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1. SUMMARY

A. Context

The impact of climate change on river hydrology and ecology is a subgctetteives increasing
attention and has strong implications for hydrological, ecological, economic and social policy.
Because climate change affects such wide variety of disciplines, pursuing research in this field
requires an interdisciplinary approacfihis need to simultaneously understand and project the
climate change, and to project and effectively deal with its impacts on the present and future aquatic
ecosystem, presents a great challenge to the global research commWiitije it is important to
understand sources and magnitudes of climate change uncertainty, there is also need to understand
how and in what form policy makers can deal with uncertainties. The question arising here is how to
address in both communication and decision making the uag®ies associated with regional
climate change projectiong.he steps adopted by the policy makers are of two types: the setting up
of mitigation measures through a reduction in GHG emissions and the setting up of adaptation
measures aimed at decreasitige impacts and protecting both population and ecosystems faced
with the climate risks of these coming years. This research aims to link nature management and
development with water management as they both face adaptation challenges for climate change
andbecause it is expected that both adaptation needs can be organized in a far more efficient way if
the interrelationships between both are taken into account

B. Objectives

Theobjective of the project wabringing together key experts from the climatologidaydrological

and ecological research communities, as well as water managers and policy makers, in order to
improve the decision making regarding the impact of climate change on aquatic and floodplain
ecosystems. In the framework of the ADAPT project andynergy with CEHYDR project, the
impact of flood scenarios (frequency, duration, water height and season) on floodplain vegetation
communities (habitats) and aquatic ecosystaras already under investigation with application to

the ecological impacts.

Therefore a series of workshops have been organized, bringing together all sectors (climatologists,
hydrologists / water engineers, biologists / ecologists and policy makers). Also-tmadeorologists,
sociologists and economists collaborating in thea@ng ADAPT and CBYDR projectwere invited

to take part of these workshops and put their expertise in the general discussion around climate
change and environmental friendly adaptation measur@se research focesl on the case study of
GDNB UGS ®RIBS [4 | D Mad usttoKehva@r relefaht 2ssues regarding the environmental
impact of Climate change induced changes in river hydrology. We specifically looked into the impact
of changes in flooding regimes. This constraint on the research scopeduea® several reasons
among which the specific focus thie CGHYDRand ADAPT projectm the impact of climate change

on flooding regimes.

¢KS NBaSFNODK FyR ¢g2N] akz2Lla F20dzaSR 2y (GKS OF &S
coveling relevant ssues regarding the environmental impact of Climate change induced changes in
river hydrology both in terms of management options as for elements at stake (ecosystem types
vegetation types). The Grote Nete case raises awareness on severgbaliogshallenges for water
managers, nature development/conservation organisations, waste water treatment agencies which
need strong interdisciplinary cooperation among hydrologists, ecologists and climatologists. More
specifically, we adressed two important iaq@ mechanisms which pose huge challenges for
interdisciplinary researchlhe first topic is the effects of CC on urban-ofhand associated inter

basin water trasfers and how this can pose problems for hydrological modelling.

SSDScience for a Sustainable DevelopmentClimate and Marine Ecosystems 5
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The second topic coverkd positive and negative effects of macrophyte growth in relation to CC and
how to potentially address variable flow resistance in hydrological modeling approaches.

In this project, we tested for the Grote Nete case the option to calibrate a simplifiedeptunal
model to the full hydrodynamic model and run the letegm simulation in the simplified model. This

test focused on the Zammelsbroek floodplain area. For this floodplain, we succeeded to obtain a
conceptual (reservoitype) model for which the redts are close to the full hydrodynamic MIKE11
model. Hourly time series available for the period 128®5 were simulated in that conceptual
model in order to obtain longerm information on water levels and inundation depths in the
floodplain, the spatiaéxtent and temporal variations in the inundated area, and the duration of the
inundations. Given that the Zammelsbroek area has frequent inundations, 26 inundations (including
very small ones) were simulated in the period 128®5 and the simulation re#ts for these events

were statistically summarized (table with inundation depths, duration, and extent). In this way,
information could be obtained on flood events with high frequency, which is of high importance for
the ecological impact investigation.

C. Conclusions

The impact of climate change on ecology through changes in flooding regimes is only one element of
the many impact mechanisms that affect ecological values. Whether the ecological impacts through
changes in flooding regimes will be important immgparison to other (climate related) stressors
(drought, invasive species, ecological mismatching) or traditional stressors (eutrophication,
acidification, fragmentation, pollution) remains an open question. Biodiversity values have been
declining for decdes and it seems that this trend is not changing, even without climate change. In
relation to changes in flood regimes, one also has to acknowledge that the largest changes in flood
regimes have been induced in the past through normalization of strearosgased ruroff and a
reduction in floodplain acreage.

Nevertheless we can learn important lessons from this study. If we put this in perspective and make
the linkages to other disciplines, processes and mechanisms, we can see the other parts oflthe puzz
and identify the interdisciplinary challenges we need to tackle.

Thefirst chapteris an introduction to key issues regarding global climate change uncertainty, with a

focus on greenhouse gas emission scesaGlobal climate change ncertainty comesfrom two

main sources: emission scenarios and the limitations of our ability to model climd&eission

scenarios must reflect the range qitential sociceconomic futures. Most 3D climate model
simulations to date have been based on the SRES scenasgenped by the IPCC in 2008owever

these scenarios do not consider any explicit climate policy, and thus do not include very low emission
cases{ St SOGAYy3 | tS@St 2F 3Jt26Fft 6 N¥YAy3a (KIFG ¢2dz
judgments about tle level of risk that is deemed acceptable; it is a political decision, although

science can provide relevant informatiorin 2009, the Parties to the UN Convention on Climate

/| KIy3aS adG221 y2G4S¢ 2F GKS [/ 2LISYyKI ISyhatth@lddgSY Sy i
term objective would be the limitation of global warming to 2°C above-ipdeistrial average
GSYLISNI GdzNBEd | 2 SOSNE OdzNNByYy G SYAaairzy NBRAzOGA2Yy
represent enough efforts to make this objectivi&ely (> 66% chances) to be satisfied. From a
scientific viewpoint, a wide range of future emissions remains plausible. This wider range of possible
scenarios is taken into account in a new process for developing and using scenarios for the next
assessmenteport of the IPCC (ARS5), which also aims at integrating researches on mitigation and
adaptation in time for AR5.

SSDScience for a Sustainable DevelopmentClimate and Marine Ecosystems 6
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The second chapteriscusses issues related to climate scenarios used for hydrological studies,
including natural climate variability and theomparison of model results and observatioGiimate
change scenarios for the 2tentury specifically adapted to hydrological studies were developed in
the CCHYDR and following projects. The underlying methodology deals with uncertainty associated
to both emission scenarios and climate modelling by combining the results from an ensemble of runs
GAGK RAODGSNES SYAaarazy a0SyYyINR2a Ay | aSi 2F o a
wet, medium, or dry alternatives, with a definition thatt&lored to each application. We consider

the possibility and need to distinguish strong mitigation cases from other scenarios and conclude
that while this was not a priority when the range of emission scenarios taken into account in climate
models was mited, the appearance of strong mitigation cases in 3D climate simulations may require
the separation of these cases from nonervention scenarios, especially in the context of studies
that look at the benefits from mitigation. RCM simulations match #tatistics of observed
precipitation extremes relatively well, depending on moddlke statistics from the CCLM model
(used at UCL in the framework of AB@pacts), are very close to observed values for version 3 of
the model, but results from the new vesion 4 are deviating from observations in summer,
requiring further investigations. The statistical analysis done within @&{MDR shows that
precipitation extremes in Europe involve substantial natural variability (multidecadal oscillations)

as well as arend to more precipitation in winter.This must be taken into account both for model
validation and for impact analysis.

The third chapter elucidates the concept of ecosystem based adaptation throughtechnical
adaptation measures to Climate Change lretgaEcosystem based adaptation to Climate Change is

a concept where natural regulating processes are protected and/or restored and this provides
opportunities to both society and biodiversityThe physical characteristics of a catchment play a
crucial rok in the hydrological dynamics of its rivers2 4 SOGSNE a20ASieQa RSaAANB
exploit floodplains for agricultural and industrial development has had enormous impact on riverine
systems throughout Europdt is recognised increasingly that is often more costeffective to
maintain, or even restore or create, watetelated ecosystems than to try to provide the same
services through expensive engineering structures, such as dams, embankments or -water
treatment facilities. River normalisatiorand increased soil sealing has turned flood regimes in a
flood type that is atypicacompared to any natural flood regime. Either regular floods aded
through embankmentsand/or the extreme floods lack the floegulse properties to rejuvenate
floodplain vegetation communitiefNatural floodplains and riparian zones are dynamic environments
and usually harbour a high biodiversity. The differentiation of the landscape by naturally functioning
river systems enhances biodiversity on both the daapge and the local scale.

Thefourth chaptergives an overview ofcent progress and insightstime assessment afcological
impacts through changes in flooding regimes (UA)he impact mechanisms of floodevents on
ecosystems are described. Flooapact in lowlandrivers occur mainly through drowning of
vegetation (oxygen depletion in the root zone), external eutrophication and internal eutrophication.
But, regular flooding allows the fysiological adaptation of veggiton to flood events.From the
literature we deduct that especially flood timing, duration and reguladtg crucial parameters.
Based on the Biological Valuation Map we defleed vulnerability map.Practical challenges exist
since most flood predicition model®nly provide data onthe return period and maximal flood
extent for extreme flood events.In addition, there is often no detailed vegetation mapping
available.A detailed study on flood timing, duration, depth and regularity is undertaken for the
Zammelsbroek floodplainVith respect to strategies to protect and restore floodplain biodiversity

it is important to have regular, but less extreme flood events and the presence of topographical
gradients within the floodplain in order to maintain species diversity

SSDScience for a Sustainable DevelopmentClimate and Marine Ecosystems 7
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This brings us tthe fifth chapterwhere thea & (i | 0 S 2cRallengedirégartiing Roodplain and
river modeling are describeth this chapter, the challenges regarding floodplain and river modeling
are described and illustrated based on the Grote Nete case appliciiost hydrological models

are orientated towards flood prediction applicationThey make use of techniques (synthetic rainfall
events, composite storms, conceptual models) to allow fast calculation of many sceffdni®ss at

the expense of the capabtlf to evaluate ecological impacts and/othe evaluation of soft
measures such adnfiltration restoration, distributed (upstream) water retention, landuse

OK I y Busthermore the models are evaluated on their capability to accurately predict extreme
event, while their performance on regular flows might be much lower. Long term simulations on the
original models are seldom used, which makes it difficult to establish a reference condition to which
changes can be compared.

The problems and challenges related the hydrological modeling also relate to the increasing
complexity of the hydrological systemin chapter 6, we explore 2 important mechanisms that
significantly increase the complexity of catchment functioning and require interdisciplinary research
We have identified and documented 2 mechanisms that significantly affect catchment hydrology.
The role of these mechanisms will become increasingly important, given the future climate
projections.Important sewage water transfers occur between and within tcament boundaries

and these transfers have serious consequences for modeling and the water balance of the
catchment. The sewage infrastructure can be seen as a separate hydrological system that interacts
with the river system. Not only is there a displant of water across hydrological bodaries. Also
water is transferred between compartiments: a) parasitic drainage (groundwater to sewage)-b) run
off (rainfall to sewage) c) overflows (sewage to surface water) d) discharge at treatment plants
(sewage tosurface water)Macrophytes can have a profound effect ahe catchmenthydrology
under climate change scenarioBepending on climate conditions, species composition, morphology
and nutrient availability they will alter flow resistance and hydraulic himdugh many nodinear
mechanisms. Prolonged periods of low flow, more sunlight, higher temperatures and higher
nutrient availability (less dilution) will increase macrophyte growth and decrease the drainage
capacity of streams. This is desirable for weatconservation, but may pose local problems of
summer flooding.Further research on these mechanisms is needed to progress on the modeling of
water quantity and quality.Incorporation of sewage transfers and macrophyte growtinto
modeling approachesequires substantial effort but is urgentlyneeded as these mechanisms are
very climate sensitive.

D. Contribution to scientific support of sustainable development policy

A final chapteon policy supportoncludes thenost relevanfindings of the interdisclmary research
and formulates recommendatiorfer nature and water managemeniost important conclusions
are summarized below.

Due to substantial uncertainty on the magnitude of regional / local climate change, policy measures
need to take a range of peible futures into account, in particular by increasing resilience and

f 221 Ay INBFRNE (¢ ywébhdiard2méadsdres that are planned and executed tadape

Grote Nete catchmentare oriented towards the restoration of natural processes and may
counterbalance the additional» impact of climate change up to a certain level. The largest changes
in flood regimes have been induced in the past through normalization of streams, increaseff run
and a reduction in floodplain acreage.

Floodplain ecostems may be relatively resilient against gradual changes in the magnitude of the
flood regimes (depthduration) if the floodplain exhibits a wide range of topographical gradients and
is subjected to regular flooding. A moreegological design of contrdled floodplains, can be a
strategy to increase biodiversity.

SSDScience for a Sustainable DevelopmentClimate and Marine Ecosystems 8
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Several hydrologicadcological interfacing problems were identified, which need further focus and
research. It is interesting to notice that the current hydraulic model limitations are a alatesult of
improvements in flood risk modeling. Especially for ecological impact assessments and evaluation of
soft measures (landse change, infiltration restoration, upstream water retention), the recent
progress in hydrological modelling hasduced the applicability, rather than improving the
usefulness for these applications.

For the determination of ecological impacts flooding also other variables such as the flood
duration, the temporal evolution of the floodplain filling, the flood seasomw,,etre required. These
outputs are by default not provided, neither validated. Also extraction of information on the flood
season requires additional peptocessing and validatiorEven if the model architecture would
allow the integration of these vaides, calibration data on the duration of historical floods is most
often not available. Consequently, the emptying of the flood plains cannot be modeled truthfully
which is a prerequisiteMore attention thus should be given to the modeling, calibrateml
validation of flood duration and the underlying processes that affect flood duration.

It became clear that the water quality model is based on a huge number of assumptions, which are
all due to lack of sufficient details (temporal frequency, locatjdnsthe available pollution data.
Averaged estimated loads and monthly measurements are not sufficient to allow accurate simulation
of the daily or hourly concentration variations. It is this daily or hourly timescale that is of importance
for an ecologial impact analysidn addition, he Grote Nete is however also largely influenced by
short-duration pollution impacts from Combined Sewer Overflows (CSOs). Ti¢YOR! project has
shown that due to climate change in the case study, CSO frequenciesatémtteéase, as well as the
CSO pollutant concentrations due to prolonged dry weather periods during which sediments
accumulate (higher storm flush for same CSO discharge; Willems et al., 2010). Also in the river, the
same CSO discharge can lead to a higheact, due to prolonged low flow periods in summer and
increased eutrophication.

The present excessive macrophyte growth during low flows increases the hydraulic head, decreases
valley drainage and results in more stable and higher groundwater levedswater retention has
significant positive effects on water quality and base flow if droughts persist, but may cause
problems for harvesting crops in the valleys and may cause floods during summer storms. These
interaction mechanisms need further study. elimcorporation of a variable flow resistance (and
macrophyte growth models) in hydraulic models is a huge challenge (research recommendation).

Climate change should be put in perspective and be linked to ttraditional» environmental
stressors (eutropication, dessication, acidification, soil sealing) which have not been tackled up to
now and still cause further changes in the hydrological and ecological status of rivers and floodplains.
Determining the impact of climate change on already heavily it®phecosystems is rather
ambivalent and in that case natural reference situations could be of use.

There should be continued efforts to monitor precipitation and flood changes, analyze their
statistical properties, and compare observations to the modelictv are also used for future
projections. Research projects that would allow integrated monitoring and modelling of several
floodplain sites would contribute to a better understanding of the biogeochemical processes, which
would allow to derive better evaation criteria.

E. Keywords

Climate change, Climate adaptation, Climate modeling, Hydrological modeling, Floodplain ecology,
Ecosystem based Adaptation, Macrophytes, Sewage transfers
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2. METHODOLOGY AND RESULTS

CHAPTER 1: Emissions scenarios, international negotiations, and their
consequences for adaptation and mitigation

This chapter is an introduction to issues regarding future projections of greenhouse gas emissions. It
summarizes key global impacts on climate and how international negotiations mayeuklping

climate change and its effects. The end of the chapter presents the current evolution-of [HeeiC

work on scenarios and the integration of research on climate, impacts and adaptation.

1.1 Introduction: greenhouse gas emissions, global impacts and uncertainty
In this cluster project, the focus is on climate change impacts at the level of river subbasins and
sewage systems. The focus on local/regional scale is a usual feature of this type of studies, because
impacts are generally local in nature, lmsmans and natural species suffer from changes in a given
place, which are often different from what they are in other locations because a number of
geographically variable climatic and rolimatic parameters will influence these impacts. However
climateis global in nature because changes in one region interacts with others, and change-in long
lived greenhouse gases (GHGs) concentrations occur everywhere as they stay in the atmosphere for
much longer than it is needed to transport them over the planetpacts also have a global
dimension when it comes to issues such as food security, because some of the world agricultural
production is traded internationally. Moreover, there is an ethical dimension in looking at impacts
that are not only here and in theear future, but also in other regions and later. Therefore, while we
are looking at local impacts, it is essential to keep in mind that climate change is a global problem.

Uncertainty is also a key aspect of future climate change projections; it comes tivo main
sources: emission scenarios (unknows regarding future smmaomic choices and changes) and
climate models (unknowns about the climate system and its representation in models). Uncertainty
in emission scenarios comes from unknowns regardireg evolution of human societies, such as
population growth, economical changes, technological changes, policy and individual choices. The
climate projections available to date, and used in this report, are all based on a set of scenarios
presented in theSpecial Report on Emission Scenarios (SRES) by th¢IRROC2000)All these

508y NA2a FNB aolaStAaysSé a0SylINRz2a Ay G(KS a8yas

(mitigation), although emission reduction may result from other environmentancerns that are
taken into account in some scenarios. The, @@issions from the most frequently used SRES
scenarios are shownn Figure Xcoloured lines).

Uncertainty in climate models has many sources. First, the conversion from emission to la¢mosp
concentrations introduces uncertainty, as the level of accumulation of greenhouse gases in the
atmosphere results from complex biological, chemical or physical processes, in particular within the
carbon cycle. Then uncertainties regarding the climststem may have consequences for global
average change estimates, in particular the range of climate sensitivity (how much warming
correspond to a doubling of G@oncentrations, associated to uncertainties regarding for example
feedbacks from changes water vapour concentrations) is estimated in IPCC AR4 to be in the range
2°C to 4.5°C with 66% chances, and the best guess estimate is 3°C. Other uncertainty sources are
more regional, averaging out at the global scale but complicating local analysesxéomle
regarding precipitation changes in parts of Africa).

SSDScience for a Sustainable DevelopmentClimate and Marine Ecosystems 11
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Figure2: Top rows: global average temperature increase from-298ntil 209099 for key SRES scenarios,

best guess results from IPCC, 2007 (the arrow indicatefsith@ange, taking uncertainties into account). Middle

rows: examples of important impacts (impacts starts approximately at the beginning of each arrow and increase
with temperature; based on | PCC, 2007) .wef®acthangenn r o ws :
the climate system could accelerate substantially, become large and/or irreversible (the arrows indicates ranges
from publications, and the dashes indicates that the change may start at lower temperatures according to some
studies; basedn (IPCC 2000; IPCC 2007; Salazar and et al. 2007; Lenton, Held et al. 2008; Boé, Hall et al.
2009; Malhi, Aragdo et al. 2009; Nobre and Borma 2009; Fee, Johansson et al. T2@l@ange given for

tipping points reflects recent literature; note that utadeties are large, and may not be entirely reflected in the

ranges given due to incomplete knowledge of some of the processes.
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Providing a global overview of impacts in diverse sectors is an extremely difficult task that can only

be approached by largeusimaries such as IPCC assessment reports, therefore we restrict to a
selection of important examples, shown kgure 2(for more information, see references in the

caption). Some impacts, such as changes in the range of vegetal and animal speciegadgrbalr
confidently linked to climate change, others are emerging or expected to start with even limited
additional warming, such as more frequent coral bleaching events or adverse impacts on specific
cultures. Larger levels of global warming would bringyensevere impacts on ecosystems and would
negatively affect the living conditions of an increasing share of people. In addition to impacts that are

often increasing progressively with temperature, researches have looked at the possibility of
thresholds ISt & Ay (GKS OftAYFI(GS &deaidSysz OFftfSR aiALILR
could accelerate beyond a certain level of warming, such as suggested by several models for the
decrease of se&e cover in the Arctic. They may also involve irreversibiitich as following the

onset of large melting of continental ice in Greenland or West Antarctica, and subsequeité¢iong

sealevel rise. Besguess global warming levels reached by the SRES emission scenarios in 2100 are

also shown in the figure (uppg@anel), suggesting that all these raritigation scenarios may result

AY AAIYATFTAOFIYOH AYLIOGaod 126SOHSN) GKA&A R2Sa yz2i R
involve value judgements and political decisions.

