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Abstract

This study details an integrated framework for assessing the water supply reliability of a multi-purpose reservoir under differ-
ent climate change scenarios, with the case of the Akmese Project in northwest Turkey. In this assessment, the precipitation
and temperature simulations of 24 Global Circulation Models (GCMs) from the Couple Model Intercomparison Project phase
6 (CMIP6) are analyzed using two statistical bias correction methods, namely, linear scaling and distribution mapping, to
produce the best-performing multi-model ensemble predictions under two different Shared Socio-economic Pathway (SSP)
scenarios (SSP245 and SSP585). The future inflow rates of the Akmese reservoir are simulated using the Soil and Water
Assessment Tool (SWAT) model. The CROPWAT model is utilized to estimate crop water and crop irrigation requirements
under the projected climate conditions. The effects of changing climate on the lake evaporation rates are also taken into
consideration in analyzing the future reservoir water availability for domestic usages, irrigation demands, and downstream
environmental flow requirements. The 25-year monthly reservoir operations are conducted with the changing inputs of the
projected inflows, lake evaporation rates, and irrigation requirements for the historical period of 1990-2014 and near-, mid-,
and long-future periods of 2025-2049, 2050-2074, and 2075-2099, respectively. The results indicate that the projected
changes in the hydro-climatic conditions of the Akmese Basin will adversely impact the reservoir water availability. Under
the high-forcing scenario SSP585, 9.26 and 22.11% of the total water demand, and 20.17 and 38.89% of the total irrigation
requirement cannot be supplied, in turn, in the mid- and long-future periods.
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1 Introduction

Water scarcity is a severe problem in the Mediterranean
region (10° W, 40° E, 30° N, 45° N; Iturbide et al. 2020),
with predominantly arid and semi-arid climate conditions
(Iglesias et al. 2007; UNDP 2006; Yang and Zehnder 2002).
In most countries of the region, water resources management
and allocation practices have been challenging due to the
strong climate seasonality characterized by mild and wet
winters, during which most of the precipitation and runoff
events occur, and hot and dry summers with little precipita-
tion (Bolle 2003; Kondolf and Batalla 2005; Milano et al.
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2013; Montaldo and Oren 2018). The demand for irrigation
water increases during the summer months as the growing
season progresses. Variations in the availability and demand
for water result in temporary or permanent water scarcity
(Gorguner and Kavvas 2020). Seasonal and inter-annual
water storage reservoirs regulating natural river flows have
been a common remedy for the Mediterranean countries to
meet their growing water demands resulting from population
growth, expansion of irrigated agriculture, and increasing
industrial and tourism activities (Choukr-Allah et al. 2012;
Correia 1999; Cudennec et al. 2007; Kondolf and Batalla
2005; UNDP 2006). Irrigated agriculture is the largest con-
sumer of freshwater from these reservoirs and accounts for
21% of the total cultivated agricultural land in the region
(Daccache et al. 2014).

In addition to the current challenges, future climate
change is expected to pose a significant threat to the
water resources of the Mediterranean region. According
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to Giorgi (2006), the Mediterranean region is one of the
most vulnerable zones in the world to both climatic and
anthropogenic changes, making it a climate change hot-
spot. All climate change assessments for the Mediterra-
nean Basin and its sub-regions indicate ongoing warming
of the atmosphere and the sea, as well as projected higher
temperatures and changes in rainfall (Ali et al. 2022;
Cherif et al. 2020; Stocker et al. 2013). Besides the pro-
jected warming climate, the main risk factors are drought
and irrigation water scarcity expected to increase generally
over the region (Hoegh-Guldberg et al. 2022; Jiménez Cis-
neros et al. 2014; Kovats et al. 2014; Mrabet et al. 2020).
These projections have led to growing concern about
declines in water storage due to the combined effects of
future precipitation and temperature regime changes on
the water balance components of reservoirs, such as river
runoff, water demands, and lake evaporation (Braca et al.
2019; Koutroulis et al. 2016; Masia et al. 2018; Okkan and
Kirdemir 2018; Tramblay et al. 2020). However, modeling
the hydro-climatic impacts of the Mediterranean region is
a very challenging task due to the high spatial and tempo-
ral variability of its climate characterized by a complicated
morphology (Gorguner and Kavvas 2020; Lionello et al.
2006; Michaelides et al. 2018; Sen 2015). Therefore, to
adequately assess the regional and local-scale impacts,
high spatial resolution and quality in climate information
are required (Zittis et al. 2022).

