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Chapter 1

Introduction

1.1 Impacts of Land and Water Management

Since CRUTZER & STOERMER brought up the term “anthropocene” for the first time
in 2000, it has become a widely used expression to emphasize the large impact human
activities have on the earth and atmosphere in our current geological epoch (BRITISCH

GEOLOGICAL SURVEY 2020, SIMPSON et al. 2019, SUBRAMANIAN 2019). With regards
to the earth’s surface, humans have by now induced land cover change on 18-29% of
the ice-free land surface while an even larger part, 42-58%, has not been transformed
but is still somehow managed to satisfy human needs (LUYSSAERT et al. 2014), see
the global extend in figure 1.1.LETTERS NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE2196
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Figure 5 | Spatial extent of land cover change, land management, wilderness and non-productive areas (Supplementary Section 2.3). Wilderness and
non-productive areas are shown in green and represent land largely unaltered by humans. The remaining land is used for producing food, fibre and fuels,
and for hosting infrastructure. The colour scale represents the fraction of each grid cell for which the original plant cover was converted. Dark colours
indicate regions where most of the original plant cover was converted; these regions are the subject of typical land cover change studies. The light colours
show areas for which land cover change is low, but which are nevertheless under anthropogenic land management.

model increases the temperature range, both positive and negative.
Across site pairs, increases in albedo were found to correlate with
decreases in sensible heat flux (Fig. 3a) and thus a decrease in
PBL height (Fig. 4b; Pearson correlation, p< 0.01). However, the
relationship between land use intensity (based on the change in
albedo) and change in equivalent temperature in the PBL did
not hold (Fig. 4c, p= 0.33). Larger ranges and loss of correlation
illustrate the complexity of the effects of land use change on
atmospheric temperature19, or the plausibility of the current PBL
model, which does not capture any cloud or advective processes28.

Our results demonstrate, however, that the human influence
on climate will not be represented adequately over vast areas of
the land surface when LMC remains unaccounted for in models
(Fig. 5). Similar to recent reconstructions of LCC that enabled
historical and contemporary climate effects of LCC to bemodelled29,
accounting for LMC requires the development of spatially explicit
global reconstructions describing the type and intensity of LMC.
In conjunction with global reconstructions, the structure of global
land surface models needs to be adjusted to incorporate key species
and cultivars rather than relying on plant functional types; 3D
or effective canopy structure rather than big leaf approximations;
and possibly using within-canopy momentum models rather than
applying coarse assumptions on the zero plane displacement height.
Furthermore, the effects of fertilization, irrigation and grazing
on canopy structure, and vegetation and background reflective
properties should be accounted for.

The similarity between LCC and LMC sheds new light on the
attribution of responsibilities in climate change. Historical LCCs
such as in Europe and the USA are penalized less in political
negotiations than recent cover changes in Latin America and
Southeast Asia. The rationale is given by physical laws, which result
in earlier emissions being largely transferred from the atmosphere
to the ocean and land carbon pools30. Our results suggest that for
a comprehensive assessment of human influences on climate, the
effects of LMC have to be taken into account—that is, the climatic
effects of recent intensification of LMC without cover change, such
as the Green Revolution in Europe, US, China and India. The

large biophysical effects of both LCC and LMC found in this study
call for further extending the attribution of climate change from
the prevailing greenhouse gas perspective to include biophysical
effects8. Better understanding the balance between biogeochemical
and biophysical effects of LMC on radiative and non-radiative
forcing would avoid promoting landmanagement strategies with no
guarantee of mitigating climate change.
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FIGURE 1.1: Spatial extent of land cover change and land management.
The colour scale indicates which percentage of the cell’s land cover
was converted. Areas unaltered by humans such as wilderness and
non-productive areas are displayed in green. Source: LUYSSAERT et al.

(2014).

These modifications entail manifold consequences for almost any of the earth’s
spheres. They influence the global climate system by changing the biogeochemical
composition of the atmosphere and the biogeophysical characteristics of the earth’s
surface (BROVKIN et al. 2013, LAWRENCE et al. 2016). Regarding the biosphere, Land
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Use & Land Cover Change (LULCC), and in particular also the land management
intensity (LAWRENCE et al. 2016, LUYSSAERT et al. 2014), is thought to be one of
the main drivers of global biodiversity loss (HALLMANN et al. 2017, IPBES 2019,
NEWBOLD et al. 2015). The intensification of agriculture has further come along with
a strong increase in irrigation over the 20th century severely affecting the hydrolo-
gical cycle (SIEBERT et al. 2015, WADA et al. 2014). Agriculture is nowadays by far
the largest consumer of water accounting for 69% of global water extractions (FAO
2016a) and contributing to 40% of the global food production (FAO 2016b). Irrigated
agriculture has led, however, to a variety of problems such as soil salinisation, erosion,
reduced water quality and quantity, damage to aquatic ecosystems, groundwater
depletion and salt water intrusion, to mention just a few (DOUGHERTY et al. 1995,
WRIEDT et al. 2009a). Besides, the overexploitation of water resources for irrigation
is considered to be one of the main drivers of water scarcity combined with a rising
population (KUMMU et al. 2010).

Also in Europe, irrigation is a major water consumer accounting for over 60%
of the total water abstractions (WRIEDT et al. 2009a). The Mediterranean region is
particularly vulnerable to water scarcity due to a strong seasonal and spatial precip-
itation variability (RAMOS et al. 2012). According to the Water Exploitation Index
Plus (WEI+), an indicator designed by the European Environment Agency (EEA) to
assess water scarcity across Europe by relating true water abstraction with renewable
water resources (ZAL et al. 2017), almost all European river basins considered water
scarce during summer, i.e. with an WEI+ above 20%, are located in the Mediterranean
(EEA 2018). Many of them reach values way beyond 40%, the threshold indicating
severe water scarcity.

Meanwhile, many studies agree that the Mediterranean region will suffer from
increased water scarcity in the future caused by a combination of higher water de-
mands and a simultaneous reduction of the water availability due to climate change
(FADER et al. 2016, FORZIERI et al. 2014, GAMPE et al. 2016, IPCC 2014a, KONZMANN

et al. 2013, VAUTARD et al. 2014). This implies that the pressure on water resources
in the Mediterranean will increase in the future and lead to an even stronger over-
exploitation of resources which will exacerbate the competition on water uses and
may even raise the risk for conflicts (DU et al. 2014).

As a consequence, it is of utmost importance to find solutions for a sustain-
able management of water resources if we want to guarantee a good quantity and
quality of water in the future for all uses. In Europe, a tool for integrated river
basin management already exists: The Water Framework Directive of the European
Union (EU-WFD) adopted in 2000 (EUROPEAN COMMISSION 2019c). One of its aims
is to promote the sustainable use of water through so called River Basin Management
Plans (RBMPs). But are the existing plans sustainable enough? Are the measures
really effective and adaptive to dynamic changes that lay ahead? And what about the
influence specific measures have on the environment?

To answer such questions, scenario analysis is an indispensable tool. Widely used
in environmental sciences, it allows to test several alternative futures under a set of
simple conditions (VELDKAMP & LAMBIN 2001), analyse their impact and finally be
able to give recommendations on the best management strategies. At present, nearly
all climate change impact, adaptation and vulnerability (IAV) studies working with
scenarios are based on the current Representative Concentration Pathways (RCPs)
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and Shared Socio-economic Pathways (SSPs) promoted by the Intergovernmental
Panel on Climate Change (IPCC), which allow for comparability and consistency.
They provide, however, only global scenarios and storylines which are difficult to
apply to regional studies. Besides, they do not take into consideration the already
existing specifications in the various RBMPs and vice-versa. This is, however, needed
to provide policy relevant information and inputs for further IAV studies. The presen-
ted thesis contributes to closing this substantial gap in land use change and water
resources research.

The downscaling of these global scenarios and the modelling of integrated land
and water use scenarios for two Mediterranean river basins, the Ebro in Spain and
Evrotas in Greece, build the core of this thesis. Integration in this respect means that
both climate and socio-economic projections were taken into account. The down-
scaling was achieved by introducing also recommendations from experts and local
stakeholders into the basin specific scenarios. This information was used to run the
land use change model iCLUE (VERWEIJ et al. 2018) and produce spatially distributed
land use maps for two different scenarios in each of the test sites for the time horizon
2050. The maps were combined with water use statistics and projections reported in
the RBMP, in case of the Ebro, and by the Greek Ministry of Development, in case of
the Evrotas. By this means, it was possible to distribute the official statistics in space
and evaluate the present situation. Furthermore, the feasibility of two opposed future
scenarios was analysed and, in case of the Ebro, also contrasted with the expected
water availability in both scenarios represented by the Climate Moisture Index (CMI)
and already available runoff modelling results.

The river basins presented in this thesis are part of a wider set of catchments
investigated in the EU-FP7 project GLOBAQUA, which deals with the management
of the effects of multiple stressors, such as climate change and land use change, on
aquatic ecosystems under water scarcity (NAVARRO-ORTEGA et al. 2015). The project
provided the thematic frame and funding for this thesis.

1.2 Motivation and Scope of this Thesis

The above mentioned consequences of the over-exploitation of water resources com-
bined with the expected reduction of water availability in southern Europe leads me
to my first hypothesis:

1. Under conditions of climate and land use change, current water management practices
and even long-term RBMPs are insufficient to meet the goals of the EU-WFD in Mediter-
ranean river basins.

In case of the Ebro, the hydrological plans have been repeatedly subject to criti-
cism for being unsustainable: The Spanish National Hydrological Plan of 2001 (Ley
10/2001, 5th of July) - by now overruled - foresaw water transfers from the Ebro
to other regions to promote irrigation (BISWAS & TORTAJADA 2003). The RBMPs
of the 1st (2010-2015) and 2nd (2015-2021) cycle have been largely criticised for not
addressing substantial environmental problems such as the poor water quality, the
inadequate regulation and protection of the delta and the building of new dams
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in the Pyrenees which negatively affect the population, biodiversity, natural flood
protection and water quality (FRANQUET I BERNIS 2009, MARCOS FERNÁNDEZ 2016,
PIÑOLS 2016). Besides, the long-term irrigation plans reported in the RBMP 2015-2021
sum up to additional 47% of irrigated area and a related 30% increase of the water
demand (CHE 2015). Already now, the long-term mean annual WEI+ lies around
21% and is therefore considered to be water scarce (ETC/ICM 2016).
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FIGURE 1.2: Water used per sector [hm3/year] to satisfy the demands
of Spanish river basins for the hydrological year 2016/2017. The
Ebro River Basin is abbreviated with “EBR”. “DUE” stands for Duero.
Source: MINISTERIO PARA LA TRANSICIÓN ECOLÓGICA (MITECO,

2018).

As figure 1.2 impressively demonstrates, the water used for agriculture in the
Ebro, 99% of it for irrigation (CHE 2013, Annex III), exceeds by far the water used
in other Spanish river basins while it is only the second largest catchment after the
Duero (MAPAMA 2007).
At the same time, a study commissioned by the Spanish Ministry for Agriculture,
Fishery, Nutrition and Environment (MAPAMA) recommends to take into account
climate change related runoff reductions in the RBMPs for 2039 of -5% as compared
to the period 1940-2006 in case of the Ebro for a moderate scenario (RCP 4.5) and 9%
in an extreme scenario (RCP 8.5) (CEDEX 2017). For the far future the reductions to
take into consideration are even higher. The consequences of future water scarcity
for the Ebro River basin, highly specialised on irrigated agriculture, can therefore be
expected to be substantial.

In case of the Evrotas, it is difficult to quantify the WEI+ due to a lack of compar-
able data. Nevertheless, it seems to be clear that the irrigation expansion to olive
trees, which has increased the irrigation demand by 70% since the beginning of the
1990s (SKOULIKIDIS et al. 2011), now gives cause for drying out large parts of the
river network during summer which priorly did not (NIKOLAIDIS et al. 2009).
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Trajectories of future land and water use at the basin scale are highly uncertain.
While many assumptions can be and are often easily made, meaningful and reason-
able projections must be embedded in wider narratives of global change to remain
traceable, explainable and logically consequential. However, the methodological
framing to conduct this ambitious task is largely missing. Thus, my second hypo-
thesis addressing the applied method reads as follows:

2. The future projection of land and water uses at the basin-scale requires the downscaling
of global change narratives and the modelling of integrated scenarios of climate and land use
change.

It is important to develop sustainable land and water management practices
adapted to more difficult future conditions and study the impacts of future changes.
As KEBEDE et al. (2018) point out, “site-specific and policy-relevant integrated assess-
ments need information at finer resolution” which the global scenarios defined by
RCPs and SSPs mentioned above, however, are not able to provide.
Many land use and water modelling activities already exist. But why are they not
sufficient to carry out regional or local IAV studies? With regards to spatially explicit
water use or irrigation maps, there are only very few products available that go bey-
ond recording the current state and also providing future projections, as the examples
in chapter 2.5.3 will show. It is further difficult to find datasets taking into account
not only agricultural water uses but also other sectors. Besides, at this stage there
is not a single product including simulations for several different future scenarios
which are necessary to carry out scenario analyses. In addition, the definition of
the scenarios does not follow the RCP-SSP-scenario framework, which was a main
objective of the GLOBAQUA project and of the present study. The situation is better
for land use/cover simulations since the Land Use Harmonization 2 (LUH2) dataset
is available that provides future simulations for most RCP-SSP combinations (HURTT

et al. in prep.). However, being a global dataset, the resolution is too coarse for
detailed analyses at the basin-scale or below. This equally applies to most available
water use or irrigation maps.

Besides, the uncertainty of future land use projections across models is substantial
(RIAHI et al. 2017). ALEXANDER et al. (2017) come to the same conclusion both for
global and European land use models as figure 1.3 illustrates. The differences in
absolute values already for the historic period for cropland, forest and especially
pasture displayed in the upper part of the figure are noticeable. Also after normal-
ising the starting point to historic Food and Agricultural Organization of the United
Nations (FAO) values, the spread of results from different models and scenarios
remains remarkable. These discrepancies are caused by different model assumptions
underlying global land use models (POPP et al. 2017). MEIER et al. (2018) report
that large differences exist also between global irrigation maps. For this reason, it is
necessary to downscale global scenarios and model them at smaller scale to be able
to adapt them to the local characteristics of each study area.

The third hypothesis results from this requirement:

3. Combining sectoral water use statistics with land use change models provides an
efficient and transferable method to deliver projected water use maps as planning tools for
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condition delta has been calculated based on the 2010

baseline area, and therefore, 100% of the fraction of

variance is associated with it at that point. The faction

of variance associated with the initial condition, in gen-

eral, decreases over time. For global pasture and forest

areas, the initial condition remains the most important

factor over all time periods.

There is a discontinuity in the results between 2050

and 2060 (Figs 3 and 4) because a number of model

results end at 2050. A similar but less substantial effect

also occurs between 2080 and 2090 for European data.

These effects were removed by rerunning the analysis

using only scenarios that extend to 2100 (Figs S1 and

S2), but at the expense of removing approximately half

(39 of 75) of the available scenarios. The model results,

and therefore the analysis, do not change for the period

2060–2100 for global areas and from 2080 in the Euro-

pean data, as no model scenario ends during these peri-

ods. In the period prior to 2050, European and global

cropland has more variance associated with socio-eco-

nomic scenario variables when only using results that

extend to 2100, while pasture and forest variances are

largely unchanged.

Sources of variability

The variables characterizing the scenarios (Table S3)

have a relatively low fraction of variance for all land

cover types, and particularly for the global pasture and

forest projections (Figs 3-ii and 4-ii). The fraction of

variance for the model characteristics was similar to, or

higher than, that for the variables used to characterize
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FIGURE 1.3: European land cover modelled with 16 models over a
total of 64 scenarios for the EU27 member states. The absolute areas
are shown in (i) and the areas scaled to match the historical data in

2010 are shown in (ii). Source: ALEXANDER et al. (2017).

users and policy makers.

Being developed at the global scale, the datasets and scenarios described in chapter
2.5.2 and 2.5.3 are not able to include more detailed information on the special charac-
teristics of the study area, such as local stakeholder knowledge or basin-specific water
use statistics. As a consequence, they lack local relevance and may be meaningless as
policy support since they do not refer to the RBMPs and consequently neither to the
EU-WFD. Since official water statistics are, however, available for the GLOBAQUA
case studies, the attempt was made to use this information for making a point on the
sustainability of the adopted plans in each of the case studies.

The scope of this study is therefore to provide spatially explicit land and water
use maps, differentiated by sectors, that match the following criteria:
a) meet the methodological standards of the climate and water research community
b) utilize the RCP-SSP scenario framework to develop and provide regional scenarios
of global change at the river basin scale
c) comply with the regulatory framework of the EU-WFD.
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1.3 Structure of this Thesis

As shown in figure 1.4, the scenarios modelled rely on the global RCPs and SSPs
which were further regionalised to meet the characteristics of the GLOBAQUA pro-
ject. Besides, the regional EURO-CORDEX climate data, again realisations of the
RCPs, were downscaled and bias-adjusted as part of the GLOBAQUA project and
served as input to the land use modelling with the iCLUE model. The basin specific
scenarios, defined through local stakeholder workshops carried out by a project
partner, provided useful information for the parametrisation of the land use model,
in particular for the future land use demand, see chapter 5.2. A further important
part of this thesis is the derivation of water use maps by using official water use
statistics, described in chapter 5.4. The resulting land and water use maps can be
found in chapter 7. Finally, for the Ebro the attempt is made to compare the water
use maps to the expected water availability represented by the CMI and spatially
distributed runoff modelled by a GLOBAQUA project partner, see chapter 7.8 and
HUBER GARCÍA et al. (in prep.). To test the transferability of the approach, it was also
applied to the Evrotas. The results of this validation experiment are summarised in
chapter 8. Chapter 9 provides a reflection on the research objectives and hypotheses
differentiating between Ebro and Evrotas. Besides, it discusses the transferability
of the approach in space and scale and gives some final recommendations for the
EU-WFD.
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Chapter 2

Framing this Thesis

2.1 Definition of Important Terms

There are several terms repeatedly coming up in this thesis that have to be clarified
first:

Water scarcity is the imbalanced relation between the water needed to satisfy the
demand of different human activities (drinking, irrigation, industry etc.) and the
availability of exploitable water (ZAL et al. 2017). It is closely related to the con-
sequences of water management (FAERGEMANN 2012, ZAL et al. 2017).

Water demand is the quantity of water of a specific quality required for different
human activities assuming that water availability is not a limiting factor. This is
therefore a theoretical term that is estimated or calculated (FAERGEMANN 2012).

Water use is used hereafter as synonym for water demand as the exact definition of
these terms is often unclear. According to FAERGEMANN (2012) it is rather a syn-
onym for water consumption, i.e. the consumptive use of water. Other authors like
GONZÁLEZ-CEBOLLADA 2016 understand ‘water use’ as the water withdrawn from
the system and used for various purposes, out of which a share may return to the
system.

Water consumption is the water consumed by the end users. This excludes the water
going back into the system such as return flows from agriculture or recycled water
(FAERGEMANN 2012).

Land cover summarises all properties of a land surface at a given location (e.g., bio-
physical, morphological, topographical) and is usually described by the vegetation
growing at this point and the soil characteristics (rocks, sand etc.) (PONGRATZ et al.
2018).

Land use: relates according to PONGRATZ et al. (2018) “to the purposes or functions
that humans assign to a given location and how humans interact with the land”.
‘Land cover’ and ‘land use’ are often not clearly separated in the literature. This is
also the case for the CORINE Land Cover (CLC) datasets often referred to hereafter
which mixes land covers like various forest types and ‘sclerophyllous vegetation’ with
‘permanently irrigated land’ or ‘sport and leisure facilities’, which clearly indicate
land uses. For the purpose of the present thesis I stick to the term ‘land use’ to describe
the result maps.
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For the present thesis, I will stick to the unit hm3, i.e. 1 x 106 m3, for total water
volumes (demands, renewable water resources) widely used in water management.
The final water use maps are in mm/y to allow for comparability with spatially
distributed variables of the water balance such as precipitation or modelled runoff.

2.2 The EU Water Framework Directive

Land and water management is greatly influenced by various regional, national or
international laws and policies. An important tool is the Water Framework Directive
of the European Union (EU-WFD) adopted in 2000 that promotes the sustainable
use of water “based on a long-term protection of available water resources” and
“gives priority to environment conservation through participatory and consultative
programs” (EUROPEAN COMMISSION 2007, EUROPEAN COMMISSION 2019c). The
directive initially aimed at achieving a good qualitative and quantitative status of all
ground and surface waterbodies in Europe by 2015. As part of the a EU-WFD, river
basin districts were established as planning units which means that water manage-
ment is carried out according to the natural geographical and hydrological boundaries
of a river basin, rather than administrative borders (EUROPEAN COMMISSION 2019b).
Individual River Basin Management Plans (RBMPs) collect all the measures to be
applied in order to achieve the aims of the EU-WFD (RICHTER et al. 2010). They are
specially geared to the needs of each river basin. In 2009, the first management cycle
started establishing also the first RBMPs which have to be revised and updated every
six years, see the timeline in figure 2.1.Figure 1: Implementation timeline for the 

Water Framework Directive 

Period during which Water
Framework Directive objec-
tives are to be met

Implementation of 
programmes of measures

Establishment of river ba-
sin management plans and
programmes of measures

Establishment monitoring
programmes

Characterization 

Milestone  Deadline Work step

Final deadline for implementation of the
Water Framework Directive objectives

Beginning of third river basin 
management plan period 

Environmental objectives achieved. 
Beginning of second river basin 

management plan period 

Implementation of the relevant 
measures

Establishment of river basin management
plans and programmes of measures. 

Beginning of first river basin management
plan period 

Monitoring programmes ready 
for implementation 

Characterization results

Legal transposition 

Effective date of the Water 
Framework Directive

Dec. 2027

Dec. 2021

Dec. 2015

Dec. 2012

Dec. 2009

Dec. 2006

Dec. 2004

Dec. 2003

Dec. 2000

FIGURE 2.1: The implementation timeline of the EU Water Framework
Directive. Source: RICHTER et al. (2010).
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Generally speaking, substantial efforts have been made to implement the EU-WFD
and improvements are visible all across Europe (EUROPEAN COMMISSION 2019a).
Nevertheless, by February 2019 less than half of all European surface waters were
in good status and the achievements very heterogeneous. This shows that the path
towards full compliance of the EU-WFD until the end of the third cycle in 2027, which
was set as final deadline for reaching a good water quality and quantity status, is
now very challenging (EUROPEAN COMMISSION 2019d).

2.3 The Water Exploitation Index Plus

The Water Exploitation Index Plus (WEI+) introduced in 2012 is one of the main
indicators that the European Environment Agency (EEA) uses to regularly assess
water scarcity across Europe as insufficient water quantity is one of the main issues
which Europe has been encountering (ZAL et al. 2017). The aim is to inform policy
makers on the severity of water scarcity. It is calculated as follows:

WEI+ =
Abstractions− Returns

Renewable Water Resources
(2.1)

Abstractions are the totality of water withdrawn from freshwater resources for
human uses and returns the water returned back to the environment, usually accom-
panied by a certain decrease in quality (ZAL et al. 2017). The difference between
abstraction and return is referred to hereafter also as “water consumption” see chapter
2.1. Regarding the denominator of the equation, there are several ways to define the
renewable water resources depending on the data availability. The easiest is to set it
equal to the natural outflow of a given territory (FAERGEMANN 2012) which was also
done hereafter.
The WEI+ can be calculated for various spatial units and also for any desired time
frame such as annual averages as well as on seasonal or monthly basis (ZAL et al.
2017). So far, there are no commonly agreed thresholds, so the ones proposed by
RASKIN et al. (1997) are used where a water consumption to resource ratio above 20%
indicates water scarcity whereas values above 40% designate severe water scarcity.
The policy relevance of the WEI+ is high, particularly in light of the EU-WFD which
requires Member States to promote the sustainable use of water (FAERGEMANN 2012,
ZAL et al. 2017). Nevertheless, until now no formal quantitative targets have been
pronounced in relation to the WEI+ (ZAL et al. 2017).

2.4 The GLOBAQUA Project & its Case Studies

The GLOBAQUA project was designed to analyse how future water-related manage-
ment practices and policies, in particular the EU-WFD described in chapter 2.2, need
to be adapted “to minimise the ecological, economical and societal consequences of
ongoing global change” (NAVARRO-ORTEGA et al. 2015). More precisely, the project
focused on the impacts multiple stressors have on aquatic ecosystems, such as for
example changes of land and water use (NAVARRO-ORTEGA et al. 2015).

The project was funded by the European Union 7th Framework Programme
(EU-FP7) and ran from February 2014 to January 2019. Under the title “managing
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the effects of multiple stressors on aquatic ecosystems under water scarcity” GLOB-
AQUA gathered an international and interdisciplinary team of researchers from
various fields such as hydrology, chemistry, biology, geomorphology, economy and
sociology.

To investigate the value of different adaptation measures, various GLOBAQUA
specific integrated scenarios were developed for the future and the implications
for interlinked multiple stressors simulated (NAVARRO-ORTEGA et al. 2015). The
spatially distributed land use and water management scenarios developed as part of
this thesis and described hereafter were the basis for the whole modelling chain.

The GLOBAQUA case studies included six river basins in Europe and Northern
Africa displayed in figure 2.2: The Adige in Italy, the Anglian in the UK, the Ebro
in Spain, the Evrotas in Greece, the Souss-Massa in Morocco and the Sava in South-
eastern Europe. Out of these, the experimental and modelling activities in the project
focused on the ones located on the European continent. Consequently, site-specific
land and water use scenarios were developed for the Adige, Ebro, Evrotas and Sava
taking into account the very divergent characteristics and scales of each river basin.
The present work will focus on the scenarios developed for the Ebro, a rather large
river basin covering 85000 km2, where the implementation showed good results. The
Evrotas, with 2410 km2 considerably smaller, was as validation site to demonstrate
the spatial and multiscale transferability of the applied methods. The data availability
is good for both river basins and they share characteristics such as the predominant
Mediterranean climate and the high water use for irrigation. For the Adige and
Sava, the derivation of water use maps did not work as well due to missing data
or inconsistencies described in HUBER GARCÍA et al. (2018), which is the reason the
results will not be presented hereafter.
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FIGURE 2.2: The GLOBAQUA case studies. The darker colour indic-
ates the experimental study areas.

2.5 State of the Art

Modelling allows testing different hypotheses or scenarios and is therefore one of the
key elements in climate impact research. The lack of spatially distributed and high
resolution data is, however, a common problem among modellers that often limits
the explanatory power of the model outcomes. This is even more the case when ana-
lysing scenarios as projections for many variables are often missing. The input data
needed to run a model vary substantially depending on the study’s purpose, whereas
land and water use information is usually indispensable for environmental studies
(HUBER GARCÍA et al. 2018). The following chapters give an overview of current land
and water use modelling activities as well as of scenarios used in environmental and
climate sciences.

2.5.1 Scenario Development

As stated by MOSS et al. 2010, “the goal of working with scenarios is not to predict
the future, but to better understand uncertainties in order to reach decisions that
are robust under a wide range of possible futures”. In the last decades scenarios,
and in particular global long-term scenarios, have become an indispensable tool in
climate change and environmental research to analyse complex systems and possible
future developments (O’NEILL et al. 2017). In fact, as VAN VUUREN et al. (2014)
point out, it is necessary to apply a common set of scenarios in the research com-
munity analysing climate change IAV to facilitate the integration between research
disciplines, simplify the access to literature independently from the discipline, scale
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or region and provide a valuable basis for scientists that do not have the capacities
to develop their own scenarios. Many of the well-known international institutions
have also used alternative futures for their analyses resulting in some of the most
prominent sets of scenarios of the past years such as the United Nations Environment
Programme (UNEP) Global Environment Outlook (GEO) scenarios (UNEP 2004), the
Millenium Ecosystem Assessment (ALCAMO et al. 2005) or the IPCC Special Report
on Emissions Scenarios (SRES) (NAKICENOVIC et al. 2000). The latter ones have
provided the basis for climate model projections in Phase 3 of the Coupled Model
Intercomparison Project (CMIP) (MEEHL et al. 2007) and a wide range of climate
impact studies that have found entrance into the IPCC Fourth Assessment Report
(NAKICENOVIC et al. 2000). Similar to previous scenarios, the SRES scenarios were
developed following a forward approach handing on the results from one research
community to the next: Socio-economic scenarios were developed first to further
derive emission scenarios which provided the basis for radiative forcing and climate
modelling. Finally, the climate scenarios were used to carry out IAV studies (MOSS

et al. 2010). This, however, is a lengthy process that leads to inconsistencies in the
results of the different research groups due to time delays (MOSS et al. 2010).

FIGURE 2.3: The parallel scenario development process. Source: MOSS
et al. (2010).

Slowly, the SRES scenarios started to become outdated with more and more new
data and observations being available. Besides, the interest in climate scenarios that
analyse also possible mitigations to climate change was huge, a feature that the ‘no
climate policy’ SRES scenarios did not address (MOSS et al. 2010). Eventually, in
2006 the IPCC called on the research community to develop a new set of global integ-
rated scenarios following the IPCC’s principle of being policy-relevant without being
policy-prescriptive (IPCC 2010, MOSS et al. 2010). To overcome the disadvantages
of the old forward approach, the new generation of scenarios was developed using
an inverse and parallel approach, see figure 2.3, where the interesting outcomes for
climate change research were identified first (O’NEILL et al. 2014, VAN VUUREN et al.
2014). This means, that the process started with the selection of four scenarios of
future radiative forcing from literature which represent alternative trajectories of the
concentrations of greenhouse gases and aerosols in the atmosphere (VAN VUUREN

et al. 2011). The actual levels of radiative forcings were modelled with Integrated
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Assessment Models (IAMs) resulting in the new Representative Concentration Path-
ways (RCPs) (VAN VUUREN et al. 2011). They are expressed as the relative change in
radiative forcing between the year 2100 and pre-industrial times (year 1750) in net
energy flux into the climate system per unit of area (KEBEDE et al. 2018). A new cent-
ral feature of the RCPs is that they are not linked to a specific set of socio-economic
conditions, “but can result from different combinations of economic, demographic,
policy and institutional futures” (MOSS et al. 2010). The word “pathway” was further
chosen deliberately to emphasize that apart from the long-term concentration also
the trajectory over time is of interest (MOSS et al. 2010). In the second, parallel phase
of the scenario development process, sketched in figure 2.3, climate modelers pro-
duced RCP-based climate change projections as part of CMIP Phase 5 (O’NEILL et al.
2016, VAN VUUREN et al. 2014) which were the basis for the IPCC Fifth Assessment
Report (IPCC 2013). At the same time, alternative future societal scenarios were
developed in a collaborative effort by researchers of various disciplines (MOSS et al.
2010, O’NEILL et al. 2016). The resulting five qualitative storylines, the so called
Shared Socio-economic Pathways (SSPs), were modelled with IAMs and are com-
posed of qualitative and quantitative elements (O’NEILL et al. 2017).

FIGURE 2.4: The five Shared Socio-economic Pathways (SSPs) in their
‘challenges space’ with different levels of mitigation and adaptation

challenges. Source: O’NEILL et al. (2017).

The SSPs “describe plausible alternative trends in the evolution of society and
natural systems over the 21st century at the level of the world and large world regions”
and are supposed to serve a wide range of research disciplines (O’NEILL et al. 2014).
Unlike the old SRES scenarios, they are designed to represent societies with different
levels of mitigation and adaptation challenges without considering climate change
explicitly, see figure 2.4 (O’NEILL et al. 2014). These storylines were accompanied
by tables summarising the assumed developments of key elements of the SSPs in
the fields of demographics, human development, economy & lifestyle, policies &
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institutions, technology and environment & natural resources. Examples for these ele-
ments are population growth, inequality, globalization or energy intensity (O’NEILL

et al. 2017). Meanwhile, the IAM community started to quantify socio-economic
variables based on the SSPs including also emission scenarios and changes in land
use/cover for different countries (O’NEILL et al. 2017). Some of their results such
as Gross Domestic Product (GDP) and population growth projections are now avail-
able at country level through the SSP Database (https://secure.iiasa.ac.at/web-
apps/ene/SspDb/dsd?Action=htmlpage&page=about). The SSP-based IAM scenarios
consist both of baseline scenarios, which do not consider any climate mitigation
strategies, and mitigation scenarios which in turn look at the effects of such policies
(O’NEILL et al. 2016). For each SSP, which was run with several IAMs, one realisation
was chosen as "marker scenario".
To overcome the lack of policy actions in the SSPs, they may be extended by Shared
Climate Policy Assumptions (SPAs) developed in addition to them which represent
the third dimension of the scenario framework (KEBEDE et al. 2018, KRIEGLER et al.
2014). These SPAs are meant to depict global mitigation and adaptation policies
for the whole century. However, they are not yet fully developed and therefore
implemented only in a few studies such as FRAME et al. (2018).
Finally, in the third phase of the scenario development process, see figure 2.3, the
SSPs and the RCP-based climate change scenarios are combined in an integrated
framework spanning a scenario matrix which “should guide the development and
use of new scenarios” for the climate change research community (VAN VUUREN

et al. 2014). For regional or sectoral studies in the climate change and IAV research
fields, the scenarios and especially the SSP narratives need and are supposed to
be extended, as has already been done in various recent publications (FRAME et al.
2018, KEBEDE et al. 2018, MALEK & VERBURG 2018). Also the integrated scenarios
developed in GLOBAQUA, which provide the basis for the present work, build on
the new generation of scenarios (KER RAULT et al. 2018). They are not only widely
used in the scientific community but represent also the scenarios used by the IPCC
which show the relevance they have also for a broader public including stakeholders
and policymakers. For the purpose of this work, the climate and socio-economic
scenarios were downscaled to the basin-scale. A detailed description of the selection
and building process can be found in chapter 4.

For the sake of completeness, it has to be mentioned that by now the next CMIP
Phase 6 is already in place (O’NEILL et al. 2016). The primary activity within CMIP6 is
the Scenario Model Intercomparison Project (ScenarioMIP) which will use alternative
emissions and land use change scenarios modelled with IAMs to provide multi-model
climate projections (O’NEILL et al. 2016). Unlike prior phases, the climate projections
of CMIP6 produced with a new generation of climate models, are driven by SSP-
based scenarios which in turn are run with updated versions of IAMs (O’NEILL et al.
2016). As part of ScenarioMIP, an expanded set of now eight concentration pathways
has been identified including new “gap scenarios” not covered by prior RCPs such
as RCP 2.6, 3.4, 7.0 and an overshoot scenario of RCP 3.4 (O’NEILL et al. 2016). A
further novelty is the fact that each of the eight forcing pathways was combined to a
specific SSP on which to base the emissions and land use scenarios. As O’NEILL et al.
(2016) state, the rationale behind is that “differences in climate outcomes produced
by different scenarios for the same global forcing pathway are likely small relative
to regional climate variability, uncertainty across climate models, and uncertainty in
impact models used to investigate outcomes of interest to the IAV community”.

https://secure.iiasa.ac.at/web-apps/ene/SspDb/dsd?Action=htmlpage&page=about
https://secure.iiasa.ac.at/web-apps/ene/SspDb/dsd?Action=htmlpage&page=about
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2.5.2 Land Use Modelling and Future Projections

Land Use & Land Cover Change (LULCC) models per se are not a novel development.
Some applications date back to the 1940s or 1960s, economy based models originate
even from von Thünen’s land rent theory published in 1826 (DANG & KAWASAKI

2016, VON THÜNEN 1826). The land use modelling community as we know it today
emerged mainly in the 1990s and 2000s as part of the larger land change or land
system sciences, a discipline aiming at understanding land use dynamics (DANG &
KAWASAKI 2016, TURNER et al. 2007). The interest in this interdisciplinary research
field was encouraged by the increased awareness of the need for a sustainable future
land management that arose at that time (DANG & KAWASAKI 2016). The progress in
computing power and the availability of extensive satellite data in space and time
necessary for monitoring land changes further propelled the developments in this
field (DANG & KAWASAKI 2016, TURNER et al. 2007). As DANG & KAWASAKI (2016)
mention, the main goal in land system science is currently to project changes of
land use/cover to help resource managers and decision- makers choose long-term
sustainable alternatives. At present, a large variety of LULCC models simulating
scenarios is in use following different purposes and applying various techniques, and
the options to categorise them are manifold.

