depend on the
magnitude of the event, i.e. input discharge.
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2.4. Calculating flood retention capacity in physical terms

After the calibration of the Hydro2de model, thédwing steps were taken. Firstly,
the Hydro2de model was run to equilibrium with sotfiarge of 1923 s (i.e. the
arithmetic mean discharge of the Danube at theegust end), 50 m topographic
resolution and calibrated parameter values (rouggaad turbulence coefficients).
Secondly, three unsteady flood events (annual,20-gnd 100-year floods) were
propagated with a hot start from the steady state The outflow hydrographs at the
downstream boundary were recorded along with fleptls, water levels and
velocities for the whole mesh of each of the sirtiafa The outflow from the study
area occurred across two boundaries, the eastdrnaathern edge of the region.
Therefore, the total outflow hydrograph was caltadaas the sum of discharges from
both boundaries at each one hour time intervals@&lsamulations will be referred to
in the Section 3 of the study as “the total studdaassimulations” due to the fact that
inflow was not restricted to the main channel aodl@ freely propagate across the
floodplains on the basis of the distribution offage elevations.

In order to quantify the effect of floodplains dretflood retention capacity, a
scenario where no flow enters the floodplains de sirms was constructed. The no-
floodplain-flow scenario was generated by onlyunithg the main channel bed
elevations within the topographic input file, thuspresenting the flood retention
capacity of the main channel alone. The differdmet@veen the total study area
simulation and no-floodplain-flow scenario retentimlumes of the three flood
events indicates the total effect of floodplainglo® provisioning of the ecosystem
service.

2.4.1. Modified non-linear reservoir method

The total flood retention capacity of the area wssessed on the basis of three terms:
the volume of retained flood water, residence tohood waters and the speed of
the flood wave peak propagation during the eveiguré 7 along with Equations 9,
10 and 11 define the principles underlying the riiedinon-linear reservoir method
used for the evaluation of the three variables. ok water volume stored on the
floodplain during a flood event was calculated iogling the difference between the
areas of inflow and outflow curves (Eg. 9), white flood residence time was
assumed to equal the time taken for the outflomaiomalise to its steady state
equivalent (Eq.10). Moreover flood wave celeritysviaund by calculating the
difference in times as a fraction of the distanegdlled between the inflow and
outflow peaks (Eq. 11), thus representing the fin@ok for the peak of the flood
wave to travel to the end of the study area.
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Figure 7. The use of hydrographs for the estimatibfiood storage volume,
residence time and velocity of the flood wave p&hk.annual flood hydrographs
were used for this example. The calculation ofdloetention volume, residence time
and flood wave celerity from the drawn hydrographdefined by Equations 9, 10
and 11.

Equation 9V = > [(Q, -1923xt]- > [(Q,, ~1923xt]
Equation 10 T~ '™ ta

Equation 11:v = 3905/(t, —t. )

Where 39.05 is the length of the study area in km.

Equation 9 demonstrates that the inflow and outfiotal water volumes were
calculated as approximations of the areas underdbaivalent curves, while the true
values will be slightly larger than the estimatiarsed in this study. It is also
important to note that the base level value of 1928 was subtracted from all
discharge readings (EQ.9) in order to account gdtelthe additional flow from a
flood event.

2.5. Past flood retention capacity

Simulations predicting the past scenario aimedefma the natural state of the
floodplains unaffected by river regulation workslamwban development, so that the
results could indicate the maximum natural floagméon capacity of the floodplains.
Major river regulation works started in Vienna hetl9" century, hence a set of
historical maps from 1773-1781 was used as a lo&sklr representing the natural
state of the river-floodplain system. Figure 8 pdeg an illustration of the scanned
historical maps used in the study, while Table 2sarizes the changes made to the
input files. As an underlying assumption for thedifioation of the topographic input
data, the current DTM of the area was considerdtht@ preserved some features of
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the historical topography. Figure 9 demonstrateshfpothetical historical
topography produced as a result of the modificatiesied in Table 2.

After the modification of input data to represde historical floodplain conditions,
four Hydro2de flow simulations (steady state, 1@@+y 30-year and annual flood)
were run with equivalent input discharges to timeusations from the present
scenario. The flood retention volume, residence tamd flood wave speed for each
of the flood events were thereafter calculated @fing to Equations 9, 10 and 11.
Similarly to the present scenario, a no-floodplthinw topographic scenario was
constructed with flow constricted only to the chalnsystem. Thereafter, the resultant
retention volumes from the no-floodplain-flow sceaavere used to quantify the

total effect of historical floodplains on the floogtention capacity by calculating their
difference from the scenario where floodplain floecurred.

Josephinische Landesaufnahme von Wien bis Hainburg (1773 - 1781)

HUNGAHy

Figure 8. Historical maps of the area now under B@nau-Auen National ParKhe
hand-drawn maps originate from the first comprehlensiilitary mapping project of
the Habsburg hereditary lands and were constribgtgeen 1773-1781.
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Table 2. Preparation of input files for modellingtorical flood retention capacity.

Change from

Modification of input data

Issues/ Assumptions

historical

conditions

Topography: 1) The dike was digitized on the | Interpolation of surface
The construction of current DTM of the area, its elevations could lose
manmade surface elevations were extractedtopographic detalil.

structures for
improving flood
protection and
navigation (e.g.
embankments,
dike, groynes)

and recalculated by interpolation
from nearby values using the
inverse distance weighting (IDW
method.

2) Groynes and embankments
were removed from the DTM
along with the current main
channel and side arms, their
surface elevations were replacec
by the IDW method as if no river
channels existed.

Topography:
Changes in the
distribution of
channels

The historical braided channels ¢
the Danube were digitized on the
basis of historical maps and thei
polygons were transferred to the
current DTM in order to account
for the change in the distribution
of channels.

f The system used to be in a

> dynamic equilibrium with
unstable banks and the locati
of side arms shifting regularly
(Reckendorfeet al.,2005),
thus, any combination of the
distribution of historical
channels may be only
representative of a very short
time period.

The accuracy of the historical
maps is unknown, therefore,
some errors in the location and
width of the channels may
have occurred.

Topography:
Depth of the
historical channels

1) A point data layer representin
an arbitrary depth of 3 m was
distributed across the historical
channel system on a coarse
resolution.

