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1. Introduction

Over the past decade, river basin agencies anelsifilers have been confronted with changing
environmental, economic and societal conditionsn@lic conditions are evolving in many regions of
the world, leading to increased water scarcity @askl of drought (Arnell, 2004). Climate change and
the increased demand for food production lead toes®ension and intensification of irrigated
agriculture. Urban water use also increases dubeaoncentration of population in cities and the
emergence of new consumption patterns (Hunt andi¥¢éat2011), particularly in the Mediterranean
Basin (Thivet and Fernandez, 2012). These trendsltrén increasing pressure on surface and
groundwater resources and dependent ecosystemsoi@itantly, societies have rising expectations
in terms of environmental protection. This has malieed in many legislative frameworks, such as
the EU Water Framework Directive aiming at achigvthe good status of European water bodies
(EU, 2000) and, more recently, the EU communicatineprint) to Safeguard Europe’s Waters (EC,
2012) that identifies directions to achieve thedystatus, highlighting the interest of water effitiy
measures among others.

Water planners need to anticipate how to adapt geanant practices and infrastructure development
for some future state of their water resource systeThis requires that they develop a systemic
approach depicting the natural and socio-econoragtofs and processes that determine future
dynamics of river basins. The factors and intecaicfirocesses can be formally represented through
the development of integrated river basin managémedels (Jakeman and Letcher, 2003; Leteher
al., 2007), which can be used either to learn aboutirthigact of alternative water management
strategies or to identify optimal strategies urfdéure climate, demand and regulatory scenarios.
Developing such integrated models to estimate éuttlranges and frame adaptation plans is not,
however, a trivial task. It requires integratingncepts, methods and modelling tools from various
domains of expertise and scientific disciplinesr Fstance, forecasting future urban water demand
(Baumanret al., 1997) might require the participation of demodpens (population growth forecasts),
urban planners (housing stock and characterisgceyomists (impacts of changing tariffs, changes i
economic activities) and engineers (water supply aater saving options). Similarly, forecasts of
future change of agricultural irrigation water demahould be informed by an economic analysis of
future agricultural and international trade pokcig@conomics and political science); by a technical
assessment of innovations likely to emerge in tesfrigsop varieties, cropping practices and irrigati
techniques (engineering sciences); by modelling evater requirements (agronomy) under changing
climatic conditions (Rinaudet al., 2013a); and by a stakeholder analysis (socioldgyinfer the
objectives, priorities, expectations, behaviour aedds of the different agricultural stakeholders.
Modelling complexity also comes from the imperatisesupport decision making in a context where
heterogeneous stakeholders participate in the lsdarca negotiated solution, moved by different

interests and multiple objectives. Involving thekgholders in the development of the model or some
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of its components theoretically ensures a betteerstanding of the underlying assumptions, thereby
increasing its acceptability and credibility. Howeyvthe complexity of models, and the associated
uncertainty, can be such that it stretches thengtateding capacity of many stakeholders. A common
issue among all the modelling tools and methodsldged to address water management issues is
indeed the one of uncertainty and its propagatiah ¢hallenges the capacity of scientists to atelyra
represent the reality and provide reliable infoioraabout the future (Refsgaagdal., 2007).

Sustainable management of water resources and dismteacosystems requires an understanding of
climate change impacts on river flows (Caballetal. 2007) and groundwater levels (hydrology and
hydrogeology), and on the aquatic environment (watrology). Last but not least, a cross-
fertilization of engineering, economics and otheiesces is needed to define complex adaptation
strategies that involve new combinations of watemdnd management measuresy.(water
conservation measures), infrastructure operagan (hanagement of reservoir or irrigation systems)
and development of new capacit/g, groundwater exploitation or desalination projeci¥)erefore,

we would expect an interdisciplinary modelling aggurh to provide the most relevant insights to
water managers and policy makers. Combined with ghdicipatory process, interdisciplinary
modelling can help to develop a shared understgndfnthe water problems as a foundation for
negotiated management and policy solutions (Hetiak, 2007). Indeed, the integration of knowledge
from different disciplines beyond their respectiparadigms and the interconnection of mon-
disciplinary intellectual silos has been highlightes one of the salient dimensions for the suaokss
integrated modelling approaches (Hamiltetrel. 2015).

Pioneering efforts to develop an interdisciplinapproach addressing water planning issues date back
to the Harvard Water Program in the late 1950s,mémsonomics, social sciences and engineering
were first brought in to support water policy makitNowadays, such initiatives have become even
more necessary due to the growing complexity oEwatanagement issues (Reuss, 2003). River basin
management models — often coupled with Decisiorp8uBSystems tools — have been developed at
basin scale to assess the performance of watenroessystems under different scenarios and policy
strategies (Andrest al., 1996; Labadie, 2004). More recently, hydro-ecoicomodels (HEM; Harou

et al., 2009) took one step further into interdisciplinanodelling by integrating economics and water
resources management into a coherent frameworkagih scale, HEMs have been applied to assess
the marginal economic value of storage and envierial flows and so provide economic indicators
and instruments, as required by the EU WFD (PWidtazquezet al., 2008 and 2013; Riegett al.,
2013). In Europe, they are expected to assist domenending measures for the next round of EU
water policy (De Roct al., 2012). In the United-States, HEMs have been applieanalyse the
adaptation of inter-tied water supply system tobglochange in California (Tanalet al., 2006;
Medellin-Azuara, et al., 2008) and New Mexico (Hurd and Coonrd2D12). Various research
initiatives have been launched to integrate theaghmf climate change, from an interdisciplinary
perspective, into the implementation process ofWwieD (Quevauvillieret al., 2012; Pougett al.,

3
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2013). However, despite a few pioneering studhesyast majority of existing studies stop shothat
impact assessment stage, which means they prowvilyeaolimited contribution to the question of
adaptation (Wilby and Dessai, 2010).

In the literature, the issue of selecting meastweghe planning of water resources has been long
addressed as the problem of capacity expansionmization (planning and scheduling of
infrastructure over time) through least-cost optiaion models (O'Laoghaire 1974, Loucks et al.
1981; Ejeta and Mays, 2004, Mastrosov et al. 20BR)m this perspective, the part of the framework
presented dedicated to the selection of measurdd be seen as a least-cost planning model without
option scheduling. Indeed, we consider that thenff@éus of the work is located one step before the
scheduling in the planning process. The framewadsgnted clearly deals with the definition of the
planning scenarios (demand and hydrological) angtctiiles (environmental flows, agricultural
development) before the phasing of the investmEme added value of the contribution lies in the
combination of different modelling disciplines tefthe the climate and demand change scenario, and
then assess trade-offs between the cost of thegmmge of measures and other planning objectives at
the river basin scale.

This paper presents an interdisciplinary modelfiragnework to select adaptation measures at river-
basin scale in a global change scenario. The methtes$ted on the Orb river basin, a Mediterranean
basin in Southern France, where global changegdea®&d to exacerbate the difficulties of meetirgy th
growing water demands and the WFD environmentaitri@am flow requirements. We describe first
the general modelling framework that is used toegate future global change scenarios, to assess the
impact of global change and to design the Prograram®leasures (PoM) at basin scale; this is
followed by a description of the demands and watsources modelling, and of the selection of
adaptation measures through a Least-Cost RivemBaptimisation Model (LCRBOM). Next, we
introduce the case study of the Orb basin, andritbesthe future socio-economic and environmental
scenarios applied. One single scenario is seletctatlustrate the application and potential of the
framework. The results quantify future deficitstire supply of agricultural demand, and identify
where adaptations to global change are requireatieFoffs between cost of the adaptation measures,
agricultural deficits and environmental flow reauirents are finally evaluated to highlight the
potential of the interdisciplinary modelling framesk to support water resources management. The
final section presents the limitation of the modaf&l discusses potential future developments, with
feedback on the interdisciplinary process.

2. Material and methods

2.1Interdisciplinary modelling framework

Because the interdisciplinary modelling frameworksented in this paper is aimed at planning, the
first challenge consists of identifying the mairrighles that determine the future of the system and

4
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and then in mobilizing and coordinating the coroegfping disciplines able to model the processes
impacting these variables. Figure 1 depicts therdigciplinary modelling framework we adopted and
the variables chosen for our case study — a catchthat is fairly representative of those located o
the northern rim of the Mediterranean basin. Hbveh that the water deficit—to be minimised in the
future through adaptation measures — depends ngtoonclimatic change but also on a range of
socio-economic variables. This conceptual framewwds used as a basis for combining different
modelling approaches in a computer-based integratedbasin management model. While a number
of relationships were formally represented usingthmmatical models, other relationships were
assessed using more qualitative and participat@thods (eg. for building the agriculture demand
scenario using participatory workshops).

