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Abstract

Water resources in semi-arid regions like the Mediterranean Basin are highly vulnera-
ble because of the high variability of weather systems. Additionally, climate change is
altering the timing and pattern of water availability in a region where growing
populations are placing extra demands on water supplies. Importantly, how reservoirs
and dams have an influence on the amount of water resources available is poorly
quantified. Therefore, we examine the impact of reservoirs on water resources
together with the impact of climate change in a semi-arid Mediterranean catchment.
We simulated the Susurluk basin (23.779-km?) using the Soil and Water Assessment
Tool (SWAT) model. We generate results for with (RSV) and without reservoirs
(WRSV) scenarios. We run simulations for current and future conditions using
dynamically downscaled outputs of the MPI-ESM-MR general circulation model
under two greenhouse gas relative concentration pathways (RCPs) in order to reveal
the coupled effect of reservoir and climate impacts. Water resources were then
converted to their usages - blue water (water in aquifers and rivers), green water
storage (water in the soil) and green water flow (water losses by evaporation and
transpiration). The results demonstrate that all water resources except green water
flow are projected to decrease under all RCPs compared to the reference period,
both long-term and at seasonal scales. However, while water scarcity is expected in
the future, reservoir storage is shown to be adequate to overcome this problem. Nev-
ertheless, reservoirs reduce the availability of water, particularly in soil moisture
stores, which increases the potential for drought by reducing streamflow. Further-
more, reservoirs cause water losses through evaporation from their open surfaces.
We conclude that pressures to protect society from economic damage by building
reservoirs have a strong impact on the fluxes of watersheds. This is additional to the

effect of climate change on water resources.
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1 | INTRODUCTION

Accessibility and availability of water resources are vital for human
activities. Therefore, exploring catchment water balances under envi-
ronmental change is crucial in terms of water supply, water demand,
and water management. Many subcomponents of the hydrological
cycle and climate parameters at different spatio-temporal scales are
predicted to undergo substantial changes because of intensive green-
house gas emissions to the atmosphere since industrialization
(Arnell & Gosling, 2013; Hagemann et al., 2013; Stocker et al., 2013).
Many natural hazards, such as floods and landslides, as well as
droughts, will likely increase because of the changing hydrological
cycle and its subcomponents (Alfieri, Burek, Feyen, & Forzieri, 2015;
Arnell & Gosling, 2013; Dottori et al., 2018; Mueller Schmied
et al,, 2016; Oki & Kanae, 2006; Samaniego et al., 2018; Sunde, He,
Hubbart, & Urban, 2017; Vorosmarty, Douglas, Green, &
Revenga, 2005; Vorosmarty, Green, Salisbury, & Lammers, 2000).
Water scarcity, the lack of fresh water resources to meet the standard
water demand, is also likely to be a serious problem by the end of the
21st century in water management because of a growing demand for
domestic, agricultural and industrial water use (Haddeland
et al., 2014; Holland et al., 2015; V6résmarty et al., 2000).

The Mediterranean climate is characterized by dry summers
resulting from stable anticyclonic circulations and wet winters caused
by mid-latitude frontal cyclones (Arnell & Gosling, 2013; Gampe,
Nikulin, & Ludwig, 2016; Gao & Giorgi, 2008; Giorgi & Lionello, 2008;
Hoerling et al., 2012; Peel, Finlayson, & McMahon, 2007; Samaniego
et al., 2018). Studies of climate variability using global and regional cli-
mate models based on both observation data and various greenhouse
gas emission pathways for the Mediterranean Basin suggest this area
will be adversely affected by climate change in the future (T. Ozturk,
Ceber, Tirkes, & Kurnaz, 2015; B. Sen, Topcu, Tirkes, Sen, &
Warner, 2012; Stocker et al, 2013; Turp, Oztirk, Tirkes, &
Kurnaz, 2014). Furthermore, the Mediterranean Basin is one of the
most vulnerable regions in the world in terms of anthropogenic
warming impacts on the hydrological cycle, being described as a “hot
spot” for change (Giorgi, 2006). For instance, annual precipitation is
likely to decrease across almost the entire region in the future
(T. Ozturk et al., 2015). As a consequence of this decrease, Turkey,
and especially coastal areas of the country adjacent to the Mediterra-
nean, will face significant additional pressures on water resources
(Aksoy, Unal, Alexandrov, Dakova, & Yoon, 2008; Fujihara, Tanaka,
Watanabe, Nagano, & Kojiri, 2008; Onol, Semazzi, & F., 2009). In addi-
tion to coastal areas, a long-term decrease in future amounts of snow-
fall, surface runoff, and winter precipitation has been projected by
Bozkurt and Sen (2013) for regions in the interior parts of Anatolia.
When the long-term average annual and monthly total precipitation
trends in Turkey are analysed a declining trend can be seen (Partal &
Kahya, 2006). However, since 1980, there has been an increase in
precipitation in the northern and eastern parts of the country, while a
decrease has been observed in the centre, south and west (Tlrkes

et al., 2016). According to regional climate model results, long term

decreases in daily precipitation are expected in western and southern
regions of Turkey where Mediterranean climates dominate (T. Ozturk,
Tirkes, & Kurnaz, 2011).

Global or Regional Climate Models (GCMs and RCMs) allow a
guantitative exploration of potential changes in climate. Integrating
GCM and RCM outputs with hydrological models is an important
methodology to reveal the impact of climate change on hydrological
processes as there are many non-linearities in catchment responses to
rainfall and evaporation changes. This approach takes GCM or RGM
outputs and uses this to force hydrological models in order to derive
water balance components for watersheds such that the impacts of
climate change on water resources can be investigated (Angelina,
Gado Djibo, Seidou, Seidou Sanda, & Sittichok, 2015;
Chattopadhyay & Jha, 2016; Ertiirk et al., 2014; Fujihara et al., 2008;
Stehr, Debels, Romero, & Alcayaga, 2008; Sunde et al., 2017; Zeng,
Xia, She, Du, & Zhang, 2012). For example, Bucak et al. (2017) demon-
strated the risk of drying of Beysehir Lake due to climate change by
using the SWAT hydrological model coupled with regional climate
model outputs. However, outputs of General Circulation Models
(GCMs) are often too spatially coarse to investigate hydrological
impacts at many river basin scales. Therefore, GCM outputs are
downscaled either dynamically or statistically using various methods
(Chen, Xu, & Guo, 2012; Erturk et al., 2014; Fowler, Blenkinsop, &
Tebaldi, 2007; Maraun & Widmann, 2018; Sunde et al., 2017; Wilby &
Wigley, 1997; Wood, Leung, Sridhar, & Lettenmaier, 2004). In this
study, we have used 10-km high-resolution regional climate model
outputs that have been dynamically downscaled from 50 km.