2) Thalweg of the historical
channel system was digitized on
the basis of historical maps and
transferred as a polygon to the
DTM. The depth of the thalweg
was recalculated as a whole whi
accounting for the fact that since
1875 water levels have lowered

JA uniform incision rate within
the main channel throughout
the 30 km long river reach is
unlikely to be completely
realistic. In addition, no
information on actual river
depths is available for the pret
1875 time period.

1.5 m (Schiemeet al, 1999). As
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the current average maximum
depth of the main channel is 8 m
the historical channel was
assumed to have an average
maximum depth of 6.5 m.

3) The IDW method was used to
produce a finer resolution
topography and to interpolate
between the thalweg, channel ar,
floodplain surface elevations in
order to create a smooth,
continuous topography.

d

Roughness:
Changes in the
distribution of the
roughness
coefficient due to
changed land cove
types and channel
system.

1) The entire channel system wa
assigned the roughness value
equivalent to the main channel o
the present scenario, 0.05.

=

2) The rest of the floodplain was
assigned the roughness value
equivalent to the current
roughness of the floodplains, 0.0

sl) It was assumed that the sub-
channels of the historical

f Danube were more similar to
the current main channel in
terms of the median bed
sediment diameter and
consequential roughness thar
to the side arms of the preser

scenario.

—+

2) The main changes in the
floodplain roughness are
produced by the distribution of

7softwood-hardwood forests
and the increased flow area
under the anabranching river
channels (Hohensinner and
Drescher, 2008). As the
specification of roughness
coefficient for the present
scenario did not account for tf
differences in roughness of
softwood and hardwood fores
and represented an area with
similar forest to meadow ratio
it was assumed that the avere
roughness of the historical
floodplain area not under watg
would be equivalent to the
calibrated present scenario
value.

ts
a

1ge
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Figure 9. Modified DTM used in the Hydro2de modelrépresenting the hypothetical topography oftiietorical floodplains.
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2.6. Future flood retention capacity

The future scenario was developed to represerdrégein approximately 50 years
time with the assumption that all of the Integra®der Engineering Programme’s
(IREP) aims have been carried out by then acrassl#tional Park area. Thus, in
order to predict the future flood retention capaoitthe Donau-Auen National Park,
the effects of the programme’s objectives on factantrolling the provisioning of
the service were analysed. Table 3 summarizesitjeetives of the IREP that are
likely to influence the flow dynamics and storaggacity of the floodplains and how
these changes were reflected during the modificaifanput data to the Hydro2de
model.

After the modification of input data, the steadgtst 100-year, 30-year and annual
flood events were run on Hydro2de and the charatitey of flood retention capacity
(volume, residence time, flood wave speed) wereutated as described above
(Equations 9, 10 and 11). In addition, a no-floadlpiflow scenario was constructed
for the modified future topography and run on Hyatte with the steady state flow
and equivalent flood event discharges. The totdlipted future effect of the
floodplains on the retention capacity was thuswdated by finding the difference in
retained water volumes between flood event scemarith and without floodplain
flow.

Table 3. The preparation of data input files foegicting flood retention capacity
after the Integrated River Engineering ProgramniREHP) has been executed.

IREP objective Modification of input Issues/ Assumptions
data

Granulometric bed Main channel bed A uniform addition of

improvement by the elevations were increased gravel was assumed,

addition of 450 kg/rhof by 25 cm. although in practice an

gravel to the main channel adaptive implementation

(Reckendorfeet al.,2005) strategy will be applied

according to the local
degradation tendency
(Reckendorfeet al,

2005).
Improvement of inlet The cross dikes at inlets | It was assumed that all
structures to side-arms | between the main channelinlets of side arms would
from the main channel by| and side arms were be improved for
lowering cross dikes/ weirslowered by 0.5 m. hydrological connectivity
(Schwarz, 2010) with a constant arbitrary
depth decrease.
Removal of bank Surface elevations within | A uniform reduction in the

revetments/ steep artificial around 0.5 m from both | bank steepness of the
embankments and the sides of the main channel| Danube was assumed
widening of the river bed | banks were extracted and throughout the study area.
(Reckendorfeet al, 2005; | replaced by the IDW
Schwarz, 2010) method in order to remove

the steep artificial

embankments and to create

a smoother topography.
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2.7. Economic Valuation: Substitute Cost Method

The economic evaluation of flood retention capabitya substitute cost method
involved the execution of three steps: (1) quamtgythe levels of the ecosystem
service provided in physical terms for the idertiftarget consumer group; (2)
identifying the cheapest alternative for the prmngg of the service and establishing
a public demand for it; (3) calculating the costha service on the basis of substitute
costs (King and Mazzotta, 2000).

The substitute cost method was chosen as the préfevaluation approach for
economic analysis due to the following reasonstlyirthe substitute cost method is
unaffected by the probability of the flood evemisnce, simplifying the assessment
process (Boumat al, 2005). Secondly, the data necessary for thik/sisas readily
accessible which is not the case for quantifyingnage costs from flood events in the
study area, one of the alternative methods for @mamevaluation. Thirdly, the
approach does not require the application of extenmgsources and hence, can be
carried out quickly.

2.7.1. Step 1: Estimation of flood storage and a target group

As a general rule, flood protection structureshanét to withhold the flood waters of
an event with a recurrence interval of 100 yeaheréfore, the predicted hydrographs
of the 100- year flood event for the present, past future scenarios were used in the
economic evaluation. The difference between tha tattflow volume of the total
study area and no-floodplain-flow scenarios wasiagsl to represent the increase in
water volumes received during a 100-year flood eifero flood retention service

was provided by the floodplains of the NationalkPar

The target consumer group was identified as thellatipn of Bratislava (around
500,000 inhabitants), the first suburbs (Devin Bedinska Nova Ves) of which are
situated approximately 1 km downstream from thelboof the total combined study
area and are the first urban areas to receivddbd fvaters of the Danube after it has
passed through the Donau-Auen National Park. Twjomagsumptions were made
while defining Bratislava as the target group. thrrst was assumed that the 1 km
stretch between the study area and Bratislava babwould not act as a major buffer
area and thus, the changes in discharge while acomgphe total floodplain and no-
floodplain-flow scenarios would be directly proptaghto the target group. Secondly,
the effects of inflow from the Morava tributary veagnored for the simplification of
the assessment with the assumption that the additioflow from the tributary

would not change the difference in received floatexr volumes between the total
study area and no-floodplain-flow scenarios.