Water demand models were developed to integratentist likely evolution of urban and agricultural
water uses. The urban water demand m@as based on an econometric model combined with a
population and housing stock forecast model thbaged on regional statistical data. The agricailtur
water demand mode@® combines an agronomic model and scenario workshapslving
stakeholders. Climate change impact on local teatpers, evapotranspiration and precipitation is
determined using downscaled results from a Ge@rallation Model (GCM)® . The consequences
of climate change on agricultural water requireraeante taken into account based on the previous
agronomic model, while its consequences on nattva@r flow regimes are considered using
hydrological simulation model® . Minimum in-stream flow requirements were derivesim existing
estimates using a hydraulic habitat model compléeteby local expertis@ . The water resources
system is conceptualized as a flow network of noaled links@ . The most important surface
reservoirs are included as storage no@es and the inter-basin water transfers as netwarksli
Reservoir releases and the volume of water to Ipplied are defined through an optimisation
procedure for a particular time horizon and spai&tivork. A catalogue of adaptation measures was
identified based on stakeholders’ worksh@s and engineering studi@) . These measures were
characterized in terms of effectiveness (definedaagolume of water) and cost (defined as an
annualized investment with operating co@s) Finally, the least-cost river basin optimisatimodel

@ identifies the optimal portfolio of adaptation rsaees to minimise the agricultural deficit at
minimum cost. Further details are provided on thajom components of this interdisciplinary

modelling framework in the following sections.
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Figure 1: Interdisciplinary modelling framework to assess global change impacts afrdme

adaptation at river basin scale

2.2. Demand scenarios

2.2.1. Urban demand scenarit

The urban water demand forecasting m@ combines an econometric modelhioh predictsper
capita water consumption (Rinaud al., 2012) witha population and property forecast model bz
on regional statistical data (Vernier aRthaudo, 2012). The econometric model allows sitron of
the impact of changes in teecioeconomic variables (water tariffs, incomegadlculates urban wat
demand for 2008 (Baseline) a2@30 (Future) planning horizonor all the municipalitie (Urban
Demand Unit, UDU) thatbstract water from tl water resources system. One key elanad the
method is the adjustment of the domestic demarid tatdifferent explanatory variablein each
UDU: the price of water, averagmuseholcincome, climatic conditionsand the opportunity to dri

their own well.
2.2.2. Agricultural demand scenaric

The agricultural scenario was developed vwthe participation of stakeholders, followirgmethod
developed by Rinaudé al., (2013a). This method combines scenario workshogsmodelling tools
to assess future agricultural water demand in ee-step process. First, irrigated areas wesgmatec
by crop and irrigation distridtAgricultural Demand Unit, ADL for a baseline yeagccording t the
last general agricultural census in Q0Then, aplausible future scenariowas constructe for the
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planning horizon (2030) based on assumptions allmw the main drivers of agricultural
development will evolve at global (EU-Common Agltawal Policy, market prices, technical
innovation, etc.) and local scale (land use policy, sector develin The assumptions were
validated by semi-structured interviews and focraug discussions with local experts (Matral .,
2012).

2.3 Assessing climate change impact on demands and dahie resources

2.3.1. Climate change scenario

Future climate@ was assessed using downscaled data from the GCMEGERCNRM-CM3 (Salas-
Melia et al., 2005) forced by the A1B emission scenario, whitconsidered a median scenario
amongst all possible future ones (Bateal.,2008). The downscaled scenario was provided daopar
the SCRATCH 2010 experiment, based on a statistiezhther type” downscaling method (Pagé and
Terray, 2010). The downscaled precipitation (P) jpotgntial evapotranspiration (PET) time series are
representative of the baseline (1971-2000) andsthealled ‘mid-term future period’ (2046-2065).
They are provided at a daily time step, with aigpaesolution of 8 by 8 kilometres, identical tet
scale of historical meteorological data used teedviater demand and hydrological models (Vigal
al., 2010).

2.3.2. Impact of climate change on agricultural demand

It is expected that irrigation water requirememtsdgricultural crops in this area will be impactad
climate change. This impact was assessed usingranamic mode@® (Hoanget al., 2012), adapted
from Allen, et al. (1998). The model calculates Agricultural Water ech (AWD) with a 10-day
time step as the water required by the crop, initiad to rainfall, to compensate for
evapotranspiration, taking available soil moistimte account. Inter-annual monthly average demands
are estimated for the baseline and future peridds. each irrigation district (i), Eq. (1) calcidatthe
Crop Water Requirement (CWR) of crop (j) associatét an irrigated area 4y, which is a function

of the meteorological variables (PEAnd B), available soil moisture (SM a crop coefficient (K.

and an irrigation efficiency parameter, jE

AWD;, = ¥ E;j X A j X (ETP;y X K¢jp — Py — SM; ) Vit (Eqg. 1)
2.3.3. Impact of climate change on the hydrology

Climate change is also expected to perturb thedbggical regime. To assess this impact in our case
study (section 3), the hydrological modelling framoek @ follows a three-step process for each of the
sub-river basins defined. The first step was tdoresthe natural flow regime of the sub-basin by

7
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adding urban and agricultural water withdrawalghe observed monthly river discharges (Chazot,
2011; Vier and Aigoui, 2011). Then, a monthly, tparameter rainfall-runoff model (GR2M,
Mouelhi et al., 2006) was calibrated and validaisohg historic precipitation, PET and flow data for
each sub-basin (Caballero and Girard, 2012). Thet-Rlean-Square Error (RMSE) was used to
automatically calibrate the model by means of ojsttion. The validation/calibration performances
of the model were assessed using the Nash andffeuftb70) efficiency in addition to the RMSE
The results of the calibration and validation & ttydrological models are considered good enough to
assess the impact of climate change in water reesumore details on the calibration and validation
are presented in Appendix C.

2.4 Assessing agricultural deficits

In a business-as-usual scenario (BAU) with no atagt measures, water deficits are likely to appear
in the future, due to a combination of increasedewaemand and reduced hydrological flows.
Assuming that the existing regulatory frameworknigintained, that deficit would mainly be borne by
agriculture. Urban demand, legally defined as tigiaédst priority use, would be satisfied first. Then
environmental flows should be guaranteed, whildcafjure would only be authorized to use the
remaining water available.

Performance of water resources systems is usualgsaed using indicators, such as reliability,
resiliency and vulnerability criteria (Hashimotd®8P; Loucks, 1997). In our case, we adapted the
Demand Reliability Index (DRI) (Martin-Carrasce, al.,2013), which quantifies the reliability of a
system to satisfy demands, by computing the ratevéen the demand satisfied for a given acceptable
level of reliability and the total annual demanderi€h legislation requires all demands to be fully
supplied in at least 4 out of 5 years, giving ptyoto urban use and environmental requirements ove
agricultural use (MEEDDT, 2008). This allows a d#fin the supply of agricultural demand with a
return period T of 5 years (5-year deficit). In ethwords, this corresponds to supplying the full
agricultural annual demand with a level of reliapil(noted r) of 80 % (r = (1-1/T) x 100). In
accordance with this requirement, we defined aricdtjural Deficit Index (ADI) to characterize the
degree of failure of the system to meet this aad®#pt5-year deficit. The ADI is the ratio betweba t
maximum annual deficit that occurs with a returnigme T* less than T equal 5 years (T*<T=5) and
the annual demand of a given ADU (Eg. 2).

ADIZ, = (1 — Sf«/Dem?) x 100 (Eq. 2)

Where ADI7. is the Agricultural Deficit Index for the agricutiel annual demand at the ADU “a”

associated with a return period T* lower than tbeeptable value T35+ is the minimum annual water

! Nash-Sutcliffe efficiency is a criterion for quiying models performance in comparison to the ol
values (relative measure) and therefore, it alloeraparison with other models, whereas the root nrsgaare
error characterizes only the performance in absolatues (Pushpalatha et al. 2012).
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supplied to the ADU “a” in Mrper year, with a return period;Dem? is the annual demand at the
ADU “a”, in Mm?®per year. An ADI equal to 0 means that the systafilsf the legal requirements of
having no more than a 5-year deficit; if this cdiwti does not hold (ADI greater than 0 and up to 1)
the index quantifies the magnitude of the gredtantacceptable deficit in comparison to the annual
demand.

2.4.1. River basin optimisation model

First, a river basin optimisation mod@ was developed to represent water allocation irbdsn and

to estimate the deficit in the present baseline thedBAU future scenarios, integrating the demand
and hydrological scenarios previously defined (Beac2.2 and 2.3). The model minimises agricultural
deficit with a return period of less than 5 yeavigh a monthly time step (objective function, Eq.By
optimising reservoir management and water allooafidecision variables) over the time horizon.
Meanwhile, water allocation has to meet the envirental requirements and the target supplies for
the urban demands in order of priority.

Minimize [Ip = Y, %o Defl; (Eq. 3)

Where, t is the time step index (monthly); “a” letindex of the ADU, and)efaT; is the deficit for
ADU “a” at month “t” with a return period T* lesdhan T. Additional equations are presented in
Appendix B.