Despite many previous studies examining the poten-
tial impacts of future climate change on the climate and
hydrology of the Mediterranean basins, a few researchers
have extended their analyses to evaluate the effects of these
changes on the operational efficiency and long-term sustain-
ability of agricultural reservoirs. For instance, Haro-Mon-
teagudo et al. (2020) assessed the effects of climate change
on the hydrology and water management in the Géllego-
Cinca River System of the Ebro Basin of Spain using the
ensemble projections of 22 statistically downscaled Gen-
eral Circulation Models (GCMs) from the Couple Model
Intercomparison Project phase 5 (CMIP5) under moderate
and high Representative Concentration Pathway (RCP) sce-
narios, namely, RCP4.5 and RCP8.5, respectively. Another
example is the study by Gorguner and Kavvas (2020), who
used a dynamic water balance model with the climate pro-
jections of the dynamically downscaled outputs of four
CMIP5 GCMs to assess how climate change could affect
the water balance of an agricultural reservoir in the Gediz
Basin of Turkey under the RCP4.5 and RCP8.5 scenarios.
Loépez-Moreno et al. (2014), Nunes et al. (2017), Okkan
and Kirdemir (2018), Rocha et al. (2020), and Valverde
et al. (2015) are some other examples that have analyzed
the future changes in reservoir inflows, storage capacity,
and irrigation water requirements in different basins of the
Mediterranean using GCM projections from the CMIP3 and
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CMIP5 databases (i.e., the third and fifth phases of CMIP,
respectively).

The latest release of CMIP, the sixth phase (CMIP6), fea-
tures several improvements compared to its predecessors,
CMIP3 and CMIPS. These improvements focus mainly on
quantifying the radiative forcing arising from natural phe-
nomena and human activities, including greenhouse gas con-
centrations, representation of aerosol forcing, and changes in
land use (Eyring et al. 2016; Stouffer et al. 2017; Wyser et al.
2020). CMIP6 projections are based on alternative scenarios
of future emissions and land use changes released under new
features of societal development, namely, the Shared Socio-
economic Pathways (SSPs). SSPs are not only an updated
version of their counterparts in CMIP5 (i.e., RCPs) but also
incorporate current emission trends (O’Neill et al. 2016).
While there is no distinguishable change in the overall pro-
jections between the CMIP3 and CMIP5 ensembles (Knutti
and Sedlacek 2013; Kumar et al. 2014), several CMIP6 mod-
els project greater global warming than the previous genera-
tion of models throughout the twenty-first century (Forster
et al. 2020). Cos et al. (2022) analyzed the Mediterranean
climate change based on the CMIP5 and CMIP6 ensemble
projections. According to their findings, the projected warm-
ing during the summer season ranges from 1.83 to 8.49 °C
in CMIP6 and 1.22 to 6.63 °C in CMIP5 by the end of the
century, considering three different scenarios and 50% of the
inter-model spread. In contrast to temperature, the projected
precipitation changes showed higher uncertainty and spatial
heterogeneity. However, under the high emission scenario, a
substantial decline in precipitation was projected over large
parts of the region during the summer months (from —49
to—16% in CMIP6 and from —47 to—22% in CMIP5).
According to Bagcaci et al. (2021), who compared the tem-
perature and precipitation projections of the ensembles of
the best-performing GCMs from the CMIP5 and CMIP6
databases over Turkey, CMIP6 products outperform CMIP5
in terms of accuracy metrics, particularly for precipitation.
The study also reports that the projected changes in climate
across the country are summer warming (up to 6.5 °C) and
drying (up to 40%) towards the autumn months. Despite
these changes in the climate projections, to the best of the
knowledge, there is no study in the literature investigating
the effects of climate change on the future sustainability of
irrigation reservoirs in the Mediterranean region under the
CMIP6 climate scenarios.