Therefore if no flood retention service was provdy the floodplains, the 100-year
flood water volumes that Bratislava receives wdagcequivalent to the sum of the
current flood volumes and the difference betweenoilitflow volumes of the total
floodplain and no-floodplain-flow scenarios.
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2.7.2. Step 2: Alternative for flood water storage and its public
demand

The manmade flood protection structures of Brateshere considered to be the
alternatives for the flood water storage on thedjaains. For example, an extensive
flood protection project for Bratislava that rectiosted the flood protection
structures of the city was recently finished. ttluded the construction of 13 km of
flood protection along the Danube and 5 km alomgMlorava tributary, the
reconstruction and strengthening of existing dikessablishing of pumping stations,
purchasing of monitoring equipment etc (Hirneroud &abo, 2010; ICPDR, 2010).
The total cost of the project was approximatelyr8llion Euros (Liptak, 2007;
Sabacek, 2011).

For the purposes of this study, it was assumedteatpdtal level of investment made
for the prevention of flood damage in Bratislavdl wiovide sufficient flood
protection to withhold any major economic loss frarh00-year flood event.
Moreover, it was assumed that the cheapest optvens used for delivering the
required level of quality and quantity in flood protion. Therefore, the current flood
protection value to protect against a 100-yeardlegent (i.e. 10,320 s peak
discharge) is approximately 31 million Euros. Itsrsassumed that the flood protection
structures will hold this level of value annuallgdawuse of yearly repairs and extra
investment to conserve the overall value of théesgseven if the actual value of
construction and equipment depreciates over tintle reduced functionality. Thus, it
can be said that the value of the established fpotection is 31 million Euros per
year.

The public demand for the service is establishethbyconstruction of extra flood
protection structures in order to avoid economsgsés from flood hazard. In essence,
it is cheaper to invest in flood protection tharp&y for flood damage, this creates a
demand for establishing flood protection measures.

2.7.3. Step 3: Cost of the service

The value of the flood storage capacity of flootm@avas calculated on the basis of a
simple ratio between the costs associated witlctinent level of the total 100- year
flood volume and the expected costs associatedantypothetical 100- year flood
event equivalent if no flood storage was providgdhe Donau-Auen National Park
(Table 4). Therefore, the costs of the additiotwdd protection structures needed, if
no flood storage by the floodplains existed, wesated as a marginal cost from the
previous total investment, assuming a linear retethip. The difference between the
estimated costs and current costs were assumegresent the value of the Donau-
Auen National Park as a mean of flood protectidre €oncept has been
schematically illustrated in Table 4.
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Table 4. The estimation of flood retention capaiitynonetary terms.

Volumes of flood waters received by Cost of equivalent flood protection
Bratislava during a 100-year flood event (mil. Euros per year)

(m’)

V; (total outflow volume calculated for 31
the total study area scenario of the
present situation)

V, (total outflow volume calculated for C=31(V/ V1)
the no-floodplain-flow scenario)

Total value= C-31
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3. Results
3.1. Hydro2de calibration

3.1.1. Hydro2de comparison against monitoring data

Figure 10 demonstrates the good compliance of gretisteady state and measured
water levels in the main channel achieved as dtresmodel parameterisation. The
model bias, process representation and precisitimedflydro2de predictions can be
described by the slope, intercept ahdalue of linear regression analysis respectively
(Laneet al, 2005). If the model results comply perfectlymwiield data, the slope and
r* value of the trend line would be equal to 1 areittiercept would be equal to zero
(demonstrated by the blue dashed line on Fig.1@y@He, 1992). Hence, calibration

of model parameters was used to optimize the fiheftrend line to the 1.1 agreement
line as shown on Fig.10.

As the slope and values were approaching unity, it can be saidrf@del bias was
small and precision relatively high. The intercep8.6218 was not considered to be
problematic, however. The water levels are in nsedd¥ove sea level, thus,
extrapolating back to zero is a long way from thal data and a very slight deviation
of the gradient from 1 would result in a rathegkimtercept.
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Figure 10. Comparison of predicted and measurecewiatvels in the main channel.
The blue dashed line represents the perfect 1deawggnt of model results and field
data. The solid line is the regression line ofahiial comparison between field data
and calibrated model predictions.

Similarly, model compliance with the monitored nrawim 100-year flood water
levels for the main channel and floodplain was eatdd according to the field
observation records provided @ donay the Danube waterway management
company. Floodplain water levels were calibrategirag} 20 data points measured
nearby the dike while the main channel monitoriatgadvas collected from six
locations along the Danube on 15 August 2002. regdl and 12 demonstrate the fit
of model predictions with the main channel and diglain monitoring data
respectively.
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After parameter calibration, strong compliance ofdel predictions and measured
100-year flood field data was achieved for the ntliannel water levels as can be
evidenced from the slope arfivielues that are approaching the value 1 (Figlhl).
addition, the intercept indicates that the modslihaluded the majority of flow
processes that control the height of water le\tsvever, some imprecision of model
calculations can be seen by the scatter arouncegression line which was likely to
have been produced by either uncertain input dadéoaerrors in the monitoring data
(Flavelle, 1995).

Model compliance with monitored water levels of @3- year flood event across the
floodplain was not as strong even after parametioration (Fig.12). The

comparison indicates imprecise input and/or figdthgdpoor process representation by
the model and bias in model results as can be eségkfrom the’rvalue (scatter
around the trend line), large intercept and thpesi@spectively. The inaccuracies
were likely to have been produced by an insufficecision in determining the
distribution and value of the roughness coeffigeit addition, the resolution of

input topography could have influenced flow routoger the floodplains due to its
reduced detail in the distribution of surface eteves.
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Figure 11. Comparison of predicted and measuredimamx water levels of the 100
year flood for the main channdlue dashed line represents 1:1 compliance with
monitoring data (ideal scenario) while the soliteldemonstrates the observed
compliance.
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Figure 12. Comparison of predicted and measuredimamx water levels of the 100
year flood for the floodplairBlue dashed line demonstrates the ideal 1:1 result
compliance, while the solid line represents the@drend of compliance with
Hydro2de predictions.