Reservoirs and dams are one of the main engineering manage-
ment approaches to cope with droughts, floods and water scarcity
issues (Gaupp, Hall, & Dadson, 2015; Vérésmarty et al., 2000). How-
ever, dams and reservoirs can have a serious negative impact on
environmental, aquatic and fluvial systems (Graf, 1999, 2006; Mag-
illigan & Nislow, 2005; Grill et al., 2019; Latrubesse et al., 2017). For
example, one of the strong impacts of reservoirs is to create spatial
fragmentation along fluvial systems (Graf, 1999; Grill et al., 2019).
For instance, only 23% of rivers greater than 1000 km long flow the
ocean without any obstacle (Grill et al., 2019). In addition to the spa-
tial fragmentation of rivers, the natural flow characteristics of rivers
associated with high and low flow hydrographs and their timing are
influenced by the construction of water infrastructure. This can also
affect the ecology and biodiversity of the riparian zone (Graff, 2006;
Magilligan & Nislow, 2005; Poff, Olden, Merritt, & Pepin, 2007).
However, these immense impacts of reservoirs and dams do not
often outweigh the pressures and requirements for agricultural,
industrial and domestic water supply and security (Destouni,
Jaramillo, & Prieto, 2013; Haddeland et al., 2014). There are thus
strong reasons only to construct the minimum number of reservoirs
that are required given climate change and increasing demand. How-
ever, few studies to date have examined the impact of reservoirs on
water resources and hydrological processes within catchments under
different climate scenarios. The main objectives of this research are

therefore:
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1. to show the impact of reservoirs on water resources in a semi- 2 | DATA AND METHODS
arid catchment. In this context, two different scenarios, with
the reservoir (RSV) and without the reservoir (WRSV), are pres- 2.1 | Study area
ented by hydrological model that forced by climate model
outputs. The Susurluk basin, which is situated in the northwest part of Turkey
2. to investigate the impact of long-term and seasonal climatic varia- (Figure 1(a)), covers an area of 23 779 km? and has elevation ranging
tions on water resources by evaluating future water availability between 2543 m (Uludag Mountain) and O m m.s.l. (Figure 1(b)).
using high-resolution regional climate model outputs under opti- Streams draining the basin include the Mustafakemalpasa, Kocacay,
mistic (RCP 4.5) and pessimistic (RCP 8.5) Representative Concen- Niltfer and Simav rivers, and in addition there are two large lakes:
tration Pathways (Van Vuuren et al., 2011). Uluabat and Manyas. The basin is predominately characterized by a

Location Map Aquifer Types Soil Types Land Use
Higilis2sagim: T iohly productive porous aqulfers Eutric Cambisols (Be122-2bc) Urban Residential-Medium/Low Density Pasture
gh : Low and moderately productive porous aquifers [ Calcic Cambisols (Bk45-2bc) Ml Urban Residential-Medium Density Forest-Deciduous
B Hig(;'hly‘ p';?dukctivet 't'"l'szuredkar)zuihrs Calcic Cambisols (Bk49-2c) ; gr:an :ia;ident:al-r:%h Density i [ Forest-Evergreen
i including karstified rocks) . . rban Industrial and Commercial Forest-Mixed
Low :0 Low and moderately productive fissured aquifers Chromic Vertisol (Vc62-3a) bt ! e
al D! i % B Urban Transportation Range-Brush
including Karstified rocks) [ Lithosols (I-Lc-E-2b) Agricultural Wetlands-Miixed
Meteorological Locally aquiferous rocks, porous or fissured W Eutric Fluvisols (Be122-2bc) Rice — :rea;o(szl-(s"xe
Stations Practically non-aquiferous rocks, porous or fissured ' Orthic Luvisol (Lo91-2bc) [ Vineyard = Barren
Gauges B Inland water [ Water Olives Water

FIGURE 1 (a) Location map of the Susurluk basin in the Mediterranean Basin (b) Location of rainfall stations and gauges and Topographic
map (c) Distribution of aquifer types (map was adopted by IHME1500 v11) (d) Distribution of soil types in the basin (e) Corine land-use map of
the Susurluk Basin
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Mediterranean macro climate (C) according to Képpen climate classifi-
cation, with wet winters and dry summers. However, the Nillifer sub-
basin, where the Uludag Mountain is located, is characterized by a
mountainous climate (M. Z. Ozturk, Cetinkaya, & Aydin, 2017; Peel
et al., 2007). The basin receives 570 mm average annual precipitation
while the annual average runoff is 228 mm (Ayaz, 2010). This illus-
trates that almost half of rainfall turns to runoff in the basin. Figure S4
depicts the long-term monthly variation of rainfall and runoff with
uncertainty bands, which was calculated with 5th and 95th percentile,
for the 1983-2005 period. The highest values for rainfall and runoff
are observed during winter months (DJF) in the Susurluk Basin, which
are likely associated with mid-latitude frontal cyclones originating
from the Atlantic and caused by polar air masses. Furthermore, the
lowest runoff values are seen during summer (JJA) due to low precipi-
tation and high evaporation (Akbas & Ozdemir, 2018) associated with
high-pressure systems such as the Azores High and extension Mon-
soon Low (Barry & Chorley, 2009; Karaca, Deniz, & Tayang, 2000;
Tatli, NUzhet, & Mentes, 2004). Peak values for runoff are observed in
spring as a result of snow melt in upland areas.