1.2 International negotiations as an inp ut for climate scenarios
Concerns regarding climate change started several decades ago, leading in 1988 to the creation of
the Intergovernmental Panel on Climate Change (IPCC) by the World Meteorological Organization
and the United Nations Environment Pragh. The mandate of the IPCC is to inform the policy
making process by providing an objective assessment of the scientific findings on the risk of human
induced climate change, its possible impacts, and options for adaptation and mitigation (IPCC, 2011).
The first report of the IPCC was completed in 1990, and played a decisive role in the creation of the
United Nations Framework Convention on Climate Change (UNFCCC). This convention was adopted
in 1992 at the UN Conference on Environment and DevelopmeRibitle JaneirdQJNFCCC 1992).
¢tKS 202S0UGAQBS 2F GKS | bC/ /] O2y@SyidAaz2y A& 0KS a3
atmosphere at a level that would prevent dangerous anthropogenic interference with the climate
& @ & ((BNFECC 199Jhe cowention also states that the change should remain slow enough to
enable adaptation of the ecosystems and food production as well has economic development.
However, it does not provide any quantified objectives regarding the rate and level of mitigation
eff2 NI1ad® 5SOARAY3A Fo2dzi 6KIFIG A&  aRIFYy3aASNRdza AyidS
avoid all impacts (some are already happening), and also because there is significant uncertainty
regarding how large the future impacts of current eross could be, requiring decisions about the
level of risk that is deemed acceptable. In 1995, the council of the European Union decided that its
longterm objective would be to limit the increase in global average temperature to 2°C above pre
industrial evels(EU 1995)Although the UNFCCC convention introduced emissions reporting and the
aim to return to 1990 emissions by year 2000 for the industrialized countries (those listed in its
Annex 1), binding commitments only appeared with the Kyoto Protode), ((dopted in 1997. The
LINP 1202t SaildloftArAakKSa I aFANBRG O2YYA(GYSysooISNA2RE
1990 emissions in Annex | countries, to be met on average over the period22d@38 The Kyoto
Protocol entered into force in b, but was never ratified by the United States. While all other large
industrialized countries ratified the protocol, the fact that the U.S. remained outside the group
reduces the demand for emission allowances in the framework of emission trading, atergiplly
lowering the cost of these allowances. However, current emissions of some of the participating
countries are still significantly above the amount that corresponds to their commitment, in particular
for CanadagUNFCCC 201and possibly Japan thbugh GHG emissions in Japan decreased a lot in
2008 and 2009, resulting in a level close to the Kyoto target, @gps 201Q)
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In principle, these countries should buy the missing emission allowances, either from the unused
amounts of countries suchs Russia, and/or from projects that reduces emissions in developing
countries or economies in transition. If, by contrast, countries do not comply with their
engagements, this would hinder their participation into a subsequent commitment perlmeyond

2012.

The first commitment period of the Kyoto Protocol is thus limited in time and in scale of action. As

we will see in more detail in the next Section, curbing and ultimately stopping global warming
requires much larger emission reductions, especi@llg NJ 4§ KS o6A33Sad SYAGGSNE-
countries, in particular the U.S., still have higher emissions/capita compared to developing countries
(excluding landuse change, which complicates the figures), some emerging nations now emit a
significant shag of the world greenhouse gasesn particular, the total amount of emissions from

China is now larger than from the U.S. Therefore, curbing world emissions does require both a
continuation of efforts from countries that took part in the KP first commitin@eriod, and a

mechanism to promote mitigation efforts in the other countries.

In parallel of discussions on mitigation, adaptation has become an increasingly important part of the
negotiations. An Adaptation Fund was created in the framework of theb&s&d on a 2% share of
purchases of emission reduction certificates from mitigation activities in developing countries (clean
development mechanism projects, a part of emission trading activities in the KP) and other funding
sources (UNFCCC 2002), see0al@JNFCCC 2011djurther development includes the salled
GbFANROA 22N] tNRINFXYYS 2y LYLIOGAaZ +dzZf ySNI O0Af
decisions on helping adaptation, especially in developing countries.

In order to move beyond the first comimi YSy & LISNA2R 2F (KS Yt G4KS &
2007 at the 13th Conference of the Parties to the UNFCCC (COP 13). The intention was to achieve
agreement by the Copenhagen conference (COP15) in 2009, following an agenda of negotiation
issuesknoyf Fa GKS . FfA ! OGA2Yy tfI-ZOIyRNINSAAZ D NR KIS 4
The first of these groups existed already since 2005, and deals with further commitments for Annex |

(i.e. industrialized) countries under the Kyoto Protocol (AMR3. Tie other group deals with Long

term Cooperative Action (AWICA) in the framework of the conventigrtherefore only this second

group involves the US.

While the Copenhagen conference resulted in refined texts under both AWG negotiation tracks, it

did not finalize decisions. The work period of the AWGs was extended twice for one year, in
LINBLI NI GA2Yy F2N GKS ySEG /ht o6y26 &d0KSRdzZ SR T2
l O0O2NRE¢ o/ !0 gtFa&a 020K + AAIYATAOI ystin@BighDfa2 LIYSyY i
limit to global warming (2°C) in an UNFCCC document, but it was generally regarded as deceptive
0S50l dzaS Al RAR y20G O2yidlAYy O0AYRAY3I O2YYAlYSydaxz
y2GS¢ 2F AGZ YR O 8ybliieededitaistay Helowstihe2°C dinitAMRSt, byt not.dll, (i K &
UNFCCC participating states associated themselves with the CA, by letter to the Secretariat of the

| 2y @Sy iGA2y Ay SIENIe& wnmnd® az2ald SYAUOGSNRAZI oAy Ot dzR A
emission reductions in 2020; however, these pledges are generally regarded as insufficient to put the
World on a pathway that would not result in more than a 2°C warming froriruhestrial (see next

Section). Industrialized countries also pledged t8 A RS | aFl &0 GNIF O1¢ FAYI )
term (20162012) support to both adaptation and mitigation in developing countries.

Further progresses were made in Cancun (COP16) at the end of 2010, resulting in the Cancun
Agreements and suggesting thaktimegotiation may eventually come to a successful conclusion, but
there is still a long way to go. A substantial difficulty is that the United States are unlikely to be in a
position to sign a binding commitment, as shown by the current activity of thegi€es against

climate change regulation (PEW Centre, 2011, and U.S. Congress, 2011). Progresses were done
regarding support to developing countries for adaptation and mitigation, through financing,
technology transfer and capacibuilding (UNFCCC 2011a).
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As during each of the recent years, the next conference of the Parties (COP17, to take place in
Durban), will be prepared during several meetings in 2011. The first of these meetings involving the
AWGs was in Bangkok in April, the next will be in Bonmrie.JAn ongoing development is the
aSGAOAY3 dzlJ 2F GKS GaDNBSy /fAYFGS CdzyRé RSOARSR
mitigation and adaptation in developing countries. This fund will manage part of the financing that
developing countriescommitted to provide in Copenhagen and Cancun, with a total amount
increasing to 100 billion US$ per year in 2010, including diverse sources and financing modes
(van Kerkhoff, Ahmad et al. 2011; UNFCCC 2011ilspite of progresses, the negotiations atl

facing substantial difficulties. In particular, it may become difficult to have a second commitment
LISNA2R gAGKAY (GKS Yt TFdzZfeé NBFIRe o0& (me&ledSYyR 27
(ENB 2011) In addition, commitments are likely to remaon a "bottomup" basis as the
Copenhagen/Cancun emission reduction "pledges” suggests, at least for some time. In this context, it
appear unlikely that commitments for 2020 will be strengthened in the coming years, and thus, as
explained in the next S&on, the probability that it will be possible to limit the global warming to

less than 2°Cas the Cancun Agreement calls fonay decrease substantially.

1.3 How does the 2° C temperature limitation objective relates to climate science?
Two recent reportsummarize the literature on the emissions scenarios that may be compatible with
a limitation of global warming to less than 2(@en Elzen et al. 2010; Fee, Johansson et al. 2010).
These two studies provide similar results, which is quite logical sincevtheeports are essentially
based on thesame literature. According téee, Johansson et al. 2Q11® ensure a likely (> 66%)
chance of limiting global warming to 2°C about-préustrial temperatures requires:

- A peak in emissions by approximately 20T&e later the peak occurs, the steeper the decline in
emissions would need to be in the subsequent decades. Delaying the emissions peak past this
window will result in annual reduction rates that potentially exceed feasibility while substantially
raisingthe costs of mitigation.

- A decrease in emissions of-80% in comparison to 1990 by 2050. This assumes further emission
reductions after 2050.

- Reductions of longjved greenhouse gases, such as carbon dioxide, which are essential, as well as
reduction of shortlived forcing agents. In addition reductions of the sHortd greenhouse gases,
black carbon aerosols, tropospheric ozone, and aviaitioliced cloudiness, could also make an
important contribution by lowering the rates of temperature increasehe near term. It would also
counteract the warming resulting from reductions in sulphate aerosol concentrations due to reduced
fossilfuel use and air quality policies. Thus, efforts regarding all constituents contributing to global
warming may be nezssary, although the magnitude of abatement may be different for each gas.
Technologies that achieve negative J&missions may be necessary in the long term (post 2030),
and many studies suggest biomass energy with carbon capture and storage may bé forucia
maintaining a 2°C limit.

The emissions reduction pledges associated with the Copenhagen Accord and Cancun Agreements
fall short of a 2020 milestone that maintains a likely chance of achieving a 2°C limit without requiring
potentially infeasible posf020 reduction rates. Even the most optimistic interpretation of the
current pledges suggests that to have a likely (66%) chance of limiting the warming to less then 2°C,
an additional mitigation effort of 2 to 6 Gigatonnes of @Quivalents would be ragred. Excluding

the conditional pledges and other optimistic hypotheses, this gap is approximately 10 Gigatonnes of
CQ equivalents. If a probability of staying below 2°C larger than 66% is required then greater
emission reductions would be needed. By tast, if a lower probability is considered acceptable

(for instance 50%) then emission reductions could be somewhat lower.
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While tightening the pledges would rather seems possible, given in particular the technical
potentials, it is not clear that thiwill happen in the current negotiation context, as explained in the
previous Section. In conclusion, a wide range of possible emission futures remains plausible from a
scientific viewpoint.

1447 xAOAO )Yo## ! 2wd O1 Ax OAAT AOEaréhdn DOT AAGO
climate, impacts and adaptation
In this section, we summarize the ongoing and planned changes regarding scenarios in preparation
for the 5th Assessment Report (AR5) of the IPCC. The new process will be an important change from
previous assessmentand it is useful for those dealing with impacts and adaptation to be aware of
that. The move originates from a need to replace the set of scenarios used so far in climate enodels
the SRES (Section 1.1), and to cover the whole range of published sceirarioding strong
YAGATlIGA2Z2Yy Ol &asSao ¢KS NBtS 2F (GKS Lt/ / Ay GKASZ
scenarios, in particular through organising expert meetings. The first of these meetings worked out
the foundations for the new methodolodgioss and et al. 2008).

The central concept of this new framework is a set of 4 benchmark scenarios now referred to as
GWSLINBaSYy Gl GAGS |/ 2w/OSy NI G 22 v i NUK&BE G2 GKS LINSC
scenarios, the RCPs are not based on §itey defining the drivers behind the emissions. Rather, the

RCPs were defined by selecting concentrations pathways and the associated radiative’ forcing

2100 so as to cover the full range of scenarios available in the scientific literature. The RCPs ar
referenced by the radiative forcing reached in 2100, namely RCP8.5 (8.5 \&lfgest emissions),

RCP6, RCP4.5,andRCPB® LYy G(GKS y#¥B3 APSYKSAE@E/-dndDedlingl yRa T
rather than increasing than stabilizing to a certain valte radiative forcing is passing through a

peak (at 3 W/, than declining and eventually stabilising (the radiative forcing in 2100 was set to

2.6 W/nt following an evaluation of the plausibility of such low scenarios). The two lower scenarios

are in he range of concentrations typical for mitigation scenarios, and the lowest one is
representative of emissions that would follow from substantial mitigation efforts compatible with a
limitation of global warming around 2°C, so that the coverage of posSilblee is much more
comprehensive than with the previous nanitigation SRES scenari@sgure 1).

A key idea is that this set of pathways can be used to run climate models while nevesoo@mic
scenarios are simultaneously developed. This paralletgs® is illustrated ifrigure 3.When new
socieeconomic and emission scenarios will be ready, it is expected that it will be possible to link
these to the RCPs so as to obtain climate change information from the climate runs based on the
RCPs, thus avoidj a need for new climate simulations.practical consequence for some of the
impact and adaptation studies is that they do not omged to wait for the climate simulation
results, but they may also need to wait for the availability of consistent ssxmaomic information

from fully defined new scenarios with associated storylines. The RCP process helped to start this
LINPOSaa Y2NB jdAaO1fte GKIFy ¢2dz Riguie® But it NGBID he2 dza f &
clear that the RCPs themselves do natyide complete soci@conomic information so that further
development is still needed in this area.

The process was designed to allow for an early start of the climate model simulations, but the
selection of the lowest scenario was only confirmed in A#){)9, and the data made available later.

The delay in the selection of the RCP and preparation of emission/concentration now results in a
start of model simulations later than expected. While climate modellers may still be in time for the
ARS5 (to be finadied in 2013/2014), the RCM simulations based on the RCP were not publicly available
by the end of this project. The schedule will also be tight for impacts modellers wanting to take the

! Radiative forcing is a measure of the imbalance of incoming and outgoing energy in the Earth-atmosphere
system, due to climate altering factors
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climate model results into account in their own studies that couldeenhe AR5 writing process.
However, progresses have been achieved in the validation of the recently devel8pedsibn of
the CLM model.

(a) Sequential approach (b) Parallel approach
Emissions & socio- Representative concentration
economic scenarios pathways (RCPs) and levels
1 (IAMs) 1 of radiative forcing
| "~
‘2 Radiative forcing | Climate, atmospheric Emissions & socio-
& C-cycle projections +;» economic scenarios
2a (CMs) 2b (IAMs)
Climate projections ¥ v

3 (CMs)

Impacts, adaptation,
vulnerability (IAV) &
3 mitigation analysis

Impacts, adaptation
& vulnerability
4 (IAV)

Figure 3. Approaches to the development of global scenarios: (a) pressmusentiabpproach; (b)
proposedparallel approach. Numbers indicate analytical steps (2a and 2b proceed concurrently). Arrows
indicate transfers of information (solid), selection of RCPs (dashed), and integration of information and
feedbacks (dotted)rdm Moss et al., 2008).

As soon as sfitient climate model runs based on the RCP become available for Belgium, it is clear
that additional research would be needed to study the effect of these changes in the scenarios (e.g.
the effect of mitigation). Questions that may need to be answered(aneong others): Is the range

of scenarios used within CEBYDRBelspo project SD/CP/08)fficiently complete, and are climate
simulations available to widen the range if needed? Could impact studies based on thi¥ ORI
scenarios be somehow "connectetd' the new RCP process, and if not, what would be necessary to
allow this? It will take time before a full evaluation becomes possible, including linking of the new
scenarios selected for the AR5 to climate simulations, detailed assessment of extremas for
ensemble of models, and a range of impact studies. The treatment of uncertainty from scenarios in
CCIHYDR and the possible inclusion of lower emission scenarios in future work are further discussed
in the next Chapter, Section 2.2.
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CHAPTER 2: Preciptation extremes: variability and change in
observations and models

In this chapter, we summarize the methodology developed for local climate change
projections in earlier projectsand thendiscuss important issues related to these climate

scenarios: comlnmation of uncertainty from models and emission scenarios, differences
between model and observations, and combination of natural variability and climate change.

2.1 Climate change scenarios adapted to hydrological impact studies
Climate change scenarios foretl21st century specifically adapted to hydrological and hydraulic river
and sewage systems in Belgium were developed in thdHEOR research project and extended in a
project for the Flemish Institute for Nature and Forest Research (INBO). The methoddlogyly
be briefly summarized here, as we will focus on issues discussed within this project (for more
information, see(Ntegeka, Willems et al. 2008a; Ntegeka and Willems 2008c; Baguis, Roulin et al.
2010; Willems, Baguis et al. 2010).

The CCHYDR aiiate scenarios have been developed for specific study areas in Belgium, after
statistically analyzing about 30 simulations with 11 different regional climate models (RCMs) and
more than 20 simulations with global climate models (GCMs). Simulation resaims heen
processed for the variables rainfall, temperature and potential evapotranspiration (ETo) till 2100. The
climate model simulations assess future climate trends based on the projections of future
greenhouse gas (GHG) from the SRES IPCC r@p@€2000). The regional climate model
simulations with the SRES A2 and B2 regional scenarios were obtained from the European PRUDENCE
project, where these RCMs were nested in a rather limited number of GCMs. To cover a wider range
of GCMs and emission scenai@dditional GCM runs (A1B and B1 scenarios) were extracted from

the IPCC AR4 database.

A specific algorithm was developed to obtain local climate change scenarios that can be applied to
impact studies, on the basis of past observations and model siiontafor the past and future. The
algorithm imparts a perturbation based on the model results to the observed series to generate time
series for the future. It intrinsically involves statistical downscaling (from daily to hourly time scale,
and from grid sale to point scale) and bias correction (removal of the systematic deviation between
the climate model results and the observations). It is applied to rainfall and potential
evapotranspiration. For rainfall, the calculations involve two steps: the fiegt akes into account

the changes in the number of wet days, and the second step takes into account the intensity of rain.
The changes are quantile based to account for the fact that the changes might depend on the
magnitude or return period of the ever{fFigure 4. Changes in the number of wet days are being
made using a stochastic procedure.

The algorithm uses time series at hourly and daily time steps. These are time scales relevant for river
subbasins. The scenarios were developed mainly for catclsngmtto 1000 km2. The time series
perturbation procedure was developed from the PRUDENCE regional climate models which mainly

dealt with a 30Gyear control period of 1961990 and a 30 year scenario period of 2€ADO.

Interpolation is made for other peris to account for potential differences between the period

covered by the input series and the standard 19®B0 control period. In addition, a 3ear period
NRdZAKie& O2NNBalLRYRa G2 +y | @SNI IS Ot AYI (kB a2a0A
and Willems, 2008). More details about the perturbation procedure can be found in Chapter five of
theCGl , 5w t KFaS M ¢SOKYyAOFf wSLI2 NIi(Ntegeka, BéglisieRal. 2 F O
2008b.
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2.2 Dealing with uncertainty from climate models a nd emission scenarios
As summarized iSectionl.1 uncertainty in climate change scenarios comes from two main sources:
the emission scenarios and the climate models. Taking these large uncertainties into account is a key
issue for impact modelling, as thelevant climate information needs to be taken into account while
avoiding unnecessary complexity. In the framework of-lYIDR, it was decided to simplify the
climate scenarios by constructing sets of 3 scenarios to represent larger ensembles of rsattef re
GKAIKk 8SiéT aYSI yEogark 8 Rhe highysdenadofmaysbe fefdded to @ wet, and
is thus adapted to studies of the risk of flooding, while the low scenario may be referred to as dry,
and is thus critical for low flows. It is notalthat the mean scenario represents mean conditions and
Ad y20 GKS o0Said TFdzidzZNB 3IdzSaad ¢KS RSTAYyAGAZ2Y 2°
application: it depends on time scale, return period and season / month, and is based on the
expectal hydrological impacts.

While providing a simplified view on the range of model results with a set of 3 climate scenarios is
very useful for impact studies, it is also relatively difficult due to the need for adapting the selection
of scenarios to the vaables of interest and their application. For example, as correlations between
the changes in precipitation and in potential evapotranspiration were found, the definition of
high/low scenarios is based on the combined effect of rainfall and ETo. In otids vithe variables

are combined to generate an impact, which can then be classified as high, mean and low. Application
of this methodology to other regions would require the same care in designing the scenarios.

July
3.0
= High ——Mean —Low DMI-HS1 x DMEHS2
e DMIHS3 + DMI-S25 = DMkecsc-A2 DMl-ecsc-B2 GKSS
GKSS-SN KNMI METNO-A2 METNO-B2 SHMILHC-22
25 SHMIA2 - SHMIB2 SHMI-MPLA2 SHMI-MPLB2 ETH
ICTP-A2 ICTP-B2 x HC-adhfa » HC-adhfe + HC-adhff
- HC-adhfd-B2 - UCM-A2 ¢ UCM-B2 =  MPI-3005 4 MPL3006
20 x CNRM-DC9 x CNRM-DES e CNRM-DES + CNRM-DE7

Perturbation[-]

15 a4
At

00 ¢ T
1 0.1 0.01 0.001

Exceedance probability[-]

Figure4: Example ofperturbations in weday rainfall intensities as function of the return period or exceedance
probabilitybased on the results of the PRUDENCE RCM fignghe month of JulyThe constructed low, mean
and high scenarios are also shown.

Simulation of the three scenarios in thgydrological impact models allows assessing the range of
uncertainty that is revealed by differences between the more than 50 climate model simulation
considered and due to differences between the IPCC SRES GHG emission scenarios. This is an
advantage othe methodology but also a potential difficulty, as there is only one uncertainty range

for all the emission scenarios. This raises the question of whether we need to discriminate between
emission levels when looking at impacts studies or not. The ansatarst question likely depends on
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the application of the impact study as well as on the emission scenarios considered. Studies on
adaptation would need to consider the whole range of possible futures; a possible way to deal with
the considerable uncertaigtthat is obtained at the regional and local scales is then to start from the
knowledge of current vulnerabilities and take action in a way that would reduce risks for a wide
range of possible future evolutions, to the extent possible. By contrast, stydiim benefits from
mitigation requires discrimination among emissions levels in the climate scenarios.