An attempt to classify LULCC models is according to their modelling scale. At
global level, IAMs play an important role in modelling integrated scenarios and the
IPCC relies heavily on them (HURTT et al. 2011). They are often linked to computable-
general equilibrium (CGE) or Partial Equilibrium (PE) models that are based on
economic optimization approaches and also provide estimates of future LULCC,
either for nations, regions or even gridded land use maps (ALEXANDER et al. 2017).
The implementation of LULCC scenarios in global integrated scenario analyses has
been extended substantially in the past years. The CMIP5, which provided standard-
ised simulations for the IPCC Fifth Assessment Report (IPCC 2014b), was the first one
to include spatially explicit fractional land use information in the Earth System Mod-
els (ESMs) to simulate the combined biogeochemical and biogeophysical effects of
anthropogenic LULCC and greenhouse gas emissions on the climate system (HURTT

et al. 2011). The dataset prepared by the Land Use Harmonization 1 (LUH1) project
was the first to include historical land use data, based on the gridded maps of crops
and pasture data from the History Database of the Global Environment (HYDE) 3.1
for 1500-2005 (KLEIN GOLDEWIJK et al. 2010), were harmonized with future LULCC
projections derived from the IAMs to serve the requirements of the ESMs (HURTT

et al. 2011). For the ongoing CMIP6, a new version of this dataset, the LUH2, has
been prepared providing a higher resolution (reaching now 0.25◦), updated input
and additional agricultural and management layers for the period 850-2100 (HURTT

et al. in prep.). The scenarios of future LULCC that find their way into the LUH2
are simulated for most combinations of the RCP-SSP-framework by different IAMs,
all driven by the same projections for economic growth and population (POPP et al.
2017). Since November 2018 the LUH2 dataset is readily accessible through the LUH2
homepage: http://luh.umd.edu/faq.shtml.

For regional studies, a 0.25◦ (approx. 27.6 km x 27.6 km at the equator) resolution
is, however, too coarse. There have been other LULCC modelling attempts in the
past years that provided global LULCC simulations at a finer resolution such as 5′ x
5′ (approx. 6 km x 9 km in Central Europe) with the LandSHIFT model (SCHALDACH

et al. 2011) or the future land use simulation (FLUS) model (1 km x 1 km, LIU et al.
2017). VAN ASSELEN & VERBURG (2013) simulated global land system change, a

http://luh.umd.edu/faq.shtml
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combination of land cover, livestock, and land-use intensity, with the CLUmondo
model on a 9.25 km x 9.25 km grid. Even the spatial resolution is better than the one
provided by the LUH2 dataset, the thematic resolution is often coarse for, in case of
LIU et al. (2017), or incompatible with, in case of VAN ASSELEN & VERBURG (2013),
the objectives of the present study. Besides, the scenarios of these studies are outdated
and do not reflect the current RCP-SSP-framework.

LULCC simulations have also been carried out specifically for Europe. The Land
Use-based Integrated Sustainability Assessment (LUISA) is a platform run by the
Joint Research Centre (JRC) “designed to assess LU impacts of European policies by
providing a vision of possible futures and quantitative comparisons between policy
options” (LAVALLE et al. 2016). LUISA is built around the EU-ClueScanner100, which
was also the core fo the former Land Use Modelling Platform (LUMP) of the JRC,
but with substantial modifications and expansions (LAVALLE et al. 2016). It provides
LULCC simulations for one European reference scenario at a 100 m x 100 m resolution
and for decadal time steps from 2010 to 2050. A recent study by MALEK & VERBURG

(2018) modelled land system changes in the Mediterranean region including the
northern part of Africa under different irrigation efficiency and water availability
scenarios up to 2050 with the CLUmondo model. The socio-economic and climate
scenarios are based on the SSP2 marker scenario and CMIP5 simulations for RCP
4.5, respectively, and are therefore up to date (MALEK & VERBURG 2018). Still, they
elaborate only on one RCP-SSP-combination and do not confront several ones as in
the present study.

Countless other LULCC models exist that have been applied to regional or local
case studies. They are based on a large variety of modelling approaches according
to their scope. DANG & KAWASAKI (2016) group them in the following categories
according to the main technique:

1. Cellular automata
2. Markov chains models
3. Economic based models
4. Statistical based models
5. Artificial neural networks
6. Agent-based analysis models
7. System dynamic models
8. Hybrids of the previous categories also in combination with CGE
and PE models.

In cellular automata the landscape is divided into cells and the model is trained by
transition rules to simulate spatial patterns (CHAUDHURI & CLARKE 2013, DANG &
KAWASAKI 2016). This approach works well for urban sprawl which is the reason why
models like the Slope, Land use, Excluded land, Urban extent, Transportation and
Hillshade (SLEUTH) model or Monitoring Land Use/Cover Dynamics (MOLAND)
model have been often applied to urban areas (CHAUDHURI & CLARKE 2013, CROLS

et al. 2017). Pure Markov chains models are not spatially explicit and are therefore
usually combined with other techniques such as cellular automata as it is the case for
the Dinamica EGO model (DANG & KAWASAKI 2016, MAS et al. 2014). In economic
based models the demand for and allocation of land is driven by economic variables
following the aim of maximizing profit (DANG & KAWASAKI 2016). A widely used
example for this model category is the Global Trade Analysis Project (GTAP) model
which, however, does not take into account climate and biophysical factors affecting
the distribution of land as other economic models (HERTEL & TSIGAS 1997). Statistical
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based models use mathematical relationships between the spatial distribution of
land uses and a large variety of biophysical and socio-economic drivers to derive the
probability of land use change at a certain location (DANG & KAWASAKI 2016). Models
like FORE-SCE or from the Conversion of Land Use and its Effects (CLUE) framework
such as CLUE-S, Dyna-CLUE, the above mentioned CLUmondo or the new iCLUE
are based on such statistics (SOHL & SAYLER 2008, VERBURG & OVERMARS 2007,
VERBURG & OVERMARS 2009, VERWEIJ et al. 2018). The CLUE modelling framework
represents empirical, data-driven models that apply rather a top-down approach
determining first the scenarios with the overall demand which is then allocated in a
second step (VERWEIJ et al. 2018). DANG & KAWASAKI (2016) argue that the weakness
of statistical based models lies in the extrapolation of trends for calculating demands
which is not suitable for long-term scenario analysis according to the authors. The
Land Transformation Model (LTM) is an example for a combination of artificial neural
networks with GIS (PIJANOWSKI et al. 2002). Artificial neural networks are able to
combine data from different sources. At the same time, they are not self-explanatory
and have to be treated as black-boxes (DANG & KAWASAKI 2016). Agent-based
models are a useful tool to integrate the knowledge of stakeholders in the modelling
process while they neglect other important factors (DANG & KAWASAKI 2016). System
dynamic models take into account feedback loops in the land system but do not
provide spatially explicit outputs (DANG & KAWASAKI 2016). There are countless
examples of hybrid LULCC models that combine two or even three techniques, DANG

& KAWASAKI (2016) collected some of them. For instance, BRITZ et al. (2011) presented
a combination of the spatial downscaling module of the Common Agricultural Policy
Regional Impact model (CAPRI-Spat), an IAM for agricultural policies that simulates
changes in crop area and yield, herd sizes, feeding and fertilizing practices, with the
statistical model Dyna-CLUE for the land use allocation. Changes in agricultural land
at national level are derived from the combined economic and IAM GTAP-IMAGE.

This incomplete list of LULCC models gives an idea of the variety of models
that exist. Depending on the scope of the study, a different model may be suitable.
For the present study, the iCLUE model mentioned above was used (VERWEIJ et al.
2018). Compared to other models listed here, iCLUE combines several advantages
explained in more detail in chapter 5.1.

2.5.3 Spatially Distributed Estimation of Water Uses

Regarding spatially distributed water use maps, several products exist covering the
last decades and applying different approaches: SIEBERT et al. (2005) and SIEBERT

et al. (2013) produced the Global Map of Irrigated Area (GMIA) which displays the
area equipped for irrigation (AEI) around the year 2005. The GMIA was developed
combining and harmonising statistics from a wide range of sources such as the
FAO, World Bank or national institutions and downscaling them to a 5’ grid. The
Global Irrigation Area Mapping (GIAM) project (THENKABAIL et al. 2009) is also
widely known. It estimated the total area available for irrigation and the annualised
irrigated areas, which consider the intensity of irrigation, around the year 2000 at a
10 km x 10 km resolution relying on remote sensing techniques (THENKABAIL et al.
2009). Other global irrigation maps were developed by SALMON et al. (2015) and
PORTMANN et al. (2010), the latter one provides monthly irrigation information.
Several products are available for Europe such as the European Irrigation Map (EIM)
(WRIEDT et al. 2009b) or the gross and net irrigation requirements as well as real
irrigated area modelled with a combination of the models WATERGAP3 and LPJmL
by AUS DER BEEK et al. (2010). Net irrigation requirements in mm over Europe were
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also estimated by WRIEDT et al. (2009a) using the Environmental Policy Integrated
Climate (EPIC) model. A few datasets exist that account also for other water uses such
as the reconstructions of global monthly sectoral water withdrawals for 1971-2010
by HUANG et al. (2018) or the estimates of global thermoelectric and manufacturing
water use by VASSOLO & DÖLL (2005). As these - by no means exhaustive - examples
show, the research focus lies on irrigation, which is reasonable considering how much
water is used for irrigation worldwide, 69% out of the total global water consumption
(FAO 2016a).

When it comes to the time span, the mentioned examples describe the situation
around the years 2000 to 2005 or further back in the past in case of AUS DER BEEK

et al. (2010). The studies providing also spatially explicit future simulations of
water uses, however, are very rare. The gridded sectoral (domestic, energy, ir-
rigation, livestock, manufacturing) water abstraction maps provided by the JRC
(http://data.jrc.ec.europa.eu/collection/water) can be mentioned here. They
were modelled using the LISFLOOD hydrological model for 2006 and 2030 at a 5 km
x 5 km resolution (EUROPEAN COMMISSION & JOINT RESEARCH CENTRE 2011). The
2030 land use projection is a baseline scenario originating from the LUMP model.
Within the EU SCENES project SCHALDACH et al. (2012) modelled the mean an-
nual net irrigation requirements in mm and % share of irrigated area per cell under
different integrated socio-economic and climate scenarios at a 5’ resolution over
Europe. The modelling chain included the ecohydrological and agro-ecosystem
Lund–Potsdam–Jena managed Land model (LPJmL) (for estimating potential crop
yield), WATERGAP3 (modelled the impact of climate and LULCC on net irrigation
water requirements) and LandSHIFT for modelling LULCC. Four different socio-
economic scenarios were combined with climate data for one climate scenario, the
SRES A2, from two different Global Circulation Models (GCMs) (SCHALDACH et
al. 2012). DE ROO et al. (2012) modelled several water quantity and quality scen-
arios for continental Europe using the Integrated Water Modelling Platform (IWMP)
maintained by the JRC that include the following models: the agricultural Common
Agricultural Policy Regional Impact (CAPRI) model, LUMP, LISFLOOD for water
quantity, EPIC for water quality and LISQUAL as combined water quantity, qual-
ity and hydro-economic model (DE ROO et al. 2012). Similar to the other datasets
provided by the JRC mentioned above, simulations are carried out for 2006 and 2030
at a 10 km x 10 km grid. The EPIC model calculates the irrigation water requirements
for the five dominant crop types of each cell (DE ROO et al. 2012). Based on this study,
DE ROO et al. (2016) modelled the water demand under future climate and land use
scenarios specifically for the Sava River basin using the same modelling platform,
however, replacing the LUMP model by the more recent LUISA platform (see chapter
2.5.2). For future climate projections, they used Coordinated Regional Downscaling
Experiment (CORDEX) data for RCP 4.5 and 8.5. (DE ROO et al. 2016). Results are
provided for 2006, 2010, 2030 and 2050. While this study includes several scenarios
for crop irrigation, there is only one future LULCC simulation (DE ROO et al. 2016).
Simulations of the effects of water allocation schemes in Europe for different sectors
were carried out within the CLIMSAVE project (HARRISON et al. 2015). Also here,
the future horizon is 2050. The spatial resolution is only at river basin scale. FADER

et al. (2016) simulated several irrigation scenarios providing also quantified Gross
Irrigation Requirements (GIR) over the Mediterranean for four warming levels and
19 GCMs using the LPJmL. This gets very close to the aims of the present study. The
modelling resolution, however, is only 30’ and therefore very coarse. Finally, the
study mentioned above by MALEK & VERBURG (2018) elaborated spatially explicit
maps of cropland cover, irrigation and intensity under different irrigation techniques

http://data.jrc.ec.europa.eu/collection/water
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(drip, sprinkler, deficit irrigation) and water withdrawal scenarios. Quantified water
uses per pixel are, however, not reported in this study.

To sum up, water use and mainly irrigation maps can be derived either by down-
scaling of statistical data, remote sensing or modelling (PORTMANN et al. 2010).
However, none of the above mentioned examples meets the requirements for the
present study either regarding the resolution, the up-to-dateness of the scenarios or
even their lack. For this reason an own scenario downscaling and modelling approach
had to be developed.
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Chapter 3

The Case Studies

3.1 The Ebro River Basin

The following sections partly coincide with the case study descriptions published in
HUBER GARCÍA et al. (2018).

3.1.1 General Characteristics

The Ebro catchment comprises 85600 km2 and is located in North-eastern Spain
including the whole territory of Andorra (468 km2) and a very small part of France. It
accounts for approx. 17% of the Spanish national territory. The Cantabrian Range and
the Pyrenees (maximum altitudes >2000 m and 3000 m a.s.l., respectively) build the
northern hydrographic boundaries, the Iberian mountains (maximum altitude 2000-
2300 m a.s.l.) enclose the large Ebro depression to the South and the Coastal Range
(maximum elevation 1000-1200 m a.s.l.) to the East, parallel to the Mediterranean
coast (LÓPEZ-MORENO et al. 2013).
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FIGURE 3.1: The Ebro River basin.
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The altitude ranges from over 3400 m a.s.l. in the Pyrenees to sea level where
the Ebro enters the Mediterranean forming a vast delta, see figure 3.1. The wetlands
of the delta are important in terms of their environmental value and are part of the
NATURA 2000 Network (VALDEMORO et al. 2007).

3.1.2 Climate

Due to the topography, the climate varies considerably within the basin. Figure
3.2 illustrates the differences by confronting the Walter-Lieth climate diagrams for
three different locations in the Ebro indicated also in the map in figure 3.1. The
mountain ranges to the North are influenced by an oceanic climate and annual
precipitations of up to 1500 mm are not unusual (CHE 2015). Also in Vitoria-Gasteiz,
in the north-western part of the basin just south of the Cantabrian Range, the mean
annual precipitation for the period 1981-2010 is 749 mm (AEMET 2020a), see figure
3.2. The largest part of the basin is, however, dominated by a Mediterranean climate
showing a large variety of manifestations, from mountainous to semi-arid in the
central valley as for example in Zaragoza, upper right diagram in figure 3.2. The low-
lying central valley is, in fact, the driest part of the catchment with approx. 400 mm/y
annual precipitation sum, but values below 100 mm/y have been measured and
a strong seasonal and interannual variability is typical for the region (CHE 2015).
Close to the Mediterranean coast in Tortosa the mean annual precipitation turns to be
higher (lower diagram in figure 3.2). All over the catchment there are two distinct
precipitation peaks, visible also from the climate diagrams, one in spring and one in
autumn (LÓPEZ-MORENO et al. 2013). The mean annual precipitation over the whole
catchment is 618 mm/y for the period 1980/81-2005/06 (CHE 2015).
Also temperatures vary considerably throughout the basin. For the period 1981-2010
the mean annual temperature in Vitoria-Gasteiz is only 11.7◦C while it rises up to
17.7◦C close to the sea in Tortosa (AEMET 2020a, AEMET 2020b). The mean annual
temperature over the whole catchment for the period 1940/41-2005/06 is 12.5◦C
while it lies above 15◦C in the dry central depression causing an elevated water deficit
there (AEMET 2020c; CHE 2013, Annex II; LÓPEZ-MORENO et al. 2013).
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source: AEMET 2020a, AEMET 2020b, AEMET 2020c.

3.1.3 Land Cover and Land Use

Due to different climatic influences and altitudes, the land cover in the Ebro basin
is very heterogeneous. According to the RBMP 2015-2021 (CHE 2013, Annex III),
forest and shrubs cover 54% of the Ebro basin. Grasslands and coniferous forests
dominate in the Pyrenees; broadleaved forests are prevalent in the western mountain
regions, see figure 3.3. The vast plains of the inner Ebro valley are used for agriculture.
Approx. 22% are non-irrigated agriculture according to the CLC map of 2006, see
figure 3.3, additional 7% are occupied by the large irrigation systems, but the total
irrigated area sums up to 10% of the whole watershed (CHE 2015). Between 1995
and 2009 an increase of agricultural surface authorized for irrigation was registered
mainly in the already highly technologised areas (CHE 2015). The Ebro basin further
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comprises the famous Rioja vine region located in the western part of the watershed,
a purple pattern in figure 3.3, which makes up the largest part of the vineyards (1%
of the total area). Urban and industrial areas together make up only 1% of the basin.
The main cities located in the basin are Zaragoza, Vitoria-Gasteiz and Pamplona, see
figure 3.1.
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FIGURE 3.3: CORINE Land Cover 2006 in the Ebro reclassified to 21
classes.

3.1.4 Hydrology and Water Use

The main course of the Ebro has a length of 970 km. The Centro de Estúdios y
Experimentación de Obras Públicas (CEDEX) simulated the mean annual runoff
under natural conditions at 16448 hm3/y for the period 1940/41-2005/2006 with the
Sistema Integrado para la Modelización Precipitación Aportación (SIMPA) hydrolo-
gical model (CHE 2018). For the period 1980/81-2005/06, they modelled 14623 hm3/y.
The hydrology of the Ebro is largely influenced by man, counting 187 dams and reser-
voirs built in the 20th century that have affected the hydrology and the sedimentary
regime (R. J. BATALLA et al. 2004). Due to the strong variability of its climate, the
discharge of the Ebro also varies considerably from year to year. Table 3.1 illustrates
that the discharge of a particular year may well be only 50% of the one of the previous
year, here taking the example of the city of Zaragoza.
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TABLE 3.1: Measured annual discharge sums [hm3/y] of the Ebro
River in Zaragoza for various periods. Source: MITECO (2018).

Mean Mean last Mean last
1980/81-2011/12 5 years 10 years 2014/15 2015/16 2016/17

Discharge 6003 7749 6552 9337 6450 3220

As it is the case for many Mediterranean rivers, the mean discharge has been
decreasing in the last decades. In the case of the Ebro by even 40% in 50 years (DEL-
GADO et al. 2010). The reduction is mainly attributed to the abandonment of, in
its majority mountainous, marginal agricultural land due to demographic changes,
low economic viability and a lower guarantee of water being supplied (CHE 2015).
This process was followed by a regrowth of forest. At the same time, the Spanish
Government and the European Union have promoted reforestation (DELGADO et al.
2010). The larger forest areas have led to higher transpiration rates and by this means
reduced the runoff. It is assumed that also climate change plays a role in the observed
runoff reduction (CHE 2018). For the future, the basin authorities are to plan with a
runoff reduction of 5% for the 2039 horizon (CHE 2018).

The vast valleys of the Ebro and of its main tributaries are intensively used for
agricultural practices. Irrigated agriculture accounts for approx. 10% of the total
area of the Ebro basin. Out of the 8190 hm3/y of water consumed in the Ebro 94%
(7681 hm3/y) are attributed to the agricultural sector and again 99% out of it to
irrigation, only 1% to livestock farming directly (CHE 2015). The urban demand,
including industries supplied by the urban supply networks, lies around 359 hm3/y
(4.4%), while the purely industrial demand accounts for 147 hm3/y (1.8%). Urban
water consumption is driven by the number of inhabitants, which fluctuates around
3.2 million in the Ebro catchment (CHE 2015). Another 200 hm3/y are transferred
to supply metropolitan areas outside the catchment, the largest consumers being
the metropolitan area of Bilbao and the coastal municipalities of the province of
Tarragona (CHE 2013, Annex III). Another 60 hm3/y are transferred outside the basin
for industrial uses. Also the water consumption of the tourism sector is reported
in the RBMP reaching highest values in July and August (CHE 2018). However, at
the present stage the share of this sector does not carry much weight. In general,
the urban demand has been decreasing over the past decades due to a higher water
efficiency (CHE 2018).

3.1.5 Agriculture and Livestock Farming

The Ebro shows a higher percentage of agro-industrial activities than the rest of Spain,
mainly focused on food production (CHE 2015). 31% of the Spanish production of
sweet fruits is located in the Ebro as well as 28% of vineyards and 35% of fodder (CHE
2018), while it accounts only for 17% of the Spanish territory. In fact, crop cultivation,
and in particular irrigated agriculture, is strongly interlinked with livestock farming
since the prior produces fodder for the livestock which in turn provides large amounts
of manure as organic fertilizer for the fields (CHE 2018). For this reason, large-scale
livestock farms are often located around the large irrigation systems in the Ebro
(CHE 2018). Even if only 25% of the approx. 3 million ha of cultivated land are
irrigated, they account for 65% of the total gross value added (GVA) of agricultural
goods produced in the Ebro (CHE 2018). The irrigation techniques have undergone
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a modernization process in the past years. Rather traditional techniques such as
channel irrigation have been transformed to more efficient sprinkler or localized
irrigation techniques, for example drip irrigation (CHE 2015). This has certainly led
to higher irrigation efficiency. However, a reduction of the water used for irrigation
has not been reported until now (CHE 2015). Instead, the opposite is the case: The
irrigation modernisation in Spain has led to an increase in water and, in particular,
also energy consumption needed to supply the new pressurised irrigation systems
(GONZÁLEZ-CEBOLLADA 2016).
Also the meat industry, including milk and eggs, of the Ebro has a large weight at
national level: It accounts for 28% of the total Spanish GVA of this sector (CHE 2018).
The lion’s share has to be attributed to the meat industry (94%) and out of that mainly
to pigs (65%). The number of pigs has been growing substantially over the past 10
years. Meanwhile, milk and eggs account only for 6% of the GVA of the longtime
mean (CHE 2018). In general, livestock units have increased 70% in 20 years between
1989 and 2009 (CHE 2015). Still, this increment constitutes a marginal factor for the
water use since it represents less than 1% of the total water consumed in the Ebro
for agriculture. Nevertheless, it may be relevant regarding water pollution since it
increases the diffuse pollution (CHE 2015).

3.2 The Evrotas River Basin

3.2.1 General Characteristics

The Evrotas River basin is entirely located in Greece on the southern Peloponnese
and drains in the Laconic Gulf of the Mediterranean (GAMVROUDIS et al. 2015). It is
a rather small river basin covering 2412 km2. In terms of management, the Evrotas
is addressed in the RBMP of the Eastern Peloponnese and accounts for 28.6% of the
total area of this district (SSW 2013). The altitude ranges from 0 m at sea level to
2407 m in the Taygetos Mountains which delineate the Evrotas valley to the west, see
figure 3.4. The highest peak of the Parnonas Mountains, located to the east of the
central depression, reaches 1935 m. GAMVROUDIS et al. (2015) state that only 11%
of the catchment has slopes with less than 5% inclination which depicts the rugged
character of the basin.
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FIGURE 3.4: The Evrotas River basin.

3.2.2 Climate

The Evrotas is characterised by a Mediterranean climate with wet and cool winters
(November to March) and hot and dry summers (April to October) (GAMVROUDIS

et al. 2015). The mean annual temperature is 16◦C, on average 4-11◦C in the winter
months and 22-29◦C in summer (TZORAKI et al. 2013). The annual precipitation sum
for the period 2000-2008 was 803 mm on average (NIKOLAIDIS et al. 2009). In the
rainiest areas in the western mountains annual precipitations of 1300-1600 mm have
been measured while near the coast the annual sum does not exceed 500-550 mm
(VERNOOIJ et al. 2011).

3.2.3 Land Cover and Land Use

The majority of the basin is covered with sclerophyllous vegetation and agriculture
with natural vegetation according to the CLC maps (together about 48%, approx.
1200 km2 of the total area). This classes are especially dominant in the mountainous
regions, as also coniferous forests. The totality of land covered by semi-natural veget-
ation including forests sums up to 61% (SKOULIKIDIS et al. 2011). Olives (approx. 15%
or 350 km2) are the main crop grown in the basin followed by fruits, mainly citrus,
that are more located in the low lands of the basin. In fact, the two main industrial
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activities in the Evrotas are the production of olive oil and orange juice (DEMETRO-
POULOU et al. 2010). These two crop types cover about 90% of the agricultural area
which in total accounts for 38% (SKOULIKIDIS et al. 2011). VERNOOIJ et al. (2011)
report that most of the agricultural land in the basin is irrigated even this may not
be directly deduced from CLC data. Only areas located far from the river without
access to springs and groundwater are rain fed. Urban areas make up only a very
small part, less than 1%.
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FIGURE 3.5: CLC 2000 map of the Evrotas River basin.

3.2.4 Hydrology and Water Uses

Due to its complex geology, the Evrotas River system is fed by various karstic and
alluvial springs (SKOULIKIDIS et al. 2011). In summer, numerous intermittent and
ephemeral streams can be found in the catchment and also the main course of the
Evrotas dries partly out (NIKOLAIDIS et al. 2009). Historical analysis have revealed
that in the past the Evrotas main course carried water throughout the whole year, but
in the last decades water abstractions for irrigation affected the regime of the river
(NIKOLAIDIS et al. 2009). Other authors like VERNOOIJ et al. (2011) mention that the
intermittency is partly caused by the karstic systems in the watershed.

Formerly, all crops except olive trees were irrigated, the irrigated areas mainly
concentrating in the areas around Sparta and close to the coast (SKOULIKIDIS et al.
2011). After a severe drought period in 1989-1993 permanent irrigation was extended
also to olive trees out of which 2/3 are irrigated now (SKOULIKIDIS et al. 2011). This
has led to a massive increase in water consumption of around 70% (SKOULIKIDIS

et al. 2011). According to data from the Ministry of Development of Greece (MDG,



3.2. The Evrotas River Basin 31

2005) the irrigation demand in 2001 was around 76.8 hm3.
GAMVROUDIS et al. (2015) state that the water balance in the Evrotas is generally
positive, irrigation and drinking water needs are usually met. Domestic water use
accounts for approx. 6.4 hm3/y, the total population being 68400 inhabitants (MDG
2005). Problems occur, however, in dry periods during summer due to the increased
irrigation demands. There are 150 public wells and around 3550 private wells through
which water is abstracted (GAMVROUDIS et al. 2015), but SKOULIKIDIS et al. (2011)
point out that there are numerous, mainly illegal, surface water abstractions. The
over-exploitation of ground and surface water then leads to the dessication of vast
parts of the river system during drought periods (GAMVROUDIS et al. 2015, SKOU-
LIKIDIS et al. 2011). Apart from increasing the pressure on water resources, this comes
along with several further negative effects such as the lowering of groundwater tables,
the rapid deterioration of water quality, the degradation of habitats and massive fish
mortality (SKOULIKIDIS et al. 2011).
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Chapter 4

Scenario Development within
GLOBAQUA

The scenarios developed within GLOBAQUA are based on the new scenario frame-
work currently used in climate change research described in chapter 2.5.1. This new
framework is organised in a scenario matrix architecture, see figure 4.1, a key assump-
tion being that the users are free to combine a SSP with different RCPs since the SSPs
are neither linked to a specific climate policy action nor to a level of climate change
(VAN VUUREN et al. 2014). It has to be noticed, however, that some combinations may
be inconsistent. VAN VUUREN et al. (2014) further elaborate on the need to combine
SSPs and RCPs for building scenarios as ‘pathways’ describe only one component
whereas ‘scenarios’ combine different pathways with other information. This means
that the final scenarios applied by the researchers which then include the impacts of
climate change and possible policy interventions will slightly differ from the original
assumptions in the SSPs (VAN VUUREN et al. 2014), as it is the case also for the
GLOBAQUA scenarios presented here. Concerning this matter, O’NEILL et al. (2017)
consider the SSPs as being basic storylines which should be extended by the users to
fit the needs of their research keeping in mind the consistency with the basic SSPs.
O’NEILL et al. (2017) further make clear that the quantitative parts of the basic SSPs
do not include the outcomes of the scenarios such as emissions or land use change,
but that the quantification of these outcomes is left to the scenarios. The present study
addresses exactly these need by projecting land use and water management under
different scenarios. In addition, also the uncertainties related to climate modelling
are taken into account in this study, see the left part of figure 4.1. They are described
in chapter 4.4.
The reference period of the GLOBAQUA scenarios is defined by the project descrip-
tion being 1980-2010. Regarding the future period, a compromise had to be made
between socio-economic assumptions and a period relevant for climate impact stud-
ies. Socio-economic developments can hardly be estimated in detail throughout
several decades. In contrast to that, the climate forcing of the RCPs does not diverge
notably until 2035 as MOSS et al. (2010) state. Consequently, 2036-2065 was chosen as
future period for the climate input and the 2050 as final scenario horizon, which lies
exactly in between.

4.1 Selection of SSP-RCP Combinations

For GLOBAQUA, four RCP-SSP combinations were chosen and their basic storylines
adapted and downscaled to fit the purposes of the project. The full scenario matrix
spanned by SSPs and RCPs can bee seen in figure 4.1, the fields highlighted in dark
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blue represent the four GLOBAQUA scenarios, the ones marked with a cross the two
scenarios modelled as part of this study. The selection and development of the GLOB-
AQUA specific scenarios was a joint effort of different project partners from various
disciplines such as environmental modellers, economists, sociologists and scenario
experts as well representatives from the partner projects MARS (http://www.mars-
project.eu) and IMPRESSIONS (http://www.impressions-project.eu). The com-
plete storylines for the SSPs used in this study can be found in the Appendix B. The
two scenarios relevant for the present study are described in more detail hereafter.

FIGURE 4.1: The RCP-SSP scenario matrix including uncertainties
of climate change. The dark blue fields represent the combinations
chosen as GLOBAQUA scenarios. The two white crosses mark the two
scenarios modelled in this study. Adapted from VAN VUUREN et al.

(2014).

Already by their location in the scenario matrix in figure 4.1 it becomes clear that
these two scenarios are opposed to each other. The intention here was to maximise
the variations in the results creating one more economy-friendly and another more
environment-friendly scenario. The final SSP-RCP combinations are thought to have
adverse effects on land and water uses spanning a wide range of possible futures.
Regarding the combination of SSPs and RCPs, it was important to be consistent and
allow for scientific credibility as some combinations are very unlikely.

For the climate forcing levels, RCP 2.6 was discarded as it assumes the lowest
radiative forcing rates only reachable with very strict and effective climate mitigation
actions at global scale. None of the old SRES scenarios reaches CO2 concentrations
as low as RCP 2.6, as also figure 4.2 demonstrates, because the SRES scenarios did
not include explicit mitigation policies (VAN VUUREN & CARTER 2014). RCP 6.0 was
excluded due to its position in between the RCP 4.5 and 8.5 which span the largest
forcing level range left. Consequently, RCP 8.5 and 4.5 were selected to form the
scenarios in GLOBAQUA. These two forcing levels are widely used in the scientific
literature (LEVIS et al. 2018, THOBER et al. 2017, HSIANG et al. 2017, KIM et al. 2013)
and the hits on Google Scholar show the prevalence of RCP 8.5 and 4.5: RCP2.6
- 10400 hits, RCP4.5 - 17800 hits, RCP6.0 - 4920 hits, RCP8.5 - 23000 hits (checked
18/03/2020).
RCP 8.5 can be considered a ‘worst-case’ scenario regarding climate change charac-
terised by increasing greenhouse gas concentrations reaching high levels at the end

http://www.mars-project.eu
http://www.mars-project.eu
http://www.impressions-project.eu
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FIGURE 4.2: Trends of CO2 concentrations, radiative forcing levels
and global mean temperature until 2100 for the RCPs and IPCC SRES

based on the MAGICC model (VAN VUUREN & CARTER 2014).

of the 21st century and consequently a strong increase in global temperature (VAN

VUUREN et al. 2011), see figure 4.2. It becomes clear that its development is in line
with the fossil fuel intensive A1FI scenario from the old SRES set. In contrast to that,
RCP 4.5 is a stabilisation scenario where the total radiative forcing stabilises shortly
after 2100 (VAN VUUREN et al. 2011). It corresponds to the B1 world of the SRES
scenarios. RCP 8.5 fits well to SSP 5 which describes an economy driven future with
“resource and energy intensive lifestyles around the world” (O’NEILL et al. 2017).
Also KEBEDE et al. (2018) that only SSP 5 is fully compatible with RCP 8.5 and able
to lead to the emission levels of this RCP. It is an optimistic scenario with strong
economic growth and a high globalisation level. Technical measures are applied
successfully to adapt to climate change. In contrast, the society experiences high
mitigation challenges.
Regarding SSP 1, there is a clear correspondence to the former SRES B1 scenario
according to RIAHI et al. (2017). SSP 1 describes a development towards a society
that acts more and more sustainable and has little challenges to both mitigation and
adaptation, see figure 2.4. Consequently, this was combined with the stabilisation
pathway RCP 4.5, a combination also recommended by VAN VUUREN & CARTER

(2014). Both SSP 1 and 5 assume low population growth rates and a fast economic
development at the global scale, mainly driven by “rapid improvements in education,
fast income growth, and rapid urbanization, leading to relatively rapid declines in
fertility in high fertility countries” (O’NEILL et al. 2017). Despite these similarities at
global level, the assumed developments of the basic SSPs differ depending on the
countries, subdivided into a low, middle and high income group according to the
World Bank’s definition (O’NEILL et al. 2017). For the GLOBAQUA case studies, all
located in high income or at least upper middle (Serbia and Bosnia & Herzegovina
in the Sava River basin) income countries, this manifests in a medium economic
growth in SSP 1 while it is high for SSP 5. By contrast, VAN VUUREN & CARTER

(2014) state that the quantitative projections of population for the Organization for
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Economic Co-operation and Development (OECD) region carried out with IAMs are
very similar all across the scenarios. A more detailed description of SSP 1 and SSP 5
is included in Appendix A.

4.2 Definition of Scenarios and Scenario Descriptors

The detailed scenario definition was carried out on the grounds of the above men-
tioned RCP-SSP combinations with a focus on water management as it constitutes
the key aspect of the GLOBAQUA project as well as of the present study. The com-
bination of RCP 8.5 and SSP 5 was given the name “MYOPIC scenario“ while RCP
4.5 and SSP 1 together were called “SUSTAINABLE scenario”. They will be named
this way hereafter.
The scenario were developed in a joint effort by a transdisciplinary team of GLOB-
AQUA partners and in consultation with the partner projects MARS and IMPRES-
SIONS as they aimed at developing regional scenarios for Europe, too.

Similar to the basic SSPs, the final scenarios consist of two elements: a qualit-
ative storyline and a table indicating the expected trends of key elements, called
“descriptors” in the GLOBAQUA context. The first out of several steps was to elabor-
ate the qualitative narratives for each of the scenarios. These storylines had to cover
the fields of society & economy, energy, environment, policies and water manage-
ment. For each of these sectors a short paragraph was drafted delineating its future
development in each of the scenarios. This represents a first effort to downscale
the global SSPs as the narratives were defined for the domain of the GLOBAQUA
project, i.e. Europe, or even more precisely, Southern Europe. The narratives of the
SUSTAINABLE and MYOPIC scenario read as follows (KOUNDOURI et al. 2016):

SUSTAINABLE scenario (SSP 1 - RCP 4.5):

Society & Economy: The GDP per capita is growing at a faster rate than the
25-year average. As the societal emphasis shifts from economic growth per se
towards an increase in equity, social capital and especially natural capital, this
growth slows down over the long term. The overall level of globalisation is
relatively high with markets being globally connected. However, the focus is on
regional production and low material growth trying to reduce the resource and
energy intensity. Economic growth allows for investments in environmental
technologies and human capital, which in turn enhances the development of
efficient and internationally collaborating institutions. All these factors result
in relatively low challenges to both mitigation (high mitigation capacity) of
and longer-term adaptation to climate change effects.

