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ABSTRACT

A HOLISTIC FRAMEWORK FOR EVALUATING THE
SUSTAINABILITY OF THE WATER -ENERGY-FOOD-ECOSYSTEM
NEXUS UNDER MULTIPLE SOCIOECONOMIC AND CLIMATE
CHANGE CONDITIONS

Ozcan Zeynep
Doctor of PhilosophyEnvironmental Engineering
SupervisorAssoc Prof. Dr. Emre Alp

June 2023 341 pages

Water scarcity, energy demand, declining crop yields, and environmental damage
present interconnected challenges in th& @intury. This study addresses these
issues through the Wat&nergyFood (WEF) nexus framework, focusing on the
Sakarya Basin in Turkiye. The objective is to develop a methodology for evaluating
the WaterEnergyFoodEcosystem (WEFE) nexus under evolving climatic and
socioeconomic conditions, while emphasizing the oitgored ecosystem
component. The proposed methodology incorporates ctdtigg -climate
projections and socioeconomic scenarios, employing dynamical downscaling and
integrating them into a coupled watamergy systems model (WEAHREAP). The

future climate pojections were downscaled to 18 km resolution using the WRF
model. Socioeconomic changes were captured through the application of the Shared
Socioeconomic Pathways (SSPs) scenarios (SSP1, SSP2, and SSP5). The ecosystem
component was assessed using a metlogg inspired by the Index of Hydrologic
Alteration (IHA) and Range of Variability Approach (RVA). Three scenarios
(RCP4.5_SSP1, RCP4.5 SSP2, RCP8.5_SSP5) were developed to evaluate the
impacts on WEFE nexus sectors. The overall WEFE Nexus Index valdigxsllan

scores were calculated for the seven subbasins of the Sakarya Basin. The results
indicate challenges in agricultural irrigation across almost all subbasins, regardless
of the scenario. The tradeoff between the ecosystem and food pillars within the

\



WEFE Nexus is noteworthy, while the energy pillar consistently falls short of targets
such as the Paris Agreement and renewable energy utilization. Limited utilization of
hydropower potential exacerbates this issue. Prioritization based on subbasin
charateristics is crucial, e.g., with a focus on sustainable agricultural strategies in
agricultural subbasins, which can be further examined through sreediler studies.

The developed WEFE Nexus Index can serve as a valuable tool for-pwiapg

and public communication, enhancing understanding of the sustainability and
security of the WEFE Nexus.

Keywords:WaterEnergyFoodEcosystem Nexus, Climate Change, Sustainability,
WEFE Nexus Index
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Su keétl ej e, enerji tal ebi, d¢ken mahsul
birbirine bajl e zorl ukl aréder . Bu -al e
odakl anar ak, -EneiGesdba uhImG)e Bai] € -er-evesi.t
Ama - , deji kKen i kKl i msel vV e skEnarjyGoeedkao n 0 mi |
Ekosistem (SEGE) Bajedéné dejerlendirmek
dejerl endirmeyi sékl ékla g°z arde edil e

yapmaktér. ¥perilkhi mepodpéebksiyonl areée ve

i -ermektedir. ¥1 -eji di nami k o leaerjiak k¢ -
sistemleri modeline (WEAR EAP) entegre edilmixktir. G
projeksiyonl ar e, WRF -fadealgir | kGlel &2 e lekrl ek
Sosyoekonomi k dejikimler, Payl akél an Sos
(SSP1, SSP2 ve SSP5) uygul anarak el e al €
Deji ki kl ik Gostergel eri (HDG) A= Dej i K
met odol ojisinden esinlenerek dejerlendir
et kil eri dejerl endirmek i -1n é - senar
RCP8. 5 SSP5) gel i ktirilmiktir. Sakarya |

SEGE Baj é& Kmdekvsei bdieljeekrelnel eri n puanl ar e

senaryo fark etmeksizin neredeyse t¢im al

zorlukl ar yakanacajénée g°stermektedir. A\

bil ekenl eri araséndakerdidegnl Eméem) idi lkiklae
vii



Anl akmasé ve yenilenebilir enerj.i kull anémé

eksi k kal maktadeér. Hi droel ektri k potansiyel
kot ¢l ektirmektedir. T arbéinisiarl tadrtémsav z asl tarrad
odakl anél masé ve bunlarén etkinlijinin daha
ol ar ak i ncel enmesi gi bi, al t havza °czel l
alternatiflerinin °nceliklendEGEI| Ba§ié ol duk
Kndeksi, politika olukturma ve kamu il e il
edebilir ve SEGE Bajéonén sg¢grdereglebilirli]
artérabilir.

Anahtar  Kelimeler: SuEnerjfGé €Eek osi st ém KEkaDjemi ki kIl i 7] i,
S¢rder el ebilirlik, SEGE Bajé Kndeksi
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CHAPTER 1

INTRODUCTION

Water scarcity, soaring energy demand, and declining crop yields due to climate
change threaten our ability to feed and support a growing global population
sustainably. By 2050, it is estimated that worldwide water demand will increase by
55% (OECD, 2012) Furthermore, freshwater supplies are being depleted at an
alarming rate. In the past 50 years, there has been an 83% decrease in global
freshwater aquatic life, with freshwater fish populations experiencing a decline of
76% from 1970 to 201@WWF, 2022) Meanwhile, The Energy Information
Administration's (EIA) International Energy Outlook 2021 forecasts that global
energy consumption will increase by almost 50% from 2020 to 2050 if cuoiay p

and technological developments perflisf, 2021) And with crop yields projected

to decline by up to 25% by 2050, food shortaged higher prices loom on the
horizon(Mbow et al., 2019)It is clear that urgent action is needed to address these

interconnected challenges and ensure a livable future for all.

Thesustainable development goals (SDGs) set by the United Nations in 2015 aim to
address urgent global challengémited Nations, 2018)Water, energy, and food

are three crucial resources that are essential for humaibee and sustainable
development. Ensuring access to these resourcegicslcnot only for individual
livelihoods but also for achieving SDGs. The relationship between water, energy,
and food security and the SDGs is multifaceted and complex. These resources are

interconnected and interdependent, and their availability arebsaiere affected by



various factors such as climate change, population growth, economic development,

and technological change.

Recognizing the importance of the interlinkages between water, energy, and food
security, the Water Energy Food (WEF) nexus apph has emerged as a new
paradigm for sustainable resource managertiatilian et al., 2011; Hoff, 2011)

The WEF nexus approach acknowledges that the three resources are interconnected
and cannot be managed in isolation. The WW&¥kus approach has increasingly been
adopted as a framework for research, technology, and policy to manage complex
sociaenvironmental issues that demand enhanced scientific comprehension of
feedback loops andteractions between human and natural systems. By aiming to
comprehend the interconnections among these three systems, the WEF Nexus
concept seeks to clarify the reasons and consequences of changes within and across
these aspectglones et al., 201.7However, despite increasing recognition of its
importance, significant challenges and knowledge gaps persist, such as inadequate
data and information sharing, poor institutional coordination, and ineffective
governance and financing mechanisms for Wiekus initiatives. Furthermore,
ecosystem services, which are essential for humanbeglh, are often excluded

from nexus assessments. Urgent action is needed to address these challenges and
ensure the WERexus approach is applied effectively and holislyctd safeguard

human and environmental wdilking.

After conducting a comprehensive review of existing literature on WEF nexus
assessment, it becomes evident that the significance of ecosystems is often
undervalued (details in Chapt@rin Section2.3). It is crucial to highlight the
essentiality of incorporating knowledgéout ecosystem services into the analysis
for ensuring the sustainability and security of WEF nexus components. The literature
review shows that most studies in the field of WEF nexus fail to adopt a holistic

perspective in this sense. Furthermore, thera scarcity of studies that include



ecosystems as the fourth pillar of the nexus. Given these limitations, the objective of
this PhD study is to conduct a thorough evaluation that encompasses all aspects of
the nexus while acknowledging the pivotal rofeecosystem services. Therefore,

this studyplaceghe ecosystem component at the core of the WEF nexus framework

leading the use of the term WEREXus instead of WEF nexus.

To address these pressing issues and contribute to the developnedigtictive
solutions, this thesis stu@ymsto develop a novel methodology that can effectively
evaluate the WEFRexus in watershedsder evolving climatic and socioeconomic
conditions of the Zlcentury. In additionit aimsto empower decisiormakerswith

a comprehensive understanding of the risks and tradeoffs involved in the WEFE
Nexus through the application of tHevelopednethodologyApart fromits overall
objective this study aims to answer the following questions through a case study in

the Sakarya Basin in Turkiye.

- How are the current water, energy, food, and ecosystem systems in the basin

functioning?

- Can we identify any areas with particularly high water, energy, food, and

ecosystem stress within the watershed?

- How will Tdrkiye's polcies impact the WateEnergyFoodEcosystem
(WEFE) Nexus?

The proposed methodology is designed to tackle the pressing challenges posed by
climate change and socioeconomic factors on the intricate interplay of water, energy,
food, and ecosystem componeotshe WEFENexus(details in ChapteB). Unlike

other studies that may overlook the importance of ecosystem sustainability, the
approach considers every componeiithe nexus through integrated waggrergy

system modeling. By utilizing a range of carefully selected indicators, the approach

provides a comprehensive evaluation of the sustainability status ofneacis



component The overall nexus status is evakthtvia WEFE Nexus Index which
range between 0 and 1, corresponding to unsustainable and sustainable status,
respectivelyTo comprise the uncertainties associated with the future changes in the
climatic conditions, and economic and social aspects of tietgpthree different
scenariosi.e., RCP4.5_SSP1, RCP4.5 SSP2, and RCP8.5 &f/Pé&yaluated via

the developed methodology.

The remainder of this thesis is structured as follows: Chapter 2 provides background
information and literature review, Chapter 3 presents the methodology employed in
the study, Chapter grovides information on the study aread Chapter presents

the WEAP-LEAP model setup in the Sakarya Bas®hapter 6 describes the
dynamical downscaling of climate projections, Chapter 7 provides the assessment of
environmental flows in Sakarya Basin, i.e., the ecosystem nexus component, Chapter
8 describes the methddgy followed to build WEAPLEAP model for the 2%
century, Chapter 9 presents the selection, normalization, weighting, and aggregation
of WEFENexus indicatorsand the result&inally, Chaptef O providesconclusions

andrecommendations



CHAPTER 2

LITERATURE REVIEW

This chapter provides a comphrehensive analysis of the existing body of knowledge
relating to the methodology developed within the scope of this study for the
evaluation of the WEFHEexus.The chapter begins with the definition of water,
energy, and food security, and their relationship with the sustainable development
goals. Then, the WatdtnergyFood nexus concept is described. Additionally, the
chapter examines the role of ecosystemtha®often ignored fourth pillar of nexus
assessment, highlighting their significance in achieving sustainable outcomes.
Furthermore, the chapter reviews the key scenarios represented by Representative
Concentration Pathways (RCPs) and Shared Socioecorratiigvays (SSPs) that
shape the future of the WEREeXxus. It also critically assesses various methods and
approaches utilized in the assessment of the WIS, alongside an exploration

of the indicators employed to measure and evaluate its dynamics.

2.1  Water, Energy, and Food Security

Water, energy, and food security are three interrelated concepts that are critical to
the wellbeing of individuals, communities, and societies around the world. Water
security refers to the availability, accessibility, andliguaf water for human use

and consumptioflUN Water, 2013)1t is the assurance that people have access to
sufficient quantities of safe and affordable water for drinking, cooking, and

sanitation. Water security also includes the snatality of water resources over



time, and the protection of wateglated ecosystems. Energy security refers to the
availability, reliability, and affordability of energy sources and their supply
infrastructure(WWAP (United Nations World Water Assessment Programme),
2014) In addtion, it means that the energy supply is resilient to external shocks,
such as natural disasters or geopolitical conflicts. Energy security also includes the
transition to clean and sustainable energy sources to mitigate climate change impacts.
Food secuty refers to the availability, access, utilization, and stability of food for a
population. It is the assurance that people have access to sufficient, safe and
nutritious food to meet their dietary needs and preferences. Food security also
includes the suainability and resilience of food production systems, and the
equitable distribution of food resources. Water, energy and food security are
interrelated, as they are all fundamental to human -beilg, sustainable
development and climate resilience. By the security of these three resources
requires a muldimensional and collaborative approach involving policy, planning,

investment and innovation, at global, national and local l§usWater, 2015)

The Sustainable Development Goals are a set of 17 global goals adopted by the
United Nations Genat Assembly in 2015 as part of the 2030 Agenda for
Sustainable Developme(itnited Nations, 2018)The goals are a call to action for

all countries, organizations, and individuals to work towards a sustainable and
equitable future for all. The SDGs cover a wide range of interconnected issues,
including poverty, hunger, health, education, gender equality, clean water and
sanitation, renewable energy, sustainable cities and communities, responsible
consumption and production, climate action, biodiversity, peace, justice and strong
institutions, and @rtnerships for sustainable development. Each goal is accompanied
by a set of specific targets and indicators, designed to measure progress towards
achieving the goal. The SDGs are intended to be universal, meaning that they apply
to all countries, rich ah poor, and are based on the principle of leaving no one

behind. The 2030 Agenda for Sustainable Development and the SDGs represent a



bold and ambitious vision for a sustainable and equitable world, and are seen as
critical to achieving a range of economsocial, and environmental objectives, as

well as promoting peace, justice, and strong institutfoimsted Nations, 2022)

Water, energy, food security and sustainable development goals are interconnected.
The United Nations Sustainable Development Goals (SDGs) provide a framework
for understanding the interrelated natufetfeese issues and their importance for
achieving sustainable development.

Water Security and SDGs:

Water security is directly linked to several of the SDGs, including SDG 6, which
aims to ensure availability and sustainable management of watsaaitation for

all. Water security is also essential for achieving SDGs related to health (SDG 3),
food security (SDG 2), climate action (SDG 13) and biodiversity conservation (SDG
14 and 15).

Enerqgy Security and SDGs:

Energy security is critical to achieng a number of SDGs, particularly SDG 7, which
aims to ensure access to affordable, reliable, sustainable and modern energy for all.
Access to energy is essential for achieving other SDGs, including poverty eradication
(SDG 1), health (SDG 3), educatidB¥G 4), and climate action (SDG 13).

Food Security and SDGs:

Food security is central to achieving several SDGs, particularly SDG 2, which aims
to end hunger, achieve food security and improved nutrition, and promote
sustainable agriculture. Ensuring accés nutritious and safe food is critical for
achieving other SDGs, including health (SDG 3), and poverty reduction (SDG 1).

Overall, the achievement of water, energy, and food security is essential for

sustainable development, and these issues are de&ptyonnected with a range of



other sustainable development goals. Addressing these issues in an integrated and
holistic manner is crucial for achieving sustainable development and creating a more

equitable and resilient world.

2.2  Water-Energy-Food (WEF) Nexus

The WaterEnergyFood (WEF) nexus is a concept that highlights the interdependent
relationship between water, energy, and food. It recognizes that these systems are
interconnected and mutually dependent, and that changes in one system can have
significant impacts on the others. The WEF nexus approach seeks to understand and
manage these interdependencies in a more integrated and holistic way, recognizing
the tradeoffs and synergies between water, energy, food, and ecosystems. It
emphasizes theeed for coordinated policies and management strategies that address
these interconnections, enhance the resilience and sustainability of these systems,

and promote more equitable and efficient resource use.

The WEF nexus concept emerged in response tateeland concerns about water

and food crises, the perspectives of climate change, and the volatility of food and

energy prices in the late 2000s. The concept was first introduced in the World

Economic Forum in 2008 when prominent business leadersisgsuedaal | t o acti ono
on the ways in which resource security across a WEF nexus and climate is linked to

economic growtl{Lazaro et al., 2022)The WEF nexus research agenda has drawn

increasing attention since the 2011 Bonn conference, which highlighted the need to

develop policies, strategiesndinvestments to maximize synergies and mitigate

tradeoffs, thus improving governance across nexus se¢koff, 2011) Nexus

thinking and resource management are imperative for achieving the United Nations

Sustainable Development Goals.



The WEF nexus is a rapidly evolving antbging field of research, policy and
practice, with numerous studies and initiatives being conducted across the world.
There is increasing recognition of the need for a more integrated and holistic
approach to the management of water, energy and foodcespparticularly in the
context of growing population, climate change and other global challenges. Many
countries, international organizations and research institutions are now incorporating
WEF nexus approaches into their policies and programs, aral ither growing
emphasis on crossectoral collaboration and stakeholder engagement in the
planning and implementation of WEF nexus projects. However, there are still
significant challenges and knowledge gaps in the field, particularly in terms of data
andinformation sharing, institutional coordination, and the development of effective

governance and financing mechanisms for WEF nexus initiatives.

WEF Nexus Frameworks

The WEF Nexus is most commonly examined by constructing a theoretical
framework that ackneledges the areas of convergence and conflict between the
three systems. As a result, utilizing a Venn diagram is a popular method in WEF
Nexus researcfdones et al., 2017 he studies in question consider the subjects that
lie within the intersectin of all three circles (such as those explore®aker et al.

in 2019andRodriguez in 201)as well as the sulijes that fall within the intersection

of any two of the circles (for instancklurrant's work in 201&ndWang et al.'s

research in 20109

Figure 2-1 shows the conceptual framework developed by Hoff (2011) for the
Bonn2011 Nexus Conference on the Water, Energy and Food Security Nexus. Hoff's
framework places water at the center of the nexus and considers it as both a state and
control variable. Watervailability determines the availability of food and energy
resources, and global trends such as urbanization, population growth and climate

change impact water resources. The framework identifies finance, governance, and



innovation as key factors to enapl®gress towards water, energy, and food security
for all, equitable and sustainable growth, and a resilient and productive environment.
The framework focuses on society, economy and environment as action fields that

can achieve these goals.

Figure 2-2 illustrates the approach to the nexus proposed by the World Economic
Forum in 2011(World Economic Forum WEF, 2011he WEF systems are
interconnected through ehutilization of water and energy, and there are tradeoffs
involved in the use of each system. Social changes such as population and economic
growth, as well as environmental pressures, affect the nexus. The food system is also
affected by the impacts dfi¢ nexus. The primary objective of the framework is to
identify and communicate the risks associated with the nexus to degiaiers,

enabling them to take swift and proactive action.

forall
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Figure2-1. The wate, energy and food security nexdsff (2011)
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Figure2-2. WEF nexus framework proposed by the World Economic Forum in
2011

Figure2-3 shows the conceptual framework examined/tmhtar and Daher (2010)

This framework differs from the one presentedHnff (2011)in that none of the

three systems is positioned at the nexus center. Furthermore, it differs from the
approach articulated by the World Economic Forum (2011) in that all three systems
are influenced and impacted by the nexus. The framework also hightights
relationships and tradeoffs between any two of the three systems through various
human activities and decisions. Additionally, the framework identifies the external
factors that influence the nexus, such as emerging economies, climate change,

internatonal trade, governance, and global population.

The final conceptual frameworlEigure 2-4) is taken fromBizikova et al. (2018
Among the three conceptual frameworks mentioned, the one presented by Bizikova
et al. (2013) is the most comprehensive. It was created by reviewing and synthesizing

of numerous WEF Nexus conceptual models. The core elements of the framework
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are the water, energy and food security. These independent securities are further
divided into three aspects as utilization, access and availability. Then, the concentric
rings which represent natural (e.g., riparian buffer management, wetlands for water
purification etc.) and built (e.g., water treatment plants, constructed wetlands)
systems are added to the framework. The natural and built systems affect access and
the constant supply of water, energy and food. The final ring, institutions and
governance, is therbadest one. It embraces all the other rings and it involves

community networks, financial services, education, disaster recovery plans etc.

All of the WEF Nexus frameworks mentioned so far are similar to each other in
terms of presenting a systems apphoacfind out the interconnections, overlaps and
tradeoffs between the three systems. Governance, for instance, plays a critical role
in all of the frameworks by affecting the all parts of the systems. In addition, global
trends such as climate change aogulation growth are placed among the external
factors influencing the nexus. However, there are also some differences. For
instance, the core elements of the nexus are not always the same in these frameworks.
While the availability of the water is locake at t he center of the ne
(2011) study, this is not the case for the others. Moreover, the framework presented
by the World Economic Forum ignores the food for water and food for energy
interconnections of the nexus, and elaborates the fastdmyas the one impacted

from the nexus. On the contrary, the others discuss all of the three systems by

considering the fact that all of them both affect and are affected from the nexus.
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2.3  Ecosystem as a Fourth Pillar of the Nexus Assessments

WaterEnergyFood systems are interconnected. There are complex interrelations
and interdependences between these three systems.-BMatgyFood (WEF)

nexus is a way to understand these complex interconnections so that the

stakehol dersé view of resources as indi

acknowledge that the cemt and future challenges on wassrergyfood systems

cannot be tackled by acting from the perspective of individual sectors. Although this
idea is being acknowledged more and more, there are some discrepancies between
the WEF Nexus related statements gmdctice. Moreover, ecosystems which
provide essential services called ecosystem services are often not included in the

nexus assessment.

Although ecosystem services are not among the pillars of the nexus assessment
commonly, it is a major nexus compohehhe water sector benefits the ecosystem
services provided by rivers, lakes, wetlands, and aquifers as the sources of freshwater
as well as the sink for pollution from domestic and industrial usages. The agricultural
sector profits from the ecosystem\sees, e.g., in terms of irrigation water and land

use, and it affects them through changes in land use. Furthermore, the ecosystem
services provide both the sources of energy such as fossil fuels and bioenergy and
sinks for pollution, e.g., cooling wateair. There are a few studies which address
ecosystem services as a fourth component other than water, energy and food in the
nexus approackKarabulut et al. (2019 eveloped Ecosystem Water Food Energy
(EWFE) nexus concept in which the ecosystems and their serwcdsfaned as the

fourth component of the nexus assessment which is compatible with the expression
of Aichi Biodiversity targetsHanes et al. (2018mphasize that the continuity of

the WEF nexus related activities depend on the maintenance of the efficiency of the
ecosystem services and theeyention of the ecological degradation. They aim to
design a system for garoducing food and energy under constraints on ecological

14
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sustainability. To value the ecological sustainability, the agricultural, technological
and ecological land uses are irddd in the cgproduction system superstructure.
Garcia et al. (2019ntegrated the ecosystem service valuation methods into the WEF
nexus framework so that the bioenergy systems are designed in a way that the
ecological damage is minimized and ecological restoration is maxiniaeabulut

et al., (2016map and evaluate water provisioning services and associated benefits
to support the ecosystewaterfood-energy nexus. They include the environmental
flow requirements for riverine ecosystem in order teetako account the role of
ecosystems in the nexuBlomblanch et al. (2018aim to develop and test a
framework in order to analyze the effects of global change on thefwatéenergy
environment nexus and to help the development chdagtation policies for water
resource management. The environment component of the nexus includes the

environmental flow requirements.

The studies mentioned in the previous paragraph are the most current and some of
the few studies in the literaturetime field of waterenergyfood nexus. The literature
shows that the number of the studies addressing the ecosystems as the fourth
component of the WEF nexus is very few. Moreover, the studies which address the
ecosystems as the fourth pillar of the nexaly gartially address. Among these
studies it is a very common approach to include the environmental flow requirements
in the nexus so that the role of ecosystems is revealed. Some of the studies include
the changes in land use/land cover and the land aequirements as the
representation of the impact of ecosystems. Furthermore, water quality which is a
significant concern in the water provisioning services is not a concern in any of the

mentioned studies.

Based on the literature survey in the fieldWEF nexus assessment, it can be
concluded that the role of ecosystems does not get enough appreciation. It is

important to emphasize that the sustainability and the security of WEF nexus
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components depends on the integration of the knowledge on theteocosgsvices

in the analysis. As it is also stated Bidoglio and Brander (2016)nost of the
studies in WEF nexus field lack the full nexus perspective. The number of studies
including the ecosystems as the fourth pillar of the nexus are even very rare.
Considering these shorttings in the nexus field, this PhD study aims to provide a

full nexus evaluation without ignoring the role of ecosystem services. For this reason,
Ecosystem is included as the fourth pillar of the nexus assessment and is even placed
at the heart of the WEHINexus framework. The details of the methodology followed

is given in ChapteB.

2.4  Representative Concentration Pathways (RCPs), Shared
Socioeconomic Pathways (SSPs) and WEFE Nexus

In the late 2000s, researchers began developing new scenarios to explore how the

world might change over the rest of the 21st century. Earlier efforts during the 1990s

had devel oped t HRCCREREEDwese becoming outated,

so a group of researcher Lohevrvaltomaed onhd afi Re
(RCPs) to describe different levels of greenhouse gases that might occur in the future

(van Vuuren et al.,, 2011)These scenarios range from a demissions future

(RCP2.6)to a highemissions future (RCP8.5) with varying levels of warming by

the end of the century. Anot her group of
Soci oeconomic Pathwayso (SSPs) to model how
over the next century O6 Ne i | | .élhe tva lefforts wr® dedigned to be

complementary, with the RCPs setting pathways for greenhouse gas concentrations
and the SSPs setting the stage on which reductions in emissionowdlill not i
be achieved. The SSPs feature multiple baseline worlds because underlying factors

could lead to different future emissions and warming outcomes, even without climate
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policy. The RCPs were used in the IPCC Fifth Assessment Report, while the SSPs
were pblished in 2016 and are now being used in the next round of climate
modelling(Hausfather, 2018 More information about RCPs and SSPs can be found

in Chaptei6 and Chater8, respectively.

The WaterEnergyFoodEcosystem (WEFE) nexus is affected by a range of
pressures, including climate change, population growth, economiogevaht, and
technological change. The Representative Concentration Pathways (RCPs) and
Shared Socioeconomic Pathways (SSPs) are two sets of scenarios that are commonly
used to explore how these pressures might affect the VWekks. Climate change

is a major pressure on the WEREXxus, and the RCPs are used to model the potential
impacts of climate change on water availability, food production, and energy
generation. The SSPs are used to model the potential impacts of popyidatidm,
economic growth, education, urbanization, and technological development on the
WEFENexus. By combining RCPs and SSPs, researchers can explore a wide range
of possible future scenarios for the WEREXxus. For example, a study might use

the RCPs tanodel the impacts of climate change on water availability, and the SSPs
to explore how different socioeconomic factors might affect water demand. These
scenarios can help policymakers and stakeholders better understand the risks and
opportunities associed with different development pathways, and identify potential

strategies for sustainable development.

Researchers have employed a variety of methods and models to investigate the
implications of different RCFSSP combinations on the WERExus, resultingn a
growing body of literature on this topidan et al. (2022)or instance, conducted a
systematic review and megaalysis of 97 studies to evaluate the effects of climate
change and socieconomic development on the waggrergyfood nexus. The study

found that the most serioumpact of climate change on food yield occurred under

the RCP8.5 scenario, with an average decrease of 1.73%, 4.17%, and 4.56% in the
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2020s, 2050s, and 2080s, respectively. The study also found that increases in
population and GDP were positively correthteith power generation and water
withdrawal. The paper advocates for the adoption of innovative technologies and a
coordinated strategy for adaptation to ensure the security and stability of the water
energyfood nexusK. Wang et al. (20213pplied an integrated management model

to quantify the combined impacts of climate change and smwoomic
development on the Food, Energy, and Water (FEW) Nexus in the Mekeag R
Delta. Results showed that rice yields will be vulnerable to extreme climate events,
power generation will increase sharply due to secionomic development, and the
average total water withdrawal in 2050 will increase by 40% compared to that in the
2016 drought yeaPRastor et al. (201%xamines the impact of climate change and
socioeconomic factors onnd use, water consumption, and food trade under
different water regulation policies. The researchers used the Global Biosphere
Management Model and simulated water availability, environmental flow
requirements, and water use from agriculture, industryhandeholdsMomblanch

et al. (2018highlights the importance of holistic water management approaches in
achieving interdisciplinary societal goals such as the Sustainable Development
Goals (SDGs) of clean water, hunger eradicatiorgrckenergy and life on land.
Using a systems modelling approach, the study explores global change impacts on
the waterfood-energyenvironment (WEFE) nexus in a complex western Himalayan
water resource system in India under a range of climate changearndtale socio
economic development scenaridgada et al. (2016highlights the challenges of
managing global water use, which has increased nearly 6 times over the last 100
years to sustain growing food demand and increasing standards of liveng/atbr
Futures and Solutions (WFaS) initiative aims to establish a consistent set of new

global water scenarios based on the SSPs and RCPs.

By combining RCPs and SSPs, researchers can gain a more comprehensive

understanding of the complex interactiongween climate change and socio
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economic development on the WEREexus, which is crucial for developing
effective policies and strategies to ensure a sustainable future. Overall, the growing
literature on combining RCPs and SSPs to evaluate the WEk#&s ghlights the
importance of integrated assessments to inform sustainable development policies for

the future.

2.5 Review of Methods for WEFE Nexus Assessment

The WaterEnergy-Food-Ecosystem (WEFE) nexus is an approach that highlights
the interdependence anddarconnectedness of water, energy, food, and ecosystem.
The evaluation methods used to assess the WHEEKIs aim to provide a
comprehensive understanding of the complex interactions between these systems
and help identify opportunities for sustainable nggmaent and development. In this
review, an overview of the main evaluation methods used in WS research

is provided. For this purpose, the following three review studies were particularly
useful:Albrecht et al. (2018); Keairns et al. (2016); Semertzidis] %20

Albrecht et al. (2018Jiscusses the various analytical approaches used for evaluating
the WEF nexs The review reveals that numerous and diverse analytical tools have
been used or proposed for exaing the WEF nexus, and many studies combined
multiple methods. The most commonly utilized methods were from the fields of
environmental management and economics. Social science methods were also used,
such as institutional analysis, Delphi techniqueertgased modeling, and
participatory workshops. Most studies utilized multiple tools, often closely related,
and approaches most commonly featured a combination of tools from the areas of
environmental management, economics, indicators, statistics,tegdhited models.

The article notes a preference for quantitative methods, with only a small percentage
relying on qualitative methods alonéeairns et al. (2016tates that the WEF nexus

recognizes the earth as a large, interconnected system consisting of many smaller
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systems linkedhrough flows of information, matter, and energy. To deal with
specific applications, it is useful to quantify flows of energy and materials, estimate
costs, and make numerical predictiofAO (2014) stresses the rel of rapid
appraisal based on appropriate indicators and readily available information, while
Bazilian et al. (2011point to the need to develop new and robust analytical tools,
conceptual models, algorithms, and data sets. Accordikgeairns et al. (2016)

nexus modelling studies have been made at an aggregated scale for use at regional
or global levels, i.e., largecale system models, or thieergy, water, and food supply
chains have been modelled separately, i.e., life cycle and supply chain approaches,
depending on the nature of the issues being addre3seckrtzidis (2015Jiscusses

the concept of the resource nexwhich highlights the interlinkages between various
resources such as energy, water, food, land, and minerals. It argues that & systems
thinking approach is needed to address the potential shortages of these resources and
their impacts on global warminglowever, existing energy systems modeling tools
have limitations in dealing holistically with all interlinkages between resources. The
article categorizes these tools into -thpwn and bottorup models and further
categorizes them into various types.ri¢gents specific tools that have been used to
address the resource nexus, such as OSeMOSYS, MARKAL/TIMES, and LEAP,
and highlights the importance of data availability and identifying the problem at hand
when choosing the right tool. The article concludhes tvith the right modifications,
existing energy systems modeling tools could be used to successfully address the

resource nexus.

The literature review show that the methods used in WH&#EIS evaluations can

be grouped under three main headings af)antitative Methods, (ii) Qualitative
Methods, (iii) Mixed MethodsQuantitative methodeefer to methods that employ
numerical data and models to assess the WE&kus. Life cycle assessmeid -
Ansari et al., 2015; De Laurentiis et al., 2016; Irabien & Darton, 2016; King and
CarbajalesDale, 2016) foot printing(Daccache et al., 2014; Damerau et 2016;
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Heckl et al., 2015; Irabien and Darton, 2016; Vlotman and Ballard, 2ibtdgrated
assessment modelin@onsch et al.,, 2016; Howells et al., 2013; Karlberg et al.,
2015; Ringler et al., 2016; maVuuren et al., 2015)and indicators, metrics, or
indices (Abbott et al., 2017; EGafy, 2017; Hua et al., 2020; Qin et al., 2022;
Venghaus and Dieken, 2019; Willis et al., 2046) some examples ofigntitative
methods that can be used to evaluate WEFE syst@uoaitative methodsely on
expert judgment and stakeholder engagement to evaluate the WEKES.
Examples of qualitative methods include scenario analysis,-oritéiria decision
analysis, ad participatory approach@soran, 2015; Halbe et al., 2015; Howarth and
Monasterolo, 2016; Villamayefomas et al., 2015 hese methods provide a more
holistic understanding of the social and political dimensions of the V\W&iHs and
can help decisiomakers identify poteral risks and opportunities and develop more
robust strategiesMixed methodscombine both quantitative and qualitative
approaches to evaluate the WEF neffdis Strasser et al., 2016; Endo et al., 2015;
Guillaume et al., 2015; Stucki and Sojamo, 2012; Wolfe et al., 20Mi%6¢d methods
can provide a more comprehensive understanding of the WEF nexus, as they

combine the strengthg both quantitative and qualitative methods.

2.6  WEFE Nexus Indicators

Indicators are methods used to quantitatively describe and operationalize any system
regardless of how inherently complex it(Endo et al., 2015)As Yi et al. (2020)

states, indicator selection is always the first step to initiate the assessment of

sustainability. Many social and environmental characteristics of a system can be

represented via indicators. In order to create such indicators, measurable variables
are used so that the overall characteristics of a systems can be quantified. However,
it is difficult to create common indicators for different environments since these

indicators should be strongly related to the issue, and adjusted specifically for the
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study areaGiupponi and Gain (201&tate that a concise index developed from the
aggregation of multiple indicators£an contribute greatly to enhance the
transformation of scientific evidence into effective information for policy/decision
making. Within the scope of the WEF nexus security and sustainability assessment
studies, the most relevant indicators in terms o#ilability, affordability,
accessibility, quality and safety are selected. In this way the status and security of
WEF nexus components are analyZeddo et al., 2015; Giupponi & Gain, 2017;
Momblanch et al., 2018)

Resource availability, accessibility, sslifficiency and productivity are the major
drivers of the securities of water, energy and food from where indicators are defined.
Thus,Nhamo et al. (2019 mphasizes that indicators which are not related to these
drivers should be excluded from the list of WEF nexus indicators. According to
Saladini et al(2018) the selected indicators for the assessment of water, energy and
food securities should cover most sustainable development goals (SDGs), consider
biophysical limits, highlight the linkages among all nexus components, consider both
national andectoral systems, and be limited in number. In addition, data availability
should be guaranteed frequently enough to be meaningful in the desired time
horizon. Moreover, agndo et al. (2015%tates, the indicators should be strongly
linked to the issue and objective for measurement and tailored specifically for the

research area.

Numerous studies used indicatmased approach for the assessment of WEF nexus
security. In these studies, the components of WEF nexus, the scale of the, studi
and the number of indicators used for each nexus component differ from each other.
The literature review on the studies following indicdtased approach is
summarized inrable 2-1, Table 2-2, Table 2-3, andTable2-4. As it can be seen

these tables, several different indicators were used for each nexus component. Some
of these studies (e.giupponi and Gain (2017); Hua et al. (2020); Yuan and Lo
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(2020) referred to the global framework for SDGs which was developed by the
Inter-Agency and Expert Group on SDG Indicators (IABGGs)(SDG Indicators
2021)while selecting the nexus indicators. The global indicator framework includes
total of 231 unique indicators for 17 SDGs.

Table 2-4 shows that among the studies using indicdtased approach for nexus

evaluation, the number of studies putting ecosystem as the fourth pillar of the WEF
nexus framework is limited. Furthermore, the number and variety of indicators used
for the ecosystem ogponent are not as large as they are in other nexus component
indicators, i.e., water, energy and food. Among the reviewed studies, the only study

which put land as a nexus component is the one carried ielisde et al. (2021)

Table2-1. Summary of literature review on the studies using indidaésed
approach to evaluate WEMEexus: Water component

Nexus Nexus Indicators Unit Scale Source
Component
Drinking water supply as % of demand met % River Basin (Momblanch et al., 2018)
Abatenent capacity of reservoirs % River Basin (Momblanch et al., 2018)
Proportion of available freshwater resources per capita m?/capita Country (Nhamo et al., 2019)
(availability)
Proportion of crops produced per unit of water used us$/m? Country (Nhamo et al., 2019)
(productivity)
Crop water productivity kg/m? Country; Europe; (Saladini efal., 2018)
Province (United Nations, 2015)Yi
et al., 2020)
Annual freshwater withdrawal for agriculture % Country (Saladini et al., 2018)
Population using safely managed water services (rural) % Country (Saladini et al., 208 (Hua
et al., 2020)
Population using safely managed sanitation services (rural) [ % Country (Saladini et al., 2018); (Hua|
et al., 2020)
Total internal renewable water resources per capita m?® per inhabitant River Basin; (Giupponi and Gain, 2017);
per year Province (Yi et al., 2020)
Access to sanitation % River Basin; (Giupponi and Gain, 2017);
Europe (United Nations, 2015)
& Access to drinking water % River Basin; (Giupponiand Gain, 2017);
»<—( Europe (United Nations, 2015)
= Groundwater depletion rate million m¥year; River Basin; (Giupponi and Gain, 2017);
mS/year/capita Country (Hua et al., 2020)
Drought Index (DI) - River Basin (Giupponi & Gain, 2017)
People using at leabasic drinking water services % Country (Yuan and Lo, 2020); (Hua
et al., 2020)
People using at least basic sanitation services % Country (Yuan and Lo, 2020); (Hua
et al., 2020)
Renewable internal freshwater resources mS/capita Country (Yuan and Lo, 2020)
Water body extent % of total land area| Country (Yuan and Lo, 2020)
Total actual renewable water resources (TARWR) per capitd m?® per year per Transboundary (United Nations, 2015)
capita River Basin
Storage capacity per person mS per year per Transboundary (United Nations, 2015)
capita River Basin
Intensity of use of actual water resources (percentage of % Transboundary (United Nations, 2015)
withdrawals from TARWR) River Basin
Water use by different sectors m3/year Transboundary (United Nations, 2015)
River Basin
Indicators of flow variability, occurrence of extreme Transboundary (United Nations, 2015)
hydrological events River Basin
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Table2-1 (continued)

WATER

Energyintensity of water provision (withdrawal, treatment, - Transboundary (United Nations, 2015)

conveyance; special attention to the use of methods with hig River Basin

energy requirements like desalination)

Access to modern electricity Transboundry (United Nations, 2015)
River Basin

Hydropower potential and level of development - Transboundary (United Nations, 2015)
River Basin

People flooded in 189ear event

Number of people Europe

(Kebede et al., 2021)

Water exploitation index - Europe (Kebede et al., 2021)
Freshwater withdrawal as % total renewable water resourcey % Country (Hua et al., 2020)
Water consumed per unit of GDP - Province (Yi et al., 2020)
Water function area monitoring compliance rate % Province (Yi etal., 2020)
Pumping per unit of power consumption m3kWh Province (Yi et al., 2020)
Water consumption per unit of irrigated area - Province (Yi et al., 2020)

Table2-2. Summary of literature review on the studies using indidaésed
approach to evaluate WEREEXuUs: Energy component

Basin

Nexus Nexus Indicators Unit Scale Source
Component
Energy production as % of maximum generatiq % River Basin (Momblanch et al., 2018)
capacity
Proportion of the population with access to % Country (Nhamo et al., 2019); (Yuan an
electricity (accessibility) Lo, 2020); (Hua et al., 2020)
Energy intensity measured in terms of primary | MJ/GDP Country (Nhamo et al., 2019)
energy and GDRproductivity)
Aggregated energy availability - River Basin (Giupponi and Gain, 2017)
Aggregated energy affordability - River Basin (Giupponi and Gain, 2017)
Environmental sustainability - River Basin (Giupponi and Gain, 2017)
Political strength - River Basin (Giupponi and Gain, 2017)
Saocial strength - River Basin (Giupponi and Gain, 2017)
Access to clean fuels and technologies for % Country (Yuan and Lo, 2020); (Hua et
cooking al., 2020)
Energy use constant 2011 PPP $ per| Country (Yuan and Lo, 2020)
kg of oil equivalent

> Renewable energy share % Country (Yuan and Lo, 2020)

g Primary energy mix - Transboundary River | (UnitedNations, 2015)

'-'ZJ Basin

w Energy dependence - Transboundary River | (United Nations, 2015)

Power sharing arrangements

Transboundary River
Basin

(United Nations, 2015)

Energyintensity of production, industries etc.