The sub-river basins are represented in a flow otwf nodes (diversions and/or storage nodes),
linked by arcs that represent the river stretcbJs and ADUs are connected to the corresponding
nodes of the sub-basin from which they abstraceturn water. At each node and for each monthly
time step, constraints are imposed on demand g&ng@imum environmental flow requirements, and
reservoir operating rules for both flood protectaond dead storage volume. If less water is avalabl
than is needed to meet the constraints, there bella deficit in the water available to supply
agricultural demand. Optimisation is carried oueroa monthly flow time series, first on the baselin
period (1971-2000) and then for the global (climatel demand) change scenarios corresponding to
the future period (2046-2065). The model was imgeted using GAMS (General Algebraic
Modelling System, Rosenthal, 2012) and applying @diXnteger Programming with the CPLEX

solver.
2.4.2. Environmental flow requirements

In-stream environmental flow requireme@s aim at maintaining the environmental functionsha t
river by means of an appropriate flow regime (Hamte Richter, 2003). Ideally, a seasonally vagabl
flow regime is needed to sustain freshwater ecesyst(Poffet al., 1997). However, the current
approach applied in the river basin defines onlpimum in-stream flow requirements for selected
nodes. A hydraulic method (Gippel and Steardso®81ising the habitat method ESTIMHAB

9
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(Lamouroux, 2002) was applied by Vier and Aigowi12) to define minimum flow thresholds at each

node of the basin.
2.4.3. Infrastructure management

The reservoir is managed as a multipurpose reser@puerating rules fix only the monthly dead-
storage and maximum volume of the reservoir foodigrotection (Chazot, 2011). The volume
released from the reservoir and the volumes of maltecated are defined during the optimisation
procedure. Direct evaporation from the reservos haen calculated based on estimates of average

annual reservoir evaporation in the south of Frgheehala, 2008).
2.5. Selecting least-cost adaptation programme of meases

Once the deficits are calculated for the presedtfature periods, the river basin optimisation rmasle

converted into a least-cost river basin model thatimises the cost of a programme of adaptation
measures (given the operational and physical caingdrof the water resources system), which include
supplying agricultural and urban demands, and mgé¢kie environmental flow targets. The catalogue
of potential adaptation measures consist of capat@telopment projects and water conservation

measures that could be implemented in the diffdg@it)s and ADUs of the system.
2.5.1. Identification and assessment of adaptation measures

Workshops with local stakeholders were held to tifepossible adaptation measures to cope with
increased water deficit in the basin, which werentldocumented by a series of complementary
technical studies. Water conservation meas@yesre considered at the level of UDU (municipality o
group of municipalities) and ADU (irrigated area)define a set of local adaptation measures. For
each unit, we estimated the volume of water thatccbe saved by implementing these measures. The
equivalent annual cost of the measures was cagecllat applying a 4 % discount rate on investment
and operating cos@® .

In terms of capacity expansion measu@s a specific study was carried out to identify deps
unconnected to the river (Rinaudoal., 2013b) that could be sustainably used by driltiegy wells.

The sustainable yield and costs (investment, ojperand maintenance) associated with the projected
wells were estimated. The catalogue of measurdades the possibility of building a desalination
plant to supply coastal municipalities. Investmantl operating costs for such plants were estimated
based on figures provided by local engineering camigs and cross-checked with values reported in
international surveys (Zhou and T.¢2005; Ghaffouet al.,2013).

10
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2.5.2. Least-cost optimisation model

The LCRBOM @ was built onto the previous optimisation model {®ec 2.4.1). The objective
function (Eq.4) minimises the total annualized coktthe measures applied to meet urban and
agricultural demands and minimum in-stream flowstmaints. For that purpose, measures are selected
to reduce the deficit in agricultural demand (Eqnd 5).

Minimise [[ =[[, + M x[]p (Eq. 4)

Where:[]p, is defined in Eq. 3; M is a very large positive number that is highean the sum of the
cost of all the other measures.

[Ic = Ym Act(m) x Cost(m) + Yt X1, V(m, t) X VCost(m) /N (Eq. 5)

where, m is an index of the measures of urban ocwtural demand, groundwater or desalination
project; t is the time step index (monthly); Act(axe binary decision variables of the measures m;
Cost is the fixed equivalent annual cost (€) of theasures, m; V is the volume of water in
Mm?*month coming from the groundwater and desalinatioeasures, respectively; VCost is the
variable costs of the groundwater and desalinatieasures in € per Mhper month; N is the total
number of years of optimisation; Additional equati@re presented in Appendix B.

The supply and demand management measures aretehiaed by their cost and effectiveness for
each ADU and UDU. By introducing slack variableghaa very high cost (far beyond the range of
costs of the measures) in the objective functidre model avoids unfeasible cases in which

implementation of every measure is insufficienatoid a deficit in agricultural water supply.

3. Case study and future scenarios

3.1.Case study description

The modelling framework was implemented for theeRi@rb basin (1580 km? -Figure 2), located on
the French Mediterranean coast. The Mediterranegiom is projected to be affected by climate
change, and has been defined as a “hot spot” dobalgscale (Giorgi and Lionello, 2008; Mariogti

al., 2008), where severe impacts on water resoureeikaty (Bateset al., 2008). The catchment is
characterized by a Mediterranean climate and hgdichl regime with significant low flows in
summer and flash flood events in autumn. The aeeaagual natural flow is 850 MirWhile rainfall

is abundant in the hilly upstream area (1800 mmypar), it is much scarcer in the coastal area (570
mm), where most of the population, agriculturerigm and other economic activities are located. The
River Orb and its alluvial aquifer form the mairsoarces for supplying urban areas with drinking
water. Traditional gravity channel irrigation sysealso depend on these resources to irrigate arops
the upstream part of the catchment (1000 ha). Aenwfficient and larger pressurized system,

developed in the 1960s, supplies irrigation wateadriculture in the coastal plain (5000 ha). River

11
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flows are regulated by the Mont d’Orb multipurpasservoir (30.6 M of usable capacity, with a
mean annual inflow of 101.8 Mn It was constructed to store water for irrigatimwnstream and is
also used to protect against flood risk. It is amigrginally used to produce hydropower.

At present (baseline situation), urban and agucaltwater demands represent 62 % and 38 % of total
water demand, respectively, in an average climagér. With a demand to resources ratio of less than
20 %, the total demand for environmental requiresiand consumptive use falls within the available
annual water resources during a dry year (Tabl&tyler baseline conditions, the annual balance of
supply and demand at basin scale is satisfactooyeder, the allocation of scarce water resources
becomes an issue during the summer, for both Ipasatid future periods. We calculated the available
water resources for the 5-year low-flow for an airar summer period (mid-May to mid-September).
The environmental requirements and demands forucopve uses approach the level of available
natural resources during these periods (60 %) lemdémands are likely to exceed available resources
in future summer periods (125 %, for the considesiadate scenario). Notwithstanding, this initial
balance of resources and demand does not conkiglénter- and intra-annual regulation provided by
the reservaoir, as is the case with the river baminagement model developed in this study.

The river basin authority has already classifiezlwhater bodies of the Orb river basin as beingsét r

of failing to meet the good quantitative statusuiesd by the WFD (AERMC, 2009). The two most
recent water management plans for the River Ortestthe improvement of quantitative water
resources management as one of its main obje¢®MYO, 2013).

Demand (Mm)  Urban Agricultural Environmental Total Resource Demand/resource

(Mm°) (%)

Baseline 19.2 11.6 43.0 73.8 374 19.7 %
Baseline

7.8 10.8 14.5 33.1 85 60.2 %
summer’
Future 21.9 28.3 43.0 93.2 276 33.7 %
Future

8.9 27.1 14.5 50.5 40.4 125 %
summer

a. The summer period corresponds to four months irstimemer (mid-May to mid-September)

b. In this case, the resources are estimated for gedywith a 5-year return period at the outflovite basin

Table 1: Annual and summer water balance of the Orliver basin baseline and future scenarios
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Legend
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Figure 2: Case study area: the Orb river basil

3.2 Future demand scenarios

Change in future urban water demand is mainly dritbg population growth (1 % per year, on
average)Per capita consumption is forecasted using the econometridein@ection 2.2.1). Over the
2008-2030 period the following assumptions were endd a 30 % increase in water prices and a 10
% decline inper capita consumption, due to technological change, 2) destatusehold income and

3) a 6 % increase qfer capita consumption due to climate change (mainly due tonswng pool
evaporation and lawn watering) (Table 3). Overalhan water demand is expected to increase by 14
% between the baseline and future periods.

Agricultural demand is expected to increase at ahfaster pace during the same period due to the
combined effect of an increase in irrigated argharise in the evapotranspiration rate (secti@}.
Stakeholders who participated in the definition tbé future agricultural development scenarios
envisaged a significant development of irrigatioagtices within the existing vineyards (Table %), a
a way to secure the harvest in case of drier susyndele to a combination of regulatory, economic,
and technical changes. Climate change will cestaighacerbate this trend. The marginal (and
combined) effects of changes in irrigated area @imdate are depicted in Figure 3. Climate change
alone would increase demand by 58 % (consideriagttte crops grown and the area under irrigation
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remain unchanged). Socio-economic change alonedwesllt in a 64 % increase. When combined,

the two drivers result in a 145 % increase in atign water demand.