The main objective of this study is to quantify the poten-
tial impacts of future climate change on irrigation demands
and the water balance of a multi-purpose reservoir, consid-
ering the statistically downscaled precipitation and tem-
perature simulations of 24 GCMs from the CMIP6 archive
under the medium- and high-forcing SSP scenarios, namely,
SSP245 and SSP585, respectively. The Akmese Dam and
Irrigation Project in northwest Turkey is chosen as the study



A CMIP6 multi-model ensemble-based analysis of potential climate change impacts on irrigation...

681

case. The project’s feasibility and environmental impact
assessment were examined using the historical hydro-mete-
orological data in 2016, and the construction works have
not yet started (Temelsu 2016a, b). The Akmese reservoir is
planned to provide domestic, irrigation, and environmental
water requirements in a water-scarce basin representing the
typical hydro-climatic conditions of the eastern Mediterra-
nean region. The assessment relies on the climate projec-
tions of the best-performing multi-model ensembles gener-
ated by analyzing the outputs of the 24 CMIP6 GCMs using
two different bias correction methods, namely, linear scaling
and distribution mapping. The monthly inflow rates of the
Akmese reservoir are simulated through the calibrated and
validated Soil and Water Assessment Tool (SWAT) model of
the dam basin using the daily climate projections of the best-
performing multi-model ensembles under the CMIP6 histor-
ical experiment and future scenarios of SSP245 and SSP585
(O’Neill et al. 2016). The CROPWAT model is preferred to
estimate crop water and crop irrigation requirements under
the projected climate conditions. The projected changes in
the net evaporation rates of the Akmese reservoir are also
taken into consideration in analyzing the future reservoir
water availability. The reservoir operations are performed
on a monthly basis using the estimated inflow, irrigation

requirements, and net evaporation rates for the historical
and near-, mid-, and long-future periods. The projected
impacts of climate change on water availability, spillway
releases, and regulation ratio are evaluated in 25-year peri-
ods by considering the operation results obtained under the
climate conditions of the CMIP®6 historical experiment as the
baseline scenario. This study is expected to provide insight
into the urgent need for adaptation strategies in the ongoing
planning and operation practices for coping with the increas-
ing risks of water scarcity across the Mediterranean basins.

2 Study area and hydro-climatological data

The Akmese Project lies between the latitudes 40°40’ and
41°10" N, and the longitudes 29°55" and 30°30" E within the
borders of Kocaeli Province in the Marmara Region of Tur-
key, as presented in Fig. 1. The Akmese Dam is planned on
Budaklar Creek which is a branch of the Sakarya River dis-
charging into the Black Sea. In the current situation, during
the period from May to September when irrigation is intense
in the region, the flows of Budaklar Creek decrease consid-
erably, and irrigation water demand is not met. In addition,
the amount of domestic water supplied from Sapanca Lake
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Fig. 1 Location map of the study area and hydro-meteorological stations
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and its sources needs to be reduced since the lake basin, one
of the most important wetlands of the country, is under the
threat of drought. The purpose of the project is to supply
water for irrigation and domestic use needs with an active
reservoir volume of 13.58 hm?. It is planned to irrigate a
gross area of 1742 ha, of which the net irrigation area is
1521 ha, through gravity and pumped pipeline systems. The
proposed crop pattern in this area to be irrigated composes
of cereals (25%), fruits (18%), legumes (12%), maize (10%),
tomato (10%), pepper (10%), potato (8%), and alfalfa (7%),
with cabbage (3%) and other vegetables (3%) as the sec-
ondary products. A volume of 7.19 hm? is to be provided
annually for domestic usage from the dam reservoir to the
municipal water system of Kocaeli Province. Moreover, an
annual volume of 2.83 hm? is planned to be left on the riv-
erbed as environmental water for the maintenance of the
natural ecosystem (Temelsu 2016a, b).