Transboundary River
Basin

(United Nations, 2015)

Total average annual energy from all dams in GWhlyear River Basin (Geressu et al., 2020)
gigawatt hour per year

Firm annual energy GWhlyear River Basin (Geressu et al., 2020)
Firm monthly energy GWh/month River Basin (Geressu et al., 2020)
Fossil energy use per unit of GDP - Province (Yi et al., 2020)
Energy selisufficiency rate % Province (Yietal., 2020)
Contribution of fossil energy to energy supply % Province (Yi et al., 2020)
Hydroelectric powegeneration - Province (Yi et al., 2020)
Energy consumption of agricultural production | tons coallyen Province (Yietal., 2020)

per unit of agricultural output value
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Table2-3. Summary of literature review on the studies using indidadsed
approach to evaluate WEREEXuUS:

Food component

Nexus Nexus Indicators Unit Scale Source
Component
Irrigated crop production as % of maximum % River Basin (Momblanch et al., 2018)
potential production
Prevalence of moderate or severe food insecurl % Country (Nhamo et al., 2019)
in the population (selfsufficiency)
Proportion of sustainable agricultural productio| kg/ha Country (Nhamo et al., 2019)
per unit area (cereal productivity)
Cereal yield kg/ha Country (Saladini et al., 2018); (Yuan
and Lo, 2020); (Hua et al.,
2020)
Agriculture value added US$/worker Country (Saladini et al., 2018)
Fertilizer consumption kg/havable land Country; Europe (Saladini et al., 2018); (United
Nations, 2015)
Amount of agricultural residues used for energy T Country (Saladini et al., 2018)
purpose
Average food supply kcal/capita/day River Basin (Giupponi and Gain, 2017)
Volatility on agriculturalproduction - River Basin (Giupponi and Gain, 2017)
Food loss % River Basin (Giupponi and Gain, 2017)
Poverty % River Basin (Giupponi and Gain, 2017)
Prevalence of undernourishment (% of people)| % River Basin; Country;| (Giupponiand Gain, 2017);
Country (Yuan and Lo, 2020); (Hua et
al., 2020)
8 Diet diversification % River Basin (Giupponi and Gain, 2017)
E Protein quality gr River Basin (Giupponi and Gain, 2017)
Prevalence of obesity (% of people) % River Basin (Giupponiand Gain, 2017)
Arable land % Country (Yuan and Lo, 2020)
Proportion of local breeds being at risk % Country (Yuan and Lo, 2020)
Share of rairfed agriculture, irrigated % Transboundary River | (United Nations, 2015)
Basin
Degree ofcultivation of arable land % Transboundary River | (United Nations, 2015)
Basin
Energyintensity of agriculture (reflecting - Transboundary River | (United Nations, 2015)
mechanization etc.) Basin
Crops & livestock - Transboundary River | (United Nations, 2015)
Basin
Prevalence of organic agriculture - Transboundary River | (United Nations, 2015)
Basin
Food production - Europe (Kebede et al., 2021)
Total irrigation area ha River Basin (Geressu et al., 2020)
Irrigation water supply demand deficit MCM/year River Basin (Geressu et al., 2020)
Net export of agricultural products, food and liv| - Province (Yi et al., 2020)
animals per capita
Arable land occupied by construction - Province (Yi et al.,2020)
Grain production per unit of farmland area tons per ha Province (Yi et al., 2020)
Grain production per unit of power consumptio| ton/kWh Province (Yi et al., 2020)

Table2-4. Summary of literature review on the studies using indidadsed
approach to evaluate WEREeXxus: Ecosystem and Land components

Nexus Nexus Indicators Unit Scale Source
Component
Natural flow maintenance % River Basin (Momblanchet al., 2018)
GHG Emissions tCOpe Country (Saladini et al., 2018)
Water Quality Index - River Basin (Giupponi and Gain,
2017)
Protected ecosystems in the basin - Transboundary River (United Nations, 2015)
Basin
Main ecosystems servicpsovided - Transboundary River (United Nations, 2015)
ECOSYSTEM Basin
Biodiversity vulnerability index - Europe (Kebede et al., 2021)
Timber production - Europe (Kebede et al., 2021)
CO2 emissions from fuel combustion / electricity output MtCO2/TW | Country (Hua et al., 2020)
h
Area flooded by the Julius Nyerere Hydropower Project ha River Basin (Geressu et al., 2020)
reservoir
Lower Rufiji flow disruption - River Basin (Geressu et al., 2020)
LAND Avrtificial surfaces % Europe (Kebede et al2021)
Land use diversity - Europe (Kebede et al., 2021)
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CHAPTER 3

METHODOLOGY

The WatetEnergyFoodEcosystem (WEFE) nexus is a complex system requiring a
robust and dynamic evaluation methodology. In this study, the proposed
methodology not only takes into account the interconnectivity of the V\NEtS

but also incorporates cuttirggige dynamically downscaled climate projections and
socioeconomic pathway scenarios. The proposed WHXuUs evaluation
methodology is embedded in a PressbtaeResponse (PSR) framework. The PSR
framework is a widely sed framework for evaluating complex systems such as the
WEFE Nexus. In this framework, the system is evaluated based on three
components: the pressures on the system, the state of the system, and the responses
to the pressures and state of the sygifaheed et al., 2009igure3-1 illustrates

the circular relationship beten Pressure, State, and Response. The following

paragraphs discuss each step of the methodology in detalil.
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WEFE NEXUS INDEX \

Water Pillar
Municipal water demand coverage
(MDC)

Energy Pillar
Hydropower production as % of
maximum hydropower generation
capacity (HPP_MGC)
Decrease in CO, emissions (CO,_EG)
Renewable energy share (RES)

CLIMATE CHANGE
POPULATION GROWTH

ECONOMIC DEVELOPMENT

Irrigation demand met (IDM)
Ecosystem Pillar
Median streamflow for each

calendar month (MMS) /

TECHNOLOGICAL CHANGE

Response

Conservation and protection of the
ecosystem

Efficient resource use
Renewable energy

Sustainable agriculture and food
systems

- A

Figure3-1. Circular relationship between Pressure, State, and Response: Diagram
depicting the gnamic interactions among pressure, state, and response in WEFE
Nexus

In order to ensure the loftgrm sustainability of water, energy, food, and ecosystem,

it is important to indentify the root causes of environmental problems and develop
effective straggies to address them. Incorporating WE¥é&us evaluation in the

PSR framework can provide a comphrenensive approach to understand the complex
interactions between human activities and the natural environrRgnire 3-2
summarizes the methodology adopted in this study. The figure represents the steps
involved in the proposed WEFHEexus evaluation methodology, highlighting the
importance of incorporating climate projections, socioeconomic scenarios, and
ecosystem servicasto the analysis. The figure also emphasizes the use of a PSR
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framework to guide the analysis and identify strategies for promoting sustainable

development and enhancing the resilience of the WEE&kS.

First, the pressureson the WEFENexus are identiéd (Figure 3-2 a). These
pressures may include climate change, population growth, economic development,
technological change, and other drivers that may affect th&BMEexus. By
identifying these pressures, the potential impacts on the WE##IS can be
assessed, and areas for intervention can be prioritized. Nextathef the WEFE

Nexus is evaluated={gure3-2 (b-1) and (b2)). This involves assessing the current
status of the water, energy, food, and ecosystem components of the nexus. A coupled
waterenergy systems model is used to obtain WEEkuUs indicators that provide
insight into the state of the nexus. Finally, tagponse$o the pressures and state of

the WEFENexus are evaluatedrigure 3-2 c). This involves identifying policies,
strategies, and interventions that can help promote sustainable development and

enhance the resilience of the WEREXxus.
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Figure 3-2. Assessing the WEFE Nexus: gomprehensive methodology for
evaluating water, energy, food, and ecosystems in the context of climate change and
socioeconomic pressures

Pressures Figure 3-2 (a))

The developed methodology recognizes that the ecosystem plays a crucial role in the

WEFE Nexus and should not be overlooked. This is why the ecosystem has been
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included as the fourth par of the WEFENexus framework, with a focus on
ecosystem services. Chapt@r3 of this study discusses the importance of
incorporating ecosystem services into the evaluation of the VIekES. Ecosystem
services refer to the direct and indirect benefits that society derive from ecosystems,
such as clean air and water, pollinationd anutrient cycling(FAO, 2023) These
services are essential for the functioning of the WEIEKuUS, as they underpin the
production of food and energy, as well as the provision of clean water. By
incorporating ecosystem services into the evaluation frameworkeitsisred that

the role of the ecosystem is given appropriate consideration in degisking
processes. This helps to avoid undervaluing the importance of the ecosystem and its
services, which can have negative consequences for the sustaialiliggience

of the WEFE Nexus. Therefore, the proposed methodology aims to create a
comprehensive and integrated evaluation of the WEIEkus by including the

ecosystem as the fourth pillar of the nexus framework.

The proposed WEFMEexus framework is subject tearious pressures that can
significantly impact the sustainability and resilience of the nexus. These pressures

include:

() Climate changeClimate change is one of the most significant pressures on the
WEFE Nexus. It affects water availability, energy demafood production,
and ecosystem services. Changes in temperature and precipitation patterns can
alter the availability and quality of water resources, impacting agriculture,
energy production, and other sectors. Climate change also affects the
availabilty of energy resources, such as hydropower, which is sensitive to

changes in water availability.

(i) Population growth The increasing population puts pressure on the WEFE
Nexus, as more people require access to water, energy, and food. Population

growth alsoleads to increased demand for land, which can impact ecosystem
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services and biodiversity. As the population continues to grow, there is a need
for sustainable development strategies to ensure thadetmands of future

generationgan be met.

(i) Economic deelopmentEconomic development can pressure the WEEKLS
through increased demand for energy and water resources. Economic growth
often increases energy consumption, exacerbating climate change and further
stressing sources. Economic development canledsl to changes in lanse

patterns, affecting ecosystems and biodiversity.

(iv) Technological change Technological change can both positively and
negatively affect the WEFRexus. Advancements in technology can lead to
more efficient use of resources, bugs water and energy, and increase food
production. However, technological change can also have negative impacts,
such as increased pollution and ecosystem degradation.

State: Integrated Modelind={qure 3-2 (b-1))

This part ofFigure3-2 shows the methodology followed &ssesshe nexus status.

As mentioned in the description Bigure3-2 a, there are four main pressures on the
nexus, i.e., climate change, population growth, economic la@vent, and
technological change. The future climate projections were obtained by dynamical
downscaling to be fed into a coupled wateergy systems model. The impacts of
the rest of the pressures, all of which correspond to socioeconomic parameters, wer
reflected in the wateenergy model based on the Shagstioeconomidathways
(SSPs).

The WRF model was used for the downscaling of the climate projections. The WRF
model was first used to reconstruct the historical climatic variables over the basin by
dynamically downscaling the ERMterim reanalysis dataset. The model was

calibrated for the year 2010 before reconstructing the historical atmospheric data

over the whole historical period (2009 2018). Four distinct future climate
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projections over th&akarya Basin were dynamically downscaled to a finely tuned
resolution of 18 km using a calibrated and validated WRF model, which is more
appropriate for the hydrologic modeling of the basin. The details of the dynamical
downscaling of the climate projeatis are given in Chaptér

Sociceconomic parameters are the other external factors affecting the M&E.

The effects of socioeconomic changesre reflected in the wat@nergy model

based on the Shared Socioeconomic Pathways (SSPs), specifically SSP1
(Sustainability), SSP2 (Middle of the Road), and SSP5 (Conventional
Development). SSPs investigate how the world might change without climate
policies and to what extent climate change targets could be achieved when RCP
mitigation targets of RCPs are combined with the SSPs. Thus, the RCPs and the SSPs
are complementary to each othgased on the qualitative and quantitative results of

the SSPs, soe key parameters under the data categories, such as land use areas,
municipal and industrial water demand, and energy demand, were modified to build
a WEAP-LEAP model for the future period under the evolving sazonomic

conditions (details in Chapt8}.

Based on the methodology followed to exatk the impacts of future climatic and
sociaeconomic conditions, there are two main scenarios within the scope of this
study, i.e. RCP 4.5 (Low Emission Climate Change Scenario) and RCP 8.5 (High
Emission Climate Change Scenario). The s@uonomic saearios are created

under these climate change scenarios according to the consistency of RCP and SSP
scenarios. Thus, the soeconomic scenarios have the same climate data as the
climate change scenario they are under. The details of the scenario deardlapen

given inChapter8.

State: WEFE Nexus Index Developmé&iduire 3-2(b-2))

Utilizing the coupled wateenergy systems modele., WEARLEAP mode) key
indicators are derived to provide valuable insights into the performance of the
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system. Incorporating climatprojections and socieconomic parameters into the
model results in a holistic understanding of how the system will behave under
different scenarios. The resulting indicators bring the data to life, painting a vivid
picture of what the future may holdrfthis complex and dynamic system. Once the
WEFE Nexus indicators are obtained, they are normalized to ensure comparability
across different indicators. This ensures that each indicator is @jife@nchance of
contributionin the final calculation of th®/EFE Nexus index. These normalized
indicators are then weighted and aggregated into a WEFE Nexus index. The index
value ranges between 0 and 1, corresponding to the unsustainable and sustainable
WEFE Nexus indexThis provides a comprehensive and integplatiew of the
WEFENexus, enabling decisiemakers to prioritize interventions and policies that
can help promote sustainable development (details in CHj)pter

ResponseHigure 3-217 ¢)

The responses to the proposed WH¥Xus evaluation methodology are based on

the sustainability status of the nexus as determined by the WEFE Nexus index.
Depending on the value of the BFE Nexus index, different responses may be
necessary to promote sustainable development and enhance the resilience of the
nexus.The responsens may involve conservation and protectibe efosystem,
efficient resource use, sustainableiagture and fad systems, renewable energy,

and resource governance and policy.

If the WEFENexus index indicates a high level of sustainability and resilience, the
responses may focus on maintaining the status quo and ensuring that current policies
and practices areustained. For example, efforts may be made to promote the
conservation and sustainable management of water and energy resources, support
sustainable agriculture practices, and protect and restore ecosystems. However, if the
WEFE Nexus index indicates a lovevel of sustainability and resilience, more

significant responses may be necessary to address the challenges facing the nexus.
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These responses may include policy interventions, technological innovations, and

changes in behavior and consumption patterns.

By using the WEFHEexus index to guide responses, decisitakers can prioritize
interventions that promote sustainable development and enhance the resilience of the
WEFE Nexus. This can help to ensure that the WEEEXuUs can continue to meet

the needs ofurrent and future generations in a sustainable and equitable manner.
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CHAPTER 4

STUDY AREA

Thi s section presents i nformation on t|
topographical features, land use/land cover, climatic characteristics, agricultural and

industrial practices, as well as energy production characteristics.

4.1  Geographic and Topographt Features

The Sakary#asin is located in northwest Turkiye. It constitutes approximately 7%

of T¢rkiyeds surface area, WwSakalyaRiverdr ai na:
the mainriverof t he basi n, arises frsamd0rme ¢i ft
el evation in the south of Eskikehir provi
in the Karasu district of Sakarya province. It is fed by many tributaries and streams,

such as Porsuk, Ankara, Karasu, Carksuyu, and Mudurnu until it empbethén

sea. The total length of the Sakarya River is 720 km, and the Sdkasya has
approximately 3.4% of the total water potential of Turkjy® S K, . TReOtdtar )

population of the basin is around 7.5 millignD S K, arOcarrégponds to
approximately 9% of the total popul ati on
and Sakarya provinces, almost the whole of Bilecik province (97.2%), about 70% of

the Ankaraprovince, 42% of Bolu, 35% of Kutahya with its center, 23% of
Afyonkarahisar, about 20% of Konya, 17% of Bursa, 10% of Kocaeli, and less than

2% of D¢zce, ¢ankéeré, and Ukak provinces
basin. 7.3% of the populatioivés in villages, and the rest of the population lives in
municipalities(Alp et al., 2020) Sakarya Basin has a wide elevation band. It ranges

from O elevations on the Western Black Sea co®2510 m elevationatUl ud aj .
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The location of the Sakarya Basin itirKiye, the borders of the provinces within the
basin, and the digital elevation map of the basin are showigure4-1. Sakarya

Basin is divided into seven subbasins, sidaring the basin's hydrological and
topographic condition, the river network, and the studies carried out by the relevant
institutions. These subbasins are from upstream to downstream: Upper Sakarya,
Porsuk, Ankara, Kirmir, Middle Sakarya, Goksu, and kowSakarya. The
boundaries of these subbasins are shovwigare4-2.
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4.2 Land Use/Land Cover

The land use/land cover map of the Sakarya Basin is giveigume4-2. According

to CORINE 2018 data, 53% of the Sakarya Basin consists of agricultural areas.
Forest and semmatural areas account for approximately 44%. Artificial surfaces, on
the other hand, constitute only about 3% of the total area. The Figyrg4-2)

shows that the subbasin with the highest agricultural land area is the Upper Sakarya
subbasin. Agricultural areas in this subbasin constitute approximately 70% of the
entire subbasinThe Upper Sakarya subbasin is followed by Ankara (64%), Porsuk
(50%), Lower Sakarya (50%), Goksu (49%), Kirmir (32%), and Middle Sakarya
(32%) subbasins, respectively. The largest artificial surfaces area belongs to the
Ankara subbasin with an areal pemtage of approximately 10%. In other subbasins,
this percentage varies between 1% and 3%. The Middle Sakarya subbasin ranks first
in terms of the size of the forest and semaiural areas. Detailed numerical
information about the distribution of land usehe subbasins is givenfrable A.1

in the AppendiA.
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4.3 Climate

There are four basins in Turkiye with an average rainfall of less than 500 mm.
Sakarya Basin is one of these four basins with an average annual precipitation of 479
mm. On the other hand, considering the total annual precipitation, it isfdhe

basins receiving the highest precipitation with 32 billich 8akarya Basin, which

is one of the basins with the highest flow value with an annual flow of 12 bilffpn m

is one of the basins with the lowest rainfall per capita (4,43@erson) da to its

high populatioSYGM, 2022)

The subbasins of Sakarya Basin show differences in terms of climatic characteristics.
Upper Sakarya subbasin has continental climate characteristics. Winters are cold and
rainy; summers are hot and dry. Day aighhtemperature differences are high. The
coldest month is January and the hottest is July. It is the subbasin with the lowest
precipitation with 380 mm annual average precipitation calculated within the scope
of thiscurrentstudy. The average temperaus 12.2C. The Porsuk subbasin is in

the transition zone from the moderate climate of the Western Black Sea, Aegean and
Marmara regions to the continental climate of Central Anatolia. Winters are harsh,
long and rainy; summers are hot and dry. Day aglttemperature differences are
high. Within the scope of this study, the annual average precipitation and annual
average temperature were calculated as 479 mm andClie8pectively. Ankara

and Kirmir subbasins are located in the Central Anatolia Rediberefore, they

have continental climate characteristics. In Ankara, where the climate is steppe in
the south and mild and rainy in the north, winters are generally cold and less rainy,
and summers are hot and dry. There is little temperature diffebbetween day and

night. Within the scope of this study, the annual average precipitation was calculated
as 417 mm. This is the second lowest amount of precipitation among all subbasins.
The annual average temperature value isdl2 Mliddle Sakarya subbasis located

within the borders of Turkiye's Central Anatolia, Black Sea and Marmara Regions.
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In the Central Anatolia Region, in accordance with the typical continental climate
characteristics, summers are hot and dry, and winters are cold and raieyBladk

Sea and Marmara Regions, the Black Sea climate is dominant, with warm and rainy
summers and cold and snowy winters. The annual average precipitation and
temperature values calculated within the scope of this study are 496 mm axj 13.1
respectivel. Goksu subbasin is close to the Marmara basin and is in the transition
zone from the moderate continental climate of Central Anatolia to the rainy climate
of the Marmara. The precipitation average is above the average of the Sakarya Basin.
The climate icloser to the temperate climate of Marmara. It is hot and less rainy.
Winter months are cold and rainy. The annual average precipitation and temperature
values calculated within the scope of this study are 531 mm araC18Spectively.

The Lower Sakary Basin is located within the Marmara Region and the Black Sea
Region. For this reason, Black Sea climate is observed in the north and east of the
subbasin, and Marmara climate characteristics are observed in the west and south. It
has the highest annualexage precipitation value among all subbasins. The annual
average precipitation and temperature values calculated within the scope of this

study are 733 mm and 15.9 degrees, respectively.

4.4  Hydrological Structures

There are many dams and ponds built foigation, drinking water or energy
purposes in the Sakarya Basin. Saréyar He
plant, which is the oldest hydroelectric power plant in Turkiye and the construction

of which started in 1953, is located in the SakaryarBas addition, Cubuk | dam,

the first dam of the Republic of T¢rkiye
and Sakarya are the three important provinces in terms of water allocations. The
municipal water demand of Ankara is approximately 488¥arithe drinking water

requirement of the province is supplied
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Ejrekkaya, Kurthbhojaze, Kavkakkaya, Akyar, a
built on the Keé Zathge drimkimkwateriproject) afetSerddea r a 1

system (Ankara™® stage drinking water projectisovernorship of Ankara, 2022)

Sapanca Lake is another important drinking water source in the Sakarya Basin.
Approximately 60% of the drinking water need of Sakarya province is met from

Sapanca LakéGovernorship bSakarya, 2021) I n Es ki kehi r, a signif
the drinking water need is provided from the Porsuk Dam. Around 186ftwaater

is allocated annually for drinking water from the Porsuk D@&wovernorship of

Es ki kK e h.iThe totabmur@b2r)ofppds i n t he operation built
Sakaryabasinis66 T| BKTAK MA Mgeir t@adslrgage area gslculated

as1424 ha. The physical characteristics of the reservoirs and the ponds included in

this study are given in Chapter 53ection5.4.

4.5  Agriculture, Irrigated Agricultural Lands, and Livestock

The agricultural sector is of great importance for the economic and social life in the
Sakarya Basin. Sakarya Basin is still an agricultural basin despite the increasing
industrialization. Livestock and agricultural activities are carried out intensively

throughout the basin. The cultivation of field crops is predominantly practiced in

various areas across the basin. Speci ficall
¢cifteler and Mahmudiye districts, Ankara's
Burs a' s Yeni kehir Pl ai n, Pamukova, and Ada

characterized by the highest agricultural activity legels} BKTAK MAM, 2013)

The total size of the irrigation areas esta
agriculture has a significashare, is 125,478a(The Ministry of Forestry and Water

Affairs, 2016) Therefore, agdultural irrigation is one of the most important sources

of water consumption in the basin. Approximately 20% of the Sakarya Basin's total

water potential is used for irrigation, while 80% is allocated for activities other than
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irrigation (municipal watedemandindustry etc.). About 40% of the irrigation areas
established by DSK in the basin(There | oc.
Ministry of Forestry and Water Affairs, 2016Yhe locations of the irrigated

agricultural lands are slwnin Figure4-3.

There is an intense livestock activity in some parts of the Sakarya Basin. Cattle
breeding in Ankara and Sakarya provinces, sheep and goat breedinkara and
Eskikehir provinces, and poultry breedin

intense compared to other provinces.
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Figure4-3. Sakarya Basin irrigated agricultural lands

4.6

Industry

Sakarya Bsin is one of the basins where industrial activity is intense in Turkiye.

Industrial establishments from many different sectors operate in almost all of the

basi

n, especially

n

Ankar a,

Es ki

Kehi

20 organizedndustrial zones (OIZs) in the basin that are currently operaliaigi¢
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4-1). The machinery manufacturing industry and metal goods industry dominate in

E s k i .KreKiutahya, there are industrial facilities based on ceramics, porcelain,

mining, forest products, agriculture and livestock, depending on surface and

underground resources. Machinery and metal industry has an important place in

Ankara. The foodndustry stands out in Bolu. Textile, woodworking and furniture

sectors

have

an

mportant

pl ace

province. In Sakarya province, there are facilities that produce in

food and textile sstors.

among

the automotive,

Table4-1. SakaryaBasinOlIZs T} BKTAK MAM, 2013)

Number of
OlZ Name Subbasin Province Activity Status  Sector Size (ha) Companies
Emirdafj Upper Sakarya Afyon. Active Food 104 3
Pol atl & Upper Sakarya Ankara Active Machinery 267 13
Eski kehi r Porsuk Es ki kK Active Metal 2980 386
Sivrihisar Porsuk Es ki k  Notactive - 218 0
Beyl i kova Porsuk Es ki k  Notactive Stock 143 0
Kutahya Porsuk Kutahya Active Mining 215 57
KitahyaMerkez II Porsuk Kitahya Not active - 320 0
Ostim Ankara Ankara Active Machinery 476 4748
Kvedi k Ankara Ankara Active Machinery 477 6103
ASO | Ankara Ankara Active Machinery 955 216
ASO I Ankara Ankara Partially act. - 620 15
Bakkent Ankara Ankara Active Machinery 1014 33
¢ubuk Hay. Ankara Ankara Not active Livestock 255 0
Dokumctler Ankara Ankara Active Casting 240 0
Beypazar & Middle Sakarya Ankara Not active - 300 0
Bilecik | Goksu Bilecik Active Marble 110 36
Bilecik Il Goksu Bilecik Active Marble 194 15
Bozuyuk Goksu Bilecik Active Metal 550 7
Osmaneli Goksu Bilecik Active Ceramic 97 0
Pazaryeri Goksu Bilecik Active Ceramic 145 3
S°J ¢t Goksu Bilecik Not active - 140 0
Kneg?©°l Goksu Bursa Active Textile 300 86
Kneldé b . Goksu Bursa Not active Furniture 410 0
Yeni kehir Goksu Bursa Active Glass 173 2
Sakarya | Lower Sakarya Sakarya Active Automotive 161 59
Sakarya Il Lower Sakarya Sakarya Active Automotive 350 23
Sakarya lll Lower Sakarya Sakarya Active Food 254 25
Karasu Lower Sakarya Sakarya Not active Iron and Steel 44 0
Ferizli Lower Sakarya Sakarya Not active - - -
Kaynarca Lower Sakarya Sakarya Not active -
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4.7 Power Plants

Sakarya Basin is a basin with high electricity demand and electricity production.
There are nearly 100 power plants in the ba3ine annual total electricity
production of these power plants, calculated within the scope of this current study,
amounts to pproximately 35,464 GWhApproximately 65% of the total electricity
production is realized by natural gas, 28% by coal/lignite fired thermal power plants
and 5% by hydroelectric power plants. Enka Gebze Thermal Power Plant, Turkiye's
4™ largest thermal pmer plant, is located in the Sakarya Basin. Other important

thermal power plants in the basin are Baymina Ankara Natural Gas Power Plant (798

MW) , ¢ayeérhan Ther mal Power Pl ant (620
Power Plant (600 MW), and Tungbilek ThetrRawer Plant (365 MW) in Kitahya.
The most i mportant hydroelectric power

Gokcekaya (278 MW) and Yenice (38 MW) HPPs. The distribution of the power
plants according to their type, total number, electricity gerrasind water

consumption is given ifable4-2.

Due to the Enka Gebze thermal power plant, approximately 46% of the total
electricity generation in the Sakarya Basin is realized in the Lower Sakarya subbasin.
Middle Sakarya is responséfor 23% of the total electricity production and most

of the power plants are located in this subbasin. In addition, all of the important
hydroelectric power plants are located in this subbasin. Middle Sakarya subbasin is
followed by Ankara (18%) and Pais (11%) subbasins, respectively, in terms of
their share in total electricity production. Electricity generation in Upper Sakarya
and Goksu subbasins is quite low compared to other subbasins. There are no power
plants in the Kirmir subbasin. The distrilmut of electricity generation by subbasins

in the Sakarya Basin is givenTiable4-3. The location of the power plants evaluated

within the scope of this study is @n inFigure4-4.
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Table4-2. The distribution of power plants based on their number, installed
capacity, electricity geeration and water consumption in the Sakarya Basin

Annual
Total Total
Total Installed  Electricity Total Water Water
Power Plant  Number Capacity Generation Percentage Consumption  Intensity Capacity
Type of Plants  (MW) (GWh) (%) (m3ly) (m%GWwWh) Factor
Natural gas 24 3408.9 23154.5 65.3 5356695 231.3 0.79
Lignite/Coal 8 1687.6 9775.6 27.6 23952568 2561.2 0.66
Hydropower 24 683.6 1686.3 4.8 28706210 17023.0 0.42
Biogas 10 71.2 329.6 0.9 255770 776.0 0.50
Fuel Oil 2 36.0 262.3 0.7 1993 7.6 0.83
Wind 2 39.1 105.1 0.3 0 0.0 0.30
LPG 1 9.6 79.0 0.2 600 7.6 0.94
Coal 1 10.0 56.9 0.2 5535 97.2 0.66
Solar 26 30.5 44.9 0.1 170 3.8 0.17
Waste heat 1 6.0 26.3 0.1 200 7.6 0.50
Total 98 5972.4 35463.5 100 58274206 1643.2

Table4-3. The distribution of electricity generation by subbasins in the Sakarya
Basin

HPP TPP Wind Solar Biomass Total Percentage

(GWh) (GWh) (GWh) (GWh) (GWh) (GWh) (%)
Upper Sakarya - 198.0 - 11.1 6.3 215.4 0.6
Porsuk - 4,008.5 - 4.7 8.8 4021.9 11.4
Ankara - 6,1405 - 445 288.4 64734 18.3
Kirmir - - - - - - -
Middle
Sakarya 1,388.1 6,633.4 105.1 0.01 12.4 8,139.0 23.0
Goksu 125.6 179.3 - 0.03 - 305.0 0.9
Lower Sakarya 172.6 16,059.0 - - - 16,231.6 45.9

49



29 ’DI'U"E 30 ’OI'U" E 31¢ Ul'D"E 32’(;'0'E 33 U|'O“E
BLACK SEA N
sroon] J ? .
MARMARA 92
SEA 1 -
Slaka ‘S} { /\\
O’ BT ‘“\/
/““é‘deM , i\/m{ /f;;MIR /‘ ”1
@ MIDDLE SAKARYA S’f i
DI KAk
p— /‘,\ Bijeik n]ﬂ @ Q /
e \/\}/ - <> @ -40700'N
= el A” L O
PORSU.K.A\ S
1 //?k:se ir ’“‘\ k\ f:
\ \_,\ S ‘- /
\K>\ i e i\/“ f
Kiitghya A
] %? A\
p— ) /j\ %\ \_  UPPER SAKARYA oo
\
t
vl \*ﬁ\ ¢
>
”\_,«\} \\}
; £
Legend )/ r}/(
River network (s
m wind power plant A City Centers i @ ’
[ sakarya_subbasins /\g
38°00"N— Tiirkiye Watershed Boundaries 9 i 5
@ 1.6m =22 km
Thermal power plant
(I] ' 2'5 ' 5‘0 I I I 1(‘)0 Kilometers
30”0"0"E 3 "0"0" E 32"6‘0"E 33 DI'O"E

Figure4-4. Location of the power plants modeled in the baseline period
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CHAPTER 5

WEAP LEAP MODEL SETUP IN THE SAKARYA BASIN

In this chapter, theoreticddackground information about the WEAP and LEAP
models; data sources and data collection for the coupled WEMAP model;
WEAP, LEAP, and the integrated model setups; the calibration and the validation of
the model will be explained in detail.

5.1 WEAP Model Theoretical Background

The Water Evaluation and Planning System (WEARfes et al., 2005)s a
hydrological conceptual model. It operaten the basic principle of a water balance
and can be applied to municipal and agricultural systems, a single watershed, or
complex transboundary river basin systems. WEAP was developed by Stockholm
Environment Institute (SEI), and it is a tool for intagd water resources planning.
WEAP can solve muklsectoral water allocation problems based on demand priority
and supply preferences. Water resources, i.e., surface water, including snow and
glacier runoff and groundwater; water demand, i.e., urbanppgdrer, irrigation,

and environmental flows; and water infrastructures, i.e., reservoirs, canals, and wells,

can be represented by WEAP.

The WEAP model is used to study water supply and demand systems, which can be
defined as a set of demand sites or ecgjg water supply system such as a river
basin or groundwater aquifer. Another way to define a study area in the WEAP
model is to include both a set of demand sites and a specific river system together as
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the study area. The model uses a dgmddrop gaphical interface called the
Schematic View to visualize the physical features of the system, which consists of
demand sites, catchments, rivers, diversions, groundwater, other supplies,
transmission links, runoff/infiltration links, return flow links, vi@svater treatment
plants, and priorities for water allocation. GIS layers can be added to the schematic
for clarity (Sieber and Purkey, 2015)he startig point for all activities in WEAP

is the Schematic Viewrigure5-1 andFigure5-2 depicts various screenshots of the
schematic view of the WEAP model developed in thated of this study.
Information about WEAP schematic components defined within the scope of this

study is given in the subsections of this section.
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Figure5-1. Schematic views from thR& EAP model: Upper and lower figure are
zoom into par of Porsuk and Upper Sakarya subbasins, respectively
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Figure5-2. Schematic views from the WEAP model: Upper figure is zoom into a
part of Middle Skarya subbasin. Lower figure is the complete WEAP model
schematic view
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WEAP is a modeling tool that calculates water and pollution mass balance for each
node and link in a system on a monthly time step. It dispatches water to meet different
requirements subject to constraints such as demand priorities, supply preferences,
and mass balance. The calculations follow a specific order each month, which
includes determining annual demand and monthly supply requirements, calculating
inflows and outflows of water, generating hydropower, estimating costs and benefits,
and accounting fopollution generation and treatment. The time scale is relatively
long, so all flows are assumed to occur instantaneously within a month. Additionally,
if a MODFLOW maodel is linked, WEAP results will be loaded into the MODFLOW
input files, and MODFLOW wilbe run for one time step before its results are read
into WEAP (Sieber and Purkey, 2015)

In the WEAP model, the processes such as precipitation, exappiration, runoff,

and irrigation are computed in a uskafined area called a catchment. There are five
different methods to simulate catchment processes: (i) Irrigation Demands Only
Method (Simplified Coefficient Method), (i) RainfaRunoff Method Simplified
Coefficient Method), (iii) RainfalRunoff Method (Soil Moisture Method), (iv)
MABIA Method (FAO 56, Dual Kc, Daily), and (v) Plant Growth Method (PGM).
The method chosen varies depending on data availability, the purpose of the study,
and how @tailed the watershed processes are to be mog@ieder and Purkey,
2015) Within the scope of this thesis, the Soil Moisture method was used to model
cachment processes. The main reason for this is that the Soil Moisture method can
model the effects of different land use and soil properties, vegetation types, and
weather conditions on soil moisture dynamics. Thus, it provides a detailed
understanding ahe water balance in the soil, which is essential for managing water
resources. However, for these reasons, it requires much more detailed climate and
soil parameterization than either version of the Simplified Coefficient Method. The
MABIA method is a ddy simulation of transpiration, evaporation, irrigation

requirements, scheduling, crop growth and yields. It also includes modules for
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estimating reference evapotranspiration and soil water capacity. This method uses
the dual Kc method. PGM method simutaggant growth, water use, and yield using

a daily time step. It was developed to provide a method to study the impacts of altered
atmospheric C®concentration, temperature stress, season length variability, and
water stress on plant water use and crefug{Sieber and Purkey, 2019)he choice

of method in the WEAP model depends on the specific focus of the analysis and the
data available. The Soil Moigte method is a simple and effective way to simulate
catchment processes, and it is wallted to the specific purpose of this study. Since
there is no need to perform daily simulations within the scope of this study, there is
no need for the additionabmplexity of the PGM or MABIA methods. The Soil
Moisture method provides a good balance between accuracy and simplicity. In
summary, the Soil Moisture method is the best choice for this study because it meets
the specific needs and provides the necessasl lof detail without unnecessary

complexity.

The Soil Moisture method uses a atimensional, twdayer soil moisture dynamic
accounting system with empirical functions to partition water into evapotranspiration
(ET), surface runoff, suburface runoff iaterflow), and deep percolatiofrifjure

5-3). The catchment processes such as evapotranspiration, surface runoff,
percolation, and interflow are simulated in the empgoil layer. Base flow routing

the river and soil moisture changes are computed in the lower soil layer. The
empirical functions that describe the processes in each soil compartment can be seen
in Figure5-3. Climate data, including precipitation, temperature, relative humidity,
and wind speed, is an important input for the method, and each subbasin/catchment
unit has a unique climate dataset. The subbasin/catchménitsudivided into
fractional areas with independent land use/land cover (LULC) classes, and each
fractional area's LULC values are summed to reflect the lumped hydrologic response
(Abera Abdi and Ayenew, 2021$urface runoff, interflow, and base flow are linked

to a river feature, while ET is lost from the system. ET is calculated by the Penman
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Monteith method. A water balance is computed for each fractional area, and the deep
perolation can be transmitted to a surface water body as baseflow or directly to
groundwater storage by linking the subbasin unit node to a groundwater node. The
empirical equation for the water balance is calculated as follows (Equatijon
(Sieber and Purkey, 2015)

DR . . el L. L LOR ClR L, 5.1

where

@ ;= [1,0] the relative storage given as a fraction of the total effective storage of the root

zone, (mm) for land cover fraction, j,

'YQ: soil water holding capacity of land use j [mm]

0 : effective precipitation [mm],

‘aY o : reference evapotranspiration [mm/day]

0 j: crop/plant coefficient for each fractional land cover, |,

'Y 'Y "Qunoff resistance factor for land cover fraction, j,

5 oo,

P surface runoff

Qp w f;: interflow from the first layer land use

”n

"Q partitioning coefficient related to the land cover, soil and topography

U j: the saturated conductivity of the lower storage [mm/time]
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Precipitation,

including snowmelt Irrigation ET=PET*(5z1-221%)/3

l [ ] — Surface runoff = (precip + irrig) * z]Rusefmsistnc factor

—* Direct runoff (onlv if z1 > 100%)

Bucket 1

Percolation = Root zone cond. * |— Interflow = (Root zone cond * pref flow dir) * z17
(1 - pref flow dir) * z12

Bucket 2 i

Soil waler capacity (mm)
£l (%)

) [—— Base flow = Deep conductivity * z22

Dgep waler capacily (mm)

Figure5-3. Conceptual diagram and equations incorporated in the Soil Moisture
method(Sieber and Purkey, 2015)

The WEAP model considers the hydrautiznnection between surface water and
groundwater in watersheds. Streams can either gain water from or contribute to
groundwater recharge, depending on the groundwater level in the aquifer.
Groundwater levels are affected by both natural precipitationragdtion in the
watershed. To simulate groundwater interactions with surface water in the WEAP
model, there are four options: (i) directly specifying groundwater inflow to a river,
(i) modeling interactions using a groundwater "wedge" connected to ra (e
modeling interactions using a deep soil layer of the Soil Moisture method catchment,
or (iv) linking WEAP to MODFLOW(Sieber and Purkey, 2015ln this study,
groundwatessurface water interactions were specified directly; they were not

modeled.
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5.2 LEAP Model Theoretical Background

The Low Emissions Analysis Platform (LEAP) is a software tool for quantitative
modeling of energy systems, energy sectat aorenergy sector greenhouse gas
(GHG) emissions, codienefit analysis of different energy portfolios together with
their environmental impacts, health impacts, and sustainable development indicators
(Lazarus et al., 1995) EAP is not for the modeling of a specific energy system but

it is a tool to generate models for different energy systems. LEAP was created by
SEI to support sustainableva#opment by informing decisiemaking and allowing
stakeholders to perform their analyses. It is a-saeiled tool for medium and long

term planning.

LEAP allows the user to embed simulation and optimization methods into an
accounting framework that aments for energy, emissions, costs, and natural
resources. Moreover, it is a scendased tool and hence the impacts of different
policies, assumptions, and analytical questions can be evaluated and compared with
LEAP. LEAP can be used to develop modaisiumerous scales such as national,
subnational, regional, and global. LEAP has libraries of default data for conversion
units, the physical characteristics of pollutants and fuels, and emission factors. LEAP

has an annual time step with seasonalAnfiday detail{SEI, 2005)

The structure of a representative LEAP analysis is showigure5-4. LEAP was
originally built as an energy systems model. However, today it can also be used for
purposes such as cdstnefit analysis and determination of SDGidators. LEAP
models final energy demand which is often premised on exogenous demographics
and macroeconomics, and the supply side responds to the final energy demands.
Furthermore, LEAP models the transformation from one form of energy to another.
There ae special modules for the extraction of primary resources;uaed¢hange,

and landbased resources. LEAP also includes statistical differences in stock changes
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which are accounting conventions used in energy balances. In addition to all of these
capabiities, LEAP allows users to model pollutant emissions, carry out an integrated
costbenefit analysis, and assess the impact of air pollution on mortality, crop losses,
and temperature change. In the most recent version of LEAP, it is possible to evaluate
the impact of different climate mitigation pathways on sustainable development

indicators(Veysey and Wagner, 2021)

Within the scope of this thesis, energy demand analysis was not performed with
LEAP. For all scenarios, annual total energy values were calculated externally and
entered into the LEAP model during the simulation pe(aetails in Sectiorb.5).

By using Transformation Analysis, one of the analyzes that form the backbone of the
LEAP model, answers to the questions such as whether the total electricity need can
be met,how the distribution of electricity generation will be on a plant basis in
different scenarios, and how @@missions will change were obtained. In the
Transformation Analysis, the "Electricity Generation" module was created and
el ectricity cepsesd dnd ¢Quipa rruel'i Wereodefined under this
module. In LEAP, each power plant where electricity is produced was defined
separately. "Output fuel" was selected as electricity. The details of the LEAP model

setup are given in Secti@nb.
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53 Data Sources and Data Collection

WEAP model inputs and data sources are givemahble 5-1. Some information

about the demand sites, especially power plants was obtained through field studies.
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The remaning data that need to be entered into the model were either obtained from

the relevant institutions or open literature.

LEAPOGS

dat a

requi rements

ar e

r el

at

branches and the related inputs and sources are ilisteable 5-2. In LEAP, data

v el

describing the percentage of the maximum availability of each power plant, which

means the highest percentage of hours that process labdwan each dispatch

period, is required. In this study, since WEAP and LEAP models are used in a

coupled way, this data is calculated based on the information coming from WEAP.

Detailed information about the integration of WEAP and LEAP models is given

Section5.6.

Table5-1. WEAP Model Inputs and Data Sources

Data

Source

Basic Data

Topography
Land use/Land cover

Meteorological Data

Shuttle Radar Topography Mission (SRTM)

CORINE 2018 LULC map and

St at e

Hydraulic
General Directorate of Meteorology

Wor k

Urban

Sakarya Basin Protection Action Plan,

DSK and T} KK
Industry Field study and literature
. Energy Energy and Natural Resources Ministry,
Dc?ar\?fhnrgesrg%a?gd Energy Market Regulatory Authority (EPDK)
and field study
Agriculture T KK, DSK, Ministry
Forestry, Directorate of Agriculture, Irrigation
Cooperatives
Rivers DSK
Groundwater DSK and | iterature
Sources and Allocations Reservoirs/Dams/Ponds DSK and field study
Transmission Links DSK
Return Flow DS K
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Table5-2. LEAP Model Inputs and Data Sources.

Tree Branches in Data Source
LEAP
Demand Yearly electricity demand Turkish Energy
Exchange (
Electricity generation processes: EPKAK, Ene
1 Installed capacities of power plants, Market Regulatory

1 Average energy efficiencies of power plants  Authority (EPDK),

1 Costs, i.e., capital ($/MW), fixed ($/MW) and ~ field surveys,
variable ($/MWh) operating and maintenance literature survey
and fuel costs ($/GJ) of each power plant*,

Transformation 1 The seasonal load shape for ébectric system
e.g., MW hourly peak load shape,
1  Maximum availability of each type of power
plant**,
 Feedstock fuels
Fuel characteristics, e.g., energy contehemical Electricity generation
Resources composition etc. company (€E

Field surveys,

literature survey
*Within the scope of this study, electricity generation optimization was not made according to the co:
However, in case of the possibility déveloping such a scenario in the future, this information was entt
into the model. **This parameter is calculated based on the information coming from WEAP in this s

5.4  WEAP Model Setup

In the Sakarya Basin, WEAP model simulation period was sdlest2004 2017,

and the model was run on a monthly tistep. This period was determined based on
the availability of data. The study area was divided into seven subbasins. These
subbasins are Upper Sakarya, Porsuk, Ankara, Kirmir, Middle Sakarya, &dtsu
Lower Sakarya. These subbasins are furth
location and data availability of gauging stations to allow calibration. These
catchments are shownhigure5-5. The information on all of the stream gages used
for model setup is given iable 5-3. All these stations were not used in the
calibration, but their information was checked during the selection of the stations to
be used for calibration and during the creation of the ‘catdsmenhe stations in

bold in Table5-3 are the stations used in the calibratéomd validatiorphass. The
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locations of the gauging stations used mirtiodel calibration are provided Figure
5-5.