Energy: Investments in environmental technologies together with the phase-
out of subsidies for fossil fuels and lower taxes make renewable energies more
attractive. Fossil fuels are used less and less reducing also the CO2 emissions
compared to the present. As a result of the overall trend to reduce energy and
resource use, the resource efficiency and energy efficiency reaches a higher level.
Still, the energy demand keeps on increasing in the near future. Eventually,
the measures taken lead to an overall decrease in energy demand in the far
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future.

Environment: Environmental sustainability is prioritised. The increasing
effectiveness of institutions and a stronger cooperation and collaboration at
different levels help improving the management of local and global environ-
mental issues over the longer term. Environmental impacts such as air and
water pollution decrease and environmental conditions improve overall. Land
use is strongly regulated to avoid negative environmental impacts.

Policies: The awareness of the society regarding the social, cultural and
economic costs of environmental degradation is expressed in policies (e.g. dir-
ectives), which try to assign financial incentives (e.g. subsidies, taxes) to
development and sustainability goals. There is a strong focus on environ-
mental protection and strong regulations e.g. regarding land use.

Water Management: Complementary to civil protection and water supply,
the management of water resources is triggered by a strong will to achieve high
environmental standards. Ecosystem services related to water are considered
to be of high value. Integrated long-term management is applied addressing
local as well as regional water issues. The economic situation allows the use of
technical measures in water resources management, although non-technical
measures of selfregulation are preferred.

MYOPIC scenario (SSP 5 - RCP 8.5)

Society & Economy: GDP per capita is growing at a faster rate than the
25-year average. Economic growth allows investment and growth in human
capital. This enhances institutional building and social equity and produces
technological advances that enhance adaptation to climate change, but places
no emphasis on mitigation. This has a negative effect on the quality and
quantity of stock and flows of natural capital (NC). This negative effect is not
integrated in production and consumption decisions and relevant policies (i.e.
environmental externalities are not considered by any stakeholder group in
the country). In summary, economic growth is driven by substituting natural
capital with physical capital (technological development).

Energy: Energy demand increases and in response energy supply increases, but
only in terms of making available more fossil fuel based energy. Increased sup-
ply is driven by technological advances making all fossil fuel resources cheaply
accessible. Fossil fuel based energy (conventional and non-conventional, ex-
cluding uranium) prevails, because policies are not incentivising green energy.
Investments in alternative energy sources and mitigation measures exist, but
are limited. The rate of growth of C02 emission increases, compared to 2012.

Environment: Governmental environmental regulation is myopic (i.e. does
not take into account long-run effects), while adaptation measures are reactive
to only local concerns. Provisioning services are considered relevant as long
as they are supporting profitable energy production. Other ecosystem services
(i.e. regulating, supporting and cultural) are only of local short-run economic
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relevance and rank low in the global political agenda.

Policies: Policies are myopic and driven by technological advancements, aim-
ing to maintain GDP growth, without considering the medium and long-run
effects on natural capital and human well-being. Environmental policies rank
low in the political agenda and their enforcement diminishes as time passes.

Water Management: Water management is fragmented and does not in-
tegrate the effects of water services on water resources. Water is considered
valuable, and hence managed with care, only as input in income generating
production processes, civil protection and water supply. All its non-use (pass-
ive) values are ignored.

These qualitative storylines describe well the respective future worlds. The
information they provide is, however, not sufficient to be used for modelling purposes
and quantitative values are needed instead. The next step to take was splitting the
storylines into different descriptors similar to the SSP key elements mentioned in
chapter 2.5.1 and attributing an expected change to each of them according to the
following scale:

• Significant increase: +++

• Moderate increase: ++

• Slight increase: +

• No change compared to present: 0

• Significant decrease: - - -

• Moderate decrease: - -

• Slight decrease: -

The trends may range from a significant increase, shown as +++, to a significant
decrease ( - - -). If no change is expected with respect to the current situation it is
indicated by “0”.
Some descriptors were directly adopted from the SSP elements, others were chosen
to address the needs of the GLOBAQUA project. The division of SSP elements in
low, middle and high income countries helped defining the descriptors with a more
regional focus and distinguishing the scenarios further at this spatial scale. Following
the example mentioned in chapter 4.1, the economic growth rate was set to be me-
dium for the SUSTAINABLE scenario and high for the MYOPIC one. The complete
descriptor table can be found in Appendix B. These European scenarios are, however,
still too coarse to reflect the characteristics of each of the GLOBAQUA case studies.
For this reason, the scenarios had to be further downscaled to the basin scale. The
applied procedure is described in the next chapter. The quantification of descriptor
trends for use in modelling is elaborated in more detail in chapter 5.2.3.
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4.3 Downscaling of Scenarios to the River Basin Scale

4.3.1 Downscaling of Qualitative Scenarios by Stakeholder Participation

For in depth analysis and modelling activities at the catchment scale, the level of de-
tail of the scenarios presented here is not yet sufficient. At this point, the GLOBAQUA
scenarios do not account for regional differences inside Europe and the particular
characteristics of each case study. Besides, the same cause may have diverging mani-
festations in different areas. As for example RIAHI et al. (2017) explain, SSP 1 "depicts
a reversal of historical trends" including a "pervasive expansion of forests" at global
scale. This is opposed to the trend observed in the Mediterranean in the last decades
where a regrowth of forest has taken place due to the abandonment of marginal farm-
land mainly in mountainous regions (REY BENAYAS et al. 2007, LASANTA-MARTÍNEZ

et al. 2005). A reversal of the trend in this case would mean a reactivation of aban-
doned agricultural land and consequently a reduction in forest cover. For this reason,
the scenarios have to be further downscaled to the catchment level. As ROUNSEVELL

& METZGER (2010) point out, a crucial tool in this context is stakeholder participation
to ensure the scenarios address local needs and fit to the characteristics of each re-
gion. For GLOBAQUA, workshops were held in each of the case studies and local
stakeholders were asked to translate the MYOPIC and SUSTAINABLE scenario to
their river basin and to estimate the trends of the descriptors applying the same scale,
see chapter 4.2, as earlier by the project partners in the scenario definition process.
The trends of all stakeholders were averaged resulting in a second case study specific
descriptor table reflecting the stakeholders’ opinion. Table 4.1 shows exemplarily for
the Ebro how often a change was expected by the stakeholders and the aggregated
perceived changes.

In addition, GLOBAQUA internal case study experts were asked to estimate if
a descriptor is a relevant stressor in their river basin having in mind the aquatic
ecosystems as core of the project. If possible, the experts should give insides on the
concrete effects. This information is summarised for the Ebro in Appendix C.

4.3.2 Downscaling Quantitative Socio-Economic Variables

The above described trends estimated by the stakeholders were helpful for setting
up the land use change model. However, quantitative information is indispensable.
GLOBAQUA partners from the Athens University of Economic and Business down-
scaled national projections of population growth and GDP growth provided by the
SSP database mentioned before to the river basin scale. Regarding population growth,
a single realisation developed by the International Institute for Applied System Ana-
lysis (IIASA) and National Center for Atmospheric Research (NCAR) is available for
each SSP through the database (KC & LUTZ 2017). For GDP growth, three different
modelling groups (IIASA, Potsdam Institute for Climate Impact Research (PIK) and
OECD) have produced projections. The models coincide in their basic assumptions
while the methodology and outcomes differ. Similar to the common practice in
climate change research, this allows to consider uncertainties of GDP assumptions
in impact modelling studies. In case not all model projections can be used, it is
recommended to stick to the OECD projections which was chosen as “illustrative”
case (IIASA 2016). This is the case for the present study and consequently the reason
why only the GDP projections from the OECD were considered.
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TABLE 4.1: Individual and aggregated perceived changes of stakehold-
ers for the descriptors of the two GLOBAQUA scenarios in the Ebro
river basin. The numbers represent the frequency of each notation.
The highest frequency is highlighted in orange and the second highest
in yellow only if first and second highest score are separated by 1 rank.

Source: KER RAULT 2017.

For downscaling the national population and GDP growth projections first the aver-
age growth rates of these two variables were determined based on statistics of the last
decades. More precisely, the growth rate of all countries GLOBAQUA case studies
are located in and the growth rates of the study areas themselves based on statistics
from the RBMPs were estimated. The ratio of the average growth rate of a river basin
to the average growth rate of the corresponding country was then calculated.This
ratio was assumed to be constant over time also for the future. The value was then
multiplied with the national projections (e.g. Spain) of GDP and population growth
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for each of the SSPs to obtain a case study specific growth rate (e.g. the Ebro). The
observed time period and data sources for calculating the ratios differ depending
on the river basin. More detailed information on the procedure can be found in the
GLOBAQUA sub-deliverable 9.2 (KOUNDOURI et al. 2016).

4.4 Uncertainties in Climate Change Projections

Besides socio-economic projections also climate projections are subject to large un-
certainties. For the same radiative forcing level the projected climate change may
differ greatly depending on the climate model (VAN VUUREN et al. 2014). These un-
certainties mainly derive from three sources (DESER et al. 2012, HAWKINS & SUTTON

2009): i) The internal variability of the climate system is responsible for the natural
fluctuations that occur independently from the radiative forcing. ii) The response
uncertainty arises from differences in physical and numerical formulations of the
climate models causing each model to simulate slightly different changes to the same
external forcing. iii) Finally, the forcing or scenario uncertainty has to be attributed
to our incomplete knowledge of the factors influencing the climate system such as
future trajectories of greenhouse gas emissions or land use change. As stated by VAN

VUUREN et al. (2014), it is important to address the uncertainties related to climate
change projections in impact studies. According to these authors, climate uncertainty
can be considered another axis of the scenario matrix. The approach in GLOBAQUA
depicted in figure 4.1 takes this into account.

To cope with uncertainties related to climate modelling, the use of multi-model
projections has become more and more popular in IAV studies (ARAÚJO & NEW

2007, GRAHAM et al. 2007, NAJAFI & MORADKHANI 2015). Multi-model ensembles
provide climate projections from various combinations of Global Circulation Mod-
els (GCMs) and Regional Climate Models (RCMs). To allow for comparability, the
World Climate Research Programme (WCRP) has established the CMIP, which is
already in its sixth phase (CMIP6), to organise and coordinate the setup of GCMs
developed by various research groups (TAYLOR et al. 2012). The output of the GCMs
is then used by other researchers to run RCMs and downscale the GCM data to the
scale relevant for impact studies (WILCKE & BÄRRING 2016). Similar to CMIP, also
the RCM simulations are coordinated in frameworks such as Coordinated Regional
Downscaling Experiment (CORDEX) which aims at providing regionally downscaled
climate projections for IAV studies (GIORGI et al. 2009).

However, the use of ensemble projections is not always feasible due to computa-
tional constraints. As a consequence, the climate models to be used in impact studies
have to be chosen carefully (VAN VUUREN et al. 2014). For GLOBAQUA, a clustering
method (WILCKE & BÄRRING 2016) was applied for selecting different GCM-RCM
combinations out of the EURO-CORDEX ensemble, its spatial domain being Europe
(KOTLARSKI et al. 2014). The clusters were built based on the climate change signals,
i.e. the difference between the future (2035-2065) and reference (1980-2010) period, of
different climate variables at annual and seasonal level (HERRERO et al. 2018). After
several steps the simulation closest to the centre of the cluster was selected. Three fi-
nal GCM-RCM combinations were chosen for the GLOBAQUA project, keeping most
of the spread of the whole ensemble over the project’s case studies and by this means
also of the uncertainty (GAMPE et al. 2016). These combinations are: HadGEM2-ES-
RCA4 (hereafter referred to as RCA4), ECEARTH- RACMO22E (RACMO22E) and
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EC-EARTH-CCLM4-8-17 (CCLM4).

In order to be used for subsequent modelling, a bias-adjustment had to be carried
out to reduce the systematic deviations compared to observations of a reference period
climate simulations usually show (DOSIO 2016). In this case, a distribution-based
scaling approach (YANG et al. 2010) was applied to the climate data using the regional
reanalysis dataset MESAN (HÄGGMARK et al. 2000) as reference for precipitation and
mean air temperature (HERRERO et al. 2018). As the resolution of the bias-adjusted
simulations of 0.11◦ ( approx. 12 km) is too coarse to reflect the heterogeneity of the
GLOBAQUA case studies, the data was further downscaled using the SCALMET
algorithm (MARKE 2008) to a 1 km grid (HERRERO et al. 2018). The resulting bias-
adjusted and downscaled precipitation and air temperature projections for the three
GCM-RCM combinations were used as dynamic input to the land use modelling
described in chapter 5.

4.5 The Water Use Scenarios

Since the GLOBAQUA project focused on the effects of stressors on aquatic ecosys-
tems under water scarcity, it was necessary to elaborate in more detail on the future
water uses in the two scenarios. A project internal group of experts developed river
basin specific water use scenarios in collaboration with the case study leaders. The
water statistics reported by the RBMPs provided the basis for their assumptions. If
available, already existing scenarios on the future water demand in a catchment were
taken into account. Table 4.2 summarises the changes in the overall water use set for
the different scenarios in the two GLOBAQUA test sites analysed hereafter.

The water consumed for irrigation makes up by far the largest part in both
watersheds (CHE 2015, SKOULIKIDIS et al. 2011). Consequently, it dominates the
reasoning regarding the scenarios. The 30% rise in the MYOPIC scenario in the Ebro
is based on the changes reported in the RBMP 2015-2021 (CHE 2013, Annex III).
They expect an increase of 27.5% of water used for irrigation until the year 2033.
These changes fit best to the MYOPIC scenario as they reflect an optimistic attitude
regarding the economic development of the region and the future water availability.
The change in the SUSTAINABLE scenario was set to -30% to create a scenario which
gets along with notably less water as it is currently the case, knowing that water
scarcity is a problem already present in some parts of the basin (BOITHIAS et al. 2014).
Regarding the Evrotas, SKOULIKIDIS et al. (2011) report that the irrigation has been
expanded to olive trees only recently. This trend is assumed to continue in the
MYOPIC scenario, which accounts for a +15% in the total water use. Meanwhile, it

TABLE 4.2: Percentage changes of the overall water demand in a
scenario for the Ebro and Evrotas GLOBAQUA sites and values of
sectoral water uses in the present (reference period) according to the

RBMPs in hm3/year.

MYOPIC SUSTAINABLE PRESENT
Total Domestic Industry Irrigation Livestock

Ebro 30% -30%
(10641) (5730) 8186 358 147 7623 57

Evrotas 15% -30%
(106) (64) 92 7 1 83 1
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was reduced in the SUSTAINABLE scenario by 30% to return to a situation where
olive trees are not irrigated. Even though the water abstractions prior to the irrigation
of olive trees were estimated to be 70% less than the present (SKOULIKIDIS et al. 2011),
such a reduction for the future was valued as being unrealistic to happen.
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Chapter 5

Land and Water Use Modelling

5.1 Selection of a Land Use Change Model

There are several reasons why iCLUE was selected as the most suitable model for the
present study. First of all, it was indispensable to be able to model spatially explicit
land use changes, i.e. to have a raster-based model. Besides, iCLUE is freely available.
Out of all spatial land use models the main advantage of iCLUE lies in the fact that
it allows simulating an unlimited number of land use classes simultaneously while
there is no restriction on the type of the classes (VERWEIJ et al. 2018). Besides, there
are no restrictions regarding the spatial resolution or the extent of the study area.

Furthermore, iCLUE is able to handle more land use classes and drivers than
prior versions (VERWEIJ et al. 2018). A further improvement is the automation of
many manual steps necessary in previous CLUE versions which makes the whole
modelling less prone to errors. As input the model accepts any kind of drivers,
both biophysical or socio-economic factors influencing the land use distribution
(VELDKAMP & FRESCO 1996), which can be supplied as spatially explicit maps to
the model (VERWEIJ et al. 2018). iCLUE also allows to implement yearly changing
dynamic driving factors and by this means shape different scenarios (VERWEIJ et al.
2018). Its speedy calculations allow doing many model-runs, tests, validations and
model adaptations during a day (HUBER GARCÍA et al. 2018).

5.1.1 The iCLUE model

iCLUE is a land use change model originating from the CLUE modelling framework
formerly developed by VELDKAMP & FRESCO (1996) and more precisely from the
spatially explicit CLUE-S model version (Conversion of Land Use and its Effects
at Small regional extent) which enables analyses at the regional scale (VERBURG

et al. 2002). CLUE is wellknown in the land use modelling community and has been
applied in various forms to an abundance of study areas since its first release (FOX

et al. 2012, KOK 2004, MEHDI et al. 2015, VERBURG et al. 2006). The version used in
this study has been recently upgraded conceptually, methodologically and technically
by VERWEIJ et al. (2018) and integrated into the QUICKScan software (VERWEIJ et al.
2016). QUICKScan is a participatory modelling tool used in workshops which allows
to combine stakeholder knowledge, spatial and statistical data and provides many
analysis tools (VERWEIJ et al. 2016).

To simulate changes in land use the iCLUE model combines empirically quantified
relations between a land use class and its drivers with dynamic modelling of the
competition between different land use classes (HUBER GARCÍA et al. 2018, VERBURG

et al. 2002). Drivers are, as mentioned earlier, spatially explicit variables that influence
the land use distribution such as soil type, climate, slope, distance to roads and cities,
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population density etc.. They are used to describe the suitability S of a location i
for a certain land use lu at time t (VERWEIJ et al. 2018). Suitabilities are obtained
by relating the driving factors to each land use by means of statistical relationships
(HUBER GARCÍA et al. 2018). Out of several statistical methods supported by the
model, a stepwise logistic regression was used in this study (HEDDERICH & SACHS

2012). Together with the "ease of change" E, the neighbouring land use N and the
demand weight D, the total probability P of a land use lu to occur at a certain location
i and time t is calculated as follows:

Pi,lu,t = Si,lu,t + Ei,lu,t + Ni,lu,t + Di,lu,t (5.1)

The "ease of change" is a value describing how easily a land use may be trans-
formed into another (HUBER GARCÍA et al. 2018). It is further described in chapter
5.2.5. The influence of neighbouring land uses is not part of the iCLUE model used in
this study, but was implemented indirectly for example for urban areas by included
“distance to cities” as a driver. S and E in equation 5.1 are represented by numbers
from 0 (low) to 1 (high) (VERWEIJ et al. 2018). The demand weight D stands for the
difference between the future demand and the actual area covered by a land use.
The demand weight is not constant but changes for each iteration depending on the
difference between the allocated and the required area (VERWEIJ et al. 2018). Its value
is derived from a sigmoid function between -1 (the actual area has to shrink strongly)
and 1 (the area has to increase) and is larger the larger the difference is (VERWEIJ et al.
2018).

The sum of all these factors, resulting in a location-specific probability distribu-
tion across the potential future land use classes, provides the basis for the land use
allocation algorithm that distributes land use classes in space in an iterative process.
The probability is used to allocate each location to a single specific land use type
(VERWEIJ et al. 2018). If the total allocated area of a land use class does not pass the
acceptability tests, i.e. it deviates considerably from the required land use demand,
the combined probability value for this land use is adapted in the next iteration
by modifying the demand weight (VERWEIJ et al. 2018). How the future land use
demands were determined is explained in more detail in chapter 5.2.3.

In addition, it is possible to define so called conversion rules which determine “if
and under which conditions a conversion from one land use to another is allowed”
(VERWEIJ et al. 2018). To be able to run, the model further needs an initial land use
map for the starting year and the land use demand for each land use class at least for
the first and last year of the simulation. All inputs and factors influencing iCLUE are
displayed in figure 5.1. The Ebro and Evrotas specific model setups are explained in
more detail hereafter.
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FIGURE 5.1: Factors determining the land use projections by the CLUE
model. Source: VERWEIJ et al. (2018).

5.2 iCLUE Model Setup - Ebro River Basin

5.2.1 Preprocessing of LULCC Input

Several regional, national and international land use/cover databases were evalu-
ated with regard to their suitability for the use in the present study. In general, the
CORINE Land Cover data, called CLC data hereafter, provided by the EEA were
found most adequate. First, CLC data is available for most European countries and
therefore provides a more or less homogenous classification of land use/cover all
over Europe which allows for comparisons between different case studies. Second
and more importantly, CLC data were produced for several years covering now a
range of about 28 years (1990 (EEA 2013a), 2000 (EEA 2013b), 2006 (EEA 2013c),
2012 (EEA 2016a), and 2018 (EEA 2018)). The existence of such a long-term LULCC
inventory is of particular importance for deriving the land use demands for iCLUE
described in chapter 5.2.3. Besides, it allows to evaluate the simulation results as
shown in chapter 7.3. Even though national land use maps might provide a more
detailed spatial or thematic resolution, the CLC data present a decent compromise
with a 100 m x 100 m resolution and 44 land cover classes over Europe. In HUBER

GARCÍA et al. (2018) an overview is given of the pre-analysis of land use data carried
out for the Ebro compared to the one for the other GLOBAQUA test sites.

With regards to the Ebro, the CLC map of 1990 was chosen as start of the iCLUE
simulations. This map, however, does not cover the territory of Andorra, located to a
100% in the Ebro River basin, nor do the other CLC observations. To fill this gap the
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1990 map was merged with a national land cover map of Andorra provided by the
Institut d’Estudis Andorrans (IEA) from 1995 (IEA 1995). These two maps had to be
adjusted also thematically.
As mentioned in HUBER GARCÍA et al. (2018), the model performance of iCLUE is
influenced by the number of modelled land use classes. Theoretically, iCLUE is able
to handle an infinite number of land use classes. However, too many classes hamper
the simulation as the model struggles in finding solutions for the allocation of all
land uses, in particular for very small ones. The aim of the present study was to
model as many classes as possible in order to be able to derive detailed information
on water uses without reducing the model performance. For this reason, the number
of classes was reduced from 41 present in the Ebro in the CLC 1990 map to 13. Special
emphasis was put in preserving information related to water uses and grouping
together only classes that are expected to cause similar water consumptions (HUBER

GARCÍA et al. 2018). For this purpose, the GLOBAQUA internal Ebro experts were
asked to evaluate the importance of each land use regarding the aim of the project,
i.e. its potential to cause negative effects on aquatic ecosystems. This assessment
was used for a subsequent reclassification and simplification of the land use/cover
information to focus on the most relevant classes resulting in the 1990 land use map
displayed in figure 7.12. The reclassified CLC maps containing 13 classes are called
CLC 1990, CLC 2000 and CLC 2006 hereafter.

5.2.2 Protected Areas

Taking into account spatial restrictions is widely used in land use modelling whereas
the exact implementation differs (FOX et al. 2012, LUO et al. 2010, MALEK & VERBURG

2018, SOHL et al. 2012). Also in the present study, some restrictions were included in
the modelling setup for protected areas such as national parks. It was assumed that
protected areas are not allowed to change and consequently stay constant over time.
The national designated areas dataset made available through the EEA was used
to identify the correct locations (EEA 2014a). The dataset reports the International
Union for Conservation of Nature (IUCN) protected areas management categories to
which also MALEK & VERBURG (2018) refer. Areas with a high protection standard
- including the categories Ia, Ib, II and III - were masked out from all iCLUE input
maps prior to the simulations. The result maps were merged with the CLC 2006 map
to cover the missing areas. In total, 1329 km2 are treated as restricted areas which
accounts for approx. 1.5% of the area modelled in the Ebro basin setup (87364 km2).

5.2.3 Quantification of the Land Use Demand

One of the core inputs to the iCLUE model is the land use demand, i.e. the exact
number of pixels belonging to each land use class, for the first and final year of the
simulation, in this case 1990 and 2050. To help the model finding results more easily
and align historic land use simulations to observations, iCLUE allows to include also
land use demands for arbitrary years in between the start and end year. By now, land
use demands are available for the RCP-SSP-framework through IAMs presented in
POPP et al. (2017). However, the spatial aggregation is way to coarse for local impact
studies as it is the case here. Furthermore, the problem of a huge range of outcomes
of global models regarding future land uses remains as mentioned priorly in chapter
1.2.

https://www.iucn.org/theme/protected-areas/about/protected-area-categories
https://www.iucn.org/theme/protected-areas/about/protected-area-categories
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FIGURE 5.2: Protected areas in the Ebro River basin. Datasource: EEA
(2014a).

In case of the Ebro, the land use demands between 1990 and 2006 were handed to
the model at a yearly basis to mimic the observed development as good as possible.
Yearly values were achieved by interpolating the existing CLC maps over time. As
only a land cover map of the year 1995 is available for Andorra, actual land use/cover
in this area could not be quantified. iCLUE may, however, model change also there.
The interpolation period was not expanded further since the CLC 2012 map presents
considerably classification differences compared to the previous ones and was there-
fore excluded. The sudden change from complex cultivation patterns to permanently
irrigated land in some areas in 2012 is thought to be caused by diverging classification
schemes rather than by actual land use changes. Uncertainties in CLC data are a
well-known issue also addressed by ZOMLOT et al. (2017).
After 2006, the demands are defined for five year time steps starting from 2010 until
2050. Until 2017 the land use evolves equally in both scenarios to make sure that the
past development is the same. For this purpose, the overall trend between 1990 and
2006 is extrapolated for each land use class.

From the GLOBAQUA scenario development process a large amount of qualitat-
ive information was available summarised in Table 5.1 including the descriptors for
the GLOBAQUA large scale scenarios developed by a group of project internal ex-
perts, the downscaled case study specific descriptors defined during the stakeholder
workshops and the relevance of descriptors according to GLOBAQUA case study
experts. For being fed into the land use model this information had to be quantified,
which means translated into actual numbers first, as also stated by MALLAMPALLI

et al. (2016). To do so, it was combined with data collected in an extensive literature
review. In case of the Ebro, the RBMP was particularly helpful as it provides some
assumptions on the future development of irrigated area in the basin aiming at an
increase of approx. 50% until the 2033 while the water used for irrigation purposes
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TABLE 5.1: Scenario descriptor table for the Ebro for both scenarios
including the global scenario definitions, the downscaled scenarios
according to the stakeholders and the relevance of the descriptors for

the case study according to GLOBAQUA experts.

Descriptor Global scenario - Downscaled scenario - Final factor Relevance
Experts’ opinion Stakeholders’ view for Ebro

Growth per capita MYO:+++ MYO:+/++ MYO:+2 yes
SUS:++ SUS:0/+ SUS:+1

Urbanisation MYO:+++ MYO:++ MYO: +2.5 yes
SUS:+ SUS:0/- SUS: 0

Irrigated surface area MYO:++ MYO:+/++ MYO: +1.5 yes,
SUS:- - SUS:- SUS: -1 very important

Industrial agriculture MYO:++ MYO:+/++ MYO: 1.5 yes,
SUS:- SUS:- SUS: -1 very relevant

Organic agriculture MYO:- - MYO:+ MYO: -0.5 yes,
SUS:+++ SUS:++ SUS: +2.5 less relevant

Area covered with MYO:- - MYO:+/++ MYO: 0.5 yes,
water intensive crops SUS:- - - SUS:- SUS: -2 very relevant
Abandonment of land MYO:+ MYO:+ MYO: +1 yes

SUS:- SUS:- SUS: -1
Deforestation MYO:++ MYO:+/++ MYO: +1 yes

SUS:- SUS:-/- - SUS: -1.5

will increase approx. 30% compared to the year 2013 (CHE 2013, Annex III). Figure
5.3 shows a map of the present (light green) and planned (dark green) irrigation
systems in the Ebro.

In terms of numbers, the RBMP takes as reference an irrigated area of 9657 km2

for the years 2009-2015, even though the entirety is not permanently irrigated. The
discrepancy between AEI and actually irrigated area (AIA), which may vary strongly
between years and over the growing season, is a well known problem when trying to
estimate spatially distributed irrigated land (AUS DER BEEK et al. 2010). According to
the FEDERACIÓ ECOLOGISTES EN ACCIÓ DE CATALUNYA (2012), the targeted increase
will account for 14100 km2 of irrigated land in the Ebro (total basin area modelled:
87364 km2). From an ecological point of view, this is a quite negative development
driven rather by economic interests, which is the reason why it was used as reference
for the MYOPIC scenario. It further implies the idea of unlimited water resources and
fits therefore well to the technological optimism of SSP 5 (KEBEDE et al. 2018). The
land use demands of the other land use classes were built around it. The SUSTAIN-
ABLE scenario was developed in contrast to the MYOPIC one trying to reduce the
agricultural water needs. A detailed description of the quantification of the demands
follows hereafter.

5.2.3.1 Permanently Irrigated Land, Fruit Trees & Olives

MYOPIC: The area of the class permanently irrigated land according to CLC is smaller
than the one assumed by the RBMP. Since also the class fruit trees & olives is mainly
located in areas which are irrigated when comparing the CLC map of 2006 with the
map in figure 5.3, also this class was expected to be irrigated for the land use demand
calculations. This is due to the intensive irrigation of fruit trees, mainly peaches and
pears, and less to olives (CHE 2013, Annex III). However, only 25% of the total 50%
increase of irrigated land was attributed to this class and 75% to permanently irrigated
land to underline the prevalence of the latter one. The land use demands for these
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FIGURE 5.3: Long term irrigation plans in the Ebro basin according to
the RBMP with present (light green) and planned irrigation infrastruc-

ture (dark green). Adapted from CHE (2015).

classes grow until 2033 increasing together by around 50% as suggested in the RBMP.
Until the end of the simulation in 2050 the demand increases further by another 5%
compared to 2033.
Herbaceous plants such as alfalfa, maize, wheat and barley are cultivated on 70% of
the irrigated land in the Ebro River basin, a substantial part of it dedicated to fodder
and therefore to the meat industry (CHE 2013, Annex III). The growth of this sector
in the MYOPIC scenario is in line with the global trend in SSP 5 which expects an
increased meat consumption (O’NEILL et al. 2017). The draft for the next RBMP
confirms both that the amount of livestock and the irrigated area producing fodder
has expanded lately (CHE 2018).

SUSTAINABLE: A reduction of 25% until 2033 was set for this scenario for both
land use classes. From 2033 to 2050 the demands are reduced by another 5% of the
value in 2033.

5.2.3.2 Non-Irrigated Arable Land, Complex Cultivation Patterns, Agriculture with
Significant Areas of Natural Vegetation, Transitional Woodland & Shrubs
& Sclerophyllous Vegetation

MYOPIC: The increase in irrigated area in the MYOPIC scenario described above has
to be compensated with the decrease of other land use classes. But which land uses
are they and how is the loss distributed between them? Two things were considered:
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1. Which land uses are located in the planned irrigated areas (dark green) in figure
5.3 according to the RBMP?

2. Which percentage of the total area of a class will be transformed into irrigated land
and will consequently belong to the planned irrigated areas in the RBMP?

As a result, the 45% of the new irrigated land was taken from the class non-irrigated
land, 35% from complex cultivation patterns and 15% from agriculture with significant
areas of natural vegetation. The remaining 5% are translated as a loss in transitional
woodland & shrubs & sclerophyllous vegetation.

SUSTAINABLE: Due to its location in the wide plains of the Ebro catchment,
non-irrigated arable land has to be considered to be intensively managed. This way of
managing the land can be expected to decrease in a sustainable world as defined by
the GLOBAQUA scenarios in table 5.1 and based on SSP 1 with healthy diets, reduced
meat consumption and limited food waste (RIAHI et al. 2017). Consequently, the
slightly negative trend between 1990 and 2006 according to CLC data was extrapol-
ated until 2050. Complex cultivation patterns and especially agriculture with significant
areas of natural vegetation, which are considered to represent small scale agriculture
with high variety in crops and species, were expected to grow 10% and 15% until
2050 compared to 2017, respectively. Transitional woodland & shrubs & sclerophyllous
vegetation increases 5% until 2050.

5.2.3.3 Sealed Area

MYOPIC + SUSTAINABLE: The demand for this class was calculated using a regres-
sion model that relates the sealed area with GDP and population growth data similar
to the one used by REGINSTER & ROUNSEVELL (2006):

Lis = a1 + a2G + a3P + e (5.2)

where Ls represents the sealed area in the Ebro in km2, G is the annual real GDP
growth [%], P the annual population growth [%] and e an error term. For calculating
the regression coefficients, GDP and population data for the period 1996-2013 from the
Instituto Nacional de Estadística (INE) were used. The future GDP and population
growth projections for the different SSPs used are the ones downscaled for the
GLOBAQUA project, see chapter 4.3.2. The resulting demand of sealed area until
2050 is visible in figure 5.4, the red curve represents SSP 5 (MYOPIC) and the black one
SSP 1 (SUSTAINABLE). The urban demands according to the CLC maps are marked
with small dots in the graph. CLC 2012 and 2018 were excluded from calculations
as it shows notable classification differences compared to the previous maps. This
causes the urban demand in 2012 to be considerably higher than in the years before.
Following this trend would have meant an extreme increase of urban area which was
discarded as being unrealistic.

According to RIAHI et al. (2017) the urbanisation, i.e. the shift from rural to urban
population, is assumed to be fast both in SSP 1 as in SSP 5 due to high income growth.
This, however, does not mean that the urban areas grow at the same pace. In SSP
1 “urban areas are desired given the high efficiency that compact urban areas may
achieve” (RIAHI et al. 2017) while the increase in urban area will be larger in SSP 5.
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FIGURE 5.4: Calculated demand of sealed area [km2] in the Ebro
from 1990 to 2050 for the MYOPIC scenario (SSP 5, red) and the SUS-
TAINABLE scenario (SSP 1, black). The dots represent the sealed area
according to CLC data (1990, 2000, 2006 (version 17), 2012 and 2018).

5.2.3.4 Broadleaved Forest, Coniferous & Mixed Forest

The scenario descriptors ‘deforestation’ and ‘abandonment of land’ have to be con-
sidered when looking at the demand for the forest classes. In case of the Ebro, they
describe opposed trends and ‘neutralise’ each other at the catchment scale. At short
term, the latter descriptor is rather equivalent to the expansion of shrubs, while it
leads to an increase of forested area in the long term. Looking at the trends for the
GLOBAQUA scenarios in Table 5.1 that means:

MYOPIC:
Deforestation (++) - Abandonment of land (+) = Trend: (+), Forest demand goes down

SUSTAINABLE:
Deforestation (-) – Abandonment of land (-) = Trend: (0), Forest demand stays con-
stant/goes up slightly

For the SUSTAINABLE scenario the negative trend of ‘abandonment of land’
was rather interpreted as a clear out of transitional woodland & shrubs & sclerophyllous
vegetation located on former agricultural areas abandoned during the last decades
(DELGADO et al. 2010) and now revaluated for regional agriculture, than a clear cut
of forest stands. Consequently, the overall trend of forest demand was expected to
slightly grow (+). In the MYOPIC scenario, the forest area until 2050 will be reduced
(-).
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Orientation values to translate the ‘+’ and ‘-’ signs to numbers were found in
KANKAANPÄÄ & CARTER (2004), where they constructed European forest scenarios
based on the old SRES scenarios. For Italy, Greece, Portugal and Spain they estimate
a decrease of 10-15% in the A1 scenario, while for the more sustainable B1 scenario
they expect an increase of around 10-15%. Since the change in forest area in the
GLOBAQUA scenarios, see Table 5.1, is less marked (only one +/-), a difference of
up to 5% between the historic (CLC 2006) and future (2050) was assumed. For the
MYOPIC scenario, the slightly negative trend in forest area in the CLC data from
1990-2000-2006 was extrapolated until 2050, resulting in a 3.5% and 2.2% reduction
of broadleaved forest and coniferous & mixed forest, respectively. In the SUSTAINABLE
scenario both forest classes gain 5% in 2050 compared to the values in 2017.

5.2.3.5 Vineyards

By far the largest and most important wine-cultivating region in the Ebro is the Rioja
region located in the North-eastern part of the catchment. In a recent publication
by ANTOÑANZAS VILLAR et al. (2015) they analyse the possibilities of expansion of
vineyards in the Rioja region until 2030 presenting 5 different scenarios summarised
in Table 5.2.

TABLE 5.2: Five scenarios of the expansion of vineyards in the DOC
Rioja region. Shares in % relate to production. Adapted from ANT-

OÑANZAS VILLAR et al. (2015).

Baseline scenario Scenario 1 Scenario2

Production constant +1% per year +1.8% per year
at value of 2015 Scenario 1A Scenario 1B Scenario 2A Scenario 2B

+1% until 2030 +1% until 2021, +1.8% until 2030 +1.8% until 2021,
than constant than constant

MYOPIC: Scenario 2A in Table 5.2, the one with the strongest increase, 1.8% yearly
growth until 2030, was used as reference for the MYOPIC scenario in the Ebro. 1.8%
was the mean yearly production increase between 2008 and 2015 (ANTOÑANZAS

VILLAR et al. 2015). In this wealthy world the focus is set on global trade, so the
demand for vineyards can be expected to grow substantially.