The flows of Budaklar Creek, draining an area of 36.9
km? from its source to the Akmese Dam location, are meas-
ured at the Akmese stream-gauging station (SGS) (Station
ID: D12A208) (Fig. 1). The Akmese station, operated by the
General Directorate of State Hydraulic Works (DSI), has a
drainage area of 40.6 km?, and its intermittent flow records
are not sufficient alone to be utilized in the hydrological
model calibration and validation processes (DSI 2022).
Due to the absence of flow measurements from the Budak-
lar Basin to extend the records of the Akmese SGS, the
flow records of the DSI’s Bickidere (Station ID: D02A055)
and Pargali (Station ID: D02A100) stations, which have a
drainage area of 87 and 37 km?, respectively, are utilized to
constitute reasonably long and continuous historical inflow
time series for the Akmese reservoir (Fig. 1) (DSI 2022).
By using the strong correlation relationships between the
monthly mean flow measurements of the Akmese station and
these two representative stations of the neighboring basins,
a 25-year monthly flow dataset of the 1990-2014 period is
produced for the Akmese station. The 211 months of this
300-month dataset consist of raw data from the Akmese
station, and the missing data for 89 months are completed
using the correlations having Pearson’s r values above 0.80.
Accordingly, while the mean flow rate for the records at the
Akmese station in 1990-2014 is 0.50 m?%/s, the mean of the
extended flow dataset is determined to be 0.52 m?/s. The
extended flow records of the Akmese station are brought to
the dam location based on the catchment area ratio between
the Akmese station and Akmese Dam. Accordingly, the
mean historical inflow rate of the Akmese Dam is deter-
mined as 0.47 m*/s or 14.92 hm?/year.

The climatic variables required for the hydrological
model, crop irrigation requirement, and lake evaporation
analyses to be conducted in the historical flow period of
1990-2014 are precipitation, maximum and minimum tem-
peratures, wind speed, relative humidity, solar radiation,
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insolation, and evaporation. The nearest representative
meteorological station (MS) that has the long-term meas-
urements of all these variables is the Kocaeli station (Station
ID: 17066), operated by the Turkish State Meteorological
Service (MGM) at an altitude of 74 m (Fig. 1). According
to the long-term weather records of the Kocaeli MS (i.e., in
1949-2021), the mean annual temperature is 15 °C, and the
annual total precipitation average is 821 mm (MGM 2022c).
Although the closest station to the Akmese Basin is the
Akmese MS of MGM (Station IDs: 1532 and 18799), this
station was operated in the 1984-1993 period and became
operational again in 2017 (Fig. 1). At the same time, solar
radiation, insolation, and evaporation measurements are not
performed at this station (MGM 2022b). In this study, all cli-
matic analyses of the Akmese Basin and Akmese irrigation
scheme are based on the measurements of the Kocaeli MS.

3 Applied methodology

In this study, climate change impacts on the net water
requirements of the Akmese irrigation scheme and the res-
ervoir storage sufficiency of the Akmese Dam for meeting
water demands are assessed in 25-year periods from the
historical 1990-2014 period to the near-, mid-, and long-
future periods of 2025-2049, 2050-2074, and 2075-2099,
respectively. The framework of this assessment consists of
six main stages: (1) producing daily predictions of maximum
and minimum temperature and precipitation for the location
of the Kocaeli MS under the CMIP6 historical experiment
and future scenarios of SSP245 and SSP585, (2) develop-
ment of a SWAT model for the Akmese Basin using the
daily weather records of the Kocaeli MS, (3) calibration and
validation of the SWAT model using the monthly streamflow
records at the dam location and estimation of the monthly
streamflow rates for the historical and future periods, (4)
estimation of the mean monthly net irrigation requirements
of the Akmese irrigation scheme for the historical and future
periods, (5) estimation of the mean monthly lake evaporation
rates for the historical and future periods, and (6) performing
reservoir operations for the historical and future periods and
examination of the vulnerabilities of the Akmese Project
to future climate conditions. The flowchart of the applied
methodology is depicted in Fig. 2.