The basin has a number of aquifers that are used to supply water
resources. While the Bursa, Balikesir, MustafaKemalpasa and Simav
plains have highly productive porous aquifers, other areas of the basin
that drained by the Simav and Kocacay rivers consist of low and mod-
erately productive fissured aquifers and highly productive fissured
aquifers, respectively (Figure 1(c)). In contrast, Orhaneli and Emet
Stream watersheds have no viable aquifer resources.

A number of reservoirs already exist in the basin including
Kayabogazi (storage: 37.84 hm°® construction date: 1987),
Cavdarhisar (38.8 hm® 1991), Selahattin Saygi-Doganci (41.27 hm®-
1984), ikizcetepeler (157.29 hm®, 1992), Caygéren (159.5 hm>-1971),
Manyas (423.39 hm®, 2002) and Cinarcik (304.75 hm®, 2003) which
were constructed to supply water for irrigation, flood protection,
domestic water and power generation (Figure 1(d)). There are also on-
going reservoir construction projects due to increasing demands for
water (Kog, 2014; Yuksel, 2015). The prevailing land-use types in the
basin are urban (476 km?), agriculture (9997 km?), and forest
(10 876 km?), and the basin is one of the most densely populated
basins in Turkey (Figure 1(e)). Many big cities, such as Bursa, Balikesir
and Kitahya, lie within the borders of the basin and the total popula-
tion was 3 201 773 at the 2017 census (General Directorate of Water
Management [GDWM], 2018).

2.2 | General methodology

The main aim of this study is to simulate the Susurluk basin with and
without reservoir scenarios, while simultaneously considering the
impact of climate change, using the SWAT rainfall-runoff model devel-
oped by USDA Agriculture Research Service (ARS) (Arnold
et al., 2012; Arnold, Srinivasan, Muttiah, & Williams, 1998). SWAT is a
physically-based model, which means that it requires physical data
such as soil, vegetation, weather data and topography, and has been

shown to be capable of simulating long-term changes in watersheds

(Neitsch, Arnold, Kiniry, & Williams, 2011). The model divides the
basin into many sub-basins and overlays slope, land-use and soil in
order to generate HRU (Hydrological Response Unit) which enable
the model to calculate physical processes in each unique unit.

Simulations of the hydrological cycle in SWAT are based on the
water balance equation as follows:

t
SWi=SWq + Z(Rday_qurf_Ea_Wseep_ng), (1)
i=1

where, SW; is final soil water content (mm H,0), SW,, is initial soil
water content (mm H;0), t is the times (days), R4ay is the amount of
precipitation on day i (mm H,O), Q.. is the amount of surface runoff
on day i (mm H,0), E, is the amount of evaporation on day i
(mm H,0), Wseep is the amount of water entering the vadose zone
from soil profile on day i (mm H,0), Qg,, is the amount of return flow
onday i.

The model requires four key data sets; A Digital Elevation Model,
land use, soil and observed meteorological and hydrological data. The

specific data sources used in this application were as follows:

Digital elevation model

SRTM (Shuttle Radar Topography Mission) digital elevation model
(90 m resolution) which is hydrologically conditioned by HydroSHEDS
(Hydrological data and maps based on Shuttle Elevation Derivatives at
multiple Scales) was used in this study (Lehner, Verdin, &
Jarvis, 2008). A 15 000 ha value was used as a threshold to obtain
river networks and 58 sub-basins were extracted in the basin
(Figure 1(a)).

Land use
In this study, the Corine Land use-Landcover database was employed
and converted to the SWAT land use classification (Figure 1(d)).

Soil database

Soil data was obtained from the 1:5 000 000 scaled Harmonized
World Soil Database (1 km resolution, http://webarchive.iiasa.ac.at/
Research/LUC/External-World-soil-database/HTML/). Orthic Luvisols
soils (47.5%, percentage of soil cover) cover almost half of the basin,
and Eutric Cambisols (27.6%) are the other dominant soil type. Other
soil types, such as Calcic Cambisols, Lithosols, Eutric Fluvisols and
Chromic Vertisols, cover 24.8% of the basin (Figure 1(c)).

Meteorological and hydrological database

Daily and monthly meteorological data from 1982 to 2005 were
obtained from the Turkish State Meteorological Service (TSMS). The
daily data comprises time series for precipitation (mm), relative humid-
ity (%), wind speed (m/s), solar radiation (MJ/m?) and minimum and
maximum temperature (°C), and were obtained by the meteorological
stations at Bandirma (WMO code: 17114), Bursa (17116), Edremit
(17145), Balikesir (17150), Akhisar (17184), Génen (17674), Uludag
(17676), Keles (17695), Dursunbey (17700), Tavsanl (17704), Simav
(17748) and Gediz (17750) (see Figure 1(b)). Long-term monthly
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weather data from TSMS was also used to impute missing values in
the daily time series and generate climatic data. A hydrological data-
base from river gauges was obtained from the Turkish Hydraulic Ser-
vice (DSI) for calibration of the SWAT rainfall-runoff model. Data
from gauges at Nilifer Cayi-Gecitkoy (Station code: E03A021),
Kocadere-Akcasusurluk  (EO3A017), Kocacay-Kayaca (E03A014),
Mustafa Kemalpasa Cayi-Dollik (EO3A002), Simav Cayi-Yahyakoy
(EO3A016), Atnos Cayi-Balikli (E0O3A024), Emet Cayi-Dereli
(EO3A028), and Orhaneli Cayi-Kiictikilet (EO3A011) (Figure 1(b)) were
selected as these have records covering the same period as the mete-
orological data. Figure 1(a) shows the location of meteorological sta-
tions and gauges.