In addition, for assessing in numerical terms hasll the calibrated model
predictions match the field data, the Nash-Sutkifficiency (E) was used for
assessing the compliance of water levels (h) aseteby Equation 12. A perfect
accuracy of a model would be described by a caeffice value of 1. Table 5
summarises the calculated values of Nash-Sutdiffeiencies. All coefficients were
approaching the value one, therefore, it can lktbait the calibrated model results
complied well with the field data. Steady statedation produced results with the
highest accuracy, followed by the unsteady simafathain channel and finally the
unsteady flow floodplain results.

z (hobs - hsim)2

Equation 12E=1-
z (hobs - hobs)2

Table 5. Nash-Sutcliffe efficiencies (E) for quisig the model fit to field data.

Simulation E

Steady state 0.999

100 year flood| Main channel| 0.998
Floodplain 0.997

3.1.2. Hydro2de comparison with calibrated HEC-RAS results

Donau Consult (2006) carried out and calibratedralver of flow simulations with
various discharges in 1-D hydraulic model HEC-RA®e study analysed the
Danube reach from 1920.8 to 1868.75 river km withass-section of bed
topography taken after every 200 m. The study igd@ill floodplain flows, while any
inflow to and outflow from major side arms was eeg@nted by a set of adjoining
tributaries to the main channel. Therefore, ongyriain channel estimates of the
current study could be compared with HEC-RAS res#or the unsteady flow
simulations, the maximum predicted water levels it equivalent velocities were
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compared. Hence for comparison with HEC-RAS d&ta haximum water level
values of the main channel were subtracted fromréBak results after every 200 m.
For flow velocities, an average velocity was cadted for every 200 m by first
estimating the proportional contribution of eachm@hannel cell to the total
discharge from the channel, thereafter, multiplytimg proportion by the velocity of
the cell and finally, adding up the proportionalogities of the whole main channel
cross-section. It is important to bear in mind tinat values extracted from Hydro2de
study represent averages for a 50ceil, while HEC-RAS results are point values for
each cross-section. Therefore, some differenctginesults are to be expected.

Figures 13 and 14 describe Hydro2de compliance theftHEC-RAS study results in
terms of water levels and flow velocities respeadirv The flow depths complied
relatively well with HEC-RAS predictions while proding slope and’values near
the ideal values one. As the regression lines media good fit with the 1:1
agreement, it can be said that the relatively lantgrcept values were produced due
to the slight deviation of slope from 1, similattythe steady state flow simulation.

On the contrary, flow velocities demonstrated ldigetuations in terms of
compliance with HEC-RAS data (Fig. 14). Although oh the results centred around
the 1:1 agreement trend line, i.e. Hydro2de vekgivere at the same magnitude as
HEC-RAS results, no real trend occurred for conma&as can be seen from the
slope of the drawn regression lines. The scattarrat the trend lines illustrates the
inaccuracy/ inconsistent variation of the Hydropdedictions while compared with
HEC-RAS results which could be caused by both inczes in HEC-RAS results
and imprecise estimates of the Hydro2de model.rsdly, the calculated flow
velocities are a function of input discharge, beabgraphy (shape, gradient) and the
roughness of the area. As the results of HEC-RA® walibrated to match monitored
velocities and equivalent input discharges were tiseboth models, the differences
in results were likely to be caused by either tleccurate input data of Hydro2de (the
applied bed topography and roughness coefficiamdjor the predictive ability of the
model to calculate the variable.

It is important to note that the HEC-RAS study uaatifferent set of bed topography
from the Hydro2de model and a spatially variablegttness coefficient within the
main channel. Papanicolaou (Thanesgl. (2011) demonstrated that the accuracy of
flow velocities predicted by a 2-D model can bengigantly improved if roughness
coefficients and eddy viscosities are spatiallyadirFor the purposes of this study,
both of these variables were kept constant fonthan channel. Moreover, a number
of studies have demonstrated the dependence ofviiaeities on the specification of
bed topography due to its effect on flow routingl &me inundation pattern (Lewin
and Hughes, 1980; Nicholas and Walling, 1997; Nieh@and McLelland, 2004).
Similarly, Nicholas (2003) demonstrated the lack&bability of the Hydro2de model
to accurately depict naturally occurring fluctuasan flow velocities.

In addition, the predictions of flow velocities blydro2de were not calibrated as no
field data was available for the process. Therefibre comparison against calibrated
results produced by HEC-RAS gives an indicatiothefHydro2de’s predictive
capability for estimating flow velocities. As bofilgw velocities and water levels, are
necessary for calculating outflow discharge, whgcthe ultimate purpose of applying
Hydro2de in this study, the results of the calcale will have to be treated with
cautiousness while keeping in mind the conclusadrthis comparison.

38



Steady flow
y=0.917x+11.822
_ 185 R?=0.9931
E 1a0
w -
5 155 - y=x
b RZ=1
2 150 -
1%, ]
= 145
! +  Steady flow
= 140 Y
I -
135 T T T T 1 Linear (Steady
135 140 145 150 155 160 flow)
— — Linear(1:1
Hydro2de predictions {(m) agreement)
(a)
Annual flood
y=08847x+17.278
165 R?=0.9967
— 160
-E— rd Y =X
£ 155 4 RZ=1
3 P
2 150
2 /
£ 145 + Annual flood
o rd
T 140 £
7 — — Linear(1:1
135 T T T 1 agreement)
130 140 150 160 170 Linear (Annual flood)
Hydro2de predictions (m)
30 yr flood
165 v =10.0834x+ 2.7208
R?=0.9882
— 160
E _’mﬁ—
2 155 Y =x
2 R‘=1
& 150
2 +  30yrflood
e 145 7
= -
T 140 ~ - = = Linear(1:1
agreement
135 T T T T T 1 8 )
135 140 145 150 155 160 165 Lincar {30 yr flood)
Hydro2de predictions {m)
(€)
100 yr flood
165
y=1.0676x-10.153
— 160 R<=0.9692
E M
8 155 V=X
3 RZ=1
£ 150
w
Dq,ﬂ 145 ,’ -+  100vyr flood
= -
T 140 i
L = = |inear(1l:1
135 T T T T T g agreement)
135 140 145 150 155 160 165 Linear (100 yr flood)
Hydro2de predictions {m)