3.1 Generating climate change scenarios using
the multi-model ensembles of CMIP6 GCMs

In this study, the daily precipitation, maximum temperature,
and minimum temperature simulations of the 24 CMIP6
GCMs, obtained from the Earth System Grid Federation
(ESGF) website (ESGF 2022), are considered to produce the
multi-model ensemble mean predictions for the coordinates
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Fig.2 Schematic illustration of the applied methodology

of the Kocaeli MS under the CMIP6 historical experiment
and future emission scenarios of SSP245 and SSP585. The
details of these GCMs are listed in Table 1. In order to pro-
vide consistency and perform fair comparisons, the GCM
selection is based on the availability of daily simulations
under the first ensemble member (i.e., with a variant label of
rlilplfl) (Sun et al. 2022), and the datasets of the selected
GCMs are uniformly interpolated to a spatial resolution of
0.5°x%0.5° using the first-order conservative remapping
method (Jones 1999). The aggregation, manipulation, and
interpolation operations of the GCM datasets are performed
within the Cygwin terminal (Cygwin 2022) using the Cli-
mate Data Operators (CDO) software (Schulzweida 2021).

Two statistical bias correction methods, linear scaling
and distribution mapping, are employed separately to adjust
the GCM simulations against possible systematic errors for
the location of the Kocaeli MS. The bias corrections are
performed within the Climate Model Data for Hydrologic
Modelling (CMhyd) tool (Rathjens et al. 2016) by using
the daily measurements of the Kocaeli MS (MGM 2022a)
between 1950 and 2014, which is the common period with
the CMIP6 historical experiment simulations. Modified
index of agreement (md) (Legates and McCabe 1999),
normalized root mean square error (nRMSE) (Almeida
et al. 2015), Kling-Gupta efficiency metric (KGE) (Gupta
et al. 2009), and fractions skill score (FSS) (Roberts and
Lean 2008) are considered as the performance measures in
evaluating the performances of the bias-corrected histori-
cal simulations of the GCMs on a monthly basis. For each
bias correction method, the GCMs are ranked from best to
worst for each climate variable separately according to their

comprehensive rating metric (RM) (Chen et al. 2011) com-
puted by considering all four performance measures. For the
temperature variables, an overall ranking of the GCMs is
derived by combining the comprehensive RMs obtained for
the maximum and minimum temperature variables.

There is no well-defined guideline in the literature on
selecting the optimum number of GCMs in generating a
multi-model ensemble to reduce uncertainties in climate
projections; nevertheless, the use of the top-ranked 3 to 10
GCMs is widespread (Ahmed et al. 2019; Baggaci et al.
2021). In this study, the top-four ranked GCMs are consid-
ered to generate multi-model ensembles for each climate
variable. The daily time series of the multi-model ensembles
under the CMIP6 historical experiment and future emission
scenarios of SSP245 and SSP585 are produced according to
the simple mean technique by just averaging the daily bias-
corrected simulations of the top-four ranked GCMs (Ahmed
et al. 2019). The performance measures of the multi-model
ensemble means observed under the use of the linear scaling
and distribution mapping methods are compared separately
for each climate variable. Accordingly, the best-performing
multi-model ensemble means are determined to be used in
assessing the hydrological changes related to these climate
variables in the Akmese Basin.