The methodology of this study is given in Figure 2. First, physical
variables such as land cover, soil and slope were used to generate
HRUs. Initial parameter estimates from available data for SWAT
require calibration to refine simulations and predictive skill. The SWAT
Calibration and Analysis Program (SWAT-CUP) was used to calibrate
the model using observed monthly river discharge values. Important
parameters that are sensitive were selected and model was calibrated
based on its ability to replicate the observations. Next, outputs from
the global climate model MPI-ESM-MR were dynamically downscaled
from 50 to 10 km grid resolution using the RegCM4.4 regional climate
model. Outputs representing the RCP 4.5 and RCP 8.5 pathways were
selected and used to force the calibrated SWAT model. Simulations
were performed for mid-century (2020-2049) and late-century
(2070-2099) conditions. Before running climate model data outputs
through the rainfall-runoff model, bias corrections for precipitation and
temperature were utilized to eliminate these effects (see Appendix S1).
The last process of the analysis is running the model with different res-

ervoir scenarios and climate pathways as follows:

e Reservoir (RSV): Simulations are executed representing current res-

ervoir conditions in the basin.

First Process

e Without Reservoir (WRSV): Simulations are executed by assuming
that there are no reservoirs in the basin.

e RCP 4.5: This is an optimistic pathway for combating climate
change. In this pathway, it is projected that CO, concentration
will be 487 ppm in the middle of the century and 538 ppm by
2100. It is estimated that radiative forcing will be 4.5 W/m? by
the end of this century (Clarke et al., 2007; Meinshausen
et al, 2011; Smith & Wigley, 2006; Van Vuuren et al., 2011;
Wise et al., 2009).

e RCP 8.5: This is the most pessimistic pathway used in current cli-
mate projections and represents a “business as usual” world. In
RCP 8.5 it is estimated that CO, concentration will be 541 ppm by
2050 and 936 ppm by 2100. It is estimated that radiative forcing
will be 85 W/m? by the end of this century (Meinshausen
et al., 2011; Riahi, Gribler, & Nakicenovic, 2007; Van Vuuren
et al., 2011).

Thus, the impact of reservoirs under a changing climate and
their impact on hydrological system (e.g., fluxes) within the basin
can be revealed. In SWAT, we have selected outflow-target-release
scenario (IRESCO = 2) for reservoir release simulation. In addition,
the Falkenmark (1989) for water scarcity was used to quantify, dif-
ferentiate and compare the impact of reservoir scenarios and cli-
mate pathways. This indicator allocates the water per person by
taking water from rivers into account (see below). Finally, water
resources were compared to differentiate the impact of climate
change and reservoir scenarios (Figure 2-Third process). In order to
understand water availability under different climate scenarios and
time scales, water resources of whole Susurluk Basin have been cal-
culated as blue water (deep aquifer recharge + water yield), green
water storage (soil moisture), green water flow (evapotranspiration)
instead of using many single parameters such as surface runoff and

groundwater.

Second Process

HRU
FIGURE 2 Flowchart of the Definition
study. The first process
illustrates the settings of the
rainfall-runoff model. How data
are obtained from the regional
climate model was explained in
the second process. The third
process demonstrates the
comparison of interested
parameters based on different
reservoir scenarios and climate

pathways

SWAT-CUP
Calibration

Observed data

Third Process

ArcSWAT
Simulations
with
reservoirs

WATER RESOURCES

BLUE WATER
GREEN WATER STORAGE
GREEN WATER FLOW

COMPARSIONS OF

| CLIMATE MODEL SCENARIOS |

RESERVOIR EFFECT ON
WATER SCARCITY

RESERVOIR EFFECT ON
WATER RESOURCES

Water Balance'
Components of
Reference and
P 4.5
and RCP 8.5,

ArcSWAT

Simulations
without

reservoirs
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2.2.1 | HRU, parameterization, calibration and
performance tests for SWAT model

HRUs were determined by overlaying soil, land use and slope data.
The value of the soil was chosen as 0% for the land use, 0% for the
slope and 0% for the soil. Thus, 3500 HRU values were obtained in
the basin. The Penman-Monteith method was used to calculate evap-
oration and transpiration (Monteith, 1965) and the Soil Conservation
Service (SCS) Curve Number method was used for surface runoff esti-
mation in the sub-basins (SCS, 1956, 1964, 1971, 1985, 1993).

The SWAT model was calibrated by using the Soil and Water
Assessment Tool Calibration and Analysis Program (SWAT-CUP) with
the observed data (Abbaspour, 2013). Sequential Uncertainty Fitting
(SUFI-2) was utilized as the calibration algorithm with uncertainty
levels of 95 PPU. The SUFI-2 method has two options: “replace” is the
option that changes original parameter values in ranges, while “rela-
tive” uses artificial ranges instead of the original parameter ranges
(see Table 1). Eight different and sensitive parameters have been
selected based on the study of Abbaspour et al. (2015) in order to
reduce the error in simulations. Three hundred iterations of the
SUFI-2 algorithm were executed via the Nash-Sutcliffe efficiency
(NSE) criterion and the best values of calibrated parameters (Table 1)
were obtained according to this criterion. All analyses for both refer-
ence and future scenarios were conducted based on optimal cali-
brated parameter values. The other evaluation tests below were used
as indicators or evaluation tests of the coherence of the model and
observed values.

The Nash-Sutcliffe efficiency (NSE) (Krause, Boyle, & Base, 2005;
Nash & Sutcliffe, 1970) was employed to evaluate simulation results

at gauges (Figure 1(a)). The NSE coefficient can be expressed as:

n _p.)\2
NSE=1—;%, 2)

where Q is the mean of observed discharges, and Q is simulated dis-
charge. P; is observed discharge at time t. The Nash-Sutcliffe effi-
ciency (NSE) compares the residual variance of simulation with the
variance of the observations. (Nash & Sutcliffe, 1970). Nash-Sutcliffe
efficiencies range from —oco to 1. NSE = 1, corresponds to a perfect
match between simulated and observed data. NSE = O indicates that
the model predictions are as accurate as the mean of the observed
data, —co < NSE <0, indicates that the observed mean is a better pre-
dictor of the observations than the model. Moriasi et al. (2007) explain
that an NSE greater than 0.5 is satisfactory for simulation results.

The second test is the Percent BIAS (Gupta, Sorooshian, &
Yapo, 1999). The PBIAS coefficient can be expressed as:

n .
5 (Y% -v,Sm) + 100

PBIAS= (1 =
2 ()

1

where Y;°" observed discharge at time t, Y™ simulated discharge at
time t. PBIAS is based on the percentage difference of the simulation
from the observations. Zero is an optimal number that shows the reli-
ability of the model for simulation. The number + 15 < PBIAS < +25 is
typically considered satisfactory for PBIAS (Moriasi et al., 2007).