In the following subsections, information on the Land Use/Land Cover and climate
data required by th&oil Moisture method, two important parameters of this method:

Kc and RRF, water supply and resources, and demand sites are given.

Table5-3. Information on gauging stations.

Subbasin Name Station Monitoring Drainage Area Altitude
Code Period (km?) (m)
19531968;
DinsizC.-Yaj] bas E12A019 19712011 410.8 25
19562011
Mudurnu C.i Dokurcun E12A037 20132014 1073.4 286
Lower 19781983;
Sakarya . 20032004;
Mudurnu Ci Ge b e k D12A136 20062008 1521 25
20022011;
Sakarya N.i Adatepe E12A057 20142015; 2018 56224.4 6
19532011;
SakaryaNDo ] an - E12A021 20152016 52531.6 41
Goksu Kocasu- Ristimkdy E12A022 19532014; 2021.6 198
Middle 20042011;
Sakarya  Sakarya N-Kayabeli E12A058 20132016 46334.9 114
KirmirC.-Yexki | ©
Kirmir Koprusi D12A244 20042007 2239 680
KaraD.-Endi | ED12A243 20032008 5.9 910
Ankara Ankara C.-Me K e ¢ i E12A026 19632011, 2015 7140 635
MeraC.-UJ ur | u D12A242 20032015 121 1015
19621984;
1987; 1989;
1991-2008
Porsuk ¢i ftD12A033 20102016 2432 951
1986:1995;
1997; 19992009
Porsuk Calca (Y.Bosna) D12A181 20112016 3810.5 912
19632005;
Por suk Bar aD12A034 2007%2016 4655 842
19642004;
Ekenkar a D12A054 20062016 5169 807
Parsibey D12A215 20122016 867.1 750
Kér anhar manE12A051 198932010; 2015 10955.4 676
Bekde] i r menE12A003 20032011 3938 855
19632011;
Akt ak E12A024 20132016 4342.2 837
Upper ) ] 19822008; 2011
Sakarya Aydeénl é D12A159 20152016 2117.2 790
Ayval e Yayl E12A052 19892008; 19839 709
20102011;
20132016
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Figure5-5. WEAP catchments, locations of weather stations used for the model

setup, and the locations stfeamgages used in the model calibration
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54.1 Land Use/Land Cover

WEAP model inputs and data sources were previously summariZeabla 5-1.

Land use and land cover (LULC) information of the basin was obtained by using the
Coordination of Information on the Environment (CORINE) 2018 data. In the

WEAP model, agricultural area andrést and sermatural area subclasses were

defined according to CORINE Level 3, while artificial areas were not divided into

subclasses, but they were defined as the sum of all artificial area subclasses. The

areas and percentage distribution of CORINtllase classes in each subbasin and

catchments are given rable A.1in the AppendixXA. In addition, the crop pattern

was defined in noirrigated and irrigated farming lands. However, data for ©ion

irrigated and irrigated land use classes do not belong to CORINE 2018. They were
collected from DSK (State Hydraulic Works)
Institute (TuskStat). The permanently irrightegriculture area changes year by year.

The crop pattern of permanently irrigated lands was assumed to be constant
throughout the simulation period. The difference between the CORINE land use

cl asses areas and the ar eadistribuketdtaotreed fr om D
selected land use classes according to their areal proportion. The land uses where the
difference was distributed are the classes called pastures, complex cultivation

patterns, and land principally occupied by agriculture, with sicpmfi areas of

natural vegetation, which are under the "Agricultural areas" class.

In the WEAP model, a separate catchment component was created for agricultural
lands irrigated with groundwater in each unit in each subbasin. The crop pattern of
these cataments, therefore, reflects the crop pattern of areas irrigated with

groundwater only.
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5.4.2 The Crop Coefficients (Kc) and Runoff Resistance Factor (RRF)

The crop coefficients, Kc values, represent the crop type and the development of the

crop. There may be sena Kc values for a single crop depending on the crop's stage

of developmentKigure5-6). In the WEAP/Soil Moisture model, Kc values have to

be defired for each land use class and the crops/plants. For the Kc values of the
crops, the report named AEvalkigebr awhs phr at
was prepar ed b y2017)N45 E9dd. Bontde laDduke classes the Kc

values given imMable5-4 were used. The Kc values of the crops and land use classes

were not calibrated.

ol
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Figure5-6. FAO segmented crop coefficient curve and four growing staigies
and Pereira, 2009)

Runoff Resistance Factor (RRF) is used to control surface runoff response. It is
related to factors such as leaf area index (LAI) and land slope. In the model, it ranges
from O to 1000, and runoff will tend to decrease with higher values of RRF. Since

RRF is correlated with LAI, LAl values determined for similar land use classes
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calibration values for RRF.

Table5-4. Kc values and RRF initial calibration values for land use classes.

Land Use Class Kc LAl
(Amato et al.,, 2006) (| ngol Bl anco ar

Artificial Surfaces 0.77 8.00

Nonrirrigated/Irrigated - 4.22

Agricultural Lands

Pastures 0.46 2.50

Forests 0.35 5.18

Semi Natural Areas 0.30-0.46 1.31:2.50

Wetlands 0.90 6.34

Water Bodies 1 0.10

5.4.3 Climate Data

Thiessen Polygon method was used to obtain catchment precipitation data in each
subbasin. For this purpose, 27 different meteorology stations located in and around
the Sakarya subbasins were used. The location of meteorological stations can be seen
in Figure 5-5. For the data of temperature, humidity, and wind speed, the
meteorology station with the largest Thiessen polygon area in the relevant subbasin
was used, because it would better represent the subbasin. The Thiessen polygons are
shown inFigure 5-7. The climate input data of the catchment components in the
WEAP model are given in the Append&in Figure A.1, Figure A.2, Figure A.3,

Figure A.4, Figure A.5, Figure A.6, Figure A.7 for each subbasin, respectively.

68



,.,aa“.,«v.; /

BLACK SEA

£imes

iwzw ) X //\r m
Ve ‘Ankara Bolge g ; —

-
Qi [UE L

LN
L

£

"MALJJ‘\K

120

90

69

(A oiein
e e,
~_

Legend

| Thiessen Polygons

Ankara

—\ Kirmir
J Upper Sakarya
" | Porsuk
| Middle sakarya

Watershed Boundaries

Lower Sakarya

S Goksu

I

0 1530 /60

Figure5-7. Thiessen polygons used to obtain climate data of catchment

components in the WEAP model



544 Supply and Resources

In the WEAP model, the Supply and Resources section determines the amounts,
availability and allocation of supplies, simwatmonthly river flows, including
surface/groundwater interactions and instream flow requirements, hydropower
generation, and tracks reservoir and groundwater st¢&aefeer and Purkey, 2015)

The Supply and Resources section consists of the following subsectipns: (i
Transmission Link, (i) Rivers and Diversions, (iii) Groundwater, (iv) Local
Reservoirs, (v) Other Supplies. Water supply to demand sites is provided via
transmission links, and the amount of water loss and physical capacities of these
links can be defied. Surface inflows to rivers, properties, and operation of reservoirs
and runof-river hydropower facilities, instream flow requirements, surface water
groundwater interaction, and streamflow gauges are defined under the Rivers and
Diversions subsectioGroundwater subsection includes aquifer properties, storage
capacities, and natural recharge. Local Reservoirs refer to the reservoirs which are
not on a river. Surface sources that are not modeled in the WEAP, such-aasiter
transfers, are defined dar Other Supplies subsection. The return flows subsection

is for routing of wastewater from demand sites to the wastewater treatment plants,
or routing of treated effluent from wastewater treatment plants to one or more rivers,
groundwater nodes, or othsupply sourcegSieber and Purkey, 2015 the

following subsections, the supply and resources defined in this study are explained.

Transmission Links

Transmission links transport water from surface water, groundwater and other
supplies to satisfy final demand at demand sites. In the WEAP model, water is
allocated to the demand sites according to their demand priorities. In this study, it is
assumed thaall transmission links have equal demand priority in the baseline

simulation period.
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Rivers and Diversions

In this study, the Sakarya Basin was divided into seven subbasins, and these
subbasins are further divided into catchments by using the streamfiontoring
gauges. Runoff calculated by the Soil Moisture method in catchments was distributed
to the rivers according to the drainage areas of the important dams in the subbasin.
For this purpose, first, the percentage of the drainage areas of damerbtsetbtal
catchment area was calculated. Then, instead of having a single runoff/infiltration
link, the link was divided into several links based on the number and location of the
dams. Thus, the runoff fraction that needs to be defined in these miilbtition

links was set according to the drainage area of the dams. Consequently, both realistic
inflow values were sent to the dams and accurate streamflow values were obtained

in streamflow gauging stations determined as pour points.
Groundwater

The daracteristics of the groundwater basins, i.e., initial storagé) @ annual
total natural recharge (H¥yr), in the Sakary8asin were obtained from the master
pl an prepé&D&K, birRtleDVERKP model, the groundwater sources
and their physical characteristics were created in each subbasin accortaiméy (
5-5). Thus, groundwatesurface water interactions were specified directly; they

were not modeled.
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Table5-5. Groundwater sources and their characteristics defined in the WEAP
model

Initial Natural
Subbasin  GW Source Storage Recharge

(hm?3) (hm3/yr)
Akt ak 174 186
Upper Ay deén 360 287
Sakarya Ay val 170 378
téekéx 27 63
Porsuk I_EK enke 137 186
Kéranhi 222 174
Ankara Ankara 130 125
Kirmir Kirmir 42 81
Middle Kayabeli 68 107
Sakarya Doj an - 56 97
Goksu Goksu 112 140.4
Lower Mudurnu 78 94
Sakarya Adatepe 211 277

Reservoirs and Ponds

There are mangeservoirs and ponds in the Sakarya Basin that are used for different
purposes. The reservoirs in the subbasins were individually defined in the model.
However, one reservoir component was created and placed at the location of the
largest pond in each sudin, to represent all the ponds in the relevant subbasin. The
characteristics of this pond, representing all the ponds, were calculated by summing
up the total, active, and inactive volumes of the smaller ponds. The surface runoff
fraction of the runofffifiltration link was determined based on the total drainage
areas of the ponds. This link was connected to the upstream of the largest pond.
Similarly, the inflows of the reservoirs were obtained by distributing the surface
runoff formed in the relevant tthment according to the drainage area ratios of the
reservoirs. The physical characteristics of the reservoirs and the ponds are given in
the Appendix A inTable A.2. Top of conservation and top of buffer volumes were

assumed to be equal to the storage capacity and the inactive volume, respectively.

Net evaporation in the reservoirs was calculated via the Pan Evaporation method.

For this purpose, opesurface evaporation data were obtained from Turkish State
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Meteorological Service (MGM). This data was not available for all MGM stations
located in the basiThe monitoring periodf the available dataas 20162017. To
calculate the net evaporation ihet reservoirs, firstly, the correlation between
temperature and evaporation data of the meteorology station was found. Then, the
elevation difference between the reservoir lake and the meteorological station where
evaporation and temperature are measurasl found to correct temperature. This
elevation difference was multiplied by the default value used in temperature
correction, thus the temperature values in the reservoir were calculated. Evaporation
from the reservoir lake was calculated by using thervedr site temperature values

in the correlation equation between temperature and evaporation. Finally, since the
model requires net evaporation data, the precipitation values were subtracted from
the evaporation data. The monthly average net evaponalaas in the reservoirs

during the simulation period are given in the Appendix Aable A.3.

545 Demand Sites

The demand sites in the Sakarya Basinstst of districts, industries, and power
plants. The yearly water consumption amounts of these demand sites were defined
in the model except fossil fuel power plants since their water consumption is
calculated based on the electricity generation valieileded by the LEAP model.

For each sector, i.e., using/drinking and industry, demand sites were created
separately based on the sources of water, i.e., groundwater and surface water. The
water consumption percentage has to be defined for each demandtsitenodel.

Thus, urban water consumption percentages were defined on a provincial basis by
calculating the difference between the statistics of the Daily Water Withdrawn per
Capita (liters/perscday) and Daily Wastewater Discharged in Municipalities
(liters/persord a 'y ) . These values were obtained

percentage of industrial demand sites were accepted as 25% unless otherwise stated.
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The annual average water use amount of the demand sites in the baseline simulation

period is giverin Table A.4 in the Appendix A.

5.5 LEAP Model Setup

To use WEAP and LEAP models in an integrated manner, both models' simulation
period has to be treame. For this reason, the simulation period was selected as 2004
T 2017. Thus, the total electricity demand of these years has to be entered into the
model. Also, data on plant characteristics and fuel type of electricity generation
processes should aldg® entered into the model. Within the scope of the study,
twelve HPPs, twentyhree different thermal (coal/lignite, natural gas, or biomass
fueled) power plants and a wind power plant were defined in the baseline simulation
period. Power plants with anstalled capacity of less than 7 MW were not taken
into consideration. The installed power, water withdrawal and consumption factor,
year of commissioning of these power plants are giva@isle A.5in the Appendix

A, and their location is given in Chaptein Figure4-4.

In order to calculate the annual electricity demand during the simulation period, the
monthly electricity generation data of each power plant was obtaiaet fr E P K A k
(Turkish Energy Exchange). For the power plants whose monthly electricity
generation data were not available, different sources, e.g., webpages, were used.
Annual average electricity generation values were used for power plants for which
electricty generation information could not be obtained separately for each year. The
electricity generation information obtained was entered into the model as electricity

demand. The calculated total electricity demand is givénguare5-8.

The LEAP modeling approach requires information on the seasonal and hourly
profiles of electricity production. For this purpose, the hourly electricity generation

of Turkiye in 2017 was obtained from the Load Dispatch Information system. In the
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next step, the monthly Electricity Market Sector Reports for the provinces within the
borders of the Sakarya Basin in 2017 were obtained from Energy Market Regulatory
Authority (EMRA). The weighted total electricity generation of each province was
estimated using the area percentages of the provinces that fall into the Sakarya Basin.
The resulting total electricity generation of the study area was then proportioned to
the total eletricity generation of Trkiye. These percentages are used to determine
the hourly load curve of the Sakarya Basin based on the hourly load profile of
Tarkiye in 2017. This load curve is also assumed to be valid throughout the
simulation period. The obtaiddoad curve for the Sakarya Basin is givefrigure

5-9.
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Figure5-8. Sakarya Basin annual total electricity demand in the baseline period
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Figure5-9. Sakarya Basin hourly load curve

5.6 Integrated WEAP-LEAP Model Setup

When WEAP and LEAP models are linked to each other, the models can transfer
information to each other. Hydropower generation is calculated directly by WEAP.
LEAP takes this information. The maximum availabilities of hydropower plants are
calculated in LEAP by dividing the hydropower generation (in terms of MW) to the
exogenous capacity (in terms of MW). Similarly, the maximum availabilities of
fossil fuel powe plants are calculated based on the cooling water demand coverage
(%) information coming from WEAP. WEAP calculates the water demand of the
plants by multiplying the average power dispatched value coming from LEAP with
the cooling water requirements whiahe provided to WEAP. The cooling water
demand coverage is calculated accordindligure 5-10 shows the conceptual
representation of WEAREAP model integration with broadly categorized inputs

of both models.
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WEAPValuefunction is used for information transfer from WEAP to LEAP, and
LEAPValue function is used for information transfer from LEAP WEAP.
Hydroelectric is modeled in WEAP and it is fed into LEAP model (StepFlgare
5-10). In order to feed the hydroelectric modeled in WEAP into LEAP model,
WEAP\Aluefunction is used. For example, the exact form of the function written in

the Maximum Availability variable in LEAP is as follows for Plant A (Functdl):

100*Min(1, WEAPValue (Supply and 5.1
ResourcéfkeservoirtPlant_A:Hydropower
Generation[MW]/Exogenous Capacity[MW])

LEAP makes a power distribution based on the capacities of hydroelectfasaitd
fueled power plants modeled in WEAP (Step Figure5-10). This information is
sent back to WEAP. WEAP calculates the cooling water requirement of fossil fuel

power plants. Functiob.2 is entered under Water Use variable in WEAP:

LEAPValue(Transformatid&lectricity 52
GenerationProcesseé®lant_E:Average Power
Dispatched[MW])*Days*24*KeyCooling Water Requirements per

MWh_ Lignite_ Wet[m"3]

Accordingly, the information on how much of the water demand of the power plants
is covered is calculated by WEAP and sent to LEAP (StepRgure 5-10). The
exact version of the function (FunctibrB) written under the Maximum Availability

variable in LEAP is as follows:
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Figure5-10. Conceptual representation of WEAEAP integration

5.7 Model Calibration and Validation

Model calibration and validation were performed based on streamflow values.
Reservoir volumes and the electricity generation were also evaluated throughout the
calibration process. The gauging stations at the outlet of the each subbasin were used
for calibration if the data is available. If not, alternative gauging stations were used.
The characteristics of the streamflow monitoring stations used in the VLEAP

model calibration are given fable5-3in Sections.4. The model calibration period

was Oct. 2003 Sept. 2008 except for Kirmir subbasin. In Kirmir subbasin the
calibraion period was selected as Oct. 2008ept. 2009 due to data availability.

The model validation period is different in almost all subbasins based on the

availability of data. The list of calibration parameters is givenhainle5-6.
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Table5-6. The list of calibration parameters used in the WEAP model calibration

Name of the Default Calibration
Parameter Land Use Class Value Unit Range
Artificial surfaces 1000 mm 0-10000
Nor+irrigated arable land 1000 mm 0-10000
Permanently irrigated land 1000 mm 0-10000
Vineyards 1000 mm 0-10000
Fruit trees and berry plantations 1000 mm 0-10000
Pastures 1000 mm 0-10000
Complex cultivation patterns 1000 mm 0-10000
Soil Water Land princ. occup. by agr., with signf. areas of natural ver 1000 mm 0-10000
Capacity Forests 1000 mm 0-10000
Natural grasslands 1000 mm 0-10000
Sclerophyllous vegetation 1000 mm 0-10000
Transitional woodlanghrub 1000 mm 0-10000
Bare rocks 1000 mm 0-10000
Sparsely vegetated areas 1000 mm 0-10000
Wetlands 1000 mm 0-10000
Water bodies 1000 mm 0-10000
Artificial surfaces 8.00 - 0-100
Nortirrigated arable land 4.22 - 0-100
Permanently irrigated land 4.22 - 0-100
Vineyards 4.22 - 0-100
Fruit trees and berry plantations 4.22 - 0-100
Pastures 2.50 - 0-100
Complex cultivation patterns 4.22 - 0-100
Runoff Resistance Land princ. occup. by agr., with signf. areas of natural ve: 4.22 - 0-100
Factor (RRF)  Forests 5.18 - 0-100
Natural grasslands 2.50 - 0-100
Sclerophyllous vegetation 2.08 - 0-100
Transitionalwoodlandshrub 2.08 - 0-100
Bare rocks 131 - 0-100
Sparsely vegetated areas 1.31 - 0-100
Wetlands 6.34 - 0-100
Water bodies 0.1 - 0-100
Artificial surfaces 0.15 - 0-1
Norrirrigated arable land 0.15 - 0-1
Permanently irrigated land 0.15 - 0-1
Vineyards 0.15 - 0-1
Fruit trees and berry plantations 0.15 - 0-1
Pastures 0.15 - 0-1
Complex cultivation patterns 0.15 - 0-1
Preferred Flow _Land princ. occup. by agr., with signf. areas of natural ve: 0.15 - 0-1
Direction Forests 0.15 - 0-1
Natural grasslands 0.15 - 0-1
Sclerophyllous vegetation 0.15 - 0-1
Transitional woodlanghrub 0.15 - 0-1
Bare rocks 0.15 - 0-1
Sparsely vegetated areas 0.15 - 0-1
Wetlands 0.15 - 0-1
Waterbodies 0.15 - 0-1
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Table5-6 (continued)

Artificial surfaces 20 mm/month 0-1000
Nor+irrigated arable land 20 mm/month 0-1000
Permanently irrigated land 20 mm/month 0-1000
Vineyards 20 mm/month 0-1000
Fruit trees and berry plantations 20 mm/month 0-1000
Pastures 20 mm/month 0-1000
Complex cultivation patterns 20 mm/month 0-1000
Root Zone Land princ. occup. by agr., with signf. areas of natural ve: 20 mm/month 0-1000
Conductivity Forests 20 mm/month 0-1000
Natural grasslands 20 mm/month 0-1000
Sclerophyllous vegetation 20 mm/month 0-1000
Transitional woodlanghrub 20 mm/month 0-1000
Bare rocks 20 mm/month 0-1000
Sparsely vegetated areas 20 mm/month 0-1000
Wetlands 20 mm/month 0-1000
Water bodies 20 mm/month 0-1000

Deep Water
Capacity - 10000 mm 0 - 300000
Deep Conductivity - 20 mm/month 0.1-150
Initial_Z2 - 30 % 0-100
Freezing Point - -5 °C -20-+20
Melting Point - +5 °C -20-+20

The WEARLEAP model performance was evaluated based 9rNBsh Sutcliffe
Efficiency (NSE), and Percent Bias (PBIAS) according to the general performance
ratings for a monthly time sté€Moriasi et al., 2007)The observed averagenthly
streamflow and the corresponding simulated streamflow at the selected streamflow
gauging stations at each subbasin were compared. The results for each subbasin are
provided inFigure5-11, Figure5-12, Figure5-13, Figure5-14, Figure5-15, Figure

5-16, and Figure 5-17. The performance statistics for each streamflow gauging

stations are given below the relevant figures.

The results show that the model was able to simulate the observed average monthly
streamflow data satisfactorily during the calibratp®riod in each gauging station
except Porsuk and Ankara subbasins according to general performance ratings
(Moriasi et al., 2007)As expected, the performance statistibgamed during the
validation period are generally lower than for calibration. The degree of collinearity
between simulated and observed data is acceptable %i@,33 at most streamflow

monitoring stations.
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Calibration results in Porsuk and Ankara subbasins were evaluated at two different
streamflow monitoring stationg-igure 5-12 and Figure 5-13). E12A051 in the
Porsuk and E12A026 in the Ankara are the closest stations to the outlets of these
subbasins Kigure 5-5). However, the statistics obtained from these two stations
(E12A051 and E12A026) indicate poor model performance. Porsuk subbasin is a
subbasin where both agricultural and industrial ativiare intense. During the field
studies carried out within the scope of the project named "Evaluation of Water,
Energy and Food Nexus in Sakarya Watersi{@d{J et al., 2020) the authorities
stated that there are many illegal wells used for agricultural irrigation in the region.
Figure5-12 and PBIAS value indicate that the model ovenestes the streamflow

at E12A051. It can be said that the reason for this bias is the amount of water used
for agricultural irrigation from illegal wells, which cannot be reflected in the model.
For this reason, the model results were also evaluated tisndata of station
E12A003, which is relatively less affected by agricultural water withdrawals
compared to station E12A051, which is upstream of the Porsuk Dam, and it has been
observed that the results improve significantly. This proves the negatect eff

illegal wells on the model results. In the Ankara subbasin, unlike the Porsuk
subbasin, the model underestimates the streamflow. In the Ankara subbasin, there
are lots of industries withdrawing and discharging water. In the WEAP model, these
industies were not defined individually, and the annual total water requirement
originating from all these industries was calculated and entered into the model as a
single demand site. The WEAP model divides this annual total water requirement
into monthly shargin proportion to the number of days in the month. Therefore, this
may be the reason why the model did not perform satisfactorily. In order to check
whether the WEAP Soil Moisture method can simulate the catchment processes
correctly, the model results weealso evaluated at the station D12A2B@(re5-5),

which was affected as little as possible by all water withdrawals and discharges. As
can be seen iRigure5-13, the model performance is satisfactory. This indicates that
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the model is successful in simulating catchment processes, and poor model

performance is most likely due industrial discharges.
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model over the Sakarya Basin
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Figure5-15. Middle Sakarya subbasin: Comparisons of the observed average
monthly streamflow and the corresponding simulated streamflow at the Kayabeli
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Figure5-16. Goksu subbasin: Comparisons of the observed average monthly
streamflow and the corresponding simulated streamflow at the RUstimkoy
(E12A022) gauging station for the calibration and validation of the WEBAP
model over the Sakarya Basin
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Figure5-17. Lower Sakarya subbasin: Comparisons of the observed average
monthly streamflow and the corresponding simulated streamflow at the RUstimkoy
(E12A022) gauging station for the calibration and validatiotnefWEARLEAP

model over the Sakarya Basin
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The comparison of the total electricity generation by the LEAP model and the
observed data is given iRigure 5-18. Modeled total electricity generation was
calculated by summing up the electricity generation of each power plant modeled in
the LEAP model. As it can be seen frdagure 5-18 the LEAP model can

successfully simulate total electricity generation.
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Figure5-18. Comparison of the observed and modeled total electricity generation
over the Sakarya Basin

The calibration ad validation results show that although the model performs
satisfactorily at most streamflow monitoring stations, there are also stations where
typically accepted performance statistic ratings cannot be obtained. At this point, the
guestion arises whethdéine model performance is sufficient for this study. The
purpose of using models in modeling studies can be divided into three general
categories as Exploratory, Planning and Regulatory/Legal. Moving from the

Exploratory category to the Regulatory/Legaltegmry, more strict model
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performance ratings are sougRigure 5-19). The main purpose of studies in the
category of Exploratory is to make initial and approximate compari$tensnel et

al., 2014) In these studies, evaluations are made about the potential consequences,
possible opportunities and risks related to alternative management stréAegies

et al., 2012) Therefore, strict model performance ratings are not sought in these
studies (Moriasi et al., 2007) The overall aim of this thesis is to develop a
methodology that enables the assessment of the sustainability of and the security
provision for the WEFHENexus components. In this context, answers arghddo
guestions such as how the safety of the nexus and its components will be affected
under different climatic and socioeconomic conditions, and whether the
sustainability of these components is in danger (detaiShiapter3). Therefore

within the scope of this study, it is not aimed to plan for the implementation of
different management alternatives, or to develop regulations. Therefore, it can be
concludedhat the model performance is suitable for the study purpose. However, if

it is aimed to evaluate the management alternatives that are planned to be
implemented by following the same methodology, a modeling tool with higher

performance ratings should be dse
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CHAPTER 6

DYNAMICAL DOWNSCALING OF CLIMATE PROJECTIONS IN THE
SAKARYA BASIN

This section explains the method of obtaining the climate data needed to evaluate
how the WEFENexus index will change in different scenarios in th& @dntury.

The future climate data were obtained by dynamical downscaling with WRF, a
regional climate madel. Figure 6-1 shows the flow diagram of the methodology
followed to obtain the fineesolution future climate data in the Sakarya Basin. As
can be seen from thegfire, the WRF model needs to be calibrated first before
downscaling the GCM outputs to the desired resolution. For this purpose, first, ERA
Interim reanalysis data with a spatial resolution of 80 km were obtained. Then, ERA
Interim reanalysis data were doscaled in different model configurations until the
satisfactory model performance was obtained. Whether the model performance is
satisfactory or not was evaluated by comparing the kmsnmage values of the
downscaled ERAnterim data and the basaverage values of the observed data.
When satisfactory model performance is achieved, the calibrated and validated WRF
model was used to downscale the GCM outputs to 18 km resolution, a suitable
resolution for hydrological modeling. After correcting the biashie downscaled

GCM outputs, the future climate data took its final form to be input to the integrated
WEAP-LEAP model. In this chapter, firstly, the data used and model implementation
are explained. Then, the calibration and verification of the WRF mdua$

correction, and finally the results are given.
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Figure6-1. Flow diagram of the method followed in obtaining fine resolution
climate data in Sakarya Basin

6.1 Data and Modellmplementation

This study uses four different future climate projection realizations from two general
circulation models (GCMs: CCSM4 and MIROCS5) based on two emission scenarios
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(RCP 4.5 and RCP 8.5). CCSM4 is the fourth version of the Community Climate
System Model (CCSM4)Gent et al., 2011)The model was developed by the
National Center for AtmospherResearch, United States. It has a spatial resolution

of 0.9° x 1.25° MIROCS is the latest version of the Model for Interdisciplinary
Research on Climate which was cooperatively produced by the Japanese research
community (Watanabe et al., 2010The model ha a spatial resolution of 1.4° x

1.4°. The two emission scenarios selected were RCP 4.5 and RCP 8.5. RCP 45is a
scenario that stabilizes radiative forcing at 4.5 Wimthe year 2100 without ever
exceeding that valu@homson et al., 2011Dn the other hand, the greenhouse gas
emissions and concentrations in the RCP 8.5 scenario increase consideeably ov
time, leading to a radiative forcing of 8.5 W/t the end of the century. RCP 8.5
corresponds to the pathway with the highest greenhouse gas emissions compared to
the total set of RCP®Riahi et al., 2011)

It is necessary to downscale the GCM results to findradpasolutions for a reliable
assessment of the regional impact of climate change on precipitation and
temperature. Dynamical downscaling is one of the techniques, and it requires the
usage of a regional climate model (RCM). In this study, the WeathssraReh and
Forecasting (WRF) model is used to dynamically downscale future climate
projection realizations. WRF model is a mesoscale numerical weather prediction
system designed for both atmospheric research and operational forecasting
applications. It isa fully compressible and nenydrostatic model. It was developed

by multiple agencies collaborative{$kamarock et al., 2008)

In this study, the future projection period ranges from 2020 to 2100. The future
climate projection realizations were downscaled tekidBresolution grids over
SakaryaBasin for a period of 30ears (2020 2030; 2055 2065; 2090 2100).

The realizations were downscaled asyt@egments due to the high computational

cost of the regional model and time constraints. The historical atmospheric data used

93



in this study is from September 2009 to eepber 2018 based on the availability of

the data at the meteorological stations located in the study basin. Observed daily total
precipitation and temperature data from 20 different meteorological stations within
the SakaryaBasin were obtained frorthe Turkish State Meteorological Service
(MGM). The locations of these stations are showkigure5-5. The coordinates

and measurement periods of these stations are listeabia6-1.

Table6-1. Details of the meteorological stations in the Sak&gsin used in this
study

Automatic
Station Measurement
Number  Station Name Latitude  Longitude Period

17753 BAYAT 38.9715 30.9179 20052018
17798 YUNAK 38.8205 31.7258 20092018
17680 BEYPAZARI 40.1608 31.9172 20052018
17662 GEYVE 40.5214 30.296 20052018
17644 KARASU 41.1113 30.6901 20062018
17155 KUTAHYA 39.4171 29.9891 20052018
17723 CIFTELER 39.3659 31.0209 20052018
17752 EMIRDAG 39.0098 31.1463 20052018
17832 ILGIN 38.2763 31.894 20092018
17728 POLATLI 39.5834 32.1624 20052018
17733 HAYMANATARIM 39.613 32.672 20052018
17128 ANKARA ESENBOGA 40.124 32.9992 20052018
17693 SEBEN 40.4088 31.573 20052018
17664 KIZILCAHAMAM 40.4729 32.6441 20052018
17130 ANKARABOLGE 39.9727 32.8637 20052018
17118 BURSA YENISEHIR 40.2552 29.5624 20092018
17069 SAKARYA 40.7676 30.3934 20052018
17126 ESKISEHIR BOLGE 39.7656 30.5502 20052018
17120 BILECIK 40.1414 29.9772 20052018
17679 NALLIHAN 40.1733 31.332 20052018

6.2 WRF Model Calibration and Validation

Before downscaling the future climate projections, the WRF model needs to be
calibrated. ERAInterim reanalysis data was used for the calibration of the model.
ERA-Interim is one of the best reanalyses of its generation and has been extensively
used for danscaling with WRF. It is a common practice to use HRi&rim driven

WRF simulations to evaluate the ability of WRF model to simulate observed fields

(Gorguner et al., 2019k or this purpose, reanalysis data for the years between 2009
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and 2018 was obtained. ERAterim data set with a silkour temporal resolution
was obtained from the Research Data Archieve (RDA) at NCHie spatih
resolution of the data set is approximately 80 km on 60 levels in the vertical from
the surface up to 0.1 hPa.

Before downscaling the ERAterim reanalysis for the whole historical period, the
WRF model was first calibrated for the year 2010 by compaitsresults to the
observed total monthly precipitation data. The observed data from 20 different
meteorological stations were used to calculate the basin's average total monthly
precipitation. For this purpose, the Thiessen polygon method was usedwdwo

way nested domains were set up for the WRF dynamical downscaling, as shown in
Figure6-2. The outer domain (D01) has 31 x 33 horizontal grid points atlab4
resolution, and the second domain (D02) has 28 x 25 horizontal grid points at an 18
km resolution with 25 vertical (Etdgvels. The outer domain, D01, comprises
southeast Europe, the Black Sea, the Aegean Sea and the eastern Mediterranean Sea.
The second domain, D02, comprises the whole Sakarya Basin. In order to find the
best combination of physics options, several differeombinations of the
parameterizations of the WRF model were tested. The model configuration of the
WRF model used in this study is shownTable6-2.

Table6-2. WRF model configuration

Cumulus parameterization Grell-3D Scheme (an improved version of the GD scheme
(Grell and Dévényi, 2002)

Cloud microphysis processes Kessler(Kessler, 1969)

Planetary boundary layer Yonsei UniversityHong et al., 2006)

scheme

Longwave radiation scheme  RRTM schemdMlawer et al., 1997)

Shortwave radiation scheme  Dudhia(Dudhia, 1989)

Land surface scheme Rapid Update Cycle (RUC) land surface ma@rhirnova et
al., 1997)
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Figure6-2. a) Nested domain configuration over the Sakarya Basin b) Grid points
used to calculate the basin averggecipitation and temperature values for each

subbasin
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After the WRF model was calibrated for the year 2(HiQure6-3), the model was
validated for the years from @0 through 2018 by comparing the total monthly
precipitation to the observed values. This comparison is done for the basin average
values. A statistical summary of the calibration and validation results are listed in
Table 6-3. For the assessment of model performance, the -Nastliffe model
efficiency (NSE), Percent Bias (PBIAS), and coefficient of determinatiénwBre
employed. A graphical comparison of the oleerand downscaled precipitation
data through the validation period is giverrigure6-4. As it can be seen frofrable

6-3, the NSE, PBIAS and Rvalues indicate satisfactory model simulations. The
calibrated and validated WRF model was then used to downscale the climate
projections of CCSM4 and MIROCS under R@P and RCP 8.5 scenarios to a
much finer spatial resolution of 18 km.
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Figure6-3. Calibration results for the WRF model for the year 2010
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Figure6-4. Validation results for the WRF model showing the time series of the
observed and simulated basin average monthly precipitation values

Table6-3. Summary statistics for the meldcalibration and validation

Model Calibration Model Validation

NSE 0.67 0.66
PBIAS -5.62 2.2
R? 0.72 0.71

6.3  Bias Correction
To correct biaseslelta change method was used. It is the simplest approach for bias

correction. In this approach, a time series of future climate is genergfddrasin,
2016)
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0y, oy 6 QWi o o 6.1

or equivalent for precipitation:

6.2

gle

where
W : a simulated presetwtay model (predictor) time series of length N

w : the corresponding observed (predictand) time series
Wy : corrected future simulations

Wy - raw future simulations

The GCMés (CCSM4 and MI ROCS5) precipitati
September 2009 to July 2018 were downscaled. This period was determined based

on the availability of obseed data in the monitoring stations. The observed and
downscaled basin average monthly precipitation and temperature values between
September 2009 and July 2018 were calculated. Then, the Equatiand6.2 were

used to correct biases in temperature and precipitation, respectively.

6.4 Results and Dscussion

In this study, climate change was analyzed in terms of the projected changes and

trends in the basin's average annual total precipitation depths and basin average
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temperatures over the seven study subbasins in SaRasja in the 2% centuy.

The future period was divided into three segments as near centuryi(2030),
mid-century (2055 2065), and far century (20902100), and the results were
investigated based on the four dynamically downscaleddoiascted future climate
projectons accordingly. The results were also evaluated for the entireetury

for 33 years (2020 2030; 2055 2065; 2090 2100). In addition to the individual
assessment of all climate projection realizations, the evaluation was also performed
based on the ensemble averages of two emission scenarios (RCP 4.5 and RCP 8.5)
and the ensemble average lmfth GCMs (CCMS4 and MIROCS5). Ensemble
averages are useful for the assessment of the general trends in the precipitation and
temperature, and to take the uncertainties resulting from GCMs and scenarios into
account(Ishida et al., 2018)

The least squares regression method and the {andall trend test were employed

to quantify the trends in the annual bagirerage precipitation anemperature. The
slopes and the standard errors of the trend lines were calculated through the least
squares regression method. The M&mmdall trend test is neparametric and it is

used to determine the significance of the trend for consistently inugeas

decreasing trends (Mann, 1945).

In this section, the projected changes and trends in basin average precipitation and

temperature in the 2century are given, respectively.

6.4.1 Projected changes and trends in annual total basin average

precipitation in the 22 century

Temporal variability of annual total basin average precipitation over the seven
subbasins for all four climate projection realizations, the ensemble averages of RCP

4.5 and RCP 8.5 scenarios, and the ensemble averages of all realigatfonen in

100



Figure 6-5. As it can be seen frorigure 6-5, no clear significat increasing or
decreasing trend is observed for annual total precipitations in theeRfury in all

subbasins. However, there are some peaks evident especially in tbermidy. The

sl opes and standard errors afnhuatbasn | east
average precipitation depths over the seven study subbasins -wétlnepof the
MannKendall trend test in parentheses are givehable6-4, Table6-5, Table6-6,

and Table 6-7 for the 2% century, near century, micentury, and far century,
respectively. In these tables, thevgdues are bolded if the trend is statistically

significant at the 95% confidence level.
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Figure6-5. Annual total basin average precipitation over the seven subbasins; Upper
Sakarya, Porsuk, Ankara, Kirmir, Middle Sakarya, Goksu, L&eiarya. All four
climate projection realizations, the ensemble averages of RCP 4.5 scenarios, the
ensemble averages of RCP 8.5 scenarios, and the ensemble averages of all
realizations
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Minimum and maximum values of annual total precipitation deptkiseimistorical

period as well as in the 2tentury and each segment of the future period over the

seven study subbasins with the mean value in parentheses are ghadief-4,

Table6-5, Table6-6, andTable6-7, respectively. Statistical information about the

historical period was provided for comparison purposes. In these tables, the mean

value shows the average annual total precipitation depth for the related time period.

In this way, the changes in the pretagion depths are analyzed by comparing the

historical means with the means of each future period segment.