The historical analysis period of this study is determined
to be 1990-2014, depending on the available inflow data of
the Akmese reservoir. Hence, the precipitation and tempera-
ture predictions of the best-performing multi-model ensem-
bles under the CMIP®6 historical experiment in this period are
regarded as the baseline climate scenario. All the changes in
inflow rates, lake evaporations, and irrigation water demands
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Table 1 List of the CMIP6 GCMs selected for climate model evaluation

Model ID Institution Resolution in arc degrees
(latitude) (longitude)
ACCESS-CM2 Commonwealth Scientific and Industrial Research Organization (CSIRO), Australia 1.25 1.875
Australian Research Council Centre of Excellence for Climate System Science (ARC-
CSS), Australia
ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organization (CSIRO), Australia 1.25 1.875
BCC-CSM2-MR  Beijing Climate Center (BCC), China 1.112-1.121 1.125
CanESMS5 Canadian Centre for Climate Modelling and Analysis (CCCma), Canada 2.767-2.791 2.8125
CMCC-ESM2 Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC), Italy 0.9424084 1.25
EC-Earth3 EC-Earth Consortium, Europe 0.696-0.702 0.703125
EC-Earth3-CC EC-Earth Consortium, Europe 0.696-0.702 0.703125
EC-Earth3-Veg EC-Earth Consortium, Europe 0.696-0.702 0.703125
EC-Earth3-Veg-LR EC-Earth Consortium, Europe 1.112-1.121 1.125
FGOALS-g3 Chinese Academy of Sciences (CAS), China 2.025-5.181 2
GFDL-CM4 National Oceanic and Atmospheric Administration-Geophysical Fluid Dynamics 1 1.25
Laboratory (NOAA-GFDL), USA
GFDL-ESM4 National Oceanic and Atmospheric Administration-Geophysical Fluid Dynamics 1 1.25
Laboratory (NOAA-GFDL), USA
INM-CM4-8 Institute for Numerical Mathematics (INM), Russia 1.5 2
INM-CMS5-0 Institute for Numerical Mathematics (INM), Russia 1.5 2
IPSL-CM6A-LR Institut Pierre Simon Laplace (IPSL), France 1.267606 2.5
KIOST-ESM Korea Institute of Ocean Science and Technology (KIOST), Korea for precipitation data 1.875
1.875
for temperature data
1.894737
MIROC6 Japan Agency for Marine-Earth Science and Technology (JAMSTEC), Japan 1.389-1.401 1.40625
Atmosphere and Ocean Research Institute-The University of Tokyo (AORI), Japan
National Institute for Environmental Studies (NIES), Japan
RIKEN Center for Computational Science (R-CCS), Japan
MPI-ESM1-2-HR  Max Planck Institute for Meteorology (MPI-M), Germany 0.927-0.935 0.9375
Deutsches Klimarechenzentrum (DKRZ), Germany
MPI-ESM1-2-LR  Max Planck Institute for Meteorology (MPI-M), Germany 1.850-1.865 1.875
MRI-ESM2-0 Meteorological Research Institute (MRI), Japan 1.112-1.121 1.125
NESM3 Nanjing University of Information Science and Technology (NUIST), China 1.850-1.865 1.875
NorESM2-LM NorESM Climate Modeling Consortium, Norway 1.894737 2.5
NorESM2-MM NorESM Climate Modeling Consortium, Norway 0.9424084 1.25
TaiESM1 Research Center for Environmental Changes-Academia Sinica (AS-RCEC), Taiwan 0.9424084 1.25

are evaluated using the best-performing multi-model mean
predictions in the 2025-2049, 2050-2074, and 2075-2099
periods under the future scenarios of SSP245 and SSP585.
For convenience, the best-performing multi-model ensemble
mean predictions under the CMIP6 historical experiment
and future emission scenarios of SSP245 and SSP585 are
also referred to as the CMIP6 Historical, CMIP6 SSP245,
and CMIP6 SSP585, respectively, in the rest of text.