The last test is linear regression, which is used in extensively hydro-
logical modelling studies. The regression coefficient can be expressed as:

2

> (Q-Q)-(Pi-P)
RY= [ —= - : (4)
%; (Qi-o)z-\/izzl (°-?)

where R? is the coefficient of determination, Q is observed, and P is

simulated runoff from the simulation. Regression coefficients indicate

TABLE 1 Calibrated parameters of the model gathered from SWAT-CUP for the Susurluk Basin
Name of Initial Best
parameters Definition of parameters ranges Ultimate ranges value t value p value
r_CN2.mgt SCS curve number values for moisture condition Il -0.2t0 0.2 —-0.31to0 0.03 -0.14 -14.06 1.24x 1073
v_ALPHA_BF. Baseflow alpha factor (1/days) 0-1 0.27-0.81 0.54 1.65 0.10
swW
v_GW_DELAY. Groundwater delay time (days) 30-450 —53.04 to 282.44 114.70 -0.87 0.39
sw
v_GWQMN.gw Threshold depth of water in the shallow aquifer 0-5000 —2063.57 to 2646.90 291.67 136 0.17
for return flow (mm H,0)
v_REVAPMN. Threshold depth of water in the shallow aquifer 0-50 9.11-36.39 22.75 -0.27 0.79
sw for revap (mm H,0)
v_GW_REVAP. Groundwater revap coefficient 0.02-0.2 -0.01t00.13 0.06 309 222x10°%
W
v_ESCO.hru Soil evaporation compensation factor 0-1 —-0.21 to 0.60 0.19 -2.37 0.02
r_SOL_AWC.sol Soil available water storage capacity(mm H,O/ -0.2t0 0.2 —0.35 to 0.02 -0.16 229 0.02

mm soil)

Note: r refers to relative changes for given ranges while v refers to replace changes.
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the dispersion between observed and modelled time series. The num-
bers of the coefficient of determination range from O to 1. While
R? = 0 describes randomness between observed and modelled, 1 is an

optimal value at which dispersion is low.

2.3 | Water scarcity indicator

The Falkenmark indicator (Falkenmark, 1989) was employed to under-
stand the availability of water in the study area and was chosen
because of its relative simplicity. The indicator evaluates the amount
of water per capita population and can be expressed as:

365
FI (m®/cap/yr)= > m®/Population, (5)
Day=1

where, m? is daily water amount which is summed for the year. The pop-
ulation is the total who live in the analysis area. Water stress can be cate-
gorized based on fraction water for per capita usage. 1700 m® per capita
is a key threshold for this index. If annual water availability per capita is
below 1700 m® water stress begins. Water availability between 1000
and 500 m® is an indicator of scarcity and below 500 m® represents
absolute scarcity for the affected area (Falkenmark, 1989). Data for the
population was obtained from The Global Population Projection Grids
Based on Shared Socioeconomic Pathways (SSPs) dataset (Jones &
O'Neill, 2016, 2017) which has a resolution of 7.5 arc-minutes. Projected
population data for the Susurluk Basin was extracted for 2010-2100 (-
Figure S6). Each SSP pathway represents different trends, which indicate
different socio-economic futures for each country. We employed all five
SSP scenarios in this study to cover the full spread of possible scenarios.
Observed population data for 1980-2000 was obtained from the
TURKSTAT (Turkish Statistical Institute, 2018) in order to compare the

reference period with respect to the future period for the whole basin.

3 | RESULT AND DISCUSSION

3.1 | Calibration results in Susurluk Basin
Table 1 shows the parameters, descriptions, ranges and sensitivity of
parameters. t and p values refer to the sensitivity of parameters
obtained from multiple regression analysis. Larger values of t and
smaller values of p (significance level) indicate that parameters are
more sensitive in the model. The SCS Curve Number Values for Mois-
ture Condition Il (CN2) is the most sensitive parameter, followed by
the Groundwater REVAP coefficient (GW_REVAP), Soil Evaporation
Compensation factor (ESCO) and Soil Available Water Storage Capac-
ity (SOL_AWC). Modelled runoff is also sensitive to other parameters,
but not to the same extent as the parameters mentioned above.
Observed discharge values at the gauges in the basin were com-
pared with modelled runoff values through the model performance test

in Figure 3 based on virtual reservoir scenarios. Figure 3 shows that the

simulated time series for the Simav and Kocacay rivers (Figure 1(b),
gauges EOA014, EOA016 and EOA024) cannot match the peak flow of
observed runoff; even though it manages to track trends or oscillations
in the observed runoff. Monthly error plots illustrate that this underes-
timation is higher in the winter season (Figure 3) and this may be a con-
sequence of the groundwater in these areas. Because this
underestimation occurs in areas that contain highly productive fissured
aquifers, this may mean that karstic processes are important here
(Figure 1(c)). Nevertheless, performance test results are generally suffi-
cient for the science objectives of the paper. In the Nillifer and Emet
sub-basins, where gauges with EO3A021 and EO3A028 codes are
located, the model cannot simulate some peak flood events observed in
the spring season, however the evaluation test results are sufficient
according to the guidelines of Moriasi et al. (2007). This circumstance
might be a consequence of a higher topography in which precipitation
falls as snow in winter and the timing of snowmelt controls the flood
peaks in the basin. It is also important to account for possible errors in
the observed discharge data (e.g., Coxon et al., 2015) in drawing conclu-
sions about the model performance. In general, performance testing of
the model shows sufficient scores (Figure 3) in terms of evaluation
criteria of Moriasi et al. (2007) except for two stations. However, this
two stations have no great influence of test scores at outlet. For exam-
ple, in Figure 3, gauge EO3A017 represents almost whole the basin
excluding Nillifer sub-basin. The performance test values for gauge
EO3A017 are 0.63 for NSE, 0.15 for PBIAS, and 0.68 for R2, respec-
tively. Therefore, it can be said that the skill of the calibrated model is

sufficient to accomplish the aims of this study.