(d)

Figure 13. HEC-RAS and Hydro2de comparison of mtedi water levels for the
steady state (a), annual (b), 30- year (c) and ¥6@r flood events (d).
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3.2. Results of the modified non-linear reservoir method

3.2.1. Present flood retention capacity

The results of modelling to characterize the floeigntion capacity of the Donau-
Auen National Park in physical terms have beerdish Table 6 for the total study
area and no-floodplain-flow scenarios. In additianlifference in the retained water
volumes of the two scenarios is included to repretiee stored flood water volumes
that could be solely accounted for the floodplagraphical representation of
predicted flood extents and maximum flow depthsreavided in Figure 15.

The volume of water stored across the total floaiiparea for the annual flood was
equivalent to 37% of inflow, while only 2% of thecoming flood waters was stored
for the 30-year and 100-year flood events acrossdtal study area. However, for the
highest magnitude flood event modelled, the tdiad area stored up to 207 million
m® of flood waters which is equivalent to approxina&58 I/nf. The contribution of
the main channel flood retention capacity to thaltability of the study area to retain
flood waters was minimal, i.e. equivalent to 0.088%6 of the total volume of
retained flood water. Thus, the majority of floodters were retained by the
floodplains as can be evidenced from dV valuesahl& 6.

Moreover, the study showed that after an annuaye2® or 100 year flood event, it
would take around 5, 14 or 20 days respectivelyterwater levels to drop back to
their averages and for the flood waters to exiffliv@dplain, assuming a steady
inflow after the flood event that is equivalenthe average water levels of the
Danube. The no-floodplain-flow scenario demonstrdtew long it will take for one
flood event to pass through the main channeltheetime taken for the river stage to
fall back to the steady state levels if no dewatgwas to occur from the floodplains.
Thus if no-floodplain-flow occurred, the retentibmes would be significantly
shorter (2, 9 and 17 days respectively).

The flood peak velocity of all three flood eventasmapproximately 2 km/h for the
total study area scenario. The velocity increasedhe no-floodplain-flow scenario
by 2 - 4.5 times.

Table 6. Summary of results for the present fladntion capacityThe following
results are listed: retention volumes (V), residetimes (T), average flood peak
travelling velocities (v).

Annual flood 30 yr flood 100 yr flood
Total flood retention V=1.24x 10 m V=1.71x10m V=2.07x10m
capacity T=122h T=335h T=488 h
v=2.17 km/h v=2.17 km/h v=2.30 km/h
Flood retention V=7.16 x 10 m° V=5.51 x 10 m’ V=7.16x10m’
capacity from the T=47h T=217h T=415h
main channel v=7.81 km/h v=9.76 km/h v=4.88 km/h
(No-floodplain flow
scenario)
Water volume stored dV=1.239 x 16m®> dv=1.709x 16 m* dv=2.069 x 16 m°
on floodplains
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Figure 15. Flood simulation results for the pressognario.Where(a) is 100-year flood event maximum flow depth3,30-year flood event
maximum flow depths, (c) annual flood event maximilow depths.
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3.2.2. Past flood retention capacity

Table 7 lists the results of the physical flooc&rgton quantification for the historical
scenario. Estimated flow depths and flood extbate been provided in Figure 16.

According to the model predictions, the historisidy area stored up to 24.6 mit.m
of flood waters during the highest magnitude flesént modelled which is the
equivalent of 78 l/rh Proportionally, 3.4%, 0.4% and 0.2% of the tatflbw during
the annual, 30 year and 100 year floods respegtwete retained. The flood
retention capacity of the anabranching main charepksented between 10.0% to
19.55% of the total storage capacity. Neverthelissmajority of flood waters were
still stored on the floodplains as can be eviderfoat dV values on Table 7.

The retention times of the annual, 30 year andyB20 flood events averaged around
3, 10 and 15 days respectively for the total stada historical scenario, while if no
floodplain flow occurred the retention times inged up to approximately 4, 11 and
17 days for the equivalent flood events.

The flood peak velocity averaged around 3 km/hstbe three flood events for the
total study area simulations. A moderate increasgproximately 4 km/h occurred in
the average velocity for the no-floodplain-flow sa&o.

Table 7. Summary of results for the estimated hestbflood retention capacityThe
following terms have been listed: retained volurhevater (V), residence time (T),
speed of the flood wave peak (v).

Annual flood 30 yr flood 100 yr flood

Total flood retention V=1.15x10 m° V=241x10m° V=246 x10 m°

capacity of the study T=79h T=249 h T=364 h

area v=2.60 km/h v=3.25 km/h v=2.79 km/h
Flood retention V=156x10m° V=243x10m> V=4.81x10m’
capacity from the main  T=94 h T=262h T=411h
channel v=3.55 km/h v=4.33 km/h v=4.33 km/h
(No-floodplain-flow

scenario)

Water volume stored  dv=9.94x10m’ dv=2.17x10m’ dv=1.98x10m’
on floodplains

(Total study area-

No-floodplain-flow

scenario)
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Figure 16. Flood simulation results for the pastisario.Where (a) is 100-year flood event maximum flow tieptb) 30-year flood event
maximum flow depths, (c) annual flood event maximilow depths.
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4937188307 - 6.034341262

6.034341263 - 15.54300022

(b)
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0-02

0.2 -0.274470591

0.274470591 - 0.548941182

0.548941182 - 0.768517655

0.768517655 - 0.988094128

0.988094128 - 1.207670601

1.207670602 - 1.482141192

1.482141193 - 1.811505901

1.811505902 - 2.250858847

2.250658848 - 2.799600029

2.79960003 - 3.403435329

3.40343533 - 3.897482393

3.897482394 - 4.556211812

4.556211813 - 5.54430594

5.544305941 - 13.99800014

(©)
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3.2.3. Future flood retention capacity

Estimated future flood retention capacity charasties are listed in Table 8. Figure
17 provides a graphical representation of predifitentl extents and flow depths.