Table6-4. Entire 2% century (2020 2030; 2055 2065; 20906 2100) (33 years):
Summary statigts of annual bastaverage precipitation depths

Upper Porsuk Ankara Kirmir Middle Goksu Lower
Sakarya Sakarya Sakarya
Historical
Period Min. - Max. 274.6-449.3 344.4-565.8 292.0-520.8 343.0-564.2 362.52-575.44 387.3-711.7 422.4-946.5
(2010i (Mean) (380.1) (479.21) (417.1) (458.3) (496.15) (531.2) (733.1)
2017)
Entire 215t century (20201 2030; 2055 2065; 2090- 2100) (33 years)
Slope + SE -0.81+0.44 -1.49 £ 0.61 -1.39 + 0.66 -1.56 £ 0.65 -1.17 £ 0.65 -0.95+0.71 -1.36 £ 1.19
CCSM4_ (p_value) (0.10) (0.09 (0.09 (0.03 (0.09) (0.41) (0.43)
RCP4.5 Min. - Max. 298.1-616.1 407.2-818.5 315.1-774.5 301.6- 800.8 372.3-827.3 364.0- 887.6 482.8-1415.8
(Mean) (413.3) (569.5) (492.7) (511.2) (540.3) (567.2) (868.0)
Slope + SE 1.27+1.80 1.43+1.84 0.36+1.85 0.48+1.83 0.75+1.22 0.37%1.15 1.49 +157
CCSM4_ (p_value) (0.43) (0.51) (0.79) (0.96) (0.91) 0.77) (0.57)
RCP8.5 Min. - Max. 140.1- 1846.9 168.0- 1644.2 97.3-1792.6 123.7-1667.8 232.2-1083.4 268.6-1008.5 380.6- 1332.0
(Mean) (486.1) (551.1) (438.6) (444.6) (485.7) (538.7) (768.0)
Slope + SE -1.05 + 0.60 -1.00 + 0.84 -1.38+1.09 -1.14+1.23 -0.91+0.83 -1.12+1.20 -0.68+1.21
MIROCS5_ (p_value) (0.20) (0.29) (0.10) (0.07) (0.20) (0.34) 0.77)
RCP4.5 Min. - Max. 21.8-583.4 21.3-719.6 16.5- 865.7 14.1-1106.4 20.4-752.8 32.3-941.9 101.4-1335.3
(Mean) (295.5) (403.1) (293.0) (329.6) (427.2) (502.6) (697.0)
Slope + SE -0.43+0.84 -1.52+1.23 0.30+1.28 -1.36+1.42 -1.22+1.04 -1.13+1.84 -0.54+1.66
MIROC5_ (p_value) (0.39) (0.30) (0.68) (0.38) (0.20) (0.33) (0.84)
RCP8.5 Min. - Max. 104.4-823.9 178.2-1259.3 91.1-1019.3 144.1-1135.6 267.0-1071.5 268.3- 1546.3 362.0- 1534.7
(Mean) (365.3) (549.0) (385.0) (443.3) (505.4) (638.0) (776.3)
Slope + SE -0.93£0.33 -1.24+0.46 -1.38+0.53 -1.35+0.61 -1.04 +0.41 -1.04 +0.69 -1.02 +0.75
Ensemble (p_value) (0.02 (0.00 (0.02 (0.0 (0.02 (0.10) 0.14)
RCP 4.5s Min. - Max. 256.1-470.3 346.2-675.4 270.0- 606.1 274.4-721.4 374.0-632.7 296.7-817.3 595.0- 1161.5
(Mean) (363.4) (499.4) (404.1) (432.0) (497.2) (551.0) (791.3)
Slope + SE 0.42+0.93 -0.04+0.98 0.03%1.01 -0.44+1.03 0.23+0.67 0.38+1.01 0.48+0.88
Ensemble (p_value) (0.38) (0.79) (0.99) (0.59) (0.41) (0.82) (0.55)
RCP 8.5s Min. - Max. 198.1- 1094.7 302.6- 1100.1 136.3-1014.9 188.7- 968.6 303.3-786.4 299.4- 953.2 443.4-1058.1
(Mean) (426.6) (551.4) (412.6) (444.8) (497.1) (588.6) (772.6)
Slope + SE -0.26 £0.47 -0.64 £ 0.50 -0.68 £ 0.56 -0.90 + 0.59 0.64+0.34 0.71+0.57 -0.27 +0.50
Ensemble (p_value) (0.36) (0.16) (0.08) (0.09 (0.07) (0.15) 0.72)
All Min. - Max. 274.3-715.9 357.6- 752.2 247.6-703.8 294.7-714.8 342.0-638.4 361.6- 800.7 548.9-957.2
(Mean) (398.1) (528.0) (410.7) (440.6) (498.8) (571.3) (782.5)
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Table6-5. Near century (2020 2030) (11years): Summary statistics of annual
basiraverage precipitation depths

Upper Porsuk Ankara Kirmir Middle Goksu Lower
Sakarya Sakarya Sakarya
Historical Period  Min. - Max. 274.6-449.3 344.4-565.8 292.0-520.8 343.0-564.2 362.52-575.44 387.3-711.7 422.4-946.5
(20101 2017) (Mean) (380.1) (479.21) (417.1) (458.3) (496.15) (531.2) (733.1)
Near century (2020 2030) (11 years)
Slope + SE 5.91+8.02 -0.96 + 11.35 1.01+13.95 2,60+ 12.22 540+ 12.88 451+ 14.79 9.20 £ 22.95
CCsSM4_ (p_value) (0.64) (0.76) (0.88) (0.88) (0.76) (0.44) (0.64)
RCP4.5 Min. - Max. 310.7-616.1 460.2-818.5 398.0-774.5 441.9-800.8 415.4-827.3 450.3- 887.6 648.0- 1415.8
(Mean) (434.8) (609.1) (542.1) (569.7) (568.7) (612.4) (916.3)
Slope + SE 4.19:9.65 12.40 +13.13 -1.05 + 16.45 -2.63+18.18 2.40+10.82 15.12+21.16 15.62 + 20.05
CCSM4_ (p_value) (0.88) (0.53) (0.76) (0.88) (1.00) (0.64) (0.44)
RCP8.5 Min. - Max. 236.1-557.8 287.0-710.4 149.8-676.5 187.0- 739.2 320.6- 610.0 268.6- 1008.5 430.7-1161.7
(Mean) (409.8) (489.2) (388.3) (395.0) (457.1) (535.5) (727.8)
Slope + SE -9.43 +10.46 -12.98 +10.44 20221583  -28.38+14.83 -14.16 +10.08 -3.56 + 15.39 -15.08  9.85
MIROCS5_ (p_value) (0.35) (0.21) (0.12) 0.0 (0.16) (0.88) (0.16)
RCP4.5 Min. - Max. 233.0-583.4 315.5-686.1 163.1- 809.7 207.1-826.3 370.5- 752.8 379.8-837.9 581.8- 969.9
(Mean) (348.6) (463.8) (353.2) (387.1) (488.3) (587.9) (722.5)
Slope + SE -1.42+8.96 1.96 + 10.40 -1044+1888  -16.82+22.88 -2.40£11.31 3.22:17.13 14.18+18.33
MIROCS5_ (p_value) (0.88) (0.88) (1.00) (0.88) (0.88) (1.00) (0.44)
RCP8.5 Min. - Max. 270.9-580.3 410.1-722.2 159.7-712.9 224.4-847.9 345.8- 690.6 343.6-847.6 456.1- 1046.5
(Mean) (373.8) (579.8) (404.8) (491.0) (533.6) (649.2) (768.8)
Slope + SE -1.76 £5.27 6.97+4.41 -14.11+9.06 -12.89 £ 8.09 -4.38%6.19 0.48+8.73 -2.9410.05
Ensemble (p_value) (0.64) (0.12) (0.28) (0.21) (0.64) (1.00) (0.76)
RCP 4.5s Min. - Max. 305.9-470.3 491.1- 629.9 339.0- 606.1 386.4- 636.0 438.4- 632.7 456.3-702.5 700.4-998.8
(Mean) (394.8) (540.2) (455.9) (484.1) (528.2) (594.2) (820.2)
Slope + SE 1.39+£6.57 7.18 £8.84 -5.75+12.76 -9.72+15.54 0.00 +8.03 9.17 +16.88 14.90 + 13.53
Ensemble (p_value) (0.76) (0.64) (0.76) (0.76) (1.00) (0.76) (0.28)
RCP 8.5s Min. - Max. 304.9-541.4 391.7- 683.4 261.1- 694.7 274.5-793.5 350.3-592.2 306.1-912.1 443.4- 965.6
(Mean) (392.0) (534.9) (396.9) (443.4) (495.8) (593.0) (749.7)
Slope + SE -0.19+4.73 0.11+4.99 -9.93+7.74 -11.30+8.68 -2.19+3.85 4.82+7.58 5.98 +6.36
Ensemble (p_value) (1.00) (0.76) 0.21) 0.12) (0.53) (0.64) (0.53)
All Min. - Max. 316.8- 466.7 467.6- 610.0 311.5-637.4 342.6-714.8 467.2-594.6 487.5-722.3 626.2- 881.7
(Mean) (393.9) (538.1) (426.0) (464.1) (513.5) (598.0) (787.0)
Table6-6. Mid-century (2055 2065) (11 years): Summary statistics of annual
basiraverage precipitation depths
Upper Porsuk Ankara Kirmir Middle Sakarya  Goksu Lower
Sakarya Sakarya
Historical Period Min. - Max. 274.6- 449.3 344.4- 565.8 292.0-520.8 343.0-564.2 362.5-575.4 387.3-711.7 422.4- 946.5
(20101 2017) (Mean) (380.1) (479.21) (417.1) (458.3) (496.2) (531.2) (733.1)
Mid-century (2055 2065) (11 years)
Slope  SE 253+6.47 2.39:9.42 5.97:8.98 6.01£10.43 8.75+10.72 -427+9.89 -12.38 £ 16.00
CCSM4_ (p_value) (0.64) (1.00) (0.28) (0.53) (0.44) (0.88) (0.64)
RCP4.5 Min. - Max. 329.8-522.7 464.3-718.1 315.1-592.4 301.6-634.8 396.8-718.6 433.5-707.8 568.8- 1044.7
(Mean) (417.6) (584.3) (481.7) (499.5) (561.2) (598.9) (852.0)
Slope + SE 4.98+47.98 14.38 £ 43.78 8.02 + 48.36 15.17 + 46.59 14.29+28.12 11.08+19.73 15.55 + 31.52
CCSM4_ (p_value) (0.64) (0.76) (0.64) (0.76) (0.88) (0.53) (0.64)
RCP8.5 Min. - Max. 140.1- 1846.9 168.0- 1644.1 97.3-1792.6 123.7-1667.8 232.2-1083.3 274.5-895.2 380.6- 1332.0
(Mean) (553.4) (574.8) (515.5) (512.1) (492.4) (529.7) (737.4)
Slope + SE 16.34 +9.99 18.71+15.31 19.25+13.23 22.66 + 12.46 8.83+13.75 -8.05 + 22.88 -13.46 + 27.89
MIROCS_ (p_value) (0.12) (0.28) (0.28) (0.21) (0.64) (1.00) 0.88)
RCP4.5 Min. - Max. 21.8-442.9 21.3-719.6 16.5-561.7 14.1-592.2 20.4- 652.6 32.3-941.9 101.4- 1335.3
(Mean) (265.0) (351.6) (247.9) (276.3) (373.1) (430.8) (689.2)
Slope+ SE  -11.97+19.20  -1455+2815  -24.49+2398  -28.00 % 26.14 -13.27 £ 21.66 -11.90 + 37.81 4.01+32.55
MIROCS_ (p_value) (0.64) (0.76) (0.53) (0.64) (0.44) (0.53) (0.88)
RCP8.5 Min. - Max. 104.4- 823.9 178.2- 1259.2 91.1-1019.3 144.1-1135.6 272.5-1071.4 278.5- 1546.3 505.3- 1534.7
(Mean) (373.5) (595.0) (354.7) (430.7) (533.2) (701.8) (841.9)
Slope + SE 6.91+5.56 8.16+7.19 6.64%6.88 8.32+7.55 0.04£6.22 6.16+13.21 -12.92 + 15.40
Ensemble (p_value) (0.21) (0.44) (0.21) (0.21) (1.00) (1.00) (1.00)
RCP 4.5s Min. - Max. 278.2- 467.6 397.7-675.3 285.8-540.3 329.0-596.3 417.1-620.9 420.0-817.3 656.9- 1161.5
(Mean) (369.1) (506.4) (392.1) (416.7) (507.4) (565.0) (803.5)
Slope+ SE  -3.49 £ 24.10 -0.08 + 23.23 -8.23+23.74 -6.42 £ 22.60 0.51 + 14.44 -0.41+1855 9.78 £ 16.03
Ensemble (p_value) (0.88) 0.76 (0.64) (0.88) (0.76) (1.00) 0.88
RCP 8.5s Min. - Max. 198.1-1094.7 302.6- 1100.1 136.3-1014.9 188.7- 968.6 303.3-786.4 373.3-953.2 525.8-1058.1
(Mean) (463.5) (584.9) (435.1) (471.4) (512.8) (615.8) (789.7)
Slope + SE 1.71+£11.71 4.04+10.38 -0.80 £12.42 0.95+11.61 0.28 £6.02 -3.29+9.12 -1.57 £6.87
Ensemble (p_value) (0.76) (0.44) (0.88) (1.00) (1.00) (1.00) (0.53)
All Min. - Max. 274.3-715.9 415.4-752.2 247.6-703.8 302.0- 663.5 457.7-638.4 453.2-752.1 679.8-883.7
(Mean) (419.7) (549.4) (416.4) (447.6) (511.6) (590.5) (797.6)
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Table6-7. Far century (209D 2100) (11 years Summary statistics of annual basin
average precipitation depths

Upper Porsuk Ankara Kirmir Middle Sakarya  Goksu Lower
Sakarya Sakarya
HistoricalPeriod _ Min. - Max. 274.6-449.3 344.4-565.8 292.0-520.8 343.0-564.2 362.5-575.4 387.3-711.7 422.4-946.5
(2010i 2017) (Mean) (380.1) (479.21) (417.1) (458.3) (496.2) (531.2) (733.1)
Far century (20901 2100) (11 years)
Slope + SE 471:6.96 2.81£9.70 -0.62£9.70 0.58 £ 9.81 1.68 £ 8.00 1.89 + 10.40 7.84%19.65
CCsSM4_ (p_value) (0.64) (1.00) (0.88) (1.00) (0.64) (0.76) (0.88)
RCP4.5 Min. - Max. 298.1- 489.2 407.1-681.9 337.4- 650.9 336.4- 687.4 372.3-625.7 364.0- 689.0 482.8-1165.1
(Mean) (385.0) (509.5) (450.5) (459.6) (486.0) (490.4) (832.4)
Slope+SE  -11.42+16.79 -46.88 * 22.50 -15.95 + 14.10 -21.92+14.62 -35.10 £14.25 -20.52 + 14.06 -49.09 +19.15
CCSM4_ (p_value) (0.53) (0.16) (0.28) (0.12) (0.09 (0.12) (0.06)
RCP8.5 Min. - Max. 215.3-739.6 299.4- 1256.4 198.1-681.8 205.9- 682.3 276.7-929.0 301.6-816.5 470.9-1264.7
(Mean) (495.3) (589.3) (412.1) (426.7) (507.6) (551.0) (838.8)
Slope + SE 2.76 £7.30 -1.39+14.22 -29.54 + 18.99 -38.15 + 24.65 -5.09 + 16.37 10.30 £ 21.12 9.92+17.24
MIROC5_ (p_value) (0.64) (1.00) (0.53) 0.64 (0.76) (1.00) 0.44
RCP4.5 Min. - Max. 142.6-372.7 168.3- 585.6 78.1- 865.7 102.0- 1106.4 225.9-734.1 213.8-867.4 410.3- 955.6
(Mean) (277.7) (399.3) (283.5) (330.5) (425.8) (496.9) (681.4)
Slope + SE -3.43+11.38 14.10 +17.81 -4.40 £19.42 1.25+20.21 11.56 + 16.87 34.43+30.78 35.22%26.74
MIROC5_ (p_value) (0.76) (0.53) (0.76) (0.76) (0.53) (0.28) (0.21)
RCP8.5 Min. - Max. 199.2-530.1 237.1-753.2 149.5- 694.1 177.3-7413 267.0-704.1 268.3- 1308.0 362.0- 1287.5
(Mean) (348.5) (472.3) (395.4) (408.0) (449.5) (563.1) (718.1)
Slope + SE 3.73+4.97 0.71:9.63 -15.08 £ 8.08 -18.79+11.32 -1.70£8.05 6.09+12.08 8.88 £ 10.72
Ensemble (p_value) (0.64) (0.53) (0.44) (0.35) (0.44) (1.00) (1.00)
RCP 4.5s Min. - Max. 256.1-417.0 346.2-622.1 270.0-601.5 274.4-721.4 374.0-615.5 296.7-768.1 595.0- 1022.6
(Mean) (326.3) (451.6) (364.5) (395.2) (456.2) (493.7) (750.1)
Slope + SE -7.43£8.72 -16.39 £ 12.26 -10.17 £10.41 -10.34 £10.97 -11.77 £9.49 6.96 +14.73 -6.94 +13.30
Ensemble (p_value) (0.35) (0.44) (0.35) (0.44) (0.16) (0.76) (0.76)
RCP 8.5s Min. - Max. 243.0-535.3 307.8-792.6 229.0-550.9 258.8-634.1 308.1-610.4 299.4-833.2 502.8- 954.4
(Mean) (424.4) (534.4) (405.8) (419.7) (482.6) (557.0) (778.4)
Slope + SE -1.85+4.34 -7.84+8.35 -12.62+5.42 -14.56 £ 6.97 -6.74 £ 6.47 6.52+10.98 0.97 £10.92
Ensemble (p_value) (0.35) (0.44) (0.06) (0.06) (0.35) (1.00) (1.00)
All Min. - Max. 305.1-431.7 357.6-642.0 301.9-520.5 294.7-588.8 342.0-581.8 361.6- 800.7 548.9-957.2
(Mean) (380.8) (496.5) (389.8) (410.0) (471.3) (525.4) (762.8)

In the Upper Sakarya subbasin, all climate projection realizations except for
CCSM4_RCP8.5 and thensemble of RCP 8.5 scenarios show decreasing trend in
the basiraverage precipitation in the 2¢entury. Among all of the projections, only

the trend in ensemble of RCP 4.5 scenarios is statistically significant. In the near
century, while all CCSM4 pjections and the ensemble of RCP 8.5 scenarios have
increasing trend, the rest of the projections have decreasing trend. However, none of
the trends is statistically significant. Similar to the trends in the near century, there
is no statistically signifiant trend in the migentury. Three of the projections, i.e.,
CCMS4_RCP4.5, MIROC5_RCP8.5 and the ensemble of RCP8.5 scenarios have a
decreasing trend while the rest has an increasing trend. Lastly, all RCP 8.5
projections and the ensemble of all projecsiondicate decreasing trend in the far
century. Again, the trends are away from monotonic trend according tevélag

of MannKendall trend test. When the statistics of the historical precipitation is
compared to the Zcentury, near, migand far entury, it can be seen that the mean

of the MIROCS5 projections and the mean of the ensemble of RCP 4.5 scenarios are
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lower compared to the historical period with the only exception of the ensemble of
RCP 4.5s in the near century. The lowest mean is pegjentthe MIROC5_ RCP

4.5 in all time periods.

In the Porsuk subbasin, the only projection with an increasing trend in the 21
century is the CCSM4_RCP8.5 but the trend is not monotonic. All of the ensembles,
all MIROCS projections, and the CCSM4_RCP4cgnario have a decreasing trend.
Furthermore, CCSM4_RCP4.5 and the ensemble of RCP4.5s denote statistically
significant decreasing trend. In all of the three segments of the future period,
although the trends are either decreasing or increasing depemdihg GCM and

the RCP involved, there is no significant trend in the time series. Fednie 6-4,
Table6-5, Table6-6 and Table6-7, it can be seen that the only projection with a
lower mean as compared to the histdripariod is MIROC5_RCP4.5 in all time
periods. In the far century, however, the ensemble of RCP 4.5 scenarios also projects
a lower mean. Among all projections, the lowest mean in the Porsuk subbasin is
projected by MIROC5_RCP4.5 in all time periods.

The MannKendall trend test detected significant downward trend in the
CCSM4_RCP4.5 and the ensemble average of RCP 4.5 scenarios in the Ankara
subbasin in the 2%icentury. All of the projections except for CCSM4_RCP4.5 show
decreasing trend in the near cagtitHowever, none of these trends are statistically
significant. Similarly, there is no significant upward or downward trend in the
climate projections both in the midnd far century. Although the trends are either
increasing or decreasing in the rudrtury, all of the projections indicate decreasing
trend in the far century.able6-4, Table6-5, Table6-6 andTable6-7 show that the
means of the CCSM4_RCP4.5, MIROC5_RCP4.5, MIROC5_RCP8.5, the ensemble
of RCP 4.5s, the ensemble of RCP 8.5s and the ensemble of all projections are lower
than the mean of the historical period both in th& @htury and the facentury. In

the near and midentury, the results are similar to thé'2&ntury and the far century
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with the only exception is that the ensemble of RCP 4.5 scenarios project higher
mean in comparison to the historical period. The basin average armutail t
precipitation projected to be in MIROC5_RCP4.5 scenario is the lowest among all
other projections in all time periods.

In the Kirmir subbasin, all of the climate projections except for CCSM4_RCP8.5
have a decreasing trend in the*2%&ntury. Moreove three of these downward
trends, i.e., CCSM4_RCP4.5, the ensemble of RCP 4.5s and the ensemble of all
projections, are statistically significant. The results in the near century are very
similar to the Ankara subbasin. The only difference is that thevdawd trend in the
MIROC5_RCPA4.5 scenario is close to the monotonic trend. In fact, this is the only
projection which has a statistically significant trend among all projections in all study
subbasins in the near century. The number of climate projectibtnsan upward

trend in the miecentury are higher compared to the ones with a downward trend.
However, none of them has statistically significantapues. Finally, in the far
century, only two of the projections have increasing trend while the rest has a
decreasing trend. Again, there is no monotonic trend. When the mean precipitation
values of the historical and the future period are compared, it is seen that all of the
projections except for CCSM4_RCP4.5 project a lower mean than the historical
period n the 2% century and the far century. In the near century, the mean values
are lower in the CCMS4_RCP8.5, MIROC5_RCP4.5, the ensemble of RCP 4.5
scenarios and the ensemble of all projections. In thecendury, the results are
similar to near century bahe only difference is that the MIROC5_RCP8.5 has also

a lower mean as compared to the historical period in thecemtlry.

In the Middle Sakarya subbasin, all of the projections except for CCMS4_RCP8.5
have a decreasing trend in the''2entury. Futhiermore, the ensemble average of
RCP 4.5 scenarios show a statistically significant downward trend. In the near and

mid-century there is no statistically significant upward or downward trend. There are
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four downward trends in the near century while themniy two in the mietentury.

In the far century, on the other hand, CCSM4 RCP.8.5 projection denotes a
downward trend with a statistically significantvplue. There is not statistically
significant evidence that a trend is present in the other climnajections in the far
century. In the 2t century and migentury, CCSM4 _RCP85 and
MIROC5_RCP4.5 projections have lower means as compared to the historical
period. In the near century, the ensemble of RCP 8.5 scenarios is also projected to
have a lower man in addition the CCSM4 RCP8.5 and MIROC5 RCP4.5
projections. Lastly, in the far century, all of the climate projections except for
CCSM4_RCP8.5 have lower means than the historical period. The lowest mean
among all other projections is projected by MIB® RCP4.5 in the 24century,

mid- and far century. In the near century, CCSM4_RCP8.5 has the lowest mean as

compared to other projections.

In the Goksu subbasin, none of the climate projections has a significant trend in the
21% century or any segments of the future period. The most remarkable result is that
all projections except MIROC5_RCP4.5 are in an increasing trend in the near and
far century. Goksu is the only subbasin where almost all of the climate projections
indicate a increasing trend in the near and far century but none of them statistically
significant. However, in the midentury, basiraverage annual total precipitation
depths tend to decrease. In thé' 2&ntury, the only projection which has a lower
mean thanhe historical period is MIROC5_RCP4.5. All of the climate projections

in the near century project higher means in comparison to the historical mean. In the
mid-century, CCSM4_RCP8.5 and MIROC5_RCP4.5 have lower means as
compared to the historical periodh the far century, on the other hand, the means

of all projections involving the RCP 4.5 scenario and the ensemble of all scenarios

are lower than the historical period.
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Similar to the Goksu subbasin, the Lower Sakarya subbasin does not have any
statistically significant gvalue in any future period. Only two out of seven
projections are on an upward trend in th& 2dntury. In the near and far century,
however, the number of projections with an increasing trend are higher compared to
the ones vth a decreasing trend. Unlike near and far century, most of the projections
have downward trend in the magntury. In the 2% century and migentury,
MIROC5_RCPA4.5 is the only projection which has a lower mean compared to the
historical mean. In the ae century, two of the projections, i.e., CCSM4_RCP8.5
and MIROC5_RCPA4.5, project lower means than the historical period. Finally, in the
far century, all MIROCS5 projections indicate lower means than the mean of the
historical precipitation. Moreover, MIRC6_RCP4.5 always projects the lowest
mean as compared to the other projections in the Lower Sakarya subbasin.

The results show that all the climate projections with a statistically meaningful p
value point out a downward trend in the basuerage annudbtal precipitation
depths overall study subbasins in thé' 2&ntury. There is no projection with an
upward trend and with a significantvalue. Thus, the precipitation depths tend to
decrease in all subbasins in the'2&ntury. Except for Goksu andwer Sakarya
subbasins, there are at least one or more projections with statistically significant
decreasing trends in all other sbasins. In addition, Goksu and Lower Sakarya have
different trends compared to other shdisins in all segments of the freuperiod.
CCSM4_RCP8.5 projection, two MIROCS projections, and the ensemble averages
of the RCP 8.5 scenarios do not have a significant decreasing or increasing trend
based on the results of the Makandall trend test in all subbasins. Thegues of
CCSM4_RCP4.5 projection in Porsuk, Ankara and Kirmir subbasins indicate a
significant decreasing trend. Similarly, the ensemble averages of RCP 4.5 scenarios
point out significant decreasing trend in the basierage annual total precipitation
depths of Uppr Sakarya, Porsuk, Ankara, Kirmir and Middle Sakarya subbasins.

Lastly, the pvalues of the ensemble average of climate projection realizations show

109



a significant decreasing trend only in Kirmir subbasin. The M&andall trend test
results show neithemcreasing nor decreasing trend in all projections in two

subbasins namely Goksu and Lower Sakarya.

In the near century, only one subbasin, i.e., Kirmir, has a projection with a
statistically significant decreasing trend which is MIROC5_RCP4.5. In all sub
basins except for Porsuk, Goksu and Lower Sakarya, the number of projections with
a decreasing trend is higher than the number of projections with an increasing trend.
In the midcentury, there are no projections with a statistically meaningéallye.

Except for Goksu and Lower Sakarya, the number of projections with an increasing
trend is higher than the number of projections with a decreasing trend in all
subbasins. Lastly, in the far century, there is only one projection, i.e., CCSM4
RCP8.5, with a statically significant decreasing trend, and this trend is projected

in the Middle Sakarya subbasin.

6.4.2 Projected changes and trends in basin average temperature in the

215t century

Temporal variability of bashaverage temperatures based on the annual average
temperature time series over the seven subbasins for all four climate projection
realizations, the ensemble averages of RCP 4.5 and RCP 8.5 scenarios, and the
ensemble averages of all realizations is showRigure 6-6. The most obvious
conclusion drawn from this figure is that temperatures are on an increasing trend in
all subbasins throughout thes2dentury. The slopes and standard errors of the least
squares ragssion line of bastaverage temperature over the seven study subbasins
with p-value of the ManfKendall trend test in parentheses are givemahle6-8,
Table6-9, Table6-10andTable6-11 for the 28 century, near century, micentury,

and far century, respectively. The boldedgbues in these tables mean that the trend

is statistically significant at the 95% confidence level.
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Figure6-6. Basin average temperature over the seven subbasins; Upper Sakarya,
averages of RCP 8.5 scenarios, and the ensemble averages of all realizations
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Minimum and maximum values of basaverage temperature in the historical period

as wellas in the 2% century and each segment of the future period over the seven
study subbasins with the mean value in parentheses are giVeablm6-8, Table

6-9, Table6-10, andTable6-11, respectively. The statistical information about the
historical period was provided for comparison purposes. In these tables, the mean
value shows the average of the bastiale temperatures for the reldttime period.

In this way, the changes in the bastale temperatures are analyzed by comparing
the historical means with the means of each future period segment.

Table6-8. Entire 2% century (2020 2030; 2055 2065; 20906 2100) (33 years):
Summary statistics of the basawerage temperatures based on the annual average
temperature time series

Upper
Sakarya Porsuk Ankara Kirmir Middle Sakarya  Goksu Lower Sakarya
Historical Period Min. - Max. 10.5-13.9 10.5-13.3 11.1-13.7 12.4-15.0 11.9-14.1 11.9-14.6 14.6-16.7
(20107 2017) (Mean) (12.2) (11.8) (12.4) (13.6) (13.1) (13.5) (15.9)
Entire 215t century (2020 2030; 2055 2065; 2090- 2100) (33 years)
Slope + SE 0.02 +0.00 0.02 +0.00 0.02 +0.00 0.02 + 0.00 0.02 + 0.00 0.02 £ 0.00 0.02 £ 0.00
CCsSM4_ (p_value) (0.00 (0.00 (0.00 (0.00 (0.00 (0.00 (0.00
RCP4.5 Min. - Max. 12.0-14.2 11.4-13.7 1.1-14.4 13.1-15.6 12.6-14.9 12.8-15.2 15.1-17.7
(Mean) (13.1) (12.6) (12.9) (14.5) (13.9) (14.2) (16.5)
Slope + SE 0.05 +0.01 0.05 +0.01 0.05 +0.01 0.05 +0.00 0.05 +0.01 0.06 +0.01 0.05+0.01
CCSM4_ (p_value) (0.00 (0.00 (0.00 (0.00 (0.00 (0.00 (0.00
RCP8.5 Min. - Max. 11.4-18.0 11.0-17.2 11.4-18.2 12.9-19.2 12.2-18.5 12.7-20.4 14.7-21.3
(Mean) (14.1) (13.7) (14.2) (15.5) (14.9) (16.1) (17.5)
Slope + SE 0.01+0.01 0.01+0.01 0.01+0.01 0.01+0.01 0.01+0.01 0.01+0.01 0.01+0.01
MIROCS5_ (p_value) (0.11) (0.09 (0.13) (0.07) (0.07) (0.03 (0.19)
RCP4.5 Min. - Max. 10.9-15.9 10.7-15.4 11.5-15.5 12.9-16.6 12.0-16.7 12.4-17.2 14.7-20.1
(Mean) (13.4) (13.0) (13.6) (14.8) (14.3) (14.7) (17.0)
Slope + SE 0.05 +0.01 0.06 +0.01 0.05 +0.01 0.05 +0.01 0.05 +0.01 0.05+0.01 0.05 +0.01
MIROCS5_ (p_value) (0.00 (0.00 (0.00 (0.00 (0.00 (0.00 (0.00
RCP8.5 Min. - Max. 11.3-18.1 10.6-17.5 11.7-18.3 4.8-18.9 12.3-18.9 12.6-19.4 14.9-22.3
(Mean) (15.1) (14.6) (15.3) (15.6) (16.0) (16.4) (18.7)
Slope + SE 0.02 +0.00 0.02 +0.00 0.02 +0.00 0.01 +0.00 0.02 +0.00 0.02+0.0 0.01 +0.00
Ensemble (p_value) (0.00 (0.00 (0.00 (0.00 (0.00 0(0.00 (0.00
RCP 4.5s Min. - Max. 11.9-15.4 11.3-17.4 8.3-14.8 13.2-16.5 12.7-15.9 13.0-16.2 10.2-18.9
(Mean) (13.2) (14.1) (13.2) (14.6) (14.1) (14.5) (16.5)
Slope + SE 0.05 +0.00 0.05 +0.00 0.05 +0.00 0.05 +0.00 0.05 +0.00 0.06 + 0.00 0.05 +0.01
Ensemble (p_value) (0.00 (0.00 (0.00 (0.00 (0.00 (0.00 (0.00
RCP 8.5s Min. - Max. 11.8-18.0 11.5-14.7 12.1-18.2 9.4-18.9 12.8-18.7 13.2-19.9 15.3-21.8
(Mean) (14.6) (12.8) (14.7) (15.5) (15.4) (16.2) (18.0)
Slope + SE 0.03 +0.00 0.03 +0.00 0.03 +0.00 0.03 + 0.00 0.03 +0.00 0.04 +13.02 0.03 +0.00
Ensemble (p_value) (0.00 (0.00 (0.00 (0.00 (0.00 (0.00 (0.00
All Min. - Max. 12.2-15.9 11.8-15.4 12.2-15.8 10.7-17.0 13.1-16.8 13.4-17.8 15.8-19.7
(Mean) (13.9) (13.5) (14.0) (15.1) (14.7) (15.4) (17.4)
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Table6-9. Near century (2020 2030) (11 years): Summary statistics of the basin
average temperatures based on the annual average temperature time series

Upper Porsuk Ankara Kirmir Middle Goksu Lower
Sakarya Sakarya Sakarya
Historical Period  Min. - Max. 10.5-13.9 10.5-13.3 11.1-137 12.4-15.0 11.9-14.1 11.9-14.6 14.6-16.7
(20107 2017) (Mean) (12.2) (11.8) (12.4) (13.6) (13.1) (13.5) (15.9)
Near century (2020 2030) (11 years)
Slope + SE 0.06 + 0.04 0.08 + 0.04 0.06 + 0.05 0.08 + 0.05 0.08 + 0.05 0.08 + 0.05 0.08 + 0.05
CCSM4_ (p_value) (0.09) (0.03 (0.12) (0.09) (0.06) (0.09) (0.12)
RCP4.5 Min. - Max. 12.0-13.2 11.4-12.8 12.1-13.5 13.1-14.6 12.6-14.1 12.8-14.5 15.1-16.8
(Mean) (12.4) (12.0) (12.7) (13.8) (13.3) (13.6) (15.9)
Slope + SE 0.04 +0.06 0.05 +0.05 0.07 +0.06 0.08 + 0.05 0.05 + 0.06 0.03+0.05 -0.01+0.08
CCSM4_ (p_value) (0.53) (0.53) (0.28) (0.28) (0.64) (0.88) (1.00)
RCPS8.5 Min. - Max. 11.4-13.4 11.0-12.8 11.4-13.6 12.9-14.8 12.2-14.1 12.7-14.4 14.7-17.7
(Mean) (12.5) (12.1) (12.6) (14.0) (13.3) (13.7) (15.9)
Slope + SE -0.01+0.05 0.00 +0.05 -0.02+0.07 0.01+0.05 0.00 +0.06 0.01+0.06 -0.04£0.05
MIROCS5_ (p_value) (0.88) (0.76) (0.76) (1.00) (0.88) (0.76) (0.53)
RCP4.5 Min. - Max. 12.3-13.8 12.0-13.6 12.5-14.0 13.7-15.2 13.2-14.9 13.8-15.4 16.1-17.8
(Mean) (13.0) (12.7) (13.3) (14.5) (13.9) (14.3) (16.7)
Slope + SE -0.06 +0.12 -0.06 +0.14 -0.07+0.12 -0.04+0.10 0.07+0.12 -0.05+0.11 -0.09+0.13
MIROCS_ (p_value) (0.53) (0.64) (0.44) (0.44) (0.53) (0.64) (0.44)
RCPS8.5 Min. - Max. 11.3-15.6 10.6-15.0 11.7-15.8 4.8-15.7 12.3-16.4 12.6-16.3 14.9-19.1
(Mean) (13.5) (12.8) (13.7) (13.4) (14.4) (14.8) (17.2)
Slope + SE 0.03 +0.03 0.04 +0.03 0.02 +0.04 0.04 +0.03 0.04 +0.03 0.04+0.03 0.02+0.02
Ensemble (p_value) (0.44) (0.16) (0.64) (0.53) (0.35) (0.21) (0.53)
RCP 4.5s Min. - Max. 12.1-13.0 11.3-13.6 11.9-13.3 13.2-14.6 12.7-13.9 13.0-14.3 16.0-16.7
(Mean) (12.7) (12.4) (12.8) (14.1) (13.5) (13.9) (16.3)
Slope + SE -0.01 +£0.07 -0.01 +£0.08 0.00 +£0.07 0.02+0.06 -0.01 +£0.07 -0.01 +0.06 -0.05+0.08
Ensemble (p_value) (0.88) (0.88) (0.76) (1.00) (0.64) (0.76) (0.44)
RCP 8.5 Min. - Max. 11.8-14.2 11.5-12.6 12.1-14.4 9.4-15.3 12.8-14.9 13.2-15.0 15.3-17.7
(Mean) (12.9) (12.3) (13.1) (13.7) (13.8) (14.1) (16.4)
Slope + SE 0.01+0.05 0.02 +0.04 0.01+0.05 0.03 +0.04 0.01+0.04 0.02+0.44 -0.02+0.04
Ensemble (p_value) (1.00) (1.00) (0.88) (0.64) (1.00) (0.64) (0.44)
All Min. - Max. 12.2-13.6 11.8-13.1 12.2-13.8 10.7-14.9 13.1-14.4 13.4-14.6 15.8-17.1
(Mean) (12.8) (12.3) (13.0) (13.8) (13.6) (14.0) (16.4)

Table6-10. Mid-century (2055 2065) (11 years)Summary statistics of the basin
average temperatures based on the annual average temperature time series

Upper Porsuk Ankara Kirmir Middle Goksu Lower
Sakarya Sakarya Sakarya
Historical Period  Min. - Max. 10.5-13.9 10.5-13.3 11.1-137 12.4-15.0 11.9-14.1 11.9-14.6 14.6-16.7
(20107 2017) (Mean) (12.2) (11.8) (12.4) (13.6) (13.1) (13.5) (15.9)
Mid-century (2055 2065) (11 years)
Slope + SE 0.05 +0.05 0.05 +0.04 0.04 +0.05 0.05 +0.05 0.04 +£0.04 0.04 +£0.04 0.04 +0.05
CCsSM4_ (p_value) (0.44) (0.53) (0.88) (0.64) (0.64) (0.64) (0.44)
RCP4.5 Min. - Max. 12.5-14.0 11.8-13.1 12.7-14.2 13.9-15.4 13.4-14.7 13.8-14.9 16.0-17.3
(Mean) (13.2) (12.3) (13.4) (14.6) (14.1) (14.4) (16.7)
Slope + SE 0.20+0.11 0.17 £0.09 0.20+£0.09 0.19+0.07 0.19+0.09 0.19+0.11 0.19+0.12
CCsSM4_ (p_value) (0.35) (0.16) (0.06) (0.06) (0.04 (0.09) (0.12)
RCP8.5 Min. - Max. 11.5-16.1 11.3-15.4 11.9-16.1 13.4-16.9 12.6-16.8 14.2-19.0 15.3-20.1
(Mean) (14.1) (13.6) (14.2) (15.5) (14.8) (16.5) (17.4)
Slope + SE 0.19+0.09 0.18 +0.08 0.17 £0.08 0.16 +0.08 0.18 +0.08 0.17 £0.09 0.19 +0.08
MIROCS_ (p_value) (0.28) (0.16) 0.21) 0.12) (0.16) (0.16) (0.16)
RCP4.5 Min. - Max. 10.9- 15.0 10.7-14.4 11.5-15.3 12.9-16.6 12.0-15.6 12.4-16.1 14.7-18.4
(Mean) (13.3) (12.9) (13.5) (14.8) (14.2) (14.7) (16.9)
Slope + SE -0.19+0.10 -0.14 +0.09 -0.19+0.10 -0.17£0.09 -0.15+0.09 -0.12+0.08 -0.14 £ 0.08
MIROC5_ (p_value) (0.16) (0.28) (0.09) (0.12) (0.16) (0.28) (0.09)
RCP8.5 Min. - Max. 13.1-16.5 12.8-15.9 13.2-16.6 13.9-17.0 14.1-17.2 14.3-17.4 16.6-19.9
(Mean) (14.7) (14.2) (14.8) (15.4) (15.5) (15.9) (18.2)
Slope + SE 0.12+0.05 0.11+0.05 0.10 +0.05 0.10 +0.05 0.11+0.05 0.11+0.05 0.11+0.05
Ensemble (p_value) (0.09) (0.09) (0.12) (0.09) (0.06) (0.06) (0.12)
RCP 4.5s Min. - Max. 11.9-14.0 12.8-155 12.3-14.2 13.6-15.5 13.0-14.9 13.2-15.3 15.5-17.5
(Mean) (13.2) (13.9) (13.4) (14.7) (14.1) (14.5) (16.8)
Slope + SE 0.00 +0.09 0.02 +0.08 0.01+0.08 0.01+0.07 0.02 +0.08 0.04 +0.08 0.02 +0.08
Ensemble (p_value) (0.88) (1.00) (1.00) (0.88) (0.88) (1.00) (1.00)
RCP 8.5 Min. - Max. 13.1-16.2 11.7-13.7 13.5-16.0 14.6-16.7 14.1-16.7 15.2-17.9 16.8-19.7
(Mean) (14.4) (12.8) (14.5) (15.4) (15.2) (16.2) (17.8)
Slope + SE 0.06 + 0.06 0.06 +0.05 0.05 +0.05 0.06 + 0.04 0.06 +0.05 0.07 + 1.45 0.07 +0.05
Ensemble (p_value) (0.64) (0.64) (0.53) (0.35) (0.28) (0.16) (0.35)
All Min. - Max. 12.5-15.1 12.2-14.5 12.9-15.1 14.1-15.9 13.6-15.7 14.2-16.6 16.1-18.6
(Mean) (13.8) (13.4) (14.0) (15.1) (14.7) (15.4) (17.4)
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Table6-11. Far century (2090 2100) (11 years): Summary statistics of Iiasin
average temperatures based on the annual average temperature time series

Upper Middle Lower
Sakarya Porsuk Ankara Kirmir Sakarya Goksu Sakarya
Historical Period Min. - Max. 10.5-13.9 10.5-13.3 11.1-13.7 12.4-15.0 11.9-14.1 11.9-14.6 14.6-16.7
(20107 2017) (Mean) (12.2) (11.8) (12.4) (13.6) (13.1) (13.5) (15.9)
Far century (20901 2100) (11 years)
Slope + SE -0.03 £ 0.06 -0.03+0.06 -0.02£0.07 -0.01%0.06 -0.02%0.06 -0.02+0.06 -0.02£0.07
CCSM4_ (p_value) (0.88) (0.88) (0.76) (1.00) (0.76) (0.53) (0.88)
RCP4.5 Min. - Max. 13.0-14.2 12.4-13.7 1.1-14.4 14.1-15.6 13.6-14.9 13.9-15.2 16.3-17.7
(Mean) (13.7) (13.2) (12.7) (15.0) (14.5) (14.8) (17.1)
Slope + SE 0.08+0.11 0.11+0.10 0.09+0.11 0.12+0.10 0.09 +0.10 0.05+0.11 0.05 +0.10
CCSM4_ (p_value) (0.53) (0.09) (0.35) (0.35) (0.21) (0.35) (0.06)
RCP8.5 Min. - Max. 13.7-18.0 13.4-17.2 14.1-18.2 15.1-19.2 14.6-18.5 16.2-20.4 17.3-21.3
(Mean) (15.9) (15.3) (15.8) (17.0) (16.5) (18.2) (19.1)
Slope + SE -0.19+0.10 -0.16 £ 0.09 -0.17 £0.09 -0.15+0.08 -0.17 £0.09 -0.15+0.09 -0.20£0.11
MIROC5_ (p_value) (0.21) (0.16) (0.21) (0.35) (0.12) (0.21) (0.44)
RCP4.5 Min. - Max. 12.3-15.9 12.0-15.4 12.4-155 13.7-16.5 13.2-16.7 13.7-17.2 15.5-20.1
(Mean) (13.7) (13.4) (13.8) (15.1) (14.6) (15.1) (17.3)
Slope + SE 0.09 +0.09 0.09 +0.08 0.09 +0.09 0.08 +0.08 0.09 +0.08 0.10+0.07 0.10 +0.09
MIROC5_ (p_value) (0.76) (0.44) (0.64) (0.53) (0.44) (0.21) (0.22)
RCPS8.5 Min. - Max. 15.1-18.1 15.1-17.5 15.6-18.3 16.5-18.9 16.5-18.9 16.9-19.4 18.9-22.3
(Mean) (17.0) (16.6) (17.2) (18.0) (17.9) (18.3) (20.6)
Slope + SE -0.11£0.07 -0.09£0.07 -0.10£0.07 -0.08 % 0.06 -0.10£0.07 -0.09+0.07 -0.11+0.08
Ensemble (p_value) (0.64) (0.44) (0.53) (0.76) (0.76) (0.64) (1.00)
RCP 4.5s Min. - Max. 12.7-15.4 14.9-17.4 8.3-14.8 14.2-16.5 13.6-15.9 14.1-16.2 10.2-18.9
(Mean) (13.7) (16.0) (13.3) (15.1) (14.6) (15.0) (16.5)
Slope + SE 0.09 +£0.07 0.10 £ 0.07 0.09 +£0.07 0.10 £ 0.07 0.09 +£0.07 0.08 +0.07 0.07 £0.08
Ensemble (p_value) (0.28) (0.16) (0.21) (0.12) (0.16) (0.44) (0.76)
RCP 8.5s Min. - Max. 15.5-18.0 12.4-14.7 15.4-18.2 16.4-18.9 16.2-18.7 17.4-19.9 18.8-21.8
(Mean) (16.4) (13.4) (16.5) (17.5) (17.2) (18.3) (19.9)
Slope + SE -0.01+0.04 0.00 +£0.04 0.00 +£0.04 0.01 +£0.04 0.00 +0.04 -0.01 +-0.26 -0.02 +£0.05
Ensemble (p_value) (1.00) (0.88) (0.76) (0.76) (1.00) (1.00) (1.00)
All Min. - Max. 14.2-15.9 13.8-15.4 12.2-15.8 15.6-17.0 15.0-16.8 15.7-17.8 17.5-19.7
(Mean) (15.1) (14.7) (14.9) (16.3) (15.9) (16.7) (18.6)

In the Upper Sakarya subbasin, all climate projection realizations show an increasing
trend in the 2% century. Moreover, except for MIROC5_RCP4.5 all of these trends
are statistically significant. When each-ydar future period segment is analyzed
individually, however, none of the trends have statistically meaningfalyes. It

is also seen that theage climate projections with a decreasing trend. For instance,
MIROCS and the ensemble average of RCP 8.5 scenarios project a decreasing trend
in the near century. In the maentury, MIROC5_RCPA4.5 is the only climate
projection with a decreasing trendadtly, in the far century, MIROC5_RCP4.5, the
ensemble of RCP 4.5 scenarios, and the ensemble of all GCMs have a decreasing
trend. When the mean of the historical temperatures is compared to the mean of the
future climate projections, it is seen that alluire projections have higher means.