SUSTAINABLE: In this scenario, a less globalised world is assumed and more self-
sufficiency. As a consequence, the wine production may not grow as much as in
the MYOPIC scenario. Scenario 1B from ANTOÑANZAS VILLAR et al. (2015) with
1% yearly increase in production until 2021 was therefore chosen as reference: The
trend in vineyard area between 1990-2006 from CLC data was extrapolated until
2021, which is equivalent to a yearly increase of 0.9%. It has to be noticed, that the
production growth rates in ANTOÑANZAS VILLAR et al. (2015) are specified in litres of
wine. For the land use change modelling in GLOBAQUA, these values were directly
applied on the land use demands.

5.2.3.6 Open Spaces with Little or no Vegetation

The development of this land use class is difficult to interpret. In the Ebro, it can
mostly be found in high mountain areas covering only a small part which is the
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reason it is less relevant for water issues analysed in GLOBAQUA. On the one hand,
considering climate change, the treeline may be shifted upwards, meaning that it
would cover an even smaller area only on the mountain tops. On the other hand,
more forest fires are expected due to climate change, which would expand the area of
open spaces with little or no vegetation also in the lowlands.

MYOPIC: From 2017 on, the trend 1990-2006 from CLC data was reversed since more
forest fires are expected, resulting in an 4% increase in 2050 with respect to 2006.

SUSTAINABLE: The trend 1990-2006 from CLC data was extrapolated until 2050
causing a reduction of 5.5% compared to 2006.

5.2.3.7 Grassland & Pastures

Also in this case, it is difficult to estimate how this land use may develop in the two
scenarios. Eventually, it was adapted depending on the developments of the other
classes since the sum of all demands has to sum up to the same amount of pixels for
each year.

5.2.3.8 Water

The demand for water is left constant all over the simulation period in both scenarios.
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FIGURE 5.5: Land use demand for the Ebro in the SUSTAINABLE
(top) and MYOPIC (bottom) scenario 1990-2050.

Taking everything into account, the land use demands for the Ebro until 2050 in the
two scenarios come to be as in figure 5.5. The most striking difference, the increase
of irrigated land in the MYOPIC scenario vs. the reduction of that class in the SUS-
TAINABLE, is clearly visible. The differences between the other land use classes
are less pronounced. However, also the way land is managed plays a crucial role
in the GLOBAQUA scenarios. This is defined in more detail through the water use
scenarios in chapter 5.4.

5.2.4 iCLUE Drivers

Due to its large extent, the Ebro River basin was modelled at a 1 km2 resolution to
reduce the calculation time. Besides, many of the input drivers were only available
at 1 km2 and therefore increasing the modelling resolution would not have meant to
include more information.
The iCLUE results are largely influenced by the drivers used to run the model as they
have a large weight in the allocation of land. When considering past developments in
the region, the underlying reasons mentioned most frequently in literature are social
and economic changes that caused a rural exodus and made farming unprofitable
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under certain conditions, whereas it concentrated economic activities in other areas
(GARCÍA-RUIZ et al. 2011). Some of these driving forces are difficult to capture in
numbers and, even more, distribute spatially on a map. This is, however, the input
format that iCLUE needs. Nevertheless, the aim was to gather a wide range of differ-
ent influencing factors available as spatially explicit information. All drivers used for
the Ebro setup are summarised in table 5.3. The variables include physical properties
of the land (slope, lithology, aspect, erosion levels), climate variables (annual precipit-
ation sum, mean minimal temperature) as well as demography (population density)
and economic factors (employees in different sectors, GDP). Distance measures to the
main infrastructure were included to represent the distance to markets and transport
costs, a widely used approach in land use change science (VERBURG & OVERMARS

2007). Other drivers than the ones in table 5.3 had been tested before in iCLUE but
were excluded since they worsened the simulation results or were eliminated by the
model due to high correlations with other drivers (HUBER GARCÍA et al. 2018).

iCLUE calculates a new land use map at yearly time steps based on previously
created probability maps. The probability maps are adapted in each time step, i.e. as
the demand for a land use class increases/decreases or drivers change. In fact, the
model allows including dynamic drivers changing at each time step to be able to de-
scribe changing conditions. For the present setup, the mean annual temperature and
annual precipitation sum were included as dynamic drivers for the whole modelling
period 1990-2050. The data are bias-adjusted climate projections originating from the
EURO-CORDEX project and downscaled to a 1 km2 resolution for use in GLOBAQUA
as described in chapter 4.4. The SUSTAINABLE scenario was run with projections for
RCP 4.5 whereas the MYOPIC included RCP 8.5 projections. To analyse the sensitivity
of iCLUE to different climate inputs, each scenario was run with climate data from
three different combinations of GCMs and RCMs, abbreviated RCA4, RACMO22E
and CCLM4, priorly selected within the GLOBAQUA project and explained in more
detail in chapter 4.4.
As regards socio-economy, it was possible to create spatially distributed drivers of
the population density from national statistics for the period 1992-2013. Population
numbers are available through the INE at municipality level. For the years 1990
and 1991 the map of 1992 was used. Unfortunately, no projections of the future
development of the spatially distributed population density at this aggregation level
were available and the SSP database provides only national values so the information
could neither be derived from there. Consequently, for modelling future scenarios the
population density in 2013 was held constant until 2050. Nevertheless, population
and GDP projections are indirectly included in the model as they are used to calculate
the demand of urban areas described in chapter 5.2.3.
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TABLE 5.3: Drivers used for setting up iCLUE in the Ebro River basin
and their sources.

Driver Source

Ratio of employees in manufacturing in-
dustry to total employees at municipality
level

Census 1991, INE, http://www.ine.es/

inebmenu/indice.htm

Ratio of employees in agriculture to total
employees at municipality level

Census 1991, INE

Euclidean distance [m] to: Calculated from data obtained from:
- Channels - Geoportal Confederación Hidrográfica
- Towns >10,000 inhabitants del Ebro (CHE)
- Towns >20,000 inhabitants (http://iber.chebro.es/geoportal/)
- Towns >50,000 inhabitants
- Main rivers
- All roads (categories 1-8)
- Largest roads (category 1& 2)
- Roads of categories 1 to 3, 1 to 4, and 1 to 7
- Wells for water extraction
- Coasts - Natural Earth (http://www.

naturalearthdata.com/downloads/)
Presence of hydrogeological units Geoportal Confederación Hidrográfica del

Ebro (CHE)

Digital Elevation Model (DEM) [m]
SRTM 90 (CGIAR-CONSORTIUM FOR SPA-
TIAL INFORMATION 2015)

Aspect Calculated from the DEM
Slope [%] Calculated from the DEM
Dynamic population density
[persons/km2] per municipality 1992-
2013, calculated from population data

data 1990–1995, INE (http://www.ine.
es/dynt3/inebase/es/index.htm?padre=

583&dh=1)
data 1996–2006, INE (http://www.ine.es/
dynt3/inebase/es/index.html?padre=

517&dh=1)
Dynamic annual mean temperature [◦C] Downscaled and bias-adjusted
Dynamic annual precipitation sum [mm] EURO-CORDEX data (JACOB et al. 2014)
Erosion levels 1 to 8 For Spain from Geoportal CHE

For Andorra and Garona River from
the European Soil Database (ESDB)
(http://eusoils.jrc.ec.europa.eu/
ESDB_Archive/ESDB_Data_Distribution/

ESDB_data.ht)
Population 2011 GEOSTAT 2011 grid (http://ec.

europa.eu/eurostat/web/gisco/

geodata/reference-data/population-

distribution-demography)
Nominal GDP at provincial level 2007 INE (http://www.ine.es/jaxi/tabla.

do?path=/t35/p010/a2004/l0/&file=

02001.px&type=pcaxis&L=0)
Data for Andorra: (http://www.
estadistica.ad/serveiestudis/web/

index.asp)
Lithology of the upper layer, 22 classes OneGeology (http://www.europe-

geology.eu/onshore-geology/

geological-map/onegeologyeurope/)
Irrigation density Geoportal CHE
Soil erosion

Pan European Soil Erosion Risk Assess-
ment (PESERA) (https://esdac.jrc.ec.
europa.eu/content/pan-european-soil-

erosion-risk-assessment-pesera)
Landscape values based on Flickr Environmental Geography, Uni-

versity Amsterdam (https://www.
environmentalgeography.nl/site/data-

models/data/)

http://www.ine.es/inebmenu/indice.htm
http://www.ine.es/inebmenu/indice.htm
http://iber.chebro.es/geoportal/
http://www.naturalearthdata.com/downloads/
http://www.naturalearthdata.com/downloads/
http://www.ine.es/dynt3/inebase/es/index.htm?padre=583&dh=1
http://www.ine.es/dynt3/inebase/es/index.htm?padre=583&dh=1
http://www.ine.es/dynt3/inebase/es/index.htm?padre=583&dh=1
http://www.ine.es/dynt3/inebase/es/index.html?padre=517&dh=1
http://www.ine.es/dynt3/inebase/es/index.html?padre=517&dh=1
http://www.ine.es/dynt3/inebase/es/index.html?padre=517&dh=1
http://eusoils.jrc.ec.europa.eu/ESDB_Archive/ESDB_Data_Distribution/ESDB_data.ht
http://eusoils.jrc.ec.europa.eu/ESDB_Archive/ESDB_Data_Distribution/ESDB_data.ht
http://eusoils.jrc.ec.europa.eu/ESDB_Archive/ESDB_Data_Distribution/ESDB_data.ht
http://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/population-distribution-demography
http://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/population-distribution-demography
http://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/population-distribution-demography
http://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/population-distribution-demography
http://www.ine.es/jaxi/tabla.do?path=/t35/p010/a2004/l0/&file=02001.px&type=pcaxis&L=0
http://www.ine.es/jaxi/tabla.do?path=/t35/p010/a2004/l0/&file=02001.px&type=pcaxis&L=0
http://www.ine.es/jaxi/tabla.do?path=/t35/p010/a2004/l0/&file=02001.px&type=pcaxis&L=0
http://www.estadistica.ad/serveiestudis/web/index.asp
http://www.estadistica.ad/serveiestudis/web/index.asp
http://www.estadistica.ad/serveiestudis/web/index.asp
http://www.europe-geology.eu/onshore-geology/geological-map/onegeologyeurope/
http://www.europe-geology.eu/onshore-geology/geological-map/onegeologyeurope/
http://www.europe-geology.eu/onshore-geology/geological-map/onegeologyeurope/
https://esdac.jrc.ec.europa.eu/content/pan-european-soil-erosion-risk-assessment-pesera
https://esdac.jrc.ec.europa.eu/content/pan-european-soil-erosion-risk-assessment-pesera
https://esdac.jrc.ec.europa.eu/content/pan-european-soil-erosion-risk-assessment-pesera
https://www.environmentalgeography.nl/site/data-models/data/
https://www.environmentalgeography.nl/site/data-models/data/
https://www.environmentalgeography.nl/site/data-models/data/
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5.2.5 Further Model Specifications

5.2.5.1 Ease of Change

In addition, there are several other parameters for the fine tuning of iCLUE which
are also used to calibrate the model (HUBER GARCÍA et al. 2018). The first one is
the ease of change which determines how easily a land use class can be transformed
into another. The following categories exist: “Very easy”, “easy”, “hard”, “very hard”
and “cannot change”. For the Ebro, Non irrigated arable land, agriculture with natural
vegetation, transitional woodland & shrubs & sclerophyllous vegetation and open spaces ob-
tained the value “easy” since these classes are not equipped with large infrastructures
and their transformation can be carried out with little physical and economic effort.
Complex cultivation patterns and frui trees & olives were set to “hard”, while the rest of
the classes was considered to be very hard to transform to other classes. This includes
all forest types which would need to be cleared before transforming it, agricultural
classes with high investments in infrastructure such as permanently irrigated land or
vineyards as well as urbanised areas. The reason why grassland & pastures is thought
to be difficult to change is due to its remote location mainly in mountain areas. Water
was the only class which was not allowed to change at all since it is supposed to
stay constant. The modelling resolution of 1 km2 is too coarse to actually capture
fluctuating water bodies.

FIGURE 5.6: Schematisation of the land use/cover transitions upon
abandonment of agricultural land. Source: VERBURG (2010).

5.2.5.2 Conversion Rules

Adapting the conversion rules allows to control which land use transitions are al-
lowed to take place, where and when (HUBER GARCÍA et al. 2018). It also allows
forcing transitions to happen in a certain order, e.g. following the example in figure
5.6 from VERBURG (2010) to imitate a natural vegetation succession following the
abandonment of agricultural land. Similar rules are used by MALEK & VERBURG
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(2018) in their application of the CLUMondo model. To imitate such a development,
grassland & pastures were allowed to change to transitional woodland & shrubs & sclero-
phyllous vegetation only after three years and this class to either types of forest only
after another 10 years of persistence. Open spaces remain constant for two years before
they can be turned into grassland & pastures and transitional woodland & shrubs &
sclerophyllous vegetation. Also for non irrigated arable land it takes to years two change
to sealed area or complex cultivation patterns. In turn, sealed area is not allowed to change
to any of the other 12 land use classes. There are also restrictions for permanently
irrigated land which is not allowed to change to agriculture with natural vegetation,
transitional woodland & shrubs & sclerophyllous vegetation, grassland & pastures, neither
forests.

5.2.5.3 Allowed Demand Deviation

To facilitate the process of finding a solution, the iCLUE user can set a value indic-
ating to what extent the simulated demand is allowed to deviate from the target
demand passed to the model. The deviation may be specified as absolute value (cell
counts) or percentage deviation for each land use class individually. According to
VERWEIJ (June 2015), the deviations should constitute 5% of the demand of a class at
maximum, whereas small classes should be allowed to deviate relatively more than
large classes. For the Ebro setup, the deviation was indicated in absolute terms. Table
5.4 summarises the values set for each of the land use classes.

TABLE 5.4: Allowed deviation [%] from the targeted land use demand
for the Ebro setup.

Land use Allowed Deviation

Non-irrigated arable land 0.9
Permanently irrigated land 1.8
Vineyards 2.8
Fruit trees & olives 2.9
Grasslands & pastures 1.8
Complex cultivation patterns 1.7
Agriculture with natural vegetation 2.4
Broad-leaved forest 2.7
Coniferous & mixed forest 1.7
Sealed area 3.3
Trans. woodland&shrubs&sclerophyllous 1.1
Open spaces with little or no vegetation 1.1
Water 0

The ease of change, the conversion rules and the allowed deviation were used
to tune the model in the calibration process. Besides, there are two further para-
meters that can be set in iCLUE: the sample size percentage and the correlation
threshold. The first one defines the percentage of pixels that is used to carry out
the stepwise regression to calculate the suitability maps, it was set to 0.2 (default is
0.1). The correlation threshold specifies the threshold above drivers should be ex-
cluded from the regression due to their high correlation with the land use distribution.
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5.3 iCLUE Model Setup - Evrotas River Basin

5.3.1 Preprocessing of LULCC Input

CLC maps for the Evrotas basin, entirely located in Greece, are available for the years
1990, 2000, 2012 and 2018 whereas the last one was not taken into consideration since
it is not yet fully validated. As for the Ebro, the last version of CLC data shows con-
siderable differences to previous versions which are thought to be changes caused by
divergent classification rules rather than actual changes. Due to its small extent, the
modelling resolution of the Evrotas could be set equal to the original resolution of the
CLC data, i.e. 100 m2. The CLC classes were reclassified to seven classes representing
well the heterogeneity of the catchment while reducing the model complexity. The
1990 reclassified map of the Evrotas is displayed in figure 5.7.
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FIGURE 5.7: Reclassified CLC map of the Evrotas in 1990.



62 Chapter 5. Land and Water Use Modelling

5.3.2 Implementation of Riparian Forests

Evrotas experts from the Hellenic Centre on Marine Research in Sparta, a GLOB-
AQUA partner institution, consulted on the future scenarios emphasised the import-
ance of riverbank protection or restoration as a measure for improving water quality
in the catchment. The high modelling resolution permitted to take this into account
and incorporate riparian forests in the SUSTAINABLE scenario. Except for the stretch
close to the sea, the river network in the Evrotas basin cannot be distinguished from
the CLC maps as it is surely narrower than a 100 m, i.e. the pixel resolution, and
therefore classified as the surrounding land cover. The assumption was made that
for the main rivers below 500 m of altitude, a 100 m wide pixel could represent the
river plus river bank vegetation on both sides. The limit regarding the elevation was
set for two reasons: 1) agriculture is mainly carried out in the low lying parts (areas
where river bank protection makes sense to reduce erosion and diffuse pollution); 2)
to include only wider river stretches their width can be represented approximately
with a 100 m pixel. First, the land use change model was run without any restric-
tions regarding the river banks. The riparian forest was “burned” into the final land
use map afterwards by changing all pixels along the river below 500 m to mixed &
broadleaved forest which did not belong already to this class or to coniferous forest or
shrubs & semi-natural vegetation. By this means, a possible measure from a Programme
of Measures was included into the modelling process.

5.3.3 Quantification of the Land Use Demand

Table 5.5 summarises the trends attributed to the scenario descriptors for the general
GLOBAQUA scenarios by the experts and by the Evrotas stakeholders for the case
study specific scenarios. The final factor is the approximate mean of the two trends.
These final factors were used to calculate the final land use demands. In case of the
Evrotas, the simulation of both scenarios is equal until 2017, after which they divert.
The final factors in table 5.5 were multiplied by 5% and define in most cases the trend
between 2017 and 2030. For 2030 to 2050, half the increase/decrease as in the previous
period was usually assumed.

TABLE 5.5: Scenario descriptor table for the Evrotas for both scenarios
including the global scenario definitions, the downscaled scenarios
according to the stakeholders and the relevance of the descriptors for

the case study according to GLOBAQUA experts.

Descriptor Global scenario - Downscaled scenario - Final factor Relevance
Experts’ opinion Stakeholders’ view for Evrotas

Growth per capita MYO:+++ MYO:+ MYO: +2 Yes
SUS:++ SUS:+ SUS: +1.5

Urbanisation MYO:+++ MYO:+ MYO: +2 No
SUS:+ SUS:- SUS: 0

Irrigated surface area MYO:++ MYO:++ MYO: +2 No changes
SUS:- - SUS:+ SUS: -1 expected

Industrial agriculture MYO:++ MYO:++ MYO:+2 Yes
SUS:- SUS:- SUS: -1

Abandonment of land MYO:+ MYO:++ MYO: +1.5 yes
SUS:- SUS:0/- SUS: -0.5

Deforestation MYO:++ MYO:+/++ MYO: +1.5 Yes, Wildfires
SUS:- SUS:- SUS: -1 in dry years
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5.3.3.1 Sealed Area

A regression model as for the Ebro could not be applied for estimating the develop-
ment of sealed area in the Evrotas, because the available data for the past were not
sufficient for a satisfactory result. Consequently, the trends for the scenarios were
chosen according to the descriptor ‘urbanisation’ in Table 5.5.

MYOPIC: The final factor is +2, so an increase of 10% was expected until 2030 and a
5% increase of sealed area from 2030 to 2050.

SUSTAINABLE: The final factor for this scenario is 0. As sealed area is very unlikely
to disappear, the demand for this land use was left constant after 2017.

5.3.3.2 Permanently Irrigated

MYOPIC: Both experts and stakeholders expect the irrigated area to increase consid-
erably, so a trend of +10% until 2030 was set. Since this class is relatively small in
extent compared to others, another +10% was assumed until 2050.

SUSTAINABLE: -5% compared to 2017 until 2030, -2.5% until 2050 compared to 2030.
Adding the riparian forests makes this class shrink by approximately 11% between
2017 and 2050. It is the class most affected by this measure, at least in relative terms.

5.3.3.3 Coniferous Forest, Mixed & Broadleaved Forest

These two land use classes were treated equally. For deriving the future trends of
these classes, the descriptor ‘deforestation’ was considered.

MYOPIC: Due to an increased deforestation activity and possibly more frequent
wildfires caused by bad management and climate change, forests are expected to
decrease in the MYOPIC scenario. A reduction of 7.5% for both classes until 2030 is
expected and a further reduction of 5% from 2030 to 2050.

SUSTAINABLE: 5% increase both for the period 2017 to 2030 and 2030 to 2050 for
coniferous forest. The trend was not reduced for the latter period as reforestation is
a slow process and changes may take long. Mixed & broad-leaved forests are set to
increase only 5% until 2050 for the modelling. By burning in the riparian forests in
the final map, this class rises by 16.4% in 2050 compared to 2017.

5.3.3.4 Shrubs & Semi-natural Vegetation

In some regions of the Evrotas basin, it is very hard to differentiate forests from shrubs
& semi-natural vegetation in aerial photography as done in the processing of CLC data.
According to all available CLC maps for Greece, the two forests classes plus shrubs
& semi-natural vegetation cover 61% of the total basin area. This coincides with the
68% of semi-natural vegetation stated by SKOULIKIDIS et al. (2011). Nevertheless,
for calculating the land use demand, shrubs & semi-natural vegetation were treated
independently from forests. This was done to be able to better capture the factor
‘abandonment of agricultural land’.
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MYOPIC: The abandonment of land is expected to be considerable in the MYOPIC
scenario. Therefore, a 5% increase was expected from 2017 to 2050. Since this class is
very large in size with respect to the others, the factor 1.5 was not translated in 7.5
but only 5% increase.

SUSTAINABLE: According to both experts and stakeholders, the abandonment trend
will be stopped or slightly reversed in a sustainable scenario. Consequently, the
demand for this class was left constant after 2017.

5.3.3.5 Agriculture & Olives

This class was used to compensate the changes occurring to the other classes.

MYOPIC: A total reduction of -4.8% from 2017 to 2050 takes place. A decrease for this
scenario is inline with the observed trend of abandonment of marginal agricultural
land in many Mediterranean regions mentioned already. It is assumed that in the
future the cultivation of olives will be concentrated even more on profitable land.

SUSTAINABLE: The final land use map for this scenario after the transformation of
riverine pixels to mixed & broadleaved forest shows a reduction of -3.7% of agriculture
compared to 2017.

5.3.3.6 Water

As for the Ebro, the class water was set constant at the value of 1990.

The development of the demands in the two scenarios are visualised in figure 5.8.
The two scenarios seem the same at the first glance. This is related to the intension
to develop plausible scenarios and not extreme ones. In both scenarios, shrubs &
semi-natural vegetation increase whereas agriculture decreases. The trends are stronger
in the MYOPIC scenario. At second sight one can also see the increase of forests in the
SUSTAINABLE scenario while in the MYOPIC scenario sealed area and permanently
irrigated land expand.
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FIGURE 5.8: Land use demand for the Evrotas in the SUSTAINABLE
(top) and MYOPIC (bottom) scenario 1990-2050.

5.3.4 iCLUE Drivers

Table 5.6 summarises the drivers used to set up iCLUE for the Evrotas River basin.
Similar to the Ebro, the list includes only the drivers actually part of the setup but
not other data tested previously and rejected. The annual mean temperature was
included in iCLUE as dynamic driver. Other climate variables were not considered
as the model discards them due to high correlation coefficients.

5.3.5 Further Model Specifications

5.3.5.1 Ease of Change

In case of the Evrotas, the ease of change was set to “very hard” for sealed area, to hard
for agriculture, coniferous forests, mixed & broadleaved forests and permanently irrigated
land. Shrubs & semi-natural vegetation is the only class that can easily be transformed
to other classes. As for the Ebro, water was not allowed to change.

5.3.5.2 Conversion Rules

Sealed area is not allowed to change to any of the other land use classes. The conversion
from agriculture to shrubs & semi-natural vegetation is parametrised to take four years.
In turn, shrubs & semi-natural vegetation to mixed & broadleaved forests and coniferous
forests will happen after 13 and ten years, respectively.
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TABLE 5.6: Drivers used for setting up iCLUE in the Evrotas River
basin and their sources.

Driver Source

Population density 2011 Hellenic Statistical Authority (ELSTAT
2011)

Labour 2001 at Local Administrative Level
1 (LAU1)

ELSTAT 2001

Overnight stays tourism 2009 at LAU1 ELSTAT 2009b
Euclidean distance [m] to: Calculated from data obtained from:
- Oil mills - Digitalised from TZORAKI et al. (2008)
- Largest roads (category 1) - OpenStreetMap data GEOFABRIK GMBH

(2018)
- Water abstractions ELSTAT 2011
- Large rivers
- Coasts
- Settlements
DEM [m] SRTM 90 (GCIA-CSI 2015)
Slope [%] Calculated from the DEM
Aspect Calculated from the DEM
Number of livestock per municipality
(2009):

ELSTAT 2009a

- Cattle
- Sheep
- Goats
- Poultry
- Pigs
Nature 2000 areas EEA 2014b
Dynamic annual mean temperature [circC] Downscaled and bias-adjusted EURO-

CORDEX data (JACOB et al. 2014)
Irrigation Requirement per municipality
2001

MDG 2005

5.3.5.3 Allowed Demand Deviation

For the Evrotas, the allowed deviations for the land use demands are the following:

TABLE 5.7: Allowed deviation [%] from the targeted land use demand
for the Evrotas setup.

Land use Allowed Deviation

Sealed area 3.1
Agriculture 1.2
Shrubs & semi-natural veg. 1.8
Coniferous forest 1.7
Mixed & broad-leaved forest 1.9
Permanently irrigated 2.1
Water 0

5.4 Derivation of Water Use Maps - Ebro River Basin

Table 4.2 summarises the changes in total water use defined for the two future scen-
arios compared to the reference period 1980-2010 for the Ebro and Evrotas. These
values represent, however, merely the overall water demand and do not specify the
changes for sectoral water uses, which may differ considerably from the total amount
of water used. Besides, it does not provide any information on the spatial distribution
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of water uses or differing amounts across the basin. For both case studies it was pos-
sible to retrieve information on sectoral water uses either from the RBMP or national
institutions for subunits of each catchment. The dimensions of these units, however,
vary substantially from site to site. To obtain spatially explicit water use maps, the
priorly produced land use maps were combined with the water statistics. The water
abstractions of a sector were linked to the land use class of the final simulated map
representing the sector best. As for retrieving future maps, the pixel values of the
reference map were multiplied by factors to fit in sum to the future overall demands
defined in table 4.2. The general procedure of deriving spatial water use maps for the
reference scenario in all four basins is explained in more detail in HUBER GARCÍA

et al. (2018).

5.4.1 Water Uses Statistics for the Ebro

As regards the Ebro, the statistics and values mentioned refer to the official basin
defined by the CHE, called Ebro basin hereafter, which slightly differs from the nat-
ural watershed (CHE 2015): The Ebro CHE limitation includes the headwaters of the
Garona River belonging to Spain while the rest of the river runs through France and
empties into the Bay of Biscay. Statistics in the RBMP for this area are mainly listed
apart. The CHE basin shape and statistics exclude, however, a small area located
in France, the headwaters of the Segre River, a tributary to the Ebro. Statistics for
Andorra, whose national territory lies completely in the natural Ebro catchment as
well as in the CHE basin, are not reported. Since its area of 468 km2 is small compared
to the whole Ebro catchment (85600 km2) the area of Andorra was considered part of
the downstream main tributary, the Segre, for calculations.
It is further worth noting that the statistics available for the Ebro do not differentiate
clearly between water use, water demand and water supply. The RBMP 2015-2021
reports two reasons for that (CHE 2015): First, until now it has been possible to
provide the largest part of the requested water even if this situation may change
dramatically in the future. Consequently, the water demand, or water use, equalled
the water supply without taking into account return flows. Secondly, the obtained
numbers are mainly estimations and in most cases only demands were estimated, not
water supply. Consequently, the terms “use”, “demand” and “supply” will be used
as synonyms in the following chapters as already explained in the introduction.

5.4.2 Linking Water Uses to Land Uses

The RBMP of the Ebro differentiates agricultural, subdivided into irrigation and
livestock, industrial and urban water uses, the latter one including also industries
supplied by the urban supply networks (CHE 2015). The water demands for urban
and industrial uses were added and attributed to the land use class sealed area, which
represents both urban and industrial areas according to the classification introduced
above used for modelling with iCLUE. Linking agricultural water uses to a land
use class is more complex. Based on the used CLC input map, it is not possible to
localise livestock production in space. The water consumption related to this activity
is probably very concentrated on the farm buildings while the resolution of the CLC
maps of 1 ha and even more the modelling resolution of 1 km2 is far too coarse to
represent it correctly. Considering the fact that irrigation accounts for 99% of the
agricultural water demand in the Ebro (CHE 2015), the inaccuracy introduced by
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merging livestock and irrigation demands was considered negligible. A substantial
part of the irrigation systems produce fodder for the cattle in the Ebro valley and
receive in turn manure as organic fertiliser. As a result, farms are located nearby
the fields which is another argument in favour of combining irrigation and livestock
demands (CHE 2015).
Regarding the land use classification for the Ebro, the class permanently irrigated land
certainly makes up for a good part of the irrigation demand in the Ebro. According
to the CLC nomenclature ‘permanently irrigated’ stands for “crops irrigated per-
manently or periodically, using a permanent infrastructure” (BOSSARD et al. 2000).
However, comparisons of CLC data with the map in figure 5.3 have shown that
also the categories complex cultivation patterns and fruit trees & olives are probably
irrigated to some extent since their location coincides with areas of existing irrigation
infrastructure. The RBMP also reports irrigation amounts for fruit trees and partly
also for olives, however, to a smaller extent (CHE 2013, Annex III). The term complex
cultivation patterns was adopted from the original CLC nomenclature and represents
landscapes with high spatial variability, which does not exclude irrigated agriculture
at smaller scale (BOSSARD et al. 2000). Furthermore, the 7680 hm3 (7623 hm3 for irrig-
ation + 57 hm3 for livestock, see 4.2) agricultural demand reported by the RBMP for
around the year 2010 and used for calculations hereafter were simulated assuming an
irrigated area of 9657 km2, a rather high value considering that the actually irrigated
area in 2005 was estimated to lie rather around 7000 km2 (CHE 2013, Annex III). In
fact, the RBMP 2015-2021 reports several numbers from various sources ranging from
6621 km2 in 2005 according to a farmers’ survey to the already mentioned 9657 km2

(CHE 2013, Annex III). In the draft for the next RBMP 2021-2027 7455 km2 can be
found as estimation for the year 2014 (CHE 2018). For the derivation of water use
maps, 9657 km2 was interpreted as AEI and consequently a value overestimating the
actually irrigated area. Still, it was necessary to find a balance between all values and
to “choose” an irrigated area large enough to avoid obtaining unrealistic high values
when calculating the water use per pixel. Since 5740 km2 permanently irrigated land
and 1909 km2 fruit trees & olives together in the CLC 2006 map are considerably less,
it makes sense to include 20% of complex cultivation patterns obtaining a theoretical
irrigated area of 8854 km2 for the year 2006.

The statistics mentioned above are reported in the RBMP (CHE 2015) as values
for the whole Ebro CHE basin but also for different kind of subunits. A rather fine
division of the catchment is obtained by dividing the area in 49 so called agricultural
demand units. A coarser disaggregation describes the 18 exploitation units which
are of varying sizes, see map in figure 7.17. Despite the coarser spatial resolution the
statistics for these latter units were used for calculations as they provide information
for all main water consuming sectors (agriculture, industry, urban) and, in addition,
report present values (2013) as well as future estimations for 2033 (CHE 2015). The
values for 2013 and 2033 in the RBMP 2015-2021 are equal to the values reported
in the prior RBMP 2010-2015 (CHE 2015) for the years 2007 and 2027, respectively.
Consequently, the values for 2007/2013 were used to represent the GLOBAQUA refer-
ence period (1980-2010) and are assumed to be an estimation for around the year 2010.

5.4.3 Deriving Spatial Water Uses in the Ebro

For deriving spatial maps a very similar approach to the one applied by MALEK &
VERBURG (2018) was used where the water demand of a sector in each exploitation
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FIGURE 5.9: Procedure to obtain water use values per pixel from
statistics for subunits.

unit was distributed to all pixels of the land use class priorly related to this sector.
For the urban water demand this means that the demand per exploitation unit was
divided by all sealed area pixels in this unit and the obtained value attributed to each
pixel as mean water consumption per pixel in this area, as figure 5.9 illustrates. For
agriculture, the agricultural demand was divided by the sum of pixels of all irrigated
classes permanently irrigated land, fruit trees & olives and 20% of the class complex
cultivation patterns. The reason to consider only 20% of the area of this class is that it
is thought to represent irrigated area only to some extent. The obtained value was
attributed to the first two classes without any changes whereas complex cultivation
patterns, again, only obtained 20% of the water the other ones got per pixel to consider
the fact that this class might be less intensively irrigated. SALMON et al. (2015) apply
a similar approach to account for the fact that a single satellite remote sensing pixel
covering 500 m x 500 m includes a mixture of land use classes. By this means, water
use maps representing the end of the reference period were obtained by combining
water use statistics for the Ebro representative for the period 2007-2013 with the CLC
2006 map.

5.4.4 Introducing Thresholds

In some cases, the CLC 2006 map shows only very few or no pixels of water con-
suming land use classes while the RBMP reports a substantial amount of agricultural
water demand for the same area (CHE 2013, Annex III). This results in an unreal-
istically high value when divided by the amount of pixels. To spot those, the mean
and standard deviation of all water-uses-per-pixel-values (excluding outliers) was
calculated. Values lying below or above the mean +/- twice the standard deviation
were identified as extreme values. These values were excluded and the mean of
the remaining units calculated again. All priorly excluded exploitation units were
replaced by this mean value, 0.73 hm3/km2. In a slightly different way, also MALEK

& VERBURG (2018) introduced a threshold on maximum water withdrawal in their
calculations of irrigation scenario to account for actual available water resources.

5.4.5 Future Water Demands

For obtaining future water use maps, the reference maps were modified by multiply-
ing the mean water consumption per pixel with a factor. The factor was set to be the
same all over the Ebro catchment, while it differed for each water consuming land use.
The reference values were adapted in a way that the sum of all pixels and all water
demands in the Ebro equalled the future change defined for each scenario in table 4.2.
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For the Ebro, the factors for each land use in the two scenarios are summarised in
table 5.8.

TABLE 5.8: Factors applied to the water demand per pixel for the
reference period to obtain values for the two future scenarios in the

Ebro.

FACTOR MYOPIC SUSTAINABLE
Sealed area 0.85 0.80
Perm. irrigated, fruit
trees & olives

0.9 0.85

Complex cultivation
patterns

0.8 0.8

Multiple scenario specifications had to be taken into account when setting the
factors, as there are for example 1) the increase/decrease of total water demand for
each scenario set for the GLOBAQUA project, 2) the wide margin of water demand
and irrigated area values reported by the RBMPs for the present and 3) the credibility
of the resulting water demand per pixel. After the introduction of a threshold, these
values set the boundary conditions for calculating the water demand per pixels. The
allocation of irrigated pixels is controlled by the iCLUE model. The water use sum
over the whole catchment may change depending on the location of these pixels in
different exploitation units since the mean values per pixel vary strongly between the
units. Knowing that iCLUE simulations are subject to a certain amount of randomness
the exact percentage of increase/decrease fluctuates depending on each model run.
The factors in table 5.8 were set in a way that the future demand increase/decrease of
a specific scenario, +30% in case of the Ebro, is reached approximately by all model
runs.
The factors applied reduce the water consumption per pixel with respect to the
present in both scenarios. This might be surprising at first sight, however, both
the MYOPIC and the SUSTAINABLE scenario experience an increase in irrigation
efficiency by definition, see scenario descriptors in Appendix A. This may occur
for various reasons: In the MYOPIC scenario, a very high technological standard is
assumed which will help saving water following the trend described in the draft for
the next RBMP 2021-2027 (CHE 2018): As a result of the continuous modernisation
of the irrigation techniques in the Ebro between 2004 and 2016 the highly water
intensive surface irrigation has already been reduced from 64% to 45.8%. However, as
it is further stated in this document, it is not always equal to water conservation since
the cropping system is simultaneously intensified allowing a higher productivity per
used m3. For this reason, the SUSTAINABLE scenario additionally foresees cultivat-
ing less water intensive crops to reduce the water consumption. For the water use
maps this means that the water consumption per pixel for permanently irrigated land
and fruit trees & olives will be less in the SUSTAINABLE scenario than in the MYOPIC
one, 85% vs. 90% of the current. The rather small reduction in both scenarios with
respect to the present can be explained with the fact that the irrigation systems in the
Ebro are already quite efficient and a stronger reduction would be unrealistic.
With regards to the factor for complex cultivation patterns, a 20% reduction in both scen-
arios is assumed to increase also the irrigation efficiency of small-scale agriculture.
As for the urban water consumption, it is expected to drop, by 15% in the MYOPIC
and by 20% in the SUSTAINABLE while the population will increase slightly. This
may seem contradictory at first glance. However, it is in line with the trend observed
over the last decades in the Ebro and the whole Spanish territory where both the
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consumption per inhabitant and the total urban water supply has steadily gone down
(CHE 2018). The assumption for the MYOPIC scenario is that urban sprawl will
cause settlements to expand more than in the SUSTAINABLE one and consequently
resulting in a lower population density per urban pixel, while the consumption per
pixel will be reduced more in the latter scenario. This means that the consumption
per person will be higher in a MYOPIC scenario.