Demand Urban Agricultural

25 % of the vineyard is irrigated

_ (5% in 2008)
] ] - 10 % due to savings
Main assumptions ) + 100 % of market gardening
+ 6.5 % due to climate change;
- 50 % of orchards

Constant irrigation efficiency

+ 30 % of water price

Constant household incomes

Table 2 Main assumptions of the demand forecastingnodels and results at river-basin scale.
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Figure 3: Changes in the agricultural water demandat basin scale for various scenarios.

3.3. Future hydrological scenario

For the chosen climate scenario, annual PET idyliteeincrease by 12 % compared to the baseline
period (1971-2000), with monthly variation from +&9mm in June to +1.9 mm in February.
Regarding precipitation, the average decrease psated to be 8 % per year, characterized by an
uneven distribution over the year ranging from 960n January to +20 % in August. The comparison
of the 5-year monthly low flows (QMNADb) for the ledisie and future periods illustrates the projected
impact of the considered climate change scenariwater resources (simulated using tools described
in section 2.3.3), leading to a 25 % decreasevir flow at basin scale, though with spatial véoiat

depending on the sub-basin (Table 3).

14
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Sub-basin Ol O3 M4 04 J3 05 V3 06 08 010012 Basin

Baseline
Low-Flow (1971- 107 075 015 042 089 003 074 018 005 006100 452
(Mm?3per  2000)

month) Future

(2046- 0.66 047 010 034 071 002 069 018 0.03 004050 3.41
2065)

Variation 838% -37% -29% -20% -20% -24% -7% -1% -40988% -55% -25%

Table 3: 5-year monthly low-flow (QMNADS) by sub-ba@ under baseline and future scenarios

3.4. Adaptation measures

Eleven types of water conservation measures werdifted, nine of which target urban use (MUL1 to
MU9) and two of which relate to agricultural usedAl and MAZ2). Urban water conservation

measures are aimed at facilitating the adoptionwafer saving devices and practices, through
subsidies or water conservation tariffs (MU5), atdeducing leakage in water distribution networks
(MU1). The two agricultural water conservation meas consist of improvements in the technical
efficiency of irrigation systems. MAL relates tcetimodernization of traditional gravity irrigation

system located in the upstream part of the rivasirhaeplacing it with sprinkler irrigation. MA2 is

aimed at developing drip irrigation in the lowerrtpaf the river basin, where water distribution
already uses pressure networks. These measuréseaeéore mutually exclusive. Overall, 462 local
adaptation measures were evaluated for the 84 UOYsmeasures for the 19 ADUs. Five
groundwater projects and the desalination planis stgpply 18 and 22 UDUSs, respectively. The
adaptation measures are characterized by theivagot annualized cost and the saved and new water
(Table 4), either by saving water on the deman@ gigater conservation) or by providing new

resources on the supply side (capacity expandidedsures are further detailed in Appendix A.

Maximum Average UDU/ADU
Description of measure annual volume annualized affected
available in unit cost by the
15
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2030 (M) (E/m’) measure

Water conservation measures
(Demand side)

Reduction of leaks in urban water
MU1 distribution networks 3.28 0.77 37

Installation of water conservation
MU2 devices (faucet aerators, shower flow 0.36 0.56 62
reducer, etc.) by househo

Water consumption audits for single

MU3 . . : 0.52 1.16 62
family houses and change in appliances

MU4 ﬁr?irt‘r;e as U3 for multifamily housing 051 164 33
Installation of automated reading

MU5 meters and use of seasonal water tariffs ~ 0.83 0.66 62
to reduce peak season demand

MU6 Installation of water saving devices in 0.04 061 20

hotels (faucet aerators, toilet flushes)

Water consumption audits of campsites
and holiday parks. Installation of low
MU7 flow flushes / showers, leakage 0.18 1.55 10
detection in campsite distribution
network, etc.

Replacement of water intensive
MU8 landscapes with xeric vegetation 0.59 0.68 62
(public garden:

Replacement of irrigated lawns with

MU9 artificial turf for sport grounds

0.43 1.95 7

Conversion of gravity irrigation
MAL1 systems to pressurized / sprinkler 0.81 0.16 7
irrigation

Development of drip-feed irrigation at
MA2 farm level in all pressurized irrigation 1.56 0.54 11
systems

Capacity expansion measures
(Resource side)

Substitution of water intakes in the
GW  River Orb (and alluvial aquifer) by 1.00 1.89 5
other groundwater resources

Substitution of water intakes in the
DS  River Orb by desalinated water (coastal 3.60 1.22 2
municipalities)

Table 4: Main characteristics of the adaptation mesures

4. Results

4.1 Present baseline scenario

Using the optimisation model, Agricultural Defitiidices (ADI, section 2.4.1) were computed for the
historical hydrology and current demands (basedtenario) and aggregated by sub-basin. Its spatial
distribution was found to be uneven (Figure 4, figpt). In the baseline scenario, ADI reaches the

16
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maximum value (100 %) in the Mare (M4) and Jau) éit-basins, meaning that legal requirements
are not fulfilled in these sub-basins (a deficitnafgnitude equal to the demand occurs for a return
period of less than 5 years). These sub basingsmond to tributaries of the River Orb that do not
benefit from regulation by an upstream reservomlisTwater deficit was mentioned in previous
studies, and actions are already being implemdnteddress these issues (Vier and Aigoui, 2011). In
contrast, the higher demand in the Orb sub-basih&gh benefit from regulation from the upstream
reservoir (02, 04, O5, 06, 010 and O12), can bel&gas required for the baseline scenario.

4.2 Business-as-usual future scenario

In the future business-as-usual (BAU) future scendine ADI increases under the impact of higher
demands and scarcer water resources. In addititimetbasins that show a deficit under the baseline
scenario (M4 and J3), three more downstream sub<&®8, 010 and 012) show deficits for the
future scenario (Figure 4, top-right). Thus, therdase in summer flow impacts, first, the sub-tssin
that do not benefit from flow regulation from theservoir; then, the downstream sub-basins with the
highest demands (Figure 4, top-left) and the lowedtral flows (Table 3). The impact of global
change thus challenges the current protection sigdiy summers provided by the reservoir and
underlines the need for additional measures to e@atonmental flow requirements and supply the

agricultural demands in the future.

17
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Total future demand by node Agricultural Deficit Index by sub-basin
(% of total basin demand) (% of deficit on agricultural demand)
mmm Orb River C. 50

D River basin

Present deficit

- Futur deficit

100%100%
M4

100% 100%
J3

0 5 10 0 5 10 V.
Mediterranean P KM editerranean
I e K1 Sea Sea
Volume mobilised by sub-basin Cost by sub-basin
(% of total volume) (% of total cost)

e K Mediterranean Mediterranean
Sea Sea

Figure 4 : Spatial dstribution of: future demand in the Orb river basin (top-left); present and
future agricultural deficit (top- right); saved and new (mobilised) water volume by subasins
(bottom-left); and cost by sub-basin (bottom-right).

4.3 Least-costprogramme of adaptation measures

A least-cost POM was selected usitigg LCRBOM develope. At the subbasin scale, thspatial
distribution of the volumes to be molsed éum of the volumes saved by water conservi
measures angrovided by capacity expansion meas; Figure 4, bottom-left) anthe associate

costs (Figure 4, bottom-rightjo not follow the pattern of the distribution of deficitBigure 4, top-
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right). While the greatest deficits occur in triaties M4 and J3 (ADI of 100 %), their contributit;m

the total cost and volume saved is low. This déffexe is explained by their lower demand, so there i
less potential for water saving through efficienmprovements. The volumes and costs associated
with these basins are lower even if the need eXistsontrast, the sub-basins with no deficit (02,

04, 05 and V3) have measures applied that alsdibetteer sub basins. The downstream basins with
the highest demand take up the biggest share afetiveand saved water volume. Sub-basin 012 has a
high ADI, but few measures are applied in this agdzen that it benefits from measures implemented

further upstream.
4.4 Trade-off analysis

The least-cost optimisation model can also be tsedsess potential trade-offs between agricultural

demand, environmental requirements and economtwédise PoM.
4.4.1. Trade-off between agricultural demand and adaptation cost

Increase in agricultural water demand is a keyeairihat can be actively influenced by local policy
makers depending on the agricultural policy thegnmote (Table 1). Therefore, there is a possible
trade-off between extending the area of irrigatgdcalture (in particular irrigated vineyards) atta

cost of water management measures that would bdede® offset the increased demand. To
represent the effect of various agricultural depeient scenarios, we analysed the consequences of
varying agricultural demand at basin scale by +&n8 10 % (Figure 5). A +/-10 % variation in the
agricultural demand at basin scale — representiuglame of +/- 2.9 Mm per year —translates to a
cost variation of between -95 % and +137 %, (0d5.68 M€), respectively). Consequently, the
anticipated skyrocketing in the surface area dfated vineyard in the basin could challenge the
management of water resources or represent anoudalffie cost.