The maximum calculated volume of water stored leyttital study area reached 178
mil.m* which is the equivalent of 570 IfniThe main channel storage capacity formed
0.008%, 0.005% and 0.005% of the total retaineddiiwater volume for the annual,
30 year and 100 year flood events respectivelysTthe floodplains retained the
majority of flood waters as can be observed froemdl values on Table 8.

In terms of residence times, it will take approxieta 5, 13 and 18 days during the
annual, 30 year and 100 year flood events for taemlevels to lower back down to
their average levels. On the other hand, for thélaaplain-flow scenario the
retention times of the flood events were the edaima of 2, 9 and 13 days.

The average flood peak velocity was approximatédtynzh for the total study area
simulation across all flood events and 7 km/h e mo-floodplain-flow scenario.

Table 8. Summary of results for the predicted fifiod retention capacitythe
following nomenclature was used: volume of wateresd (V), residence time of the
flood event (T), average velocity of the flood waeak (V).

Annual flood 30 yr flood 100 yr flood
Total flood retention V=1.01 x 10 m V=178 x 10 m V=178 x 10 m
capacity T=128 h T=319h T=433 h
v=2.30 km/h v=2.17 km/h v=1.86 km/h
Flood retention V=7.93x10m> V=7.03x10m° V=7.07x10m’
capacity from the T=50h T=221h T=323 h
main channel v=7.81 km/h v=7.81 km/h v=4.88 km/h
(No-floodplain flow
scenario)
Water volume dv=1.009 x 10 m®* dv=1.779x 16 m® dv=1.779 x 16m°
stored on floodplains
(Total study area-
No-floodplain-flow
scenario)
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Figure 17. Flood simulation results for the futw@enario Where (a) is 100-year flood event maximum flow @ieptb) 30-year flood event
maximum flow depths, (c) annual flood event maximilow depths.

N
Depth
0-0.2 W E
0.2-0.725741173
0.725741173 - 1.08861176 S

1.088611761 - 1.330525484

1.330525485 - 1.572439209

1.57243921 - 1.814352933

1.814352934 - 2.116745089

211674509 - 2.419137244

2.419137245 - 2.782007831

2.782007832 - 3.26583528

3.265835281 - 3.870619591

3.870619592 - 4.656839195

4.656839196 - 5.805929386

14,000

5.805929387 - 8.829850941

| Meters

8.829850942 - 15.42199993
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BRRRRRRERRAG0OT 3

0-02

0.2-0.631011776

0.631011776 - 0.975200017

0.975200017 - 1.204658845

1.204658846 - 1.434117672

1.434117673 - 1.6635765

1.663576501 - 1.893035328

1.893035329 - 2.179858862

2.179858863 - 2.466682397

2.466682398 - 2.868235345

2.868235346 - 3.441882414

3.441882415 - 4.187623604

4.187623605 - 5.449647155

5.449647156 - 8.547341328

8.547341329 - 14.62800026

(b)
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0-02

0.2-0.290023534

0.290023534 - 0.531709813

0.531709813 - 0.725058836

0.725058836 - 0.918407859

0.918407859 - 1.111756882

1.111756883 - 1.305105905

1.305105906 - 1.546792184

1.546792185 - 1.788478462

1.788478463 - 2.126839253

2.126839254 - 2.61021181

2610211811 - 3.576956925

3.576956926 - 5.268760876

5.268760877 - 8.023984453

8.023984454 - 12.32600021

()
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3.3. Monetary Value

A summary of results for the economic evaluatioprsvided in Table 9, which lists
the monetary values of floodplains at differentrereos in terms of their produced
cost savings for Bratislava’'s flood protection meas. The monetary values are also
expressed in Euros per hectare of National Parlygear. For example according to
the substitute cost method results, it can betbaitdthe current floodplain is valued at
around 646,000 Euros at each year (i.e. there depeeciation of the value over
time). If the floodplains would cease to exist, t&lava would need to invest another
646,000 Euros in flood protection and maintainuakie of that investment from
annual depreciation by yearly repairs.

Table 9. Summary of the monetary evaluation results

Present 646,109 69
floodplains

Historical 631,297 68
floodplains

Future 646,107 69
floodplains
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4. Discussion of the estimated flood retention capacity

4.1. Present scenario

The stored water volumes in the study area incceasa-linearly relative to the
magnitude of flood event, suggesting an upper lforithe flood storage capacity of
the study area, with the stored water volume apmriog this capacity with increasing
discharge. This can also be observed from the dsicrg percentages with increasing
flood magnitude, representing the relationship leetwretained water volumes and
the total inflow. As the total inflow increased acding to the magnitude of the flood
event and the maximum retention capacity remaioedtant, it is only to be expected
that a smaller percentage of the total inflow cgexd.

The main channel flood retention capacity fromrbefloodplain-flow scenario
fluctuated between 5.51 x 16° to 7.16 x 16 m® with no consistent trend. It is to be
expected that the main channel had a relativelgtemh capacity, however,
fluctuations could have been produced as a reSulaocuracies in velocity
modelling (see Section 3.1.2. and Fig.14) whicha ®@mponent of the discharge
function used in calculating the retained flood evatolumes. However, the majority
of flood retention in terms of stored water volunj@ger 99.9%) is currently
provided by the floodplain.

The residence times of flood waters were highlyethelent on the duration of the
flood event. For example, the calculated 122, 386488 hours of residence for the
annual, 30 year and 100 year flood waters respagtivere equivalent to 39, 209 and
313 hours of inflow above the average water legéthe Danube.

The average flood peak velocity across the totalysarea remained relatively
constant for the three flood events, i.e. aroukdzh and more than tripled for the
no-floodplain-flow scenario, suggesting that flotzdps play an important role in
decreasing the celerity of flood waves.

4.2. Past scenario

According to the model results, the historical scenthat used to represent the
natural baseline of the area had a flood retertigpacity of up to 182 mil.Frsmaller
than that of the present total study area and thed]ood retention times were up to
124 h shorter (i.e. the change in T for the 100 flead event). This can be explained
by the fact that historically a much larger propmrtof the floodplain area was
governed by lotic conditions, hence transportingenwater downstream and
facilitating a better network of drainage from ess€@verbank flow. Thus, the model
results imply that the return flows used to be neffigient. Although this may appear
to be a negative effect in terms of flood risk refttan, it is important that floodplain
storage is recovered in case a second flood wapiglydollows the previous event.