5.5 Derivation of Water Use Maps - Evrotas River Basin

The derivation of water use maps for the Evrotas basin was carried out with statistics
for the year 2001 from the MINISTRY OF DEVELOPMENT OF GREECE (2005) (MDG) for
domestic uses and irrigation. Even if this source also provides information on the wa-
ter consumption for livestock, the water use map for this sector was not calculated as
it only makes up a small part of the total amount. The data are available at community
level, the smallest Greek administrative unit at that time, and at municipality level,
slightly larger units. While using the community data allows for a high spatial detail
as already shown in HUBER GARCÍA et al. (2018), this fine disaggregation causes
some problems when calculating the scenarios and water consuming pixels appear
in communities where they were not present priorly. For this reason, the municipal
data were used in this work to create a consistent set of water use maps for the Evrotas.

The CLC 2000 map served as basis to derive the reference scenario. As already
described in HUBER GARCÍA et al. (2018), for calculations it was assumed that the
land use class permanently irrigated land is dominated by citrus trees while irrigated
olive trees are mainly distributed over the class agriculture/olives. This is in line with
the data from the MDG (2005) which also provides data on the irrigated area and
irrigation requirements per crop type at municipal level. According to this source,
the irrigation requirements for citrus trees are approx. twice as high as for olive
trees. Consequently, two times the amount of water per pixel of agriculture/olives was
applied to permanently irrigated land.

TABLE 5.9: Factors applied to the water demand per pixel for the
reference period to obtain values for the two future scenarios in the

Evrotas.

FACTOR MYOPIC SUSTAINABLE
Sealed area 0.90 0.80
Perm. irrigated land 0.95 0.80
Agriculture/olives 1.2 0.68

The factors for adapting the water use in the future in table 5.9 show generally
higher water use efficiencies except for olives in the MYOPIC scenario. It is assumed
that the irrigation of olive trees will be further expanded and intensified in this
scenario, both for economic reasons as well as climate change, resulting in a 20%
increase. Meanwhile, the water consumption of sealed areas and permanently irrigated
land is reduced by 10% and 5%, respectively. These adaptations result in an overall
water use increase of approx. 15% for the MYOPIC scenario. To the contrary, the
overall demand is reduced by 30% in the SUSTAINABLE scenario. Especially the
irrigation efficiency for olive trees will be increased consuming 32% less per pixel.
SKOULIKIDIS et al. (2011) report that the irrigation of olive trees has started only lately
after a longer drought episode. Traditionally, most olive trees in the Evrotas were
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not irrigated. The SUSTAINABLE scenario aims at returning partly to the situation
before the olive tree irrigation started. The water consumption of sealed areas and
permanently irrigated land decreases by 20%.
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Chapter 6

Estimating Water Availability

To be able to make a statement about the final water availability in the Ebro River
basin, the attempt was made to compare the demand side, i.e. the resulting water use
maps, to the water actually available. For this purpose, we contrasted the results of
this study to 1) runoff simulations for the Ebro carried out in the context of GLOB-
AQUA by Stefanie Lutz from the Helmholtz-Zentrum für Umweltforschung (UFZ)
(Centre for Environmental Research) in Halle (Saale), one of the project partners, and
2) the Climate Moisture Index (CMI) (WILLMOTT & FEDDEMA 1992) was calculated.

6.1 Runoff Modelling

The following section is taken from HUBER GARCÍA et al. (in prep.).

The mean annual water balance in the Ebro River basin was simulated with the
mesoscale Hydrological Model (mHM) (KUMAR et al. 2013b, SAMANIEGO et al. 2010),
which is a grid-based distributed hydrological model simulating canopy interception,
snow accumulation and melting, soil moisture dynamics, infiltration, deep percola-
tion, surface runoff, evapotranspiration, storage in the subsurface and groundwater,
discharge generation, fast and slow interflow and baseflow. The model parameters
are calibrated using a multi-scale parameter regionalization technique to account
for the spatio-temporal distribution of catchment characteristics such as soil types,
geological classes and land cover types (SAMANIEGO et al. 2010). The model has been
successfully applied in various river basins including the Ebro (e.g. KUMAR et al.
2013a, KUMAR et al. 2013b, RAKOVEC et al. 2016a, RAKOVEC et al. 2016b, SAMANIEGO

et al. 2010, VIGIAK et al. 2018, ZINK et al. 2017).

In this study, the model was run at a daily time step on a 6 km x 6 km grid for
the periods 1981-2010 and 2036-2065, i.e. the GLOBAQUA reference and future
period, using RCP 8.5 and RCP 4.5 climate data from one of the three selected model
combinations, the RCA4, (interpolated to the 6 km x 6 km grid) and correspond-
ing CLC maps at the original 100 m resolution, with land use before 1990 being set
to the 1990 data. To obtain the model parameters for these scenario runs, mHM
was first calibrated in a preliminary model run against daily discharge of the Ebro
River at the Ascó Coca gauging station (41◦11’9.24"N, 0◦34’11.37"E) between 1991
and 2014 using CLC data (EEA 2013a, EEA 2013b, EEA 2013c, EEA 2016a) and the
E-OBS temperature and precipitation dataset (HAYLOCK et al. 2008) as climate for-
cings. The interpolated station data from E-OBS was chosen for model parameter
calibration due to their better representation of historical meteorological conditions
compared to regional climate model output. Daily discharge at Asco Coca was
provided by the CHE (http://ceh-flumen64.cedex.es/anuarioaforos/afo/estaf-

http://ceh-flumen64.cedex.es/anuarioaforos/afo/estaf-datos.asp?indroea=9163
http://ceh-flumen64.cedex.es/anuarioaforos/afo/estaf-datos.asp?indroea=9163
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datos.asp?indroea=9163). The Dynamically Dimensioned Search (TOLSON & SHOE-
MAKER 2007) was applied for calibration using a combination of the Nash-Sutcliffe
Efficiency (NSE) between observed and modelled discharges and their logarithm to
capture high, average and low flow conditions. The runoff simulations do neither ac-
count for extractions nor for reservoirs and therefore represent the natural conditions
in the Ebro basin.

The yearly runoffs for the reference period 1981-2010 and for both scenarios 2036-
2065 were averaged and a difference map between each scenario and the reference
was calculated to identify changes.

6.2 The Climate Moisture Index

The CMI after WILLMOTT & FEDDEMA (1992) is a modified version of Thornthwaite’s
Moisture Index (THORNTHWAITE 1948). It is calculated using precipitation Prec and
potential evapotranspiration ETpot data as follows:

CMI =

{
1− ETpot/Prec i f Prec > ETpot
Prec/ETpot− 1 i f ETpot > Prec

(6.1)

Data originating from the EURO-CORDEX project for the RCA4 GCM-RCM-
combination were used at the original 12 km2 resolution to calculate the CMI. Analog-
ous to the runoff, mean annual precipitation and potential evapotranspiration grids
were averaged for the reference and future period of RCP 8.5 and RCP 4.5 data to
eventually obtain the CMI for each scenario.

http://ceh-flumen64.cedex.es/anuarioaforos/afo/estaf-datos.asp?indroea=9163
http://ceh-flumen64.cedex.es/anuarioaforos/afo/estaf-datos.asp?indroea=9163
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Chapter 7

Scenario Results & Discussion

7.1 Climate Scenarios

In order to satisfy the integrative approach of the present study, socio-economic scen-
arios need to be considered in combination with climate scenarios when projecting
land and water use changes. The bias-adjusted and downscaled projections for mean
annual air temperature and annual precipitation sum described in chapter 4.4 were
included as dynamic drivers in iCLUE. Before running the model, the climate input
was analysed in more detail.
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FIGURE 7.1: Density distributions of the decadal mean annual tem-
peratures of the RCA4 climate model for the MYOPIC (top) and SUS-
TAINABLE (bottom) scenario. The black line represents the mean
annual temperature for the period 1950 to 1999 according to observed

data.

To take into account the uncertainties of climate projections each of the two
GLOBAQUA scenarios was run with data from three different GCM-RCM-model
combinations (see chapter 4.4 for details on the selection of the models) eventually
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resulting in six iCLUE scenarios. The density distributions of the yearly mean annual
temperature maps for one of the three GCM-RCM-combinations, the RCA4 model
combination, averaged over decades are compared in figure 7.1 to the distribution
of observed temperatures. The observed data in this and also the following figures
originate for the most part from the Digital Climate Atlas of the Iberian Peninsula
1950-1999 (NINYEROLA et al. 2005) completed with the Andorran Climate Digital
Atlas (M. BATALLA et al. 2016) for the Andorran territory which represents the
period 1981-2010. The fit between the observed curve and the decadal 1990s mean
temperature is good considering the fact that they cover different periods and the
latter ones originate from climate models. For both scenarios, there is a clear shift
towards warmer temperatures until 2050. Each decade is projected to be warmer than
the previous one, in total for six decades in a row. Even if thirty-year periods or longer
are the standard time frames in climate science to analyse data, it is interesting to see
that for the climate model data over the Ebro a trend can already be distinguished for
ten-year intervals. The results are equally clear for the climate data from the models
CCLM4 and RACMO22E (see chapter 4.4 for abbreviations), which is the reason they
are not shown here.

What figure 7.1 also indicates is that there seems to be a slight difference between
the climate projections for the two scenarios already for the historical period, which
lasts until 2005 for the CMIP5 simulations used here, since the 1990s means for RCP
8.5 and RCP 4.5 have a slightly different shape, clearly visible around 10◦C. There
are two possible explanation for this effect: 1) It could be an artefact of the bias-
adjustment applied to the data. For this means, the climate model simulations are
compared to observed data, in this case the MESAN dataset (HÄGGMARK et al. 2000),
to detect possible deviations. The period used to ascertain the delta was 1989 to
2010, which in case of the climate model data includes not only the historical period
but with 2006 to 2010 also five years already under influence of the respective RCP.
Since each RCP represents an independent model run, there is no relation between
the results for RCP 8.5 and 4.5 for a specific year and they can deviate considerably.
The data used here, both the RCP 8.5 as well as RCP 4.5 historical periods provided
through the EURO-CORDEX ensemble (JACOB et al. 2014), already include a bias-
adjustment which could be the reason the density distributions for the 1990s and
2000s of the two scenarios differ. 2) Each RCM is run with marginally different initial
conditions which propagate through the climate system and produce different results
(LEDUC et al. 2019).

The same effect can be observed for the precipitation data displayed in figure 7.2
originating from the CCLM4 model combination for the two scenarios. Also in this
case, the solid lines in both graphs have a slightly different shape as a result from the
bias-adjustment. Besides, compared with the observed data from the Digital Climate
Atlas (NINYEROLA et al. 2005) the climate model underestimates considerably areas
with approx. 350 to 550 mm yearly precipitation sum in both scenarios. In turn,
according to the climate model data, a larger share of the Ebro basin is supposed
to have more extreme annual precipitation sums below 350 mm and above 600 mm
for all decades including past ones. Unlike the temperature, no clear trend can be
recognised for the decadal precipitation means. This is certainly related to the high
variability in space and time typical for the Ebro (CHE 2015) and other Mediterranean
regions. In fact, RAMOS et al. (2012), who carried out a study on temperature and
precipitation changes in Catalunya over the past 60 years, found that “the high
variability observed from year to year hides any possible trend” in annual totals or
the number of rainy days. Nevertheless, some trends could be identified for seasonal
precipitation sums. As for the present study, the two decades showing highest
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densities at low precipitation values are the 2020s and 2030s, while the distribution
curve for the 2040s moves back towards higher precipitation values. However, no
assumptions on the total precipitation sum and water availability in the Ebro should
be derived from the curves in figure 7.2 since the spatial and seasonal distribution of
precipitation is equally variable and it was not considered here.

200 400 600 800 1000 1200

0.
00

00
0.

00
15

0.
00

30

D
en

si
ty

pr RCP8.5 CCLM4 1950−1999 (obs.)
1990s
2000s
2010s
2020s
2030s
2040s

200 400 600 800 1000 12000.
00

00
0.

00
15

0.
00

30

Mean annual precipitation sum [mm]

D
en

si
ty

pr RCP4.5 CCLM4 1950−1999 (obs.)
1990s
2000s
2010s
2020s
2030s
2040s

FIGURE 7.2: Density distributions of the decadal mean annual tem-
peratures of the RCA4 climate model for the MYOPIC (top) and SUS-
TAINABLE (bottom) scenario. The black line represents the mean
annual temperature for the period 1950 to 1999 according to observed

data.

Comparing projections from different models, see figure 7.3, differences between
the climate models exist. Looking at a thirty-year average from 2021 to 2050, RCA4 is
the most extreme one, the RCP 8.5 run of this model combination reaching the highest
temperatures followed by the RCP 4.5 of the same GCM-RCM combination. This
means that the temperature in the SUSTAINABLE scenario with data from RCA4
tends to be higher than for the MYOPIC scenario of both RACMO22E and CCLM4.
The latter two climate model combinations show more similarities. This agrees with
findings from GAMPE et al. (2016) which compared the climate signals from many
climate models over all four GLOBAQUA test sites and which identified RCA4 as
being "hotter" then the other two models.
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The thirty-year mean values for all six scenarios in figure 7.4 for precipitation
do not deviate as much as the ones for temperature. Most climate simulations over
Spain agree that the annual precipitation sum is not expected to change that much,
but that seasonal precipitation shifts such as wetter autumns and drier summers
might occur (CEDEX 2017). The black line in figure 7.4 represents again observed
values originating from the two atlases mentioned above. For the model simulations,
there is a slight trend towards more extreme values in both directions which means
that in the future there could be regions with lower mean annual precipitation sums
compared to the observed and areas with higher values. According to GAMPE et al.
(2016), RCA4 is the GCM-RCM combination producing the "driest" climate out of the
three used in GLOBAQUA.

To conclude, slight differences between the future temperature change in the
two scenarios are visible but hard to deduce for precipitation. The constant decadal
increase in temperature is noticeable and interesting per se. In case of temperature,
the differences for the period 2021 to 2050 seem to be larger between climate models
than scenarios. As mentioned by MOSS et al. (2010), deviations between the RCPs
only start being significant after 2035 which might be the reason for similarities
between RCP 8.5 and 4.5. The observed differences between data originating from
various GCM-RCM-combinations show that it is important to take into account
the uncertainty in climate modelling when running iCLUE. Due to the nature of
this particular LULCC model following a top-down approach where the model is
forced to allocate the complete land use demand, the influence of dynamic drivers is,
however, restricted. Climate change is overruled by the demand allocation.

7.2 Change Detection Analysis

For obtaining information as input to the iCLUE model and assessing the model res-
ults it was necessary to analyse historical land use transitions first. Change detection
is a common technique to identify such changes. The results described here have been
published in HUBER GARCÍA et al. (2018). The procedure follows the one applied by
FERANEC et al. (2007): A contingency table for CLC maps of two different points in
time is calculated to spot the land use transitions that have taken place during the
observed period. For the Ebro, the changes between the reclassified CLC maps 1990
(EEA 2013a) and 2000 (EEA 2013b) and 1990 and 2006 (version 17, EEA 2013c) were
investigated for the whole study area including protected areas. The overall change
detected for the calibration period of the model, 1990 to 2000, affected 3.2% of the
study area, while 5.4% changed from 1990 to 2006, the model validation period, see
chapter 7.3.

The results for the second period are summarised as a contingency table in table
7.1. The values indicate the percentage share of the total study area that was affected
by change from one land use class to the other. The transition of non-irrigated arable
land to more specialised uses such as vineyards (0.1%), fruit trees & olives (0.1%) and es-
pecially permanently irrigated land (0.9%) can be considered the most important change
and the one with the largest impact on water resources. The change of permanently
irrigated land to complex cultivation patterns is with 0.5% the second largest. However,
it has to be analysed carefully. As will be explained in more detail in chapter 7.3.1
and in particular figure 7.8, parts of the large irrigation systems in the Ebro valley
located in Aragón west of the Cinca River are classified as complex cultivation patterns
in the CLC 2006 map while in the CLC maps of 1990 and 2000, and even more in
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TABLE 7.1: Results of the change detection analysis in % of the total
area of the Ebro basin for the validation period 1990 to 2006.
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Non-irrigated arable land 0.0 0.9 0.1 0.1 0.0 0.2 0.0 0.0 0.0 0.1 0.0 0.0 0.0

Permanently irrigated land 0.2 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.1 0.0 0.0 0.0

Vineyards 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Fruit trees and olives 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Grasslands & pastures 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0

Complex cultivation patterns 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Agriculture with natural vegetation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0

Broad-leaved forest 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0

Coniferous and mixed forest 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0

Sealed area 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Trans. woodland/shrub/Sclerophyllous 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.2 0.4 0.0 0.0 0.1 0.0
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2006

a later version of the 2006 map (version 18.5.1, EEA 2016b), the CLC 2012 (version
18.4, EEA 2016a) and the unvalidated CLC 2018 (version 20, EEA 2018) they belong
to permanently irrigated land. Consequently, it might well be that this transition does
not represent an actual change in land use but rather an altered classification scheme.
0.4% of the study area are transformed from coniferous & mixed forest to trans. woodland
& shrubs & sclerophyllous vegetation and the same percentage experienced the opposite
change. The same happens for the change from grasslands & pastures to trans. woodland
& shrubs & sclerophyllous vegetation, which affects 0.2% of the catchment, while the
opposite transition accounts for 0.3%. Due to these opposed changes, the net change
for the validation period is only 2.7% (2.3% for the calibration period), and therefore
considerably smaller than the overall change. The reversed trends could be partly
caused by diverging classifications between the observed years due to similarities
between the classes. BÜTTNER & MAUCHA (2006) attribute in this respect a moderate
reliability to the CLC classes trans. woodland & shrubs (CLC code 324) and even a low
one for sclerophyllous vegetation (323) and natural grassland (321).
A reforestation trend in the Ebro is also expressed by the change from trans. woodland
& shrubs & sclerophyllous vegetation to broad-leaved forest. With regards to urbanisation,
sealed area gains 0.1% from non-irrigated arable land.

All in all, the observed changes confirm the overall trend in the Ebro, and in the
Mediterranean region in general, described in many studies. They reveal the two
main processes of land transformation that have taken place in the Mediterranean in
the last decades: On the one hand, there has been a transformation from agricultural
land to shrubs and forests caused by the abandonment of marginal farmland (i.e.
DELGADO et al. 2010, GARCÍA-RUIZ et al. 2011, REY BENAYAS et al. 2007, SERRA

et al. 2008). Frequently mentioned reasons for this development are social and
economic changes that caused a rural exodus and made farming unprofitable under
certain conditions (GARCÍA-RUIZ et al. 2011). The CHE lists the limited water supply
guarantee, the low profitability and an ageing population as the main causes (CHE
2013, Annex III). As a consequence, natural vegetation succession to shrubs and forest
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took place on abandoned fields and pastures. Reforestation was likewise fostered by
the Spanish and European Government (DELGADO et al. 2010).
On the other hand, and contrary to the aforementioned process, lowlands and coastal
areas have experienced a concentration of population and human activities as well as
a strong increase in intensive and irrigated agriculture (AQUILUÉ et al. 2017, SERRA

et al. 2008). This agrees with the above findings which helped setting the conversion
rules of the iCLUE model realistically and assess future changes with respect to past
trends.

7.3 Calibration & Validation of the Land Use Simulations

Model calibration and validation is crucial for all model types and LULCC models do
not constitute an exception to that rule. It enables making a point on the applicability
of the model and the quality of its output. In fact, there is broad agreement in land
change science on the need for applying model calibration and validation, however, it
differs from other research fields as no standard approach exists and a large number
of different methods are in use (HAGEN-ZANKER & MARTENS 2008, PONTIUS et al.
2008).
As described by VAN VLIET et al. (2016), the calibration consists in fitting the model to
a specific application by first setting the initial model parameters and then adjusting
them “based on iterative comparison of the model output with observations”. For
the present study, the iCLUE model was calibrated to represent the Ebro case study
as good as possible by adapting the parameters mentioned in chapter 5.2.5 and the
drivers in chapter 5.2.4. The observational data used for the calibration was the
CLC 2000 map, while the model was initiated using the CLC 1990 map. The model
was calibrated manually. The validation, i.e. the assessment of the model output
against observations (VAN VLIET et al. 2016), was carried out using the CLC 2006
map, version 17.
Following the practices discussed by VAN VLIET et al. (2016), the model results
were assessed according to their location accuracy, pattern accuracy and uncertainty
analysis. A climate sensitivity analysis was carried out for the final water use maps
which is described in chapter 7.6.
Location accuracy, the most prevalent approach in land change sciences (PONTIUS

et al. 2008, VAN VLIET et al. 2016), is a pixel-by-pixel comparison of the simulated and
observed map which indicates whether the allocation of land changes happened at the
correct location (VAN VLIET et al. 2016). For this purpose, the three-map-comparison
came into use. This method was applied to different models in a combined study by
PONTIUS et al. (2008) and its adoption to different versions of the CLUE model has
proven successful. Observed land use maps for time t0 (start of the simulation, 1990
in the present case) and t1 (calibration year, here 2000) and the simulated land use
maps for t1 are necessary. A map of the differences between the two observed maps
is calculated to identify the actual land use changes happened during the calibration
period t0 to t1, see figure 7.5. The changes simulated by the model for the same time
period are obtained by creating a difference map between the initial observed map
for t0 and the simulated map for t1, also displayed in figure 7.5. To obtain the final
map the two difference maps are overlaid which facilitates the distinction between
correctly modelled pixels due to correctly modelled change versus correctly modelled
persistence (PONTIUS et al. 2008). These two categories are represented by a green
and grey colour, respectively, in figures 7.6, 7.7 and 7.9 displaying the calibration and
validation results. As for the errors, the three-map-comparison allows to distinguish
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between three types: I) pixels that did not change (persistence), but were simulated
as change (yellow in the mentioned figures), II) the opposite, i.e. change pixels that
were simulated as persistence (red), and III) change pixels where the model predicts a
transition to the wrong land use class (pink). With CLC data being available for more
than two points in time, a fortunate and rather rare situation in land use modelling, it
was possible to carry out an independent validation applying the same method but
using as observed map for time t2 the CLC 2006 map.

FIGURE 7.5: Maps necessary to carry out a three-map-comparison
(left) and the two main difference maps representing the actual change

and the simulated change (right). Source: PONTIUS et al. (2004).

A three-map-comparison was further carried out at various resolutions to assess
the pattern accuracy of the model. The results of the location and pattern accuracy
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have been published in HUBER GARCÍA et al. (2018), whereas the results presented
here involve a slight improvement compared to the publication.
Regarding the uncertainty analysis, VAN VLIET et al. (2016) define it as an “analysis
of the variation of model outputs without any changes in model parameters or vari-
ables”. This measure was applied to quantify the effect of randomness of the model.
Last, the model sensitivity with regard to different climate inputs was examined.
The assessment of the quantity disagreement applied in other studies (PONTIUS

et al. 2004) indicating whether the amount of the land use demand of each class
is modelled correctly was not necessary since iCLUE follows a demand-allocation
approach which means that the model fully allocates the demand of all classes for
each model step whilst taking into account the allowed deviation described in chapter
5.2.5 (AQUILUÉ et al. 2017, PONTIUS et al. 2008). Since the results are very similar,
all following calibration and validation exercises are only shown for the MYOPIC
scenario run with RACMO22E data.

7.3.1 Location Accuracy

Figures 7.6 and 7.7 show the location accuracy results for the calibration and the
validation for a specific model run, respectively. Only the results for one run are
shown as the results for other runs do not show any substantial deviations.
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FIGURE 7.6: Calibration results of the iCLUE model for the Ebro setup.

As shown here, the calibration results are slightly better than the validation results.
96.1% of the study area is modelled correctly for the calibration year (2000) and 92.9%
for the validation year (2006) due to the correct representation of persistence (grey
colour), i.e. pixels not changing during the observed period. The large percentage of
grey area has to be attributed to the generally little change during the observation
period. The actual change taking place is correctly modelled (green) in 0.2% (calibra-
tion) and 0.3% (validation) of the basin area, but modelled to the wrong class for 0.1%
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FIGURE 7.7: Validation results of the iCLUE model for the Ebro setup.

and 0.2% of the area, respectively. Persistence simulated as change (yellow) makes up
0.7% and 1.6% whereas misses, i.e. change simulated as persistence (red), accounts
for the largest error both for the calibration (2.9%) as for the validation (5%). These
latter error type occurs mainly in larger cohesive patches, visible in the two maps in
figures 7.6 and 7.7, which coincide mainly with actual land use transformations that
have taken place between the model initialisation map (1990) and the reference map.
For iCLUE, and probably any other land change model, these “sudden” changes of
many contiguous pixels are difficult to capture as they cannot be explained with the
drivers supplied to the model. They may depend on personal decisions (e.g. a land
owner decides to clear a large parcel of forest), government policies or unpredictable
events such as wildfires. Besides, they are also caused to some extent by classification
differences between the observed maps, as mentioned earlier in chapter 7.2.

Figure 7.8 shows a close up of the large irrigation systems (permanently irrigated
land is displayed in turquoise) north of the Ebro main course and to the west of the
Cinca River where the validation results are particularly poor due to an accumulation
of missed land use transitions. It becomes clear that many patches are classified as
permanently irrigated land in 1990, while in 2006 they are classified as complex cultivation
patterns (orange). This, of course, cannot be predicted by iCLUE and consequently is
responsible for the difference between the observed and the simulated map. However,
in 2012 the same areas turn to be categorised as irrigated. It might well be that they
were not irrigated in 2006 as this depends very much on the annual meteorology
(THENKABAIL et al. 2009), but comparisons with different sources such as the Ebro
RBMP, and particularly the map of existing irrigation systems in figure 5.3, make
clear that they belong to the large irrigation systems in the Ebro since a long time.
Consequently, the validation results here are misleading as they indicate that the land
use simulated by iCLUE is wrong, although this error is caused by differing observa-
tions or interpretations of land use. This example illustrates well how deviations in
the classification of the observed maps, either caused by errors or altered classification
guidelines, affect the assessment of the model quality. PONTIUS et al. (2008), which
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compared the input, output and validation maps of several land change models in an
extensive study, conclude that the most important lesson they learnt was “that the
selection of the place, time, and format of the data must be taken into consideration
when interpreting the model’s performance, because these characteristics can have
profound influence on the modelling results.”

FIGURE 7.8: Close look at a) the validation results for the irrigation
systems north of the Ebro main stream, b) the CLC 1990 map, c) CLC

2006 map and d) CLC 2012 map for the same area.

The fact that the calibration shows better results than the validation can be ex-
plained with the “conservative” behaviour of the model. It sticks to the initial input
map (1990) and modifies it step by step, which is the reason it will always show a
larger agreement with a reference map that is closer to the initial map. All in all, it
can be considered a good result that also for the validation year, i.e. 16 years a head
of the model input map, 93.2% of the study area are simulated correctly.
Looking closer into the errors, both for the calibration as for the validation year, the
model produced more erroneously simulated change pixels than pixels showing
the correct land use change. At first glance, this might be surprising. However, in
the study by PONTIUS et al. (2008) twelve out of the 13 compared LULCC model
applications showed similar proportions at the finest, i.e. the modelling resolution.
According to the authors of this comparative study, the errors are reduced at coarser
resolutions as it is also the case for the Ebro case study, see chapter 7.3.2.

7.3.2 Pattern Accuracy

Considering the complexity of land use systems, it cannot be expected that a land
change model produces perfect results. Especially the pixel-by-pixel comparison
described above is a very strict measure for evaluating model results. This is one
reason why several authors agree on the necessity to perform model validations at
multiple scales (KOK et al. 2001, VAN VLIET et al. 2016, VELDKAMP & LAMBIN 2001).
Besides, and possibly more important, the processes taking place and the drivers of
change are very scale dependent which is a further reason to apply a multi-resolution
validation (KOK et al. 2001, VELDKAMP & LAMBIN 2001).

For the present study, the three-map-validation was carried out at different resol-
utions using the lulcc package (MOULDS et al. 2015) implemented in the R Statistics
software (R DEVELOPMENT CORE TEAM 2008) which refers to PONTIUS et al. (2011).
The results of the pattern accuracy in figure 7.9 for the validation year 2006 indicate
that the overall agreement increases very slowly at first until a resolution of 4 km2 and
after that at a slightly faster constant rate until the maximum resolution of 256 km2.
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FIGURE 7.9: Results of the multi-scale validation in the Ebro basin for
2006.

PONTIUS et al. (2008) concluded in their study mentioned in chapter 7.3.1 that this is
typical to happen “since near errors of location over small distances become resolved
as resolution becomes slightly coarser”. This would be the case if single erroneously
classified pixels were spread across the study area as in another study by PONTIUS

et al. (2011). However, for the present study, the reduction of change simulated as
persistence (red) and persistence simulated as change (yellow) is mainly transformed
to change simulated to the wrong class (pink). This is probably related to the large
patches of missed change (red in figures 7.6, 7.7) which also at coarser resolutions
do not represent the correct class. In addition, it has to be taken into account that a
total of 13 land use classes are simulated at the same time for the Ebro setup. This
large number allows for many wrong land use transitions. Furthermore, the observed
change taken place between 1990 and 2006 affects only 5.4% of the total basin area.
PONTIUS et al. (2008) state that simulations of study areas experiencing larger changes
usually have a higher predictive accuracy. Small changes may be difficult to handle
for land use change models like iCLUE since they are programmed to expect change.
Moreover, PONGRATZ et al. (2008) further argue that study areas experiencing lar-
ger net changes offer a stronger statistical signal to be detected in the calibration
procedure whereas simultaneous gains and losses of land use classes, which is the
case in the Ebro as mentioned in chapter 7.2, are more difficult to predict. Following
the argumentation by PONTIUS et al. (2011), the remaining 2.5% disagreement at a
256 km2 resolution, which means that the whole study area would be represented by
approx. 1.3 pixels, is entirely attributable to a quantity disagreement of the land use
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classes between the observed and simulated 2006 map caused here by the allowed
deviation of the model from the targeted land use demand.

7.3.3 Uncertainty Analysis

As the developers of iCLUE VERWEIJ et al. (2018) state, the random number generator
included in the model inhibits the reproducibility of the results. However, model
runs using exactly the same model parameters create similar results. To assess the
uncertainty of the iCLUE model, 20 runs were analysed together.
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FIGURE 7.10: Visualisation of the spatial distribution of differences
between iCLUE model runs. The darker the colour the more runs

deviate from model run no. 1 at this exact location.

Figure 7.10 illustrates how the spatial distribution of land uses differs from run
to run. An arbitrary simulation result for the MYOPIC scenario in 2050, let us call
it run no. 1, was used as reference and its differences to 19 other result maps were
calculated and summed up. The darker the green colour in figure 7.10, the higher the
number of runs that predict a different land use than run no. 1 at this exact location.
The analysis show that the randomness is not distributed homogeneously all over
the catchment, but that differences occur more frequently in certain areas. These
are mainly areas with a high land use heterogeneity, as visual comparison with the
land use simulation in figure 7.14 shows, and which probably present high location
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probabilities for many land use classes. The spatial pattern does not change if another
run is chosen as reference (not shown here).

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

16200

16300

16400

1
Non−irrigated

●

●

●

●

●

●

●●●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

8950

8975

9000

2
Permanently irrigated

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

1720

1730

1740

3
Vineyards

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●●

●

2960

2970

2980

2990

3000

4
Fruit trees & olives

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●
●●

●

●

●●

6575

6600

6625

6650

5
Grassland & pastures

●
●

●

●

●

●●

●

●

●

●

●

●

●

●●

●

●

●

●●
●●●●

4660

4670

4680

4690

4700

6
Complex cult. patterns

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

5525

5550

5575

5600

7
Agriculture with nat. veg.

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

7000

7050

7100

8
Broad−leaved forest

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

10400

10450

10500

9
Coniferous & mixed forest

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

1430

1440

1450

10
Sealed area

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

17100

17150

17200

17250

17300

11
Shrubs/sclerophyllous.

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

2380

2385

2390

2395

2400

12
Open spaces,little veg.

●●●●●●●●●●●●●●●●●●●●

537.950

537.975

538.000

538.025

Water

N
r. 

of
 p

ix
el

s

FIGURE 7.11: Boxplots representing the spread of amount of pixels for
each land use class for 20 iCLUE model runs. The diamonds indicate

the actual demand target passed to iCLUE.

In addition to the spatial distribution, also the quantity disagreement changes
from model run to model run. This means, that the amount of pixels assigned to a
certain land use class fluctuates slightly depending on the run, see the boxplots in
figure 7.11. This is the case for all the classes except for water as it is not allowed to
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change. The diamonds in figure 7.11 indicate the actual land use demand passed to
iCLUE, i.e. the targeted demand, from which the model is allowed to deviate slightly,
see percentages in table 5.4. Interestingly, for some land uses the simulated demand
spreads more or less equally on both sides of the targeted demand, for example
non-irrigated arable land or sealed area. For others, the target is over- or underestimated
in all model runs (permanently irrigated land, vineyards, grassland & pastures). The
reason is probably that some land uses are allocated more easily than others, so the
model “prefers” to allocate more of it.
The uncertainty analysis visualise and quantify the effect of the random factor in-
herent to iCLUE. The magnitude of the deviations between model runs is small and
might be negligible for the resulting land use simulations. For the calculated water
use maps, however, it plays a role, as described later in chapter 7.7. The independent
validation carried out and described above helps overcome an overfitting of the
model to a specific run, as pointed out by VAN VLIET et al. (2016).

7.4 Land Use Scenarios for the Year 2050

For comparison, the CLC 1990 map used to initialise iCLUE is displayed in figure
7.12 while one realisation of the final land use simulation for the SUSTAINABLE
and MYOPIC scenario using the RACMO22E climate input is exemplarily shown
in figures 7.13 and 7.14, respectively. The protected areas excluded from modelling
were included using the CLC 1990 map assuming that their land use is approximately
constant which agrees with the observed changes between 1990 and 2012.
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FIGURE 7.12: Land use in the Ebro basin according to CLC 1990.
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FIGURE 7.13: Land use simulation 2050 of the Ebro for the SUSTAIN-
ABLE scenario using the RACMO22E climate input.

The most striking difference between the two land use simulations is the pre-
valence of permanently irrigated land in the northern part of the Ebro lowlands in
the MYOPIC scenario while this class has shrank in the SUSTAINABLE scenario
compared to 1990. iCLUE also simulates large irrigated areas around the city of
Vitoria-Gasteiz in the MYOPIC scenario, indicated in figure 7.12 by rectangle A. No
permanent irrigation can be appreciated from the CLC 1990 map, neither it is the
case for the CLC 2000 nor the 2006 data. However, more up to date CLC versions
such as version 18.5.1 for 2006, the 2012 and also the - not yet validated - 2018 map
show a significant area of irrigated land around the city of Vitoria-Gasteiz. In ad-
dition, an irrigation density map for the year 2004 provided by the CHE reports a
medium irrigation density for this area, see also the existing irrigation systems in
figure 5.3. The inclusion of the density irrigation map as driver in iCLUE probably
plays a major role for the correct assessment of the suitability of this area for irrigation.
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FIGURE 7.14: Land use simulation 2050 of the Ebro for the MYOPIC
scenario using the RACMO22E climate input.