3.2 | Water availability under climate change
pathways

We evaluated the impact of climate scenarios on water resources
along with reservoir scenario (RSV) in order to reflect the actual situa-
tion in the basin. A boxplot of all water resources was drawn to distin-
guish the gradient of all RCP's. A nonparametric test of Mann-
Whitney U or Wilcoxon rank-sum tests (Lehmann & D'Abrera, 1975)
were utilized in order to compare and contrast the statistically signifi-
cant change in monthly water resources components (precipitation,
blue, green water storage and green water flow) for future periods
under the RCP 4.5 and RCP 8.5 climate model pathways with respect
to the reference period (Figure 4).

Figure 4 illustrates that there is a statistically significant decrease
for all water resource components in the future periods of RCP4.5
and RCP8.5 with respect to the reference period except for green
water flow. Decreases in future precipitation were observed for all
RCPs except for the RCP4.5 late century (2070-2099) pathway. The
simulation results also indicate that there will also be a statistically sig-
nificant decrease for blue water in the future for both RCP 4.5 and
RCP 8.5 in comparison with the reference period. The intensity of this
decrease will be more severe than other water resources according to
the significance level. Also, the median, 25th and 75th percentiles of

blue water will likely decrease more than the other resource
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components when comparing the reference period with late century
pathways. Outliers (extremes) of boxplots will increase on the con-
trary of median and percentiles. Similar to blue water, a statistically

significant decrease was seen for green water storage for both RCPs

with respect to the reference period. On the other hand, there is no
statistically significant decrease or increase in green water flow for
the future of RCP 4.5 and RCP 8.5 except for RCP4.5 mid-century
(2020-2049). Although a statistically significant change in green
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water flow was not detected, the 25th and 75th percentiles of green
water flow do decrease in the future. Figure 4 also shows a remark-
able decrease for all water resources for the RCP8.5 scenario by late
century (2070-2099). The variability of climate model pathways in
terms of increasing and decreasing water resources is as expected
according to radiative forcing scenarios (Stocker et al., 2013; Van
Vuuren et al., 2011). Besides, Gorguner, Kavvas, and Ishida (2019)
have studied the Gediz basin, which is close to the Susurluk Basin, in
order to determine the impact of climate change on streamflow using
a different kind of model and ensembles for RCP4.5 and RCP8.5. This
study showed that there will be a decrease in streamflow according to
the ensemble of all projections similar to that expected for blue water
(freshwater) in this study.

Kernel density plots, which is non-parametric method for estimat-
ing the probability density function of random variable, were drawn in
order to understand possible future shifts in water resources at sea-
sonal scales. Figure S5 shows that there is noticeable dispersion in all
parameters and all seasons, even though the magnitudes or ampli-
tudes may be different. For all parameters excluding green water flow,
the densities under RCP4.5 and RCP8.5 have moved to the left side
of the reference period in entire seasons. Similarly, peak densities of
RCPs have shifted either upward or downward from the reference
period. Peak of all densities of all parameters are outstanding in the
summer season in which the values of all water resources, which is
spread around the tail, are low because of drought season. Both the
peaks and tails of the density plot of RCP4.5 and RCP8.5 for precipita-
tion in winter follow the density of the reference period. Densities of
mid-late century RCP4.5 and RCP8.5 for spring have shifted to the
left of the reference period. In summer, precipitation decreases in all
RCPs for the future in comparison with the reference period; how-
ever, the amplitude of peaks between 0 and 25 mm have increased,

Scenarios B3 Reference (1971-2000) E3 RCP 4.5 (2020-2049) E3 RCP 4.5 (2070-2099) E3 RCP 8.5 (2020-2049)

especially in the late century RCP8.5 scenario. Similar to winter, RCP
4.5 and RCP 8.5 autumn precipitation density curves fluctuate around
the reference period curve, yet the late century of RCP4.5
(2070-2099) has shifted from the right side of the reference. The
amplitude of peak and tales of blue water densities for all RCPs have
shifted to the left side of the reference period. In addition, peak values
have slightly increased when compared to the reference period. Nev-
ertheless, winter, summer and spring seasons are more vulnerable
than autumn in terms of change. The conditions that are seen for blue
water is the same for green water storage as well. However, the win-
ter season of the green water flow has the opposite character than
other parameters that before explained. Outside of other seasons of
the green water flow, RCPs of winter tend to move the right side of
the reference period. Generally, autumn is more stable in terms of
shifting and changing of curves around the reference period. The
same changes, in particular for precipitation, around the basin, have
been detected by many researchers (Demircan, Glrkan, Eskioglu,
Arabaci, & Coskun, 2017; Giorgi & Lionello, 2008; Lelieveld
et al., 2012; Onol et al, 2009; T. Ozturk et al., 2015; Turp
et al, 2014). It is seen that climate change has a strong impact on
water resources by changing the water amount. However, it is not
well understood and documented how the reservoir is changing the
available water in basins. Therefore, scenarios of the reservoir with
climate impact pathways for water resources have been compared in
the next section.

3.3 | Reservoir effect on water resources

The Falkenmark indicator (Falkenmark, 1989) was employed based
upon climate model pathways (RCPs), observed (TURKSTAT) and

E3 RCP 8.5 (2070-2099)
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FIGURE 4 Boxplot comparisons of water resources under different scenario results (The stars at top of facet indicate the significance values
of Mann-Whitney U test; ns: p > 0.05, *: p < =0.05, **: p < =0.01, ***: p < =0.001, ****: p < =0.0001)
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socio-economic population scenarios (SSPs) in order to depict the
effect of the reservoir scenarios and climate change pathways on blue
water scarcity. Bar graphs were created by dividing the population in
each decade by average decadal runoff from the basin outlet
(Figure 5). For this, the hydrological model was employed with two
reservoir scenarios (RSV, WRSV) to illustrate the water that is needed
to cope with scarcity based upon the Falkenmark indicator. The
threshold that indicates blue water scarcity was added to the bar plot
as a dashed line and a pie chart was constructed to show the propor-
tions of water in runoff and water stored in the reservoirs.