When considering all impacts globally and in many sectors, there can be no doubt that lowering
emissions reduce the risks (Chapter 1). But our aHilitgtudy this difference between emission
levels in specific sectors at local scale, given the uncertainties, is a more difficult issue. Until very
recently, the regional climate simulations were always performed for the SRES scenarios, which are
non-mitigation scenarios, and most often ignoring the lower of these (the B1 family, although it was
taken into account here on the basis of existing GCM runs). The first simulations with a low scenario
assuming mitigation towards a 2°C global warming limitatioe-pdustrial) were performed during

the ENSEMBLES project.

MED, 2080-2100 wrt. 1961-1990 NEU, 2080-2100 wrt. 1961-1990

-

-20 - Grand ensemble, A1B

20 20

P-change (%)
S
1
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-20 4

0O <95% O Open blue symbols: driving GCMs, A1B
0O <75% B Solid blue symbols: RCMs, A1B
-30 -30 8 <50% O Other GCMs, A1B
B <25%
40 40
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Figure 5. Annual changes in temperature (T) and precipitation (P) in the Mediterranean Basin (left) and
northern Europe (right) from 1961990 to 208e2100. Coloured areas depict probabilispcojection
percentiles based on a statistical emulation of various sources of uncertainty, for the A1B sddéeario.
symbols show RCM and GCM simulations for the A1B scenario (blue) and for the E1 scenario (green, GCM
only). Source: EU ENSEMBLES projegtan der Linden and Mitchell 2009).
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non-mitigation scenario A1B) is illustrated ornFigure 5.For the Mediterranean region, the
simulations based on E1 cléaresult in reduced climate change compared to A1B (results from E1
would have very little chances to occur under A1B). For northern Europe, the difference is more
modest, although E1 results tend to form a cluster outside the range of most A1B resuftmaller

regions, we would expect a reduced ability to distinguish between scenarios, in particular over
Belgium because it is located between the northern regions with increased precipitation and the
southern ones with reduced precipitation. However, tdata shown in this figure are annual
averages; as seasonal changes are generally larger, there might be a possibility to distinguish very
low emission scenarios from nanitigation cases, and the situation may also be different for
extremes. This would tpiire more investigations that were not possible during this project in part
because the discussions about the lowest emission case within the IPCC RCPs took more time than
expected. A specific issue that might be important when analysing simulationsowitbmissions is

that sulphate aerosols concentrations have links with fossil fuel emissions, so that the cooling effect
from aerosols is expected to decline faster in though mitigation cases. This may complicate the
picture of differences between mitigath and noAmitigation caseg¢John 2011).
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2.3 Evolution of regional climate models and validation for use in hydrological

studies
K.U.Leuven analyzed the climate model simulation results available from the more recent EU project
ENSEMBLE@ohn 2011).Within the ENSEMBLES project, new indicators for evaluating the
performance of RCMs were evaluated. Most indicators were based on regional temperature and
precipitation statistics, but one of the indicators considered laggale circulation and weather
regimes. Th objective was to identify models that perform well for all these "metrics", therefore
combinations of metrics were considered to provide an aggregated score. While this exercise was
regarded as exploratory, the results suggest that at least one of trdelaICTERegCM) for which
precipitation statistics did not well match observations in Uccle withinF@IR is performing quite
well for other criteria. Model simulations can be erroneous, therefore eliminating simulations on the
basis of performance mets may be necessary to avoid taking inaccurate results into account, but
designing such metrics and deciding about excluding some simulations remains a difficult task, which
needs to take many aspects into account.
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Figure 6: Validation of daily precifation extremes. Top row: PRUDENCE RCM runs for the grid cell covering
the Uccle metewtation. Bottom row: ENSEMBLES RCM runs

Figure 6showsthe results of a comparison between the PRUDENCE and ENSEMBLES results for all
RCM runs with available resultsrfthe main Belgian meteorological station at Uccle. It is clear from
this figure that, while the PRUDENCE runs show systematic overstimation for the winter (DJF) season,
these strongly reduced in the more recent ENSEMBLES runs. For the summer seasysiethatic
underestimation remain, which may be due to the fact that current RCMs are still too coarse to
resolve convective precipitation, so that they must use approximate parametrisations (short time
slice convectionesolving experiments are however gmble, see e.g(Knote, Heinemann et al.

2010) For the winter season, lower rainfall intensities are expected for the RCM results in
comparison with the observed point intensities, because of the spatial scale difference (grid averaged
precipitation versis point precipitation), so that the results suggest that precipitation is better
represented in the last simulations performed.
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Through research cooperation between UCL and K.U.Leuven, the-otostglvation deviations were
further investigated in this mject based on simulations with the CLM regional climate. This was
done in the same way as was done in the-@€DR project for GCM and RCM results. Results from
two different versions of the CLM model were considered: CLM3.0 and CLM4.0 model (CLM is also
referred to as CCLM or COSMIOM, see ABlnpacts(A.B.Glmpacts 201)and http://www.clm-
community.eu)

In order to eliminate the influence of the GCM in which the CLM is nested (influence of the boundary
conditions), CLM results driven by lateral boundeonditions from reanalysis data (ECMWF E&RA

and NCEP/NCAR) were considered. Thanedysis data represents "retine” meteorology based

on the assimilation of observations rather than "unforced" general circulation models. In this way we
focus on he ability of the regional climate model to produce extreme precipitations with statistical
properties that match observations (the state of the atmosphere at large scales is similar in models
and observations, therefore the modebservations differenceresulting from natural variability are
strongly reduced).

Figure 7shows that CLM3.0 ERA40 results match well the Uccle historical daily rainfall extremes, also

in the summer season. This shows that this RCM is able to reproduce rainfall extremes wehaevhen

model is forced by historical largeale atmospheric circulation information at its boundaries
(however, there may still be some overestimation in the model becauseagdrthge extremes

would be expected to show lower amounts than station data)nfadibiases in the RCM results
(PRUDENCE, ENSEMBLES) thus appear to mainly result from biases in the GCM forcings. This is
consistent with other studies that found that the GCM explains a large fraction of the biases,
although the regional model may haadarger role in summer due todal effects such as convection
e.g.(Rummukainen 2010).
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Figure 7. Validation of daily precipitation extremes, based on the CLM3.0 ERA40 results for the grid cell
covering the Uccle metestation. Left : DJF (winter);ight : JJA (summer)

Precipitation totals aggregated over time scales longer than a day are shown by IDF curves on
Figure 8 As for the 1day time scale, the ERA40 forced CLM3.0 results tend to show smaller biases
than the mean value from ENSEMBLES simualsit although some overestimation of the strongest
events (10 years return period) is again noticeable, especially for the shorter time scales shown (1
day).Finally, the analysis was extended with a new run done with the last version of CLM (4.0, which
was finalised in 2010). For this simulation, we have an archive of hourly precipitation over more than
60 years, starting in 1948, and based on lateral boundary forcing from NCEP/NCAR r@analysis
Figure9 shows a preliminary comparison between the CLM3 @hi14 runs. CLM4 results constantly
show less precipitation than CLM3 ones, which were close to observations but slightly too large. For
the winter season, the difference is small and the results from CLM4 may be as close to the actual
climate as CLM3 onedowever, for summer, CLM4 results show a systematic underestimation in the
rainfall extremes (compare witRigure 7.

2 We thankDr. Beate Geyer, from HelmhokZentrum Geesthacht, Germaiayd Dr. Daniel Luethilnstitute
for Atmospheric and Climate SciendeTH, for giving us accesto the long CLM runs.
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The IDF curves (not shown) suggest that the results strongly depends on the aggregation time,
ranging from very close to observationsaatime scale of a few hours to substantial underestimation

of the hourly values. As we have shown that the bias essentially occurs in summer (and for relatively
short events), the change between model versions might be related to the representation of
cornvection. However, various changes have been made between model versions, including changes
in the representation of clouds, and due to the large CPU time required by such simulations, we
could not yet explore these differences, including the ones that otayie from the differences in
lateral boundary forcing (here one run uses reanalysis from ECMWF while the other uses NCEP).
While changes in a model that introduces more detailed and comprehensive representation of
climate processes may in principle degragfgecific results, further investigations are required to
better understand this CLM4 simulation. The internal variability of the model may also explain part of
the differences between two simulations.
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Figure8. Comparison of rainfall IDF relationshipsrfUccle with ENSEMBLES and CLM3.0 ERA4O results.
Three return periods are shavihl year (red line), 1 year (blue line) and 10 years (green line).
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Figure 9. Preliminary comparisonf daily precipitation extremes, based on daily CLM3.0 and CLMésQlts

for the grid cell covering the Uccle metstation Left: winter (DJF), right: summer (JJA).

Several methods exist to perform the statistical downscaling of the climate model results. These
methods transfer the climate changes at RCM/GCM scales rggnéarger or equal to 20 km, to
changes at hourly and point scales (hydrological impact scales). Each of these methods is based on a
number of underlying assumptions, which introduce uncertainties in the statistical downscaling.
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These uncertainties haveot been analysed in this project, but have been analysed in large scale
research projects such as ENSEMBLES and previous projects (e.g. EU STARDEX). Some statistical
downscaling methods, e.g. based on weather typing, have the advantage that no diréstrunade

of the precipitation results of the climate models. Instead, changes in precipitation are assessed from
changes in largscale atmospheric circulation, temperature and other climatic variables for which
the RCM/GCM results have a higher accur&antthe precipitation accuracy. However, a key issue
with these methods is the hypothesis of stationarity, that is, to what extent statistical relations
derived from present climate are still valid in future climate. By contrast, dynamical downscaling (i.e
regional climate models) involvghysicallybased relations which contribut® provide confidence

in model results for perturbed climate. It is generally considered that statistical dgndmical
downscaling methods both have merits and invalwveertanties.

2.4 Natural variability and its consequences for climate projections and risk
assessment

In the CCHYDR project, statistical trend analysis on the precipitation series of the Royal
Meteorological Institute of Belgium at Uccle has shown that seriegrefipitation extremes are
influenced by multidecadal climate oscillations, as showRigure 10(Ntegeka and Willems, 2008;
Willems and Yiou, 2010). They were found significant at the 5% significance level. The climate
oscillations have been observed ftre whole European region, with artorrelations between
northern and southern EuropéWillems and Yiou 2010gnd are mostly attributable to climate
variability.

In this project, we analysed how climate models are representing these climate oscillistitms
frequency of extreme events. As the explanation of these oscillations in extreme precipitation over
Europe probably involve large scale climate dynamics, related to mechanisms that are not yet
entirely identified but may involve complex interactoietween climate system components (e.qg.
involving the oceans), these investigations may be very useful to better understand and improve the
climate models.

30 -
20
10

0

10-year window

-30 + 15-year window

---------- long-term average (108 years)
approximate cyclic variations

-40 —— cyclic variations plus climate change

] climate change effect

anomaly in extremes [%]

'50 I T T | T I
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
year

Figure10: Anomalies and multidecadal oscillations in rainfall extremes based on the histiwaialseriesfor
thewinter seasoDJF) (10-minutes, 1898005)adapted fronfNtegeka and Willems 2008c).

In order to investigate this issue with more chances of success, we first analysed regional climate
simulations driven by ECMWF EfRAreanalysisdata. In this way we focus on the ability of the
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regional climate model to produce extreme precipitations with statistical properties that match
observations. This work may also contribute to the understanding of the origin of the observed
extremes.Figurell shows the comparison between our extreme precipitation index for the Uccle
historical data and for CLM3, with lateral boundary forcing from ERA40 for the perioe20961(red

line). Despite the limited time period considered, it appears clearly that@LM results follow the
historical observations quite closely, showing part of an oscillation. This confirms that given the
appropriate largescale conditions, regional models can provide the correct precipitation statistics.

We then turn to a generalirculation model (ECHAMS) to analyse its ability to provide ragtiadal
oscillations. An ensemble of Bimulationsdriven by SRES A1B emissions, each with slightly different
initial conditions, is shown iRigure 11(grey line$. The resultsaalso showan oscillatory behaviour in
which the period and amplitude characteristics are similar to past observations for at least some of
the ensemble members, although the amplitude of the oscillations provided by the model may be
smaller, and oscillations may sotimes be faster.This preliminary analysis thus sugge#iat
general circulation models may represent the physical processes that are responsible for the
oscillations, and could therefore keuseful tool to investigate their origin. This is encouraging b
further investigations are necessary to confirm that the oscillations found in the model results are
due to the same mechanisms as the one operating in the real climate system, and understand these.
The oscillations shown by the model are not in pha# the observed ones, but this was expected
since the oscillations are attributed to (unforced) natural variability (the initialisation of the model
does not relate to a particular date in the past, and differs between the ensemble members). The
fact thatthe RCM simulations forced by-amalysis were in phase with the observations confirms
that the oscillation signal is found in the largeale atmospheric circulation (although its origin is
likely to involve other climate system components).

40
¢ Uccde
es e (CLM 3.0 ERA40
o 30
g Uccle
o ECHAMS
% 20
® A
3 &
.g 10 \ ‘
£ > e »
%— 0 X QS ’;"?“4;! {
A 9. 2 ¢
NE ¥
Z-10 Z ?
-20
1900 1950 2000 2050 2100

Figure11l: Anomalies in rainfall extremes based on the CLM3.0 results at Uccle, driven by ERA40 data, and
comparison with 17 ECHAM5/MPOM A1B runs (ESSENCE projediSterl, Severijns et al. 2008).
These multidecadal oscillations must be taken into account whddibgiclimate change projections
and conducting impact analyses. Indeed, if the study period is shorter than an oscillation, the-rainfall
runoff modeller has to keep in mind that the results may be biased from the-tknng averaged
climate. Due to the odkations, an input series period covering an oscillation peak may provide
overestimated risk figures (but the maximum will be addressed), while using an input series that
covers an oscillation low would result in underestimation of the risk. This isnafsmtant for model
validation when it is not performed on the basis ofamalysis forcing (e.g. in the case of GCMs),
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because if the validation period does not cover an integer number of oscillations, then phase

differences between the model and the olrgations may result in modedbservations differences,

even in the computed average climate statistics, while there is no actual model deficiency (bias)
behind these differences. Further insight into these issues may possibly come from ongoing research
efforts regarding predictability of decadal scale climate change (which will be addressed in the 5th

assessment report of the IPCC).

The presence of climate oscillations makes it difficult to detect climate change trends in historical
series. It also makesdifficult to create awareness on the potential impacts of climate changes. Long
periods of relatively lower probabilities for extreme precipitation events and related floods also
lower the public and political awareness. It is moreover difficult to emptai the public the
difference between natural variability and patterns, and the superimposed climate change. Due to
this complexity, a risk exists that awareness on flood vulnerability only appear in irrational waves of
short-term actions without longerm perspectives. Decision makers need to be aware that following
decades with relatively less extreme rainfall in their region, the risks associated with extreme rainfall
are expected to peak again, and that at least in the winter season, the anthropadieméd¢e change

is expected to increase the magnitude of the following peak
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CHAPTERS: Non-technical adaptation measures to Climate Change
Impacts: The ecosystem services approach

In this chapter we investigate hydrological processes and how manipulafidhe hydrology can

affect the delivery of ecosystem services. It is illustrated how ecosystem management can be used to
reinforce certain ecosystem services as part of a climate adaptation strategy. In most of the Flemish
catchments the hydrological stem is strongly manipulated and does not little resemble its potential
natural state. Different types of changes have been made: draining of marshlands for the purpose of
agriculture, straightening and canalization of streams for shipping traffic andusigre, loss of
AYFAEGNI GAZ2Y Rdz2S O2yaidiNuzOGA2y 2F LI @SR adzaNFI OS
economical benefits these changes had an impact on many of the hidden ecosystem services. Only
gradually it becomes clear what we pay forRtoods, water shortages, erosion, loss of biodiversity
and eutrophication are signs that the regulation of hydrological extremes is seriously disturbed. In
many cases we have become dependent upon expensive technical measures to replace those
regulating finctions.

3.1 Introduction

The water system provides direct or indirectly numerous goods and seripsd P). Since long

time these goods and services are used to support our society in various ways. We can distinguish
visible and fast renewable resaigs as fish, crops, timber and drinking water that distinctively can be

linked to the water system. A combination of growing needs and a technological ability has resulted

in an increased control and manipulation of the water system. These developmemdihally led

to a serious degeneration of the system's carrying capacity. The past and present large scale
exploitation of marketable ES (Infrastructure, Agriculture, Forestry) has led to such a degenerated
environmental quality that there is a severegact on society (flooding, water shortage, desiccation,

pollution, landS N2 aA 2y s> LISaitaxXxkryR oO0A2RAGSNBAGE (2aaSaovo
technical solutions such as water retention basins, sewage infrastructure, treatment plants,
canalizationand normalization, dredging, dams, pumping, drainage, irrigation wells, embankments,
SGOXDPEKS AYLISYSyllFidAzy 2FGSy oNARy3Ia o62dzi aSoO2
cycle and nutrient cycles leads to further loss of ecosystem functianifigis pathology of command

and control is still relevant today and there is a profound pressure on policy makers to solve
environmental problems by quick and visible solutions.

Ecosystem based landse planning is considered as an important measure toease resilience
against flooding, droughts and associated water quality problems. Several concepts have been
established in respect to langse patterns and functionality such as Land QudlBguma 2002),
Leakiness Indices (Doran and Zeiss 2000; Ddy@R)2Shared by these approaches is that fluxes of
water and substances determine the sustainability at certain locations given a certaindantdane

use patterns that reckon with the physical properties of soil and hydrology cause less interaction with
the water system whilst a high discrepancy between actual-lase and physical suitability urges a
more intense adaptation of the system and thus to a higher impact ofleedon the water system.
Adaptation measures for CC can result in increase oredse in the level of manipulation and
control. Functional analysis of ecosystems and management measures for the deliverance of
ecosystem services receives growing attentfginemen 2005; Tscharntke, Klein et al. 200Bhis is
especially valid for natat and semnatural structures such as wetlands, floodplains and forests.
Especially these landise types deliver important ecosystem services to society and resilience against
flooding, droughts and associated water quality problems. At the differenthoa¢at scales,
attention must be paid to attain a balanced lande in which nature should be allowed to function.
Mitsh and GosselinKMitsch and Gosselink 2000; Mitsch, Lefeuvre et al. 2083)e that a
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sustainable wetland acreage should range betweem@ 7 % of the catchment in order to regulate
hydrology and water quality. Often small valley bottom wetlands and riparian strips in the headwater
basins are neglected in wetlaqmblicy (Merot, HubertMoy et al. 2006). Especially these wetlands
provide a ligh functionality in regulating hydrology, water quality, and biodiversity over the whole
catchment area (Merot, Hubei¥loy et al. 2006). Wetlands substrate biogeochemical hot spots and
hot moments within the landscape, where hydrological flow paths cayevevith other flow paths or
substrates containing complementary reactants (McClain, Boyer et al. 2003). Hot spots occur where
hydrological flow paths converge with other flow paths or substrates containing complementary
reactants. These biochemical intet@ns are often enhanced at terrestrialjuatic interfaces
(McClain et al, 2003) where system processes are more intense and provide an important
functionality to local and downstream environment in regulating water and nutrient fluxes (Newson
2010).

Someof these hotspots can be pinpointed rather easily as they depend largely on abiotic conditions

(e.g. landscape depressions, seepage areas, moorlands, frequently inundated areas). Protecting
these areas is not sufficient as their ecosystem function (ghilitgenerate a range of goods and
services) is also dependent on larger scale processes and interactions that need to be preserved. The
importance of ecosystems in reducing the occurrence of undesirable environmental phenomena
(flooding, anoxia, eutrophici A 2y SNRaA2y SGOX0 RSLISyRa 2y (KS
the existence of efficient structures that are capable to assimilate these perturbations. These
phenomena are to some extent mitigated in magnitude, frequency, recovery time and sgale b
ecosystem functioning.

The occurrence and extent of these hotspots is primarily dependent on morphology and sail
characteristics but also require functional ecosystems {mgfnizing & adaptive) to provide the
services in regulating water and nutrieaycles. Restoring these elements within landscapes would
provide an increased resilience to system disturbances. In this approach, small scale wetlands within
urban and agricultural landscapes are equally importanprioviding important These smakcale
potential wetlands can be detected by analysis of morphological properties such as wetness indices
(Mérot, 2006). Although wetlands provide diverse valued services to humans, the incentives that
private property owners have to protect wetlands may nevetéss remain low. Wetlands owners

can neither easily capture the social benefits that accrue when wetlamesnot protectednor
produce those benefits independent of the cooperation of many others in pursuit of the same goals.