6.00

5.00

Type of
28  measures

8

Desalination
Groundwater

2.75 .
M Agriculture

H Urban
1.66

8

0.61

1.00
0.00 | ==—=—=_0.07 0.10 084

90% 95% 100% 105%
Agricultural demand percentage (%)

Cost of the Programme of
Measures (M€)
g

Figure 5: Cost of the PoM for different levels ofgricultural demand at basin scale
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The defined least-cost PoM illustrates the gretéémt@l of demand management measures, as well as
the fact that expensive capacity expansion projgectaindwater and/or desalination) could be avoided
if the increase in agricultural demand were limitEdr the lowest level of agricultural demand (90 %
and 95 % of the estimated future value) only dentaadagement measures were selected. Measures
to expand capacity are selected only once theasere agricultural demand equals or exceeds 100 %
of the future scenario.

4.4.2. Trade-off between environmental flow and adaptation cost

The model can also be used to prioritise wherg économically more efficient to concentrate effort
in defining environmental flow requirements. Indedtie total cost of the PoM can change
significantly depending on the level on environnaéritow imposed on each sub-basin (Figure 6).
Variations of +/- 5 % of the environmental flow t&eements, applied in different sub-basins, gige ri

to contrasting impacts on the cost of the PoM. &given variation of in-stream flow requirements,
the impact on PoM cost is highest in O1. While babins O2 and O4 present greater environmental
flow requirements than O1, the cost of the PoMaaim scale is less sensitive to their environmental
flow requirements. These results highlight thetegig importance of ecological flow definition in
sub-basin 01, which accommodates the Monts d’Osbrveir that regulates most of the River Orb
flow. Most in-stream flow in this part of the riveomes from reservoir releases. Therefore, decision
makers control the flow regime in this section leé River Orb, which allows them to further assess

the trade-off between costs and environmental rements.

3.5

+31%

3.0 ] +21%
Sub-basin

&3 0o1

-14.% mO4

20 ~
-29% moz2

1.0

Annual cost of the Programme of
Measures (M€)

95% 100% 105%
Environmental flow threshold (%)

Figure 6 : Cost of the PoM for different environmenal flow thresholds in three sub-basins (01,
02 and 0O4)
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4.4.3. Trade-off between environmental flow requirement, adaptationcost and

agricultural demand

A fixed variation in volume (ranging from -0.1 and 0.1 Mn¥/month) was applied to both the
environmental flow in the headwaters of the basimb{basin O1) and to the agricultural demand of
the downstream ADU, “Al4” (Figure 7). In this cagbhe total cost of the PoM exhibits higher
sensitivity to variations in agricultural demand ADU “A14” than to environmental flows in sub
basin “O1”. The same increase in PoM cost allowarease of agricultural demand in ADU “A14”
(grey arrow) by 0.1 Mrimonth or an increase of environmental flow in &asin O1 by 0.2
Mm?*month (dark arrow). This comparison illustrates #ind of trade-off that can be compared at

river basin scale.

% 30 Variation of

o . f'-_os Agricultural

E 3.00 8 —demand level at

© Al4

uen gz.so — (Mm3/month)

s

o 0 2.00 — 0-0.1

- 2

o 8150 — mo

83"

o

T:,v 1.00 ‘ — @o0.1

= -0.1 0 0.1

< Vvariation of environmental flow threshold at 01
(Mm3/month)

Figure 7 : Cost of the Programme of Measures for ffierent levels of agricultural demand in A14
and environmental flow in O1

5. Discussion

5.1. Framework limitations

The modelling framework presented provides a usaithod to explore future adaptation strategies
in the face of global change. However, the methoglémented in the present study has revealed
several caveats and limitations that need to beaeledged.

The first limitation is the lack of any assessmehtuncertainty. Uncertainty in water resources

modelling stems from an incomplete understandinghef hydrological processes modelled (e.g.

surface-groundwater interactions), from imprecigarblogical data used for calibration, and from the

choice of models used for simulating sub-componeitthe system (water demand, hydrological
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processes), (Refsgaard et al., 2007). In the datbe @nalysis of global change scenarios in wieh

no longer assume that the hydrology is statiorthig,is far more complex, since we need to add the
uncertainty on the meteorological variables (defires plausible scenarios derived from GCM
projections, with a large range of variations amtmgmn) and on the resulting inflow time series that
define available resources in the basin (Brown Wfilthy, 2012). Moreover, land use changes will
affect water demand but also affect the hydrology even the climate, creating a circle of feedbacks
demanding different approaches for designing atiaptainder uncertainty (eg. Brown et al. 2012).
Large ensembles combining several climate modets emnission scenarios could be needed to
quantify the uncertainty linked to climate moddflifiBarsugliet al., 2012). However, it is still a
matter for discussion whether the improvement agidoy using ensembles instead of a single model
is as large as expected, and how this translatesinmprovements in the projections (Knugtial.,
2010). Other sources of uncertainty are inherergaith discipline involved in the framework as for
instance water demand forecasting that relies turdusocio-economic conditions.d. agricultural
markets) with hardly predictable uncertainties. @ilegiven the resulting global uncertainty, these
call for a new approach to adaptation strategidge Top-down approach — which underlies the
modelling framework presented in this paper — ccaddcomplemented by a bottom-up approach,
which analyses how a set of possible strategig®onperover a large range of possible futures (Wilby
and Dessai, 2010; Lempert and Groves, 2010). Tstilite the development of the framework, we
indeed have used one single climate and demandrscehut the same approach could be developed
under different climate and demand scenarios, dwth tproceed with a characterization of the
robustness of the proposed adaptation plan adnese scenarios.

Another limitation of our modelling framework lies its normative nature. Indeed, it identifies a
solution that can theoretically maximise social fared but it does not integrate other factors
considered by stakeholders to select relevant atlaptstrategies. A condition for implementing the
optimised solution is the existence of a stronghpilag authority and a central decision-making
capability to implement the optimal solution or @iternative approach that could lead to a close-to-
optimal solution. This issue is called the limiteti of ‘perfect cooperation’ (Madani, 2010), or
alternatively, ‘perfect command and control’ thetassumed by the optimisation procedure. Actually,
no such authority exists in the context of rivesibhamanagement in France (or in many other
countries). Relevant stakeholders (urban, agricallt@and environmental) are represented in thenbasi
authority and sit around the table to negotiate@m@mmme of measures. As such, the model can
provide useful insight for water planners actingpalicy level (such as a water agency, government
agency or county council), who have been associaititl the development of this initial model.
However, the model would not provide the rangenéérimation needed by local stakeholders (water
users’ representatives, elected politicians at oipail levels) who will be concerned by the actual
implementation of some of the adaptation measwesidered in our study.
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In future research, we intend to explore, in coofiom with more qualitative research (focus groups,
scenario workshops, participatory modelling) how thodel could be used as a medium for wider
stakeholder participation in adaptation planningisTwill imply not only a discussion of the model
assumptions and structure but also a possiblauptsting of the model to include additional proesss
and output indicators as required by stakeholderis also implies an opportunity to incorporate lay
stakeholders’ knowledge into the modelling framewemoving from an interdisciplinary to a trans-
disciplinary approach (Pohl, 2005).

For instance, the distribution of costs associatél the optimal solution (or ‘first-best’ soluticio

use economists’ terminology) may not be considéagdand equitable; there may be calls to search
for a negotiated ‘second-best’ option — involvimgahcial transfers between stakeholders. Issuds suc
as agreements on costs and measures allocatiorgaghwdifferent players in a basin could be further
integrated in the analysis. This is one of thelehgles to be addressed next in our modelling resear
Other limitations are inherent to the optimisatpmcedure selected, as it is the ‘perfect foresight
deterministic optimisation (Labadie, 2004). By wgthis kind of optimization, we assume that an all-
knowing manager would know the hydrological futwih certainty and therefore will be able to
select ideally the measures or to release water the reservoir when needed. This leads us cléarly
an overoptimistic result, this means an underesiimaof the adaptation needed, and therefore the
results given here must be taken as the lower bafnthe adaptation strategy needed. This
optimization method, even if appropriate to thetiee simplicity of the case study, could need¢o b
adapted to more complex water resource systemat@yrstorage capacity and temporal correlation of
the hydrology) as the importance of perfect forlesgenerally decreases significantly with the antoun
of over-year storage (Draper et al.,, 2011). Howevee effects of perfect foresight have been
considered as acceptable even in some complex wggggms (ie. California water supply network,
Newlin et al., 2002 and Pulido-Velazquez et alQ40 This part of the framework presented could
require further improvement to overcome the perfeasight of the optimization looking at methods
such a Stochastic Dynamic Programming (SDP) or @oimdp simulation models with genetic
algorithms.