Noticeable in rectangle A in figure 7.12 is also the fact that the city itself was much
smaller in 1990 as simulated for both scenarios in 2050. Again, the allocation of the
demand for sealed area is distributed by iCLUE in a realistic way. Vitoria-Gasteiz has
experienced a massive expansion since the 1990s and its area is currently much larger
than back than. Consequently, it makes sense to distribute future urban demand in
this area. The model setup includes several distance to cities and population density
drivers which might influence the suitability for urban area.

In general, the model allocates the sealed area demand quite nicely around already
existing agglomerations even though in reality the cities are more compact, as the
direct comparisons for Pamplona in figure 7.15 show. iCLUE spreads urban pixels
over a wider area around the cities and towns as compared to the observed devel-
opment, see the changes from 1990 to 2006 in the upper row of figure 7.15. This
effect might be caused by drivers with a spatial aggregation at municipality level
such as the dynamic population density, the employment rate in agriculture or the
manufacturing industry which only provide one value for the whole municipality
and do not specify the correct location of settlements.

From visual inspection, urban areas seem to be more compact, and consequently
more as one would expect them to look like, in the SUSTAINABLE scenario, see
again the city of Pamplona in figure 7.15. However, the reason for this could be
the generally lower demands of sealed area and hence simply less pixels of this class.
Compared to reality, iCLUE introduces more pixels of other land uses in urban areas
such as vineyards, open spaces with little or no vegetation and broad-leaved forest, which
are rather unlikely to be found there, see figure 7.15.

Figure 7.15 finally also exemplifies the random differences between one run and
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FIGURE 7.15: Comparison of iCLUE results for the greater area around
the city of Pamplona (rectangle B in figure 7.12): a) CLC 1990, b) CLC
2006, c) SUSTAINABLE 2050 run 1, d) SUSTAINABLE 2050 run 2, e)

MYOPIC 2050 run 1, f) MYOPIC 2050 run 2.

the other both for the SUSTAINABLE (central row) and MYOPIC scenario (bottom
row). As can be observed, the two runs for each scenario are similar but not equal.

Rectangle C in figure 7.12 highlights an area where iCLUE allocates a substantial
amount of urban pixels for the MYOPIC scenario, while according to the observed
land use maps there are hardly any pixels. The two municipalities affected are Jaca
and Sabiñánigo. Their population was approx. 13,000 and 10,000 for the year 2018
(INE 2015), respectively. Even if the medieval town of Jaca is a touristic place as it
lies on one of the two main routes of the Way of Saint James crossing Spain (AYUN-
TAMIENTO DE JACA 2020), the uncontrolled urban sprawl simulated by iCLUE here
is rather unrealistic. The reason for this artefact is not clear. It may be partly related
to the input drivers of the model which assess a high suitability for urbanisation to
this Pyrenean valley. However, the amount of sealed pixels allocated to this area is



7.4. Land Use Scenarios for the Year 2050 93

considerably less in the SUSTAINABLE scenario, see example in figure 7.13. The
urban sprawl in this scenario is more realistic as already existing agglomerations
such as Zaragoza in rectangle D (figure 7.12) grow. Surprisingly, the growth of this
latter city is noticeably smaller in the MYOPIC scenario, see figure 7.14, whereas the
overall urban demand for this scenario is higher.

However, also the demand for permanently irrigated land is very high and con-
sequently also the pressure to allocate this class. This becomes clear when looking
closer at the city of Zaragoza: In the MYOPIC scenario the city is nearly exclusively
surrounded by permanently irrigated pixels, as it is the case in the observed map
for 1990. The demand weight for permanently irrigated land seems to be very high so
that this class is not transformed to sealed area in this region. This shows how the
demand weight of a class can influence the total probability of a land use to occur
at a certain location and that the suitability is not the only factor influencing the
allocation process. To conclude, the remarkable small expansion of Zaragoza in the
MYOPIC scenario and the uncontrolled urban sprawl in a rural mountain valley
are likely to be linked. Due to the high overall demand of permanently irrigated land,
this land use is kept in the municipality of Zaragoza where it has a high suitability
and overall probability. This means that the high demand for sealed area has to be
allocated somewhere else and the municipalities of Jaca and Sabiñánigo seem to be
most suitable for it.

The described effect is not a singularity of a particular model run, but all MYOPIC
runs show similar features and also all SUSTAINABLE scenarios resemble each other
independently of the climate model used. This is visualised in figure 7.16 where each
map shows the distribution of sealed area pixels for several model runs. The darker
the reddish colour, the more model runs allocate urban land at this particular location.
When comparing the patterns between the six maps it becomes clear that the three
MYOPIC scenarios are very similar: Zaragoza, in the centre, does not grow as much
as in the SUSTAINABLE scenario and the municipalities of Jaca and Sabiñánigo,
North of Zaragoza, grow substantially. The similarities between the results with data
from different climate model combinations were also found for other land uses, but
they are not shown here. Regarding the land use maps, the influence of the climate
model seems to be small compared to the random factor of iCLUE.

All in all, the results of the land use modelling are satisfactory. 96.3% of the
case study area were modelled correctly for the calibration year and 93.2% in the
validation year. The main problem regarding the calibration and validation is to
differentiate between actual land use changes and altered classification schemes
or classification errors. It should not be forgotten that CLC data is created by an
automatic classification of satellite images, which is in itself just a model result with
errors and misclassifications. This is also the reason why the CLC maps 1990, 2000
and 2006 version 17 used here could not be combined with the 2006 version 18.5.1,
2012 and soon also the 2018 map which would have allowed to have longer validation
periods. Of a similar nature is also the non-representation of irrigated areas according
to the official CHE registry, i.e. around Vitoria-Gasteiz. Obviously, classification
differences between the two data sources exist.

Further factors influencing the calibration/validation results are the large amount
of classes modelled, 13 in the case of the Ebro. Most comparable regional modelling
exercises include less classes: 4 (AQUILUÉ et al. 2017), 4 (BASSE et al. 2014), 5 (BRINER

et al. 2012), 9 (LÓPEZ-MORENO et al. 2014), 5 (LUO et al. 2010) or 10 (MEHDI et
al. 2015). SOHL & SAYLER (2008) constitute rather an exemption with 16 classes.
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FIGURE 7.16: Distribution of urban pixels in numerous model runs
and all six scenarios.

However, keeping 13 classes allowed to maintain a certain thematic detail to be
able to spot changes which was one of the aims of this study. Obviously, the same
happens for the spatial resolution. The results above show that modelling at a higher
resolution and applying a pixel-by-pixel comparison seems to lead to more errors. A
sufficient spatial detail can, however, only be obtained at a high resolution.

It has to be noticed here that in LULCC modelling a further source of uncertainty
is the non-stationarity of land-change processes (VAN VLIET et al. 2016). The authors
elaborate further that by extrapolating the calibrated model into the future one
implicitly assumes that the same set of parameters is valid also in the future. However,
political, economic or environmental conditions may change. This as a an important
difference between empirical models such as iCLUE and physically based ones like
hydrological models where the inputs may change but not the physics of the system.
An attempt was made in the present iCLUE setup to overcome this non-stationarity by
including dynamic drivers. Socio-economic dynamics of the scenarios are, however,
not represented sufficiently in the model due to the lack of spatially distributed
projections of GDP and population growth. Nonetheless, as much information



7.5. Assessment of the Water Use Estimations 95

as possible obtained from the stakeholder workshops was introduced through the
conversion rules and the development of the land use demands. This is in line with
the recommendation made by VAN VLIET et al. (2016), which underline that the
credibility of a LULCC model should not be exclusively based on validation results
but that it profits from interactions with stakeholders as applied here as part of the
integrated approach of this study.

7.5 Assessment of the Water Use Estimations

Assessing the water use maps derived from the land use simulations is necessary
but challenging at the same time. First, several variables have to be checked: 1) The
irrigated area, 2) the water demand of different sectors and 3) the water applications
per area. Secondly, it is difficult to define the reference situation since differing or even
missing definitions of the variables limit the comparability of different data sources.
MALEK & VERBURG (2018) report similar problems when setting the reference for
irrigation efficiency. The variable “irrigated area” for instance, is defined in some
databases or products (see the ones mentioned in chapter 2.5.3) as area equipped
for irrigation (AEI), described also as irrigable area, in others as actually irrigated
area (AIA) and still others give no precise definition. A further problem related to
the fine spatial resolution of the statistics used here is that there are only very few
independent sources reporting water uses at the same level of aggregation. Due to
the lack of sufficient observed data, it was not possible to carry out a calibration and
validation of the water use maps in a similar way as for the land use simulations.
Alternative data sources such as the farm structure survey (FSS) of the European
Union used by SALMON et al. (2015) to validate their global map of rainfed, irrigated
and paddy cropland could not be used since the finest level of aggregation is the
Nomenclature of Territorial Units for Statistics (NUTS) level 2 used by the European
Union. For this reason, the following comparisons are referred to as “assessment”
rather than calibration or validation.

7.5.1 Defining the Reference Scenario

Irrigated Area
The water use map representing the GLOBAQUA reference scenario 1980 to 2010
was calculated using the CLC 2006 map. Obviously, the irrigated area derived from
this map cannot be calibrated to fit other sources of information. Still, the irrigated
area per exploitation unit was compared to the estimations reported in the RBMP for
around the year 2010 summing up to a total of 9657 km2 (CHE 2013, Annex III). As
mentioned before in chapter 5.4.2, this value is very high and needs to be interpreted
as the AEI while the CLC 2006 map most likely represents the area actually irrigated.
To align the water use estimations as good as possible to the values reported in the
RBMP, also the land use classes fruit trees & olives and 20% of complex cultivation
patterns were considered to be irrigated, as mentioned in chapter 5.4.3. The resulting
irrigated area per exploitation unit from the CLC 2006 map and the estimated values
from the RBMP are confronted in table 7.2.

The difference between the irrigable area reported in the RBMP and the actual
irrigated area in the CLC 2006 map fluctuates strongly depending on the exploitation
unit. The absolute deviation can be as small as only 3.2% but also as extreme as
276.1% in case of exploitation unit 10, the Matarraña subbasin. In this unit, the sum
of the three irrigated classes in the CLC 2006 map exceeds the specifications in the



96 Chapter 7. Scenario Results & Discussion

TABLE 7.2: Irrigable area [km2] per exploitation unit in the Ebro ac-
cording to estimations reported in the RBMP (CHE 2013, Annex III) for
the year 2010 and irrigated area [km2] of the CLC 2006 map taking into
account permanently irrigated land, fruit trees & olives and 20% complex

cultivation patterns.

Exploitation Irrigable area Irrigated area Difference Difference scaled to
unit RBMP CLC 2006 [%] total irrigable area [%]

1 1077 937 -13.0 -1.4
2 190 75 -60.4 -1.2
3 97 87 -10.0 -0.1
4 404 424 5.0 0.2
5 530 626 18.1 1.0
6 31 32 3.2 0.0
7 45 84 89.1 0.4
8 65 88 35.7 0.2
9 161 245 52.1 0.9

10 63 237 276.1 1.8
11 1117 948 -15.2 -1.8
12 1125 1226 9.0 1.1
13 1176 1009 -14.2 -1.7
14 1736 1622 -6.6 -1.2
15 1224 938 -23.3 -3.0
16 292 271 -7.1 -0.2
17 325 3 -99.1 -3.3
18 - <1 - -

Total 9657 8853 -8.3 -8.3

RBMP by far. As figure 7.17 shows, this overestimation is caused by the large area of
fruit trees & olives, 148 km2, and also complex cultivation patterns, 398 km2, of which,
however, only 20% (80 km2) were considered for the calculation of the total irrigated
area in unit 10. It seems that for this specific unit, assuming all three land use classes
as being irrigated leads to incorrect results. Nevertheless, selecting only permanently
irrigated land is neither a good approximation as the CLC 2006 map only locates 9 km2

of this class in exploitation unit 10, which is considerably less than the targeted value
of 63 km2 from the RBMP.
Scaling, however, the individual differences of each unit with the total area of irrig-
able land (9657 km2) as done in the last column of table 7.2, it becomes clear that the
deviations do not carry so much weight. In case of exploitation unit 10, it means
additional 1.8% of irrigable area for the whole catchment.
The differences for exploitation units 11 to 15, which include the large irrigation
systems, are not that prominent at an individual level, only between -23.3 and 9.0%.
Scaled to the total irrigable area, their deviations play a similar role than the one of
unit 10, between -3.0 to 1.1%. In exploitation unit 18, the headwaters of the Garona
River lying outside the hydrographic basin of the Ebro in France, the RBMP reports
no irrigable area and only very little irrigation demand, 0.5 hm3. For this reason and
to avoid unrealistic low application values, it was assumed that no irrigation is taking
place there.
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FIGURE 7.17: Distribution of the three irrigated land use classes across
the exploitation units in the CLC 2006 map.

Water demand and application
As for the water demand values, the RBMP reports estimates for the water demanded
per sector in each exploitation unit (CHE 2013, Annex III). The agricultural demands
are confronted in table 7.3 to the values used hereafter to calculate the water demand
per pixel.
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TABLE 7.3: Agricultural water demand [hm3] per exploitation unit
according to the RBMP for approx. the year 2010 (CHE 2013, Annex

III) and values used to calculate the water demand per pixel.

Exploitation Water demand Calculated Difference Application
unit RBMP water demand [%] [hm3/km2]

1 737.4 737.4 0 0.79
2 110.7 54.6 -50.7 0.73
3 65.6 65.6 0 0.75
4 260.5 260.5 0 0.61
5 372.8 372.8 0 0.60
6 24.8 24.8 0 0.77
7 36.7 36.7 0 0.44
8 53.6 53.6 0 0.61
9 156.8 156.8 0 0.64
10 58.2 58.2 0 0.25
11 1194.6 1194.6 0 1.26
12 923.5 923.5 0 0.75
13 999.9 999.9 0 0.99
14 1564.6 1564.6 0 0.96
15 883.8 883.8 0 0.94
16 151.6 151.6 0 0.56
17 85.5 32.0 -97.6 0.73
18 0.5 0 0 0

Total 7680.6 7541.0 -1.82 Mean: 0.73

Unlike the irrigated area, the water demand values from the RBMP were directly
adopted which is the reason for the exact matches in table 7.3. The only deviations
occur for exploitation unit 2 and 17. This effect is caused by the introduction of a
threshold described in chapter 5.4.4 to limit the maximum water consumption per
pixel. The threshold is needed for exploitation units its water demand bears no
proportion to the amount of irrigated pixels described by the CLC 2006 map. In the
case of exploitation unit 17 no permanently irrigated land pixels can be found in the
CLC map, only 1 fruit trees & olives and 9 complex cultivation patterns (reduced to 20%)
pixels. At the same time, the RBMP reports a total agricultural water demand of
85.5 hm3 for this area (CHE 2013, Annex III), which would result in an unrealistically
high application of 30.54 hm3/km2. The RBMP 2015-2021 mentions, however, values
around 7894 m3/ha, which is equal to 0.79 hm3/km2 (CHE 2013, Annex III). The new
RBMP 2021-2027 says that the modern irrigation systems are even rather close to
0.65 hm3/km2 (CHE 2018). The discrepancy is due to the fact that already existing
irrigation systems around the city of Vitoria-Gasteiz in exploitation unit 17 are not
captured by the CLC 2006 map, while they are visible in the map of irrigation systems
from the RBMP in figure 5.3 representing the situation in 2004 and also in other
CLC maps, as described earlier. By introducing a threshold, the water application
per pixel adopt more realistic values ranging from 0.25 to 1.26 hm3/km2, see table
7.3. It prevents, however, the water use of the affected exploitation units to reach
the value they are assigned to in the RBMP and consequently the modelled overall
water demand for the present is lower than the one reported in the plan: 7541 hm3

compared to 7681.6 hm3 in the RBMP (CHE 2013, Annex III). The same happens
for the urban demand where 483 instead of 506 hm3 are modelled (359 hm3 urban
plus 147 hm3 industrial demand are reported), an underestimation of -4.6%. For this



7.5. Assessment of the Water Use Estimations 99

sector, the only difference between RBMP and calculated urban water demand per
exploitation unit happens for unit 3 since it is the only unit where the threshold is
effective. It is the smallest unit and urban areas are under-represented in the CLC
2006 map, especially at the rather coarse modelling resolution of 1 km2. A table listing
the urban demands per exploitation unit according to the RBMP can be found in
Appendix D.

It is important to notice that water from the Ebro catchment is diverted to the
metropolitan area of Bilbao (82 hm3 urban + 38 hm3 industrial uses) out of exploita-
tion unit 17, to the coastal areas of the province of Tarragona (41 hm3 urban + 31 hm3

industrial) from unit 11 and approx. 14 hm3 unspecified further extractions (CHE
2013, Annex III; CHE 2015), see table D.1. This adds approx. 1.4 million inhabitants
that are supplied with water from the Ebro (CHE 2015). The transferred amounts
were not considered for calculations.

The presented assessment reveals that there are some differences between the
land use map used for modelling and the irrigable area as described in the RBMP.
As for the validation of the land use maps, it is important to take into account the
quality of the reference data. In this case, it is well known that CLC maps are subject
to errors or classification differences. Besides, the values specified in the RBMP are
explicitly called “estimations” which are based on simulations without providing any
detailed information, so they also have to be used with much care.

7.5.2 Comparison with other Water Use Maps

Agricultural Water Demand
The attempt was made to compare the final water use maps for the reference period to
other freely available water use products. As mentioned in the introduction chapter
2.5.3, numerous global and European irrigation maps exist. Figure 7.18 compares the
irrigation density of registered irrigated areas in the Ebro basin in 2004 according to
the CHE, considered to be the reference hereafter, to the GIAM by THENKABAIL et al.
(2009) describing the situation around the year 2000, the GMIA of 2005 by SIEBERT

et al. (2013) and finally also to the derived agricultural water use map for the reference
period based on the CLC 2006 map. This example clearly shows how difficult it is to
compare these products and to quantify the differences. First, the resolution varies
strongly, from 5’ (GMIA) to very detailed vector data in case of the reference, and
second, they all show different variables: an ordinal irrigation density scale, land use
classes specifying the source of irrigation water and the crop type, the percentage of
AEI on the total pixel area and, in case of the results of this study, the quantitative
water demand in mm per year. It has to be pointed out that other products providing
absolute irrigation applications in mm exist, such as the ones produced by AUS DER

BEEK et al. (2010), SCHALDACH et al. (2012) and WRIEDT et al. (2009a). However,
they are not directly downloadable and, what is more, their resolution is course: 5’, 5’
and 10 km2, respectively.
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FIGURE 7.18: Comparison of various irrigation maps for the reference
period. Lower left: Irrigation intensity according to the CHE (http://
iber.chebro.es/geoportal/), upper left: GIAM (THENKABAIL et al.
2009), lower right: GMIA (SIEBERT et al. 2013), upper right: Modelled

agricultural water use map based on CLC 2006.
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The visual inspection of the four maps reveals that all roughly follow the same
patterns: The extensive irrigation systems of the Alto Aragón and Catalunya in the
northern part of the basin are easily recognisable as well as the irrigated areas along
the main coarse of the Ebro River and the rice production in the Delta region. Due
to the fine resolution of 1 ha of the underlying data the water use map produced for
the purpose of this study is the one best capturing the fine patterns. It therefore gets
closest to the irrigation density map from the CHE. Besides, by applying less water to
complex cultivation pixels, it is possible to capture differences in the irrigation intensity
following the range of the CHE reference map. Nevertheless, the consideration of
complex cultivation patterns increases the total irrigated area compared to the reference,
especially in the southern part and the Northwest of the basin, adding areas that are
not irrigated according to the reference map. The same happens for the GMIA at
approximately the same locations. The comparison with this map reveals that it is
mainly about areas with only small shares of irrigation, at maximum 20% of the area,
many even below 5%. This is in line with the absolute values of the here presented
results, which attribute only small values below 250 mm/year to these pixels. But
whom to trust here? Is the reference missing parts of the irrigated areas? The irriga-
tion density map from the CHE probably captures the large irrigation systems, while
it does not consider scattered small scale irrigation.

At the same time, there is one particular patch visible in the reference map but not
captured by the water use maps derived from CLC data, see rectangle A, the irrigated
area around the city of Vitoria-Gasteiz mentioned already several times. While newer
CLC maps do identify this area as being irrigated, older versions like the ones used
in this study do not. Neither the GIAM, which is based on remote sensing as the CLC
datasets, does. The reason could be that in this part of the basin, where the annual
precipitation is still relatively high (the long-term mean annual sum is 749 mm for the
period 1981-2010 (AEMET 2020a)), irrigation is only taking place sporadically and at
a lower intensity, maybe not captured by the remote sensing acquisitions underlying
the CLC maps and the GIAM. In fact, the RBMP 2015-2021 characterises the whole
exploitation unit 17 as humid according to the UNESCO humidity index while the
central Ebro valley hosting the large irrigation systems is classified as semi-arid (CHE
2015). Besides, it could be that irrigation is being applied more often in the last years
due to climate change or a cultivation shift to other crop types, even if the equipment
is in place already at least since 2004, as the reference dataset suggests.

Regarding the absolute amounts applied per pixel, the highest values of 1261 mm
are applied in the delta region where rice cultivation plays a major role. This is in line
with GARCÍA-RUIZ et al. (2011) which state that rice consumes up to 1000 mm in one
summer. According to NOGUÉS & HERRERO (2003), the net water requirement of rice
in a small study area in the Ebro river basin may be even as high as 1590 mm. The
range of values also fits to the water demand calculations carried out by BOITHIAS

et al. (2014) which reach values of 500 to over 1000 mm in the intensively irrigated
areas of the Alto Aragón. A further source to compare is the map of mean annual
net irrigation requirement by SCHALDACH et al. (2012). Here, large parts of the
intensively irrigated areas in the Ebro are assumed to need between 50-250 mm per
year, some areas also more than 250 mm. Since SCHALDACH et al. (2012) focus on the
net requirements rather than on the gross demand, which is the case for the present
study, their values have to be lower by definition. In the modelled water use map
for the present, the large irrigation systems excluding the delta all lie between 700 to
1000 mm, see colour scheme in figure 7.18. The mean of all irrigated pixels is 552 mm.
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According to the new RBMP 2021-2027, the average water provision is 7953 m3/ha,
which is equal to 795,3 mm (CHE 2018). Considering that small scale agriculture is
not considered in the plan, the comparison of these values shows that the range of
the newly derived water use map is in line with other sources.

Urban water demand
The availability of urban, domestic or industrial water use maps is considerably smal-
ler than the one for agricultural ones. The JRC provides European water abstraction
maps for different sectors for 2006 and 2030. The domestic and industrial abstractions
for the year 2006 are confronted in figure 7.19 to the urban water use map, which is
the sum of domestic and industrial, for the reference period.

The most striking difference is the wide-spread distribution of water uses in the
JRC maps, especially regarding domestic uses, compared to the results of this study
where the demand is concentrated in some points. Obviously, the JRC estimations
also take into account small scattered settlements while the derived map only con-
siders agglomerations large enough to be represented by a 1 km x 1 km pixel. All the
larger urban areas can be appreciated also in the domestic JRC and the here presented
urban water use map, while they are less pronounced in the industrial JRC map. This
is in line with the RBMP where the purely urban demand (which includes industries
supplied by urban supply networks, though) is higher than the industrial demand in
all exploitation units. In terms of the whole Ebro basin, the total demand for the year
2010 is 359 hm3 and 147 hm3 for urban and industrial demand, respectively (CHE
2013, Annex III).

Regarding the absolute values, the range in all three maps is similar. For the JRC
maps, Pamplona, the eastern agglomeration located close to the northern border of
the basin, consumes most with approx. 1160 mm/year when domestic and industrial
uses are summed up. For the map based on the CLC 2006 data, the maximum values
are found in Zaragoza with 1068 mm/year apart from a few scattered pixels to the
east of the city. The high values of these pixels are caused by the method for deriving
water use maps per se. The exploitation unit they are located in, unit 13, reports a
relatively high water demand in the RBMP compared to the amount of urban pixels
resulting in an high application per pixel. Vitoria-Gasteiz, the westerly city visible
close to the northern catchment border, reaches values around 690 mm/year and
Pamplona lies around 787 mm/year. The mean consumption per pixel over the whole
study area is 662 mm.
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FIGURE 7.19: Comparison of various urban water use maps for the ref-
erence period. Lower left: JRC domestic water abstraction 2006, lower
right: JRC industrial water abstraction 2006, top: Urban (domestic +

industrial) water use map based on CLC 2006.
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7.5.3 Assessment of Future Scenario Results

The future is uncertain, so no need to say that scenario simulations cannot be valid-
ated. Nevertheless, the MYOPIC scenario is used to specify the current CHE plans
and therefore follows approximately the indications in the RBMP 2015-2021 which is
the reason the MYOPIC simulation results for 2050 were contrasted with the estima-
tions from that plan.

Irrigated Area
With regards to the irrigated area, the various versions of the RBMP do not report
numbers per exploitation unit, they merely provide estimations of the increase for
the whole Ebro basin or plans to expand the area in each autonomous community,
which do, however, not coincide with the exploitation units. Since the actual irrigated
reference area differs according to the source of information, also the total future
area varies significantly: The older RBMP 2015-2021 is the first one to mention the
long-term irrigation plans of the autonomous communities, without specifying any
time horizon, displayed in figure 5.3 which sum up to additional 4567 km2. Added
to the 9657 km2 considered above for the reference scenario, this means a future
irrigable area of 14224 km2, and consequently an increase of approx. 47% (CHE
2013, Annex III). As mentioned earlier, the environmental organisation FEDERA-
CIÓ ECOLOGISTES EN ACCIÓ DE CATALUNYA (2012) mentions very similar number,
14100 km2. This very high value has to be interpreted as the absolute maximum of
potentially irrigable area. More representative for the actually irrigated area is the
sum of 7000 km2 estimated for the present in the RBMP 2015-2021 with half of the
long-term plans, i.e. 2284 km2, to take into account the simultaneous abandonment of
unprofitable irrigated farmland and large annual differences as done in the newest
RBMP 2021-2027, resulting in 9284 km2. This latest version of the RBMP is more
prudent and estimates the actually irrigated area at 8316 km2 for 2033 considering the
development of irrigated area taken place between 2008 and 2016 (CHE 2018). The
total irrigated area modelled with iCLUE for the MYOPIC scenario 2050 summing
permanently irrigated land, fruit trees & olives and 20% complex cultivation patterns is
12960 km2. This clearly overestimates the last estimations by the CHE, however, still
lies noticeably below the maximum value including the long-term plans from the
former RBMP. As the estimations of agricultural water demands reported in this
document refer to the already high value of 9657 km2 irrigable around the year 2010,
it is consistent to consider the totality of additional 4567 km2 as reference.
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TABLE 7.4: Agricultural water demand [hm3] per exploitation unit
according to the RBMP for approx. the year 2010 and 2033 (CHE 2013,

Annex III) and values for the MYOPIC scenario 2050.

Exploitation Water demand Water demand Water demand Difference
unit RBMP 2010 RBMP 2033 MYOPIC 2050 [%]

1 737.4 821.1 849.1 3.4
2 110.7 161.3 188.6 16.9
3 65.6 99.8 60.6 -39.3
4 260.5 301.4 393.3 30.5
5 372.8 410.2 489.2 19.3
6 24.8 24.8 36.0 44.9
7 36.7 49.7 56.2 13.2
8 53.6 53.6 80.3 49.9
9 156.8 193.1 239.1 23.8
10 58.2 59.1 69.3 17.3
11 1194.6 1559.4 1412.7 -9.4
12 923.5 1292.0 1127.6 -12.7
13 999.9 1136.3 1386.7 22.0
14 1564.6 1991.7 1839.3 -7.7
15 883.8 1037.4 950.3 -8.4
16 151.6 490.7 224.8 -54.2
17 85.5 95.0 213.3 124.5
18 0 0.0 0 0

Total 7680.6 9776.5 9616.4 -1.6

Water demand
With regards to the future water demand, the RBMP 2015-2021 (CHE 2013, Annex III)
provides estimations at exploitation unit level reproduced in table 7.4 for agricultural
uses and in table 7.5 for urban and industrial uses together which were confronted
to the results from the derived water use maps for 2050. Unlike the specifications
for irrigated area, the time horizon for the water demand estimations in the RBMP is
clearly defined at 2033. This time lag of 17 years has to be taken into account when
interpreting the data.
The differences between RBMP estimations and own simulation results can vary
substantially for individual units. The largest deviation for the agricultural water de-
mand is registered, again, for exploitation unit 17 where the water use maps simulate
more than twice the amount estimated by the CHE, 124.5% compared to the RBMP.
If only the sum over the whole catchment is considered, the difference is merely -1.6%,
the simulated total agricultural water demand for 2050 being slightly lower than the
estimation for 2033 reported in the RBMP 2015-2021. The simulation is therefore quite
close to the reference, especially taking into account that the total irrigated area is
supposed to keep growing in the MYOPIC scenario also after 2033 by another 4.3%.
The new RBMP 2021-2027 states that implementing the long-term irrigation plans
mentioned above would mean an additional water demand of 2096 hm3 per year
without specifying a time horizon (CHE 2018). In another section of the document
they estimate the total water demand for the year 2027 at 10626 hm3. This gets very
close to and lies even above the simulated total water demand in the MYOPIC scen-
ario for 2050, more then 20 years ahead, which lies at 10424 hm3 for the year 2050
summing both agricultural and urban demands.



106 Chapter 7. Scenario Results & Discussion

The situation for urban demand simulations is similar, see table 7.5: At basin
scale, the difference between RBMP estimations and own simulations is only -5%.
Also here, the water use maps underestimate the values provided by the CHE. The
regional differences, however, may sum up to 194.2% as it is the case for exploitation
unit 8. Also for unit 9 the deviation lies above 150%. iCLUE locates many isolated
urban pixels in this area for 2050 while the CLC 2006 shows only very few causing the
demand to increase more than expected. In case of unit 10, the Matarraña subbasin,
the urban area increases from 2 pixels in 2006 vs. up to 7 pixels in 2050 depending
on the iCLUE run. For unit 8, the Martía subbasin, the difference is 7 to approx.
48 pixels, i.e. 48 km2. At the same time, the unexpected urban sprawl modelled
by iCLUE in exploitation unit 14, the subbasins of the Gállego and Cinca, around
the municipalities of Jaca and Sabiñánigo mentioned in chapter 7.4, do not cause
such a large difference, only 33.2% above the estimations in the RBMP. Since unit
14 is quite large, their influence on the urban water demand of this unit might be
less pronounced. Finally, it has to be mentioned that not knowing the assumptions
made by the CHE to estimate the individual demands an in-depth analysis of the
differences is not possible.

TABLE 7.5: Urban water demand [hm3] per exploitation unit according
to the RBMP for approx. the year 2010 and 2033 (CHE 2013, Annex III)

and values for the MYOPIC scenario 2050.

Exploitation Water demand Water demand Water demand Difference
unit RBMP 2010 RBMP 2033 MYOPIC 2050 [%]

1 141.1 254.7 162.6 -36.2
2 10.8 16.4 17.6 7.5
3 29.5 49.6 6.5 -86.9
4 22.4 35.3 62.2 76.2
5 21.0 32.2 46.9 45.8
6 0.9 1.5 0.4 -73.2
7 1.3 2.0 1.7 -14.6
8 4.8 9.5 27.8 194.2
9 8.2 10.7 27.3 155.1

10 2.0 2.5 4.2 65.4
11 26.1 41.9 35.1 -16.1
12 37.2 56.1 61.5 9.7
13 42.6 64.8 58.6 -9.6
14 31.9 57.1 76.0 33.2
15 14.7 23.1 30.5 32.0
16 70.9 123.9 126.5 2.1
17 39.4 66.4 60.0 -9.6
18 1.3 2.0 1.7 -13.7

Total 506.2 849.5 807.1 -5.0

7.6 Random Factor vs. Climate Sensitivity

VAN VLIET et al. (2016) state that sensitivity analysis should be part of the assessment
process applied to land use models. In this case, the most interesting question is how
the use of climate data originating from different GCM-RCM-combinations affects
the land use simulation results and, in this specific case, the final water use maps. At
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FIGURE 7.20: Changes of the agricultural water demand vs. the total
number of pixels of three land use classes for the MYOPIC scenario.
The colours represent the iCLUE model runs carried out with different

climate inputs. The black line marks the pixel target.

the same time, iCLUE simulations are influenced by a random factor. Its effect on the
model results was compared to the climate sensitivity of iCLUE.

As mentioned previously, iCLUE distributes land uses slightly differently for each
model run due to the the randomness inherent in the model. Besides, also the number
of pixels of a land use class fluctuates around the target value within the allowed de-
viation range. Both phenomena affect the final water use maps as the total calculated
water demand changes depending on the amount of water consuming pixels and, not
to be neglected, their location. If more irrigated pixels are simulated in an exploitation
unit with high water application rates, they contribute stronger to the overall water
demand. The random factor of iCLUE causes the point clouds displayed in figures
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7.20 to 7.23 where the amount of pixels in each water consuming class was plotted
against the changes either in the agricultural or urban water demand in the future for
150 model runs. As a consequence, the change of the agricultural water demand in
the MYOPIC scenario with respect to the reference scenario varies from 27.4 to 29.2%.
For urban uses the future increase lies between 56.3 and 63.7%. This results in a 29.4
to 31% increase of the total water demand in the Ebro, whereas the target value is
30%. For the SUSTAINABLE scenario, the changes are a reduction of -34.3 to -32.3%
of the agricultural water demand, an 16.3 to 21.7% increase of the urban demand and,
finally, a shrinkage of -29.2 to -31% of the overall water demand (target: -30%). These
deviations capture the impact of iCLUE’s randomness on subsequent processing
steps, but may also be caused to some extent by the sensitivity to the climate input as
discussed later. The effect, however, is small and certainly negligible compared to the
great number of sources of uncertainty in the modelling chain and assumptions made.

Figures 7.20 and 7.21 further reveal that for some classes a correlation between
the total amount of pixels and the total sectoral water demand exists. This is mainly
the case for permanently irrigated land, followed by fruit trees & olives, in both scenarios:
The more pixels, the higher the water demand increase or the smaller the decrease.
The correlation coefficients displayed in the figures, each colour indicating one of the
six scenarios (MYOPIC or SUSTAINABLE combined with climate data from one of
the three GCM-RCM-combinations), confirm this. For permanently irrigated land, the
three MYOPIC model setups reach correlation coefficients above 0.72, two out of the
SUSTAINABLE scenarios even above 0.89, the third one is 0.69. The relationship is
less strong for complex cultivation patterns independently of the scenario. The reason
for it could be that this class has only a reduced influence on the agricultural water
demand as the water applied to these pixels is only 20% compared to the other two
agricultural classes.

For the MYOPIC scenario, also the correlation between increase in urban water
demand, see figure 7.22, and sealed area is relatively high (0.62, 0.68, 0.71), while the
relationship is less pronounced for the SUSTAINABLE scenario. The existence of
these correlations shows that the total water demand is clearly influenced by the
number of water consuming pixels, while their location may have a subordinate
effect. However, it is not possible to quantify the influence of each variable.
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FIGURE 7.21: Changes of the agricultural water demand vs. the total
number of pixels of three LU classes for the SUSTAINABLE scenario.
The colours represent the iCLUE model runs carried out with different

climate inputs. The black line marks the pixel target.

With respect to the targeted amount of pixels passed to iCLUE represented in
figures 7.20 to 7.23 by a black line, the value for permanently irrigated land and fruit trees
& olives in the MYOPIC scenario is nearly always smaller than the target. The value
varies only to one side of the allowed deviation range. This could indicate that iCLUE
has difficulties allocating so many irrigated pixels. The total probability of other land
use classes might be higher for many locations which is the reason irrigated pixels
are overruled. Direct comparisons of the simulated amount of pixels of permanently
irrigated land and fruit trees & olives with land use classes which tend to be overrepres-
ented by the model, see figure 7.11, did not reveal any direct connection. This means,
that there is no specific land use class gaining from the under-representation of the
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FIGURE 7.22: Changes of the urban water demand vs. the total number
of urban pixels for the MYOPIC scenario.

irrigated classes, but that the gain might be distributed across all land uses.
The systematic under-representation does not apply to complex cultivation patterns
in the MYOPIC scenario or any of the three irrigated classes in the SUSTAINABLE
scenario, see figure 7.21, where the pixel sums fluctuate to both sides of the target
or even over-represent them. Neither it is the case for sealed area in the SUSTAIN-
ABLE scenario, where the value to be achieved is both over- and under-estimated. In
the MYOPIC scenario, sealed area is mainly under-represented. As for the irrigated
classes, the cause could be the fast and strong growth of these classes in the MYOPIC
scenario resulting in a strong competition for land with other land use classes. The
SUSTAINABLE scenario, in contrast, foresees a reduction of permanently irrigated land
and fruit trees & olives which leads to the opposite effect where both classes are mainly
overestimated, especially the second one. As regards complex cultivation patterns in the
SUSTAINABLE scenario, most runs allocate more pixels than the target value, even it
experiences a slight increase of 10% between 2017 and 2050. The total probability for
allocating this class seems to be high and higher than for other classes.
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FIGURE 7.23: Changes of the urban water demand vs. the total number
of urban pixels for the SUSTAINABLE scenario.