The key challenge of modepolicy making in the domain of ecosystem management is to prevent or
reduce the degradation of ecosystems and their services while meeting increasing demands. The
potential of landscape management and planning for ecosystem service generation needs to be
examined as a true option to reach both environmental and societal policy objectives at different
scales. Many ecosystems in Western Europe have been degraded, fragmented and have been
contained in their succession stage through active managem@limatechange can be a catalyst to
restore the coherence between human activities and natural processes. The concept of ecosystem
services clearly demonstrates that it is more efficient and -effgctive on the longerm to make

use of ecosystem services than testroy them and replace these services through technical
engineering. The challenge for management and planning is to restore a natural and characteristic
diversity of ecosystems and create segmificial opportunities for ecosystem development that can
compensate for climate changes and anthropogempact. The scheme iRigure 12llustrates the
linkages between climate change, lanse, environmental degradation and the opportunity to
anticipate and plan for ecosystem service generation.
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Figure12: Ecosystem services prided by hydrological processérauman, Daily et al. 2007).

Integrated catchment management is a crucial aspect because many ES are strongly related to water
dynamics. It is necessary to evaluate human activity, land use andne&tion from a catchment
perspective. In order to define a sustainable balance of ecosystem service generation and ecosystem
service exploitation, there is a need to find a balance between the upstream supply of goods and
services and the downstream usd goods and serviceRiver mediated ES that are generated
upstream will have a higher potential to generate benefits, since the downstream trajectory is
longer. While upstream human activities have a (negative) impact on the downstream river system.
Within our research group we try to develop methodologies that will allow us to research these
considerations and implement them into policy tools.

3.2 Climate adaptation strategies in Flanders

As we will experience serious climate change effects during the meeades in Flanders, regardless

the level of our worldwide mitigation policy, the need for an adequate adaptation strategy is
obvious. With the Flemish context and its key challenges regarding water management, spatial
planning and nature policy in mind, vean conclude that the current scientific and policy attention
regarding climate change effects is lacking a strategy that links the different challenges that exist
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across the different policy domains. This is perhaps also because the current scierwtifiolay
attention regarding climate change effects on the water system are somewhat biased towards
flooding. Recent flooding problems in Flanders will only extend that bias. There is a need to recognize
other impact mechanisms and put more effort towarsislving drought related issues, the urban
heat island effect as well as implementing measures that tackle drought, flooding and heat issues at
the same time. To a certain extent, policy makers are hiding behind the uncertainties regarding
climate change A aaA 2y NBRdAzOGA2YyS Y2RSt dzyOSNIlFAyGesz 7
mechanisms. The largest uncertainty however is generated by the uncertainty in emission reduction
scenarios, being at the beginning of the entire uncertainty chain. The decidedeffgiency and
effectiveness of the measures for emission reduction and/or adaptation is a crucial uncertainty. The
fact that policy requires a higher accuracy and reliability is rather a psychological problem than a
scientific problem. Policy makerseansed to make decisions that are based on highly uncertain facts,
trends, and predictions. Decisions with a positive message do not need to bsusthntiated,

even if there is apotentially high societal and economic impact. Decisions on strong aimat
mitigation and adaptation strategies are of a fundamentally similar nature. But there is no strong
political profiling on the topibecause the risks are not perceiva@urrently adaptation measures for
water management in Flanders generally come dowia tamitation of the likelihood of flooding by
means of structural interventions. In addition the Flemish government is also developing flood
predictors to allow the timely anticipation to potential floods (Brouwers et al 2009). There is
currently no beamg capacity at political level to fully introduce land use related measures in flood
risk management or adaptation policy in the large sense.

PG fFads F LINAYIFINE 20SNI NOKAYy3a RAFFAOdMzZ (e Aa (K
processesfrom multiple disciplines, processes with inherently different spatial, temporal, and
thematic foci, into one comprehensive model describing process and causality with respect-to land

use change. So a final key challenge will be the integration of all Iingdefforts in Flanders by
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policy audience as the most important but often neglected part of our Flemish adaptation policy.

More integrative and conceptd assessment of mitigation and adaptation measures against climate
change impactsire needed. Climate change can be a catalyst to restore the coherence between
human activities and natural processes. The challenge for management and planning is to aestore
natural and characteristic diversity of ecosystems and create -aetificial opportunities for
ecosystem development that can compensate for climate changes and anthropogenic impact. To a
large extend rather expensive technical eofd pipe solutions hee been applied to solve
environmental problems (flood control areas, purification plants, groundwater extraction,
embankments, drainage). Some of them are exfétctive in the current setting, but it is likely that
climate change will push the limits tdfchnical solutions. In the meantime both maescale socio
economic developments and environmental degradation might push certainuaadactivities to
unfavorable coseffectiveness situations.

A conclusion might be that we should recognize that the glex, adaptive nature of ecosystems and
the biosphere will never be apprehendedmpletely (Levin 1998)t is simply not possible to model
and quantify all aspects of climate change induced impacts and fisk&uild in environmental
security, we need t@reserve a level of ecosystem functioning and learn from their behaviour and
the services they providéA thorough analysis of the conceptual functioning of the catchment can
bring insight into the water system and perhaps provide solutions that are rdoreate proof or
costefficient than technical measureLlimate change wilexacerbatethe need for ecosystem
services restoration. There are a number of fienhnical adaptation and mitigation measures that
can provide multiple benefits with respect ttirnate change impact mitigation. In general, measures
should reduce evapotranspiration losses, increase infiltration and groundwater recharge, retain
water in the headwater wetlands and increase flood storage downstream. The urbaoffrisa
major challege as the frequency and intensity of extreme events will increase.
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Localbufferingand the promotion of infiltration infrastructure may contribute to both a decrease of
the flood risk and a reduction of the low flow episodes. Tigdro morphologicaintegrity of rivers is
crucial for biodiversity and many ecosystem services that can potentially be deli{i2aebly 2010;
Eloseqi, Diez et al. 2010)

3.3 Setting of a reference situation

Drainage of wetlands for agricultural use has also existed for hundredsac ynd has progressed
along with increasing technological ability. Headwater wetlands are located in upstream colluviums
and are mainly rain fed. They easily accumulate organic material under acid, anoxic conditions. Over
time, the vast peat layer actssaa sponge in retaining water, which promotes aquifer recharge and
provides base flow to headwater streanfidolden and Burt 2003; Holden, Chapman et al. 2004;

| FA3IK wHnncT ThespShédswaternwetlands grovided a unique hydrological retention
function. Most of the headwater wetlands were drained centuries ago by deepening and
straightening the headwatestreams and by building drainage channel networks. Because of their
topographical placement, gravitational drainage by haug) drainage channels was feasible. The
second type of wetland is the upstream valley bottom wetland. These narrow riparian zohas a
buffers and delay the contribution of upstream catchments to the peak flow. Riparian wetlands
contribute to base flow stability by retaining interflow, and increasing groundwater levels and deeper
groundwater recharggBradley 2002; Merot, Hubeloy et al. 2006).The water table in these
wetlands has seasonal fluctuations, allowing mineralisation and occurrence of high productive
ecosystems. These wetlands have also disappeared to a large extent since the 19th century when
machinery became availabler canalisation of large streams. In contrast, downstream valley bottom
wetlands have been preserved relatively well. Drainage of these wetlands used to be very difficult as
there is little gravitational drainage potential. Embankments and active draibggeumping only
became economical in the post war period when selfant agricultural production became a
European policy priority and received great financial support for taogde land conversion. These
wetlands can act as ruoff generating areasybtheir shallow water table, but can equally dissipate
peak flows from upstream by flooding. The floodwaters are temporarily stored, and as the discharge
velocity drops, sediments and nutrients deposit. However, with embankments, this mass and energy
is puished further downstream and aggravates flood events. The remaining wetlands suffer from
more frequent and more intensive flooding. This increase of extremities is caused by a reduction of
floodplain acreage, increased urban faff and the disappearance afpstream valley bottom and
headwater wetlands. Downstream valley bottom wetlands are also water consumers as they receive
a constant flux of groundwatersurface wateiBullock and Acreman 2003]jhey possibly reduce the

base flow during periods of drohy

This gradual loss of wetlands indicates that in planning and designing for rewetting, it is not sufficient
to restore valley bottom wetlands alone. Restoration of infiltration anecmeation of headwater
wetlands are as important to restore hydroiogl functioning. Generation of wetland restoration
scenarios can be built upon many methodologies found in literafkiremen 2005; Tscharntke, Klein

et al. 2005). Functional analysis of (potential) wetland landforms may reveal opportunities for water
management and climate adaptation measures (Mitsch and Gosselink 2000; Mitsch, Lefeuvre et al.
2002). Many ecosystems in Western Europe have been degraded, fragmented and have been
contained in their succession stage through active management. Many ecosyk@resbeen
isolated from landscape gradients and are managed as islands detached from their landscape
functionality.

3.4 Challenge of incorporating long -term visions on land -use planning within
hydrological and ecological models

For these reasons it is necasg to balance the costs and benefits of different laagn visions. For
that it is also crucial to consider and include the potential impact of several climate change scenarios.
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This includes elements related to extremities in water shortages, wateitguymbblems, irrigation
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and associated problems with urban hydrology, sewage overflows;dergion, mudflows, hailstorm

R Y I arBexadaptation responsshould be a risk based response where there is a focus to reduce
the local vulnerability to both global and local climate change.

It is clear that different longerm visions will have a different vulnerability to these different
phenomena. But if generakinciples of water system functioning are respected, the vulnerability can
be decreased. These general principles aim to restore natural functioning of the water system.
Natural processes tend to maximize energy dissipation by which extreme conditmfssarsevere.

The functionality of ecosystems is aimed on the proakssen interactions that take place. The
functionality of ecosystems is on the level of energy and nutrient fluxes, by transfer of energy and
material between structures (biological, emical and physical). The development of a credible long
term vision for nature development and water management is desirable for the evaluation of climate
scenarios. There are many ongoing and planned initiatives that will influence the water system.
There is an added value to compare the climate change response of the current situation to the long
term vision. In that way, the long term vision can be evaluaiée growing awareness of the value

of natural ecosystems has resulted in various Ecosydigsad River Basin Management intervention
efforts being initialized to reverse past anthropogenic changes. One such measure being considered
in Flanders is floodplain restoration and river valley rewetting. Different wetland types might require
specific ecehydrology in order to preserve them or allow them to provide certain desirable
ecosystem functions. The response of ecosystems to restoration measures is most unpredictable and
may result in transitory unstable ecosystems that may persist for decades. Siutcester
management requires knowledge on which wetlands perform different and/or specific hydrological
functions. In depth study on the influence of wetlands on hydrology is necessary as there is little
information available on the biological behaviowf different wetland types of interest in
hydrological modeling.Successful water management requires knowledge on which wetlands
perform different and/or specific hydrological function$his information would improve the
assessment of wetland restoratioand rewetting. With this prospect of large scale nature
development and floodplain restoration, it is necessary to investigate the current state of the
catchment and the restoration potential. In this aspect it is also crucial to manage drainage,
infiltration and evapotranspiration to restore the wetlands.

3.5 Case studyGrote Nete

The Grote Nete catchment has a total surface of 385 kmz, has an average population density of 350
inhabitants/km? and approximately 486 km of categorised streams. The main pahiedbasin is
situated in the province of Antwerp, close to the Dutch border. The region has predominant sandy
soil coverage with the presence of parabolic land dunes in the upstream parts. These dunes were
shaped by intense polar winds at the end of the Wiice age. They created a distinctive gradient in

the soil hydrology with areas of intense infiltration and seepage. Wide alluvial plains with shallow
groundwater and distributed seepage can be found in the downstream parts of the study area. Like
many Euopean catchments, the Grote Nete Catchment has been experiencing an increase in
extreme hydrological event&Estrela, Menéndez et al. 2001). addition, extreme rainfall events by

both duration and intensity have been observed more frequently during #s Hecade. The
boundaries of the recent floods (€998, 121999, 022002 and 012003) extended to a large part
beyond the natural alluvium of the rivgAerts, Van Orshoven et al. 2000; Van Damme, Defloor et al.
2005). This increase is observable bothntensity and increased frequency of flooding occurrence
(De Rycke, Devos et al. 200€@atchment hydrology of the Grote Nete is significantly impacted by
urbanisation (25 %) and agriculture (17 % cropland and 16 % grassland). The ratio of impervious area
strongly influences rwoff and baseflow, increasing vulnerability to flooding and-flaws. A general
approximation here is that the local recharge losses are approximately equal to the percentage of
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urbanised area. For the Grote Nete catchment, urbatigs originated on the ridges of dry, sandy

land dunes. They were of no use for agriculture and were safe against floods. But these land dunes
also have high infiltration capacity and determine the existence of intense seepage areas. Some
scientists belige that the gradual increase in impervious area and implementation of sewage storm
water drainage systems have reduced the role of these infiltration areas in the hydrological cycle and
decreased both phreatic water tables and deep groundwater recharge vy to restore wetlands

is thus by restoring infiltration areas.

3.5.1 Derivation of scenarios for wetland restoration and infiltration restoration

The Grote Nete catchment has significant area classified as habitat directive area and bird directive
area (Figue 13. Nowadays, these areas are still fragmented by Agricultural use and weekend
cottages. The ongoing HUFELINR 2S04 &ao0SG6SSy 5dzyS |yR DbSiSé
Natuurpunt) gives strong impulst® nature restoration.There is a high synergy betweaature
development and water management, which will lead to a more natural water system and more
robust nature development with ecosystem functions such as water conservation, groundwater
replenishment, flood storage and nutrient retention.

Figure13: Special protection zones and Nature Structures in the Grote Nete catchment

Changes in landse will affect catchment hydrology. The development of a credible long term vision
for nature development and water management is desirable for the evaluationmoéte scenarios.
There are many ongoing and planned initiatives that will influence the water system. There is an
added value to compare the climate change response of the current situation to the long term vision.
In that way, the long term vision can levaluated.Reconnection of formerly embanked areas (as
one of possible adaptation measures) will provide opportunities for the restoration of valuable
floodplain ecosystems. Detailed information about future changes in water quality and flood
characteristts is crucial for the implementation of adaptation measures and their ecological
assessmenfThe researchfocused on the position of #h wetlands in the catchment and their
typology. For each hypothesis, a restoration scenario was created for which gtemeait response

was obtained through distributed hydrological modeling.
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In contrast to many classifications that existetl@nds are no true landcover type and are often
mapped as grassland, forest and other largk types (e.g. Sedge communities and Afdeests).

The landuse map of the basin management plan for the Nete Basin considers only 0.11 % as
wetland. For other landise maps such as Landsat TM and Corine land cover, 2.94% and 0.57%
respectively of the basin acreage is mapped as wetland. It wasnzed that former wetlands,
although now drained, might still have relics of their original vegetation. Vegetation relics can be a
valid method to determine degraded wetlan@Siséle Weyembergh 2004).is not uncommon that
natural vegetations are forceack to small relics due to habitat fragmentation drabitat loss.
Indicators of wetland vegetation were derived from the Biological Valuation Map (BVM), which is a
standardized survey and evaluation of the biotic environment of Flanders and the BrGsgsial
Region. The BVM is a ecotope classification map which is also used frequently as a land use map
(Schneiders and Verheyen 1998; Van Eetvelde and Antrop Z8889d on the first unit of the BVM
(dominant vegetation community), about 6.5% of the atahent Figure 14 has distinct wetland
characteriics. The second and third uniff the BVM were screened for wetland and open water
indicators Figure B). The percentage of wetland vegetation relics was used to assess the restoration
potential and disance to target for wetland restoration. An additional 11 % of the catchment was
found to have elements that indicate former (degraded) wetlands or complexes of ponds and pools.

: . : . : Biological valuation Map: Wetland vegetation indicators
Biological Valuation Map - first unit Fim;ug,ms.,wk P 9
No wetland vegetation relics
B wetland + open water + leaf forest + grasland
I wetland + open water + leaf forest
wetland + open water + grasland
wetland + leaf forest + grasland
| wetland + open water
B wetland + leaf forest
wetland + grasland

Bl vetland

First unit Biological valuation map

| ] Ponds and pools
Swamps
High biodiversity natural grassland
High biodiversity semi-natural grassland
Moist Heath

| ] Moist shrubs \

B Valley - swamp and peat forest 0 9 18 Kilometers . ﬂk’
Poplar plantation on moist soils

Figure14: Water dependent terrestrial and aquatic Figurel5: Wetland and open water indicators, bas
ecosystems (first undf BVM) on first three units of BVM

3.5.2 Physical Indicators for Wetland Restoration

A Compound Topographiadex(CTlwas used to indicate phreatic groundwater conditi@saplot,

Walter et al. 200Q)Ths was based on the assumption that a CTI, which is based on surface runoff,
can be used to predict soil hydromorphy especially in sandy homogeneous soils. Thus this method is
primarily suitable to indicate interflongroundwater flow dependent wetlands. iBhcan be assumed

valid for the sandy soils of the Grote Nete catchment, where accumulated water is easily infiltrated.
A final combined CTI map was produced by a weighted average in which the -feeigintwas
proportional to the radius of the applied tBrs (Figure B). The nonlinear CTI classificatiowas
converted to &b0-classequal arealassification
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Figure16. DEM wetness index (left) and soil drainage class (right)

The soil map of Flandergas used to verify the Giidex. The soil mapf Flanderds an extensive

and reliable dataset and has been used for various applications (Dudal et al. 2005). From
combinations of texture and drainage class, an indicative water table depth variatismerived
(Figure Bright). In valleys where thphreatic water level is high, groundwater gley soils can indicate
water table depth in more detail. The essential common feature of poorly draining gley soils is that,
under periodic or permanent water logging, the subsoil experiences a lack of oxygém thétpore
space. Consequently under anaerobic conditions the insoluble iron oxides (which cause the
characteristic yellow, brown or reddidirown colour to soils with adequate aeration) are reduced
chemically and the ferric iron changed to ferrous iramopto translocation from the soil profile.
Reference may be made to the table indicating depth at which reduction front (gley) occurs in sandy
soils(Van Ranst and Sys 2000; Dudal, Deckers et al. 2005).2% of the catchment has surfacing
peatsoils,which can be found along the wettest parts in the valley system with permanent seepage
of groundwater.Surface flow wetlands (SFW), or wetlands of which the groundwater table is strongly
influenced by the river water height, can be regarded as water coessifrom the river system. This

is opposite to strictly groundwater dependent wetlands, which retain water that would otherwise
drain. The relative height difference between the river itself and the valley is an indicator for surface
water influenced wetlads. The following heights were calculated0 cm,-5 cm,1 cm, 5¢cm, 10 cm,

20 cm, 50 cm and00 cm Figure 18. For this purpose we used the buffer by elevation change tool
from the ESRI support cent@dolzer 2005)In addition these areas must fallside the alluvium of

the rivers or have been flooded recently. This alluvium is determined by interpretation of the soil
map and covers 16 % of the Grote Nete catchment.