The increase in the projected annual average temperatures range betwegh 0.25
and 4.7#C. The largest increase is projected by MIROC5_RCP8.5 in the far century
while the lowest belongs to the CCSM4_RCP4.5 projection in the near century.
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In the Porsuk subbasin, all climate projections point to rising temperatures irf'the 21
century. In addion, all these trends are statistically significant. In the near century,
the only statistically significant increasing trend belongs to CCSM4_RCPA4.5.
Moreover, MIROC5_RCP8.5 and the ensemble average of RCP 8.5 scenarios show
a decreasing trend. In thedvgentury, there is no statistically meaningful trend. One

of the climate projections which is MIROC5_RCP8.5 point to a decreasing trend.
Similar to midcentury, none of the projections has a statistically importaaiye

in the far century. Three of the projections namely CCSM4 _RCP4.5,
MIROC5_RCP4.5 and the ensemble of RCP 4.5 scenarios have a decreasing trend.
The average of the basstale temperatures for the historical time period is always
smaller than the future projections. The increase indimpératures range between
0.24C and 4.88C. The lowest and the largest increase in the temperature is
projected by CCSM4_RCP4.5 in the near century and MIROC5_RCP8.5 in the far

century, respectively.

In the Ankara subbasin, the temperatures are projeot@tcrease in all climate
projections in the Zlcentury. Except for MIROC5_RCP4.5, all climate projections
have a significant{alue. In the other future period segments, however, none of the
trends are statistically significant. In the near centliyWlIROCS5 projections show

a decreasing trend while all other projections have an increasing trend. In the mid
century, the only projection with a decreasing trend is MIROC5_RCP8.5. Lastly, in
the far century, MIROC5_RCP4.5 and the ensemble of RCP 4narsee have a
decreasing trend. The mean values of the all projections are always above the mean
of the historical period. The range of the increase is betweea&t 4.78C
which are projected by CCSM4_RCP8.5 in the near century and by
MIROCS5_RCP8.5n the far century, respectively.

In the Kirmir subbasin, the temperatures show an increasing trend throughout the
21% century. All of the climate projections except MIROC5_RCP4.5 have a trend
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line with a statistically significant-galue. In the near, mh, and far century, none

of the projections has a statistically meaningful trend. In the near andemidry,

one of the projections, i.e., MIROC5_RCP8.5, have a decreasing trend. In the far
century, CCSM4_RCP4.5, MIROC5 RCP4.5, and the ensemble of REP 4
scenarios show a decreasing trend. The change in the average annual temperatures
compared to the historical period ranges betw€eRGC and 4.38C. The only
decrease in the mean values is projected by MIROC5_RCP8.5 in the near century.
The largest inease, on the other hand, also belongs MIROC5_RCP8.5 but it is

projected in the far century.

In the Middle Sakarya subbasin, all of the climate projections point to increasing
temperatures in the 2tentury. Furthermore, all of them except MIROC5_ RCP4.5
have a statistically significant upward trend. In the near century, MIROC5_RCP8.5
and the ensemble average of RCP 8.5 scenarios have downward trends. However,
none of the trends are statistically important in this period. In theceritury, there

is only one projection with a significantyalue which is CCSM4_RCP8.5. All of

the projections except MIROC5_RCP8.5 have an upward trend. Finally, similar to
mid-century, there is no statistically significant trend in the far century. Three of the
projections, ie., CCSM4_RCP4.5, MIROC5_RCP4.5 and the ensemble of RCP 4.5
scenarios, have a downward trend. The mean values of the climate projections are
always higher than the mean of the historical temperatures. The change in the mean
values range between 042 and 4.89C. The lowest change belongs to
CCSM4_RCP4.5 in the near century while the highest is in MIROC5_RCP8.5 in the
far century.

In the Goksu subbasin, all climate projections show an upward trend in temperature
with statistically significant yvalues inthe 2 century. Other 1-year future period
segments, however, do not have a statistically meaningful upward or downward
trend. In the near century, MIROC5_RCP8.5 and the ensemble average of RCP 8.5
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scenarios show a decreasing trend. In thecaittury,the only projection having a
downward trend is MIROC5_RCP8.5. In the far century, the number of projections
with a downward trend is higher as compared to the ones with an upward trend.
Although there are projections with a downward trend, the mean veluesse
projections are always higher than the mean of the historical precipitation. The
change ranges between @0%nd 4.86C. The smallest and the largest increases
belong to CCSM4_RCP4.5 in the near century and MIROC5_RCP8.5 in the far

century, respeively.

In the Lower Sakarya subbasin, the basmerage temperature has an increasing
trend in the 2% century. All of the trends except MIROC5_RCP4.5 are statistically
significant. In the near, midand far century, there is no statistically sigmifit

trend. In the near century, almost all of the projections except CCSM4_RCP4.5 and
the ensemble average of RCP 4.5 scenarios have a decreasing trend. In-the mid
century, however, MIROC5_RCP8.5 is the only projection with a downward trend.
In the far cetury, CCSM4_RCP8.5, MIROC5_ RCP8.5 and the ensemble of RCP
8.5 scenarios have an increasing trend. Even though, there are number of projections
with a downward trend, the mean values of the projections in any segment of the
future period are higher as comgd to the historical period. The range of variation

in basinaverage temperatures is between €004nd 4.78C. As in almost all
subbasins, the lowest change increase in the temperature is projected to be in
CCSM4_RCP4.5 in the near century while the bighs in MIROC5_RCP8.5 in the

far century.

The results show that the temperatures are increasing in all subbasins with significant
p-values in most of the time in the2&entury. In the near, midand far century,
although the trends are either dowmnevar upward depending on the GCM and the
RCP involved, the average of the basaale temperatures for all time periods are
always higher than the mean of the temperatures in the historical period. The only
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exception to that is Kirmir subbasin where theam of the MIROC5_RCP8.5
projection in the near century is lower compared to the historical mean. Moreover, it

is understood that the estimated increases in temperatures in RCP 8.5 scenarios are
higher than in RCP 4.5 scenarios. This is most probablyadihe ffact that RCP 8.5

is a scenario of comparatively high greenhouse gas emissions while RCP 4.5 is an
intermediate stabilization emission scenario. In addition, the lowest and highest
increases in the temperatures in all subbasins are always projegted b
CCSM4_RCP4.5 and MIROC5_RCP8.5, respectively.

6.4.3 Wind and Relative Humidity Data

Wind Speed (m/s)

Like precipitation and temperature, future period wind data were also obtained from
the WRF model outputs. For this purpose, the WRF model outputgri/sp i.e.,

wind speed in the x direction at 10 m above the surfaue, V10 (m/s)i.e., wind
speed in the y direction at 10 m above the surfaeee used. To obtain the wind
speed the Pythagorean Theorem was used (Equ&Bpn

W Qe QG'H i nioo 0 6.3

Basin average wind speed data were not investigated separatelynfsubhasin in
SakaryaBasin unlike precipitation and temperature data. It is assumed that the
Sakarya Basin average wind values will be valid in each subbasin. The summary
statistics for the future wind speed data is givemable6-12. Monthly values for

all four climate projection realizations, the ensemble averages of RCP 4.5 scenarios,
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the ensemble averages of RCP 8.5 scenarios, and the esmmrages of all

realizations of the wind speed are provide&igure6-7.

Table6-12. Statistical results of the wind speed for the historical period and the future
period based on monthly average wind speed timesseri

Average Wind Speed (m/s) Change Compared to the
Min Max Stdev Average Historical Period (m/s)
Historical
Precipitation
(Sept. 2009 Sept. 154 3.0 0.3 2.2
2018)
21st Century (2020-
2100)
CCSM4_RCP4.5 1.32 35 0.4 2.2 -0.01
CCSM4_RCP8.5 0.89 4.7 0.7 2.0 -0.18
MIROC5_RCP4.5 092 5.0 0.7 2.0 -0.13
MIROC5_RCP8.5 099 338 0.5 2.0 -0.15
Ensemble Average of
RCP 4.5 Scenarios 124 3.6 0.4 3.6 1.48
Ensemble Average of
RCP 8.5 Scenarios 1.08 3.5 0.4 2.0 -0.17
Sakarya Basin
6
@
£ 4
'O [
% | ] '. v
©
£
- eS8 889s B a350053388883
c L L =afcd i=9olc i i = alcd i=oqatc
SEES328883328888°332838°8278¢8
— CCSM4_RCP4.5 CCSM4_RCP8.5
MIROC5_RCP4.5 MIROCS5_ RCP8.5
—— Ensemble Average of RCP 4.5s —— Ensemble Average of RCP 8.5s

Figure6-7. Basin average wind speed over the Sakarya Basin: All four climate
projection realizations, the ensemble averages of RCP 4.5 scenarios, the ensemble
averages of RCP 8.5 scenarios, and the ensemble avefagkrealizations
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Relative Humidity (%)

Relative humidity data of each catchment in each subbasin for the future period were
obtained through linear regression analysis via using the precipitation and
temperature data. Thus, in the linear regression model, the dependent variable is
relative humdlity, and the predictors are temperature and precipitation. The linear
regression model summary for each subbasin is provid@abie 6-13. Monthly

values for the RCP 4.5 and RCP 8.5 ensemble average of the relative humidity are

provided inFigure6-8 andFigure6-9, respectively.

Table6-13. Relative humidity linear regression model summary for each catchment
in each subbasin

Subbasin R R? Std. Error of the Estimate
Lower Sakarya 04 0.2 4.7
Goksu 0.7 05 5.9
Middle SakaryeDboj an-0.8 0.6 4.7
Middle SakaryeKayabeli 0.8 0.7 6.9
Ankara 09 0.8 5.7
Kirmir 0.9 0.9 55
Upper Sakaryfd k t ak 09 0.7 7.6
Upper Sakaryfdy d énl 09 0.8 5.2
Upper Sakary®dy v al € 09 0.8 5.3
Upper Sakary& é k é k09 0.9 5.3
Porsukek enkar a 08 0.7 5.2
Porsukk ér anhar mO0.7 0.6 7.0
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Relative Humidity - RCP 4.5
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Figure6-8. Relative humidity: Ensemble average of CCSM4 and MIRGCS/s
based on RCP 4.5 for each catchment in each subbasin
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Figure6-9. Relative humidity: Ensemble average of CCSM4 and MIROC5 GCMs
based on RCP 8.5 for each catchment in each subbasin
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CHAPTER 7

ASSESSMENT OF ENVIRONMENTAL FLOWS IN SAKARYA BASIN:
ECOSYSTEM NEXUS COMPONENT

Studies show that preserving the full range of natural hydrological changes is
essential for maintaining the biodiversity and integrity of riversgstems. River
management should aim to accommodate this natural flow paradigm to achieve
conservation goalgRichter et al., 1997)There aremany definitions of "natural
streamflow" or "natural flow regime" in the literature but there is no standard. For
example, Novak et al. (2015) states that a stream's natural flow regime is a function
of the climate and the physical properties of its unigpstream drainage area. DFO
(2013) defines a "natural flow regime" as a flow regime that is only affected by the
variability in hydrological inputs and outputs (precipitation, evaporation) and natural
water storage (such as groundwater) and for whichréisponse in terms of

amplitude, timing, duration and frequency of events is unaltered by human impacts.

Naturalized streamflow is a means of evaluating the degree to which human activities
have altered the natural flow regime of a river or stream. Hydrological alteration
refers to any change to the quantity, timing, or quality of water in a river system,
which can result from human activities such as dam building, water withdrawals, and
land use changes. Streamflow naturalization can serve as a benchmark for assessing
the extent of hydrological alteration. This can be accomplished by comparing the
current flav regime of the river with the naturalized flow regime, and identifying

any discrepancies. The assessment of hydrological alteration can then be used to
inform river management decisions and guide efforts to restore the ecological health

of the river systm. In summary, naturalized streamflow can provide a valuable
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reference point for evaluating the impacts of human activities on the flow regime of
a river and for assessing the effectiveness of efforts to restore the ecological health

of the river system.

One of the main purposes of this thesis is to evaluate the nexus without ignoring the
Ecosystem component, which is considered much less as a component of the nexus
in WEF nexus studies (details in Chap®r The literature survey in the field of
WEFE Nexus assessment concluded that the role of ecosystems does not receive
enough recognition, although the integration of ecosystem services knowledge is
crucial for the sustainability and security of the WERExus components. To
address these shortcomingisis study aims to provide a full nexus evaluation by
placing the ecosystem component at the center of the framework. Streamflow is a
"master variable" that affects the ecological integrity of flowing water syqteafs

et al., 1997)Based on this fact, twelve hydrological regime indicators wéeetse

under the Ecosystem pillar, and hydrological alteration assessment was performed
in all scenarios evaluated within the scope of this study. Thus, the sustainability of
the Ecosystem pillar was evaluated. The adopted methodology can be roughly
divided into 3 parts: determination of naturalized flows andipmgact condition
interannual statistics, i.e., median and interquartile range, for all scerfaigase(

7-1 - a); determination of monthly streamflow values and interannual statistics in all
scenarios in posmpact conditions, i.e., median streamflowigure 7-1 - b);
Determination of indicator values and total index of hydrological alteration by
comparing prempact and posimpact conditions statistics in each scendrigyre

7-1- c). A detailed description of the methodology is given in Segtibn
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Future Climate Data v Future Climate Data
Baseline Climate Dala - Ensemble Averaged RCP4.5 . Baseline Climate Dala - Ensemble Averaged RCP4.5
(Oct. 2003 - Sept. 2017} - Ensemble Averaged RCP 8.5 i i (Oct. 2003 - Sept. 2017) - Ensemble Averaged RCP 8.5
{2020 - 2030; 2055 - 2065; 2090 - 2100) [ (2020 - 2030; 2055 - 2065, 2080 - 2100)
I WEAP Model | [ [ WEAP Model |
| | anthropogenic effects (except land use) remjoyed | ' ' | All anthropogenic effects included |

Baseline Naturalized Manthly Streamflows Naturalized Monthly Streamflows for each Baseline Monthly Streamflows Future Period Monthly Streamflows for each

SSP; 8SP1, $8P2 and SSP5 [ SSP; 8SP1, 88P2 and S8P5
Median and interquarlile range of sireamflow in each manth : Median slreamilow in each manth
{In each scenaric pre-impact condition interannual statistics were calculated o {In each scenario post-impact condition interannual statistics were caloulated
seperately in each future period, .8, near century, mid-century, far century) LY saperately in sach future period, i.e, near century, mid-century, tar century)

Comparison of the median values of monthly streamflows in the post impact conditions
with the IQR in the pre-impact conditions
(Base scenario: 12 indicators in total ranging betwesn 0 and 1,
Future scenarios: 12 indicators in each future period segment ranging between 0 and 1)

l

Computing a total index of hydrological alteration ranging betwaen 0 and1
(Base scenario: a lalal index af hydrological alleratian,
Future scenarios: a total index of hydrological alteration in each future period segment)

Figure7-1. Methodology followed to assess hydrological alteration and to develop
a total index revealing the status of the Ecosystem component of the N&XiEE

This Chapter starts with a discussion of the ecological integrity adoblogical
variation relationship (Sectiory.1). Then, the methodology for streamflow
naturalization (Sectiof7.2), the streamflow naturalization results for the Sakarya
Basin (Section7.3), the description of the IHARVA method (Sectiory.4), and

lastly, the methodology to assess hydrological alteration (Set@paregiven.

7.1  Ecological Integrity vs Hydrological Variation

Ecological integrity refers to the completeness and functionality of an ecosystem and

its ecological processes. In river ecosystems, the natural variability of the flow
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regime was recognized as a kegntrolling variable in sustaining ecological
integrity. Poff et al. (1997) state that streamflow is a "master variable" that limits the
distribution and abundance of riverine species and regulates the ecological integrity
of flowing water systems. Thereeafive ecologically relevant components of the
flow regime: magnitude, frequency, duration, timing, and rate of change of flows.
Magnitude is the amount of water. Frequency is how often a given magnitude occurs.
Duration is the period of time during whiehmagnitude persists. Timing refers to
when a given flow occurs within different time scales, and thus it shows the
predictability or regularity of the flow level. Lastly, the rate of change refers to how
quickly flow levels change from one magnitude nother. All of these components

of the flow regime affect the main components of ecological integrity, which are
water quality, energy sources, physical habitat, and biotic interackans€7-2).

Flow Regime
Magnitude
Frequency
Duration -
Timing

Rate of Change

N\~

Water Energy Physical Biotic
Quality Sources Habitat Interactions

Y
Ecological Integrity

Figure7-2. The components of the flow regime and the ecological integrity and the
relationship among thefiPoff et al., 1997)
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Natural variability of flows provides the essentialcimnnel and floodplain
conditions and habitats by creating and maintaining their dynamics. River biota has
adaptive mechanisma tope with habitat changes caused by natural flow variability.
Furthermore, regular or seasonal changes in the flow regime are necessary for river
biota to complete their life cycl@eiringer et al., 2018High- and lowflow events,
particularly, present critical stresses and opportunities for many different types of
riverine species. Frequent moderately high flows transport sediment through
channels, and they provide many ecological benefits by maintaining ecosystem
productivity and diversity. Lw flows, on the other hand, present recruitment
opportunities for riparian plant species in regions where floodplains are frequently
inundated. Temporarily dry streams have aquatic and riparian species with special
behavioral or physiological adaptatiohat suit them to these harsh conditions (Poff

et al., 1997).

Bunn and Arthington (2002jlescribe the influences of natural flow regime on
aquatic biodiversity with four basic principlesigure7-3). Firstly, the relationship
between the physical characteristics of the aquatic habitat and the biotic diversity is
driven mainly by large events that impact channel form and shape (principle 1).
Secondly, life history patterns of aquaspecies are influenced by the features of the
natural flow regime, such as seasonality and predictability of the overall pattern and
the timing of particular flow events (principle 2). Thirdly, the maintenance of natural
patterns of longitudinal and latd connectivity is critical to the viability of
populations of many riverine species (principle 3). Lastly, the invasion of exotic
species is favored by the altered flow regime (principle 4).
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Principle 3
lateral connectivity Principle 1
longitudinal connectivity channel form
habitat complexity —  piotic diversity
A patch disturbance
access fo spates
floodplains ~ .---.,

Y.
: variability Principle 2

> Life history patterns

: - » spawning

reproductive triggers « recruitment

dispersal
triggers

\

.....

Discharge

™., seasonality -~ ).

predictability
stable baseflows

drought

........

Time

Principlie 4 i
natural regime discourages invasions |

Figure7-3. The relationship between the natural flow regime and the aquatic
biodiversity(Bunn and Arthington, 2002)

Flow regime influences water quality, one of the crucial ecological integrity
components, in many ways. It is well known that high flows dilute and flush
contamirants. However, it is also possible that high flows transport contaminants
into the river due to the washing of rainwater and runoff. Dissolved oxygen, for
example, is among the most significant flosdated water quality issues. Low and
slow-moving flows ceate conditions for low oxygen levels, while higher and more
turbulent flows promote aeration. On the other hand, initial-figgh pulses may

result in the resuspension of large quantities of organic matter that can cause brief

but harmful hypoxic or anac eventgNilsson and Malm Renofalt, 2008)

As a conclusion, natural flow regime is important in sustaining river environments
and aquatic ecosystems. Altered flow regimes modify the distribution and
availability of riverine habitat conditionsh& modified habitat conditions eventually

result in adverse consequences for native biota. A natural flow regime is widely
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accepted as a reference for conserving and restoring ecological infE€guitgt al.,

2012; Gao et al., 2021)he ecological state of a river and the anthropogenic
influences on it can typically be evaluated by comparing the natural or naturalized
flow regime and the observed streamflOverrier et al., 2021)

7.2 Streamflow Naturalization

Terrier et al. (2021) identified six main naturalization methods in the literature: (1)
reconstitution, (2) water balance, (3) routing, (4) extension, (5) paired catchment and
(6) regionalization. The differences between these methods are mainly due to the
input data and the underlying models used. The decision on which method to use
depends on the availability of data on influences; prepostinfluenced period, or

of regional dataFigure 7-4 shows the diagram of naturalization method selection
based on the available input data.

No
naturalization
possible

Flow
data outside No
influenced
period?.

Yes

Upstream No %a on No
natural flow neighboring
data? catchments?,
Catchment
climatic data?
Yes

Data on
influences?

Dataon
influenced
flows?

I Use of data on influences

Water balanc J === Transfer in space

I I ] [ Transfer in time
[ | I 1 Transfer in space and time

Figure7-4. Diagram of naturalization method selection based on the available input
data(Terrier et al., 2021)
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Based on the availability of the input datatbe influences, catchment climatic data

and the calibrated hydrological model, the reconstitution method was chosen as a
naturalization method in the scope of this thesis study. The reconstitution method
involves usage of the influenced observed streamdliosvthe information available

on influences during the influenced period and a hydrological model which is
calibrated on the influenced period. The first step in the reconstitution method is
calibrating the hydrological model on the influenced observeshsiflow. The
anthropogenic influences are also taken into account. Then, the naturalized
streamflow is obtained by using the calibrated set of parameters and by excluding

the anthropogenic effectBifure7-5).

The naturalized streamflow needed in many studies in the literature have been
obtained by the reconstitution meth@#g Girolamo et al., 2015; Gosain et al., 2005;

Kim et al., 2012; Maheshwari et al., 1995; Nobert, 2012; Shi,e2@13; Yin et al.,

2017; Zhang et al., 2016Yhese studies differ from each other in terms of the
influence taken into account as input such as reservoirs and associated withdrawals,
irrigation, crop model, land use/land cover, withdrawal for domestd industrial

purposes etc.
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Step 1 Step 2

Input: Input:
Climatologic data Climatologic data
Influence data (variation, etc.) Influence datafvariationeted
Etc. Etc.
v v
Hydrological
model
Hydrological
\1/ model
Calibrated set of parameterson _ | -
influenced streamflow
v
Simulated naturalized
streamflow

Figure7-5. Steps of the application of the reconstitution meifiarier et al.,
2021)

7.3  Streamflow naturalization results for the Sakarya Basin

As it wasexplained in Sectioid.2, the reconstitution method was used to naturalize
the streamflow in SakaryBasin. For this purpose, the calibrated and validated
WEAP-LEAP model on the influenced period between October 2003 and September
2017 was used. All anthropogenic influences such as reservoirs and associated
withdrawals, irrigational activities, withdrawals for domestic and industrial
purposes, and all type$ power plants were removed from the system to obtain the
naturalized streamflow. The only influence not included in the scope of the study
was land use and land cover changes. Then, the model was run for the baseline
period, i.e., October 2008 Septembel017, and also for the future period, i.e.,
January 2022 December 2030; January 20bDecember 2065; January 2092
September 2100 in each scenario. Since the first two years at the beginning of each

10-year future period were determined as the wapperiod, those years were not
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included in the evaluation (details @hapter8). The naturalized streamflow results
were obtained at each subbasin's oufligiure7-6 shows the naturalized streamflow

in the model calibration period at each safih. There are three scenarios, i.e.,
RCP4.5_SSP1, RCP4.5_SSP2, and RCP 8.5_SSP5, simulated iff test2ity in

the scope of this study (details in Sect®8.7in ChapterB). Thus, there are three
different naturalized streamflow projections in theé'2&ntury in each subbasin.
These projections are shownkigure 7-7. In Figure 7-8, Figure 7-9, Figure 7-10,
Figure7-11, Figure7-12, Figure7-13, andFigure7-14, the box and whisker plots of

the naturalized streamflow in Upper Saka, Porsuk, Ankara, Kirmir, Middle
Sakarya, Goksu, and Lower Sakarya subbasins, respectively, are given for each

future period, i.e., near, midand far century.

600
g
500
g
= 400
&
o 300
n |
- 200 ‘ “ J\ A \j
~
NAATA
% O = ,~——— = - — — = a— . 7 - A —
z Oct-03 Jun-06 Mar-09 Dec-11 Sep-14 Jun-17
——— Upper Sakarya Porsuk Ankara Kirmir
—— Middle Sakarya ——— Goksu —— Lower Sakarya

Figure7-6. Naturalized streamflow ofagh subbasin in the baseline period
(October 2003 September 2017)
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streamflow results. Orange box: Lower quartile of naturalized streamflow; Grey box:

Figure 7-8. Upper Sakarya subbasin: Box and whisker plot of the naturalized
Upper quarte of naturalized streamflow
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Figure 7-9. Porsuk subbasin: Box and whisker plot of the naturalized streamflow
results. Orange box: Lower quartile of naturalized streamflow; Grey box: Upper

guartile of naturalized streamflow
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Figure7-10. Ankara subbasin: Box and whisker plot of the naturalized streamflow

results. Orange box: Lower quartile of naturalized streamflow; Grey box: Upper

guartile of naturalized streamflow
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Figure7-11. Kirmir subbasin: Box and whisker plot of the naturalized streamflow

results. Orange box: Lower quartile of naturalized streamflow; Grey box: Upper

guartile of naturalized streamflow
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Figure 7-12. Middle Sakarya subbasin: Box and whisker plot of the naturalized

streamflow results. Orange box: Lower quartile of naturalized streamflow; Grey box:

Upper quartile of naturalized streamflow
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Figure7-13. Goksu subbasin: Box and whisker plot of the naturalized streamflow
results. Orange box: Lower quartile of naturalized streamflow; Grey box: Upper

guartile of naturalized streamflow
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streamflow results. Orange box: Lower quartile of naturalized streamflow; Grey box:

Figure 7-14. Lower Sakarya subbasin: Box and whisker plot of the naturalized
Upper quartile of naturalized streamflow
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7.4  Indicators of Hydrological Alter ation (IHA) / Range of Variability
Approach (RVA)

The natural variability of the flow regime in river ecosystems is crucial for
maintaining its ecological integrity. Streamflow is considered a "master variable"
that impacts the distribution and abundanteiwerine speciegPoff et al., 1997)
Seveal hydrological indices have been developed to analyze the flow regime,
including the Indicators of Hydrological Alteration (IHA) which is part of the Range
of Variability Approach (RVA) developed by Richter et §.996, 1997) This
method is widely used in the literatuii@ai et al., 2017; Giersmeski et al., 2020;
Guo et al., 2022; Lu et al., 2022; Reichold et al., 2010)

The RVA for assessing hydrologic alteration involves comparing the streamflow
characteristics between two defined time periods at a given stream gauge. The

difference in thestreamflow regime between a period of more natural or less altered

conditions and a period of more altered conditions is used to measure the degree of

alteration that has taken place. The RVA is used as a management tool for regulated
or developed riversThe goal of RVA is to restore or maintain the natural flow
regime of a river by using the range of natural variability in 33 different ecologically
relevant flow parameters to set management targets. The RVA target range for each
hydrologic parameter is pycally based on selected percentile levels or a multiple of
the parameter standard deviations for the natural edevelopment streamflow
regime. A range of variation in each of these parameters are then used as initial flow

management targefRichter et al., 1998)

IHA parameters, referred to as indicators, are pedunto five categories based on
their regime characteristic¥3¢ble7-1). The explanations of the five categories are

given below:
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Group lof IHA parameters includel2 indicators that measure the central
tendency (mean) of the daily water conditions for a specific month. The monthly
mean provides an indication of the general water conditions for the month, including
habitat availability and suitability. The similgriof monthly means within a year
indicates relative hydrologic constancy, while ird@nual variation in the mean

water condition for a specific month reflects environmental contingency.

The 10 parameters i@roup 2 measure the magnitude of extreme annual
water conditions of various durations, including daily to seasonal. These durations
follow natural or humatimposed cycles and includedhy, 3day, #day (weekly),
30-day (monthly), and 9day (seasonal) extreméhe magnitude of high and low
water extremes provides measures of environmental stress and disturbance, which
may be necessary for certain species' reproduction. The variation in the magnitude

of these extremes provides an expression of contingency.

Group 3includes two parameters, one measuring the Julian date ofiéne 1
annual minimum water condition and the other measuring the Julian date ef the 1
day maximum water condition. The parameters provide information on the timing of
the highest and lowestater conditions within the annual cycle, which serves as
another measure of environmental disturbance or stress by describing the seasonal
nature of these stresses. Changes in timing caused by human activities may result in
reproductive failure, stresst mortality. The intetfannual variation in the timing of

extreme events reflects environmental contingency.

Group 4of the IHA method includes four parameters, two of which measure
the number of times per year that the water condition exceeds an ugséotd or
falls below a lower threshold and two that measure the average duration of these high
and low water conditions. These parameters describe the pulsing behavior of water
variation within a year and provide a measure of the shape of these waliioposn

The IHA method defines water pulses as periods within a year in which the daily
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average water condition rises above the 75th percentile (high pulse) or falls below

the 25th percentile (low pulse) of all daily values for theiprpact time period.

The four parameters iGroup 5measure the number and average rate of
changes in water conditions from one day to the next, both positive and negative.
These parameters describe the rate and frequency ofamiteal cycles of
environmental variation a@hprovide a measure of the rate and frequency of-intra
annual environmental chan{Richter et al., 1996)

Table7-1. Hydrologic parameters used in the IHA method and their characteristics
(Richter et al., 1996)

IHA Statistics Group Regime Hydrologic Parameters
Characteristics
Group 1: Magnitude of Magnitude 1-12. Mean or median value for each calen
monthly water Timing month
conditions
Group 2: Magnitude anc Magnitude 13. Annual minima dday mean
duration of annual Duration 14. Annual maxima-tay mean
extreme water 15. Annual minima 3lay means
conditions 16. Annualmaxima 3day means

17. Annual minima ftlay means

18. Annual maxima-tlay means

19. Annual minima 3@lay means

20. Annual maxima 3@ay means

21. Annual minima 9@lay means

22. Annual maxima 9@day means

23. Number of zerélow days

24. Base flowindex: 7#day minimum flow/mean
flow for year

Group 3: Timing of Timing 25. Julian date of each annuatldy maximum
annual extreme water 26. Julian date of each annuafldy minimum
conditions
Group 4: Frequency anc Magnitude 27. Number of high pulses within each wa
duration of high and low Frequency year
pulses Duration 28. Number of low pulses within each water y«
29. Mean or median duration of high puls
(days)
30. Mean or median duration of low puls
(days)
Group 5: Rate and Frequency 31. Rise rates: Mean or median of all positi
frequency ofwater Rate of change  differences between consecutive daily values
condition changes 32. Fall rates: Mean or median of all negat

differences between consecutive daily values
33. Number of hydrologireversals
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The goal of IHA method is to determine whether the state of the perturbed system
has changed significantly from what it would have been without the perturbation,
particularly by testing whether the central tendency or-ateual variation oén
attribute has been altered. To provide the consistency in IHA studies, the cause of
the impact being evaluated should be clearly identified an@pdeposimpact time
periods should be defined. The results of the IHA method should be presented in
terms of the magnitude of differences between prel posimpact periods along

with confidence limits, instead of p values for the null hypotheses. Hypothesis testing
may be valuable if biologically relevant thresholds can be identified, in which case
an @juivalence test can be used to test the null hypothesis that the observed difference

is greater than a biologically significant valiichter et al., 1996)

The RVA is a process for managing a river or river reach that has Riepter et
al., 1997)

Step lcharacterizes the natural range of streamflow variation using the

Indicators of Hydrologic Alteration (IHA) method.

Step 2selects management targets based on the IHA parameters, aiming to
have the annual value of each IHA parameter fall withim thinge of natural

variation.
Step IJdesigns management rules to attain the targeted flow conditions.

Step 4mplements the management system and assesses its ecological effects

through monitoring and research.
Step Scompares actual streamflow vdita to the RVA target values.

Step Gevises the management system or RVA targets based on the results of

previous years and new information.
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7.5

Methodology to Assess Hydrological Alteration

Hydrological alteration assessment was carried out in the river segments, which are the

outlets of the Sakarya Basin subbasins. Thus, there are total of seven river segments

where the IHA assessment were performed. The method for evaluating potentiakchang

in the hydrological regime is similar to the IHRVA method and involves a fivstep

procedure:

1)

2)

Defining data series for prampact and posimpact conditions:

The hydrological assessment methodology followed in this study is based on a
combination of hydrologicatlwater allocation model, i.e., WEAP, and the
assessment and comparison of set of IHA parameters under timepaict and
postimpact conditions in the baseline and future periods. In this study, pre
impact conditions represent hydrological ditions obtained by subtracting all
anthropogenic effects (except land use changes) from the hydrological model.
Thus, each of the scenarios simulated in the study, i.e., baseline, SSP1, SSP2 and
SSP5 (detalls in Sectio@.3.7), has its own prempact hydrological conditions.
Postimpact conditions, on the other hand, refer to the hydrological condition
obtained when anthropogenic effectsiacduded in all the scenarios mentioned.

In many studies, the natural and altered regimes are defined based on the
presence of infrastructure such as reservoirs. However, in the present study, the
natural regime is simulated using a hydrological modelthadltered regimes

for different management scenarios are produced using a water allocation model.
Another point that distinguishes this study from most studies in the literature is

the use of monthly data in the present study.

Calculating annual valuesf hydrological attributes for each year of the natural

and postimpact conditions:
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3)

4)

Monthly mean streamflow values were calculated for each year in both natural

and posimpact conditions.

Computing interannual statistics (measures of central tendencgiapdrsion)

for the hydrological attributes of the two periods,

In this study, he extent of hydrological alteration in water systems is determined
by analyzing the interannual statistical data between the natural and altered flow
regimes. Data between tlh@lowing dates were used to calculate interannual
statistics: Baseline period October 20@ptember 2017; Near century January
2022 - December 2030; Migdentury January 2057 December 2065; Far
century January 2092December 2100. The indicators dse this work are the
Group 1 parameters, i.e., magnitude of monthly water conditions, of the IHA
method. Because of the nature of the data available, it's not feasible to use all the
original parameters of the IHA method and it's necessary to use Haissh

be adapted to a monthly scale. Thus, the 12 indicators of Group 1 were adopted
as indicators. The ecosystem influences of Group 1 IHA parameters include
impacts on habitat availability for aquatic organisms, soil moisture availability
for plants, vater availability for terrestrial animals, food and cover for fur
bearing mammals, reliability of water supplies, access by predators to nesting
sites, and water temperature, oxygen levels, and photosynthesis in the water
column(Richter et al., 1998)

Measuring the difference between the interannual statistics of thenpoact
periods and a target range based on the natural period's interannual statistics
(Figure 7-15)

The natural and altered regimes were obtained in each of the seven outlets of the
Sakarya Basin subbasins. IHA parameters can be calculated using parametric
(mean/standard deviation) or nonparametric (percentile) statistics. In this study,
nonparametric wtistics were preferred. That is, the initial flow management

targets were based on the median and the interquartile range (IQR) of the natural
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5)

flow conditions (preémpact conditions), and the interannual statistics were
obtained by calculating the mediahthe streamflow in each calendar month,
i.e., MMS, under the related pastpact condition. The reason why median and
IQR were chosen is because most of the time hydrologic datasets do not have a
normal distribution which is the key assumption of partaimestatistics.
Moreover, they are less sensitive to outliers compared to mean +1 standard
deviation (Laize et al., 2014).

By comparing the median values of the indicators in the-ipgsact condition

with the IQR in the prémpact condition, the indicats adopt values ranging
from O to 1 (see also Chapt@Section9.2). Figure7-15 shows schematically

how the hydrological indicators take values ranging from 0 to 1. While the value
of 1 refers to an unaltered or sustainable state, the value of zero refers to total
alteration or unsustainable state. The indicator takes the value @f MMS

value is within the IQR. The indicator ranges between 0 and 1 according to a
continuous linear function if MMS value is betweeri{and Qs or Q;s and

Qmax. The indicator is zero if MMS value is either less than or equakig Q
greater than mequal to Qax Here Qiin and Ghax refer to the minimum and
maximum streamflow rates occur under theiprpact conditions.

Computing a total index of hydrological alteration to summarize the information

from the different indices.

Finally, a total hydrtogical alteration indicator is calculated for each river
segment by averaging the values of twelve indicators. This aggregated indicator
is accepted as the indicator showing the status of the Ecosystem component of
the WEFENexus. The results can be foundChapter9 Section9.4.
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Hydrological Hydrological
Alteration Alteration
Score Status

0 Unsustainable

Q75 < MMS < Qax } 0-1

Q25 < MMS < Q75 }- 1 Sustainable

Qi < MMS < Qs - 0-1

MMS = Qpin } 0 Unsustainable

Figure 7-15. Schematic representation of indicators hydrological alteration score and
status assessments
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CHAPTER 8

BUILDING WEAP -LEAP MODEL FOR THE 21 st CENTURY

This thesis aims to develop a methodology that enables the assessment of the
sustainability of and the security provision for the WEB¥xus components through

the derivation of the indicators, which in turnivee aggregated into a WEREeXxus
index. In this context, the external factors affecting the WH¥Xus were
determined as the future climate conditions and the ssmooomic parameters, i.e.,
population growth, economic development, and technologi@aigsh Figure 3-2).

The period in which the effects of climate change and socioeconomic factors on
WEFENexus is evaluated has been determined as@dp&r33 years between 2020

i 2100, i.e., 2020 2030 (near Ztcentury); 2055 2065 (mid21% century); 2090

i 2100 (far 2% century). The first two years of each future period segment were
designated as the wavap period For this reason, the evaliens were made
between 20222030 in the near century, 202065 in the miecentury, and 2092

2100 in the far century.

In this chapter, the explanation begins with the determination of the-wapeariod.
The subsequent section describes the processatimyelimate change scenarios in
the WEARLEAP model. Finally, the method employed to incorporate socio
economic changes into the model is discussed.

8.1 Determination of Warm-up Period

Within the scope of this study, the future period covers the yearsdre®@20 and
2100. However, as stated previously, the climate data available during this period is
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not continuous. The available data are iny&@r periods as near century (2020
2030), midcentury (2055 2065), and late century (209@®100). Thereforefor
example, at the beginning of the 268365 period, the dam volumes will be zeroed,

the plant water needs will increase and the surface flow values will decrease in the
period from 2030 to 2055. In order to evaluate what kind of problems this situation
will cause; the initial storage values of the dams were reset at the calibration period
(20041 2017). Then, the evolution of the dam volumes and the streamflow values at
the flow observation stations located close to the dam were evaluated. The
evaluatimms made at several different points in the basin are provideidume8-1,
Figure8-2, Figure8-3, andFigure8-4. As it can be seen from these figures, the dam
volumes and the streamflow reach the resflilevel in about 2 years. Consequently,

it was decided that-gear warmup period will be used in each period when
evaluating the model results. The same evaluations were also made for the future
period, and it was found that the model requirg®e& waim-up period to reach the

realistic state.

Porsuk Dam
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Figure8-1. Volume of Porsuk Dam and the streamflow at D12A034 with and
without initial storage
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Kunduzlar Dam
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Figure8-4. Volume of Kunduzlar Dam and the streamflow at D12A184 with and
without initial storage

8.2 Introducing Climate Change Projections to the Model

As it was already explained in detail in the Cha@eimpacts of future climate
change on watershestale climate data were investigated overShkaryaBasin

based on future climate projections by means of a dynamical downscaling approach.
For this purpose, four different future climate projection realizations from two
general circulation models (GCMs: CCSM4 and MIROC5) based on two emission
scenarios (RCP 4.5 and RCP 8.5) were dynamically downscaleekto fiésolution

grids over SakaryBasin for a period of 33 years (202@030; 2055 2065; 2090

T 2100). Moreover, basin average climate data were investigated based on the
ensembleerage over future climate projection realizations for each subbasin in the
SakaryaBasin. The ensemble averages were calculated for RCP 4.5 and RCP 8.5

realizations separately. Thete ensembleaveragedRCP 4.5 and RCP 8.5 data
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were introduced itthe WEARLEAP model as two different climate scenarios. The
ensembleaveraged precipitation, temperature, relative humidity, and wind speed
data can be seenkgure6-5, Figure6-6, Figure6-7, Figure6-8, andFigure6-9in
Chapter 6.

8.3  SocioEconomic Scenarios (Shared Socioeconomic Pathways)

Representative Caentration Pathways (RCPs) are the greenhouse gas
concentration trajectories adopted by the Intergovernmental Panel on Climate
Change (IPCC). There are four pathways spanning a broad range of radiative forcing
in 2100, i.e., 2.6, 4.5, 6.0, and 8.5 W/lowever, these pathways do not include

any socioeconomic narratives which are consistent with them. Therefore, Shared
Socioeconomic Pathways (SSPs) have been developed rdcédibyNe i | | et al
Riahi et al., 2017)SSPs are alternative futures of societal development, providing a
sociaeconomic dimension to the integkagiwork started by the RCIPRogelj et al.,

2018) SSPs investigate the ways how the world might change without climate
policies and to what extent climate change targets could be achieved when the
mitigation targets of RCPs are combined with the SSPs. Thus, the RCPs and the SSPs

are complementary to daother.

The SSPs describe alternative futures about the demographic, economic,
technological, social, governance, and environmental aspects of society. They
provide both qualitative descriptions (narratives) and quantification of key variables,
which canbe used as inputs to integrated assessment models (IAMs)staige
impact models, and vulnerability assessments. The outcomes of SSPs are specific
combinations of socioeconomic challenges to mitigation and socioeconomic
challenges to adaptatioh O6 Ne i | | e tThera hare five @ifferent BSPs
depending on the combinations of challenges to mitigation and adapgaitioine(

8-5). SSP1, a green growth paradigm, represents low challenges to mitigation and
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adaptation. SSP2, a midebé-the-road development along historical patterns, means
medium challenges to mitigation and adaptation. SSR&jianally heterogeneous
development, implies high challenges to mitigation and adaptation. SSP4, a
development that results in both geographical and social inequalities, represents low
challenges to mitigation, high challenges to adaptation. Lastly, 8Sfyelopment

path that is dominated by high energy demand supplied by extensivefdetsite,
implies high challenges to mitigation, low challenges to adaptation. The summary of
these SSPs is provided in the following subheadings.

A
X SSP 5: * SSP 3:
(Mit. Challenges Dominate) (High Challenges)
Fossil-fueled Regional Rivalry
Development A Rocky Road

Taking the Highway * SSP 2

(Intermediate Challenges)

Socio-economic
challenges for mitigation

Middle of the Road
* SSP1: X SSP 4:
(Low Challenges) (Adapt. Challenges Dominate)
Sustainability Inequality
Taking the Green Road A Road Divided

Socio-economic challenges
for adaptation

Figure8-5. Five shared socioeconomic pathways (SSPs) representing different
combinations of challenges to mitigation and to adapt#ti@hd Nei | | et al

8.3.1 SSP1: Sistainability 7 taking the green road

SSP1 describes a potential future scenario in which the world gradually shifts

towards a more sustainable and inclusive path, prioritizing the preservation of
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environmental boundaries and reducing environmental degradand inequality.