Finally, emphasising the climate sensitivity of iCLUE, how does the use of different
climate inputs influence the land use simulations and consequently the water use
maps? To answer this question, the model was run 50 times for each of the six
scenarios and climate data combinations resulting in 300 independent model runs.
In figures 7.20 to 7.23 they are coloured according to their combination. Besides,
the diagrams include crosses indicating the spatial centre of the point cloud of each
combination. For the irrigated classes in the MYOPIC scenario, see figure 7.20, there
is a small but clear trend: Runs using the RCA4 climate data simulate larger amount
of pixels for the three classes and consequently, due to the correlation analysed
above, also a slightly stronger increase of the agricultural water demand. The lowest
mean values for both variables are obtained by running iCLUE with the CCLM4
combination. At close look, it can be appreciated that the CCLM4 and RCA4 runs
have only little overlap while the RACMO22E runs cover a wider range. For this
particular case, the average values for water demand and pixel sums of the three
climate scenarios are ordered like the density distributions in figure 7.3: RCA4 will
reach highest values for the mean annual temperature, followed by RACMO22E and
finally CCLM4. Although one could be tented to say “the hotter it gets, the more
irrigation is allocated”, this deduction cannot be made since there is no casual link
between the climate data and the land use distribution but only a statistical one.
No trend is visible for sealed area in the MYOPIC scenario (figure 7.22). Runs with
RACMO22E data reach highest urban demand values. In addition, no trend at all
can be appreciated neither for the irrigated nor urban pixels in the SUSTAINABLE
scenario, see figures 7.21 and 7.23.

Even the casual connection is missing, one could argue that in a MYOPIC scenario,
where climate changes are more pronounced, the altered temperature and precipita-
tion values of the input drivers have a stronger impact on the suitability of a land use
for a certain location than in the SUSTAINABLE scenario. Besides, the distribution of
sealed area may be explained rather by drivers like distance to cities and roads than
climate variables and consequently changes in the latter ones affect them less.

To sum up, both the random factor as well as the different climate datasets have
an effect on the land use and water use maps. A weak relation between climate
model and number of pixels/total water demand can be deduced for the MYOPIC
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scenario. However, the resulting absolute differences in the sectoral and total water
demand are so small that they can be neglected as it is the case for the random
factor discussed above. It can be concluded that the resulting water use maps are
robust and nearly neither affected by differences in each individual iCLUE model run
nor noticeably sensible to the uncertainty inherent in climate model projections. To
confirm this, the MYOPIC scenario was run also 20 times using RCP 4.5 as climate
input. The results did not show any susbtantial difference to the entirely myopic runs.

7.7 Water Use Scenarios for the Year 2050

The analysis in chapter 7.6 revealed that the differences between individual model
runs and different climate inputs can be neglected considering the overall scenario
uncertainty. For this reason, only results derived from one single iCLUE simulation
driven with RCA4 climate data are discussed hereafter.

Agricultural Water Demand
Figures 7.24 and 7.25 show the final agricultural water use maps for the MYOPIC and
SUSTAINABLE scenario. Their overall water demand modelled is approx. 10455 hm3

and 5655 hm3, respectively. As expected, the irrigated area is expanded in the MY-
OPIC scenario and also the applications per pixel are higher than in the other map.
Compared to the reference scenario, see chapter 7.5.2, the maximum applications per
pixel are 1135 mm for the MYOPIC and 1072 mm for the SUSTAINABLE scenario and
therefore slightly below the maximum of the reference (1261 mm). This is obviously
caused by the higher irrigation efficiency in both scenarios achieved by reducing
the future water applications per pixel by the factors described in table 5.8. The
mean values for all irrigated pixels are as follows: MYOPIC: 580 mm, SUSTAINABLE:
408 mm and reference: 552 mm. Even if the water use efficiency is applied to all pixels
in both scenarios, the mean consumption per pixel rises in the MYOPIC scenario with
respect to the reference since irrigation is intensified while small-scale agriculture
is pushed back, characterised by a reduction of complex cultivation patterns in this
scenario by -22.2% from 2006 to 2050. As mentioned earlier, the increasing water
efficiency observed in the Ebro over the past years has not let to the same amount
of water savings since the saved water is often used to increase the productivity
per m3 (CHE 2018). Meanwhile in a SUSTAINABLE world, not only the maximum
consumption per pixel but also the average values are reduced by both improving
the water efficiency and cultivating less water consumptive crops.

As mentioned earlier, by introducing the irrigation density map of the CHE as
a driver iCLUE is able to allocate the already existing irrigated areas around the
city of Vitoria-Gasteiz in the MYOPIC scenario and by this means “improves” the
map and brings it closer to the inventory of present irrigation according to the CHE,
see figure 5.3. Interestingly, this does not happen in the SUSTAINABLE one. A
look into simulation results of earlier years shows that the model distributes a few
irrigated pixels around Vitoria in both scenarios already before 2018, the year the
deviation between the scenarios starts, but than does not add any new ones in the
SUSTAINABLE scenario as there seem to be other more suitable regions that are
sufficient to accommodate the demand for irrigated land. In general, the distribution
of different consumption values in the latter scenario resembles the reference scenario
more, see figure 7.18. The distribution is more heterogeneous due to large amounts of
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FIGURE 7.24: Derived agricultural water use map [mm/year] for the
MYOPIC scenario, horizon 2050.
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FIGURE 7.25: Derived agricultural water use map [mm/year] for the
SUSTAINABLE scenario, horizon 2050.
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complex cultivation patterns that need to be allocated and which receive only 20% of the
water compared to the other pixels. In the MYOPIC scenario, the irrigation patches
are more homogeneous, complex cultivation patterns pixels are obviously replaced by
permanently irrigated land or fruit trees & olives and “wholes” are filled.

Urban Water Demand
The final urban water use maps are shown in figures 7.26 and 7.27. Compared to the
reference urban water use map in figure 7.19, both the maximum and the average
demand per pixel decreases as intended by the application of the factors in table
5.8. The highest values are still reached in exploitation unit 13, 1066 mm (MYOPIC)
and 1023 mm (SUSTAINABLE). Due to the coarse modelling resolution, many small
settlements do not appear in the land use map or are underestimated in size. In this
particular unit, the urban agglomerations do not grow substantially in any of the scen-
arios so the total demand is still distributed to a small area. The mean urban water
consumption in the SUSTAINABLE scenario is 558 mm, very close to the 569 mm in
the MYOPIC scenario. The small difference is due to the fact that in the latter scenario
urban areas grow also more in units with lower consumption values per pixel than in
the SUSTAINABLE one, as it is the case for the noticeably growing towns Jaca and
Sabiñánigo mentioned earlier with 382 mm.

As mentioned earlier, the city of Zaragoza in the central valley grows substantially
more in the SUSTAINABLE scenario than in the MYOPIC one. In both scenarios, the
area directly outside the city is used for irrigated agriculture. While the MYOPIC
scenario sticks more to the patterns as in the 1990 initialisation map with a small
urban nucleus and irrigation around it, the city has grown in the SUSTAINABLE
scenario but still being surrounded by irrigation. It seems that the pressure for alloc-
ating irrigated pixels is so high in the MYOPIC scenario that they are distributed to
areas also suitable for urban uses, as the SUSTAINABLE map shows.
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FIGURE 7.26: Derived urban water use map [mm/year] for the MY-
OPIC scenario, horizon 2050.
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FIGURE 7.27: Derived urban water use map [mm/year] for the SUS-
TAINABLE scenario, horizon 2050.
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Overall, there is more uncontrolled urban sprawl in the MYOPIC scenario, as one
would expect for this kind of scenario, meaning that there are many more isolated
urban pixels across the whole basin. This is particularly true for the area around the
city of Pamplona, its shape is distinctly fuzzier in the MYOPIC scenario than in the
SUSTAINABLE. As regards the absolute values, Pamplona reaches 669 mm per year
in the MYOPIC scenario, Vitoria-Gasteiz 588 mm and the heart of Zaragoza 908 mm.
The yellow areas adjacent to Zaragoza visible in all urban water use maps are located
in another exploitation unit with a very low urban demand. However, since iCLUE
allocates urban pixels of the periphery of Zaragoza to this unit, they have to adapt
the mean value for this unit which is 12 mm. This is unrealistically low and could be
overcome by using another spatial segmentation that does not split urban areas. The
same happens at the northern part of the city for both scenarios.

7.8 Future Water Availability

The analysis of the iCLUE climate input in chapter 7.1 has shown that there is a
clear trend towards warmer temperatures in both scenarios until 2050 over the Ebro
catchment independently of the climate model combination while it is hard to make
a statement about changes in annual precipitation sums. But what about variables
representing the future water availability? And how is the situation for the climate
reference period of GLOBAQUA, 2036-2065, where the RCPs start deviating more
clearly at a global level? The Climate Moisture Index (CMI) and runoff for the future
scenarios discussed hereafter were calculated for this time frame over the Ebro basin
as part of the GLOBAQUA project.

7.8.1 Climate Moisture Index

The CMI for the reference period 1980-2010 in figure 7.28 makes clear that large parts
of the Ebro basin have a negative CMI, meaning that the potential evapotranspiration
is larger than the precipitation, already nowadays. This is mainly the case for the
inner Ebro valley where the CMI adopts the lowest values between -0.8 and -0.6.
These areas coincide with the intensively used agricultural areas. Meanwhile, the
mountainous areas at the northern and western edges of the watershed have still
positive CMI values being highest in the Pyrenees reaching values of up to 0.8 to 1.
The mean value over the whole catchment is, however, -0.18 and therefore negative
already for the reference scenario.

As it regards the future scenarios in figures 7.29 and 7.30, already from visual
inspection it becomes clear that there is a shift towards more negative values, i.e.
drier conditions, both for RCP 8.5 and RCP 4.5. The “wetter” regions bordering the
catchment are reduced to a narrow edge and their values drop while the dry areas
with CMI of -0.6 or below grow in the central valley. The differences between the
two scenarios are, however, marginal. The spatial mean for the CMI of RCP 8.5 is
-0.29 while it is -0.28 for RCP 4.5. One can conclude that both RCPs project a similar
reduction in water availability over the Ebro for 2036-2065 compared to the reference
scenario. It has to be noticed that the CMI was only calculated using data of the
RCA4 GCM-RCM-combination, which according to GAMPE et al. (2016) is the “driest”
climate model combination out of the three chosen for the GLOBAQUA project.
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FIGURE 7.28: Climate Moisture Index calculated for the reference
scenario, 1980-2010.
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FIGURE 7.29: Climate Moisture Index calculated for RCP 8.5, 2036-
2065.



118 Chapter 7. Scenario Results & Discussion

-0,8 - -0,6
-0,6 - -0,4
-0,4 - -0,2
-0,2 - 0
0 - 0,2
0,2 - 0,4
0,4 - 0,6
0,6 - 0,8
0,8 - 1

Ü
0 30 60 9015 km

Climate Moisture Index 
RCP 4.5

FIGURE 7.30: Climate Moisture Index calculated for RCP 4.5, 2036-
2065.

7.8.2 Runoff Modelling

Also the runoff simulations carried out with the mHM model by the UFZ used RCA4
climate data and the land use maps for the MYOPIC and SUSTAINABLE scenario pro-
duced as part of the present thesis. No water management information was included
in the model since it is supposed to represent the total natural runoff conditions in
the Ebro. Consequently, neither reservoirs nor irrigation was considered.

The resulting changes in runoff between the reference and future scenarios in
figures 7.31 and 7.32 show that in both cases the runoff will decrease in the largest part
of the Ebro basin. This reduction is strongest in the mountainous areas decreasing by
more than 300 mm/year on average. Since the largest part of precipitation occurs in
the mountains and in particular the Pyrenees (CHE 2015) and they therefore constitute
the areas producing most runoff, these are also the areas were the largest absolute
runoff reductions can take place. The decrease in mountain areas is more pronounced
in the MYOPIC scenario than in the SUSTAINABLE one. Regarding the lowlands of
the Ebro, the runoff will remain more or less constant, between -49 to +50 mm/years
on average, in both scenarios. There is a larger coherent patch of runoff increase
in the MYOPIC scenario, see figure 7.31, to the east of the catchment located in the
lower coarse of the Segre River. As the headwaters of the Segre reach the highest
elevations within the Ebro basin above 2500 m a.s.l., the runoff increase downstream
could be connected to the expected shift from snow to liquid precipitation (CEDEX
2017) leading to more direct runoff and a reduced storage effect.
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FIGURE 7.31: Runoff difference MYOPIC - reference modelled with
the mHM model.
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The mean difference in runoff over the whole Ebro basin is -39 mm/year in the
MYOPIC and -28 in the SUSTAINABLE scenario. As expected, the reduction is
slightly stronger in the MYOPIC scenario even if the values lie very close to each
other. When looking at percentages, the runoff decreases in the MYOPIC scenario
with respect to the reference by 20% and by 15% in the SUSTAINABLE scenario,
which constitute substantial changes.
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Chapter 8

Validation Experiment -
Application to The Evrotas River
Basin

In order to validate the methods proposed in this thesis, the procedure to derive
consistent land and water use maps was applied also to the Evrotas River basin,
Greece. Due to its limited extent, the modelling resolution for this case study is 100 m
x 100 m compared to the 1 km x 1 km in case of the Ebro. In light of the low sensitivity
of the iCLUE model to different climate data inputs observed for the Ebro, the Evrotas
setup was only run with RCA4 climate data.

8.1 Results for the Evrotas River Basin

8.1.1 Change Detection Analysis

The change detection analysis was already described in HUBER GARCÍA et al. (2018):
According to the reclassified CLC maps with only seven classes, there was nearly
an absence of land use change in the Evrotas between 1990 and 2000 (0.5% of the
total area). From 1990 to 2012 3.1% of the catchment area experienced change. The
transformation of coniferous forests to shrubs/semi-natural vegetation accounts for the
largest change (1.1% of the study area), see table 8.1. Also in case of the Evrotas, the
differentiation between these two classes is difficult and classification differences
between the CLC 2012 map and the prior ones may play a significant role, as it is the
case for the Ebro. Agriculture gained 0.8% from shrubs/semi-natural vegetation but was
in turn also transformed to it (0.5%). The urbanisation process proceeds slowly in the
Evrotas characterised by a transformation of 0.1% of agricultural land to sealed area.
In general, the visible land use changes are considered to be small and have only very
limited influence on the water uses in the Evrotas.
Due to the coarse thematic resolution chosen for modelling with only seven land
use classes, the change detection analysis for the Evrotas was also carried out with
the original CLC classes (results not shown here). The total change for the same
period sums up to 9%. This is the case as it includes transitions between very
similar categories such as sclerophyllous vegetation and transitional woodlands & shrubs
regrouped to the same class in the final map. Transitions between these categories do
not influence the water use in the region and can be consequently neglected for the
present study. Besides, it has to be noted that these two classes are those associated
to large classification errors in the CLC datasets since their distinction is difficult
(FERANEC et al. 2007).
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TABLE 8.1: Results of the change detection analysis for the Evrotas
between 1990 and 2012 in % of the total basin area.
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8.1.2 Calibration & Validation of the Land Use Simulations

The three-map-comparison of the Evrotas land use simulations reveals similarly good
results as for the Ebro. For the calibration with CLC 2000 data more than 99.5% of the
basin are modelled correctly as persistence (not shown here). This high value may be
related to the general little change taking place in this case study. According to the
results for the validation year 2012 presented in figure 8.1, 96% (95.9% persistence
and 0.1% change) of the land uses in the catchment are modelled correctly. Only
0.1% of the area is transformed to the wrong class. 2.9% of the changes that actually
happened between 1990 and 2012 - concentrated mainly in a few larger patches - are
not captured. These patches could be related to large wild fires that occurred in the
Evrotas basin during heat waves in 2007 (SKOULIKIDIS et al. 2011). The sudden land
cover change between 2007 and 2008 in some of these areas is visible from optical
satellite time series in the Google Earth Engine, which confirms this assumption.
Such events may cause big areas of land to change within a very short time frame
and at unpredictable locations, which constitute changes that cannot be captured by a
land use change model (HUBER GARCÍA et al. 2018). Overall, the land use modelling
results for the Evrotas are satisfying.
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FIGURE 8.1: Validation results of the iCLUE model for the Evrotas
setup 2012.

8.1.3 Land Use Scenarios for the Year 2050

The land use map for the reference period (CLC 2000) and the two scenarios are
displayed in figure 8.2. At first glance the future land use maps seem identical and
also differences to the CLC 2000 map are hard to detect. There is an increase of
semi-natural shrubs in both scenarios with respect to the reference. As for forested
areas, they decrease in the MYOPIC while they increase in the SUSTAINABLE one.
The implementation of riparian forests below 500 m .a.s.l. is clearly visible in the
latter one. Agricultural areas covered mainly by olives are nearly the same in both
scenarios whereas there is a marked increase of permanently irrigated land in the MY-
OPIC scenario of +14% and a 6% decrease in the SUSTAINABLE one.
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FIGURE 8.2: Land use maps of the Evrotas for the reference scenario
(CLC 2000, top), SUSTAINABLE (bottom left) and MYOPIC scenario

(bottom right).

8.1.4 Assessment of Water Use Estimations

8.1.4.1 Defining the Reference Scenario

As for the Ebro, the statistics from the Ministry of Development of Greece (MDG)
(2005) used for deriving the water use maps and also the final results were checked for
reliability and consistency comparing them with other datasets. Table 8.2 summarises
the available sources and values. Generally speaking, it is difficult to determine the
precise water demand for irrigation in the Evrotas River basin due to insufficient
water meters and an unknown number of illegal water abstractions (NIKOLAIDIS

et al. 2009). As a consequence, the range of values is wide. The number ascertained
by the MDG (2005), used as basis for deriving the water use maps, sums up to
76.8 hm3 for all communities lying inside the Evrotas River basin for the year 2001,
very close to the 77 hm3 estimated by GAMVROUDIS et al. (2015) which, however,
relates to the largest part of the basin. The 174 hm3 estimated by NIKOLAIDIS et al.
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(2009) on typical plant water needs is considerably higher. The authors state that
hydrological modelling revealed that the actual demand used by farmers might be
even three times as high. Finally, SKOULIKIDIS et al. (2011) calculated the irrigation
water uses from the area and the water needs of each cultivation type and obtained
287 hm3 including the irrigation of olives. The water use prior to olive irrigation
was estimated at 84 hm3. The Evrotas basin is part of the Eastern Peloponnese River
Basin District and the existing RBMP reports only data for the whole district covering
an area of 8442 km2 (SSW 2013). A rough approximation for the irrigation demand
of this basin is therefore obtained by assuming that the percentage area covered by
the Evrotas, 28.6% of the whole district, is equal to the share of irrigation demand
used in the Evrotas which results in 94.4 hm3. Obviously, without knowing the real
distribution of irrigated areas within the Eastern Peloponnese district this remains a
rough estimation. The comparison shows that it is difficult to know which value gets
closer to reality. Since one aim of the present study is to validate official statistics, the
data from the MDG (2005) were used as its magnitude coincides with the ones from
the RBMP and also with GAMVROUDIS et al. (2015).

Table 8.2 also includes the total sums of the calculated water use maps. Similar
to the Ebro, they lie slightly below the values from the MDG (2005) they are based
on. This happens when the water demand of a subunit is discarded for calculations
because no irrigated or urban pixel is located in this unit. The underestimation is
stronger for urban water demand which is probably related to the small settlement
sizes in the Evrotas which are assumed to be under-represented even in the CLC 2000
map at a 100 m x 100 m resolution.

TABLE 8.2: Total and sectoral water demands [hm3] in the Evrotas
according to various sources. 1Sum for all communities lying inside
the Evrotas basin, data for 2001. 2Percentage share of the Evrotas of

the Eastern Peloponnese River Basin District.

Source Irrigation Domestic/Industrial Livestock Total
NIKOLAIDIS et al. (2009) 174 - - -
SKOULIKIDIS et al. (2011) 287 - - -
MDG (2005)1 76.8 6.4 <0.1 83.2
GAMVROUDIS et al. (2015) 77 - - -
Evrotas RBMP (SSW 2013)2 94.4 39 5 373
Own calculation

based on MDG (2005) 72.6 5.3 - 77.9

8.1.4.2 Comparison with other Water Use Maps

Figure 8.3 compares various available irrigation maps with the water use map for the
reference period based on CLC 2000. Apart from the JRC irrigation map, which only
provides information on the location of irrigation but not on the amount, the GIAM
and GMIA deviate greatly from the calculated water use map. The spatial resolution
of 5’ of the latter is not able to capture the heterogeneous pattern of irrigation in the
Evrotas, while the GIAM misses several irrigated areas. Since this product is based
on remote sensing, it could be that the irrigation of olive trees is hard to detect from
satellite images. The water use map calculated as part of this thesis differentiates
between various water demand rates, as is from below 25 mm/y to up to 310 mm/y.
The intensively irrigated areas, i.e. mainly citrus trees, are also visible in the irrigation
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FIGURE 8.3: Comparison of various irrigation maps for the refer-
ence period for the Evrotas. Upper left: GIAM (THENKABAIL et
al. 2009), upper right: calculated water use map (irrigation and do-
mestic+industrial) for the reference period based on CLC 2000, lower
right: presence of irrigation provided by the JRC (http://data.jrc.
ec.europa.eu/collection/water), lower left: GMIA (SIEBERT et al.

2013).

map from the JRC around the city of Sparta in the basin centre and in the coastal part
of the basin.

8.1.5 Water Use Scenarios for the Year 2050

The resulting water use maps in figure 8.4 show that the distribution of irrigation is
very similar in both scenarios. The difference, however, is the management of land
and therefore the higher application rates in the MYOPIC scenario. Following the
assumption that the irrigation of olive trees will be intensified in this scenario, both
for maximising the economic profit and also due to a higher expected water scarcity

http://data.jrc.ec.europa.eu/collection/water
http://data.jrc.ec.europa.eu/collection/water
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in the region caused by climate change (GAMPE et al. 2016), the water demand of this
class was set to rise by 20%. At the same time, the cultivated area is reduced as more
marginal farmland is abandoned. This results in a higher water application per pixel
on agriculture & olives with respect to the reference scenario all over the catchment.
The largest volumes are still applied in the intensively irrigated areas around the city
of Sparta (150 - 200 mm/y) and in the southern part of the basin close to the sea (150 -
310 mm/y) where mainly citrus trees are cultivated.
In contrast to that, the areas dominated by olives would need less water in a SUS-
TAINABLE world, a large share of land even below 25 mm/y. Also the largest part of
the intensively irrigated citrus orchards around Sparta would reduce their demand
from 150 - 200 mm/y to 100 - 150 mm/y. Even the area of irrigated land is very
similar in all three scenarios, the total demand for irrigation would be 49.5 hm3 in the
SUSTAINABLE scenario, approx. 32% less than in the reference scenario (72.6 hm3).
Meanwhile, the water demand for irrigation in the MYOPIC scenario would increase
by 14.5% resulting in 83.1 hm3.

The trends for the urban demands are in line with expectations. Due to the higher
water efficiency in both scenarios, the application rates per pixel are generally reduced
in both scenarios, whereas stronger in the SUSTAINABLE scenario. For Sparta for
example, the demand in the reference scenario lies at 447 mm/y, for the MYOPIC
at 403 and for the SUSTAINABLE at 356 mm/y. The total urban water demand
rises, however, in both future scenarios by 40.8% (to 7.4 hm3) and 10.9% ( to 5.9 hm3)
in the MYOPIC and SUSTAINABLE scenario, respectively. This is caused by the
expansion of sealed area in both scenarios, which is stronger for the MYOPIC scenario.
iCLUE locates urban pixels in both future scenarios mainly around settlements in the
mountainous areas north-west and north-east of Sparta and less around the city itself.
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FIGURE 8.4: Derived combined irrigation and domestic+industrial
water use maps for the SUSTAINABLE (left) and MYOPIC (right)

scenarios for the Evrotas, horizon 2050.
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Chapter 9

Conclusion

9.1 Reflection on Research Objectives and Hypotheses

9.1.1 The Ebro River Basin

To hypothesis 1:
“Under conditions of climate and land use change, current water management practices and
even long-term RBMPs are insufficient to meet the goals of the EU-WFD in Mediterranean
river basins.”

The concerns regarding the sustainability of the water use in the Ebro are severe.
To recall the points mentioned in the introduction, the long-term irrigation plans
reported in the RBMP 2015-2021 sum up to additional 4567 km2 of irrigated area, an
increase of about 47%. The current draft for the RBMP of the 3rd cycle (2021-2027) is
more prudent regarding the future expansion of irrigation due to the simultaneously
abandonment of other irrigated areas. Still, the estimated water demand is equally
high as in previous plans, i.e. 10626 hm3 already for 2027 and therefore 30% more
than at present.

At the same time, the probability of a reduced water availability in the future in
the Ebro, as well as in other Mediterranean catchments, is very high. Also the CMI,
calculated in chapter 6.2 exemplarily with data from one GCM-RCM combination,
shows once more that the future amount of available water is very likely to decrease,
independently of the selected RCP. This is equally true for the runoff simulations
presented in chapter 6.1, which implemented the land use scenarios developed as part
of this thesis: For the SUSTAINABLE scenario a runoff decrease of 15% is projected
for 2050, for the MYOPIC scenario even 20%.
Similar results are obtained by the Spanish Centre for Studies and Experiments on
Public Works (CEDEX) using the hydrological SIMPA model to simulate the natural
flow conditions for each Spanish river basin (CEDEX 2017). To account for the uncer-
tainty in climate modelling they used data from six different GCMs to run the model
for RCP 8.4 and 4.5. This is also the modelling exercise providing recommendations
on expected runoff reductions for 2039 to the RBMPs expressed already in chapter
1.2. For the period 2040 to 2070, which is only shifted by five years from the future
period used in GLOBAQUA (2036-2065), the simulated changes for the Ebro are -11%
for RCP 4.5 and -13% for RCP 8.5 taking the mean over all model runs. Consequently,
the results of the CEDEX study are of similar magnitude as the simulation with the
mHM model.

The MYOPIC scenario, which constitutes the hypothetical implementation of the
RBMP, will therefore be marked by the clash between an increased water demand and
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a reduced water availability. Coming back to the WEI+ referred to in the beginning,
the development in this scenario will find expression in a higher WEI+. At present,
the ratio between water consumption (5080 hm3 according to CHE 2015) and actual
water demand (8186 hm3, CHE 2015) lies at 62%. Assuming that the future ratio
stabilises at approximately 60%, the WEI+ for the MYOPIC scenario would rise to
54% supposing a 20% reduction of renewable water resources as simulated with the
mHM model for the total runoff (i.e. 11698 hm3 compared to the 1980-2006 average
of 14623 hm3, CHE 2018) and a total water demand increase of 30% to 10423.5 hm3

as modelled above for this scenario. To recall, the mHM model was run with cli-
mate data from the RCA4 model combination, which is the driest out of the three
GCM-RCM combinations selected for GLOBAQUA, so a 20% reduction might seem
extreme. Nevertheless, applying the -13% obtained in the study by CEDEX as a
multi-model mean for RCP 8.5, the WEI+ would lie just slightly below at 49%.

Taking all this in consideration, it proves hypothesis 1 correct for the Ebro case
study, stating that the current but also future long-term RBMPs are not in line with
the sustainability goals of the EU-WFD. The directive clearly states that sustainable
water abstraction regimes should be supported “even in water stress and shortage
situations” (EUROPEAN COMMISSION 2007) which are likely to occur more often in
the future due to climate and land use change. Opposed to that, the above estimations
show that the current plan is in the truest sense of the word ‘myopic’ and that it will
add to the already now experienced water scarcity.
One may argue that the water use efficiency may increase in the future. However,
past developments in Spain have shown that this increase has been accompanied by
a rebound effect leading in turn to an increased water consumption (DUMONT et al.
2013, GONZÁLEZ-CEBOLLADA 2016, LECINA et al. 2010). A MYOPIC world would
amplify this mechanism.
A further negative effect of the modernisation of irrigation systems over the past
decades has been the strong increase in energy use making irrigated agriculture the
second largest electricity consumer in Spain (GONZÁLEZ-CEBOLLADA 2016). The
new pressurised irrigation systems now strongly depend on electricity to keep them
going. If no alternative sources are found, the energy consumption is likely to rise
even more for a MYOPIC pathway.

As regards the SUSTAINABLE scenario, the water availability will be equally re-
duced. It foresees, however, also a more sustainable water management as postulated
by the EU-WFD, increasing the irrigation efficiency and shifting the cultivation to
less water consumptive crops or applying deficit irrigation (GONZÁLEZ-CEBOLLADA

2016). By this means, the WEI+ could be kept down despite the simultaneous reduc-
tion in water availability. For a scenario as simulated with the mHM model with a
15% runoff reduction and the simulated approx. 5655 hm3 total water demand in the
SUSTAINABLE scenario, the WEI+ would be 27%, which nonetheless indicates water
scarcity but to a considerably lower level than in the MYOPIC scenario. Applying the
average -11% reduction obtained by the SIMPA model for RCP 4.5 (CEDEX 2017), the
WEI+ would lie at 26%.

To hypothesis 2:
“The future projection of land and water uses at the basin-scale requires the downscaling of
global change narratives and the modelling of integrated scenarios of climate and land use
change.”
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The downscaling applied in this study to bridge the gap between the global RCPs
and SSPs and the scale of the case study was successful in producing, for the first
time, high-resolution land use and water use maps for the Ebro for various future
scenarios. They provide a spatial and thematic resolution useful both for subsequent
IAV studies as well as for water authorities, water managers and policy makers.
Only by downscaling of global scenarios to the basin-scale it was possible to include
stakeholders’s opinions on the future developments in the two scenarios and ad-
apt the land use model to local characteristics. This further allowed to design the
MYOPIC scenario on the one hand to fit SSP 5 and RCP 8.5 and on the other hand
to shape it according to the declarations in the RBMP described above. The result
maps have already been used in a series of GLOBAQUA related studies such as
JORDA-CAPDEVILA et al. (2019), HERRERO et al. (2018) and also the modelling with
the mHM model mentioned above (HUBER GARCÍA et al. in prep.).

Regarding the quality of the results, the land use modelling simulations could
be improved by introducing more dynamic socio-economic drivers. Downscaled
projections for the various SSPs at municipal or at least provincial resolution were,
however, missing. Furthermore, also an increase of the modelling resolution to 500 m2

or even 100 m2, which would be easily possible with CLC data, could provide more
accurate results. It should be further investigated if using more up to date CLC maps,
i.e. starting with CLC 2006 version 18.5.1 and using 2012 and 2018 as soon as the
validation has finished, would lead to a better representation of irrigated areas and
higher accordance with the CHE reference map of irrigated areas. All in all, the
validation of the land use modelling revealed that the results are satisfying.
One limitation of the integrated modelling presented here is the lack of feedback
loops. For this reason, it is neither possible to consider the impact of LULCC on the
local climate nor the the impact of climate induced water scarcity on the distribution
of the vegetation. Nevertheless, the integration of downscaled climate data in the
modelling chain makes the scenarios more complete, even though its effect on the
actual distribution of land uses may be small for the scenario horizon 2050. In any
case, the influence of different climate scenarios keeps getting larger beyond that date
and therefore it is important to consider climate change.

The downscaling of scenarios from global projections includes many sources of
uncertainty, as there are the RCPs and SSPs per se, the use of downscaled climate
data, the land use modelling, the translation of the global narratives by experts and
local stakeholders or the water use statistics. The results presented in chapter 7.6
show that the concerns regarding the uncertainty introduced by the random factor of
the iCLUE model and its sensitivity to climate data could be overcome. Other sources
of uncertainty, however, remain difficult to quantify.
Nevertheless, downscaling is the only way of producing concise and reasonable
scenarios at the basin-scale which are still in line with the global change narratives
and by this means add a small piece to the large picture. The approach proved to be
successful for the present study and consequently hypothesis 2 can be confirmed.

To hypothesis 3:
“Combining sectoral water use statistics with land use change models provides an efficient and
transferable method to deliver projected water use maps as planning tools for users and policy
makers.”
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Regarding the third hypothesis of this study, the combination of land use modelling
results with water use statistics has revealed to be a relatively easy to use method
to obtain water use maps in accordance both with the spatial distribution of land
use and official statistics. The most time consuming part of the study relates to the
land use model, mainly the data preparation and calibration while the setup of an
additional water use model is not necessary.
The applied method further allows for high flexibility. First, one is free to adapt the
modelling resolution to the needs and size of the study area. While 1 km2 was used
in the Ebro, finer resolutions might be more appropriate for other study sites such as
the Evrotas, see chapter 8. As mentioned earlier, also for the Ebro a finer modelling
resolution could be applied combining the land use maps with water statistics at a
finer reporting level. Second, the method allows to take into account and relate to
very basin-specific data such as the statistics from the RBMP or other official sources.
This in turn allows to visualise the data, which is usually not possible in a spatially
explicit way, and offers ways of validation.
Without applying a specific water use model and being bound to the CLC classes,
it is not possible to simulate the cultivation and irrigation of selected crop types as
done by other authors. Still, the flexibility also relates to the fact that one is free to
decide which land use classes are consuming water and to what extend. In case of
the Ebro, also complex cultivation patterns were included with a reduced application
rate. The approach further allowed to derive also urban water use maps.

The assessment of the water use maps above has revealed that large differences
and uncertainties exist regarding water statistics and spatial products due to varying
definitions or unmonitored activities making comparisons difficult. As an example,
the newest RBMP 2021-2027 differentiates the total water demand for the hydrolo-
gical year 2016/2017 into controlled demand, 5516 hm3, and estimated, 2745 hm3

(CHE 2018). The latter part might be simply unrecorded in the absence of a water
meter but with an official concession or due to illegal abstractions. Nevertheless, the
range of values obtained in the present study are in line with other studies, which
are estimations themselves, and the differences to the reference are acceptable. A
satisfactory balance was found to obtain realistic values for the irrigated area, the
water demand and the application per pixel. The maps show only little deviations
from the reference at the basin scale while for the exploitation units larger deviations
have to be admitted. This could be partly overcome by either reducing the modelling
resolution or using statistics at a finer administrative level which for the Ebro exist,
however, only for agricultural uses. Comparing to other available water use products,
the results of this study capture the details of the Ebro at least as good as other
products while providing enhanced quantitative information directly relating to the
RBMP. The results could be further refined by combining the LU maps with monthly
water use statistics if available, since the water demand in Mediterranean basin varies
strongly throughout the year.

It has to be noticed that due to the underlying data the results of the present study
need to be interpreted as the upper possible margin. In case of the irrigated area, the
maps represent rather the area equipped for irrigation than the actually irrigated area.
As for the total water demand, it is higher than the actual water consumed. Still, the
expected water demand for 2027 from the RBMP 2021-2027 used here for the horizon
2050 could underestimate the value for 2050. This has to be considered when using
or interpreting the water use maps. Besides, the resulting maps disregard the actual
availability of water which is the reason they were confronted to the CMI and runoff
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modelling. Nevertheless, they provide important information for policy makers and
the basis for further IAV studies which are clearly necessary: As the RBMP 2015-2021
states, the long-term irrigation plans were projected only considering if sufficient
water would be available, which the CHE affirms, but possible economic, social or
environmental effects were neglected (CHE 2015).

All in all, also hypothesis 3 can be confirmed as the combination of land use
modelling results and water use statistics to obtain spatially distributed water use
maps was successful.