3.5.3 Assessment of restoration measures: Wetland location

Among the aims of this study wde investigate whether the catchment was sensitive to the
geographical distribution of restored wetlands. The upstredownstream buffers were based on a
topological analysis of the stream theme for a 250 meter interval along the streams. This involved
the calculation of many possible indicators including Strahler, Shreve, upstream drainage area, and
downstream length. The best performing indicator was the length downstream divided by the
maximal downstream length {D00%). The relative downstream lengtrasvsquared in order to
increase the differentiation between upstream and downstream. For the upstream buffer width, the
resulting range (10000) has been multiplied with factors of 1/20, 1/10 and 1Fggre 173. For
downstream buffer, the relative lengttiownstream has been first inverted, raised to its square and
rescaled to respective maximal buffer widths e280 m, 500 m and @L000 m Figure 17.
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Figurel7: Upstream buffers (lef§. Downstream buffers (right)

Minimal and maximal restora@in scenarios were developed for respectively groundwater dependent
wetlands (GFW) and river stage influenced wetlands (SFW). The initialn@F\Vand GFWhax.
Scenarios were determined by selecting 10% and 20% respectively of the wettest parts of the
catchment. Both are reduced by the requirement that lanse should be reversible without
excessive costs (exclusion of buit areas). The SF¥¢enarios are restricted to the river alluvium.
The height difference to the nearest stream is combined with aadist to streamTable ). For the
practical surface flow wetlandcenario, Surface flow wetland achievability scoring should be above 8
(Table ). Finally we obtain a gradual suitability map for restoration of river stage influenced
wetlands Figure &

Table 1: Surface flow wetland achievability scoring

Relative height difference to the nearest stream (cm)
-10 -5 1 5 10 20 50 100 > 100
Distance < 25 20 19 18 17 16 15 13 11 5
to 2550 19 18 17 16 15 14 12 10 4
nearest | 50-75 18 17 16 15 14 13 11 9 3
stream | 75100 |17 16 15 14 13 12 10 8 2
100150 |16 15 14 13 12 11 9 7 1
150250 |15 14 13 12 11 10 8 6 0
>250 14 13 12 11 10 9 7 5 0
Achievability for restoration of Surface Flow Wetlands Combined Restoration SUItablllty

Groundwater Flow Wetlands (GFW) and Surface Flow Wetlands (SFW)
Not suitable
GFW_min =0 and GFW_max = 0 and SFW_min = 0 and SFW_max =

» I GFW_ _max =0 and SFW_min = 1 and SFW_max
=0 W_max

1
1
=0
1
=1
o
1
1

d GFW_| d SFW_
—— B GFW_min =1 and GFW_max = 1 and SFW_min = 0 and SFW_max =

B GFW_min =1 and GFW_max =1 and SFW_min = 1 and SFW_max =

Figure 18: Height difference to nearest strea Figure 19: Combined restoration suitability fc

within river alluvium. groundwater dependent wetlands (GFW) and river s
influenced wetlands (SFW).
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Finally the combined restoration suitability for both surface water influenced and groundwater
influenced wetlands was combinédato Figure 19

3.5.4 Results and discussion

This combined suitability map &fgure B became the basis to derive lanbe chage scenariosThe
restoration scenarios arémited by the requirement that irreversible largses are excluded. For
SFWmin, an additional condition excludes agricultural and recreational-les&lif these conform to

the spatial destination plans. The dinscenarios for SFWin and SFWhax are summarized in
Table 2.The study generated the river valley rewetting scenarios for assessment as part of the
restoration measures being considered in the Grote Nete catchment

Table2. Summary of scenarios (relagivhange to current lande distribution)

Actual % GFW min GFW max SFW min SFW max |Inf. Rest. D-Svalley U-Svalley U-S Headw.
Bare soil 3% -0.1% -0.4% -0.1% -0.2% 16.4% 0.0% 0.0% -0.2%
Grassland 16% -0.1% -0.4% 0.0% 0.0% -0.3% -2.4% -2.3% -1.7%
Leaf forest 17% |25%  -4.8% -0.5% -1.5% -0.3% -2.8% -2.3% -1.6%
Maize 17% -2.7% -4.9% -1.3% -2.4% -0.3% -1.5% -1.7% -2.0%
Openwater 1% -0.2% -0.7% -0.1% -0.1% 0.0% -0.6% -0.3% -0.1%
Paved 27% -1.8% -3.6% -2.0% -2.8% -15.3% -0.1% -0.1% -0.2%
Pine forest 11% -0.1% -0.2% 0.0% 0.0% -0.2% -0.1% -0.2% -0.5%
\Wetland 8% 7.8% 15.5% 4.0% 7.2% -0.1% 7.5% 6.9% 6.2%
Wetland cov 8% 15.8% 23.5% 12.0% 15.2% 7.9% 15.5% 14.9%

EV analysisThe results of the EV analysis revealed an exponential distribution for thedideharge,

with a corresponding GPD as given in egn (b), € (Willems 2004)The parameters for eq. (b)

and eq. (c) for the different scenarios were determined and are includéthble 32, where US
refers to upstream, and>-S refers to downstream. The different scenarios did not result in a
significantly different EV for stream flow. The peat layers in the upstream headwater wetlands were
expected to act as water retainers. However, the EV analysis revealed that the mpredamstored
upstream headwater wetlands did not significantly reduce flow peaks through a water absorption
action. A similar observation was made for the downstream valley bottom wetlands, which tend to
dissipate peak flows by flooding; and the upstremailey bottom wetlands, which tend to retain
water during intensive precipitation. EV theory has been applied before to a variety of problems in
hydrology(Naveau et al. 2005Naveau, etAl . (2005)caution that the modeled distributions are by
nature, asociated with large margins of errd@wing to the rare occurrence of extreme values,
estimates of parameters must be made from a limited sample of points, making possible the
deduction of misleading conclusions. This is particularly so when dealingamitplex nodinear and
non-stationary processeNaveau et al. 2005)

Table3: Parameters for exponential EV distribution

Original uU-s Infiltration
model D-S valley | U-Svalley | headwater | restoration
qu m°/s 8.42 8.47 8.45 8.46 8.31
b 2.499 2.489 2.508 2.526 2.569
n, years 10 10 10 10 10
X 187 187 186 186 194

Actual evapotranspiration (AET) and Root Zone (RZ) water: Hydrographs for AET and RZ water were
produced at 23 points, and were uwb€o compare the cumulative values obtained from the
calibrated catchment model against corresponding values obtained from the respective simulations.
Across the three scenarios, there was an overall slight drop in the root zone water, with a
correspondinglecrease in the simulated AEHigure20).
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The variability in RZ water can be seefigure 20 & Table where points 1 and 2 did not have as
much water in the root zone as point 3. Of note too is the fact that the average water in the root
zone droppedht point 2, and increased at point 3. Thus, while the RZ water increased in some
locations, it decreased in others. Points were selected with the objective of determining the
distributed response of the catchment to a given scenario. For instance, thiets peere chosen
when assessing the infiltration restoration scenario. The details of these points are contained in

TableTable 4 The difference between points 1, 2, and 3 arises from the location of the monitoring
points. Points 2 and 3 are located in the valley of a relative large stream (high wetness), whilst point
1 is located on a headwater stream, surrounded by paved areas. Therefore Points 2 and 3 are
expected to receive a steady lateral flow of groundwater frmtarge infiltration zone.
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Figure20: Cumulative AET (left) and cumulative root zone water (right)
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U-S valley
U-S headwater

Table4: Properties and location of analysis points

400

Cumulative RZ water, Model (mm)

800

1200

Landsat Distancet{ U-S
Point| TM Corine L BMP Model stream | headwate| U-S valley D-S valley
1 Paved Paved Maize Maize 18m | Wetlands| Maize Maize
2 Maize Paved Maize Maize 183m Maize Maize | Wetlands|
3 Maize | Grassland Grassland Wetlands| 15m | Wetlands| Wetlands| Wetlands|

In the case of infiltration restoration, analysis of the discharge hydrograph coulgpnowt the
hypothesis that a decrease in extrerhgdrological events would occu®ne possible explanation for

this is that the increased infiltration into the sandy soils of the catchment leads to a quick rise in the
phreatic levels, which in turn generatgoundwater flow into the rivers, especially in the saturated
soils of the valleys. It can be observedrigure 21that while the contribution to river discharge from

the paved overland flow is decreasing, the contribution of saturated zone flow isasingewith the

net effect that the total stream flow remains relatively unaffected.
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Figure21: Root zone water (left) and discharge components for infiltration restost@rario
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A second explanation is thathile urban areas near thetreams may be most responsible for
generating peak flows, they are unlikely to be restored in the scewlai¢oto their high wetness
index.In this case, the urban areas upstream that do get restored did not contribute as much to peak
flows because of theiremoteness from the streanflso, the restoration of valley bottom wetlands
(both upstream as downstream) will create conditions for increased manning coefficients. Vegetation
development, and shallow and widened river beds, affect surrounding groundwatdes and
decrease hydraulic head for the saturated zone flow component. This factor was not incorporated in
the present model owing to the static nature of some model procefRefsgaard and Storm 1995).

Finally, it was observed that there were a noen of analysis points at which no significant response
was obtained, particularly for the AET. This was not so in the case of the infiltration restoration
(Figure 2} and downstream valley scenarios; but was true in 33% and 40% of the selected analysis
points for upstream headwater and upstream valley, respectively. A recorded response will depend
on a number of factors including, for instance, the position and relative movement of the phreatic
table. In all cases the average phreatic level was observeehtain constant over timeHgure 2).

The relationship between potential evapotranspiration (PET) and AET is another. If we are already

operating close to the PET, as we would expect of points in the valleys, additional water is not likely
to increase AE
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Figure22: Cumulative AET (left) and phreatic level (right) for infiltration restoration scenario
3.6 Discussion

Wetlands are complex systems with intensive transformation of energy and matter of which we do
not understand all relevant paesses. Uncertainty remains since it is not possible to include certain
elements of wetland behavior and development in mod8&isch aspects include:

SSDScience for a Sustainable DevelopmentClimate and Marine Ecosystems 39



Project SD/CL/03DImpact of climate change on river hydrology andecology: A case study for interdisciplinary policy
oriented research- SUDEMCLI

1) The role of wetlands in energy dissipation, evapotranspiration and condensation of wetlands
(Ripl 199%. Evapotranspiration is the most prominent of all hydrological process, yet there is little
known about actual evapotranspiration for different hydrological conditions. Estimation of wetland
ET remains insufficiently characterized due to the complexitguwface characteristics and the
diversity of wetland typegDrexler, Snyder et al. 2004). Due to the variability and complexity of
wetlands, there is no single approach that is the best for estimating wetland ET. Furthermore, there
is no single foolproomethod to obtain an accurate, independent measure of wetland ET (Drexler,
Snyder et al. 2004). Apparently, factors other than water availability, such as atmospheric and
stomata resistances to vapor transport, also can limit the PET rate of a wetlar{®Ilsttemaker and
Sumner 2006). Shimoyana (2004) reports that roughness change created by vegetation growth and
surface wetness limit evapotranspiration to less than the potential evapotranspiration (Shimoyama,
Hiyama et al. 2004). A horizon of messtturated air is formed, by which the atmospheric demand is
reduced and transpiration rates are lower than expected. Consequently, the surrounding of a
wetland and the size of the wetland becomes important and can also influence the AET. In the study
of Andersen Z005), it is hypothesized that their results are conditioned by the proximity of the
wetland to drier upland areas (Andersen, Hansen et al. 2005). Even more complex is regulation of
plant transpiration through stomata as a response to climatical conditmnether stresdactors
(Kutsch, Herbst et al. 2001).

2) Restoration of surface flow wetlands bymeandering and morphological adaptation of streams
could allow reestablishment of typical lowland floodplain wetlands:stteam macrophyte
development hassignificant effects on flow resistance and increases the hydraulic head and
associated water retentior(Vereecken, Baetens et al. 2008)e dynamic process of sediment
trapping by extensive istream macrophyte growth during low flow, promotes wider, l&ha and
even braided river channels.

3) Incorporation of different wetland vegetation and their parameterization: To adequately study
wetland hydrology, it is necessary to take species specific differences into account (Busch, 2000).
There is a wide ramgof vegetation communities that is associated with wetlands, but little is known
about their specific behavoir. The most important differences between these species are the
different responses to a changing vapor pressure deficit (stomatal humidity)ilAffite study area

there is occurrence of alder forests, poplar, open water, shrubs, sedges and moist grasslands. All of
these types are influenced by periods of waterlogged conditions. For eutrophic, sedge dominated
wetlands canopy transpiration can varg to 25% higher or lower for different sedge species (Busch,
2000). Vegetation itself can alter hydraulic conductivity of soils by root type (Halabuk 2006). Alder
forests under wet conditions have relative low LAI (< 5) (Herbst, Eschenbach et al. 128&sdaoh
1999) and evapotranspiration (0.853.87 mm/day) (Eschenbach and Ludger 1999). This means they
can have a positive effect on wetland water budget (Dannowski and Ottfried 2006). This is in contrast
to Populus Euramericana, which has high water cohsiii A 2y o6é al LJ Ff 2660 RdzS
activity of the poplar (Elias 200Boplar forests have been planted deliberately throughout the basin
(2.8- 3.2 % of the catchment area) to lower groundwater table at water logged sites. Cutting poplars
stands would increase water budget. Analysis of the wetland restoration suitability reveals that
poplar plantations comprise 10 % of all eligible sites, with increasing occurrence up to 25 % within
0KS aDC2 YAY -dcghiio. §)Gail davdlopraent in respse to changing hydrology is

also a factor of uncertainty (Holden and Burt 2003). Changing hydrological conditions can have large
effects on soil biochemistry and influence vegetation development (Bio, De Becker et al. 2002). One
such influence might be ehange from a nutrient limited ecosystem to a high productive system. In
general wetland soils pose a problem for modelers by their large lateral and vertical differences in
hydraulic conductivity (Zeeb and Hemond 1998; Holden and Burt 2003). Howewey ithelp
account for the high frequency of preferential flow pathways within what is otherwise a low matrix
hydraulic conductivity peat

(Holden and Burt 2003). Ideally the model should correct soil properties for wetland restoration
scenarios as saturatezbnditions generally decrease soil permeability and increase organic content.
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CHAPTERA4: Recent progress and insights in ecological impact of
changes in flooding regimes

4.1 Introduction

Notwithstanding the recognition of social and economic impacts of fleeehts, we also need to
recognize that flood events are an essential part of the water system and that they are necessary for
healthy water systemsThe increase of land value has led to maximalisation of flood storage per
square meter whilst disregarding K S @I f dzSa 2F ayl GdzNI f FE22RAYy3IED
restoring water storage in floodplains. Natural(ised) floodplains have topographic heterogeneity and
variability that result in gradients of flood return period and flood dept within theodiplain.
Depending on the present vegetation types and the changes in flood parameters, there can be
positive and negative influences of changes in flood depth, season, duration and frequency. First, a
distinction needs to be made between peak flow staamd emergency water storage. In the first, it

is the intention to store water frequently and to decrease the peak flow downstream. This means
that the storage occurs also at regular precipitation events and with a minimal return period of once
in every Byears (Van Bommel and Hoekstra J.R. 2082he second case the floodplain is designed

to act as an emergency flood zone, protecting urban settlements nearby, by storing water at critical
and extreme water levels. In the case of peak flow flood swraglapted vegetation can establish

and wetland like ecosystems could develop. But preferably, the flooding frequency is as high as
possible in order to maximise ecological and ecosystem service values. In the case of emergency
storage, it is not likely tt adapted vegetation will establish and it is possible that complete
vegetation communities are wiped out during a ldagting (> 14 days) flood event. In most cases,
emergency floodplains are designed for quick release of floodwater, but it remaimghlg diynamic
environment with highly irregular behavior in which high quality ecological values are difficult to
establish.

A flood event is a sequence of water levels and has to be translated to spatial patterns of flood depth
and flood duration. In flooplains with topographic variation, each single location will have different
exposure and affect vegetation differently. The depitiration matrices of both regular and extreme

flood events are crucial information for ecological impact assessment. Thedsstgmis to analyze
whether this depthduration matrix is changing with climate change scenarios. This in contrast to the
data needed for flood risk assessment for properties, where the damage can be assessed by means
of maximal water levels.

The uncertaities of ecological impact assessment are reflected by the wide variation of riparian
vegetation communities and the wide variation in their flood resilience. In addition, there are many
flood-parameters that influence the vegetation. It is the cumulaiivpact of individual flood events

with different parameters that will determine the collapse of a vegetation tyfieis utmost
ambiguous that many high biodiversity floodplains are seldom flooded. Straightening of river systems
has led to a decrease obfid frequency and intensity. This has also led to the situation that many
ecosystems have become primarily groundwater dependent. To restore flooding on these sites, could
mean a setback in ecological value, but there are many and complex processesdn\dve
ecological risk assessment, the prediction of structural changes in regular flows and floods is of
primary importance. Especially the prediction of climate change impacts on flood duration and
timing (season) is of great importance for ecologicglast assessments. The most direct impact of
inundation on vegetation is drowning of vegetation through oxygen depletion in the root system.
¢tKAa Aada RSOSNXYAYSR o0& (KS O2Yo0AylLGAz2y 2F Ff22R
the flooding rehtes to the general conditions of vegetation metabolism, microbial activity
(temperature dependent) and water oxygen content (temperature dependent). Flooding during
winter (colder) periods hasower ecological impacts compared to summer flooding becauke o
climatic conditions:
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a) Lower temperatures enable a higher dissolved oxygen content in the water
b) low temperatures reduce microbial activity and thus lower microbial oxygen consumption

c¢) Inundations during winter have less effect on the survivallahpspecies since the vegetation is
not in active growth stage, which means that damage of eventual oxygen depletion is much lower.
During active growth, the vegetation requires a much higher root system respiration.

Vegetation types may be adapted tortan flooding regimes if these occur on a regular basis (at
least annually). Alternatively, also species may occur that recover quickly from flooding (grasses
shrubs). Bottomline is that species can only occur if their recovery time is less thandtedtarn

period. Structural changes in timing and duration of flood events can thus have a large ecological
impact. In addition, the impact of flooding on ecology is determined by the totality of all flood
events. Changes in flood frequency (E.earBiud to Annual) of certain floo@vents will also have an
impact, even if the duration or timing remains unaffected. The elements at risk are thus exposed to a
cumulative impact that is spatially differentiated. Concerning flood duration, frequency and timing
there is a wide range of classifications used in literature on floodplain ecology. In addition, they use
rather qualitative descriptions of impacts on vegetation. It is evident that nature does not follow any
arbitrary classification and associated asgtions and that uncertainty is an inherent part of
ecology. In this aspect, there is also an indirect relation between climate change and phenomenology
of nature. Rising temperatures do not only affect hydrology, but also the timing of the active growing
season, soil microbiological activity and microbial species composhign. the water quality of the

flood water influences the vegetation communities. Essential parameters here are: initial oxygen
levels, sediment load; dissolved nutrientsq alkalinity ¢ sulphate levels and soil conditions).
Quantitative relationships between these parameters and vegetation types are difficult to find in
literature because there is always interference by multiple factors. Furthermore, it is known that the
hydrological efects of flood events do not only determine the drowning of vegetation by oxygen
depletion, but that the hydrological parameters also determine or influence secondary effects and
processes like (internal) eutrophication, alkalinisation and toxificatiois frieans it is difficult to
assess the impact of the hydrological aspects of changes in flooding parameters, solely based on
changes in hydrological terms, without considering water quality data or soil characteristics
(buffering capacity).

4.2 Concepts on cachment and floodplain functioning

Riverine ecosystems are not that well understood in term of their behavior. Much of the rivers in the

North American and European temperate zones that have been studied by the early stream
ecologists have been significhntaltered by human activities and engineering before any research

took place. The study of these modified ecosystems led to overestimation of their deterministic,

static, homogenous and scaledependent behavior. A resilient ecosystem is one that hasstie

regulating capability to deal with disturbances (both natural and manmade). Ecosystems are shaped

by powerful adaptive and setfrganizing forces. Groundwater and surface water dynamics are
interconnected as rising water levels not only increase wetted surface of the channel and

eventually of the floodplain, but at the same time influence the exchange between groundwater and
surface water either by allowing an upwelling of groundwater or by forcing a deeling of the

surface water into the aqter vertically and laterally. Stability and resilience on a basin scale are a
resultant of numerous interactions of ecosystems processes on different scales. Costanza and many
20KSNAB KI @S Llzi F2NBINR YIlye (K2daAKEEF & VRA Oy OIS
aS02t23A0!I ¢ AYGSaANRARGEeéd ¢KS RSTFAYAGARZY 2F [/ 2adl
maintain structure (organization) and function (vigor) over time in the face of stress (resilience)
(Costanza and Mageau 1999).
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Flooding is a&rucial and fundamental aspect of water system functioning (Gerritsen, M. Haasnoot et
al. 2005). It is a regulating service, affecting the timing and quality of water flows. Natural floodplains
and associated ecosystems develop themselves in such a wayrét@in water after flooding,
allowing functions such as denitrification, carbon sequestration, water retention, nursery functions
SGOX C2NJ | f-as6datedi Sedindedt depdsifioR Was the natural fertiliser of valley
agronomical (eco) systems.ithin the current context, sediment retention, nutrient retention and
denitrification in natural floodplains are beneficial to thestmneam water quality. When considering
additional benefits of naturalised floodplains in stead of emergency flood stataggns, the cost
benefit ratio might favour the naturalisefloodplains, despite their lower storage capacity per
square meter. Naturalisation of rivers and adjacent floodplains is crucial to reaching the good
ecological status of water bodies. Beside thiediversity and landscape values, there are other
important biochemical services. Denitrification is an important process that does not only occur
during floods, but is a constant process that can take place within floodplain ecosystems on the
condition of predominantly saturated soil conditions. The restoration of floodplains by topsoll
removal and creation of gradients can strongly increase the denitrification potential. These
conditions also favour the development of highly organic hydric soils, wdainhcontribute to the
worldwide carbon sequestration efforts. Especially the creation of new wetlands, can contribute to
carbon sequestration.

Flooding characteristics are variables that affect the development of ecological communities. For
certain thereare many other important mechanisms and processes that affect species composition
in floodplains Both natural (. succession, sedimentation) as anthrophogenic stressors (dessication,
acidification, invasive species¢jence, it is difficult to relate cliate impacts on riparian vegetation
through the specific mechanism of changing flood regirResilience against climate change will not

be determined by climate change induced changes in hydrological regimes. The major impact on
ecological values has oaced in the past and more extreme floodsay provide opportunities for
ecological valuesNot because extreme flooding is beneficial in se, but rather because it does not
allow other landuses and rénstatesecologicakejuvenation Figure 3). In addition, this is probably
beneficial to the structural abiotic diversity of the floodplain (erosion, sedimentation, denitrification,
carbon pools) and hence increases biodiversity.

i : T Rejuvenation |—Imbalanced—
Rejuvenation —Balanced —Terrestrialization \—I_h‘k

\ Terrestrialization

Riparian and hydrarch
succession

High seral diversity

Figure 23: The diversity of successional stages in natural and regulatethevandscapes as a functiohthe
balance between rejuvenation and terrestrialization proc@A&ed, Tockner et al. 2001)

How do we translate these conclusions into practice for ecosystem management? Within a changing
environment, we do not seek methedo freeze ecosystems within their succession stage, but rather
strategies to maintain structural biodiversity and enforce species capabilities to migrate and adapt. In
ecosystem management for conservation there has been a strong focus on maintainémtpia c
succession stage. Nowadays nature conservation also focuses on the protection of the underlying
processes and the generation of ecosystem services. Resilience and stability can be achieved by
allowing certain natural processes to occur, as changa igatural resultant of their dynamic
behaviour and thus a part of the resilience. Freezing ecosystems in a certain stage leads to failure
(Pavlikakis and Tsihrintzis 2000).
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In the long run there are difficulties to maintain these island ecosystems wihichanging
environment. To build in environmental security, we need to preserve a level of ecosystem
functioning and learn from their behaviour and the services they providthe Flemish Region there

is a positive correlation between recently floodedceas and the ecological value; One can argue
whether this is because dhe flooding processer just because other landses are abandonned

But in either case, it provides opportunities for nature values. We need to distinguish ecological
vulnerability fom ecological risk. If the floodplain vegetation types are vulnerable to flooding, but
display a low ecological value, the ecological risk is also low. Typical floodplain vegetation
communities for frequently flooded ecosystems are considered to havgraduological value.