Finally, other types of measures (water quality sneas, river restoration measures, etc.) would also
need to be included in a general adaptation progiamof measures, although here the focus is on
water quantity issues (water scarcity). Assessing trade-offs at stake between the planning
objectives of environmental preservation, econodg&gelopment and adaptation cost, is a necessary
step for the definition of a programme of measufid® next step would be as well to consider the
phasing of the investment needed to achieve thectibgs defined following a more conventional
least-cost planning approach to advise on the tma# required or a real option analysis (Jeuland
and Whittington, 2014) to include as well the pbiisy to learn along the planning proceSshe
framework is indeed a first step, in terms of adfiph, towards what could be the development of a

full adaptive management strategy that would carséth iterative process of planning, implementing
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and updating the plan as more information is okthiand lessons are learned by the decisions makers

when they experience changing conditions.
5.2.Insights from the interdisciplinary approach

This paper illustrates how analysing long-term ¢gjgamnand adaptation to global change in river basin
management requires bringing multiple scientifisciblines together and binding them into a single
framework, facilitated by integrated modelling. Oexperience suggests that deploying such an
interdisciplinary approach is by no means a tritéak. During our research, a continuous (and time-
consuming) dialogue took place to construct a shagpresentation of the river basin, specify the
optimisation problem, identify and formalize wat@anagement constraints in that model, choose
spatial and temporal scales at which the model ldhbe developed and the nature of adaptation
measures to be considered. A conceptual model weslaped gradually and, through an iterative
process, progressively refined. Finding an appeabgritemporal and spatial resolution of water
resources modelling, which would be consistent Wigtheconomic analysis of water demand forecast,
was also an iterative process. Each researchetohadipt their approach (concept and tools) tm fit
the overall optimisation model, seen as an endtgorresearch and integration. The modeller played
a role of ‘guardian of integration’, as already agpd in the literature (Kraggt al. 2013). This
integrative approach stands in contrast with misitiglinary research where the various disciplines
basically do their own thing in parallel, their ceptual and methodological choices remaining
independent from each other (Mollinga, 2009). Gnegthis dialogue implies that researchers be
willing to cross-disciplinary boundaries, that thiayest time and energy to appropriate concepts and
methodologies of the other disciplines. The sucoéssuch interdisciplinary approaches requires an
attitude of engaged problem solvers rather than detached specialist’ (Pohl, 2005). This clearly rises
team-work challenges (how to ensure communicagogagement, trust, coordination of disciplines)
and also challenges the way the academia sometvesates such integrative interdisciplinary
research (Kragtet al. 2013), these challenges being part of a cultundl lsistorical barrier to the
integration across disciplines (Hamilton, et all20

6. Conclusions

In Europe, as in many other parts of the worlden¢édegislation increasingly compels water planners
to conductex-ante integrated assessment of policies deployed totadagiobal change. Because of
the wide range of social, agricultural, environnaénéconomic and hydrological impacts associated
with global change, policy analysts need to depiagrdisciplinary evaluation methodologies. This

paper suggest that least-cost river basin optiibisanodels can provide a useful framework for
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integrating knowledge from various scientific doies, including economics, agricultural,
hydrological and engineering sciences, to desighajlchange adaptation strategies at basin scale.
From a policy perspective, least-cost river bagitinsisation models inform policy makers’ decisions
at the regional or basin level, by providing thneain types of results. First, they can help to nirge

the allocation of measures in the basin to satdifgonstraints at a minimum total cost. The model
helps users to understand that the optimal progerfmmeasures is characterized by a spatial
distribution of costs and water volume (saved eatzd), which is proportional neither to the défici
nor to the demands. This fact reflects differenicethe actual efficiency of the measures at basin
scale, depending on their spatial location. A watanservation measure implemented upstream not
only allows the environmental target in the subibas be met but also contributes to solving the
problem in all downstream sub-basins. The integratedel captures this issue by accounting for the
upstream-downstream interactions in the basin. @hesults provide valuable insight into the
definition of first-best solution that could be asis for negotiating a basin-scale adaptationegyat
with the relevant stakeholders.

Second, the model helps to prioritise the type atibas that need to be implemented. For instance,
results of our case study suggest that certainrveateservation measures should be systematically
implemented, even for the lowest level of wateriaiefThe cost minimisation approach leads to a
recommendation to implement water conservation ureasn agriculture before engaging in projects
to increase capacity. However, if agricultural dachgrows above a certain value, capacity expansion
measures — such as groundwater development olirgdgal plants — are needed to ensure that urban
water demand and environmental flow targets ary fukt. Further analysis could be conducted to
assess the threshold level of agricultural develpnthat would make capacity expansion measures
unavoidable, and provide elements to further mateler resources management and agricultural
development at planning level.

Third, the model can help evaluate possible trdteletween development of uses, environmental
objectives and costs of water management. Thisafutiinformation for regional and river basin leve
policy makers as they attempt to reconcile agncalt and urban development policies with
environmental objectives. The model can be usedaatify boundaries (in the mathematical sense of
the word) between agricultural development, urb@wth, water management cost and environmental

objectives.

The interdisciplinary modelling framework presenttakes a step toward better integration of
disciplines within a coherent framework for theegrated assessment of water resource systems’
performances. It allows fruitful insights into watmanagement that exceed the sum of particular
disciplinary contributions. Even if the increasiogmplexity of water management issues call for the
adoption of such an approach, whether this typedat will become part of water managers' toolbox

remains an open debate. It does not only raisetignesabout the financial resources to be dedicated
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to the development of such tools, but also abautdceptability and appropriation by those policy
makers, technicians and stakeholders who are ofbéerso familiar with integrated interdisciplinary
approaches.
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Appendix A:
MU1 |eakage reduction campaign in the water supply distribution network: This measure consists of a

diagnosis of the network to identify leakages; thien leaking pipes are repaired. The water saved is
estimated as the difference between the volumessiels before and after the repair. The life span of
this measure is estimated to be 15 years.

MU2 Water saving kits for households: Water saving kits are provided to households eolantary

basis. A 25 % participation rate is assumed forskbolds to collect their kits from the municipality
(free of charge), of which only 75 % are finallysialled. The kit includes water saving devices for
showers, sinks and toilets, according to the tyfjgease (single or multi-family unit).

MU3 Water saving audit for individual houses: A specialist is paid to audit individual houseshnor

without a garden. A diagnosis of leakages is cdroet and water saving devices are installed. Low
cost devices are installed by default and the gjistis assumed to be paid for 2 hours of worla as
plumber (40€/hour). The household pays the cost® dipe threshold of savings realized on the water
and electricity bill, the public authority addingsabsidy to pay the remainder. The rate of uptake i
assumed to be 50 %, thanks to the positive imdatiecsubsidy.

MU4 Water saving audit for collective housing: This measure is applied only in municipalitieshwit

more than a hundred collective housing units (flanaged together). Managers of this type of
housing are always looking for ways to cut codterdfore they are assumed to adopt this measure
readily (75 %) and the subsidies can be less thamM3. The measure offers the support of a
professional to locate and fix leakages and taalhstater saving devices. Installation of indivitlua
water meters is also promoted and subsidized.

MUS Seasonal pricing policy: The price of water is increased by 50 % duringpgbeak period (from

the 18" of May to the 15 of September). The price is decreased at othegstiof year in order to
maintain an equivalent water bill for the permariahbitants. Only certain costs associated wiéh th
implementation of this measure are paid by theipwhlthority, namely: remote reading water meters
are installed and cost 5€ per year per househoté than classic meters. The meter must also be read
automatically once during the first few days of geak period (3€ per household).

MUG6 Water saving kits in hotels: Hotels receive subsidies of 20 % of the cost ofewaaving devices

in their rooms. A distinction is made between hoteith two stars or less, and luxury hotels of ¢hre
stars or more, according to the quality of the waaving devices installed. The uptake rate is
assumed to be high (75 %) due to the benefit gtettlyy water savings.

MU7 Water audit in campsites. On a voluntary basis, a campsite can apply faea Wwater audit to

reduce their leakages. The cost of such auditxedfiat 450 €, the campsite owner pays the cost of
fixing the leakage. It is assumed that 50 % of csitep will volunteer, of which 60 % will reduce
their leakages. The savings are estimated to ¢ @bthe initial consumption.

MU8 Conversion to Mediterranean vegetation:
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Planting in public parks is modified to introducegetation adapted to drought. A design requiring
less watering and more mineral cover or trees &ldped allowing the soil to be protected against
evaporation. Only the additional costs (comparethéclassic design) are considered and these are
estimated to be 8.30 €/m2. The savings are 50 %tbeefirst three year and 100 % afterwards. Only
10 % of the public parks apply this measure.

MU9 Replacement of irrigated lawns with artificial turf for sport grounds

The existing football and rugby pitches are coreetb artificial synthetic grass at a cost of 28090
per field. Only 20 % of the investment cost is sdized by the public authority and 75% of the feeld
are converted. The life span of the field is 10rgea

MA1 Modernising gravity irrigation: The measure corresponds to the modernization @¥itgr

irrigated systems located upstream in the riveinbakhe management of the irrigation channel is
improved, and pumping stations are built alongdha&nnel to irrigate areas of 150 to 300 ha. This is
linked to conversion to sprinkler irrigation. Fdret distribution system, the investment costs are
assumed to be 6500 € per hectare, with a life spd0 years. Maintenance costs are assumed to be 1
% per year and the energy cost, 30€/ha.