The retention capacity of the main channel was @atpvely larger than that in the
present scenario, presumably due to the increasedoéthe anabranching main
channels. In addition, the historical no-floodptimw scenario residence times were
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higher than their equivalents in the present sc¢erfap to two times for the annual
flood event) which could be accounted for the that the degree of meandering of
the historical channel was much larger.

The average peak flow velocities were only sliglhiigher for the total study area
simulations of the historical scenario (approxirhaiekm/h) while compared to their
present scenario equivalents. If a larger arehefiver-floodplain system is actively
taking part in transporting flow, it is only to b&pected that the flood event is
propagated over the area of the floodplains morektu

However, the velocity of the flood peak acrossrtten channel was approximately
two times smaller than its present scenario egentapresumably due to the higher
degree of meandering. In addition, the differene®vieen the total study area and no-
floodplain-flow scenario velocities was smaller tbe historical scenario than for the
present. This suggests that historically the flaades were more likely to be slowed
down by the meanders of the river rather than asffat of overbank flow.

4.3. Future scenario

According to model predictions, the future floodrage capacity, along with
calculated residence times, show an inclinatioteitrease, at least for the annual and
100-year flood event simulations, despite the smatkease in the values of the 30-
year flood event. This could be caused by the neatibns made to the river bed due
to the IREP objectives. As Tocknetral (1998) described, the programme will
enhance floodplain discharge and facilitate adlime in the side arm system,
features that are more characteristic of the hisibbaseline of the area. However, as
can be evidenced from the historical scenario, sumieased lotic conditions actually
decrease the flood storage capacity and retentrandue to the fact that more water
is returned rapidly to the main channel. On theepttand, the flood storage capacity
of the main channel remained similar to the lewtlhe current scenario and the
majority of flood waters (over 99.9%) were storettle floodplains. In addition, no
significant change in the average flood peak véjaaiross the three flood events
occurred.

4.4. Monetary value

As the physical flood retention capacity of thetdnigal study area was likely to have
been smaller, its monetary value in terms of progidlood protection benefits was
estimated to be around 15,000 Euros less tharutinent value of the area. However,
as the overall calculated changes in the futureao®s flood retention capacity were
relatively small, the monetary value of the arehrtht change once the IREP
objectives had been implemented according to theéehresults.

In order to provide a comparison of the monetatyes calculated within this study
with that for other wetlands, a few examples astet in Table 10 for estimated
wetland values for flood mitigation in differentciations; these varied widely. For
example the Charles River Basin wetlands (Thibo@ealiOstro, 1981) were
estimated to have a monetary value per hectarggagrof around 120 times greater
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than that calculated for the Donau-Auen NationakP@n the other hand, the
estimated value per hectare per year of the NdtPaik was close to the value of
Whangamarino wetland in New Zealand (Kirkland, 1988e large discrepancies
could be produced by differences in methodologguagtions made, size of the
consumer group and thus, demand for the servige |lavels in different countries
and the functionality of the compared wetlandsflimpd retention. On the basis of
this comparison, the need for a standardized metbgy for assessing the monetary
value of wetlands is apparent.

Table 10. Comparison of wetland values in termgrofluced flood benefits within
literature. The table was constructed after case studies gessenSchuyt and
Brander, 2004. The currency conversion was caoigaccording to the USD/EUR
rates on 14/08/2011.

Reference Wetland location Flood protection
value in
€ha'yr™

De Groot, 1992 Dutch Wadden Sea, 491

The Netherlands

Emerton and Muthurajawela Wetland, 1,152

Kekulandala, 2003 Sri Lanka

Kirkland, 1988 Whangamarino wetland, North 41

Island, New Zealand
Leschineet al., 1997 Scriber Creek Watershed, 453-680

Lynnwood, Washington, US

Springbrook Creek Watershed,
Renton, Washington, US 2,390

Ming et al., 2007 Momoge National Nature Reserve4,002
Jilin Province, China

Thibodeau and Ostro, Charles River Basin wetlands, 8,125
1981 Massachusetts, US

n/a Donau-Auen National Park 69

It is also important to emphasize that the valuéoafdplains calculated in this study
signifies only the value of flood protection seegqrovided by the floodplains. The
total economic value of the area is expected thitpeer, as the floodplains provide
many more ecosystem services beside flood storage.

4.5. Model limitations

The results of the model used in this study argestito a number of limitations.
Firstly, the study only accounted for flood storagfects that occur while overbank
flow is distributed over the floodplains during higischarge and forms “pools” that
remain on the floodplain even when the main chamagér levels have lowered.
Therefore, the study did not account for the eff@ftinfiltration, aquifer storage or
evapotranspiration. Further research would alsodgeled for quantifying how the
infiltration rate has changed over time and howckjyithe soils become saturated
during a flood event. The exploration of these tjoas would however, require
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resources not available for this study in term8rmoé and field work. As a result, the
actual flood storage capacity of the study ardikeédy to be larger and the residence
times of flood events shorter. Thus, the physilcadd storage values reported here
should be considered as the lower limit of flootn¢ion capacity.

Secondly, the topographic data input file also cestesome areas outside the official
borders of the Donau-Auen National Park, thus thiase water retention calculated
in this study is in practice larger than that toe National Park itself. However, this
does not affect the economic value of the arefidod protection because the
National Park facilitates the distribution of flagross the Danube valley and thus,
maintains the hydrological connectivity of the fitpdains and enables flood water
storage of the area as a whole. If no overbank @ould access the National Park
area, no value would be produced from the wholdystagion for flood protection.