4.3 Physical and chemical processes that determine the flood resistance of
vegetation

Inundation is a driving force for many processes that can alter the abiotic conditions of an ecosystem.
Whether these changes are permanently or temgids dependent on the characteristics of both the
inundation and the inundated site. Also the ecosystem's biotic component is an important factor
(e.g. succession stage). The processhewn in Figure 24will be described in the following
paragraphs.
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Figure 24: Determining processes for the effects on inundation on the the species composition of ecosystems
(Runhaar, Talsma et al. 2004).

4.3.1 Direct effects: Oxygen depletion z drowning of vegetation

From a physiological point of view, water is not injuriogs glants, but waterlogging is often
accompanied by oxygen deficiency which affects root respiraB@tause the oxygen content and
the diffusion rate for oxygen is much lower in water then in air, oxygen depletion is a major risk for
flooded terrestrial egetation. To what extent the oxygen depletion occurs, depends on initial oxygen
content, the turbulence of the flood water, the duration, microbial oxygen demand and the flood
depth.
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The rise rime of an inundation and the presence of high turbulencdbeamportant for the oxygen
content of the flood water. In case of very sudden inundation, oxygen can be enclosed when the
water infiltrates the soil and can there be available to roots and bacteéftav fast the oxygen is
depleted during the flooekvent, depends mainly on temperature, the quantity of easily
biodegradable organic material and the initial biological activity. The temperature is determinant for
the maximal concentration of dissolved oxygen in the water. The colder the water, the higher the
dissolved oxygen levels. With temperatures above 5° C, the bacterial decomposition and plant root
activity rises and therefore also the associated oxygen demand rises. The presence of easily
degradable organic material can promote bacterial decomposition thnd speed up the oxygen
depletion.The time (season) of the flood event is thus determinant in many ways for the occurrence
of oxygen depletion. Furthermore, in winter, the vegetation is inactive (not growth stage) and the
effects of oxygen depletion atess severe. It is expected that, in comparison with a winter flood, the
effects of oxygen depletion during the sprisgmmer season is much higher because of the active
root growth (Knaapen 1990).

It is expected that oxygen depletion is primarily a caitifactor for the flooding of vegetation on dry

and moist soils (aerated soils). Vegetation on wet soils (periodically to permanently water saturated)
is most likely adapted to anaerobic root zone conditions. One of such adaptations can be the
presence ofaerenchymg these structures allow cellular transport of air to the root systéfiner

1996). Whether plants can use this strategy depends on the flood depth. Once the leaves are
submersed the strategy fails evidently. A number of adapted species caohstteir leaves and
branches to keep them above water. This mechanism fails during sudden and deep inundations since
the stretching requires some time.

4.3.1.1Possible effects of water storage to forests

Flooding vegetation communities impacts abiotic conditiomsd soil characteristics. Altered
conditions ultimately impact the root system and eventually the whole tree. The magnitude of the
impact depends on the duration and the timing of the flood (growth seadélopd events with a
duration of several weeks (14 days), during the growing season will result in reduced growth for the
entire growing season. The reduced growth is only visible several months after the flood event.
Growth reduction or zero growht can lead to tree mortality. Some tree species havighar
tolerance against floodinglhe effect of a flood event is determined by the effect of the flood even
ton the soil structure. The soil structure is altered because the soil aggregates are disturbed and soil
sealing occurs. The oxygen diffusion éeses Coaccumulates. A whole range of toxic components
are produced by the anaérobic mineralisation of organic material in the soil. The toxic effects of
reduced chemical compounds is usually limited to the duration of the flood. The effect is higher,
when floods occur on soils that are normally moist to dry. Sites with a high soil moisture usually have
adapted species that can deal with low soil oxygen diffusion and reduced, potentially toxic
compounds. Thdirst reaction to a flood eventis the reductn of stomata activity. This can be a
reaction to the reduced hydraulic conductivity of the root system. Other studies claim that this is a
reaction to a hormonal signal from the root system. Independent of the mechanism, stomata activity
can be severelyeduced within hours after the flood water has saturated the soil. A direct
consequence is cessation of photosynthesis and transpiration. The production and transport of
sugars therefore also stops. Flooding reduces the permeability of the roots for watepbort, by

the lowered oxygen levels. The root growth is strongly decreased. Eventually, roots and mycorrhizae
die and decompose. Root mortality is enhanced through infection with funghi Rdgiophtora

spp). This will alter the root shoot balance, igh often results in a higher drought intolerance after

the flooding. Frequent floodings will also lead to shallow rooting trees, with a higher wind
vulnerability. The impact of flooding on the growht and mortality of unadapted tree species is severe
and cccurs through different interacting processes of plant physiology.
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4.3.1.2 Adaptation strategies of vegetation types to flooding

The ability of plants to resist waterlogged conditions depends on their ability to mobilise oxygen. This
ability depends on plant spexs and variety, on the type of root system, on the stage of development

as well as on external factors such as soil and air temperature and availability of oxygen in the root
zone. Plants are, however, able to adapt themselves to waterlogged conditiontke lnsaturated

part of the soil, plants may develop superficial roots to mobilise enough oxygen for respiration.
Plants resistant to flooding conditions may develop physiological adaptations. These changes include
the emergence of adventitious roots,dHormation of hypertrophied lenticels at the stem base, the
development of aerenchyma tissue and a gas transport system based upon the pthysicizal

effect of thermo osmosis (Eschenbach and Ludger 199)ese aerenchyma create a pathway of

low resisance for the diffusion of oxygen from the air. Finally, oxygen may be translocated from
leaves to the roots through the air cavities in the pldfibod tolerance thus depends strongly on the
species, the genotype, age and the timing, duration and wateality of the flooding. Evidently,
floodings during the growth season are more harmfull. Firstly, because the vegetation needs more
oxygen. Secondly, because water temperature is higher and contains less dissolved oxygen. Thirdly
because soil microbial pcesses ar more active and consume more oxygen.

In general Angiosperms can withstand flooding better than Gymnosperms. Vital adult trees, can
better withstand floods, than seedlings and overaged trees. Stagnating flood water is more harmfull
that flowingflood water (flood zone is part of River bed) because the water is better mixed and has
higher oxygen levelsDuring floods, the cambial tissue is also affected by the reduced oxygen

transport (transpiration dependent). Certain flood tolerant tree speappear to have cambial cells

that have a higher permeability for air. Metabolical adaptations to withstand decreased oxygen

availability go along with the capacity to control anaerobic respiration. Flood tolerant trees could

limit ethanol production by trasforming them to noftoxic organic acids.

4.3.2 Indirect effects

4.3.2.1External eutrophication

During flood events, nutrients can be brought into the floodplain ecosystem. This can lead to
increased plant productivity and possibly to low biodiversity vegetation tygesiinated by shrubs
(Knaapen and Rademakers 1990; Higler, Beije et al. 19@gether with the sediment that is
brought in during the flood, nutrients can be adsorbed to the sediment particles. The amount of
nutrients that is deposited per square meté& dependent on the sediment quantity, but also
dependent on the grain size of the sediments. Finer particles like clay and silt stay longer in
suspension and have relatively more capacity to adsorb nutrients. Furthermore because of their
small grain sizelay deposits are more compact and less permeable so that nutrients are less easily
flushed away by water. The sand particles are usually deposited on the river banks, while the finer
sediments accumulate in the stagnant floodplain water. Although in qtyatite sand deposition is
much higher per m2, there is less nutrient content in the sand deposition. For lowland river systems,
the knowledge basis is relatively poor. There is ongoing research on how sediments are transported
into the floodplain and hownuch is deposited during a flood event. But this is a very complex topic,
since the nutrient and sediment load and characteristics largely depend on the characteristics of the
entire catchment. Not every peak flow will have the same load. A peak flow eadaual from
longlasting precipitation (interflow) or intense as a consequence of a storm. Also the season will play
a role in the erodability of the land.

Nutrients can also be transported with the flood water in a dissolved form like nitrate, ammarium
phosphate. The quantities that are brought into the floodplain ecosystem are dependent on the
stream typology and the concentration levels during peakflows. Ammonium can have a very quick
increase of concentration levels during the quick rise of thakpfiow. Once the flows do not
increase significantly, the ammonium concentration drops.
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Depending on the hydrograph of the flood event and the floodplain system (critical water level for
the inlet of the floodplain system), there can be nutrients tranged to the floodplain. The general
consensus is that the input of dissolved nutrients is limited in comparison to the sediment adsorbed
nutrients. In addition, much of the dissolved nutrients are again exported from the floodplain when
water levels dropThe effective input is thus probably even lower; Furthermore the nitrate can easily
be processed througdenitrification (Venterink, Vermaat et al. 200%) is not clear to which extent

the surface water quality affects the floodplain ecosytems and ivisn more uncertain if the
current monitoring programs can capture the effective nutrient and sediment concentrations during
a peak flow event. The concentrations and sediment, content can quickly change during these
dynamic hydrological conditions. Acdorg to Runhaar and Jansen (2004), sedimentatiand the
presence of seepagewould be a more determining factor for productivity.

4.3.2.2Internal eutrophication

Indirectly, flooding can also lead to an increased nutrient availability by biochemical traasionm

from pools of biochemical unavailable nutrient foffigure 3. When oxygen is depleted from the

soils, other chemical substances are used for oxidation of organic magkfiteh and Gosselink
1993). In a first phase, after depletion of oxygen, mjen is used as oxidator. Denitrifying bacteria
transform nitrate to Nitrogergas. When all nitrogen is used, sulphates will be used as oxidator.
Reduction of sulphate results in the formation of sulfides that can bind with Fe2+ to ironsulfide.
When nitrogen removal from the ecosystem is high, inundation usually leads to an increased
mobilisation and bioavailability of Phosphorous (Runhaar et al., 2004). The release of P is influenced
by a number of processes that are site specific and cannot be generalizedmb rules. Because
Phosphates are commonly adsorbed to Ironhydroxide, processes that influence Iron also influence
the availability of phosphate. One of the most important processes fonoBilisation is the
reduction of Fe3+ to the more mobile FeZFhis takes place as a consequence of the low redox
conditions that result from anaerobic decomposition of organic material. Phosphate binds to iron
oxide hydroxide through a direct ionic interaction between one or two negatively charged oxygen
ions on thephosphate with the ferric ions (Fe+++) in the solid phase. When the reduction of Fe3+ to
the more mobile Fe2+, takes place, the phosphate becomes available (Mitch and Gosselink 1993;
RODEN and WETZEL 2002). Also the reduction of sulphate to sulfidesortrililite to phosphate
mobilisation. Sulfides have a higher capacity to bind Fe(ll) hydroxide and could transform Fe(lll)
hydroxidePO4 complexes (Fe3(P04)2) to Fe(Il)S and PO4. Phosphates can also become available due
to mineralisation of organic mateidiaThis mineralisation is enhanced by a more neutral pH. The
addition of the buffering Ca(C0O3)2 due to flooding can thus enhance mineralisation. This effect can
also play for addition of nitrates and sulphates, as they act as oxidators (by lack of oBaEn)se

both the decomposition of organic material as well as the reduction of Fe(lll), are temperature
dependent processes, it is expected that the mobilisation of Phosphate is limited during winter
flooding (Loeb and Lamers 2003; Loeb, Van Daalen 0@k). Finally, surplus phosphate can be
released due to reduction of sulphates that are brought in with the flood water.

SSDScience for a Sustainable DevelopmentClimate and Marine Ecosystems 47



Project SD/CL/03DImpact of climate change on river hydrology andecology: A case study for interdisciplinary policy
oriented research- SUDEMCLI

~ \organisch substraat

relatieve concentratie ——

zuurstof  nitraat ijzer methanogenese
reductie reductie reductie
P I i
mangaan sulfaat
reductie reductie -
tijd —

Figure25: Reduction processes as a function of inundation duration and relative concentrations of the different
substances that cde used for the oxidation of organic matefMitch and Gosselink 1993).

The addition of sulphates in aquatic environment has a very high probability to mobilise phosphate.
For terrestrial ecosystems, the addition of sulphates does not always lead&ppate mobilisation.
Lamers (1999) found that inundation with sulphatech water (2006400 mg/l) led to Anobilisation
(Lamers, Smolders et al. 199%ccording to Loeb et al (2005), this surplus release that can be
accredited to the sulphate additions ineglectible, compared to the-Robilisation from the iron
reduction. The release of phosphate is dependent on the type of soil that is inundated. The
inundation of iron rich soils with sulphate rich water leads to additional phosphate release, whilst
this is notcor les the case for soils with low iron contenflso in soils with low organic content,
there is low phosphate mobilization because electemteptors lack to reduce the Fe (ll). In contrast
with this hypothesis, Kemmers et al (2003) founahach higher phosphate mobilization in soils with
low iron and sulphate conten{fKemmers, Delft et al. 2003)n the other sites, there was no
difference found between inundation with sulphate rich and sulphate poor water.Whether phoshate
mobilisation is areal threat for water storage in terrestrial ecosystems remains unclear. The
processes that are described occur frequent in areas where the groundwater level is managed
actively to sustain maximal groundwater levels until the summer period (drought nmaigaDuring
water storage, phosphate mobilisation can only occur during a short period and it is expected that it
is either washed away or #fixated when the soils return from their waterlogged stg&molders,
Lucassen et al. 2003; Runhaar, Talsma.e2@4).It is also unclear how much nutrients potentially
can be released from a soil during a temporal flood event. Aftertledl local hydrology and
groundwater regime will be determining for the level of internal eutrophication from inundation.
The pesence of seepage may prevent the floodwater intrusion into the soils and minimize the
impact of the flood event. Also the seepage water usually contains enough iron to fixate both
phosphates and sulphates.

4 .3.2.3Alkalinisation - acidification

Because the steice water is often alkaline through dissolved bicarbonate and sediment fixated
calcium, the water storage has a {oidffering function. Temporal flooding can contribute to the
buffering capacity of the ecosystem and prevent acidification. According todRuifa004) there is
enough bicarbonate in the flood water to compensate the acidificapoocess. It is unclear if the
bicarbonate can diffuse fast enough to the soils and whether theda®that is produced from the
buffering, can evacuate the soils gkienough to actively contribute to the buffering capacity.
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In contrast, an inundation of natural we#kiffered acidic ecosystems can lead to a rise in pH and a
loss of those species that are adapted to more acidious conditions. In addition, a rise juH time
these acidious ecosystems can lead to enhanced mineralisation and the mobilisation of nutrients.

4.3.2.4Toxification

As mentioned earlier, an oxygen deficit occurs in the soils during longlasting inundations and
anaerobic decomposition processes will taglace. As a consequence, there a number of toxic
chemical substances are formed,8i F&, NH, Mn™). Plantspecies that occur at permanently
waterlogged soils have adapted mechanisms to deal with these toxic compounds. Some species have
aerated tissudo transport oxygen to the root system and to oxidate the toxic substances (which are

all in reduced state). For species of more dry soil conditions, the oxygen deficit seems to be the most
critical factor. In most cases the root system is heavily degrdmifore the toxic effects can take
place.

4.3.3Flood return period and vegetation: recovery, rejuvenation or adaptation

The capability of the ecosystem to adapt to inundation is dependent on the frequency and regularity
of the inundation (Runhaar et al, 2004s illustrated inFigure 26there is a high occurrence of
adapted species that are subjected to inundation on a regular basis {dgglgrly). In areas that are
flooded less frequently (less than once each year), there will be no selection of inuntz&oamt
speciesFor return periods of more than one year, inundation sensitive species have time to recover
from the flooding, but there will be no massive colonisation of inundation tolerant species. The time
needed to recover depends on the vegetatitype and thus the return period determines which
vegetation types can occur given the return period. Vegetation types of dynamic systems can recover
rather quickly (a few years), whilst vegetation types of-hymamic environmental conditions (some
forest types) can need recover times of decades to centuries (Runhaar et al., ZBeddmline is

that vegetation types can occur if their recovery time is less than the return pefinally, the
potential to recover and reoccupate is also dependent on gpaspects such as fragmentatit@vel,

size of the area. The micro topography and topographical gradients of an area can be determining to
the survival of relic populations (patches), which can reoccupate the area afterwards. In this way
flooding can inaease the biodiversity by emposing gradients of reoccupation and recovery.
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Figure26. Completeness of the ecosystem in function of flood return frequency.
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4.4 Conclusions regarding the effects of inundation on species composition.

Regarding the effects of fia storage on species composition, we can pose the following statements
that summarise the relations that are displayed-igure 27

1

1

The severity of oxygen depletion during floods is dependent on the turbulence of the flood water,
the timing (season, teperature), the duration and the depth of the flood.

The turbulence of the initial flood water is determining for the initial oxygen content of the water.
The higher the initial oxygen levels, the longer it takes before it is depleted.

The timing of thelbod is probably one of the most determining factors. Flooding during winter
periods has lower impact because of lower water temperatures, which enables a higher dissolved
oxygen content and a lower microbial oxygen demands (lower microbial activity)dectieasing

the probability of oxygen depletion during floods.

Flood depth is determining for species that are capable to transport oxygen to their root system
(like sedges and pitrus). If water levels exceed the vegetation height, this system of oxygen
transport is disabled.

Inundations during winter have less effect on the survival of plant species the vegetation is not in
active growth stage, which means that damage of eventual oxygen depletion is much lower.
During active growth flooding can have negateffects on plant survival. Especially species with a
low regeneration capacity (which are sensitive to oxygen depletion), will experience negative
effects. These species mostly occur on moderately moist to dry soils (Runhaar et al., 2004).
Longlasting ad deep inundations during the growth season will eradicate almost all species. After
water retraction, species with a high regeneration capacity and species that depend on water
transport of seeds will benefit from the flooding (Tandzaad, DotterbloenX étcb

Frequent flooding will promote the settlement of species that are adapted to soil oxygen
depletion.

Dynamic flooding from riverbank overtopping can promote erosion and sedimentation patterns.
Open eroded patches create dynamic conditions, where pibnegetation can settle.

Erosion and sedimentation pattern in the floodplain creates a wider range of abiotic conditions
and promotes recolonisation from survival species on elevated patches.

Floods can bring in sediments and substantial amounts of addanbtrients.

Dissolved nutrients can be brought in to the floodplain ecosystem, but the quantity is probably
less important, compared to adsorbed sediment nutrients. Initial loading is less high and a large
portion of dissolved nutrient retracts togethewith the floodwater. In addition, anaerobic
conditions can remove nitrogen through denitrification.

Longlasting inundation can lead to phosphate mobilisation and to eutrophication of the
ecosystem. Reduction of Iron (lll) releases phosphate from chencimalplex with iron
hydroxides.

The presence of sulphates in the flood water can promote extra release of phosphate.

The addition of sulphate rich water to soils with low iron content can promote the release of the
toxic hydrogensulfide (H2S).

Short duation flood events cause less eutrophication because the stage of iron reduction is
usually not reached.

High groundwater levels and active seepage reduces the risk of internal eutrophication and H2S
emmisssions.

Nutrient deposition or release in lowprodtive high biodiversity ecosystems, often leads to
dominance of general species. Especially phosphate release will have sugnificant effects in
phosphate limited high biodiversity ecosystems.

In contrast, some vegetation types and species can benefit frareffects of water storage on
abiotic conditions, specifically combinations of acidity and nutrient availability. For example
G520 0SNANF at+yRSYy Sy DNRBGS %S33Sy@dSaSialridArsSacs
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Figure27. Complex interrelatios between flood timing, duration, depth and the different impact mechanisms

The effect of water storage on vegetation thus largely depends on the characteristics of the
vegetation itself and the frequency of floodingegetation types that are less resist to the effects

of flooding will suffer negative effects. Depending on the season, duration and depth of the
inundation, sensitive vegetation types will disappear, suffer temporal effects (recovery) or loss of the
most sensitive specgefrom the vegetaon community. Frequent flooding will benefit inundation
tolerant species. If current vegetation types are subjected to a frequent flooding regime, there will
be a gradual shift to flood tolerant vegetation types. But also flood sensitive vegetation ¢tgpes
occur if their recovery time is less than the flood return period. Inundations thus can offer favorable
conditions for the development of valuable flood resistant vegetaion types. Usually these are
vegetation types that are adapted to wet soil conalits and thus belong in floodplains and valley.
Flooding can create a certain degree of perturbation and variation (micro topography, soil sealing,
soil texture, nutrient availability, succession stage renewal) within the floodplain and thus generate a
wide range of abiotic conditions and associated biodiversity. The restoration of floodplain water
storage capacity can provide opportunities to counter desiccation and acidification and restore
valuable wet ecosystems.