The results demonstrate the different combinations of climate,
population and reservoir scenarios. As seen in Figure 5, the quantity

of water per capita with reservoirs (RSV) is less than the without res-
ervoirs (WRSV) scenario. Water for per capita is especially abundant
during the reference period because of a small population (Figure 5(a)
and Figure S6). SSP3, which is the worst-case scenario for the popula-
tion scenario, shows that water for per capita is going to be down
almost 500 m® by 2100 under the RSV scenario. However, SSP5 and
SSP1 scenarios, which limits population growth, demonstrates that
water per capita does not cross the dashed line in either of the RSV or
WRSV scenarios. In general, Figure 5 illustrates that all population
scenarios will likely experience blue water scarcity due to the lack of
available water and an increase of population up to 2100. Further-

more, the difference of water scarcity among reservoirs scenarios is

Scenarios [l Reference (1971-2000)

O RCP 4.5 (2020-2049)
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B RCP 8.5 (2070-2099)

RESERVOIR RESERVOIR RESERVOIR RESERVOIR RESERVOIR RESERVOIR
Observed (TUIK) SSP1 SSP2 SSP3 SSP4 SSP5
4000 =~ — — - — — - -
1500{ 71500 1500 1500 1500
3000
S 1000 1000 1000 1000 1000
"5 1000 500 I I I |III 500 HIIII 500 500
Q
; L
= 0 0 0 0 0
= % S bp e & 59 $ $ n $
g S w“w“w“m“m“m“ m‘w"'ﬁ@@fﬁ m“’\?’v“w‘“\?q? m“w“’\?’v“’»“‘\? '19'\9'19'\9'\9'9
"E \WITHOUT RESERVOIR| WITHOUT RESERVOIR] WITHOUT RESERVOIR] WITHOUT RESERVOIR] WITHOUT RESERVOIR] WITHOUT RESERVOIR]
% Observed (TUIK) SSP1 SSP2 SSP3 SSP4 SSP5
% 4000 === — — = — — =
£ 1500] 1500 1500 1500 1s00]
£ 3000
©
L 1000 1000 1000 1000 1000
1000 500 I 500 IIIIII 500 I 500
0 0 0 0 0
S S © D D W D S NP O W D S NP D W D S NP N S
& &S S SE S S @”’\»9\@"\»6"@&”\»\“ S S 2 S S oS a® @”’\.@ ® 5 o
RS S S ST S S S S S S S S S S S &S S
Decades
@ Reference (1971-2000) Reference (1971-2000) Reference (1971-2000)
1970-1980 1981-1990 1991-2000
S Q) N
N
‘,0"\ N 2
i © \ WATER RESERVOIR [l RUNOFF
,& %zx ﬂ,ax\
S /4 o
4 o
N ¢ N S
o2 W &
RCP 4.5 (2020-2049) RCP 4.5 (2020-2049) RCP 4.5 (2020-2049) RCP 4.5 (2070-2099) RCP 4.5 (2070-2099) RCP 4.5 (2070-2099)
2020-2030 2031-2040 2041-2050 2071-2080 2081-2090 2091-2100
K u?'x\\ S EOKY m"'x\\ 7 bp;\" IS hqf\" S
\’\ \\ N \\ N N
& N o 2 N \o"\ 2 N s ,\o"\ 2 \0"'\
Ld kit o o L ki
n N N S N A
'me\ < rbzx" o o msz
RCP 8.5 (2020-2049) RCP 8.5 (2020-2049) RCP 8.5 (2020-2049) RCP 8.5 (2070-2099) RCP 8.5 (2070-2099) RCP 8.5 (2070-2099)
2020-2030 2031-2040 2041-2050 2071-2080 2081-2090 2091-2100
ISR ISR ISEY Ao ISR X
o o 1% 7
N N N N N N
N e NS 2 IN N N 2 N N i o \""‘\
pea kA o2 pa o o
N N & N N NS
'1?;\ '1?“ «p@x\ ,‘gf\ 'v{\ '\«°x

FIGURE 5
(b) ratio of water (m®) in runoff and reservoirs

(a) Falkenmark indicator results based on climate and population scenarios (dashed lines indicate no scarcity or water stress),
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FIGURE 6 (a) Histogram distributions of water resources of Susurluk
resources of Susurluk Basin based on the reservoir and climate scenarios

relatively low. Since the target-release scenario (IRESCO = 2) has been
chosen, required water for river can be released when and after accu-
mulation. However, the Falkenmark indicator focuses on the amount
of water that is accessible from river courses and neglects the water
accumulated in reservoirs.

Hence, in this study, the water accumulated in the reservoirs in
the Susurluk Basin was taken into consideration for water scarcity
assessment. Figure 5(b) illustrates that the ratio of water from runoff

for three decades in the reference period is higher than the future

Basin (lines in the histograms are mean values) (b) Error plots of water

periods owing to the reservoirs that have been built during this period
(Caygoren (159.5 hm3-1971), Kayabogazi (37.84 hm®-1987),
Selahattin Saygi-Doganci (41.27 hm®-1984), ikizcetepeler (157.29
hm®-1992), Cavdarhisar (38.8 hm®3-1991)). After the reference period,
the proportion of water from runoff is seen to decline compared with
water in reservoir. This illustrates that the proportion water in reser-
voir and runoff change with the date of water infrastructures. For
instance, after reference period, such big reservoirs as Manyas
(423.39 hm>-2002) and Cinarcik (304.75 hm®-2003) were built for
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irrigation, flood protection and drinking water and then the proportion
of waters in pie chart stay in same because there is no any construc-
tion in inventory of SWAT. According to the Falkenmark indicator, the
Susurluk Basin will suffer from water scarcity in the future because
runoff does not meet the water demand of the population. However,
measures such as building reservoirs indicate that focusing only on
blue water scarcity from runoff can be misleading for basins. In partic-
ular, Figure 5(b) shows that future scarcity can be countered with res-
ervoir construction (Figure 5(b)). For that reason, in classical water
management, reservoirs can be seen as an effective way to handle
water scarcity and drought according to the results of this study. This
perception drives society to put pressure on decision-makers to build
reservoirs in order to protect populations from economic damage, yet
according to Di Baldassarre et al. (2018) as a result society can
become more fragile due to overdependence on such water infra-
structure as they may prevent the adoption of other, more sustainable
measures such as water conservation.