Thirdly, the model accuracy is limited by the asptions made for model
construction. The velocity predictions proved tarélatively imprecise although in
the right magnitude, no calibration against momitbdischarges was made, relatively
constant roughness coefficients and a single Jaluthe turbulence coefficient were
used. In addition, a simple proxy for the capi@mbd storage unit was adopted on the
basis of previous investment. The historical artdrieiscenarios are also only
approximations of the real values due to the uagdreés that the modelling of past
and future ecosystems involves. Thus, the congttutiethodology needs further
development for producing more accurate resultseMbeless, the calculated flood
retention values are likely to roughly describeren characteristics of the
floodplains in terms of flood mitigation.
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5. Conclusion

To summarise, the study developed a methodologgdiaulating flood retention
capacity of the Danube floodplains in the Donau+A\National Park, Austria. For the
physical quantification of the ecosystem servicgdie2de, a two-dimensional
hydrodynamic model was used to estimate the outfigarographs of three flood
events with a recurrence interval of one, thirtg ane hundred years. Thereafter, a
modified non-linear reservoir model was appliedatculate the volumes of stored
flood water during modelled flood events, theiridesce times and peak flood wave
velocities. However in order to calculate the cimition of floodplains to the flood
retention capacity of the total study area, a togpigy where no overbank flow
occurs was constructed (i.e. no floodplain surfgegations were included within the
data input file). This topography was applied te #mnual, 30-year and 100-year
flood event simulations and was assumed to repréiserilood retention capacity of
the main channel alone. Therefore, the differerate/éen the flood storage volumes
of simulations using a complete topography and tmymain channel topography
was calculated to represent the flood retentiomciéyp of floodplains.

In addition, the same methodology was used to estitihe flood retention capacity
of the area for both a past and a future scena@hie.past and future estimates of the
area were calculated on the basis of modified ififeg used to represent the likely
historical and future conditions. For example,drisal maps from the fBcentury
were used to identify the past location and distrdn of the Danube channels while
for the future scenario, the input files were mmdifaccording to the objectives of a
restoration programme, planned to be carried otltemear future (the Integrated
River Engineering Programme).

The physical quantification estimated a current imann flood storage of 207 million
m® by the total study area for the case of the 1G0-fleod event which is the
equivalent of 2% of the total inflow during the eveOver 99.9% of the stored water
volume was accommodated by the floodplains. Thiedease times of flood waters
depended strongly on the actual length of the exedtranged from 5 to 20 days
between the three modelled flood events. The peakl fvave velocity demonstrated
a relatively constant celerity of 2 km/h.

The historical scenario indicated that in the plastflood retention capacity of the
area used to be smaller by up to 182 millichfon the case of the 100-year flood
event, as a larger proportion of the study areaagtisely involved in transporting
flood waters downstream. Therefore, the resideinoestof flood events also used to
be shorter and average flood peak velocities higher

The future scenario predicted a small decreadeeiistored flood water volumes and
residence times as the restoration programme eablascharge from floodplains

due to a better hydrological connectivity. However,significant change in the
average flood peak velocity was estimated. Whigertdsults of the model imply that
the restoration of the floodplain may reduce tloedl retention capacity of the area, it
is important to note that the programme does radaiggoric conditions and enhances
biodiversity. In addition, the restoration programis likely to ensure a better balance
between flood storage and floodplain dewateringdbyrn flows, which then recovers
the potential for storage in an immediately follogiflood event.
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The economic value of the flood retention capawi#g calculated by a substitute cost
method with the population of Bratislava as thgeéaconsumer group. The current
value of the ecosystem service was estimated &ppeximately 646,000 Euros or
69 Euros per ha per year. The evaluation concltitkgcthe historical value used to be
around 15,000 Euros less or 68 Euros per ha per Vea predicted future changes in
the physical flood retention capacity did not proglany significant change in the
monetary value of the area.

The accuracy of the methodology used in this stadiynited by a number of
assumptions and simplifications made. Thus, theltesould be improved if the
effects of soil infiltration and evapotranspiratiere included along with more
variable roughness and turbulence coefficients.edeer for a better calibration of
the model, spatially distributed field data on disge values during different flood
events should be recorded. Despite the high paddotimodel development, the
results of the study provide a useful charactaasaif the dominant features of flood
retention provisioning by the Danube floodplaing\ustria and the methodology
employed may have a wider value.
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Appendix A

Table 1. Percentage change in flow depth valuds watying resolution. E.g. Perc

15-20 signifies the percentage difference of 1®solution depth values from the 20
m resolution results. Negative values represeferéiices were the estimates of the
20 m resolution simulation were higher than thdsitae 15 m resolution.

Mean % | Stdev%| Min% Max% Median% Outlier %
Perc 15-20] 0.2 -175.4 -100 40200, -2.12 11.34
Perc 15-25| 5.9 -481.5 -100 80400, -2.76 11.24
Perc 15-30| 10.79 -576.29 | -100 81900 -3.85 8.80
Perc15-40| 30.74 -1180 -100 135200 -6.92 10.22
Perc15-50 | 31.05 -1366.7 -100 186700 -11.86 11.28
Perc15-60 | 35.61 -1097.8 -100 90400 -15.05 11.45
Perc15-70| 24.13 -742.9 -100 67500 -20.88 9.65
Perc15-80 | 22.00 -630.3 -100 35340 -27.41 9.34
Perc15-90 | 22.78 -766.9 -100 44120  -27.27 8.80
Percl5- | 20.40 -865.0 -100 61500 -28.57 8.26
100

Table 2. A summary of percentage changes in vésdor different resolution

topographies. For example, V_Perc_15-20 signifasgntage difference of 15 m

resolution from 20 m resolution results.

Mean % | Stdev%| Min% Max% Median % Outlier 9

V_Perc 15-20 47.98 -618.15 -100 134400 0.67 16.27
V_Perc 15-25 128.62 -1272.7 -100 173500 5.08 16.19
V_Perc 15-30 216.08 -1661.9 -100 155800 5.77 15.68
V_percl5-40| 289.07 -2587 -100 181000 4.08 15.45
V_percl5-50| 279.03 -2028.4 -100 160700 -0.68 | 13.78
V_percl15-60| 293.53 | -1834.4| -100 65300 -1.81 |13.84
V_percl5-70| 326.84 -2150.4 -100 67900 -4.46 |13.81
V_percl15-80| 305.33 -1933.7 -100 92600 -8.26 |13.54
V_percl5-90| 288.78 -2013.4 -100 132400 -9.48 |13.15
V6([))ercl5- 325.09 -2783.4 -100 103800 -8.75 12.53
1

[=)
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