One the one hand, opportunities for rewietg through flood storage are dependent on the
hydrological characteristics of the flood events. It is determining that the flood water remains within
the floodplain and contributes to groundwater level of the ecosystem. The morphology of the
floodplain and the presence of drainage systems will determine whether there are opportunities for
rewetting through water storage. In general it is assumed that temporal flood storage in a strongly
drained area, cannot contribute to rewetting objectives. On the othand, water storage with
surface water can lead to external eutrophication and/or internal eutrophication wich will lead to
low biodiversity vegetation types, dominated by highly productive schrubs.

4.5 A methodology to estimate flood vulnerability, based on the Biological
Valuation Map

Thetheoretical assessment of ecological vulnerability to flood characteristics seems straightforward
when the different mechanisms and variables are considered individually. However when assessing
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this vulnerability in climi& context, we are confronted t@ractical challenge®f data availability.
The assessment methodology is not flawless and will exclude most of the parameters.

Firstly, because the parameters cannot be provided by models. Secondly because we do nbehave t
spatial information on the floodplain characteristics. And thirdly because cannot determine a clear
causeeffect relationshipbetween flood chanracteristics and vegetation development (e.g. because
of physiological adaptations)

Firstly, most hydrologs models only provide output on maximal depth and flood extent within a
OSNIFAY GAYS G6AYR2¢ O0pZ MnI Hp X @SIENAOP® ¢CKAA A
flood is mainly depending on the season, duration and water quality. Also tthellgical models

are focussing only on the main river and the urban areas at risk (the river tributaries are often not
included in the models)Secondly we often face the unavailability of detailed vegetation maps. The
Biological Valuation Map is not &tailed vegetation map, but represents parcel level assessments.

The mapping units are not comparable with international vegetation mapping units and needs to be
translated in order to apply scientific insights from literatulre order to make a correctsaessment,

the spatial distribution of vegetation species should be known at a relatively high resolution. This

would require a vegetation classification obtained from high resolution remote sensingTdatelly,

floodplain biodiversity certainly not onlgietermined by flooding characteristics only, but also by

other pressures including land cover and pollution. In many cases, biodiversity has been impacted by
FNFAYSYGFGA2yY SdziNPLIKAOFGA2y S RNIAYI3ISIHy ¢KS §-
climate change will be dependent on how these changes relate to other pressures on biodiversity,

both current and future. For certain flooding characteristics have changed in the past, as
consequence of embankments, river normalisation, increased paved ruroff, storm drainage

AYFNI &0 NUzZOG dzNB XY {Ay3 Ft22R S@Syid Y2 NlliveSiiyi NBSYS
assessments shoulae analyzed from dandscape context. Floodplains with a structural diversity in
topography and gradients wibe more resilient against changes in hydrological regimes, as the

abiotic conditions merely will shift from one location to another.

We present a methodology to evaluate the constraints of flooding characteristics on floodplain
vegetation. Dependent othe flooding characteristics, vegetation will be adapted to flooding or will

be recovering from flooding. Adapted vegetation is by definition not impacted by flooding, but
supported by flooding. Not adapted vegetation is recovering from flooding andemviletermined by

the severity of the flood impact and the recovery window between impact events (time period
between impacts). If this window is short, only grassland and shrubs are maintained. The presented
methodology allows calculating an index score doseries of flood events within a certain time
frame. This then will be confronted with the actual vegetation vulnerability scores. The Biological
Valuation Map (BVM) is a standardized survey and evaluation of the biotic environment of Flanders
and the BusselsCapital Region. The BVM is a ecotope classification map which is also used
frequently as a land use mgfchneiders and Verheyen 1998; Van Eetvelde and Antrop ZD0&).
multiple layer ecotopeclassification units were largely defined on the badisegetation, land use

and small landscape elementnd has a parcel level resolutioithe Biological Valuation Map
classification units are not recognized or not even comparable to standardized international
vegetation classifications. Therefore a traign needs to be done to international recognized
vegetation types.The 970 mapping units of the Biological Valuation Map were attributed one or
more of the 82 different vegetation types that we derived from literatuseq Annex A). The 82
vegetatonty®a GKI G KIFI@S 0SSy aStSOGSR INB RSNADGSR TN
+f | | y RSonB yegatation types are to heterogeneous for the assessment of their flood
tolerance. Where possible, these vegetation types are subdivided in subtyjpay. \egetation types

occur in potential and/or effectively flooded areas. But their occurrence is not necessarily related to
flooding. In many cases, flooding characteristics are of minor importance, compared to e.g.
groundwater seepage. A problem for the detdnation of flood tolerance is that many flood
parameters are relevant to potential effects on vegetation (return, period, season, duration, depth,
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flow velocity, sediment load, dissolved nutrients, alkalinity, sulphate concentration, soil texture and
soil moisture). For many of these parameters, there is little quantitative knowledge on the -cause
effect relations of changes in these parameters.

For each vegetation type information was gathered in order to complete the flood vulnerability
assessment and farmation was sought that relates to inundation tolerance, appearance in relation
to flood timing, frequency and duration of inundation, origin of flood water, productivity and acidity.
The information was then compiled in one flood vulnerability assessitadsie containing all the
characteristics of the 82 vegetation types relevant for flood impact through oxygen deplé&tis.
translation exerciseis ambiguous and many BWVdlssifications can be attributed to multiple
vegetation types. It is also pos®hthat one of the layers has a mapping category that could not be
attributed to a vegetation type. So we can conclude that there is no one to one relationship between
the vegetation types and the BVM. The ecological vulnerability analysis considerssthinrie

layers of the BVMHRigure 28. The first layer maps the dominant ecotope for the parcel, the second
layer the cedominant, the third layer indicates patches of secondary ecotopes, Each parcel can thus
have a combination of layers and each of thésgers indicates one of the 970 different mapping
categoriesFor Flanders up to 4397 unique combinations were derived upon the first three layers of
the BVM. It is the case that vegetation types, derived from the second and third layer of the BVM,
are oten confirming the vegetation types that were derived from the first layer. For each of the 82
vegetation types, the ecological vulnerability to the different flood types has been determined
(AnnexB). There is a wide range dlfood typeclassifications e on literature. In addition, they use
rather qualitative descriptions of impacts on vegetation. Furthermore the classifications used are
Ffaz2 ljdz f AGFGABS &dzOK {133 GALISINR 25RA2ONTE T R dkNA QIAARRSyEGid
observe cledy demarcated classifications of frequency/regularity, duration and timing. The flood
types that are considered were based upon literature study and essentially include the different
aspects of flood events, timing, regularity, duration and depth. Adfleeent is no static process.
Water levels rise and decrease during a flood event, making flood duration/depth spatially
heterogeneous. If flood plains have high topographic variation, this creates gradients in flood
conditions and associated ecologicallues. They will probably exhibit a higher biodiversity and
ecological resilience to changes in flooding regimes. Ideally, a return period for each flood type
(season, depth and duration), is needed for ecological vulnerability assessment. For eachepixel w
need the return period for each combination of duration, season and depth. Each flood type
occurrence contributes to the development or collapse of a vegetation type. To make abstraction of
a flood event, we classified 12 arbitrary conditions. The béegmare timing (growing season, non
growing season), duration {4 th day, +14th day) and depth-2® cm, 2660 cm, + 50 cm)These

flood types are expanded by a regularity classification. Each of these basic flood types can occur
frequent (annual), redar (brannual), irregular (every-2 years) or seldom (more than 5 years
between occurrence). If a certain flood type occurs regular, vegetation is likely to adapt to these
conditions. As there are multiple vegetation types possible on a Béxtel, we eed to aggregate
ecological vulnerability. Because the actual vegetation type in the field is uncertain, we need to
incorporate this uncertainty by designing weighting schemes. Each BVM unit can represent up to 5
vegetation types and there are three lagetonsidered for ecological vulnerability assessment. The
weighting options reflect different levels of precaution.
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Figure28: Basic methodology for the determination of flood type impacts on vegetation maps , derived from the
Biological Valuation Map.

The total Ecological vulnerabilitwas determined by 5 different methods and for 48 different
floodtypes.

1 Method 1. Most sensitive vegetation type for each layer, followed by a weighted average of the
different layers (depending on the presence of BVRkgaries in the second and third layer).

1 Method 2: Most sensitive vegetation type for each layer, followed by an average of the different
layers

1 Method 3: Most sensitive vegetation type for each layer, followed by selection of the most
sensitive from the ifferent layers

1 Method 4: Averaged sensitivity for each layer, followed by a weighted average of the different
layers (depending on the presence of BVM categories in the second and third layer).

1 Method 5: Averaged sensitivity for each layer, followed bweaerage of the different layers

Ecological risk is not equal to the ecological vulnerability. One can have a very vulnerable vegetation
types with a low ecological value (e.g. pine forest). On the other hand, there can be very valuable
vegetation typege.g. alder forest) that have a very low vulnerability when floodEuerefore the

total ecological vulnerability maps, needs to be combined again witl¥ tblassecological valuation

layer of the BVMAIso here, the sensitivity of the scoring needs tameestigated. It can be that the
presence of very valuable elemeras relican be as important ake dominant vegetation type

4.6 Results: Application of flood type classification on the Zammelsbroek
Floodplains
The Zammelsbroek floodplains are locatedhe most downstream part of the Grote Nete Model at

the confluence of the Grote Nete and the Grateak Figure 29 he area is also part of the SIGMA I
project (ttp://www.sigmaplan.be/index.php?page=valeinde-grote-nete).
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Figure29: location of the zammelsbroek and th&B8IA-project zone

For this floodplain, we succeeded to obtain a conceptual (resetyp&) model for which the results

are close to the full hydrodynamic MIKE11 model. Hourly time series available for the period 1986
2005 were simulated in that conceptumodel in order to obtain longerm information on water
levels and inundation depths in the floodplain, the spatial extent and temporal variations in the
inundated area, and the duration of the inundations. Given that the Zammelsbroek area has frequent
inundations, 26 inundations (including very small ones) were simulated in the period20886and

the simulation results for these events were statistically summarized for the lowest point of the
floodplain(Figure 3; Table6). In this way, information aadld be obtained on flood events with high
frequency, which is of high importance for the ecological impact investigation. Evidently, the
statistics for the lowest point of the floodplain are not valid in the higher parts of the floodplain

Zammelsbroek topography & nature reserve boundary

Streams zammelsbroek shp
Natute Resene Boundary . - . -
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Figure 30: the topography of the Zammelsbroek nature reserve (maximal extent) and the wider environment
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Table6: summary of the 26 flood events for the reference time series at the lowest point in the floodplain

Start of number of average stdev a\r::e?:ne astt;rj:ve mean max | Stdev max
event events duration duration d g 9 depth depth
epth depth
jan 3 12,3 5,86 0,34 0,20 0,76 0,43
feb 6 18,3 7,06 0,52 0,24 1,16 0,55
mar 4 12 4,55 0,39 0,24 0,94 0,55
apr 1 18 NA 0,52 NA 1,34 NA
may 0
jun 1 20 NA 0,44 NA 0,89 NA
jul 1 18 NA 0,48 NA 1,00 NA
aug 0
sep 2 16,5 0,71 0,49 0,13 1,11 0,27
okt 1 14 NA 0,34 NA 0,69 NA
Nov 2 14 141 0,36 0,05 0,75 0,08
Dec 5 18 8,89 0,50 0,26 1,07 0,54
Total 26
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Figure31: Depthduration plots of the@flood events between 1987 and 2005 for the reference location.

The high climate change scenario was modeled for an identical period, but the precipitation time
series of 1982005 was perturbated with the climate change effects. The results for thie hig
scenario demonstrated that there was a significant increase of the flood frequency, depth and
duration Figure 2; Table 7.

Table 7: summary of the 36 flood events for the high climate change (wet scenario) time series at the lowest

point in the floodfain

mean Stdev
Start of event number of average stdev duration average average mean max Stdev max
events duration depth depth
depth depth
jan 5 30,8 15,97 0,71 0,26 1,62 0,54
feb 6 30,5 17,82 0,70 0,37 1,37 0,68
mar 4 31 9,87 0,73 0,09 1,72 0,21
apr 1 27 NA 0,64 NA 1,84 NA
may 0
jun 1 17 NA 0,51 NA 1,52 NA
jul 2 24 1,41 0,77 0,15 1,60 0,41
aug 0
sep 3 20 2,65 0,76 0,27 1,87 0,58
okt 2 90 103,24 0,82 0,40 1,94 0,45
nov 4 19 1,83 0,64 0,14 1,47 0,33
dec 8 37,25 21,45 0,90 0,24 1,97 0,45
Total 36
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Figure32: Depthduration plots of the 36 flood events for the high climate change scernario and for the reference
location (lowest poinbf the floodplair).

Table8: Difference in number of flood events, duration and depth bettfeeneference scenario and the high
climate change scenario for the reference location

Start of event number of average stdev duration mean averagq Stdev averag mean max Stdev max
events duration depth depth depth depth
jan 2 18,5 10,1 0,4 0,1 0,9 0,1
feb 0 12,2 10,8 0,2 0,1 0,2 0,1
mrt 0 19,0 5,3 0,3 -0,2 0,8 -0,3
apr 0 9,0 NA 0,1 NA 0,5 NA
mei 0 0,0 0,0 0,0 0,0 0,0 0,0
jun 0 -3,0 NA 0,1 NA 0,6 NA
jul 1 6,0 NA 0,3 NA 0,6 NA
aug 0 0,0 0,0 0,0 0,0 0,0 0,0
sep 1 3,5 1,9 0,3 0,1 0,8 0,3
okt 1 76,0 NA 0,5 NA 1,3 NA
nov 2 5,0 0,4 0,3 0,1 0,7 0,3
dec 3 19,3 12,6 0,4 0,0 0,9 -0,1
Grand Total 10 0,0 0,0 0,0 0,0 0,0 0,0

From the comparison of the reference scenario with the high climate change scenario for the lowest
location of the Zammelsbroek floodplaiTable 8§, we can deducthat the number of events
increases from 26 to 36, but the increase is mostly in winidre duration of the flood events
increases significantly (almost doubles). For the lowest location of the floodplain we can observe
aydz GALX S LIS | ndidaethat the @Sugl indmbeb of éviéritsamayAbe much higher,
but is masked because the floodplain is not emptigtie nmean depth increases with 50 % in
average, compared to the reference scenafiibe statistics for the lowest part of the floodplain give

a comprehensive insight in the magnitude of the changes but are not valid for the entire floodplain.
The Zammelsbroek floodplain has a distinct gradient in flood depth. Combined with the complex
multiple peak flood events, there will be many more shorbflcevents.Specificflood conditions in

the lower parts of the floodplain for the reference scenario may occur in the higher parts for the high
climate change scenario. If thiypothesisis valid, there may be opportunities for a gradual shift of
vegetatbn communities along the gradient in flood characteristics.
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Table 9: Flood type occurence (number of days) for each elevation interval within the floodplain for the

reference scenario
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Table2: Change in flood type occurence (number of days) for each elevation interval within the floodplain

between the referencecenario and the high climate change scenario
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The figures also available and printable at

http://www.belspo.be/belspo/ssd/science/p

Afurther in depth analysis can reveal the exact shift in flood type occurence. The different images of

Figure 33sa spatial visualisation of the changes in flood type occurehablé¢ 1).
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Figure 33: Change in flood type occurence (humber of days) for each elevation interval within the floodplain
between the reference scenario and the high climate change scenario

4.7 Discussion: considerations on the relevance of flood-impact stud ies on ecology

Climate change may drastically affect flooding regimes. It is also clear from the case of the
Zammelsbroek that a relatively mild change in the river flow regime may drastically affect the
flooding regime. This is valid for all floodplaitatt have some type of embankment between the
river and the floodplain. The overtopping frequency and/or overtopping duration will then be the
crucial factor. For floodplains without such embankments there will be a much more direct coupling
between changesn the river flow and the flood regime. It can be expected, that the higher the
embankment, the more drastic the impact will be if overtopping frequency and/or duration
increases.Even iftiis possible to quantify the ecological impact of changes irfltogling regime for

a specific scenariand a specific floodplain with actual vegetatjahis of limited useBeside natural
succession, there are several other environmental stressors that impact floodplain ecological
communities (dessication, eutrogidtion, acidification and invasive species). Many of these stressors
can be indirectly related to climate change, but these stressors have already caused drastic changes
to biodiversity in the past (without climate changélhe dominant mechanism for chasgy in
vegetation may be not flood relatedt is to some extent possible to give each species a ranking on
their intrinsic vulnerability for various stressors, based on their physiology, specialist/generalist
aspects, area needs for viable populations@#r@dl f YSOKI yA&aYas Waadnd A G @
aspect is thatlefining the impact of changes in flood regimes on current vegetation within 50 years
is only illustrativeWe can assume that climate change will occur rather gradual and that the changes
in flooding regimes may s manifest gradually.

Nevertheless, there are ways to determine the intrinsic suitability/vulnerability of floodplains and
riparian zones with respect to ecological values. Environmental heterogeneity indicators are
repeatedlyput forward as fundamental criteria for biodiversity conservation planning in the light of
climate change. These areas have high potential for biodiversity, because there are many different
abiotic and hydrological conditions present at small scales. biitiad, the presence of many
gradients on relatively small areas allows species to adapt, migrate and colonize within the
boundaries of these areas along with the shifts in abiotic conditions (abiotic conditions can
change/shift spatially along the gradierSites with more uniform conditions have higher risks for
biodiversity losses, since many species have low mobility. Hence, heterogeneity on different scales is
a proxy for biodiversity on different scales (species, vegetation types, habitats, ecosystdras
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ecological vulnerability of the floodplain will be determined by the size of the flooplain and the
presence of topographical gradientSigure 34)A universal way to test floodplain/riparian zones on
their resilience against changes in flood reginmeay be the use of hypsometric analy3isis method
indicates which water levels are critical because of high gradients. A linear hypsometric curve
indicates that regardless of flood depth, equal areas of flood depth zonation remain present. If
topographical gradients are present in a sufficient wide range, it is likely that the different flood types
will also occur in any hypothetical future scenatiothe case of constructedontrolled floodplains

this will be seldom the case due tdimited topogragnical gradient (flat, with steep edges).
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Figure34: importance of topographical gradients for ecological resilience against CC

A hypsometric analysis of the Zammelsbroek floodplain shows that there is a very gradual increase of
the flooded area foincreasing water levels-igure 35; top). It is almost linear up to flood levels of 2
meter (for the lowest site of the entire floodplajn A hypsometric analysis of the nature reserve
shows that the reserve selection is representative for the lagerdfitain and that the same linear
increase in flooded area can be observEdj(ire 3% bottom).
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Figure 35. Hypsometric analysis of the Zammelsbrggdp) floodplain and the nature reseraeea (bottom)
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Chapter 5: Recent progress and insights in hydrological, river
hydraulic and water quality modeling

In this chapter, the challenges regarding floodplain and river modeling are described and illustrated
based on the Grote Nete case application. Most hydrological models are orientated toveadis fl
prediction application. They make use of techniques (synthetic rainfall events, composite storms,
conceptual models) to allow fast calculation of many scenarios. This is at the expense of the capability

to include soft measures such as infiltration toeation, distributed water retention, lanrdse
OKFy3aSX CdINIKSNN¥Y2NE GKS Y2RSta IINB Sl fdzr SR 2y
events, while their performance on regular flows might be much lower. Long term simulations on the
original modet are seldom used, which makes it difficult to establish a reference condition to which
changes can be compared.

Most stateof-the-art hydrological and river hydraulic models are oriented towards flood prediction.
Typical applications are the assessmenftlobd risk along floodplains, flood damage evaluation for
project planning, design of hydraulic structures for flood control, and fiameff forecasting in
support of realtime operations. The flood modeling involves different steps, as summarized in
Figure 3. Hydrologic analysis is performed first in order to get catchment runoff discharges, which
are used as input to the hydraulic model for the river and surrounding floodplains. The water levels
resulting from the hydraulic model are used to obtaiooff maps. For this last step, a Geographic
Information System (GIS) interface is employed.

RAINFALL CATCHMENT
HD:> one | Il
MODEL
RUNOFF

Figure36. Schematic representation of river flood modeling.