Figure 6 demonstrates the impact of reservoirs on water
resources. As explained previously, blue water will decrease in the
future under both RCPs, but the RSV scenario intensifies the magni-
tude of this decrease as well (Figure 5(a)). Figure 6(a) illustrates that
the quantity of blue water below 25 mm in RSV is higher than the
WRSV scenario. However, this condition reverses for values higher
than 25 mm and blue water in WRSV increases its frequency for
higher values. The decrease in blue water is not similar in all months.
Figure 6(b) shows that the gap of error plots between the RSV and
WRSV scenarios is higher in the February-May period (FMAM) for
blue water under both RCPs. The gaps between RSV and WRSV are
at a minimum in the June-December period (JJASOND) and even blue
water values for the RSV scenario are higher than in the WRSV sce-
nario in some months. This circumstance indicates that the both RSV
and WRSV scenario does not make any change in amount the blue
water in summer and autumn while it does make change in February
and spring (MAY) for both reservoir scenarios. Although the gap
between both reservoir scenarios in terms of blue water seems similar
for both climate pathways, the quantity of water will decrease in all
RCPs with respect to the reference period. According to RCP 4.5, blue
water will decrease by mid-century and it will slightly increase in late-
century, but it will not be higher than the reference period. For RCP
8.5, the blue water from mid-century to late-century will gradually
decrease when compared to reference period.

Differences between reservoir scenarios in terms of green water
storage are more remarkable than blue water. Figure 6(a) shows that
green water storage for the RSV scenario has shifted to the lowest
values with respect to WRSV. From a seasonal perspective, gaps
between reservoir scenarios are salient in all months. Nevertheless,
July, August and September are the months in which gaps between
scenarios are at a minimum (Figure 6(b)). Climate change pathways for
green water storage are similar to those for blue water. This illustrates
that green water storage will be the most impacted water resource
after the construction of reservoirs. Since green water storage is the
most crucial water resource in order to supply water for food produc-

tion (Rockstrém et al., 2009), a negative impact on green water

storage may pose a risk for this activity. The main function of the six
reservoirs in the basin is for irrigation, and other functions, such as
flood protection, power generation and domestic water use, are sec-
ondary. Although building a reservoir can be seen as an effective way
to meet agricultural irrigation demands, it creates a dilemma by reduc-
ing green water storage. In addition to the decrease in water
resources, the RSV scenario also causes water losses by increasing the
quantity of green water flow (Figure 6). Both histogram and error
plots illustrate that green water flow will increase in the RSV scenario
relative to WRSV. Moreover, Figure 6(b) shows that this increase will
not be similar for all months, potentially due to water usage by vege-
tation. Water storage in open reservoirs can accelerate fluxes to the
atmosphere through evaporation. Consequently, reservoirs can have a
substantial impact on water resources by changing the amount of
water fluxes, but climate change also intensifies the variability of

water resources.

4 | CONCLUSION

This study depicts the combined and differentiated impact of climate
change pathways and reservoir scenarios for a large Mediterranean
basin using the SWAT rainfall-runoff model and downscaled climate
scenarios. Climate change in the Susurluk basin will likely change the
amount of future water resources, with decreases for precipitation,
blue water and green water storage and increases for green water
flow. It can obviously be said that climate change exacerbates the vul-
nerability of the basin by intensifying the variability of water
resources.

Blue water scarcity for the Susurluk will likely be experienced in
terms of reducing water per capita until 2100 for the basin according
to the Falkenmark indicator. In particular, the population and climate
model pathways illustrate that the basin will experience scarcity of
blue water with below 1700 m® per capita for decadal changes. None-
theless, the Falkenmark indicator only considers runoff from the river
to quantify the scarcity of water in the basin. By contrast, the quantity
of accumulated water in reservoirs is almost 100 times higher than
water in streamflow. Hence, it can be seen as useful to build a reser-
voir for many purposes at first glance. However, the reservoir can
cause drought and scarcity by accumulating water that would other-
wise recharge river courses, aquifers, and soils. For that reason, the
role of reservoirs in classical water management to address drought
and scarcity problems brings a dilemma for socio-hydrological systems
because of this disruption of the natural hydrological cycle. Stored
water in reservoirs is mostly used to recharge green water storage for
agricultural purposes. However, reservoirs can cause a decrease in
green water storage as well. Therefore, the cost-benefit ratio can
bring a dilemma before constructing a reservoir. Whereas,
Falkenmark (2013) expresses that many places like semi-arid or arid
regions, which cover almost the entire Mediterranean basin, have to
protect green water storage because water consumption is higher
than blue water during the growing season of crops in order to over-

come drought and scarcity problem. For that reason, Rockstrém
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et al. (2009) suggest that green water storage has to be used effi-
ciently with blue water, especially for agricultural purposes. Di Bal-
dassarre et al. (2018) have questioned the emphasis on building water
infrastructure in terms of the feedback mechanism of the supply-
demand cycle and reservoir effect. They have concluded that
many feedback mechanisms of social factors worsen water shortages
since the high reliance on this source. In addition to measures to
alleviate drought and water scarcity, economic growth plans bring
a further dilemma for socio-hydrological systems because every
country has a right to combat poverty and supply energy for their
citizens. Hence, due to the pressure of increasing population, and
consequent demands on water for energy, flood protection and eco-
nomic growth plans (Kog, 2014), there will always be a requirement
for new reservoirs for these purposes. Therefore, it would be impor-
tant to underline that benefits deriving by the construction of reser-
voirs are always submitted to a correct management of the reservoir
itself.

Finally, this study demonstrates that reservoirs can change the
quantity of fluxes within watersheds. Therefore, it will also be valu-
able to consider the presence of reservoirs in hydrological modelling
of watersheds in order to reduce the uncertainty of models and have

more realistic values of water balance parameters.
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