9.1.2 The Evrotas River Basin

Several authors state that the expansion of irrigation to olives has been accompan-
ied by a general precipitation and runoff reduction observed in the Evrotas for the
period 1989-2011 compared to 1970-1989 (GAMVROUDIS et al. 2015, SKOULIKIDIS et al.
2011). The study by GAMPE et al. (2016), where future climate projections from the
EURO-CORDEX model ensemble were analysed over the GLOBAQUA case studies,
revealed that this trend is likely to continue in the Evrotas. The strongest negative
precipitation changes out of the four investigated river basins are projected over the
Evrotas basin. Up to 30% less precipitation are simulated over the summer months for
the period 2035-2065 compared to 1981-2010; this causes also decreased evaporation
rates in spring, summer and autumn and a 20% runoff reduction for the ensemble
mean. It seems therefore very certain that the water availability in the Evrotas basin
will be less in the future.

Meanwhile, on the water demand side, GAMVROUDIS et al. (2015) estimated that
already the current irrigation practices consume twice the recommended amount of
water in the Evrotas. This is in line with hypothesis 1 which states that already current
water management practices are insufficient to meet the sustainability goals of the
EU-WFD.
For the MYOPIC scenario modelled here, which comprises a further expansion of the
irrigation of olive trees, an extra 15% water demand was estimated for the horizon
2050. Having in mind the already existing pressure on water resources, there is
no doubt that a future MYOPIC scenario would severely exacerbate the situation.
Improved water efficiencies for urban uses and irrigation systems would not be able
to compensate the increased water demand in the MYOPIC scenario. Besides, as the
example of the Ebro shows, improved irrigation technologies do not always lead to
water savings but rather to a higher water consumption (CHE 2018).

Regarding water quality, a higher water scarcity would also imply a reduced
dilution capacity of agrochemicals and agro-industrial wastes (KARAOUZAS et al.
2018), in case of the Evrotas mainly from olive oil presses and orange juice factories.
DEMETROPOULOU et al. (2010) identified these problems as the main EU-WFD related
pressures for the basin together with the over-exploitation of water resources for
irrigation. Following the assumption of growing settlements, the resulting increase in
urban water demand would also lead to higher point source pollution through urban
waste water if not more Waste Water Treatment Plants (WWTPs) are built. By now,
only one WWTP exists in the Evrotas basin next to the city of Sparta (SKOULIKIDIS

et al. 2011).
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In contrast to that, the SUSTAINABLE scenario could be a step towards a more
sustainable land and water management. In this scenario the irrigation of olive trees
is partially reduced going back to the cultivation without irrigation that has been ap-
plied in the region for centuries. Of course, this should be achieved without affecting
agricultural production. KARAOUZAS et al. (2018) point out that significant reduc-
tions in water abstractions could be achieved by alternative irrigation systems such as
drip irrigation which consumes less water. Besides, in their study, NIKOLAIDIS et al.
(2009) suggest the use of non-conventional water resources. Water from the WWTP
and from agro-industrial facilities such as oil mills could be reused for irrigation
particularly during dry periods.
The SUSTAINABLE scenario emphasises the importance of river bank protection and
restoration in the catchment, necessary for preventing erosion, floods and for filtering
pollutants entering the water course (KARAOUZAS et al. 2018, NIKOLAIDIS et al. 2009,
SKOULIKIDIS et al. 2011). It depicts an alternative way in which the riparian zones are
restored. The implementation of this important measure in the land and water use
maps are helpful for studies using these maps as input for subsequent environmental
assessment studies. The only way of providing this level of detail in the scenarios
was by downscaling them to the catchment level which allows to include these local
peculiarities, as hypothesis 2 suggests.

All in all, the two alternative scenarios presented here show that it is not the land
use change per se, but a change in land management that makes the difference and
is decisive for achieving a sustainable future. Out of the two simulated integrated
scenarios, the SUSTAINABLE one takes up the measures already proposed in sev-
eral priorly mentioned studies that would allow the successful implementation of
the EU-WFD giving priority to environment conservation as the directive seeks for
(EUROPEAN COMMISSION 2007). Besides, the increase in water use in the MYOPIC
scenario is opposed to the trend in water availability that is becoming apparent.
Furthermore, one should not neglect that the actual irrigation demands may be even
higher than the ones considered in this study. Consequently, a major and important
step forward in the Evrotas would be to estimate the real irrigation needs and adapt
the charges for water abstractions which currently are calculated on the areal extend
of the farm rather than on the actual water use (NIKOLAIDIS et al. 2009).

9.2 Implications for Transferability and Scaling

As the previous chapters show, the hypotheses could be corroborated and also the
transferability of the approach to a different case study proved to be successful in
case of the Evrotas. The validation experiment further confirmed that the applied
methods can be transferred to a different scale, both in extend and resolution: The
Evrotas basin (approx. 2413 km2) is considerably smaller than the Ebro (85600 km2)
and the modelling resolution is a 100 times smaller, 100 m x 100 m vs. 1 km x 1 km.
The iCLUE results for both case studies were satisfying and the resulting land and
water use maps are plausible and provide important information relevant for water
management. Still, a few points have to be considered when transferring the methods
to another region and scale.

First of all, any modeling setup for a given study area, requires river basin specific
modifications. This includes obviously the collection of iCLUE drivers matching the
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characteristics of the area and the modelling resolution. Local singularities such as
past land use transitions, history of water uses, restrictions etc. have to be researched
as they are needed for the general setup of the model and the development of future
land use demands. This includes also the selection of water consuming land use
classes and the link to the appropriate and most accurate water statistics.

Secondly, the aggregation level of available water statistics has to be chosen with
great care. At a coarse resolution the values in the final water use maps would be
very homogeneous and local differences would be missed. At the same time, a high
resolution of the statistics, i.e. choosing the lowest administrative level, may augur
very detailed results while it also can cause problems: The water demands of units
without any water consuming pixel are dropped from calculations. Consequently,
having larger units increases the chances to find a few pixels in a unit. This becomes
even more important when developing scenarios as the future distribution of water
consuming pixels may look very different. Both in case of the Ebro and the Evrotas,
neither the finest water statistics level was chosen nor the coarsest but an intermediate
one which still allowed to spatially differentiate water use amounts. This yielded
a good approximation at basin scale, for more local studies the information might
be, however, still too coarse. Modelling at finer resolution could be a possible solution.

It has to be pointed out that the successful application of the approach developed
in this thesis depends completely on the availability of reliable data. As the applica-
tion to the Adige and Sava River basin, two further GLOBAQUA case studies, show,
this is not always the case, see HUBER GARCÍA et al. (2018).
The main obstacle in case of the Adige River basin in Northern Italy was that the
provided water statistics differ substantially between administrative units. The wa-
tershed is located to its largest parts in the provinces of Bolzano and Trentino, which
however, report different variables: While Bolzano reports actual sectoral water de-
mands, the values for Trentino represent the maximum possible water supply for
each sector, which is substantially higher. The lower coarse of the Adige River basin,
located in the Veneto region, had to be excluded from calculations. For this part, it is
neither possible to know the exact volumes nor the location of the water consumption
since the area supplied by the Adige receives water also from several other rivers,
as the basin authority states. Consequently, the discrepancy between the reported
variables complicates comparisons and renders the derivation of meaningful water
use maps impossible.
The situation is similar for the Sava River basin as its tributaries traverse several
countries (Slovenia, Croatia, Bosnia-Herzegovina, Montenegro and Albania) and
their statistics are not harmonised. A further factor limiting the applicability of the
approach to the Sava is that the linkage between land and water uses is more difficult.
Irrigation plays only a very minor role, while livestock consumes more water. While
irrigation can be easily distributed in space as the examples of the Ebro and Evrotas
show, the spatial location of livestock is, however, very difficult. This is even more
the case as the modelling resolution for the Sava had to be coarser than the original
CLC resolution, 1 km x 1 km, as the basin is considerably larger (approx. 97506 km2).
Agricultural water uses were attributed to the CLC class complex cultivation patterns
which resulted in very low application rates per pixel. The reason for the low values
could be that the selected land use class does not correctly represent agricultural
water uses which is distributed to too many pixels. For these reasons, the results for
the Adige and Sava were discarded from the analyses in this thesis.
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Regarding the application of the developed method to the Evrotas, it can be
concluded that for small study areas where a fine modelling resolution can be applied,
the development of river basin specific land and water use scenarios is even more
important than for larger sites. As the comparison with other water use maps carried
out in chapter 8.3 reveals, continental or global products are not able to capture the
patterns at such a small resolution like the GMIA (SIEBERT et al. 2013) or even miss
large parts of the irrigated areas due to their low application rates or little importance
at larger scale as the GIAM (THENKABAIL et al. 2009).
In case of the Evrotas, it was possible to create water use maps based on existing
water statistics and local information applying the same approach as in the Ebro. This
confirms the transferability of the method and consequently also hypothesis 3.

9.3 Recommendations for the EU-WFD

The results presented here constitute an approximation, but reveals clear trends:
Water scarcity is undoubtedly going to increase in the Mediterranean in the future
due to climate change and an unsustainable water management will add to aggravate
the situation. In light of the looming problems, it is more than clear that present and
future water management needs to be adapted.
The work presented in this thesis provides support for an improved understanding of
related interconnections and possible management strategies: Modelling downscaled
integrated scenarios can be used as tool to better analyse the relationships between
impacts, causes and measures taken. The integrative approach further allows to take
into account dynamic changes in climate, land use and water management, in line
with the holistic view of the EU-WFD. Coming back to the quote from MOSS et al.
(2010) in the introduction, this allows to test the robustness of measures under various
conditions. By this means, simulations like the ones presented here can contribute
to a more sophisticated assessment of truly applicable and efficient Programmes of
Measures (PoMs), avoiding unsustainable planning.
A further necessity of implementing integrated scenario analyses as standard proced-
ure in the selection of PoMs is that it allows to include also scientific knowledge in the
decision process. The directive further explicitly states the need for public involve-
ment which can be achieved by engaging stakeholders in the scenario development
process as done here.
It is already a substantial progress that the directive implemented river basin dis-
tricts organising the management within natural watersheds and across national
boundaries. The EU-WFD should, however, go even a step further and demand for a
compulsory and standardised reporting on water uses at river basin level, as this is
already the case for crop, fertilizer or pesticide statistics at the EU NUTS level. This,
of course, requires also the metering of water coordinated by the river basin authorit-
ies, which in many cases is not all-encompassing. The standardised collection and
reporting of statistics is important since it provides the basis for accurate planning
and it facilitates studies like the one presented here allowing for more comparability
across Europe.
Finally, even though the EU-WFD is not target based, it should consider to set quantit-
ative targets such as the adherence to a certain WEI+ level. This would allow to better
assess the sustainability of water management practices and, hopefully, promote the
targeted implementation of the directive.
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Summary

In order to satisfy future demands for water, food, fibre and energy, it is necessary to
develop management strategies that find a balance between ecological, economical
and societal needs. This is particularly true for regions that are likely to be negat-
ively affected by climate change, such as the Mediterranean. Many studies agree
that altered precipitation patterns and higher mean temperatures will increase water
scarcity in this region, which is already prone to water stress. At the same time,
irrigation is by far the major water consumer in Mediterranean countries. Still, many
river basin authorities plan to expand the irrigation activities consuming even more
water while the natural supply diminishes.

The work presented here concentrates on two Mediterranean river basins, the
Ebro in Spain and the Evrotas in Greece. In case of the Ebro, the River Basin Man-
agement Plan (RBMP) foresees an expansion of approx. 50% of the irrigated area for
the future and a related rise of the water demand by 30% until 2033. The irrigation
in the Evrotas has been expanded to olive trees over the last decades increasing the
water demand for irrigation substantially. Consequently, the reduced water availab-
ility caused by a changing climate in combination with an expected water demand
increase are very likely to aggravate the situation in the future.

Both river basins constitute case studies of the EU-FP7 project GLOBAQUA,
which builds the thematic frame of this thesis. With a focus on aquatic ecosystems,
one of the project aims was to investigate how future water-related management
practices and policies, in particular the Water Framework Directive of the European
Union (EU-WFD), have to be adapted to be able to cope with the impacts of multiple
stressors, such as climate and land use change, under increased water scarcity in the
future.

One of the objectives of the work presented here was to analyse if the current and
future official water management strategies in the study areas adhere to the EU-WFD,
which promotes the sustainable use of water, and to sketch alternatives.

For this purpose, integrated, spatially explicit land and water use scenarios were
developed that reflect the water management practices of the individual study areas.
The scenarios are, at the same time, in line with the global Representative Concen-
tration Pathways (RCPs) and Shared Socio-economic Pathways (SSPs), a scenario
framework widely used in climate change impact studies. Integration in this respect
means that climate, socio-economic and environmental future projections were taken
into account.

To be able to apply these global storylines to regional study areas, they had to be
downscaled first. Within the GLOBAQUA project, several project-specific scenarios
were developed based on RCPs and SSPs for the time horizon 2050. Out of these, the
MYOPIC and the SUSTAINABLE scenario were investigated in detail as part of this
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thesis. For both case studies the MYOPIC scenario represents the continuation of the
‘business as usual’; in case of the Ebro it is parametrised according to the plans repor-
ted in the RBMP mentioned above. The downscaling to the basin-scale was achieved
by including the knowledge of experts and local stakeholders and combining it with
quantitative values gathered through an extensive literature review. This information
was further used to parametrise the land use change model iCLUE. Eventually, this
resulted in land use maps for the MYOPIC and SUSTAINABLE scenario for the year
2050 for the Ebro and Evrotas.

In order to obtain also spatially distributed water use maps, official water use
statistics were combined with the spatially explicit land use simulations. Urban and
industrial uses were linked to urban areas and agricultural uses, irrigation for the
largest part, to all irrigated land use classes. For the future, the water consumption of
each land use class was adapted with a factor to fit the overall water demand which
was priorly specified for each scenario.
In case of the Ebro, the final water use scenarios were compared to the Climate
Moisture Index (CMI) to evaluate also the water availability under both scenarios.

The validation of the land use simulations revealed that the performance of
iCLUE in both case studies is good. Also the water use maps, which were compared
to already existing similar products, are satisfying.
The concerns regarding water management were confirmed: Already the current
practices demand substantially more water than what could be considered sustain-
able. The long-term mean Water Exploitation Index Plus (WEI+) for the Ebro indicates
water scarcity already for the present. The CMI projects a future reduction of available
water independently of the scenario. If the RBMP is implemented as planned, it is
certain that water scarcity will increase dramatically, resulting in a higher WEI+.
Applying, however, a SUSTAINABLE scenario, the WEI+ would only rise marginally
compared to the present. The situation is very similar for the Evrotas.

The downscaling of the scenarios appeared to be not only useful but necessary to
obtain the spatial and thematic resolution to support planning decisions on a river
basin level. The proposed method for deriving water use maps based on local statist-
ics rather than through modelling proved to be an easy to use tool. Its transferability
in space, scale and resolution was confirmed by the application to the Evrotas basin.

The work presented in this thesis describes a procedure that can help to better
implement the Water Framework Directive of the European Union (EU-WFD). Such
integrated modelling exercises, which address the systemic view of the directive,
should be established as standard procedure to better assess the efficiency and ap-
plicability of Programmes of Measures (PoMs). The final recommendations of this
thesis to the EU-WFD are to demand for a compulsory and standardised reporting
on water related variables and to set quantitative targets such as the adherence to
a certain WEI+ level. This would allow to better assess the sustainability of water
management practices and facilitate the comparability across Europe.
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Zusammenfassung

Um auch in Zukunft den Bedarf an Wasser, Nahrungsmitteln, Faserstoffen und En-
ergie decken zu können, ist es notwendig Ressourcenmanagement so zu betreiben,
dass das Gleichgewicht zwischen ökologischen, ökonomischen und sozialen Bedür-
fnissen sichergestellt ist. Dies betrifft besonders Regionen wie den Mittelmeerraum,
in denen die Folgen des Klimawandels mit hoher Wahrscheinlichkeit negativ sein
werden. Viele Studien stimmen darin über ein, dass veränderte Niederschlagsmuster
und höhere Jahresmitteltemperaturen die Wasserknappheit in dieser ohnehin schon
betroffenen Region verstärken werden. Gleichzeitig wird das meiste Wasser in vielen
Ländern um das Mittelmeer zur Bewässerung verwendet. Nichtsdestotrotz geht man
in den Bewirtschaftungsplänen vieler Flusseinzugsgebiete von einer Ausweitung der
Bewässerung aus, was einen noch höheren Wasserverbrauch mit sich bringt, während
die natürliche Wasserverfügbarkeit schrumpft.

Die vorliegende Arbeit befasst sich mit zwei mediterranen Flusseinzugsgebieten,
dem Ebro in Spanien und dem Evrotas in Griechenland. Im Falle des Ebro sieht
der Bewirtschaftungsplan eine Zunahme der bewässerten Fläche um ca. 50% vor,
während der damit verbundene erwartete Anstieg des Wasserbedarfs ca. 30% bis zum
Jahr 2033 beträgt. Im Einzugsgebiet des Evrotas wurde die Bewässerung im Laufe
der letzten Jahrzehnte auf Oliven ausgeweitet, was den Wasserbedarf deutlich erhöht
hat. Im Folge der durch den Klimawandel hervorgerufenen geringeren Wasserver-
fügbarkeit könnte sich demnach, in Kombination mit einer erhöhten Nachfrage nach
Wasser, die Situation zuspitzen.

Sowohl Ebro als auch Evrotas waren Untersuchungsgebiete im EU-FP7-Projekt
“GLOBAQUA”, welches den thematischen Rahmen dieser Dissertation bildet und
dessen Hauptaugenmerk auf aquatischen Ökosystemen lag. Eines der Hauptziele
GLOBAQUAs bestand darin herauszufinden wie Managementpraktiken und Richt-
linien, die einen Bezug zu Wasser haben, - insbesondere die Wasserrahmenrichtlinie
der Europäischen Union (EU-WRRL) - angepasst werden müssen um mit den Aus-
wirkungen multipler Stressoren auch unter zukünftig verstärkter Wasserknappheit
zurecht zu kommen. Solche Stressoren sind unter anderem der Klimawandel aber
auch der Landnutzungswandel.

Eines der Ziele der vorliegenden Arbeit war es zu untersuchen ob die aktuellen
und zukünftigen offiziellen Bewirtschaftungspläne der Untersuchungsgebiete sich an
die EU-WRRL halten, welche eine nachhaltige Wassernutzung fördert. Des Weiteren
sollten Alternativen aufgezeigt werden.

Zu diesem Zweck wurden integrierte und räumlich explizite Land- und Wasser-
nutzungsszenarien entwickelt, in denen die Wassermanagementstrategien der ein-
zelnen Untersuchungsgebiete eingebaut wurden. Gleichzeitig stimmen die Szenarien
mit den globalen Repräsentativen Konzentrationspfaden (engl.: Representative
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Concentration Pathways, RCPs) und den Gemeinsamen Sozioökonomischen En-
twicklungspfaden (engl.: Shared Socio-economic Pathways, SSPs) überein, die in der
Klimafolgenforschung eine weitverbreitete Grundstruktur für Szenarien bilden. Der
Begriff “Integration” bezieht sich in diesem Zusammenhang auf die gleichzeitige
Berücksichtigung zukünftiger Klima-, Umwelt- und sozioökonomischer Projektionen.

Um diese globalen Szenarien auf der regionalen Ebene anwenden zu können,
wurden sie zunächst herunterskaliert. Für GLOBAQUA wurden mehrere projekt-
spezifische Szenarien auf Grundlage der RCPs und SSPs für das Jahr 2050 entwickelt.
Das sogenannte “kurzsichtige Szenario” und das nachhaltige Szenario wurden im
Rahmen dieser Arbeit genauer untersucht. In beiden Einzugsgebieten beschreibt
das kurzsichtige Szenario die Fortführung des “business as usual”, im Falle des
Ebro ist dieses gemäß den Angaben im oben genannten Bewirtschaftungsplan para-
metrisiert. Die Herunterskalierung auf die Einzugsgebietsebene gelang mit Hilfe
des Wissens von Experten und lokalen Interessensvertretern und der Kombination
dieser Information mit quantitativen Angaben, die in einer umfangreichen Literat-
urrecherche ermittelt wurden. Diese Informationen wurden ferner dazu verwendet
das Landnutzungsmodel iCLUE zu parametrisieren. Daraus ergaben sich schließlich
Landnutzungskarten für das kurzsichtige und nachhaltige Szenario im Ebro und
Evrotas für das Jahr 2050.

Um räumlich verteilte Wassernutzungskarten zu erhalten, wurden diese Land-
nutzungssimulationen mit offiziellen Wasserstatistiken kombiniert. Der Wasserbedarf
für Industrie und Haushalte wurde mit versiegelten Flächen verknüpft, der land-
wirtschaftliche Bedarf, zum Großteil zur Bewässerung, wurde allen bewässerten
Landnutzungsklassen zugeschrieben. Der zukünftige Bedarf wurde mit Hilfe eines
Faktors an den für das jeweilige Szenario zuvor festgelegten gesamten Wasserbedarf
angepasst.
Für das Ebroeinzugsgebiet wurden die endgültigen Wassernutzungskarten noch mit
dem Climate Moisture Index (CMI), d.h. einem klimatischen Feuchteindikator, verg-
lichen um auch die Wasserverfügbarkeit in beiden Szenarien abschätzen zu können.

Die Validierung der Landnutzungssimulationen ergab, dass die iCLUE-Ergebnisse
in beiden Untersuchungsgebieten von guter Qualität sind. Auch die Güte der Wasser-
nutzungskarten, die mit ähnlichen bereits existierenden Produkten verglichen wur-
den, war zufriedenstellend.

Die Bedenken bezüglich des Wassermanagements haben sich bestätigt: Bereits
die aktuellen Praktiken verbrauchen deutlich mehr Wasser als nachhaltig wäre. Das
langjährige Mittel des Wassernutzungsindikators WEI+ (engl.: Water Exploitation
Index Plus) bescheinigt dem Ebro bereits jetzt Wasserknappheit. Der CMI prognostiz-
iert eine verringerte Wasserverfügbarkeit in der Zukunft, unabhängig vom Szenario.
Falls der Bewirtschaftungsplan wie geplant umgesetzt wird, wird die Wasserknap-
pheit ohne Zweifel zunehmen, was sich in einem höheren WEI+ äußern würde. Wenn
allerdings ein nachhaltiges Szenario angewendet wird, würde der WEI+ nur leicht
über den heutigen Wert steigen. Für den Evrotas ist die Situation sehr ähnlich.

Das Herunterskalieren der Szenarien stellte sich nicht nur als hilfreich sondern
auch als notwendig heraus um die räumliche und thematische Auflösung zu erhalten,
die zur Unterstützung von Entscheidungen auf Einzugsgebietsskala notwendig ist.
Die hier vorgestellte Methode, bei der Wassernutzungskarten auf Grundlage von
lokalen Statistiken anstatt durch Modellierung erstellt werden, erwies sich als leicht
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anwendbar. Die Übertragbarkeit auf andere Skalen, Auflösungen und Gebiete konnte
durch die Anwendung auf den Evrotas gezeigt werden.

Die vorliegende Arbeit beschreibt eine Vorgehensweise, die zur besseren Umset-
zung der EU-WRRL beitragen kann. Solche integrierten Modellierungsansätze, die
die systemische Sicht der Richtlinie wiedergeben, sollten standardmäßig eingesetzt
werden um die Wirksamkeit und Anwendbarkeit von Maßnahmenprogrammen zu
bewerten. Die abschließenden Empfehlungen dieser Arbeit an die EU-WRRL bein-
halten zum einen die verpflichtende und standardisierte Berichterstattung wasser-
bezogener Variablen. Des Weiteren sollte eine quantitative Zielvorgabe eingeführt
werden, beispielsweise die Einhaltung eines gewissen WEI+-Wertes. Das würde
die Einschätzung von Wassermanagementpraktiken bezüglich ihrer Nachhaltigkeit
erleichtern und die Vergleichbarkeit innerhalb Europas verbessern.
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Appendix A

Appendix A: Storylines of SSP 1 &
SSP 5

A.1 SSP 1: Sustainability—Taking the Green Road

The world shifts gradually, but pervasively, toward a more sustainable path, emphas-
izing more inclusive development that respects perceived environmental boundaries.
Increasing evidence of and accounting for the social, cultural, and economic costs
of environmental degradation and inequality drive this shift. Management of the
global commons slowly improves, facilitated by increasingly effective and persistent
cooperation and collaboration of local, national, and international organizations and
institutions, the private sector, and civil society. Educational and health investments
accelerate the demographic transition, leading to a relatively low population. Begin-
ning with current high-income countries, the emphasis on economic growth shifts
toward a broader emphasis on human well-being, even at the expense of somewhat
slower economic growth over the longer term. Driven by an increasing commit-
ment to achieving development goals, inequality is reduced both across and within
countries. Investment in environmental technology and changes in tax structures
lead to improved resource efficiency, reducing overall energy and resource use and
improving environmental conditions over the longer term. Increased investment,
financial incentives and changing perceptions make renewable energy more attractive.
Consumption is oriented toward low material growth and lower resource and energy
intensity. The combination of directed development of environmentally friendly
technologies, a favorable outlook for renewable energy, institutions that can facilitate
international cooperation, and relatively low energy demand results in relatively low
challenges to mitigation. At the same time, the improvements in human well-being,
along with strong and flexible global, regional, and national institutions imply low
challenges to adaptation. Source: O’NEILL et al. (2017).

A.2 SSP 5: Fossil-Fueled Development—Taking the Highway

Driven by the economic success of industrialized and emerging economies, this
world places increasing faith in competitive markets, innovation and participatory
societies to produce rapid technological progress and development of human capital
as the path to sustainable development. Global markets are increasingly integrated,
with interventions focused on maintaining competition and removing institutional
barriers to the participation of disadvantaged population groups. There are also
strong investments in health, education, and institutions to enhance human and
social capital. At the same time, the push for economic and social development is
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coupled with the exploitation of abundant fossil fuel resources and the adoption of
resource and energy intensive lifestyles around the world. All these factors lead to
rapid growth of the global economy. There is faith in the ability to effectively manage
social and ecological systems, including by geo-engineering if necessary. While local
environmental impacts are addressed effectively by technological solutions, there
is relatively little effort to avoid potential global environmental impacts due to a
perceived tradeoff with progress on economic development. Global population peaks
and declines in the 21st century. Though fertility declines rapidly in developing
countries, fertility levels in high income countries are relatively high (at or above
replacement level) due to optimistic economic outlooks. International mobility is
increased by gradually opening up labor markets as income disparities decrease. The
strong reliance on fossil fuels and the lack of global environmental concern result in
potentially high challenges to mitigation. The attainment of human development
goals, robust economic growth, and highly engineered infrastructure results in relat-
ively low challenges to adaptation to any potential climate change for all but a few.
Source: O’NEILL et al. (2017).
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Appendix B: GLOBAQUA Scenario
Descriptors

TABLE B.1: Descriptor table for the GLOBAQUA scenarios.

Descriptor MYOPIC SUSTAINABLE
Society & Economy
Growth per Capita +++ ++
Unemployment — —
Inequality Index – —
International trade or globalisation index +++ ++
Population growth (%) - -
Urbanisation +++ +
Energy
Use of fossil fuel (%) +++ —
Hydropower production 0 +
Use of renewable resources (%) 0 +++
Efficiency index (% RE/FF) — +++
Oil price 0 +++
Environmental Effects
Air Quality — ++
Biodiversity — ++
Invasive species +++ -
Deforestation ++ -
Soil Degradation ++ –
Water Scarcity (quantity/quality) +++ –
Water management
Technical Measures – +
Non-Technical Measures – +++
Economic Measures — +++
Agriculture
Irrigated surface area (ha) ++ –
Industrial agriculture (yield levels) ++ -
Irrigation efficiency (ha/m3) +++ +++
Organic agriculture (yield levels) – +++
Meat production + –
Farms with public vs. private irrigation 0 ++
Use of pesticides ++ –
New pesticides’ Env Effect – +
Area covered with water intensive crops (ha) – —
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TABLE B.1: Descriptor table for the GLOBAQUA scenarios.

Descriptor MYOPIC SUSTAINABLE
Self-sufficiency ++ ++
Organic fertilisers – –
Mineral fertilisers ++ —
Reuse of manure and by-products + ++
Abandonment of land + -
Controlled drainage + +
Genetically modified crops ++ —
Crop rotation + +++
Erosion prevention + +++
Soil Salinisation + –
Subsistence agriculture — ++
Industry
Number of industries connected to WWT ++ +++
Investment emission reduction technology 0 ++
Employees with higher education +++ +++
Level of emissions +++ –
Residential
Water consumption/demand 0 –
Density urban – rural ++ +
Access to sanitation + +++
Equal participation in employment (gender) ++ ++
Tourism & recreation
Mass tourism ++ –
Selected tourism 0 +++
Policies
Supports innovation + ++
Investment in infrastructure + ++
Protected areas 0 +++
Use of resources in alternative ways - +
Water quality standards 0 +++
Planning horizon – +++
Food security + ++
Desalination for irrigation + –
Institutions International cooperation + +++
Focused on environmental issues — +++
Well-defined property rights ++ +++
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Appendic C: Relevance of Scenario
Descriptors - Ebro

TABLE C.1: Relevance of scenario descriptors as stressors in the Ebro
according to case study experts.

Descriptor Relevance
Society & Economy
Growth per Capita yes
Unemployment no
Inequality Index no
Urbanisation yes
Energy
Use of fossil fuel (%) yes
Use of renewable resources (%) yes
Environmental Effects
Air Quality no
Biodiversity no
Invasive species yes, key stressor
Deforestation yes
Soil Degradation yes
Water Scarcity (quantity/quality) yes, key stressor
Water management
Technical Measures yes
Non-Technical Measures yes
Agriculture
Irrigated surface area (ha) yes
Industrial agriculture (yield levels) yes
Organic agriculture (yield levels) (yes)
Meat production yes, specially pigs
Use of pesticides yes
Area covered with water intensive crops (ha) yes
Organic fertilisers yes
Mineral fertilisers yes
Reuse of manure and by-products (yes)
Abandonment of land yes
Crop rotation no
Erosion prevention yes
Soil Salinisation yes
Industry
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TABLE C.1: Relevance of scenario descriptors as stressors in the Ebro
according to case study experts.

Descriptor Relevance
Investment emission reduction technology yes, if it is to the water
Level of emissions (yes)
Residential
Water consumption/demand yes
Tourism & recreation
Mass tourism no
Selected tourism yes, negative effects from fishing
Policies
Protected areas yes
Water quality standards yes
Food security no
Desalination for irrigation no
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Appendix D: Urban Water Demand
- Ebro

TABLE D.1: Urban and industrial water demand [hm3] per exploitation
unit according to the RBMP for around the year 2010 (CHE 2013,
Annex III) and values used to calculate the water demand per pixel.

Exp. Urban demand Industrial Sum urban Calculated Diff.
unit RBMP demand RBMP +industrial demand [%]

1 94.4 46.7 141.1 141.1 0.0
2 7.4 3.4 10.8 10.8 0.0
3 22.2 7.3 29.5 6.4 -78.4
4 14.9 7.6 22.4 22.4 0.0
5 14.4 6.6 21.0 21.0 0.0
6 0.8 0.2 0.9 0.9 0.0
7 1.0 0.3 1.3 1.3 0.0
8 2.3 2.5 4.8 4.8 0.0
9 7.1 1.1 8.2 8.2 0.0

10 1.7 0.3 2.0 2.0 0.0
11 17.4 8.8 26.1 26.1 0.0
12 28.1 9.1 37.2 37.2 0.0
13 35.3 7.3 42.6 42.6 0.0
14 22.2 9.7 31.9 31.9 0.0
15 10.5 4.2 14.7 14.7 0.0
16 53.3 17.6 70.9 70.9 0.0
17 24.6 14.8 39.4 39.4 0.0
18 1.3 0.0 1.3 1.3 0.0

Total 358.9 147.3 506.2 483.1 Mean: -4.6
Tranfers:

Bilbao 81.7 37.8 119.5
(unit 17)

Tarragona 40.7 31.27 72.0
(unit 11)
others 12.5 1 13.5
Total 711.2


	Acknowledgements
	Contents
	List of Figures
	List of Tables
	List of Acronyms
	Introduction
	Impacts of Land and Water Management
	Motivation and Scope of this Thesis
	Structure of this Thesis

	Framing this Thesis
	Definition of Important Terms
	The EU Water Framework Directive
	The Water Exploitation Index Plus
	The GLOBAQUA Project & its Case Studies
	State of the Art
	Scenario Development
	Land Use Modelling and Future Projections
	Spatially Distributed Estimation of Water Uses


	The Case Studies
	The Ebro River Basin
	General Characteristics
	Climate
	Land Cover and Land Use
	Hydrology and Water Use
	Agriculture and Livestock Farming

	The Evrotas River Basin
	General Characteristics
	Climate
	Land Cover and Land Use
	Hydrology and Water Uses


	Scenario Development within GLOBAQUA
	Selection of SSP-RCP Combinations
	Definition of Scenarios and Scenario Descriptors
	Downscaling of Scenarios to the River Basin Scale
	Downscaling of Qualitative Scenarios by Stakeholder Participation
	Downscaling Quantitative Socio-Economic Variables

	Uncertainties in Climate Change Projections
	The Water Use Scenarios

	Land and Water Use Modelling
	Selection of a Land Use Change Model
	The iCLUE model

	iCLUE Model Setup - Ebro River Basin
	Preprocessing of LULCC Input
	Protected Areas
	Quantification of the Land Use Demand
	Permanently Irrigated Land, Fruit Trees & Olives
	Non-Irrigated Arable Land, Complex Cultivation Patterns, Agriculture with Significant Areas of Natural Vegetation, Transitional Woodland & Shrubs & Sclerophyllous Vegetation
	Sealed Area
	Broadleaved Forest, Coniferous & Mixed Forest
	Vineyards
	Open Spaces with Little or no Vegetation
	Grassland & Pastures
	Water

	iCLUE Drivers
	Further Model Specifications
	Ease of Change
	Conversion Rules
	Allowed Demand Deviation


	iCLUE Model Setup - Evrotas River Basin
	Preprocessing of LULCC Input
	Implementation of Riparian Forests
	Quantification of the Land Use Demand
	Sealed Area
	Permanently Irrigated
	Coniferous Forest, Mixed & Broadleaved Forest
	Shrubs & Semi-natural Vegetation
	Agriculture & Olives
	Water

	iCLUE Drivers
	Further Model Specifications
	Ease of Change
	Conversion Rules
	Allowed Demand Deviation


	Derivation of Water Use Maps - Ebro River Basin
	Water Uses Statistics for the Ebro
	Linking Water Uses to Land Uses
	Deriving Spatial Water Uses in the Ebro
	Introducing Thresholds
	Future Water Demands

	Derivation of Water Use Maps - Evrotas River Basin

	Estimating Water Availability
	Runoff Modelling
	The Climate Moisture Index

	Scenario Results & Discussion
	Climate Scenarios
	Change Detection Analysis
	Calibration & Validation of the Land Use Simulations
	Location Accuracy
	Pattern Accuracy
	Uncertainty Analysis

	Land Use Scenarios for the Year 2050
	Assessment of the Water Use Estimations
	Defining the Reference Scenario
	Comparison with other Water Use Maps
	Assessment of Future Scenario Results

	Random Factor vs. Climate Sensitivity
	Water Use Scenarios for the Year 2050
	Future Water Availability
	Climate Moisture Index
	Runoff Modelling


	Validation Experiment - Application to The Evrotas River Basin
	Results for the Evrotas River Basin
	Change Detection Analysis
	Calibration & Validation of the Land Use Simulations
	Land Use Scenarios for the Year 2050
	Assessment of Water Use Estimations
	Defining the Reference Scenario
	Comparison with other Water Use Maps

	Water Use Scenarios for the Year 2050


	Conclusion
	Reflection on Research Objectives and Hypotheses
	The Ebro River Basin
	The Evrotas River Basin

	Implications for Transferability and Scaling
	Recommendations for the EU-WFD

	Summary
	Zusammenfassung
	Bibliography
	Appendix A: Storylines of SSP 1 & SSP 5
	SSP 1: Sustainability—Taking the Green Road
	SSP 5: Fossil-Fueled Development—Taking the Highway

	Appendix B: GLOBAQUA Scenario Descriptors
	Appendic C: Relevance of Scenario Descriptors - Ebro
	Appendix D: Urban Water Demand - Ebro