RIVER/FLOOD CHANNEL GIS

PLAIN
HYDRAULIC MODEL

FLOOD
MAPPING

DISCHARGES/
WATER LEVELS

5.1 Hydrological modeling
For the hydrological modeling, different modelingpapaches exist. They vary from lumped to fully
distributed models, and from deterministic to stochastic models. They describe the most dominant
catchment rainfatrunoff components, including direct and indirect runoff, and the most dominant
physical procsses such as soil infiltration, groundwater recharge, soil moisture storage, surface and
subsurface flow, evapotranspiration, etc. Usually they can simulate at various times steps (hourly,
daily, monthly or seasonal).
In lumped hydrologic models, no spdtigariability in the catchment runoff and processes is
considered. Therefore, the response is evaluated only at the basin outlet or the location of the flow
gauging stations. The response can be separated into slow flow (base flow; groundwater recharge)
and quick flow (surface and subsurface) components. Typically, the lumped raimfaff models
lump, in a broad sense, the highly complex soil processes and properties into a few processes and
parameter values. The model parameters do represent the phyfgatures of hydrologic processes,
but in a spatially aggregated (lumped) way and involve some degree of empiricism. Typically the only
data input in these models is precipitation, evapotranspiration and the basin area. River flow data
near the outlet ofthe catchment is also needed for calibration. Additionally air temperature and
radiation is required if snowmelt is modeled. Geographical data such as topography, vegetation and
soil type are not considered. The main advantages of lumped models are ithpie structure, the
minimum requirements of data, the fast setup and calibration of model parameters. They have a
good performance compared with more complex models if the main interest is the calculation of
river discharge.
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Contrary to the lumped rainfarunoff models, the spatially distributed hydrological models consider

that the parameters fully vary in space at a resolution usually selected by the users. Compared with

lumped models, distributed codes require a large amount of data for the paramatinn in each
grid cell increasing computational requirements. Because the physical processes are modeled in

detail, they can provide the highest degree of accuracy if properly applied. In practice, however, data

availability is limited, such that it migbe difficult to identify all parameter values from the dafde
number of parametershen might betoo large for an accurate calibration on the basis of the limited
' Y2dzy G 2F RIGFE®D® b2 dzyAljdzS aSid 27F W2 Lied SetsbfQ
model parameters with equally good fit to the observed model output eXisemodel isthen called

A2BSNLI NF YSGSNAT SR @

In the Grote Nete case, both lumped conceptual rainfatioff models (NAM, VHM) and a spatially
distributed hydrologicaimodel (MIKESHE) have been implemented in the -Bi€DR projectThe

NAM model has the general modstructure shown irFigure 37.

C.= fS X -
7
Rainfall i”puB(otenthl evapep
u .
T - U’[r,s Eg
f.=/ ”fxi Smax

= Uy Cu = Cosgeu - Cs- G .
f = Umax U TSt ™S 9 Evapotranspiratin ea

u
T uIr,g max

Groundwaterrunoff  yq

=

Figure37. Modetstructure of the NAM lumped conceptualnfall-runoff model.

Rainfall input first fills up a surface stge reservoir (s). When this reservoir becomes full (sg,s
overflow occurs. The surface storage reservoir is emptied by evapotranspirafjomdch depends

on the potential evapotranspiration (g When the soil is saturated (umy), the actual
evapotranspiration equals the potential evapotranspiration,5@). When the soil is not fully
saturated (u<uay, the actual evapotranspiration is a fraction of the potential evapotranspiration
(linearly depending on the relative soil water contenf=@*u/unm.y. Part of the overflow volume
contributes to quick or surface runoff. The rainfall fraction of this part is given, yhich linearly
depends on the relative soil water content yjy, taking into account that no surface runoff will
occur when therelative soil water content has a value lower than a threshold valge The
remaining rainfall fraction (L) leads to soil infiltration, of which part (fractiog) percolates into the

groundwater. The fraction,finearly depends on the relative $ovater content.

When the relative soil water content has a value lower than a threshold valyeno percolation

Surface

+ sufsurfaceunoff
Ys tYi

LJk

occurs. Based on these equations, the total rainfall amount (x) per time step is split into rainfall
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contributions to surface runoff {rand infiltration (.q+). Part of the infiltration water contributes to

the groundwater (g). The rest fraction contributes to the soil water storagg £cG:g+uC Cs G Cy)-
Interflow (or subsurface runoff, or drain flow) is simulated as the outflowhef surface runoff
reservoir. This outflow is modeled using the linear reservoir equation. The rainfall contributions to
surface runoff and interflow is routed by means of two linear reservoirs in series. The recession
constants of these reservoirs affedtse response time of surface runoff to rainfall. These recession
constants combined with the recession constant of the surface runoff reservoir determine the
response time of interflow to rainfall. Also the outflow of the groundwater reservoir is modeled b
means of a linear reservoir, where the groundwater reservoir recession constant determines the
response time of groundwater to rainfall.

The use of NAM has the disadvantage that the model structure is fixed and cannot be modified by

the user. Given thathere are many assumptions underlying the NAM model structure, model
performance may be insufficient in case these assumptions would not be fully valid. For that reason,

the Hydraulics Division of K.U.Leuven developed a more generalized lumped conceptigdihgn

LINE OSRdzNBE=X OIFIffSR *la 06+x+SNIf3ISYSSYyR O2yOSLJidsSS
from a generalized model structure frameworkidqure 38 that is adjusted in a casmpecific
parsimonious way. The procedure makes sure that the deriveddrfod & G NHzO G dzNB A & WA R
the data, and avoids overparameterization.

N>

Time variable
X) = distributing valve

(dependent on u)

Rainfall input x

Evapotranspiration

Routiné, surface> ~ Surface runoff
e

flow Ys

a

| _ Routing > _Interflow
‘ ___interflow Y

Soil moisture storage
u

Groundwater storage

Routing > _ Baseflow
g

baseflow Y,

Figure38. Generalizedumped conceptual rainfatlnoff model structureconsidered by the VHM approach.

The VHM modestructure building is done in a transparent, stefse way, where separate parts of

the model structure are identified and calibrated based on multiple and-cmmmensurable
information derived from river flow series by means of a number of sequential time series processing
tasks. These include separationtloé high frequency (e.g., hourly, daily) river flow series in subflows,
split of the series in nearly independent quick and slow flow hydrograph periods, and the extraction
of nearly independent peak and low flows. The subflow filtering is baseddigital numerical filter
methodology (Willems 2009).This filter is used to split the total river flow series in its runoff
components. More specifically, first a split is conducted between the quick flow and slow flow
components based on a visual determinatiof the recession constant on a logarithmic plot
(Figure 39).

In a next step, the quick flow component is further separated into the overland flow and interflow
components by using this same method but then on the filtered time series. The resultsef tive
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steps combined is shown iRigure 40 The interflow component might physically represent the
subsurface runoff in the catchment (if any); the slow flow component the baseflow or groundwater
recharge. The subflow separation results enable the stmectof the rainfalrunoff model
components in VHM to be identified separately. They also enable the information base for
calibration to be enlarged.

Next to the subflow filtering, the full time series is split in nearly independent quick and slow flow
hydrograph periods, and nearly independent peak and low flows are extracted as the maxima during
the quick flow periods and the minima during the slow flow perioflke model building and
calibration accounts for the statistical assumptions and requirements irmependency and
homoscedasticity of the model residuals. Next to the separate identification of the subflow recession
constants and related routing submodels, equations describing quick and slow rune#spdnses

and soil water storage are derived the time series data. Model performance evaluation is based
on peak and slow flow volumes as well as extreme high and low flow statistics.

— River flow series 14 — River flow series

- Interflow filter results
— Baseflow filter results

— Baseflow filter results
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Figure 39. Baselfow filter results for the observec Figure40. Baselow and inerflow filter resultsfor the
series at Varendonk station observed series at Varendonk station
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Figure41 Split of the time series in nearly independent quick and slow flow peliadsd on
the observed series at Varendonk station

Along similar lines as for the calibration oAM, a stepwise calibration approach is followed by the
VHM model, making use of the results of the subflow filtering and the statistical time series analysis
of the river flow series. The calibration steps are as follows:

- the recession constants of the iglt flow (or surface runoff), interflow and groundwater are
derived from the flow series and directly used as model parameters (of the linear reservoir
models);

- the soil water storage volumes per slow flow event are optimized after comparison with the
soil water storage volumes estimated from the time series data (by closing the water
balance). The soil water storage volumes are estimated as rest fractions after subtracting the
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total runoff observations from the rainfall input surface capacity and aftenragsg a model
for computing the actual evapotranspiration from the potential evapotranspiration;

- the surface runoff, interflow and groundwater volumes per event (quick flow events for the
surface runoff and interflow volumes, slow flow events for groundwatolumes) are
optimised based on the respective subflow filter results.

The NAM and VHM lumped conceptual rainrfathoff models have been constructed/simulated at
the hourly time scale, but the model validation has been carried out over the full raingsevant

time scales (the concentration times along the river network). The model validation was done both in
real time based on continuous flow series and by statistically testing the agreement with the
observed series. The statistical testing was d@mrethe peak flows (flow maxima during the quick
flow events), the low flows (flow minima during the slow flow events), the cumulative volumes per
event for total flow as well as for the subflows, and in terms of frequency distributions and
discharge/duraibn/frequency (QDF) relationships, following the method of Willems (2009). The
maximum and minimum flow values were extracted from the simulated flow series during the quick
and slow flow periods, and compared with the corresponding empirical values deftigen the
statistical time series analysislext to the lumped conceptual models, a detailed physidadised

and fully distributed hydrological model has been implemented. The {HIE model considers the
hydrological processes at a grid size that carsdélected by the user and integrates the entire land
phase of the hydrological cycle. It consists of separate modules for snow smelt, evaporation,
overland flow, the unsaturated zone, the saturated zone and channel flow. In terms of process
equations, theY2 RSt Aa o0l aSR 2y GKS 1AySYFGAO 41 @S Sjd
Slidzr GA2Yy FT2N) GKS dzyal Gdz2NI GSR T2yS FyR FLLX ASa o
law. Model verification is done along similar lines as the lumped conceptuatisdalit additional
verification data on groundwater levels (at groundwater wells spread over the basin) can be
considered.The hydrological models were calibrated based on river flow time series available at the
four river flow gauging stations (Varendd@eelZammel, Vorst, Meerhout and Tessenderlo), and
for the MIKESHE model also based on groundwater well data at several pumping wells distributed
over the basinKigure 43.
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Figurel. Location of the basin of the Grote NetedaGrote Laak.
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Figure 2. River flow gauging stations location and partial draini
areas for Molse, Grote Nete and Grote Laakcatishments.

Model parameters were derived in NAM and VHM in a lumped (spatially averagedjpsiagam of

the most upstream flow gauging stations (Meerhout and Tessenderlo), or in between two stations
for the more downstream stations (Varendoakd Vors}. The calibration thus was done from-up
downstream. The number of calibrated lumped contegph models consequently is equal to the
number of flow gauging stations in the basin. For the MBKEE model, a grid size of 500 m was
considered.Rainfall input is based on the available hourly rainfall seriesea¢rallocationsin and
outside the basi. They were provided by the Hydrological Information Service (HIC) and the Flemish
Environment Agency (VMMY.he point rainfall data areconverted to areal rainfall estimates per
subbasin basedn the Thiessen polygons methdeigure 44shows the VHM moal results of total
rainfalkrunoff discharges at Varendonk station. Similar accuracy was obtained for the total rainfall
runoff discharges produced by the MHESHE model. The additional spatially distributed results on
groundwater levels also had good pemmance, as is shown in the example Kif§ure 45 For all
groundwater wells, despite some systematic over underestimations for some periods,
groundwater level fluctuations show that the dynamic processes are represented well by the model.
Separate ingstigation of the accuracy of the peak and low flows is showkigare 46 These results
show that based on the VHM model results, accurate extrapolations can be made to +raingf
conditions for high return periods, which is important for the fldwakzard calculations in this project.
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Figure44. Comparison of hourly observed river flow series at Varendonk station with the VHM model results.
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Figure46. Comparison of observed and simulated (VHM model) peak and low flows vs. return period.

5.2 River hydraulic modeling
For the Grote Nete case, a full hydrodynamic model has been developed in the/ORlI project for
the GroteNete, the Grote Laak and the main tributaries. This was done on the basis of the river
modeling package MIKE11 (DHI Water & Environment), in combination with ArcGIS 9. MIKE11 is a
modeling system for ondimensional (1D) full hydrodynamic river modelingphying the rainfaH
runoff model outputs as input to the river model, estimation can be made of river flow discharges,
velocities and water levels at any point along the river network and at a continuous time scale.
Available crossection data were implaented to define the geometry of the river branches. River
bed roughness coefficients were estimated and implemented along each section. They were
validated based on simultaneous measurements of water levels and discharges at the flow gauging
stations. Mo$ hydraulic structures, such as bridges, weirs, culverts and hydraulic regulation
structures were also implementeérigure 47.
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Figure47. Overlay of the river hydwlic model on the Grote Nete river network

The model has been upgraded in this SUBEM cluster project with the models of the upper
reaches in the catchment. This increased model complexity, but also improved the model accuracy.
This should be interpreted not only in terms of better predicting floods, but also in better
representation ofthe physical processes. The model upgrade was done based on the field data
obtained from the Province of Antwerp (Dienst Waterbeleid). The following rivers were additionally
included in the model: Molse Nete, Kleine Laak, ldgadcht, Heiloop and Asdonkélke Data for the
non-navigable rivers of *Lcategory were obtained from the Flemish Environment Agency (VMM),
while for the 2“ category nomnavigable rivers data were obtained from the Province of Antwerp
(Dienst Waterbeleid)Rigure 48.

52000 184000 188000 188000 200000 2000 2046000 208000 208000 210000 212000 214000 218000 218000 220000

Figure48 Modelednonnavigable rivers oftand 29 category.

The VHM lumped conceptual rainfalinoff results were used as input in the full hydrodynamic
model. Two types of hydrodynamic simulations are conducted: simulation of historical flood events
(all eventsin a continuous longerm simulation for the full period with available input data since
1986, with hourly time step), and simulation of synthetic events for given return periods (composite
hydrograph method; return periods between 1 and 100 years).
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Thehydraulic model results were validated based on water level data fohisterical flood events
at the four flow gauging stationgigure 4%hows example results of this validation for the internal
Tessenderlo station.
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Figure 49. Comparison of hourly lsservedwater levelseries afTessenderlestation with theMIKE11 model
results after simulation &fHM rainfall-runoff input

5.3 River flood modeling
The floodplains in the basin were schematized by a 1D river hydraulic model based on-2Djuasi
approach. h this approach the floodplains are modeled as flood cells or as a network of fictitious
river branches and spills with the rivers (s€&gure 50. The river branches represent the
topographical depressions (the floodplains, most often with drainage catalse bed), while the
spills represent topographical elevations (e.g. roads, railways) in between these depressions. Also the
dikes or the river embankments in between the river and the floodplains are represented by spills. By
taking the crossectionsof the fictitious riverbranches equal to those of the floodplains (cross
sections perpendicular to the axis of the river; $gégure 50, the storage of water in the floodplains
(water levels, storage volumes and spatial extent) can be described in aratecevay. Also the
discharges and the water velocities can be modeled for the floodplains, after appropriate values are
chosen for the friction coefficients in the fictitious rivieranches.

X

Spills

@
¥—calculation nodes
numerical scheme

Figure 50. Schematic representation of the qt@Bi approach dr river flood modeling (Willems, Vaes et al.
2002)

Based on the high resolution digital elevation model (DEM), NHKEwas used to draw geometrical
data for the river branches and spills/overflows, and to determine the preferential flow direction
alongthe floodplain.
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For the spills between the main river and the floodplains, the spill levels were derived from the DEM,
but also more accurately from the cresection survey. It is clear that the accuracy of the dike crest
levels or embankment levels isry important for the flood model. It determines the return period of
flooding and other flood related results.

The GIS system was also used to demarcate the potential flooded areas (areas to be modeled) and to
visualize the spatial extent of the modeldddds. Flood maps were created which provide results on

the depth, spatial extent and duration of the simulated inundations. The GIS system thus was applied
both as a preprocessing tool and a pogrocessing toolFigure 51gives an overview of the 57
different floodplains demarcated and implemented.

Figure51. Overview of the floodplains modeled. Figure52. Overlay of modebasedlood maps
for the historical flood of September 1998
(blue areas)with the ROG historical flood
map(red polylines¥or the Zammelsbroek
area (floodplains no.-1)

Based on the quagiD approach, models were developed for all major floodplains along the
hydrodynamically modeled rivers. The floodplain models were validated based on the historical flood
YL 6whD BNBORFAYRODSOASRET NBLINBaSyidiAy3da GKS YI E
areas) of the largest recent historical flood of 19B&jure 51shows the model results for this flood

of 1998 and the comparison with the ROG map for selected floodplains dlen@rbte Nete basin.

The relatively good model performance showed that the g2&siapproach is applicable to simulate

the complex overland flow processes along the shallow floodplains.

5.4 River flood hazard maps
Based on the longerm time series of rainfallunoff discharges (simulated by the hydrological model
or based on the river flow data), rainfalinoff discharge statistics, Qb€&lationships and composite
hydrographs have been deriveldor each flow gauging station, statistical extreme value disinbe
were computed based on the (nearly independent) high flow extremes for each station (e.g. for
Varendonk station based on the results showrFigure 4). The distributions are hereafter called
flood frequency distributions. They were calibrated t@ tbmpirical frequency distributions based on
the extreme value theoryWillems 1998; Willems, Guillou et al. 20@d describe the relationship
between the magnitude of river peak flows and the recurrence interval or return period. They are
typically usedor the design of water engineering or hydraulic structures and bridges and for flood
risk estimation. Apart from these water management applications, the flood frequency distributions
can also be used to evaluate the hydrodynamic model performance agamslation of extreme
flow conditions, and as basis for the construction of synthetic hydrographs (for given return periods).
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The extreme value analysis was repeated for different aggregation levels (time scales over which the
flow series were averaged).

The range of aggregatidavels is based on the concentration times along the river network
considered from upto downstream in the basin. Results of the extreme value analysis were
adzYYEFENAT SR Ay GKS T2N¥Y 2F WRAAKKLBMBSKk R&NI Y2 ANPBK FI
Ay GKS F2N¥Y 2F WO2YLRAaAaAGS KERNBINILKAQDP ¢KSasS (
constructed such that the average discharge equals a specific return period for all durations that are
considered centrally in the hydgoaph. Figure 53shows an example (for Varendonk station) of
composite hydrographs for return periods of 1, 5, 10, 50 and 100 years.
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Figure53. Composite hydrographs for 1, 5, 10, 50 ¢ Figure54. Flood hazard maps for Zammelsbroek a
100 years for the Grote Nete River at Varendc for return periods of 1, 5, 10 and 50 years.
station

The composite hydrographs were derived for each subbasin based on the observed river flow series
at the flow gauging stations. They also could have been based oNAM or VHM model results,

but results should be clos@he composite hydrographs have the important feature that river states
with the same safety level at all locations along the river can be derived by one singldeshort
simulation. This is for inst@e shown byVaes, Willems et al. 20000he composite hydrographs

have been simulated in the river and floodplain hydraulic models to derive flood hazard maps (for
the various return periods: 1, 5, 10, 50 and 100 years) along the modeled floodpligine 54).

5.5 River (physico-chemical) water quality modeling
After implementation of the hydrological and hydraulic models and the flood hazard model, the
MIKE11 hydraulic model of the main rivers and floodplains was in this SIIDEMuster project
extendedwith a physicechemical water quality model after implementation of domestic, industrial
and agricultural pollution sources. The pollution sources were transferred to river water quality
concentrations after consideration of advection, dispersion and tlestnimportant transformation
processes for water quality variables describing components of the oxygen and organic pollution
cycle (DO, BOD, temperature T) and the nitrogen cftolal nitrogen, N. ammonia, Ng-N, and
Nitrates, assumed to be the sum NIO,-N and N@-N). The input of nutrients on the floodplains
during floods is crucial in determining the vulnerability/compatibility of habitats to floBagires 55,
56 and 57 give an overview of the different physiohemical water quality processesnsidered in
the model, together with the transformation process equations. These processes include:
resuspension and sedimentation in the calculation of the BOD balance; the ammonia / nitrate
balances, plus the oxygen consumption from the sediment oxyganadd and the nitrification
process; and denitrification.
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Figure55. Overview of physicechemical water quality processes considered in the model for the oxygen «
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Figure 56. Overview of physica&hemical water quality processes considered in the model for the or
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Figure57. Overview of physice&chemical water quality processasnsidered in the model for the nitrogen cyc

The water quality model was implemented and calibrated based on water quality input data received
from VMM. Figure 59gives a summary of the pollutant sources introduced in the water quality
model of the Grte Nete basin. Some pollution sources are punctual/point, while others are
diffuse/distributed. Figure B shows the locations of the punctual sources. As can be seen in this
figure, several punctiual pollution sources enter river branches that are outbielenetwork of
modeled branches. These were implemented at the most upstream location of nioeleled
network, but reduced in concentration to account for the attenuation due to the travel time of the
pollutants from its source until the closer simulateden branch. The reduction factor was assumed
proportional to the estimated distance of travel. In the case of the pollution sources in the Molse
Nete subcatchment, some sources are so far from the start of the simulated river (max. 23km) that
they were nottaken into account.
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Figure58. Locations of thgounctualpollutant sources introduced in the water quality model of the Grote Nete
basin.

Figure59. Summary of thgollutant sources introduced in the water quality model of the Grote Nete basin.

Industrial pollution sources

Two types of industrial pollution sources were identified. The first type comprises 9 industries with
direct emission measurements available. The average daily load provided was based on approx. one
emission measurement per yeanrthese industries, emission data were provided for T, BOD; NH4

N and Nitrates (NORI, NO3N). The second type of remaining industrial pollution sources were
estimated based on tax and municipality files. Daily average pollldads were estimated baseah

these files for T, BOD and total nitrogen.

Domestic pollution sources

Domestic pollution was calculated based on the estimated number of population equivalents (PE)
and the domestic loads estimated per PE for T, BOD;MH%ey were subdivided in punal and

disperse losses. The punctual losses are due to sewer losses not connected to WWTPs. Their location
and description is presented Figure 58 The disperse losses were calculated based on the number
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