MA2 Efficiency improvement in pressurized irrigation: The second measure is the development of

drip-feed irrigation in the downstream part of tiveer basin, where piped distribution networks are

already installed (therefore, a zero cost is aasediwith the distribution network). The investment

cost is defined as 2000€/ha for a life span of éfry, linked to operation and maintenance cost of
78€/ha. The efficiency associated with the dripdfeeigation remains at 0.9. The annualized cost of
this measure is 325 €/ha.
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Appendix B: Optimisation models: objective functions and caaistrequations

B.1. Water resources optimisation model:

Objective function:

(Eq.B.1) Minimize [Ip = Y, %o Defl;

Where, t is the time step index (monthly); “a” leetindex of the ADU, and)ef,{; is the deficit for
ADU a at month t with a return period T* lower th@n
Subject to:

B.2.1. Supply of demand:

(Eq.B.2) SU,,=DU,, Vuct
(EQ.B.3) SA,. = DA, — Defl, — Defl; va,t

Where SU and SA are the volume of water suppliezhah time step to u and a respectively; DU and

DA are the demand of the ADU “u” and ADA “a” atdspectivelyDef,, is the variable allowing a 5-

year deficit;Def,] . is the variable accounting for the extra defisiéiothe allowed 5-year deficit one.

B.2.2. Deficit frequency constraint:

(Eq.B.4) If Defl, = 0then DC, = 1 else DG=0
(Eq.B.5)  %,»DC,,/N < 1/T

Where DC is the annual deficit indicator of therygg N is the total number of years, and T is the

return period fixed by the legislation for an adedye deficit.

B.2.3. Supply and resources balance:

(Eq. B. 6) Vt,n = Vt—l,n + It,n + Dt,n - SUt,n - SAt,n + Rt,n - Et‘nV t, n

Wheren is the number of indices of the node; | is thenthly inflow at node n; D is the discharge
from n; Vis the volume of the reservoir; R is tridume released from the reservoir (only reservbir a
nl else V=0 and R=0, at t=0 with set Vi=19.7 M7).

B.2.4. Environmental flow constraints:

(Eq.B.7) D¢p =E;, Vtn

Where E is the level of the in-stream environmefita¥ requirements at n.

B.2.5. Reservoir constraint:
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(Eq.B.8) Vmax,; = V;,; = Vmin Vt

Where Vmin and Vmax are the minimum and maximunurn@ of the reservoir at nl.
B.2.6. Return:

(Eq-B.9) R,;= YuSUy; XMCRU,,+ Y.SA.; X MCRA,, Vtn
Where MC_RU is the connectivity matrix connectifg return from a supply SU of an UDU to a

node n (respectively ADU).

B.2.7. Evaporation from the reservoir

(Eq.B.10) Ap=axVyp+b Vn

Aen+Ar-1n _ ERgp
(Eq.B.11)  EVy, = S22t x —4 g p

Where a and b are two parameters defined by lireggiession; A is a positive variable presenting the
area of the reservoir (in Kncalculated from the Volume V of the reservoir; ERthe monthly
Evaporation Rate defined in mm and therefore dividg 1000 to calculate the evaporation in Mm
directly.

B.2. Least-cost river basin optimisation model:

The precedent equation are either maintained oifradds indicated below.

Objective function:

(Eq.B.12)  Minimise [[ =[] + M x[]p

Where:[] is defined in Eq B. 1; M is a very large positivenmber, higher than the sum of the cost of
all the other measures;

(Eq B. 13) HC = ZmAm XCm + ZthVm,t X VCm,t /N

Where, m is the index of the measures; A the activation binary variable; C the equivalent annual
fixed cost of the measure; V the volume of water coming from the measures (only for ground
water and desalination projects); VC the variable cost of the measures proportional to the
volume. (The equation below presents a detailed version of this equation)

(Eq.B. 14) [lc =YmaAAma X CApg + YnmuAUp, X CULy +ngw AGW,,, X CGW,,, +
Zmds ADSmds X CDSmdS + Zthgw VGWgw,t X VCGWgw + Zt Zmds VDSmds,t X
VCDS7ds
Where, mu, ma, mgw and mds are indices of the messaf urban or agricultural demand,

groundwater or desalination project respectivelg;time step (monthly) index; AA, AU, AGW, ADS
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are binary activation variables of the measuresmay,mgw and mds; CU, CA, CGW, CDS are fixed
equivalent annual cost (€) of mu, ma, gw, mds retspady; VGW and VDS are the volume of water
in Mm*month of the measure mgw and mds respectively; WCGBd VCDS are the variable costs of

the measures gw and mds in €/ Mm3/month dividechbytdtal number of year N of the optimisation.

Subject to:

B.2.1. Demand and supply side measures

(EQ.B.15)  SUpy = DUty — Smu AU X VUpg ¢ X CM_U_MUprg
- z VGWqyy ¢ X CM_GW Uy gupas — z VDS ¢ X CM_DS_Upgs V6 U

mgw mds

(Eq. B. 16) SAta = DAra — ZmaAAma X VAmg X CMay, = Defl, — Deff;vt,a

Where SU and SA are the supply of u (a respeciiadter the activation of the measures; VU and VA
are water saving (Mimonth) for mu or ma respectively; CM_U_MU is a @entivity Matrix
between the “mu” and the demand “u” (Respectively @_MA); CM_GW_U: Connectivity Matrix
between the measures “mgw” and the demand “u”, ®esely CM_DS_U.

B.2.2. Desalination measures:

Capacity and activation constraint: limits the afyaof the desalination plant and the availabilify

water to connectable UDUs.

(Eq.B.17) Y VDSmase X CM_DS_Upgsu < ADSpgs X CapDSygs  Vt mds

Where CapDS is the maximum capacity of a desatingilant mds.

B.2.3. Groundwater measures:

Capacity and activation constraint: limits the @peaof the groundwater project and the availapilit
of water to connectable UDUs.

(Eq.B.18)  Xmgw VGWpgw,t X CMLMGW_GW < AGWj,, X CapGWy,, Vt,gw

Where CapGW is the maximum capacity of a groundwaigect gw.

B.2.4. Exclusivity constraint: ensures the mutual exclirgief groundwater projects

(Eq.B.19)  Ygu AGW,,, X MC_Excl GW_GW < 1
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Where MC_Excl_GW_GW is a matrix ensuring the mutxalusivity of groundwater projects.
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Appendix C: Result of the calibration and validation of the hydrological model on the 11 sub-river
basins of the Orb river basin.

The results of the validation and calibration af Hydrological model indicate variable calibratand
validation quality (Table A and Figure A) that werensidered good enough overall to be able to use
the model for climate change impact studies. Omotie hand, the difference between simulation and
observation is due in part to some inconsistencthefnatural flow restoration. Water demands to
meet urban and agricultural supply are considecedirate enough at the monthly time-step to be
added to observed river discharges. On the othed,the difference could be also partially due to
surface water seepages that recharge the calcamgaifers further downstream in the basin. Indeed,
the statistics indicating the poorest performanc&able A are obtained for the sub-basins, where
these surface-groundwater interactions are proktiel\cause of the significantly lower specific rive
discharges (05, 08, 010 and 012). This is linkethéocoarse description of the surface-groundwater
interactions due to the lack of relevant data ithsa complicated geological context. Applying madel
able to simulate groundwater dynamics or streanif@ginteractions should improve the quality of
the modelling. However, this raises the need tamemqmew data particularly in order to quantify the
part of the river flow that disappears undergroimithe sink holes specific to limestone regions.
Finally, the validated models for each of the sabiis were used to simulate the natural river
discharge at their respective outlets, using tistohical climate data for the baseline period (3971
2000) and inputs from the downscaled ARPEGE clinsatmnario for the future period (2046-2065).
The obtained discharge time series were then iatedrin the water management model constructed at
river basin scale.
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Figure A Comparison ofsimulated and observed annual flow discharges anainfall at the 11

sub-river basin from 1968 to 2007(The model is run at the monthly scale but only annual data are

represented)

Sub-basin o1 02 M4  O4 J3 05 v3 06 08 010 012
Warm up 1968-1969

Calibration 1970-2001 | 197(-1992 1970-2001

Nash (Q) 0.86 0.89 0.75 0.78 0.85 085 0.800.72 0.55 0.460.36
RMSE (mm) 23.8 19.8 20.2 240 28.2 282 26.1194 28 31 34
Validation 2002-2007 | 199:-1995 2002-2007

Nash (Q) 093 0.80 047 054 080 0.72 0.780.40 0.69 0.580.40
RMSE (mm) 16.5 29.3 421 505 2938 1.8 25520.8 1.7 20 24

Table A Calibration and validation performances of the hydological model by sul-basins
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Appendix D: Demand assumption descriptions

Future urban demand scenario:

The estimation of the future urban demand for deoimegater supply relies on the following main
components: the demographic growth, the price déryalimate change or urban water savings. The
main assumption presented in section 3.2 and 2able further detailed below. More information can
be consulted in the report: Vernier, M. and RinadBo2012) Scénarios d’évolution de la demande en
eau potable a I'horizon 2030 dans I'Ouest Hérdriétpport BRGM/RP-61317-FR. BRGM, Orléans,
France. 51 pp http://infoterre.brgm.fr/rapports/&E317-FR.pdf (In French)

Demographic growth:

Between 1990 and 2007, the average demographictlyrmate in the French region Languedoc-
Roussillon, where is located the Orb river basiasW.13%, the highest in France (0.52 % in average)
The French National Institute of Statistics andrigpuic Studies (INSEE, model Omphale) projected
that this growth rate will continue until 2030 eviérit will get closer to the other regions. Thadl
demographic growth rate has been established atlitlieg area” scale (group of municipalities
sharing resources, “basin de vie”) to harmonizealldgnamics (1% in average).