This shift is driven by an increasing awareness of the social, cultural, and economic
costs of environmental degradation and inequality, and is facilitated by cooperation
and collaboration between local, national, and internationahnigtions and
institutions, the private sector, and civil society. Investments in education and
healthcare lead to a demographic transition and reduced population growth.
Economic growth is increasingly balanced with human-beihg, and inequality is
reduced. Environmental technology and tax changes improve resource efficiency
and reduce energy and resource use. Renewable energy becomes more attractive, and
consumption is oriented towards low material growth and lower resource and energy
intensity. The ombination of environmentalfriendly technology, renewable
energy, and strong global institutions results in relatively low challenges to
mitigation and adaptatioh O6 Nei | | .et al ., 2017)

8.3.2 SSP2: Middle of the road

SSP2 describes a potential future scenario in which social, economic, and
technological trends continue along historical patterns. Some countries make
progress in development and income growth while others fall short. Most economies
are pditically stable, but global and national institutions make slow progress towards
achieving sustainable development goals. Technological development continues
without fundamental breakthroughs. Environmental systems experience some
degradation, but resoww@nd energy use decline. Fossil fuel dependency decreases
slowly but unconventional fossil resources are still used. Global population growth
is moderate and levels off in the second half of the century. Education investments
are not high enough to accedee the demographic transition in lomcome
countries, and income inequality persists or improves slowly, maintaining challenges

to reducing vulnerability to societal and environmental changes. These moderate
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development trends result in moderate chgksnto mitigation and adaptation, with
significant heterogeneities across and within countries. This scenario is consistent
with historical patterns observed over the past century and is a dynamic pathway
with changes in various elements consistent witddfeiof-the-road expectations
(O6Nei Il et al ., 2017)

8.3.3 SSP3: Regional rivalryi a rocky road

The SSP3 scenario predicts a world characterized by resurgent nationalism, regional
conflicts, and weak global institutions that focus on domestic or regional issues,
leading to slow economic development, matdng&nsive consumption, and
persistent inegglity. Limited progress is made toward sustainability, with strong
environmental degradation in some regions. Population growth is low in
industrialized countries and high in developing countries. There is high difficulty in
achieving international coopsion and slow technological change, implying high
challenges to mitigation. The limited progress on human development, slow income
growth, and lack of effective institutions implies high challenges to adaptation for
many groups in all regions. This scapas based on the assumption that current
globalization trends could be reversed by regional conflict, reducing support for

international institutions and development partfe@6 Nei | | .et al ., 2017)

8.34 SSP4: Inequalityi a road divided

SSP4 describes how unequal investments in human capital, economic opportunity,
and political power lead to increasing inequalities and stratification both within and
across countries. This leads to a widening gap betwestl-educated, globally
connected societies and lowiacome, poorly educated societies. Economic growth

is moderate in industrialized and midditeome countries, but lolmcome countries
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struggle to provide basic services for the poor. Social cohdsteniorates, conflict
becomes common, and vulnerable groups have little representation in national and
global institutions. Technology development is high in the {égih sectors, but
uncertainty in the fossil fuel markets leads to underinvestment inressurces.
Environmental policies focus on local issues in middle and-imgbme areas. The
challenges to adaptation are high for populations at low levels of development and
with limited access to effective institutions for coping with economic or

envionmental stressgsO6 Nei | | .et al ., 2017)

8.3.5 SSP5: Fossifueled development taking the highway

The SSP5 scenario predicts that the world will continue to place its faith in
competitive markets, invation, and participatory societies to achieve sustainable
development. Global markets will become more integrated, with efforts to remove
institutional barriers and maintain competition. There will be strong investments in
health, education, and institatis to enhance human and social capital. However,
the reliance on fossil fuels and resountiensive lifestyles will lead to potential
global environmental impacts, with little effort to mitigate them due to a perceived
tradeoff with economic progress.dbhl population will peak and decline in the'21
century, with increased international mobility. The SSP5 scenario also predicts
accelerated globalization and rapid development of developing countries, including
a significant improvement in institutionaeconomic participation. The emergence

of a global middle class could stabilize global economic development, and the digital
revolution could promote global coordination. Challenges to adaptation to climate

change are relatively low for all buta ffwO6 Nei | | .et al ., 2017)
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8.3.6 Translation of qualitative SSP narratives into quantitative

projections

Riahi et al. (201 73tates that the second step in developing the SSPs is the translation
of qualitative SSP narratives into quantitative projections for the major
socioeconomic driversf the SSPs. These drivers are population, educ@€iGrand

Lutz, 2017) urbanization( Ji ang and , @ Namnomit devednment )
(Crespo Cuaresma, 2017; Dellink et al., 2017; Leimbaeh,£2017) and they were
constructed at the country level. Then, the developments in the energy system, land
use and greenhouse gas and air pollutant emissions of the SSP baseline scenarios and
mitigation scenarios were elaborated via set of Intedrétesessment Models
(IAMs). SSP baseline scenarios describe the future worlds that might occur due to
the evolution of underlying factors like population, economic growth etc. without
climate policy. The important point here is that there is only a siBgk baseline
scenario (SSP5) which reaches the radiative forcing level of 8.5.Wiloreover,

the lowest climate forcing value obtained among the SSP baseline scenarios (SSP1)
is 5 W/n¥t. That is, it is necessary to integrate climate mitigation policiesder to

reach the radiative forcing levels below 5 \§/ifihus, the SSP mitigation scenarios
were created. The quantitative estimates for population, economic growth, energy
system parameters, land use, emissions, and concentrations are publicly available
through the SSP wettatabas€lIASA, 2018) The comparison of key features of
SSPs to show changes in population, economic growth, education, urbanization, and
technological development is givenTable8-1. In this table, the degree of change

is represented by the number of arrows with more arrows indicating a higher degree

of increase.
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Table8-1. Comparison of key features of shared socioeconomic pathways (SSPs)
using arrows to show changes in population, economic growth, education,
urbanization, and technological development

Shared Population Economic Education Urbanization Technological
Socioeconomic Growth Development
Pathways
SSP1: s} Le11s) bbb bbb bbb
Sustainability (Low) (Medium)  (High) (High) (High)
SSP2: Middle of Hh Hh Hh 1313) 1331}
the Road (Medium)  (Medium)  (Medium)  (Medium) (Medium)
SSP3: Regional HhHH 1) 1) 3y 3]
Rivalry (High) (Low) (Low) (Low) (Low)
SSP4: Le11s) s} s} bbb bbb
Inequality (Medium)  (Low) (Low) (High) (High)
SSP5: Fossifueled m M M b b
development (Low) (High) (High) (High) (High)

8.3.7 SSP scenarios evaluated in this study and creation of integrated

climate and socieeconomic scenarios

In the context of this thesis study, the seeamnomic impacts on the WEREXuUs

are evaluated based on the SSPs. For this purpose, three different SSPs namely SSP1,
SSP2, and SSP5 are selected. The reason why three of the SSPs are selected is to be
able to comprise the uncertainties associated with the future changes in the economic
and social aspects of the society. In addition, the SSPs are selected in way that they
are consistent with RCP4.5 and RCP8.5 scenarios. SSP3 is not included in the
analyss since it represents extreme conditions such that it is highly difficult to
mitigate and adapt to climate change because of extreme poverty and a rapidly
growing population (Hanasaki et al., 2013). Thus, it is thought that it shighly
possiblescanario for the study area. SSP4, on the other hand, represents a highly
unequal world both within and across countries. Therefore, the conditions foreseen

in this SSP are not very relevant at the catchment scale (Momblanch et al., 2018).
That is, it is alse@xcluded from the analysis. SSP5 was included in the study as it is
the only scenario where radiative forcing level 8.5 WIRCP 8.5) can be achieved.

In the scope of this study, the priority for the data acquisition is given to the national,
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regional, @ catchment scale sources. However, when the data is not available at the

mentioned scales, the SSP widiabase is used to obtain the relevant data per SSP.

In the light of the information given so far, the scenarios within the scope of this
study were reated as follows: First, there are two main climate change scenarios
namely RCP 4.5 (Low Emission Climate Change Scenario) and RCP 8.5 (High
Emission Climate Change Scenario). The s@uonomic scenarios are created
under these climate change scenartmoading to the consistency of RCP and SSP
scenarios Kigure 8-6). Thus, the soci@conomic scenarios have the same climate
data as the climate change scenario tmeyiader. The RCP 8.5 scenario has only a
single SSP scenario since the only SSP baseline scenario which reaches the radiative
forcing level of 8.5 W/rhis SSP5. The socieconomic scenarios located under the
RCP 4.5 scenario are the SSP mitigation scesafihus, there are total of three
future scenarios, i.e., RCP4.5 SSP1, RCP4.5 SSP2, and RCP8.5 SSP5.

Integrated Climate and Socic-eoconomic
Scenarios

Y

RCP 4.5 RCP 4.5 RCP 8.5
(Low Emission Climate (Low Emission Climate (High Emission Climate
Change Scenario) Change Scenario) Change Scenario)
SSP1 Ssp2 (Con?fzstisonal
(Sustainability) (Middle of the Road)
Development)

Figure8-6. Hierarchy of the climate change and sestmnomic scenarios in the
WEAP-LEAP model
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8.4  Data Categories Modified for the Future Period Model Building

The categories of data modified throughout the future period model building stage
can be examined under five different headings as: (1) Climate, (2) Land Use Areas,
(3) Municipal Water Demand4] Industrial Water Demand, (5) Energy Demand,
(6) Cooling Systems in Thermal Power Plants, (7) Water Losses in Municipal Water
Networks, (8) Reuse of Treated Wastewater, and (9) Environmental Flow

Requirements.

8.4.1 Climate

The procedure for the introductiomn future climate data into the model is explained
in detail in SectiorB.2 To summarize again, precipitation, temperature, relative
humidity, and wind data for future period were obtained through dynamical
downscaling using the WRF model. Then, the ensemble awnétee RCP 4.5 and

RCP 8.5 scenarios were introduced into the WEARP as two different scenarios.

8.4.2 Land Use (LU) Areas

Projections of future land use areas

The future evolution of five different land use classes namely Forest;upulitea,
Pasture, @ipland, and Irrigated Areas based on SSPs are introduced into the model.
The sources for the estimates of the future change in the land use areas are given in
Table8-2. In the SSP weblatabas€llASA, 2018), the quantitative results for the

SSP baseline and mitigation scenarios for the land use projections are given on the
region level. In the database, there are five region levels, and Turkiye is included in
the R5.20ECDlevel which includes the OECD 90 and EU member states and
candidates. Thus, the results for the R5.20ECD level were downloaded within the
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scope of this study. According to the land use area projections downloaded from the
database, the percent change m ldnd use areas compared to the year 2005 were
calculated. Then, these percent changes were reflected to the land use areas in the
study area accordingly. The projection of irrigated area under SSPs are were obtained
from another sourcéjanasaki et al. (2013)n this study, SSP1, SSP2, and SSP5 are
denoted as low, medium, and high growth, respdgtivehus, the irrigated area

growth per each pathway changes accordingaple8-3).

Table8-2. Sources for th&uture land use area estimates

Land Use Class Reference

Forest SSP wekdatabasé€llASA, 2018)
Built-up Area SSP webdatabas¢lIASA, 2018)
Pasture SSP wekdatabasé€llASA, 2018)
Cropland SSP webdatabas¢lIASA, 2018)

Irrigated Areas  Hanasaki et al. (2013)

Table8-3. Irrigated area growth change peesario(Hanasaki et al., 2013)

Scenario| Irrigated area growth (%y %)

SSP1 0.06
SSP2 0.3
SSP5 0.6

Mass balance on land use areashe future period

The future land use areas are projected according to the land use area projections

downloaded from the SSP database. Then, the percent changes in the land use areas
in the 2020 2100 period compared to the year 2005 were calculated, Tiese

percent changes were reflected to the land use areas in the study area accordingly.

Therefore, it is necessary to do the mass balance check for the percent changes in the

land use/land cover areas in the SSP scenarios.
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The methodology to performraass balance check is as follows. First of all, it was
calculated how much of a change there was in the areas of land use classes as
compared to the year 2005 due to the percent changes. In order for the entire
catchment area not to change, the sum ofébelual areas should be zero. Then, if

any residual land area exists, it has been fed into other lower land use classes to
which percentage changes do not apply such as natural grasslands, transitional
woodlandshrub, bare rocks, and sparsely vegetateshsa The distribution of
residual areas is based on the ratio of the areas of these land use classes. A sample
screenshot for the calculation of the residual areas in each subbasin and distribution
of them in Ankara subbasin for the SSP1 scenario is gedvin Figure 8-7 and

Figure 8-8, respectively. The same calculation methodgland procedure were
applied to all subbasins for all SSP scenarios.

SSP1_RCP4.5
Total Residual Area (ha)
2020 2030 2040 2050 2060 2070 2080 2090 2100

YS_Havza_AYDINLI -18195.1 -38660.1 -42227.6 -46045.9 -51679.1 -57748.1 -63721.9 -69111.9 -70642.]
YS_Havza_AKTAS -1940.65 -10848.4 -13425.5 -15930 -18764.9 -21633.7 -24485.5 -27050.4 -28269.]
YS_Havza_AYVALI -23092.7 -50286.6 -56337.6 -62558 -70628.9 -79139.9 -87527.6 -95109.86 -97905.]
YS_Havza_CIKIS -4164.45 -8300.83 -9689.8Z -11044.4 -12521.3 -14011.4 -15521 -16925.6 -17784.5

ANK_Havza_ANKARA -13236.5 -27213.7 -24116.2 -22409.1 -25765 -30394.Z -35878.5 -42085.5 -4539(
KIR_Havza_KIRMIR -1068.24 -6987.9 -6704.58 -6537.34 -7437.44 -8496.08 -9581.49 -10515.1 -10153.9

ORT_Havza_DOGANCAY 2111.505 -267.251 1433.74 3046.148 3578.209 4016.903 4364.065 4744.64 5831.461]
ORT_Havza_KAYABELI  3353.59 -2036.67 685.4053 3297.342 3977.792 4518.891. 4938.74 5506.208 7547.72¢

PR_Havza_ESENKARA -510.611 -9350.13 -9189.97 -9249.04 -10932.9 -12887.7 -14960.5 -16900.1 -17051
PR_Havza_KIRANHARMANI4544.4 -13320.5 -14014 -14951.1 -17252.5 -19844.4 -22600.6 -25304.3 -26443.7

ASAK_Havza_MUDURNU 885.4828 504.5983 2062.5% 3598.838 4447.282 5279.584 6041.664 6807.556 7834.954
ASAK_Havza_ADATEPE -23.1519 -2241.22 -505.323 1003.755 1251.975 1295.599 1173.833 955.3185 1380.484

GOK_Havza_GOKSU 1410.957 -616.501 654.4992 1842.046 2153.395 2378.818 2520.645 2676.513 3397.157

Figure8-7. A sample screenshot: Calculation of the residual areas in the RCP
4.5 SSP1 scenario
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Transitional woodland-shrub
Bare rocks

Natural grasslands
Beaches, dunes, sands
Sparsely vegetated areas
Water bodies

Wetlands

SUM

Fruit trees and berry plantations

Area in 2005 (haRatio
29888.7 0.167694
5311.8 0.029802
83485.5 0.468403
224.2 0.001258
54425.5 0.30536
2324.5 0.013042
1753.9 0.00984
819.9 0.0046

178233.8

Values to Add (ha)

2020 2030 2040 2050 2060 2070 2080 2090 2100
2219.673 4563.571. 4044.141. 3757.872 4320.628 5096.917 6016.595 7057.475 7611.617
394.4789 811.0349 718.7221 667.8465 767.8592 905.8208 1069.265 1254.25 1352.73]
6200.005 12747 11296.12 10496.51 12068.41 14236.74 16805.59 19712.98 21260.8]
16.65013 34.23209 30.33576 28.18841. 32.40974 38.23281. 45.13146 52.93927 57.0959¢

4041.89 8309.985 7364.135 6842.856 7867.601 9281.176 10955.85 12851.23 13860.24
172.6281. 354.9175 314.5204 292.2567 336.0233 396.3968 467.9218 548.873 591.969¢
130.2527 267.7951 237.3144 220.5158 253.539 299.0924 353.06 414.14 446.657€
60.88957 125.1868 110.93€ 103.0851 118.5225 139.8175 165.0459 193.599 208.800]

13236.47 27213.72 24116.23 22409.13 25764.99 30394.19 35878.46 42085.49 45389.9§

Figure8-8. A sample screenshot: Distribution of the residual areas in Ankara
subbasin for the RCP4.5_SSP1 scenario

8.4.3 Municipal Water Demand

For the estimation of the changes in municipal water demand in the futiod, pe

the study conducted yraham et al2018)was useful. In their studgrahamet al.

(2018) developed a set of qualitative and quantitative assumptions for future water
sector technological advancements in different sectors, i.e. agricultural, electricity,
manufacturing, and municipal, within the SSPs. The results of the sxemare

applied to an integrated assessment model, and then future water demand per sector
was analyzed. The outcomes of this study as percent change as compared to the year
2010 are summarized frable8-4. For all years except 2050 and 2100, the municipal

water demand was calculated by linear interpolation.

Table8-4. Percent change in the glolmalinicipal water withdrawals as compared
to the year 2010

2050 2100
SSP1 SSP2 SSP5 SSP1  SSP2  SSP5
55.1 56.5 12.2 27.4 63.3 70.5
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8.4.4 Industrial Water Demand

For the estimation of the changes in industrial water demand in the future period, the
outcomes of th&raham et al. (2018)s st udy wer e used. Percen
industrial water withdrawals as compared to the year 2010 were reflected in the
WEAP-L EAP model 6 s Tdbla85u After thp imdustrial dvatdr demand

in the years 2050 and 2100 was calculated, the industrial water demand rest of the

years was calculated by linear interpolation.

Table8-5. Percent change in the global industrial water withdrawals as compared
to the year 201(0Graham et al., 2018)

2050 2100
SSP1 SSP2 SSP5 SSP1 SSP2  SSP5S
6.0 52.4 38.9 -45.2 39.5 -9.9

8.4.5 Energy Demand

Within the scope of this study, the value expressed as "Electricity Demand" in the
LEAP model represents the electricity generation in the basin. Therefore, the
electricity demand entered into the LEAP model in the baseline period reflects the
total electicity produced in the power plants located within the basin boundary.
Similarly, in future scenarios, the electricity requirement was calculated by
determining the average amount of electricity that can be produced from the power
plants that are under cdnsction or planned in the basin. In this context, a list of the
power plants that are currently in operation, under construction and planned in the
basin was prepared, and thus the total electricity expected to be produced in the basin
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in the future wasalculated. EPDK (Energy Market Regulatory Authority) progress

reports were used for the installed power, project and reliable production values by

years as of the date of commissioning of the private sector production facilities that

are under constructioand are expected to be put into operation in the projection

peri od. I n addition, the |ist(®DSK, T¢xkaly)eods
and the Turkish Electricity -¥ear Generation Capacity Projection (2€2A®23)

prepar ed (b ¥KRAE KA d&dmenegd. The list of the power plants that

are under construction or planned in the basin is giv@ialohe8-6.

Table8-6. List of power plants under construction or planned to be built in the
SakaryaBasin

Installed  Electricity Actual

N(?JJ;? Oratrr:te Type Province  District Subbasin  Power Generation Realization

powere (MW)  (Gwh) (%)
Middle

G¢r s°J ¢t Hydroelectic Es ki k Mi hal & Sakarya 242.0 158.7 91
Middle

Kar gé& HF Hydroelectric Ankara Bey paz Sakarya 100.0 203.0 100
Middle

Boziyik WPP  Wind Bilecik Bozlyik Sakarya 90.0 323.0 90
Middle

Adapazar Wind Bolu Goynuk Sakarya 80.0 70.0 96

WPP YEKA-1 Wind Eski kK Tepeba Porsuk 50.0 175.0 No info

Kartal WPP Wind Eski kK Tepeba Porsuk 39.0 136.5 93
Middle

Ar ék - ay € Biomass Bolu Goynuk Sakarya 30.0 208.2 96
Middle

Meryem WPP Wind Bilecik Merkez Sakarya 30.0 73.0 20
Upper

Kér ka F C Fuetall Eski k Kér ka Sakarya 26.9 177.0 100
Middle

Pamukova WPP Wind Sakarya  Geyve Sakarya 20.0 70.0 98

Kuyulukoyak Upper

WPP Wind Konya Sarayonu Sakarya 16.0 57.0 96

Kneg©°l E Biomass Bursa Kneg©° | Goksu 14.1 60.5 57
Middle

Hisar HPP Hydroelectric  Bilecik Knhi s a Sakarya 13.4 11.9 0
Middle

Ova HPP Hydroelectric Sakarya  Pamukova  Sakarya 13.2 30.0 72
Middle

GOk HPP Hydroelectric  Bilecik Osmaneli Sakarya 12.6 20.0 100

Kn®°ny¢ NC Natural Gas Eski k Kn°ny¢  Porsuk 12.6 73.7 100

Boj az k®y Hydroelectric Es ki Kk Mi hal & Goksu 10.0 20.0 100

NGPP:Natural Gas Power Plant; HPP: Hydroelectric Power Plant; BPP: Biogas Power Plant; WPP: Wind Power
Plant; FOPP: Fuel Oil Power Plant
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In the SSP2 and SSP5 scenarios, it is assumed that no other power plants will be built
in the Sakarya Basin other than the ones currently under construction and planned.
In the SSP1 scenario, it is assumed that all the renewable energy potential of the
basn will be used until 2100, in line with the narrative of this scenario. In this
context, solar and wind energy potential of Sakarya Basin was investigajerk

8-9 shows the total electricity generation in the Sakarya Basin in three future
scenarios. As it can be seen from the figure, SSP2 and SSP5 scenarios have the same
amount of electricity generation throughout thé' 2éntury. The SSP1 scenario, on

the other nd, has the highest electricity generation, as it aims to use renewable
energy at full potential.

Electricity Generation

50.0
45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

Thousand GWh

2020 2030 2040 2050 2060 2070 2080 2090 2100

—— SSP1 ----- SSP2 SSP5

Figure8-9. Total electricity generation in Sakarya Bafinthe future scenarios

Sakarya Basin Solar P@awx Potential

Within the scope of the dissertation study carried o élyeci (2017)the installed
solar power potential ofGirkiye is stated as 56000 MW. Based on the ratio of the

total drainage area of the Sakarya Basin to the total area of all the basins in Turkiye,
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the Sakarya Basin's installed power potential was calculated with a rough
assumption. As a result, the installed power potential of Sakarya Basin was
calculated as 3681 MW. It is assumed that this potential will be fully utilized by
2100. Starting from 0 MW i2020, it is assumed that the installed power will reach
3681 MW in 2100. This assumption does not exclude existing solar power plants. In
addition to the existing power plants, there will be as much installed power as in this
assumption. By using the avgeSpecific photovoltaic power output (kWh/kWp)
value obtained from Global Solar Atlas 2.0, a free, Wwabed applicatiofworld

Bank Group, 2023ajor Turkiye, i.e., 4.27 kWh/kWp, how much electricity will be
produced from the salgpower plant installed power was calculated. This value was

entered into the LEAP as electricity demand.

Sakarya Basin Wind Power Potential

Sakarya Basinbés installed wind power potent
power potential valuex Ener j i A bl a pr@ncial BaBi2 JIhe areal
percentage values of the provinces within the basin boundary are multiplied by the
installed wind power potential values that can be established in these provinces. The
potential of whole Sakarya Basin was obtained by summing 8telled power
potential calculated in this way in all provinces. While making this calculation, the
process/theory ratios were also taken into consideration. The process/theory ratio
expresses the ratio of the installed power currently in operation tinebectical
potential. For example, if the process/theory ratio is 100%, it is assumed that no more
power plants can be built in that province. Accordingly, the total wind potential of
Sakarya Basin was calculated as 1307.2 MW. Similar to the solar graagttial
calculation, starting from 0 MW in 2020, the total installed power in 2100 was
interpolated to 1307.2 MW. Considering that wind power plants operate with an
average capacity factor of 30%, annual electricity generation is calculated. The

averagecapacity factor of the wind power plants was calculated using the wind
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power plants that are already in operation in the basin. These annual values are

entered into the LEAP as electricity demand.

8.4.6 Cooling Systems in Thermal Power Plants

In the WEARLEAP model, the amount of water required for the thermal power
plantsé cooling systems are calcul ated
(WCF). The WCFs change depending on the type of the cooling system used in the
power plant. Thus, shifting from wet caadj systems to either hybrid or dry cooling
systems can be modeled in the proper scenarios. The water consumption factors of
the thermal power plants modeled within the scope of the study are giVabla

8-7.

In SSP2 and SSP5 scenarios, it is assumed that there will be no change in the cooling
system of thermal power plants. In SSP1 scenario, on the other hand, it is assumed
that all thermal power plants with wet dimg system will switch to dry cooling
system.

Table8-7. Water consumption factors of the thermal power plants modeled in the
study

Fuel Type  Cooling Water Consumption Reference

Type Factor (m3GWh)
Lignite/Coal Wet 2,600.6 (Macknick et al., 2012)
Lignite/Coal Dry 97.2 (Spang et al., 2014)
Natural Gas Wet 776.0 (Macknick et al., 2012)
Natural Gas Dry 7.6 (Macknick et al., 2012)
Biogas Wet 776.0 (Macknick et al., 2012)
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8.4.7 Water Losses in Municipal Water Networks

In accordance with the Regulation on the Control of Water Losses in Drinking Water
Supply and Distribution Systems published in the Official Gazette @&52014

and numbered 28894, metropolitan and provincial municipalities will reduce their

water losses to a maximum of 30% until 2023 and to a maximum of 25% until 2028.;
other municipalities are obliged to reduce their water losses to a maximum of 35%

until 2023, to a maximum of 30% until 2028, and to a maximum of 25% until 2033.

In line with the obligations of the regulation, it is assumed that the water loss/leakage
will be maximum 30% until 2023 and 25% until 2028 in the SSP2 and SSP5
scenarios. This Ve is assumed to be constant for all years after 2028. In the SSP1
scenario, it is assumed that it will be at most 30% until 2023, and at most 25% until
2028, but until 2100, water losses will be reduced to ZEabl€8-8).

Table8-8. Water losses in municipal water networks in the future scenarios

2023 2028 2100
SSP1 30% 25% 0%
SSP2 30% 25% 25%
SSP5 30% 25% 25%

8.4.8 Reuse of Treated Wastewater

The Ministry of Environment, Urbanization and Climate Change aims to increase
the reuse rate of treated wastewater to 5 percent in 2023 and 15 percent in 2030
(MoEUC, 2022a) Accadingly, in the SSP1 scenario, it is assumed that the reuse
rate will be 5% in 2023, 15% in 2030 and this rate will be 30% until 2100.
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8.4.9 Environmental Flow Requirements

In the WEAP model, the Minimum Flow Requirement establishes the lowest amount
of water fow needed on a monthly basis in a river to fulfill various needs such as
water quality, fish and wildlife preservation, navigation, recreation, and downstream
requirements. Depending on its demand priority, the flow requirement will be met
either before, féer, or concurrently with other demands on the river. Thus, the
priority refers to the level of importance of the flow requirement compared to all
other demands in the system. The priorities are typically assigned a value between 1

to 99, with 1 being thenost critical and 99 being the least important.

According to the "Regulation on the Right to Use Water" in Tirkiye, companies
building hydroelectric power plants (HPPs) must release a minimum amount of
water into the stream bed to preserve natural life. The regulation requires companies
to release at st 10% of the stream's last4gear average flow, which is based on

the HPP project. During the Environmental Impact Assessment (EIA) process,
companies have the option to increase this amount based on their evaluation of
ecological needs. However, duithe field studies, it has been determined that these
obligations regarding environmental flows are not fulfiled most of the time in
Sakarya Basin. In addition, environmental flows are not considered as a priority. For
this reason, no environmental flawquirement was imposed on the model in the
SSP2 and SSP5 scenarios. In the SSP1 scenario, on the other hand, the environmental
flow requirement was mandated at the outlet of each subbasin in the Sakarya Basin.
Chapter7 in Section7.3 describes the flow naturalization approach used in the
Sakaya Basin and presents its outcomes. The natural flow time series, generated
using this methodology at each subbasin's outlet point, were employed to establish
the environmental flow requirement. Additionally, a priority level of 1 was assigned

to the envionmental flow requirement.
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CHAPTER 9

SELECTION, NORMALIZATION, WEIGHTING, AND AGGREGATION OF
WEFE NEXUS INDICATORS

9.1 Selection and Calculation of Indicators

Within the scope of the WEHREexus security and sustainability assessment studies,
the most relevant indicat® in terms of availability, affordability, accessibility,
quality, and safety are selected. This way, the status and security of W&feE
components are analyz@ando et al., 2015; Giupponi and Gain, 2017; Mombtanc

et al., 2018) Indicators are methods used to quantitatively describe and
operationalize any system regardless of its complékityglo et al., 2015)As Yi et

al. (2020) state, indicator selection is always the first step to initiating a sustainability
assessment. Giuppi and Gain (2017) state that a concise index developed from the
aggregation of multiple indicators can significantly enhance scientific evidence's

transformation into practical information for policy/decisimaking.

Resource availability, accessibilityseltsufficiency, and productivity are the
primary drivers of the securities of water, energy, and food from where indicators
are defined. Thus, Nhamo et al. (2019) emphasize that indicators that are not related
to these drivers should be excluded frone dist of WEFENexus indicators.
According to Saladini et al. (2018), the selected indicators for the assessment of
water, energy, and food securities should cover the most sustainable development
goals (SDGs), consider biophysical limits, highlight timkdges among all nexus
components, consider both national and sectoral systems, and be limited in number.
In addition, data availability should be guaranteed frequently enough to be
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meaningful in the desired time horizon. Moreover, as Endo et al. (2GitB) the
indicators should be strongly linked to the issue and objective for measurement and

tailored specifically for the research area.

Literature review and related evaluations related to WHBIEkus indicators are
given in ChapteR in Section2.6in detail. The indicators used within the scope of
this study areigen inTable9-1. While selecting the indicators, the major drivers of
the security of the WEFEexus, the characteristics of the SakéBgain itself, and

theWEAP-LEAP model's capability were also taken into account.

Table9-1. Summary of the selected WEREeXxus indicators

WEFE Indicator Indicator Indicator Indicator
Nexus No Name Unit Acronym
Components

Water 1 Municipal water demand coverage % MDC
Food Irrigation demand met

(Agriculture) 2 % IDM

Hydropower production
as % of maximum hydropower

Energy 3 generation capacity % HPP_MGC
4 Decrease in CEEmissions % CO,_EG
5 Renewable Energy Share % RES
Median Discharge for Each Calendar
Month
6 January Median Monthly Streamflow ~ m%sec JanMMS
7 February Median Monthly Streamflow  m?%sec FebMMS
8 March Median Monthly Streamflow m®/sec Mar-MMS
9 April Median Monthly Streamflow m®/sec Apr-MMS
Ecosystem 10 May Median Monthly Streamflow m®/sec May-MMS
11 June Median Monthly Streamflow m®/sec JunMMS
12 July Median Monthly Streamflow m®/sec JuFMMS
13 August Median Monthly Streamflow m?/sec Aug-MMS
14 September Median Monthly Streamflow m3¥/sec SepMMS
15 October Median Monthly Streamflow  m3/sec OctMMS
16 November Median Monthly Streamflow m¥sec Nov-MMS
17 December Median Monthly Streamflow m¥sec DecMMS
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9.1.1 Municipal water demand coverage (MDC) (%)

Detailed information about the Sakargasin is given in Chaptet. The 100% of
Eskikehir, S a k a ringes,, andasonte pdBts of ¢he iprkvinces ad v
K¢tahya, Ankar a, Konya, Bur sa, Af yonkar .
located in the SakaryBasin. Among these cities, Ankara i8rKiye's secondargest

city in terms of population; thus, there is grsficant drinking water need. For

instance, the total amount of water withdrawn for drinking and potable water
networks in Ankara in 2020 was 502,458 thousaAdgne ar ( T) KK, 2020) .
drinking water is supplied fukomKKwiktalkdjagy:
and Ejrekkaya Dams. However, it i's know
difficulties experienced in meeting the municipal water demand, reinforcements
were made from the Kézél érmak River. [ n
munidpal water demand, which is expected to become even more important with the

effects of climate change, is important for examining the safety of the \Wekits

in the basin. Moreover, MDC is related to SDG6, the water and sanitation goal,

which aims to enge the availability and sustainable management of water and

sanitation for all. Thus, it will also guide the way toward achieving this goal.

To calculate MDC, the WEAREAP model results and Equatidrl are used. First

of all, the supply requirement &nof and supply delivered @nto each municipal
demand site node in the relevant subbasin are obtained. Then, the total amount of
supply requirement and supply deliverare calculated by summing up all demand

site nodes. Finally, the whole watershed municipal water demand coverage is

calculated as it is givein Equation9.1.

. % i s % e s e e B BTYO ) QU @1 Q0 .
00¢ QuiiaaRa we & Qi IQJQOB B Vo hnﬁm T ,éggn 91
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Where'Qepresents the number of municipal demand site nodes,istigde number
of monthdor the related time period, i.e., 108 months for near century (22220),
mid-century (20571 2065), and far century (20922100).

9.1.2 Irrigation Demand Met (IDM) (%)

Sakarya Basin constitutes approximately 13% ifkiye's surface area, and about
53% of the basin consists of agricultural areas. Moreover, irrigated agricultural
activities are carried out in a significant part of the basin; therefore, agricultdeal wa
withdrawals constitute a large share of sectoral water allocations. That is, it is
crucially important to include irrigation demand coverage among the WWNeixHs
indicators in Sakarya Basin. Furthermore, IDM is an indicator that can help
determine howsDG 6, the goal to end hunger, referring to achieving food security

and improved nutrition and promoting sustainable agriculture, is being impacted.

In the WEAP model, catchment processes such as evapotranspiration, runoff,
infiltration, and irrigation demnds are simulated with the Soil Moisture Method.
Soil Moisture Method is one dimensionalc@mpartment (or "bucket") soil moisture
accounting scheme, and it is based on empirical functions that describe
evapotranspiration, surface runoff, ssilrface ruoff (i.e., interflow), and deep
percolation for a watershed unit. In the WEAP model, irrigation is required when
rainfall is insufficient to compensate for the water lost by evapotranspiration. There
occurs an irrigation shortfall when the theoretical lvatent irrigation demand is
higher than the sum of irrigation (supply delivered) to the catchment branch. To
obtain the IDM (%), first, the sum of the total amount of irrigation shortfal) {m

all catchment branches in the watershed is calculated endivided by the sum of

the total theoretical catchment irrigation demand) (im all catchment branches in

the study watershed. This calculation is performed on the catchments with irrigated
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agriculture. In this calculation, an irrigation demand deficitound. To calculate

IDM, the calculation given iEquation9.2 is employed:

BB O i QD IQ6 Q& & 92

Ol T DoboesQ® ¢ FEmEomore 1 aacenesg P

WhereQepresents the number of catchments with irrigated agriculture)iaride
number of years for the related time period, i.e., 9 yEargear century (2022
2030), midcentury (20571 2065), and far century (20922100).

9.1.3 Hydropower production as % of maximum hydropower generation
capacity (HPP_MGC)

There are 24 hydroelectric power plants in the SakBagn with a total installed

capacity of 684 MW. The installed capacities of the hydroelectric power plants range
between 0.18 MW to 278 MW HE three hydroelectric power plants with the largest
capacity namely G°k-ekaya, Sareéyar and Y
basin. G°k-ekaya with an installlagest capaci
hydroelectric power plant. Total annedéctricity production of hydroelectric power

plants in the SakaryBasin is around 1600 GWh. In addition, there are number of
hydroelectric power plants planned to be built in the bdsib S K, . Thes& 2 )
numbers imply that hydroelectricity has a significant contribution to eldgtrici
generation in the Sakarya Basin. For this reason, HPP_MGC should be among the
indicators in the evaluation of energy security. In addition, HPP_MGC is also
relevant to SDG 7 which is about ensuring access to affordable, reliable, sustainable

and moderrenergy for all.
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To calculate HPP_MGC, firstly, the maximum electricity generation that can be
produced in a year from the hydropower plants is calculated by using their installed
capacities. Then, the average annual value actually produced from the égtlioel
power plants during the simulation period is obtained. Finally, HPP_MGC is

calculated as follows (Equati@i3).

0GOQEE BIP £ "0 G800 G ¢ & WD | 8 T zpmm 9.3

8 8 R EAYANeIN ]

9.14 Decrease in CQ Emissions (CO_EG) (%)

The United Nations Framework Convention on Climate Change is the first and most
important step in the international arena against nibgative effects of global
warming on climate change. The Paris Agreement was adopted at'ttengdrence

of the parties to this convention. Turkiye signed the Paris agreement in 2016 and
ratified it in September 2021. The Paris agreement is baseca dvnited Nations
Framework Convention on Climate Change and aims to regulate the climate change
regime after 2020, the expiration date of the Kyoto Protocol. Thetknggoal of

the Paris agreement is to keep the global temperature rise as low as52€Cif(1.

possible) compared to the gradustrial era.

Another important feature of the agreement is that, unlike the Kyoto Protocol,
developed and developing countries participate in the mitigation action with
Nationally Determined Contribution/NDC. NDCseacontributions made up of

voluntary, norbinding objectives that are determined by the parties’ national
conditions and selfletermined. In this context, in 2015, Turkiye set its intended

NDC as up to 21 percent reduction in GHG emissions from the Basasessual
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(BAU) level by 2030. However, this target was updated to 41% at the 27th parties
conference (COP27) held in Sharm EI Sheikh, Egypt in ZRRIEUC, 2022b)

In line with the Trkiyeb s NDC, it i s licies peducingaCGRX adop!l
emissions country wise. Accordingly, including the CBEG indicator is important

for assessing the security of the WHRE&Xus.

In the LEAP model it is possible to specify environmental loadings for a given
technology by creating a linko one of the libraries of technologies in the
accompanying Technology and Environmental Database (TED). TED contains
emission factors for hundreds of energy consuming and energy producing
technologies, including the default emission factors suggestétedy?CC for use

in climate change mitigation analys€SEIl, 2005) In this study, IPPC Trel
emission factors are used, and the resulting €@issions from the electricity

generation are calculated accordingly.

To calculate C@ EG, first, the annual average €€nissions in the baseline period
(20047 2017) was calculated for each subbasin. Next, the annual average CO
emissions in each future period segments, i.e., near, ani far century, were

calculated in each subbasin. Finally, CEG is calculated aslfows (Equatiorp.4):

OUE) Wi QaQE (T "Q6 0 I0R QE Q 94
ZpTMT .
oL 0 Wwhi Qa Qe Q

$AAOCEBOAT EOCO#T @

9.15 Renewable energy share (RES) (%)

Tarkiye is the world's 3th largest economgWorld Bank Group, 2023bWith its
growing economy ahincreasing population, Tirkiye's energy demand is increasing

rapidly. This situation, for electricity and other primary energy sources, brought

179



energy supply security to the top of the country’'s agenda. Turkiye is a country whose
economy is dependent amported energy resources. It is foreseen that Turkiye's
economic development process will continue in the coming years, and therefore, it
is expected that the energy demand will continue to increase. Thus, it is important to
encourage alternative solut®iased on renewable energy in order to prevent the
risks arising from high level of external dependency in energy and to develop a
sustainable energy mod@oENR, 2014)

According to the national renewable energy action gMOENR, 2014) Turkiye

aims to create a generation portfolio in which renewable energy meets at least 30

percent of theotal electrical energy demand by 2023. Moreover, Sakagi has

a high installed capacity potential in terms of renewable energy. Considering the
national target and the basinbs potential,
security thathe share of renewable energy in total electricity production is included

as an indicator.

To calculate RES, first, the average annual electricity generation from the renewable
energy plants throughout the relevant time period is calculated based daARe L
model results. Then, average annual total electricity generation for the same time

period is calculated. Finally, RES is calculated as follows (Equati)n

O LENE & SQLHOQ O 0 TQWEH WO GOER r‘i)&)dbnzbi 9.5
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9.1.6 Median streamflow for each calendar month (MMS) (ni/sec)

The relationship between ecological integrity and hydrological variation is detailed

in Chapter7. In river ecosystems the natural variability betflow regime was
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recognized as a key controlling variable in sustaining ecological integrity. Poff et al.
(1997) states that streamflow is a "master variable" that limits the distribution and
abundance of riverine species and regulates the ecologmagtiiptof flowing water
systems. In the literature, there are several hydrological indices developed and
employed to reveal the characteristics of the flow rediPudf et al., 1997)One of

the most commonly used methods is Indicators of Hydrological Alteration (IHA)
used for the Range of VariabylidApproach (RVA) which was developed Rychter

et al. (1996, 1997)RVA uses daily hydrological data to obtain 33 hydrological
parameters such as mean annual maximum and minimum floday, 730day
maximum and minimum flows. These statistics are categorized irdogfioups
depending on their hydrological features. RVA defines initial, interim river
management targets that are based on the natural flow regime. These targets serve as
a starting point to begin adaptive management efforts. The details are given in
Chaper7.

In order to evaluate the ecosystem pillar of the WH¥Eus, twelve different
indicators were selected’dble 9-2). These indicators are actually the Group 1
parameters, i.e., magnitude of monthly water conditions, of the IHA method. In the
original IHA method, there are a total of 33 parameters dividedbimgups. The
reason why partial IHA analysis is performed within the scope of this study is that
the WEAP model has a monthly timestep. IHA method requires daily streamflow
data for a full analysis. However, the methodology followed to evaluate theipbten
changes in the hydrological regime is similar to the {IR¥A method (details in
Chapter7).

IHA parameters can be calculated using paramétnigan/standard deviation) or
nonparametric (percentile) statistics. In this study,-parametric statistics were
preferred. That is, the initial flow management targets were based on the median and

the interquartile range (IQR) of the natural flow corutis (preimpact period), and
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the interannual statistics were obtained by calculating the median of the streamflow

in each calendar month in the related pogiact period (details in Chapté). The

reason why median and IQR were chosen is because most of the time hydrologic

datasets do not have a normal distribution which is the key assumption of parametric

statistics. Moreover, they are less sensitive to outl@mrgpared to mea#l standard
deviation(Laize et al., 2014)

Table9-2. Ecosystem pillar indicators; regime characteristics, analogue IHA
variables, pre&and posimpact interannual statistics

Intra -annual Analogue IHA Inter -annual statistics
hydrological Regime variables Pre- Post
attributes characteristics (Mean MS) impact impact

(Mean MS) period period
January January IQR Median
Februay February IQR Median
March March IQR Median
April April IQR Median
May May IQR Median
June Magnitude; | June IQR Median
July Timing July IQR Median
August August IQOR Median
September September IQR Median
October October IQR Median
November November IQR Median
December December IQOR Median
MS: Monthly streamflow; IQR: Interquartile range

9.2 Normalization Procedure

Following the selection of the indicators, all indicators are normalized prior to their

aggregation since they have different measurement units. Normalization is required

to transform the indicators into a uniform scale so that they can be comparable and

aggregable. There are various normalization methods available such as ranking,
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standardization, mimax, distance to reference, categorical scale, cyclical
indicators, balance of opinioijdetails in OECD JRC, 2008)

Nardo et al. (20058tates that the normalization method should be chosen based on
the data properties and the objectives of the comgowsdicator. In this study, the
purpose of developing a WEFE Nexus Index is not only to determine theabdst
worstcase scenarios but also identify its relative distance to the target or
sustainability levels. For this purpose, employing normalizafiamctions to
normalize the values of the indicators givei able9-1 was determined as the most
suitable method for the purpose of the study and the charactesfstiesindicators.
According toCastoldi and Bechini (2010jhere are four different furions that
determine the relationship between the indicator values and the sustainability scores.
These functions are dichotomic judgement, step function, continuous linear function
and continuous nehinear function. In this study, the value of an indicat®
normalized by use of continuous linear functions. In this method, the normalization
function gradually converts the indicator value into a score ranging from O to 1 based
on the predefined sustainability thresholds. That is, the indicator takesatlue of

1 if its value is within some range of optimal thresholdgy{&nd Spw in Figure

9-1); it takes values between 0 and 1 for an indicator value betweeptthel and
antrideal thresholds (betweemiand Spi1 0r Sprzand Snaxin Figure9-1); and takes

a value of zero at and outside of the daialthresholds, i.e., s and $axin Figure

9-1 (Castoldi and Bechini, 2010; Pinar et al., 20Ije transition range for the left

and the right side of the curve are described by Equ&®mand Equatiord.7,

respectively. In these equations represents the value of an indicator.

v &Y 9.6
Y Y

v &Y 9.7
VA
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Indicator Value

Figure9-1. A general function used to transform indicator values into sustainability
scores adopted frofCastoldi and Bechini, 2010)

The initial step of the normalization method adopted in this study is to define the

optimal or the target levels for the selected indicators. For this purpose, Sustainable
Development Goals Repofnited Nations, 2022)the targets of the Paris

Agreement, Trkiyedb s nati onal rene whaeENR, 264)ad gy acti on
the natural flow regime characteristicsthe study subbasins were benefited. The

normalization functions and the optimal thresholds of each indicator selected in this

study are detailed in the following paragraphs.

Water Nexus Component

For the Water component indicator, MDC, the target lexad determined based on

the SGD 6 which is Clean Water and Sanitation Goal. This goal has eight different
targets and first target of this goal is to achieve universal and equitable access to safe
and affordable drinking watefor all by 2030. Consideringhis target, the
sustainability score of 1 corresponds to 100% coverage of municipal water demand,

and the normalization function is created accordingigure9-2).
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Food Nexus Component

Approximately 44% of the Sakarygasin consists of agricultural lands. Important
agricultural activities are carried out in the basin, especially in large plains and areas
with microclimate characteristi¢®\lp et al., 2020) Although the SakaryBasin is
industrialized at an increasing rate, it has not lost its feature of being an agricultural
basin yet. Livestock and agricultural activities are carriedrdahsively throughout

the basin. Although mainly field cultivation is done throughout the basin, there is
also vegetable and fruit production. Thus, the need for agricultural water puts a
significant pressure on the water resources in the basin. Knowenfgadhthat the
increases in crop yield are directly and linearly correlated with increases in the
consumption of watgiPerry et al., 2009)meeting irrigational demand is important

for agricultural productivity. In addition, the second sustainable development goal
(SDG2) aims to ensure global food security and agricultural sustainability. In this
context, one ofhe targets of this goal, i.e., 2.4, is to ensure sustainable food
production systems and implement resilient agricultural practices that increase
productivity and production. In line with all this information, the sustainability score
of 1 corresponds to0D% coverage of irrigation demand in the basin. Thus, the

normalization function of IDM is employed as showrFigure9-2.

Energy Nexus Component

There arethree indicators of the Energy component of the WEFE Nexus Index
(Table 9-1). The first one is HPP_MGC (%) which refers to the hydropower
production as percent of th@aximum hydropower generation capacity of the
installed hydroelectric power plants in the basin. As mentioned previously in Section
9.1.3 SakaryaBasin hasa high hydroelectric potential and there are currently 24
hydroelectric power plants installed. In addition, there are several hydroelectric
power plants planned to be built in the coming years. Moreover, according to the
Renewable Action PlarfMoENR, 2014) T¢rkiyeds strategy
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countryoés hydroel ectri c pabdfthesdreasohs,theo t he ma:
target level for the HPP_MGC was identified as 100%. Thus, the sustainability score

of 1 corresponds to 100% utilization of installed capacities of the hydroelectric

power plants located in the baskigure9-2).

The second indicator of the Energy component i &G which refers to the
percentage decrease in £@missions as compared to the baseline period. As
previously mentioned in Sectio®.1.4 Turkiye ratified the Paris Agreement in
September 2021, and its most ugdhtNDC is 41 percent reduction in GHG
emissions from the Business as Usual (BAU) level by 2030. The Paris Agreement
aims to reduce global carbon emissions by 50% by 2030 and to zero by 2050. In this
study, the ultimate objectives of the Paris Agreemeneveelopted as the target
levels for the C@ EG indicator, since the objectives are stricter. Thus, the target
levels change in each future period segment accordingly. For the near century (2022
i 2030), the target level was set to 50% reduction in thee@tssions, and for the

mid- (20577 2065) and far century (20922100) the target level was set as 100%.

The normalization functions created in line with these goals is shokigtne9-3.

The last indicator of the Energy component is RES (%) which refers to the share of

the renewable energy in the total electricity production portfolio. The target level for

this indicator directly erewabls actfompan t he Tg¢r
(MoENR, 2014)details in Sectio®.1.5. Thus, the sustainability score of 1 refers

to the 30% in the normalization functiofigure9-4).

Ecosystem Nexus Component

The target levels for the indicators of Ecosystem component of the nexus are adapted
from the IHARVA method(Richter etal., 1997) In this method, the initial flow
management targets, i.e., range of variation, of each of the 33 parameters of the IHA
are selected either as meghstandard deviation or the twerftith to seventyfifth
percentile range (interquartilenge). In this study, the median and the IQR were
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selected (details in Sectioh.1.6 and Chapter7). The normalization function
employed to transform MMS values into their normalized values is givEigure

9-5. In this figure, @s and Qs correspond to the twenfifth to seventyfifth
percentile flow ranges of the naturalized streamflow conditions, respectivaly. Q
and Qhax refer to the the minimum and maximum flows, respectively. Thus, the
sustainability score of the MMS is 1 ifitslvame i s wi t hin the 1 QR.
value or the sustainability score gradually decreases outside of the IQR. That is, the
normalized value of MMS ranges between 0 and 1 if it is value is betwgear@

Q25 or Qrs and Qhax. The sustainability score &ero if the value of MMS is either

less than or equal toQ; or greater than or equal ton&Q

=1

(sustainable)

S,=0

(unsustainable) \ [
0 100

Indicator Value (%)

Figure9-2. Normalization function used to transform MDC (%), IDM (%) and
HPP_MGC (%) intcsustainability scores
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CO,5_EG (%) CO,_EG (%)
(a) near century (b) mid- and far century

Figure9-3. Normalization functions used to transform £8G (%) into
sustainability scores: (a) near century; (b)-nhaidd far century

§=1 _|

(sustainable)

5;=0

(unsustainable) \ [
0 30

RES (%)

Figure9-4. Normalization function used to transform RES (%) into sustainability
scores
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Figure9-5. Normalization function used to transform MMS3(sec) into
sustainability scores

9.3  Weighting and Aggregation of Indicators and Pillars to the WEFE

Nexus Index

There are several weighting methods that are derived from statistical models or from
participatory models. Factor analysis, data envelopment analysis and unobserved
component models (UCM) are e¢hexamples of the statistical models. The
participatory models include budget allocation process (BAP), analytic hierarchy
processes (AHP) and conjoint analysis (GEECD, 2008) Nardo et al. (2005)
discuss that an agreed methodology for weighting individual indicators does not
exist. While some indicators are weighted based on the value judgments of the
analyst or the weights derived from the principal compbraalysis to avoid
doublecounting problems, others could be based on the opinion of the experts.

In this study, equal weighting method was adopted due to several reasons. First of
all, by adopting the equal weighting method, it is ensured that eaghooemt of

the WEFENexus approach is given the same level of importanc&ehson et al.
(2015)andHoff (2011)state, the mukicentric nature of the approach highlights the
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equal significance of each component. Thus, assigning an equal weight to each
component aligns the fundamental philosophy of the WEREKus approeh. This
approach ensures that the study's results are unbiased, fair, and representative of the
complex interrelationships between water, energy, food, and ecosystem. Equal
weighting has been preferred in many studies for the same rgaaoret al., 2017;
Momblanch et al., 2018; 8ipson, 2020; Simpson et al., 2028gcondly, this study
evaluates the WEFRexus at a large watershed scale throughout tFe@dtury.

The reason for not using value judgments, public or expert opinion for weighting the
components of the WEHEexus n this study is due to the large temporal and spatial
scale of the evaluation. Over long periods of time, the value judgments on each
resource sector may change considerably, leading to biased or inaccurate results.
Additionally, public or expert opinionsan also be subjective and influenced by
various factors such as personal biases, cultural background, and political views,
which can further contribute to a lack of objectivity in the study. In addition, the
participatory methods at local scales reflextal conditions, and they cannot be
directly applied at larger scal€Gan et al., 2017)Lastly, it was preferred in terms

of ease of use, being easily replicated by others, and ease of interpretation of the
results. This is also why many other sustainabilitdidas, such as Human
Development IndeXUNDP, 1990) the Living Planet IndeXLoh et al., 1998)
Genuine &ving Index\WorldBank, 1999)SDG IndexSachs et al., 2018jsed this

method.

Since the equal weighting was employed at the pillar level, some indicators in a pillar
have higher weighting as compared to the other. This is due to the fact that not all
pillars have the same number of indicators. The final weight distribution of the

indicators and the pillars of the WEFE Nexus Index is giverainle9-3.

190



Table9-3. Weight distribution of the WEFE @kus indicators and pillars

Indicator Indicator  Indicator weight Pillar Pillar weight
no code in the index in the index

1 MDC 0.250 Water 0.25
2 IDM 0.250 Food 0.25
3 HPP_MGC 0.083

4 CO,_EG 0.083 Energy 0.25
5 RES 0.083

6 JanMMS 0.021

7 FebMMS 0.021

8 Mar-MMS 0.021

9 Apr-MMS 0.021

10 May-MMS 0.021

11 JunMMS 0.021

12 JUFMMS 0.021 Ccosystem 0.25
13 Aug-MMS 0.021

14 SepMMS 0.021

15 OctMMS 0.021

16 Nov-MMS 0.021

17 DecMMS 0.021

Numerous aggregation methods exist in the literature. The arithmetic mean and the
geometric mean are the most commonly used aggregation methods. However, both
of these methods allow for compensability between the indicators. There is a higher
degree of comensability in the arithmetic mean compared to the geometric mean
(Simpson et al., 2022 ompensability means that a low score of on&atdr can

be compensated by the higher score of another indicator. Accordi@dE@D

(2008) if an analyst is looking for a nescompensability, then neither arithmetic nor

the geometric method can be used. A-nompensatory mukHtriteria approach
(MCA) is used in such cases. However, it is stated that this method can be

computationally costly.

In this study, first the scores of each pillar were estimated using the arithmetic mean
of the indicators for that pillar. Then, the pillar scores were averaged to obtain the

WEFE Nexus Index score. The main reason for choosing arithmetic mean is because
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it is easy to understand and communicate. Arithmetic mean method is also adopted
in the development of SDG Index, and the advantage of simplicity in interpretation

was stated as the reason for choosing this mé®achs et al., 2016)

9.4 Results and Dscussion

This study delves into the intricacies of the WHR&xus under different climatic
projections and socioeconomic scenarios. There are two distinct climate projections
and a total of three different scenarios evaluated under these climate prejection
RCP4.5 _SSP1, RCP4.5 SSP2, and RCP8.5_SSP5. Detailed information about these
scenarios can be found in Chag@eln this section, WEFE Nesundex, nexus pillar

scores and nexus pillar indicator scores obtained in these scenarios are evaluated on
a subbasin basis. The evaluation of these parameters in diverse scenarios offers
valuable insights into the intricate interdependencies betweem, watzgy, food,

and ecosystem components and their vulnerability to the impacts of climate change

and socioeconomic factors.

9.4.1 Upper Sakarya Subbasin

Table 9-4 provides a comparative analysis of the WEFE Nexus indicators for
different scenarios representing climate and socioeconomic changes and for different
time periods, i.e., near, midand far century, in the Upper Sakarya subb#&sgure

9-6 presents the same informationlable9-4 in a visual format, using spider charts

to illustrate the values of WEFRexus indicators for different time periods and
scenarios. The charts provide a clear and concise comparison ofube feat each
scenario across the different time periods, highlighting the differences that exist
between scenarios and time periods. By examining the values for each indicator, a
deeper understanding of the complex interplay between water, energy,rfdadea
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ecosystem can be gained, and how this interplay may evolve over time can be
understood. The pillar indices created using these indicators are evaluated in detalil
under the subtitles Water, Energy, Food, and Ecosystem below.

Table9-4. WEFENexus indicators' comparative analysis for different scenarios in

the 22! century: variations over multiple time periods in the Upper Sakarya
subbasin

NC __MC__FC NC __MC__FC NC__MC __FC
MDC 096 096 096 MDC 099 097 0096 MDC 098 098 0095
HPP_MGC - - - HPP_MGC - - - HPP_MGC - - -
RES 1.00 1.00 1.00 RES 0.00 0.00 0.00 RES 0.00 0.00 0.00
CO2_EG  0.00 0.0 0.00 CO2_EG 0.0 000 0.00 CO2_EG  0.00 000 0.00
IDM 0.36 036 0.35 IDM 0.75 070 0.60 IDM 0.74 068 056

5 | JanMMs  1.00 1.00 1.00| § | JaaMMS ~ 1.00 1.00 1.00| ¥ | JarMMS  1.00 1.00 1.00

@ | FebMMS ~ 1.00 1.00 1.00| & | FebMMS 1.00 1..00 100 | @ | FebMMS  1.00 1.00 1.00

o | MarMMS 100 1.00 097 | . | MarMMS  1.00 1.00 1.00 | ! | MarMMS  1.00 1.00 1.00

S | Ap-MMS 100 100 100 | ¥ | Apr-MMS 000 000 000| @ | Ap-MMS 000 0.0 0.00

O | May-MMS 1.00 1.00 1.00| G | May-MMS 0.0 000 000| O | May-MMS 000 0.00 0.00

© | junmMS  1.00 1.00 1.00| % | JunMMS  0.00 0.00 000| T | JunMMS 000 0.00 0.00
JulMMS  1.00 1.00 1.00 JukMMS ~ 0.00 0.00 0.00 JulMMS  0.00 0.00 0.00
AugMMS  1.00 1.00 1.00 Aug-MMS  0.00 0.00 0.00 Aug-MMS  0.00 0.00 0.00
SepMMS  1.00 1.00 1.00 SepMMS  0.00 0.00 0.00 SepMMS  0.00 0.00 0.00
OctMMS  1.00 1.00 1.00 OctMMS ~ 1.00 1.00 1.00 OctMMS ~ 1.00 1.00 1.00
Nov-MMS ~ 1.00 1.00 1.00 Nov-MMS ~ 1.00 1.00 1.00 Nov-MMS  1.00 1.00 1.00
DecMMS  1.00 1.00 1.00 DecMMS  1.00 1.00 1.00 DecMMS  1.00 1.00 1.00
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Figure9-6. Upper Sakarya subbasin: The values of the WHEKus Index Pillar
Indicators in each scenario in each future period segment; near century {a), mid
century (b), far century (c). Note: Ecosystem indicator values are not provided in
this figure. The parameter EF represents the average of ecosystenomsgicat
which is equivalent to the Ecosystem pillar value
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Water

Figure 9-7 shows that the baseline Water pillar value (0.99) is higher than all
scenarios at all time.hat is, there will be some deficit in meeting the municipal
water demand in the 2tentury under all climate and all socioeconomic changes in
the Upper Sakarya subbasin. Although the results are very close to each other in all
scenarios, the lowest vawf the Water pillar (around 0.96) is obtained in the SSP1
scenario in all time periods. The main reason for this is that meeting the
environmental flow requirement has the highest priority in the SSP1 scenario which
is at the expense of municipal andgational water demand coverage. Although it

is not clearly seen fromigure9-7, the Water pillar score increases slightly from the
near century to the far century in the SSP1 scenario. This is owing to the
improvements in water networks in the SSP1. In contrast to &&Rario, the Water

pillar value continuously decreases from the beginning to the end oftlee@iry

in the SSP2 scenario. The SSP5 scenario, on the other hand, starts with a score less
than SSP2 in the near century, reaches a higher score thannSB@Znidcentury,

and reaches a lower score than SSP2 in the far century.
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Upper Sakarya Water Pillar
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Figure 9-7. Water pillar value under climate and socioeconomic changes in the
Upper Sakarya subbasin.

Energy

In the Upper Sakga subbasin, the electricity is generated only by the thermal power
plants in the baseline period. There is no renewable power plant in this period. Thus,
the baseline Energy pillar value is zeFigure9-8). There are no renewable power
plants planned to be built during theSZdentury in the SSP2 and SSP5 scenarios.
This causes the GOEG and RES indicators to take the zero vakigure9-6) and

which in turn results in the Energy Pillar value of zero. The highest and the only
above zero value (0.50) of Energy pillar is obtdimethe SSP1 scenario since the
SSP1 scenario makes maximum use of the basin's renewable energy potential. The
Energy pillar score is 0.50 throughout thé'2&ntury. This is firstly due to the fact

that there is no HPP currently built or planned to b#t lin the Upper Sakarya
subbasin in any of the scenarios. Thus, the indicator HPP_MGC is not evaluated in

the Upper Sakarya subbasin. In the SSP1 scenario, the indicator RES takes the value
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of one in all time periods which means that the 30% renewahte sfrget is met.
However, while the indicator GOEG always takes the value of 0.00. This means
that the thermal power plants in the basin produce the same or more electricity than

the base case. Therefore, the overall Energy pillar value is 0.50.

Upper Sakarya Energy Pillar

000 - M e e e e OO e - -
NC MC FC

mmmmm RCP4.5_SSPimsssm RCP4.5_SSP2 RCP8.5_SSP& - - Baseline

Figure 9-8. Energy pillar value under climate and socioeconomic changes in the
Upper Sakarya subbasin.

Food

Figure9-9 shows that the baseline value of the Food pillar (0.84) is higher than all
scenarios at all times. This means that there will be more agricultural irrigation
deficit in the Upper Sakarya sudin in the future compared to the current situation.
When the scores of each scenario are compared, it is seen that the SSP2 scenario
achieves the highest score in all time periods. However, the SSP2 and SSP5 scenarios
have close Food pillar value in eaaine period Figure9-9 also shows that there is

a significant difference between the scores of the SSP1 and other scenarios which is

mainly due to the strict envinmental flow requirements imposed in the SSP1
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scenario, as discussed previously. In the SSP2 and SSP5 scenarios, the value of the
Food pillar decreases over time. In the SSP1 scenario, on the other hand, it remains

almost constant around 0.36 throughoutiadle.

Upper Sakarya Food Pillar

1.00
0.90
0.80
0.70
0.60
0.50
0.40
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0.20
0.10
0.00

Food Pillar Value

NC MC FC

mmmm RCP4.5 SSPisssm RCP4.5 SSP2 RCP8.5_SSP& - - Baseline

Figure9-9. Food pillar value under climate and socioeconomic changes in the Upper
Sakarya subbasin.

Ecosystem

The comparison of the simulated median monthly flows with the IQR of the
naturalizel streamflow in each scenario in each time period is giv&imgure9-10.

The first, second, and the third row of this figure shows the results of the SSP1, SSP2,
and SSP5 scenario, respectively. As it can be seerFigume9-10, the MMS values

in all months in each time period is within the IQR in the SSP1 scenario. Thus, each
indicator of the Ecosystem pillar takes the value of one. As a result, the score of the
Ecosystem pillar is one. While the SSP1 scenario maximizes the Ecosyksem p
value, this creates deficits in other pillars, i.e., Water and Food. Especially the deficit

in the Food pillar is at significant levels in the SSP1 scenario. In the SSP2 and SSP5
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scenario, the score of the Ecosystem pillar is 0.50 in all time pdfogisre 9-11)

which means that the MMS values in six months of the year, i.e., April, May, June,
July, August, September, and October, are outside the IQR of thealizaid
streamflow Figure 9-11). These are the months when the need for agricultural
irrigation is high. It is understood that the water that should be given for
environmental flow in SSP2 and SSP5 scenarios is used in agricultural irrigation. In
the SSP1 scenario, on the contrary, the water is first allocated to the environmental
flow and this causes a deficit in agricultural irrigation.

When examining the Ecosystemp | ar i ndi catorsé scores
emerged during the low (OctobérMarch) and high (Aprili September) flow
periods. But how do these periods compare to each other in terms of the health of the
ecosystem? To answer this question, aerldsok is taken at the scores for each
period, while also comparing each period for different scenarios. The results of this
analysis are presented rable 9-5. This table shows the 2"century average
Ecosystem pillar scores for the low and high flow periods. As discussed earlier in
Chapter7, both high and lowflow events can be critical to the survival and diversity

of river biota. The results showed that there is no problem in terms of ecosystem
health in both low and high fleperiods in the SSP1 scenario. However, in the SSP2
and SSP5 scenarios, while the ecosystem pillar score is 1 in the low flow period, it
is 0 in the high flow period. This shows that in these scenarios, high flow events that

are critical for ecosystem pactivity and diversity are unsustainably affected.
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NF-Q1: Naturalized Streamflow Lower Quartile; NMp3: Naturalized Streamflow Upper Quartile; M

Simulated Median Monthly Streamflow
Figure9-10. Upper Sakarya: The comparison of the simulated mexarthly flows

with the IQR of the naturalized streamflow in each scenario in each time period.

First row: SSP1; Second row: SSP2; Last row: SSP5
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Upper Sakarya Ecosystem Pillar

NC MC FC
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Figure9-11. Ecosystem pillar value under climate and secamomic changes in the
Upper Sakarya subbasin.

Table9-5. 215 century average ecosystem pillar scores for low and high flow
periods in Upper Sakarya subbasin

SSP1 SSP2 SSP5
Octoberi March (low flow period) 1.00 1.00 1.00
April -September (high flow period)  1.00 0.00 0.00

Aggregated WEFE Index

After scores of all nexus pillars are calculated and aggregated, the values of the
WEFE Nexus Index given iRigure9-12 are obtained. This figure shows that the
baseline value of WEFE Nexus Index (0.58) is higher than the scores of SSP2 and
SSP5 scenarios at all times. This is expected since each pillar value in these scenarios

is lower compared to the baseline period. highest score of the WEFE Nexus
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Index, which is around 0.70 in all time periods, belongs to the SSP1 scenario. The
lowest score of all time (0.50) belongs to the SSP5 scenario in the far century.
However, the SSP2 and the SSP5 scenarios have close WKHE INdex values

in each time period. The most important reason why the SSP1 scenario has the
highest WEFE Nexus Index value compared to other scenarios is that the Energy
pillar value has the highest value in the SSP1 scenario. In the Upper Sakarya
subbas no significant electricity generation takes place in the baseline and, SSP2
and SSP5 scenarios. However, as the SSP1 scenario makes maximum use of the
basin's renewable energy potential, the energy Pillar value is high in this scenario
hence the high WEEE Nexus Index value difference between SSP1 and other
scenarios. Furthermore, while the SSP1 scenario completely satisfies the ecosystem
flow requirements, other scenarios have half of the score of the SSP1 scenario.
Although there is a significant defign the Food pillar in the SSP1 scenario, this is

compensated by the high scores in the Energy and Ecosystem pillars.
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Upper Sakarya WEFE Nexus Index
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Figure9-12. WEFE Nexus Index value under climate and socioeconomic changes in
the Upper Sakarya subbasin.

The results indicate that the connections between the Water, Food and Ecosystem
pillar come to the fore in the Upper Sakarya subbasin. Upper Sakarya is a subbasin
where agricultural activities are intense. Based on the scenailtsriess estimated

that there will be significant irrigational demand deficit if strict environmental flow
requirements are employed in the''Z&ntury. Within the scope of this study, the
techniques improving irrigation efficiency such as drip irrigaticrop rotation, and
conservation tillage are not evaluated. However, such techniques would help to
maintain the balance between the pillars. Furthermore, environmental flow
requirements employed in the SSP1 scenario aim to achieve natural flow candition
The results show that it is not realistic to aim for unmodified conditions in the
subbasin. Thus, the initial flow management targets should be stretched to obtain
more balanced results for all pillars. The results also show that even if there is no
ervironmental flow requirement (SSP2 and SSP5 scenarios), there will be

irrigational demand deficit, which is around %30, if current practices continue. This
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is also valid for the municipal water demand coverage. In these scenarios, it is
predicted that thdeficit will be around 3% on average. As it can be understood from

all these results, the most sustainable results will be obtained in the SSP1 scenario,
in which applications that increase agricultural irrigation efficiency are included and

the initial evironmental flow management targets are stretched.

9.4.2 Porsuk Subbasin

Table 9-6 provides a comparative analysis of the WEFE Nexus indicators for
different scenarios pgesenting climate and socioeconomic changes and for different
time periods, i.e., near, midand far century, in the Porsuk subbasimgure 9-13
presents the same informationTable9-6 in a visual format, using spider charts to
illustrate the values of WEFElexus indicators for different time periods and
saenarios. The charts provide a clear and concise comparison of the values for each
scenario across the different time periods, highlighting the differences that exist
between scenarios and time periods. By examining the values for each indicator, a
deeper nderstanding of the complex interplay between water, energy, food, and the
ecosystem can be gained, and how this interplay may evolve over time can be
understood. The pillar indices created using these indicators are evaluated in detall

under the subtitleg/ater, Energy, Food, and Ecosystem below.
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Table9-6. WEFENexus indicators' comparative analysis for different scenarios in
the 22! century: variations over multiple time periods in the Porsuk subbasin

NC___MC__FC NC__MC__FC NC __MC __FC
MDC 099 099 099 MDC 0.98 094 091 MDC 0.97 096 093
HPP_MGC - - - HPP_MGC - - - HPP_MGC - - -
RES 0.16 0.64 0.93 RES 0.06 0.12 0.12 RES 0.06 0.12 0.12
CO2_ EG 012 0.05 0.03 CO2_EG 004 001 0.00 CO2_EG 003 0.02 0.01
IDM 0.44 046 0.42 IDM 0.86 0.81 0.71 IDM 0.85 0.77 0.65

g | JasMMs 100 1.00 1.00| § | JarMMS 100 1.00 1.00| ¥ | JasMMS  1.00 1.00 1.00

® | FebMMS 100 1.00 1.00| % | FebMMS  1.00 100 0.00| @ | FebMMS 100 1.00 1.00

o | MarMMs 100 100 1.00| . | MarMMS 100 1.00 1.00| ! | Ma-MMS 100 1.00 1.00

S | Ap-MMS 100 100 1.00| s | Ap-MMS 100 100 100| @ | Ap-MMS 100 1.00 0.00

O | May-MMS 100 1.00 1.00| G | May-MMS 000 0.00 000| G | May-MMS 0.00 0.00 0.00

© | junMMS 100 1.00 1.00| % | JunMMS 000 000 000| T | JunMMS 000 0.00 0.00
JuUFMMS ~ 1.00 1.00 1.00 JuUFMMS ~ 0.00 0.00 0.00 JuFMMS ~ 0.00 0.00 0.00
Aug-MMS  0.19 0.00 0.67 Aug-MMS  0.00 0.00 0.00 Aug-MMS  0.00 0.00 0.00
SepMMS  1.00 1.00 1.00 SepMMS  0.00 0.00 0.00 SepMMS  0.00 0.00 0.00
OctMMS ~ 0.00 1.00 1.00 OctMMS  0.00 1.00 1.00 OctMMS 037 0.81 0.42
Nov-MMS  1.00 0.78 0.89 Nov-MMS  0.00 0.88 1.00 Nov-MMS  0.61 1.00 1.00
DecMMS  1.00 0.93  1.00 DecMMS  0.00 0.34 1.00 DecMMS  1.00 0.84 1.00
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Figure9-13. Porsuk subbasin: The values of the WHEEuUs Index Pillar Indicators

in each scenario in each future period segment; near century (aenidy (b), far
century (c). Note: Ecosystem indicator values are not provided in this figure. The
parameter EF represents the average of ecosystem ardjoahich is equivalent to

the Ecosystem pillar value
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Water

Figure9-14 shows that the value of the Water pillar ranges between 0.91 and 0.99 in
the Porsuk subbasiihe highest Water pillar score (approximately 0.99) is obtained

in the SSP1 scenario at all times. In addition, SSP1 is the only scenario which
achieves higher scores than the baseline score of 0.95 in all time periods. The lowest
Water pillar score (0.91is obtained in the SSP2 scenario in the far century. In the
SSP2 and SSP5 scenarios, the value of the Water pillar decreases over time. The
values that are 0.98 and 0.97 respectively for the SSP2 and SPP5 at the beginning of
the near century decreasedt®1 and 0.93 in the far century. In the SSP1 scenario,
the score remains nearly constant around 0.99. The most striking result is the fact
that there is almost no deficit in the municipal water demand despite stringent
environmental flow requirements ihg SSP1 scenario. This proves that it is of great
importance to prevent losses in the water supply network. In this way, it is possible
to close the gaps that environmental flows may create in meeting the municipal water

demand.

207



Porsuk Water Pillar

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Water Pillar Value

NC MC FC

mmmm RCP4.5 SSPissm RCP4.5 SSP2 RCP8.5_SSP% = = Baseline

Figure9-14. Water pillar value under climate and socioeconomic changes in the
Porsuk subbasin

Energy

In the Porsuk subbasin, the electricity is produced by the thermal power plants in the
baseline period. Thus, thenewable energy share is zero. In addition, there is no
HPP currently built or planned to be built in the Porsuk subbasin. Hence, HPP_MGC
indicator is not evaluated in this subbasin. As a result, the base case Energy pillar
value is zero Kigure 9-15). All scenarios have higher scores of Energy pillar
compared to the baseline. The highest Energy pillar value is obtained in the SSP1
scenario in all time periods. This expected since SSP1 scenario aims to use
renewable energy resources at the maximum. In the SSP1 scenario, it is seen that the
Energy pillar value, which starts at the level of 0.14 in the near century, reaches the
level of 0.48 at the end of the centufiyowards the end of the century, the 30%
renewable energy share target is almost reached with a RES value dfig98 (

9-13) in the SSP1 scenario. &lvalue of the C® EG ranges between 0.03 and 0.12.
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The value of this indicator decreases in time since the sustainability target changes
from 50% in near and midentury to 100% in the far century. The results show that
even the SSP1 scenario is far frhra sustainability target for the GGEG indicator.

This implies that the thermal power plants need to be phased out while renewable
power plants are being built. The results obtained in the SSP2 and SSP5 scenarios
are very close to each other. Thetatle average of Energy pillar is 0.06 in both

scenarios which refers to an unsustainable state.

Porsuk Energy Pillar

W 520

ore R
0.00 | EEEENENIE _ __ _BSNSSSTE_ -
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mmmmm RCP4.5_SSP3 RCP4.5_SSP2 RCP8.5_SSP& - — Baseline

Figure9-15. Energy pillar value under climate and socioeconomic changes in the
Porsuk subbasin

Food

Figure 9-16 shows that the Food pillar value in the SSP1 scenario is the lowest
among all scenarios at all times. Average Food pillar value in fheehtury is 0.44

0.79 and 0.76 in SSP1, SSP2 and SSP5 scenarios, respectively. The fact that the
environmental flow requirement has the highest priority in the SSP1 scenario creates
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significant irrigation demand deficit in the Porsuk subbasin. It is seen that the, deficit
which is approximately 22% in the baseline period, increases to an average of 56%
in the SSP1 scenario. The Food pillar takes its highest value (0.86) in the SSP2
scenario in the near century. Although the Food pillar score is still higher than the
scoe in the baseline period (0.78) in the reehtury, the score drops to 0.71 in the

far century. SSP5 scenario shows similar results to the SSP2 scenario. The Food
pillar value gradually decreases from 0.85 in the near century to 0.77 in thanehid

0.65 n the far century.
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Figure9-16. Food pillar value under climate and socioeconomic changes in the
Porsuk subbasin

Ecosystem

The comparison of the simulated median monthly flows with the IQR of the
naturaized streamflow in each scenario in each time period is givEigure9-17.

The first, second, and the third row of this figure shows the results of the SSP1, SSP2,
and SSP5 scenario, respectively. In the SSP1 scenario, the median monthly
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streamflow in the near century is outside the IQR range only in August and October.
In the midcentury, the number of months outside the IQR increases to three, i.e.,
August, Novembr and December. In the far century, median streamflow values in
August and November fall outside the IQR. Thus, the Ecosystem pillar value in the
SSP1 scenario is 0.85, 0.89, and 0.96 in the neaf,amdifar century, respectively
(Figure9-18). The Ecosystem pillar value takes its highest score in the SSP1 scenario
at all time periods. In the SSP2 scenario, IQR target is achieved in just 4 months
(January, Februaryarch and April) in near century, and the Ecosystem pillar value

is 0.33 in this period. In the mickntury, the Ecosystem pillar value increases to 0.52
which also corresponds to the highest score in the SSP2 scenario, and the median
monthly streamflow dlls inside the IQR in January, February, March, April, and
October. The Ecosystem pillar score is calculated as 0.50 in the far century, and the
streamflow is outside the IQR in six months. In the SSP5 scenario, the Ecosystem
pillar value is 0.50, 0.55na 0.45 in the near, miénd far century, respectively. In

the near century, IQR target is achieved in the months of January, February, March,
April, and December. In the micentury, the median streamflow values in the
months of January, February, Marélpril and November are inside the IQR. Lastly,

in the far century, the median streamflow values of January, February, March,
November, and December satisfy the IQR target. The most sustainable Ecosystem
pillar scores are obtained in the SSP1 scenariteatekpense of deficit in the
irrigational demand coverage. On the other hand, it is seen that the environmental
flows, having the highest priority in the SSP1, do not cause any problems in terms
of the municipal water demand coverage, but better reseltsdained compared to
other scenarios. The fact that there is no hydroelectric power plant in the Porsuk
subbasin prevents potential hydroelectric generation problems that may occur due to
strict environmental flow practices. In addition, the dependenaeeater availability

in energy production decreases significantly towards the end of the century, thanks
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to solar and wind power plants with almost zero water consumption, and this allows

the value of Energy pillar to gradually improve.

By examining the ®ores of each Ecosystem pillar indicators, a distinct pattern was
observed during the low (OctoberMarch) and high (April- September) flow
periods. However, to evaluate the relative health of the ecosystem during these
periods, a closer examination tetscores for each period and comparisons across
different scenarios is necessary. The results of this analysis are presenabtkin

9-7, which illustrates the Z1century average Ecosystem pillar scores for the low
and high flow periods. As mentioned earlier in Chaftdyoth high and lowflow

events are crucial for the survival and diversity of river biota. As can be seen from
Table9-7, the Ecosystem pillar score obtained in the high flow period isrldwan

the score obtained in the low flow period especially in the SSP2 and SSP5 scenarios.
The results show that the occurrence of high flow events is significantly affected,

which can have detrimental effects on the ecosystem's productivity and gliversit
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Porsuk Ecosystem Pillar
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Figure9-18. Ecosystem pillar value under climate and secomomic changes in
the Porsuk subbasin

Table9-7. 215 century average ecosystem pillar scores for low and high flow
periods in Porsuk subbasin

SSP1 SSP2 SSP5
Octoberi March (low flow period) 0.92 0.73 0.89
April -September (high flow period)  0.88 0.17 0.11

Aggregated WEFE Index

After scores of all pillars are calculated and aggregated, the values of the WEFE
Nexus Index given ifrigure9-19 are obtained. This figure shows that all scenarios
have higher scores of WEFE Nexus Index compared to the baseline score of 0.53,
except the SSP5 scenario in the far century. The highest scores are obtained in the

SSP1 scenario in all time periods. This is expected since the highest scores of three
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pillars namely Water, Energy and Ecosystem are calculated in the SSP1 scenario in
each future period segment. The lowest score of all time (0.52) belongs to the SSP5
scenario in the far century. However, the SSP2 and SSP5 scenarios have close WEFE
Nexus Index vales in each time period. The major difference between SSP1 and
other scenarios is due to the scores obtained for the Ecosystem pillar. Moreover, the
fact that SSP1 scenario makes maximum use of the basin's renewable energy
potential contributes to the higst score of WEFE Nexus Index in the SSP1 scenario.

In addition, there is almost no municipal water demand deficit in the SSP1 scenario.

The results highlight especially the WatesodEcosystem relationship in the
Porsuk subbasin. Agricultural activitiaee intense especially in the downstream side

of the subbasin. In addition, during the field studdp et al., 2020)the authorities
reported that too many illegal wells were detected foicatjural irrigation in this
region. The SSP1 scenario results show that if strict environmental flow
requirements are adopted in the watershed, there will be serious deficits in
agricultural irrigation (56% on average). However, even in the SSP2 sceiidrio

the highest Food pillar score, where no environmental flow is released, a deficit of
around 21% is calculated on average. This actually reveals the importance of
techniques to increase irrigation efficiency. For this purpose, it is important to adopt
agricultural best management practices such as efficient irrigation techniques and
planting products that require less water, both in terms of protecting the environment
and not affecting the agricultural productivity. Moreover, environmental flow
requirenents adopted in the SSP1 scenario aim to upgrade the environmental status
to unmodified conditions. In the baseline period, the Ecosystem pillar value is 0.38
which implies that the current environmental status of the river is already far from
the naturalconditions. Therefore, it seems that adopting slightly or moderately
modified status instead of natural flow conditions in the SSP1 scenario can achieve
the most sustainable condition for all pillars. The results also indicate that the average

municipal water demand deficit in the SSP2 and SSP5 scenarios is 6% and 4%,
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respectively. This reveals the importance of sustainable practices in the SSP1
scenario, where almost no municipal water demand deficit is calculated. In addition,
the climate projections ithe Porsuk basin show that the average precipitation in the
21% century will be less than the historical average. Furthermore, statistically
significant increasing trends are detected in all temperature projections. Decreased
rains and increasing temparegs mean that water availability in the basin will
decrease compared to the base case. Therefore, practices that will increase
productivity in drinking water and agricultural irrigation are of great importance in

terms of the security of the WEFE Nexusnaonents.
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Figure9-19. WEFE Nexus Index value under climate and socioeconomic changes
in the Porsuk subbasin.
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94.3 Ankara Subbasin

Table 9-8 provides a comparative analysis of the WEFE Nexus indicators for
different scenarios representing climate and socioeconomic changes and for different
time periods, i.e., near, midand far century, in the Ankara subbagtigure 9-20
presents the same informationTable9-8 in a visual format, usig spider charts to
illustrate the values of WEFElexus indicators for different time periods and
scenarios. The charts provide a clear and concise comparison of the values for each
scenario across the different time periods, highlighting the differehe¢sexist
between scenarios and time periods. By examining the values for each indicator, a
deeper understanding of the complex interplay between water, energy, food, and the
ecosystem can be gained, and how this interplay may evolve over time can be
undestood. The pillar indices created using these indicators are evaluated in detall

under the subtitles Water, Energy, Food, and Ecosystem below.

Table9-8. WEFENexus indicators' comparative analysisddferent scenarios in
the 2Pt century: variations over multiple time periods in the Ankara subbasin

NC__MC__FC NC __MC__FC NC__MC__FC

MDC 096 090 0097 MDC 098 0094 001 MDC 097 096 0093
HPP_MGC - - - HPP_MGC - - - HPP_MGC - - -
RES 0.32 051 0.68 RES 0.06 012 0.12 RES 0.06 012 0.12
CO2_ EG 011 0.04 0.02 CO2_EG 004 0.01 0.00 CO2 EG 003 001 0.00
IDM 053 048 051 IDM 0.86 081 071 IDM 0.85 077 0.5

g | JaaMMs 100 1.00 098| § | JanMMS ~ 1.00 1.00 0.90| £ | JanMMS  1.00 1.00 1.00
@ | FebMMS 100 1.00 1.00| @ | FebMMS 100 1.00 1.00| @ | FebMMS 100 1.00 1.00
o | MarMMS 100 1.00 1.00| | MarMMS 1.00 1.00 1.00| ' | MaMMS  1.00 1.00 1.00
S | A-MMS 100 100 100 | ¥ | Apr-MMS 100 100 019| © | Ap-MMS 100 026 1.00
O | MayMMs 1.00 1.00 1.00| G | May-MMS 1.00 1.00 1.00| O | May-MMS 1.00 1.00 0.91
© | junMMS 100 1.00 080| % | JunMMs 100 1.00 021| T | JunMMS  1.00 1.00 1.00
JukMMS  0.00 0.00 0.00 JulMMS  0.00 0.00 0.00 JulMMS 040 0.00 0.14
Aug-MMS  0.00 0.0 0.67 Aug-MMS  0.00 0.00 0.50 Aug-MMS  1.00 1.00 0.94
SepMMS ~ 0.87 0.14 0.00 SepMMS ~ 0.68 0.00 0.00 SepMMS  0.00 0.68 0.53
OctMMS 052 0.05 0.70 OctMMS ~ 0.00 0.00 0.50 OctMMS 051 1.00 0.35
Nov-MMS  0.96 0.01 0.08 Nov-MMS  0.28 0.00 0.00 Nov-MMS  0.38 0.00 0.00
DecMMS  1.00 1.00 1.00 DecMMS  1.00 1.00 0.55 DecMMS  1.00 0.42 1.00
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Figure 9-20. Ankara subbasin: The values of the WEFE Nekudex Pillar
Indicators in each scenario in each future period segment; near century ), mid
century (b), far century (c). Note: Ecosystem indicator values are not provided in this
figure. The parameter EF represents the average of ecosystem indichtonsisw
equivalent to the Ecosystem pillar value
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Water

Figure9-21shows that the higher scores than the baseline Water pillar score of 0.97
were only achieved in neaentury SSP2 and SSP5 scenarios. In the near century,
both SSP2 and SSP5 scenario have a score of one which corresponds to 100%
coverage of municipal water demand. SSP1 scenario, on the other hand, has a score
of 0.96. Average water pillar values of tathes are 0.94, 0.83, and 0.83 for the SSP1,
SSP2, and SSP5, respectively. Although the SSP2 and SSP5 scenarios appear to be
best performing scenarios at the beginning of tiec2htury, towards the end of the
century SSP2 and SSP5 scores decreases@@fd 0.73, respectively. The lowest
value of the Water pillar (0.70) is obtained in the SSP2 scenario in the far century.
This means that current policies will not be sufficient to meet the demand for
municipal water in the Ankara subbasin, which hostsita like Ankara with
significant water needs. SSP1 scenario seems to be the most sustainable scenario in
this sense. However, even in the SSP1 scenario, there will be an average deficit of
6%. The main reason for this is the environmental flow dematih@ iSSP 1 scenario.