Water price:

The current trend in an increase of the price adewévolumetric part) is assumed to continue giving
the aging of infrastructures and the need to fieatfeir replacement, but as well due to the
strengthening of the environmental and health latiis on the supply of water. From 2004 to 2008,
the price of water has increased by 3.3 % per ydagreas the consumer price index increased by 1.9
% per year. The price of water has then increaasigif than inflation at a rate of 1.4%. By projegti
this rate, the increase in water price in 2030keen established at 30%. This increase is expszted
act as an incentive to decrease household watesupgstion and is taken into account in the

econometric model (section 2.2.1).

Climate change impact:

The increase in maximal temperature (+ 1.5 to Zn°@nnual average) is expected to contribute to the
increase in household water demand by increasingesoutdoor water uses (swimming pool
evaporation, garden irrigation) and indoor use®\&rs). In the absence of further data about the
magnitude of this increase on the study area, wk the 2003 summer heatwave consumption as a
first proxy to estimate the impact of climate char@n urban water demand. During this year, the
water consumption increase by 13 % in comparisothéo6 precedent years with an increase in
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maximum temperature of more than 4 degree (+ 20 $inmer). Therefore we assume an increase in

the annual average water consumption of 6.5% ad® &b in summer.

Water savings:

Between 2004 and 2008, household water consumgpti&nance has decreased by 2 % per year and
per habitant to reach 151 liter per capita per TGag. decrease corresponds to a change in the fgnden

until 2004, when water demand increased by 1 %year per habitant. Over the planning horizon, if

we assume that this new trend will continue thisildolead to a decrease of 14 % in water

consumption. The price increase could explain up fdth of this increase (given the econometric

model developed), the rest being due to technabgmprovement of water devices and voluntary

water savings. If we deduct as well the decreaseater consumption due to the decrease in the
number of people per household (from 2.2 to 2 peger household between 2008 and 2030), the
water savings due to technological change and tadynvater savings are estimated to 10%.

Other non-domestic water consumptions increases hagn taken as proportional to the population.
The efficiency of the water network distributionrshzeen assumed as constant, one of the measures of

adaptation being to improve this efficiency.

Future agricultural demand scenario:

The hypotheses underlying the definition of thei@dtural demand scenario rely on the consultation
of experts and grey literature at the local redi@mal national scale. Future cultivated and iregat
areas have been assessed in the case study dneiddtap a coherent development scenario for the
river basin. This scenario assumes an increasgijgated area by a factor of 4, mainly due to the
development of irrigated vineyard from the curr8nB800 hectares to more than 17 000 hectares.
However, this increase relies on assumptions oratadability of water resources, public subsidies
and land use planning. Clearly, this scenario sapres the development wanted by the agricultural
sector without considering the limitations of watesources. The possibility of such development and
its cost in terms of adaptation is discussed inrés¢ of the paper as a trade-offs between theafost
the programme of measures and the level of irribaggiculture (section 4.4.1).

More information is available on the report Maton, Kirard, C. and Rinaudo, J.D., 2012. Evolution

des besoins en eau d'irrigation a I'horizon 2030sd&uest de I'Hérault Rapport BRGM- RP - 61323
- FR. http://infoterre.brgm.fr/rapports/RP-61323:p& (In French)
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Areain ha
Irrigated crop 2006 2030 Variation
Cereals 729 875 20%
Oil seeds and protein
plants 339 407 20%
Fodder 242 290 20%
Market gardening 1003 2007 100%
Orchards 473 402 -15%
Including olive trees 100 237 137%
Other 166 52 -69%
Irrigated vineyard 3367 17757 427%
Total irrigated 6420 22027 243%

Table A Assumptionson the changeinirrigated crop areainthe orb river basin
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*Highlights (for review)

Highlights:

An interdisciplinary modelling framework is presented to analyse the effects of global
change on water resource systems at the basin scale.

Present and future urban and agricultural water demands, as well as climate change
scenario, are integrated into a river basin management model.

Future supply and demand management measures are selected using least-cost
optimisation.

Trade-offs between the cost of adaptation measures, irrigated agriculture development,
and environmental requirements are quantified.

Insights to improved integrated water management at basin scale through
interdisciplinary modelling are provided.
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Table 1

Demand (Mm®)  Urban Agricultural Environmental  Total Resources Demand/resources

(Mm?®) (%)
Baseline 19.2 11.6 43.0 73.8 374° 19.7 %
Baseline b
. 7.8 10.8 14.5 33.1 55 60.2 %
summer
Future 21.9 28.3 43.0 93.2 276° 33.7 %
Future b
8.9 27.1 145 50.5 40.4 125 %
summer

a. The summer period corresponds to four months in the summer (mid-May to mid-September)

b. In this case, the resources are estimated for a dry year with a 5-year return period at the outflow of the basin

Table 1: Annual and summer water balance of the Orb river basin baseline and future

scenarios



Table 2

Demand Urban Agricultural

25 % of the vineyard is irrigated

. (5% in 2008)
. . - 10 % due to savings
Main assumptions . + 100 % of market gardening
+ 6.5 % due to climate change;
- 50 % of orchards

Constant irrigation efficiency

+ 30 % of water price

Constant household incomes

Table 2 Main assumptions of the demand forecasting models and results at river-basin scale.



Table 3

Sub-basin Ol O3 M4 04 J3 O5 V3 06 08 010 012 Basin

Baseline
Low-Flow (1971- 107 075 015 042 089 003 074 018 005 006 010 452
(Mmiper  2000)

month) Future
(2046- 066 047 010 034 071 002 069 018 003 004 005 341
2065)

Variation -38% -37% -29% -20% -20% -24% 7% -1% -40% -38% -55% -25%

Table 3: 5-year monthly low-flow (QMNAS) by sub-basin under baseline and future
scenarios



Table 4

Maximum Average UDU/AD
I annual volume  annualized U affected
Description of measure : . )
available in unit cost by the
2030 (Mm°) (€/m®) measure
Water conservation measures
(Demand side)
MU1 R_edL_Jctiqn of leaks in urban water 398 0.77 37
distribution networks
Installation of water conservation
MU2 devices (faucet aerators, shower flow 0.36 0.56 62
reducer, etc.) by households
MU3 Wat_er consumption audits _for single 0.5 116 62
family houses and change in appliances
MU4 Szﬂwse as U3 for multifamily housing 051 164 33
Installation of automated reading
MU5 meters and use of seasonal water tariffs 0.83 0.66 62
to reduce peak season demand
Installation of water saving devices in
MU6 hotels (faucet aerators, toilet flushes) 0.04 0.61 20
Water consumption audits of campsites
and holiday parks. Installation of low
MU7 flow flushes / showers, leakage 0.18 1.55 10
detection in campsite distribution
network, etc.
Replacement of water intensive
MU8 landscapes with xeric vegetation 0.59 0.68 62
(public gardens)
MU9 Re_pl_ac_:ement of irrigated lawns with 0.43 195 7
artificial turf for sport grounds
Conversion of gravity irrigation
MA1 systems to pressurized / sprinkler 0.81 0.16 7
irrigation
Development of drip-feed irrigation at
MA2 farm level in all pressurized irrigation 1.56 0.54 11
systems
Capacity expansion measures
(Resource side)
Substitution of water intakes in the
GW River Orb (and alluvial aquifer) by 1.00 1.89 5
other groundwater resources
Substitution of water intakes in the
DS River Orb by desalinated water (coastal 3.60 1.22 2

municipalities)

Table 4: Main characteristics of the adaptation measures



Table A

Sub-basin o1 02 M4  O4 33 O5 V3 06 08 010 012
Warm up 1968-1969

Calibration 1970-2001 1970-1992 1970-2001

Nash (Q) 086 089 075 078 08 08 080 072 055 0.46 0.36
RMSE (mm) 238 198 202 240 282 282 261 194 28 31 34
Validation 2002-2007 1993-1995 2002-2007

Nash (Q) 093 080 047 054 080 072 0.78 040 0.69 0.58 0.40
RMSE (mm) 165 293 421 505 2938 18 255 208 17 20 24

Table A: Calibration and validation performances of the hydrological model by sub-basins.
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