The environmental flow demand creates nexus tension especially in terms of the
Water and FoodRigure9-23) pillars.
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Figure9-21. Water pillar value under climate and socioeconomic changes in the
Ankara subbasin

Energy

All of the power plants that produce significant levels of electricity in the Ankara
subbasin are thermal powgants. There is no HPP currently built or planned to be
built in the Ankara subbasin. As a result, HPP_MGC indicator is not evaluated in
this subbasin. There are biomass fueled power plants as well as fossil fuel power
plants. Most of these plants have waet cooling system. Therefore, water
consumption is at significant levels. The baseline Energy pillar value isFigi6€

9-22). All of the scenarios have higheioses of Energy pillar than the baseline. The
best Energy pillar score belongs to the SSP1 scenario in all time periods. This is
because of the fact that the SSP1 scenario aims to benefit as much as possible from
the renewable energy potential of the basmthe SSP1 scenario, the Energy pillar
value starts with a score of 0.21 in the near century, and it increases to 0.35 at the

end of the century. Moreover, the 30% renewable energy target is almost achieved
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with a RES score of 0.92 towards the end efdbntury. The value of the GAEG

ranges between 0.02 and 0.1..CBG has its highest value in the near century, and

its value decreases towards the far century. This shows that even the most sustainable
scenario, SSP1, is far from the Paris agreememfetsr This highlights the
importance of gradually reducing the dependence on thermal power plants in energy
production and investing more in renewable energy power plants. Although, there
are no renewable power plants planned to be built during theeitury in the SSP2

and SSP5 scenarios, they have better RES sdeigsr€ 9-20) than the baseline

since the already existing biomass power plants operated coorpared to the
baseline in these scenarios. The results obtained in the SSP2 and SSP5 scenarios are
very close to each other. The-athe average of Energy pillar obtained in the SSP2

and SSP5 scenarios is 0.10 and 0.11, respectively. Thus, the Enlenggcoire in

these scenarios is very close to the unsustainability score of zero.
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Figure9-22. Energy pillar value under climate and socioeconomic changes in the
Ankara subbasin

Food

Figure 9-23 shows that the baseline value of the Food pillar (0.97) is higher than
other scenarios at all periods, and the lowest score of the pillar is obtained in th
SSP1 scenario at all times. Average Food pillar value in theettury is 0.51, 0.69,

and 0.67 in the SSP1, SSP2, and SSP5 scenarios, respectively. The results show that
SSP2 and SSP5 scenarios have very close Food pillar value in each time period. Th
difference between the scores of the SSP1 and other scenarios are significant
especially in the near and regntury. The main reason behind the low SSP1 Food
pillar scores is the strict environmental flow requirements. The average deficit which

is neary 3% in the baseline period increases to 49% in the SSP1 scenario. However,
even in the SSP2 scenario in which the highest Food pillar score is obtained, there is

an average deficit of almost 31%.
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Figure9-23. Food pillar value under climate and socioeconomic changes in the
Ankara subbasin

Ecosystem

Figure9-25 shows that the Ecosystem pillar score of all scenaitmver than the
baseline score (0.83) at all times in the Ankara subbasin. The reason for obtaining a
lower score than the baseline, even in the SSP1 scenario which gives the highest
priority to the Ecosystem requirement, can be explained only by wetialzlity.

In the Ankara subbasin, the average precipitation in the historical period is 417.1
mm. The climate projections show that near, middle and far century RCP 4.5
ensemble average precipitation values are 455.9 mm, 392.1 mm and 364.5 mm,
respectiely. In short, although there is a slight increase in the near century, the
precipitation gradually falls below the historical averages. In addition, it is expected
that the average temperature, which is aroungC 1l the baseline period, will
increase td.5aC towards the end of the century. It is evident that water availability

for human uses and aquatic ecosystems will decrease in the basin compared to
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baseline due to low rainfall and high temperatures. Another interesting result that
can be seen frorRigure9-25is the fact that in the micand far century, the SSP5
scenario has better scores compared to the SSP1 scenario. The ensemble average of
the precipitation irthe entire 2% century in the RCP4.5 and RCP8.5 scenarios is
404.1 and 412.6 mm, respectively. Therefore, the amount of precipitation received
by the basin is less in the RCP 4.5 scenario than in the RCP 8.5 scenario. This, in
turn, results in less watevailable for the environmental flow in the RCP 4.5
scenario. In the SSP2 scenario, which has the climatic conditions of the RCP 4.5
scenario, on the other hand, the Environment pillar score is decreasing over time,
and the pillar gets its lowest scorelie SSP2 scenario at all times. The comparison

of the simulated median monthly flows with the IQR of the naturalized streamflow

in each scenario in each time period is givefigure9-24. The first, second, and

the third row of this figure shows the results of the SSP1, SSP2, and SSP5 scenario,
respectively. In the SSP1 scenario, the IQR target is not met in five months, i.e., July,
August, September, October, November, and Decembeheimear and mid
century. The number of months not meeting the IQR target increases to seven in the
far century. The target is only met in the months of February, March, April, May,
and December. In the SSP1 scenario, the Ecosystem pillar score is 007&nd.6

0.69 in the near, micand far century, respectively. In the SSP2 scenario, the IQR is
not met in five months, i.e., July, August, September, October, and November, in the
near century. In the midentury, the number of months with MMS values outsid

the IQR is still five but this time different months (May, June, July, August, and
September). In the far century, the target is achieved at six months which are January,
February, March, October, November, and December. In the SSP2 scenario, the
Ecosyseém pillar gets scores of 0.66, 0.52, and 0.50, in the nearamidar century,
respectively. In the SSP5 scenario, the MMS values are outside the IQR only in four
months, i.e., July, September, October, November, in the near century. The number
of montls not meeting the IQR target increases to five in theaardury, and these
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months are April, July, September, November, and December. Lastly, in the far
century, the IQR target is not met in the months of May, July, August, September,
October, and Novenar. In the SSP5 scenario, the Ecosystem pillar score is 0.77,
0.70, and 0.74, in the near, midnd far century, respectively.

Regular seasonal changes in river flow are crucial for the survival of river organisms
as high and lowllow events provide botlhallenges and opportunities (details in
Chapter7). The ecosystem pillar scores for low (Octobéaviarch) and higklow

(April T September) perils were assessed accordinglable 9-9 shows the 2t
century average Ecosystem pillar scores for low and high flow periods in Ankara
subbasin. Based on the tablecdn be seen that SSP1 has the highest Ecosystem
pillar indicator value across both low and high flow periods. This suggests that in
this scenario, the ecosystem is expected to be the most sustainable. In comparison,
SSP2 and SSP5 have lower Ecosystenarpifidicator values across both low and
high flow periods, indicating a less sustainable situation for the ecosystem. It is also
worth noting that the Ecosystem pillar indicator values for all scenarios are lower
during the high flow period compared to tlosv flow period, suggesting that the
ecosystem may face greater challenges during periods of higher flow. Thus, it may
reflect the negative impacts on certain ecosystem functions, such as habitat quality
and species diversity.
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Figure9-24. Ankara: The comparison of the simulated medramthly flows with

the IQR of the naturalized streamflow in each scenario in each time period. First

row: SSP1; Second row: SSP2; Last row: SSP5
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Figure9-25. Ecosystem pillar value under climate and secomomic changes in
the Ankara subbasin

Table9-9. 215 century average ecosystem pillar scores for low and high flow
periods in Ankara subbasin

SSP1 SSP2 SSP5
Octoberi March (low flow period) 0.79 0.68 0.76
April -September (high flow period)  0.58 0.48 0.71

Aggregated WEFE Nexus Index

After scores of all nexus pillars are calculated and aggregated, the values of the
WEFE Nexus Index given iRigure 9-26 are obtained. The baseline value of the
WEFE Nexus Index (0.71) is higher than the values obtained in all other scenarios.
The main reason for this is that the Food and Ecosystem pillarddvesevalues

compared to the baseline in all scenarios. Among the scenarios, the highest value of
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the WEFE Nexus index (0.68) is obtained in the SSP5 scenario in the near century.
However, this value gradually decreases to 0.55 and 0.53 mamdddfar catury,
respectively. WEFBNexus index values are close to each other in every period in
SSP2 and SSP5 scenarios. As in the SSP5 scenario, the value of the index decreases
over time in the SSP2 scenario. In the SSP1 scenario, on the other hand, the index
value, which decreases from near to foghtury, reaches its highest level (0.63) in

the far century since the Water and the Energy pillars have their highest values in the
SSP1 scenario in the far century.

The Ankara subbasin differs from other subbasmghiat all nexus pillars are
connected by much more complex relationships. First of all, the city of Ankara, the
capital of Turkiye and the second largest city in terms of population, falls within the
borders of the Ankara subbasin. There are many dantis fbuidrinking water
purposes in the basin. Moreover, drinking water is delivered from the dams in the
Kirmir subbasin to the Kurtbojazé dam i
where there is a shortage of drinking water, water is transfepetifrt he Keé z é |l
river. Therefore, there is water transfer between basins. Ankara subbasin also has an

important place in terms of agricultural production. 60% of Ankara province consists

n

t h

ér mak

of agricul tural | ands and (Pkyé¢'sgtahag,isdi stri ct,

located in the Ankara subbaginD S K, . TRefe aré glso mamwyganized industrial
zones in the basin. Although there are not any HPP in the basinemately nexus

is still important since there are thermal power plants with wet cooling systems.
Furthermore, Ankara subbasin has a continental climate. It is tladseliest
subbasin in the Sakarya Basin with an average precipitation of 417.1 mm per year
calculated in the baseline period. Also, it is projected that average precipitation will
decrease in the 2Tentury. Hence, the basin will get drier which wiltiease the
pressure on all sectors and nexus pillars. The results clearly show that if the current
municipal water policies continue (SSP2), the deficit in drinking water demand will

increase to about 30% towards the end of tifec2htury. In addition, @ording to
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the results of SSP2 scenario, the deficit in agricultural irrigation demand will reach
serious levels (approximately 45%) and at the same time, the aquatic conditions will
become much more critical than it is today. The SSP5 scenario shoves sasults

to the SSP2 scenario. One of the most important differences between these two
scenarios is that the average precipitation in the RCP8.5 scenario is higher than in
the RCP4.5 scenario, and therefore the availability of water for environmental fl

is somewhat higher in the RCP 8.5 scenario. The results of the SSP1 scenario show
that natural flow conditions cannot be targeted in the Ankara subbasin. This is
because in the SSP1 scenario, although environmental flows are the first priority,
worse Eosystem pillar values are obtained compared to both the baseline and the
SSP5 scenario. That is, the water availability is restricted due to climatic conditions.
In addition, targeting natural environmental flows causes serious deficits in meeting
the ned for agricultural irrigation. However, in the SSP1 scenario, it is seen that
sustainable applications significantly reduce the municipal water demand deficit
compared to the SSP2 and SSP5 scenarios. All these results show that in the SSP1
scenario, if sljhtly or moderately modified is targeted instead of natural flow
conditions, and sustainable practices that will increase efficiency in agricultural
irrigation are adopted, the most balanced situation among nexus components and

thus the highest overall WERNexus index can be achieved in the Ankara subbasin.
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Figure9-26. WEFE Nexus Index value under climate and socioeconomic changes
in the Ankara subbasin

944 Kirmir Subbasin

Table 9-10 provides a comparative analysis of the WEFE Nexus indicators for
different scenarios representing climate and socioeconomic changes and for different
time periods, i.e., near, midand far century, in the Kirmir subbaskigure 9-27
presents the same informationTeble9-10 in a visual format, using spider charts

to illustrae the values of WEFEexus indicators for different time periods and
scenarios. The charts provide a clear and concise comparison of the values for each
scenario across the different time periods, highlighting the differences that exist
between scenariaand time periods. By examining the values for each indicator, a
deeper understanding of the complex interplay between water, energy, food, and the
ecosystem can be gained, and how this interplay may evolve over time can be
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understood. The pillar indiceseated using these indicators are evaluated in detall

under the subtitles Water, Energy, Food, and Ecosystem below.

Table9-10. WEFENexus indicators' comparative analysis for different scenarios
in the 2% century: variations over multiple time periods in the Kirmir subbasin

NC __MC __FC NC__MC__FC NC__MC __FC
MDC 060 067 086 MDC 099 099 0.99 MDC 099 099 0.98
HPP_MGC - - - HPP_MGC - - - HPP_MGC - - -
RES 1.00 1.00 1.00 RES - - - RES - - -
CO2_EG - - - CO2_EG - - - CO2_EG - - -
IDM 0.48 047 0.6 IDM 0.89 077 0.68 IDM 0.85 075 0.67

T | JanMMs 100 1.00 1.00| § | JanMMS 050 059 031 | £ | JanMMS 005 044 061

@ | FebMMS 100 1.00 1.00| @ | FebMMS 040 0.00 0.09| @ | FebMMS 000 0.39 0.10

o | MarMMsS  1.00 1.00 094 | . | MarMMS 031 000 036 | ! | MarMMS 000 053 021

S | A-MMS 100 099 100 | ¥ | Apr-MMS 006 000 014| © | Ap-MMS 000 050 0.6

O | MayMMs  1.00 097 077| G | May-MMS 0.00 0.4 000| G | May-MMS 0.00 056 0.00

© | junMMs 100 077 077| % | JunMMs 000 000 000| T | JunMMS 000 0.00 0.00
JukMMS  1.00 0.74 0.96 JukMMS  0.00 0.00 0.07 JulMMS  0.00 0.00 0.00
AugMMS  1.00 1.00 1.00 Aug-MMS  0.14 0.00 0.00 Aug-MMS  0.00 0.73 0.00
SepMMS ~ 1.00 1.00 1.00 SepMMS ~ 0.37 0.00 0.00 SepMMS ~ 0.00 093 0.91
OctMMS  1.00 0.72 1.00 OctMMS 040 0.37 0.64 OctMMS  0.33 051 0.83
Nov-MMS ~ 1.00 1.00 1.00 Nov-MMS  0.00 0.00 0.62 Nov-MMS  0.76 0.00 1.00
DecMMS  1.00 1.00 1.00 DecMMS  0.00 0.33 0.15 DecMMS  1.00 0.35 0.88
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Figure9-27. Kirmir subbasin: The values of the WEREXxus Index Pillar Indicators

in each scenario in each future period segment; near century (aenidy (b), far
century (c). Note: Ecosystem indicator values are not provided in this figure. The
parameter EF represents the average of ecosystem ardjoahich is equivalent to

the Ecosystem pillar value
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Water

Figure9-28 shows that the Water pillar scores of the baseline, SSP2 and SSP5 are
almost one at all timedHowever, in SSP1 scenario, it is seen that there is some
deficit in all periods. Deficit gradually decreases towards the end of the century. The
water pillar score is calculated as 0.60, 0.67, and 0.86 in the neay,amdtfar
century, respectively. ®refore, in the SSP1 scenario, an average deficit of
approximately 30% is calculated in theS2dentury. Although some districts of
Ankara province are included in the Kirmir subbasin, the municipal water demand
in the Kirmir subbasin is not as high agtfie Ankara subbasin, since these are the
districts with low population density. The main reason for the municipal water
demand deficit in the SSP1 scenario is the strict environmental flow requirement

applied in this scenario.
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Figure9-28. Water pillar value under climate and socioeconomic changes in the
Kirmir subbasin
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Enerqgy

In Kirmir subbasin, there is no electricity production in the baseline period. There
are also no hydroelectric or thermal powkmts planned. Thus, none of the Energy
pillar indicators were included in the evaluation of the baseline, SSP2 and SSP5
scenarios Kigure 9-27). Consequently, in #se scenarios, Energy pillar is not
included when calculating the overall WEFE Nexus Index. The SSP1 scenario, on
the other hand, aims to benefit from the entire renewable energy potential of the basin
until the end of the Zicentury. Therefore, startirffigpm the beginning of the century

and increasing towards the end of the century, electricity is produced from solar and
wind power plants. Accordingly, the Energy pillar score in the SSP1 scenario is
calculated using only the RES indicator and includethéoverall WEFE Nexus
Index evaluation. In addition, since electricity is produced only from renewable
energy plants, the RES indicator takes the value of one at all times, and therefore the
Energy pillar score is calculated as one at all times in th&l S8enarioKigure

9-29).
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Figure9-29. Energy pillar value under climate and socioeconomic changes in the
Kirmir subbasin

Food

Figure 9-30 shows that there is approximately 15% irrigation demand deficit, i.e.,
IDM score of 0.85, in the baseline period in the Kirmir subbd®ss or close deficit

than baseline calculated only in near century SSP2 (IDM score of 0.89) and SSP5
(IDM score of 0.85) scenario. However, the Food pillar score appears to decrease
over time in the SSP2 and SSP5 scenarios, and the results obtathedeirtwo
scenarios are very close to each other. In the SSP1 scenario, the Food pillar score is
around 0.47 in all periods. There is a significant difference between the Food pillar
score obtained in the SSP1 and the other scenarios. The main reabisifothe
targeting of natural flow conditions in the SSP1 scenario, and therefore the inability
to provide enough water to agriculture. An average deficit of approximately 53% is
calculated in the SSP1 scenario. However, even in the SSP2 scenarientapges
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business as usual and the SSP5 scenario representinguelesil development, an

average of 22% and 24% deficit is calculated in tiféc2htury, respectively.
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Figure9-30. Food pillar value undeslimate and socioeconomic changes in the
Kirmir subbasin

Ecosystem

The comparison of the simulated median monthly flows with the IQR of the
naturalized streamflow in each scenario in each time period is giagure9-31.

The first, second, and the third row of this figure shows the results of the SSP1, SSP2,
and SSP5 scenario, respectively. The foeatury SSP1 scenario results show that
the IQR target is et in all months. Thus, the Ecosystem Pillar value is one in this
period in the SSP1 scenariéigure9-32). Mid-century SSP1 scenario results show
that IQR target aanot not be achieved at 5 months (April, May, June, July, and
October). However, the scores obtained in April and May are 0.99 and 0.97, and they
are very close to the lower quartile of the IQR. The overall Ecosystem pillar score in
the midcentury is calalated as 0.93 in the SSP1 scenaFigyre9-32). In the far
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century, there are five months (March, April, May, June, and July) in which the
median simulated streatofv values are outside the IQR. However, the median
March and July streamflow values are very close to lower quartile and hence their
scores are 0.94 and 0.96, respectively. In the SSP1 scenario, the overall Ecosystem
pillar value is calculated as 0.95time far century. As it can be seen fréigure

9-32, SSP1 is the only scenario which gets higher scores compared to the baseline
Ecosystem pillar score of 0.72 in aithe periodsFigure9-31 shows that IQR target

can never be met in any time period in the SSP2 scenario. The median streamflow
values in all months are lower than tbever quartile and often even lower than the
minimum natural flow value. The Ecosystem pillar scores in the SSP2 scenario are
calculated as 0.18, 0.12, and 0.20 in the near; amd far century, respectively
(Figure 9-32). These numbers imply that the SSP2 scenario results in severely
unsustainable ecosystem conditions in the Kirmir subbasin. Similar to the SSP2
scenario, the SSP5 scenario almost never achieve@®htatget in any period. The

MMS value is within the IQR only in December in the near century and in November
in the far century. In all periods, all MMS values outside the IQR have values lower
than the lower quartile. In the SSP5 scenario, the overaiylstem pillar scores are
calculated as 0.18, 0.41, and 0.38 in the near; emd far century, respectively.
Although the results obtained in the SSP5 scenario are better than the SSP2 results,
they are still far from sustainability. In addition to socioeomic differences, the

main reason for the difference between these two scenarios is the difference in
climatic conditions. In the Kirmir subbasin, the RCP 8.5 scenario projects higher

average precipitation compared to the RCP 4.5 scenario.

Seasonal changes in river flow play a critical role in shaping the ecology of river
systems. Highand lowflow events present both challenges and opportunities for
river organisms, and the regularity of these events is essential for their survival
(detaik in Chaptef7). Looking at the Ecosystem pillar indicator values for the low

flow period (October March) and the high flow period (Apiil Septenber), it can
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be seen that there are notable differences between thdabie 9-11 shows the
comparison of SSP1, SSP2, and SSP5 in terms of thé&irc&itury average
Ecosystem pillar scores in the low and high flow periods. During the low flow period,
SSP1 has the highest Ecosystem pillar score of 0.98, indicating that it has the
strongest sustainability performance among the three scenarios. SSP5 has the
seconehighest value of 0.44, while SSP2 has the lowest value of 0.28. During the
high flow period, SSP1 still has the highest Ecosystem pillar indicator value, but its
value decreases to 0.94. SSP5 has the sdughdst value of 0.21, while SSP2 has

the lowest valueof 0.05. Comparing the two periods, it can be seen that the
Ecosystem pillar scores are generally higher during the low flow period compared to
the high flow period for all three scenarios. The fact that the Ecosystem pillar score
is lower in the high flar period, especially in the SSP2 and SSP5 scenarios, indicates
that the ecosystem faces greater challenges during this period. Thus, processes that
are critical for the functioning of the ecosystem, such as sediment transport and

nutrient cycling, which ozur due to high flows, may be unsustainably affected.
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Simulated Median Monthly Streamflow
Figure9-31. Kirmir: The comparison of the simulated medmaonthly flows with

the IQR of the naturalized streamflow in each scenario in each time period. First

row: SSP1; Second row: SSP2; Last row: SSP5
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Figure9-32. Ecosystem pillar value under climate and secomomic changes in
the Kirmir subbasin

Table9-11. 215 century average ecosystem pillar scores for low and high flow
periods in Kirmir subbasin

SSP1 SSP2 SSP5
Octoberi March (low flow period) 0.98 0.28 0.44
April -September (high flow period) 0.94 0.05 0.21

Aggregated WEFE Nexus Index

After scores of all pillars are calculated and aggregated, the values of the WEFE
Nexus Index given ifrigure9-33 are obtained. This figure shows that all scenarios
have higher scores of WEFE Nexus Index compared to the baseline score of 0.61.
The highest scores are obtained in the SSP1 scenario imalperiods. This is

expected since the highest scores of Energy and Ecosystem pillars are obtained in
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the SSP1 scenario. The lowest WEFE Nexus Index is calculated in the SSP2 scenario
in the near century. The major difference between SSP1 and othelicEenadue

to the scores obtained for the Ecosystem pillar. In addition, the Energy pillar is not
included in the overall WEFE Nexus Index calculation in the SSP2 and SSP5
scenarios since there is no electricity production in these scenarios. In the SSP1
scenario, on the other hand, solar and wind power plants generate electricity in the
basin. This is the second reason for the difference between SSP1 and other scenarios.
Although the worsscoring scenario for Water and Food pillars is SSP1, in the
overall WEFE Nexus score this is compensated by good scores for Energy and
Ecosystem pillars. This highlights the need to consider not only the overall WEFE
Nexus Index score, but also all pillar scores when evaluating and comparing

scenarios.

In the Kirmir subbain, connections between Water, Food and Ecosystem pillars
come to the fore. One of the most important features that distinguishes the Kirmir
subbasin from other subbasins is that some of the water collected in this basin is
transferred to the Ankara suldi in order to meet the municipal water demand of

the city of Ankara. For this purpose, the water collected in the Akyar Dam located

in the Kirmir subbasin is first transf el
subbasin. It is then transferred to Kurth az € Da m, | ocated in th
by a transmission |line. I n addition, ¢aml

also used to meet Ankara's drinking water. 78% of the drinking water of the
municipalities in the Kirmir basin is met from grailwater and 22% from surface
water. In villages, 27% of drinking water is met from groundwater, while 73% is
from surface wate( D S K, . A2cdrdling)to the scenario results, the municipal
water demand deficit in the Kirmir subbasin in thé' 2éntury is almost zero in the
SSP2 and SSP5 scenarios. However, targeting natural flow cosditidhne basin
creates problems in terms of sustainability in other pillars. In the SSP1 scenario, an

average of 29% and 53% deficit is calculated to meet the municipal water demand
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and agricultural water demand, respectively. Although almost no muni@psnd

deficit is calculated in SSP2 and SSP5 scenarios, the deficit in agricultural irrigation
is calculated as 22% and 24% on average, respectively, in these scenarios. Also, the
215 century average Ecosystem pillar scores in the SSP2 and SSP5 saead)ing

and 0.32, respectively. Therefore, in these scenarios, the Ecosystem Pillar is far from
the full sustainability score of one. All these results show that in order to achieve a
more balanced situation for all pillars in the basin, while adopti@GEP1 scenario,

it would be more appropriate to target slightly or moderately modified conditions
instead of natural flow conditions in the basin. In this way, while maintaining the
sustainability of the Ecosystem to a significant extent, the defiditéater and Food

pillar will also be reduced.
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Figure9-33. WEFE Nexus Index value under climate and socioeconomic changes
in the Kirmir subbasin
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9.4.5 Middle Sakarya Subbasin

Table 9-12 provides a comparative analysis of the WEFE Nexus indicators for
different scenarios representing climate and socioeconomic changes and for different
time periods, i.e., near, midand farcentury, in the Middle Sakarya subbasiigure

9-34 presents the same information Bable 9-12 in a visual format, using spider
charts to illustrate the values of WEREXxus indicators for different time periods

and scenarios. The charts provide a clear and concise comparison of the values for
each scenario across the differeme periods, highlighting the differences that exist
between scenarios and time periods. By examining the values for each indicator, a
deeper understanding of the complex interplay between water, energy, food, and the
ecosystem can be gained, and how thtsrplay may evolve over time can be
understood. The pillar indices created using these indicators are evaluated in detall

under the subtitles Water, Energy, Food, and Ecosystem below.

Table9-12. WEFENexus indicators' comparative analysis for different scenarios in
the 2F' century: variations over multiple time periods in the Middle Sakarya
subbasin

NC__MC__FC NC __MC__FC NC__MC__FC
MDC 0.94 091 0.90 MDC 1.00 099 097 MDC 1.00 099 0098
HPP_MGC 032 0.30 0.23 HPP_MGC 0.18 0.16 0.12 HPP_MGC 0.17 021 0.15
RES 1.00 1.00 1.00 RES 0.74 069 0.62 RES 071 0.80 0.68
CO2_EG 0.0 0.00 0.00 CO2_EG  0.00 0.00 0.00 CO2_EG 000 000 0.00
IDM 0.62 049 039 IDM 0.92 070 050 IDM 0.85 071 052

g | JaaMMs  1.00 1.00 1.00| § | JanMMS ~ 1.00 1.00 1.00| £ | JanMMS  1.00 1.00 1.00

@ | FebMMS 100 1.00 1.00| @ | FebMMS 073 070 1.00| @ | FebMMS 084 1.00 1.00

o | MarMMS 100 1.00 1.00| . | MarMMS 1.00 1.00 1.00| ' | Ma-MMS  1.00 1.00 1.00

S | A-MMS 100 100 100 | ¥ | Apr-MMS 100 100 100| © | Ap-MMS 100 1.00 1.00

O | May-MMS 1.00 1.00 081| G | May-MMS 000 080 000| O | May-MMS 0.00 0.49 0.00

© | junMMS 100 1.00 098| % | JunMMs 073 100 000| T | JunMMS 000 0.84 0.42
JukMMS 100 0.82 0.23 JulMMS  1.00 1.00 1.00 JulMMS 074 030 1.00
Aug-MMS  0.00 0.00 0.00 Aug-MMS  0.00 0.00 0.38 Aug-MMS 028 0.76 0.51
SepMMS ~ 1.00 1.00 1.00 SepMMS  0.13 1.00 1.00 SepMMS ~ 0.00 1.00 1.00
OctMMS  1.00 1.00 1.00 OctMMS  0.00 0.82 0.00 OctMMS ~ 0.05 0.00 0.64
Nov-MMS 053 1.00 1.00 Nov-MMS  0.00 0.09 0.00 Nov-MMS  0.32 0.00 0.88
DecMMS  1.00 1.00 1.00 DecMMS  0.34 0.90 1.00 DecMMS  1.00 0.60 1.00
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Figure9-34. Middle Sakarya subbasin: The values of\#EFE Nexus Index Pillar
Indicators in each scenario in each future period segment; near century (), mid
century (b), far century (c). Note: Ecosystem indicator values are not provided in this
figure. The parameter EF represents the average of ecosystieatans, which is
equivalent to the Ecosystem pillar value
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Water

Figure9-35shows that Water pillar score in the baseline period (1.00) is higher than
the scores latained in other scenarios at all periods except the scores of SSP2 and
SSP5 in the near century. The scores of Water pillar in the SSP2 and SSP5 are very
close to each other. Afime average scores of the®Xdentury in these scenarios is
calculated as 0.99. In the SSP1 scenario, on the other hand, the Water pillar values
are 0.94, 0.91, and 0.90 in the near,4n#hd far century, respectively. That is, an
average of 8% deficit is calculated in the!Zentuy and the lowest scores of the
Water pillar are always calculated in the SSP1 scenario. This points out that the
stringent environmental flow requirements employed in the SSP1 scenario results in

municipal water demand deficit.

Middle Sakarya Water Pillar
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Figure9-35. Water pillar value under climate and socioeconomic changes in the
Middle Sakarya subbasin
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Enerqgy

The Middle Sakarya subbasin has high energy demand and it has the second highest
energy production among the sewgibbasins in the Sakariasin. In the baseline
period, the total number of power plants within the Middle Sakarya subbasin is 25,
with a total installed capacity of 1,742 MW. Out of these 25 power plants, 13 are
HPPs with a total installed capaciy 593.8 MW (34% of the total). The installed
capacities of the HPPs range between 0.36 MW and 160 MW. Also, there are seven
fossitHfueled power plants in the region with a total installed capacity of 1106.6 MW.
The largest installed capacity belongs t628 MW lignitefired power plant. The
number of power plants with wet cooling water systems is higher than those with dry
cooling systems. The total installed capacities of the power plants with dry and wet
cooling systems are 71.6 MW and 1038 MW, respebti The annual total
evaporation in the three largest hydroelectric power plants in the basin is 1189.3 mm.
These numbers emphasize the importance of vestergy nexus in the subbasin. In

the baseline period, the amount of hydropower production ascarpage of the
maximum hydropower generation capacity and the renewable energy share are 26%
and 16%, respectivelyF{gure9-34). This in turn results in the Energyllpr score

of 0.21 Figure 9-36). In the 2% century, all scenarios have higher Energy pillar
scores as compared to the base case. This is mainly owing to the tsibstarase

in renewable energy share in other scenarios compared to the baseline scenario. The
renewable energy share is also increasing in SSP2 and SSP5 scenarios because there
are already power plants under construction or planned in the basin. BhE@O
indicator takes the value 0.00 in all scenarios and all periods. This shows that in all
scenarios, the C{emission reduction targets of the near, naidd far century are

far from being achieved. This shows that it is not possible to reach thests targ
unless the thermal power plants are closed gradually. HPP_MGC indicator gets its
highest value in SSP1 scenario in all scenarios and all periods. This is because

renewable power plants are given the highest priority in electricity generation in the
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SSA scenario. Since the HPP_MGC and RES indicators have their highest values
in the SSP1 scenario, the highest values of the overall Energy pillar score are always
calculated in the SSP1 scenario.-ththe average Energy pillar scores are calculated

as 0.430.28, and 0.30 in the SSP1, SSP2, and SSP5 scenario, respectively. These
numbers show that even in the SSP1 scenario, which takes the green road, the Energy
pillar score is significantly away from the full sustainability score of one. The reason
for this is that fossil fuel thermal power plants are active in all scenarios, even if
priority is given to renewable power plants in the SSP1 scenario. Therefore, fossil
fuel thermal power plants should be closed or, if these power plants cannot be closed,
seriousnvestments should be made in research and application of technologies that

will reduce carbon emissions, e.g., carbon capture and storage (CCS).
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Figure9-36. Energy pillar value under climate and socm@omic changes in the
Middle Sakarya subbasin
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Food

Figure9-37 shows that the Food pillar scores of all scenarios are always lower than
the base case score of 0.82¢cept the SSP2 scenario in the near century. In addition,

it is seen that the Food pillar score decreases over time in all scenarios. SSP2 and
SSP5 scenario results are very close to each other. SSP2 scenario results show that
if the current practices atinue in the basin, irrigation demand deficit will be 8% in

the near century, and it will gradually increase to 30% in thecendury and to 50%

in the far century. In SSP5 scenario, the irrigation demand deficit is calculated as
15%, 29%, and 48% in threear, mid and far century, respectively. The worst Food
pillar scores are obtained in the SSP1 scenario. Irrigation demand deficit, which is
calculated as 38% in the near century, increases to 51% in theentidy and to

61% in the far century. The nmaieason for the difference between the SSP1 scenario
and the other scenarios is the strict environmental flow requirements applied in the

SSP1 scenario.
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Figure9-37. Food pillar value under climate asdcioeconomic changes in the
Middle Sakarya subbasin

Ecosystem

The comparison of the simulated median monthly flows with the IQR of the
naturalized streamflow in each scenario in each time period is givagure9-38.

The first, second, and the third row of this figure shows the results of the SSP1, SSP2,
and SSP5 scenario, respectively. In the SSP1 scenario, MMS of the months of
August and November are outside tlER in the near century, and the Ecosystem
pillar score is calculated as 0.88 in this periBigjgre9-39). In the midcentury, the
number of months with MMS valuesitside the IQR increases to five (April, May,
June, July and October) but the Ecosystem pillar score (0.93) is still higher as
compared to the near century. This is because the MMS values in this period are
much closer to either lower or upper quartildéhef IQR than the values in the near
century. In the far century, the Ecosystem pillar score increases to 1.00 with only

one month (March) in which the MMS values is outside the IQR, and in this month
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the normalized MMS value is calculated as 0.97. I'BfBE2 scenario, there are only

four months (January, March, April and July) with MMS values inside the IQR in
the near century. In addition, the MMS value in four months (May, August, October
and November) is even lower than the minimum value of the naeddlow, so the
normalized MMS values in these months are zero. As a result, the Ecosystem pillar
score of the SSP2 scenario in the near century is calculated as 0.49. In-the mid
century, the number of months with MMS values inside the IQR increase® to f
(January, March, April, June and July), and August is the only month which has an
MMS value even below the minimum of the naturalized flow. Thus, the Ecosystem
pillar score increases to 0.78 in the ro&htury. In the far century, the IQR target is
metin six months (January, February, March, April, July and December). There are
four months with normalized MMS value of zero. Therefore, the Ecosystem pillar
value is 0.61 in the far century. The SSP5 scenario results show that there are four
months (Janug, March, April and December) with MMS values inside the IQR and
there are three months (May, June and September) that have MMS values even lower
than the minimum flow. The Ecosystem pillar score of SSP5 in the near century is
calculated as 0.52. In thearcentury, the IQR target is met in five months (January,
February, March, April and September) and there are two months (October and
November) with a normalized MMS value of zero. Thus, the Ecosystem pillar score
is 0.67. In the far century, the Ecosystpillar gets a higher score (0.79) than near
and midcentury. There are seven months that have MMS values remain within the
IQR, and only in the month of May the MMS value is lower than the minimum flow.
Among all scenarios, the highest Ecosystem scoaél periods is obtained in SSP1
scenario. In addition, the scores obtained in this scenario are always higher than the

base case.

The changing flow patterns of rivers are fundamental to the survival and health of
river ecosystems. High and leflow evens present both challenges and

opportunities for different types of riverine species (details in ChZpt&iven this
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information, the 2¥ century average Ecosystem pillar scores for the low (October
March) and high flow (April September) periods for three different scenarios SSP1,
SSP2, and SSP5 were comparédnle9-13). As can be seen froifable9-13, the
highest Ecosystem pillar score (0.97) in the low flow period belongs to the SSP1
scenario. The secofakstscore (0.74) is in the SSP5 scenario. The lowest score
(0.64) was calculated in the SSP2 scenario. In the high flow period, although the
highest score is in the SSP1 scenario, the score (0.77) decreases compared to the high
flow period. Similarly, SSP2 (61) and SSP5 (0.57) scenarios also have lower
Ecosystem pillar scores during the high flow period. The fact that the scores obtained
in the high flow period are lower than the low flow periods in all scenarios indicates
that high flow events, which areitical for ecosystem reproductivity and diversity,

are more affected.
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NF-Q1: Naturalized Streamflow Lower Quartile; N3: Naturalized Streamflow Upper Quartile; MMS:
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Simulated Median Monthly Streamflow
Figure 9-38. Middle Sakarya: The comparison of the simulated medianthly

flows with the IQR of the naturalized streamflow in each scenario in each time

period. First row: SSP1; Second row: SSP2; Last row: SSP5



Middle Sakarya Ecosystem Pillar

Pillar Valu

cosyste

mmmm RCP4.5 SSPmssm RCP4.5_SSP2 RCP8.5_SSP& - - Baseline

Figure9-39. Ecosystem pillar value under climate and secomomic changes in
the Middle Sakarya subbasin

Table9-13. 215 century average ecosystem pillar scores for low and high flow
periods in Middle Sakarya subbasin

SSP1 SSP2 SSP5
Octoberi March (low flow period) 0.97 0.64 0.74
April -September (high flow period)  0.77 0.61 0.57

Aggregated WEFE Nexus Index

After scores of all nexus pillars are calculated and aggregated, the values of the
WEFE Nexus Index given ifrigure 9-40 are obtained. As can be seen from the

figure, there is no big difference between the index values calculated in the scenarios.
The highest score is obtained in the near century in the SSP1 scenario (0.72). This

value is very close to the baseline scor@l The lowest WEFE Nexus Index value
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(0.58) is calculated in the SSP2 scenario in the far century. Thienallverage
WEFE Nexus Index values are 0.68, 0.65, and 0.66 for SSP1, SSP2, and SSP5,
respectively. Considering the Pillar scores obtainetténSSP1 scenario, it is seen

that the lowest score in the Water and Food pillars is obtained in the SSP1 scenario.
However, in the overall WEFE Nexus assessment, high scores on Energy and

Ecosystem pillars compensate for low scores on other pillars.

In the Middle Sakarya subbasin, all nexus pillars are interconnected by complex
relationships. First of all, there are four subbasins (Upper Sakarya, Porsuk, Ankara,
and Kirmir) located upstream of Middle Sakarya. The total drainage area and
population of thessubbasins are 43,945 krand 6,102,000, respectively. All of
these subbasins have intense agricultural, industrial, and urban activities. Therefore,
the sustainability and security of WEREXuUs components in the Middle Sakarya
subbasin actually depends ¢ime activities carried out in the upstream basins.
Secondly, Middle Sakarya is a searid basin with high energy demand and
production. In the subbasin, electricity generation is highly dependent on water
availability since 34% of the total installed eajty belongs to HPPs, and there are
TPPs with wet cooling systems. The water shortages experienced from time to time
due to climatic conditions and also due to upstream pressures, threaten energy
security. In a fieldwork conducted in the basin in dudy 2022, revealing the
severity of the situation showed that the two headwaters of the Middle Sakarya
subbasin were completely dry. This strong evidence suggests that an integrated
approach considering upstreatownstream interaction in the basin is esséiia
evaluate the WEFBexus to provide sustainable solutions. Thirdly, the agricultural
sector also has an important place in the Middle Sakarya subbasin. In the basin, there
are several provinces, such as Bolu and Bilecik, whose economy is based on
agriaulture and animal husbandry. For this reason, there are many dams and ponds
built for agricultural irrigation purposes in the basin. Lastly, in the Middle Sakarya

subbasin, there are many hydroelectric power plants with dams built on the Sakarya
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River mainbranch. Therefore, there are significant and clearly visible disturbances
associated with basin and water resources development. As a result, natural habitat,
biota and basic ecosystem functions have modified to a significant extent. In this
study, the bseline Ecosystem pillar score in the Middle Sakarya subbasin is
calculated as 0.70. In the$2d¢entury, the highest scores of the Ecosystem pillar are
obtained in the SSP1 scenario. However, this is at the expense of the agricultural
irrigation and muni@al water. Therefore, it is not reasonable to aim for a return to
natural flow conditions in the Middle Sakarya subbasin, where significant
modifications have already taken place. For this reason, it would be more realistic to
target slightly or moderatelynodified conditions in the basin. In addition, even in
scenarios where there is no environmental flow requirement, i.e., SSP2 and SSP5,
an average of approximately 30% irrigation demand deficit is calculated and the
amount of electricity produced in hyadectric power plants in these scenarios is
less than in the SSP1 scenario. Therefore, targeting slightly or moderately modified
conditions in the SSP1 scenario and implementing agricultural BMPs will ensure
that the basin reaches the most balanced andaisaisle level in terms of all pillars.

In addition, each application that will contribute to the sustainability of VMEE#IS

pillars in the Upper Sakarya, Porsuk and Ankara subbasins will result in higher

WEFE Index scores in the Middle Sakarya subbasin.
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Figure9-40. WEFE Nexus Index value under climate and socioeconomic changes
in the Middle Sakarya subbasin

9.4.6 Goksu Subbasin

Table 9-14 provides a comparative analysis of the WEFE Nexus indicators for
different scenarios representing climate and socioeconomic changes and for different
time periods, i.e., near, midand far century, in the Goksu subbagiigure 9-41
presents the same informationTable9-14 in a visual format, sing spider charts

to illustrate the values of WEFRexus indicators for different time periods and
scenarios. The charts provide a clear and concise comparison of the values for each
scenario across the different time periods, highlighting the differethe¢sexist
between scenarios and time periods. By examining the values for each indicator, a
deeper understanding of the complex interplay between water, energy, food, and the
ecosystem can be gained, and how this interplay may evolve over time can be
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