3.2 Setting up the SWAT model
SWAT is a physically based hydrological model developed

by the United States Department of Agriculture-Agricultural
Research Service (USDA-ARS) (Arnold et al. 2013; Neitsch
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et al. 2011). In this study, the SWAT model is constructed
within ArcSWAT 2012 (revision 664) using the coarse-scale
geospatial data of the Akmese Basin and the daily weather
records of the Kocaeli MS to simulate the inflow rates of
the Akmese reservoir on a monthly basis under potential
climate change conditions. The geospatial data utilized in
the model setup include (1) void-filled digital elevation
model (DEM) obtained from the Shuttle Radar Topography
Mission (SRTM) database at approximately 30 m resolution
(USGS 2014), (2) land cover map extracted from the Global
Land Cover 2000 (GLC2000) version 2.0 dataset at 1 km
spatial resolution (EC-JRC 2006), and (3) soil map derived
from the Digital Soil Map of the World (DSMW) version
3.6 dataset at a scale of 1:5 million (FAO 2007). SWAT
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divides the delineated watershed of the Akmese Dam into
109 subbasins considering the inputted DEM data. These
subbasins are further subdivided into a total of 443 hydro-
logic response units (HRUs) having unique combinations of
land cover, soil, and topographic slope characteristics. The
topographic, land cover, soil, and slope characteristics of the
Akmese Basin are presented in Fig. 3. The daily precipita-
tion, maximum and minimum air temperature, solar radia-
tion, wind speed, and relative humidity observations of the
Kocaeli MS between 1986 and 2014, including four years
of warm-up period (i.e., 1986—1989), are inputted into the
developed model together with the long-term mean monthly
weather statistics of the station (i.e., in 1949-2021) (MGM
2022a). The built-in weather generator of SWAT uses these
statistics in producing representative daily values not only
for the few-day gaps in the observed data but also for the
unavailable solar radiation, relative humidity, and wind
speed predictions under the CMIP6 historical experiment
and future scenarios of SSP245 and SSP585.

3.3 Calibration and validation of the SWAT model
and flow simulations under changing climate

The developed SWAT model is calibrated and validated
against the historical flow rates at the Akmese Dam loca-
tion on a monthly basis. The runoff data in the first 17 years
of the historical analysis period (i.e., 1990-2006) is used to
calibrate the model for monthly flow simulations, and the
validation of the calibrated model is conducted against the

runoff data of the remaining 8 years (i.e., 2007-2014). The
sensitivity, calibration, validation, and uncertainty analyses
of the developed SWAT model are performed within the
SWAT Calibration and Uncertainty Procedures (SWAT-
CUP) software package (Abbaspour 2015). The Sequential
Uncertainty Fitting Version 2 (SUFI-2) algorithm (Abba-
spour et al. 2004, 2007) is preferred as the optimization pro-
cedure to estimate the best ranges of the sensitive modeling
parameters. Nash—Sutcliffe Efficiency (NSE) (Nash and
Sutcliffe 1970) is utilized as the objective function of the
SUFI-2 algorithm.

In the calibration process, the sensitivity of each mod-
eling parameter is evaluated separately through a single
iteration with 50 simulations. After identifying sensitive
parameters and their initial ranges in these one-at-a-time
analyses, combined iterations composed of 500 simulations
are repeated by narrowing the initial parameter ranges at
each time until (1) most of the observed flow data is brack-
eted by the 95% prediction uncertainty (95PPU) band, and
(2) average width of the 95PPU band is smaller than the
standard deviation of the observed flows. The strength of the
calibration is evaluated by these two indices, known as the
P factor and R factor, respectively (Abbaspour et al. 2004).
Accordingly, the final iteration, where acceptable values of
P factor and R factor are reached, has the best ranges for the
parameters in concern, and the best simulation of the final
iteration with the highest objective function value provides
the best-performing parameter set (Abbaspour et al. 2015).
After terminating the model calibration for the 1990-2006
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Fig.3 Steps of the SWAT model setup: a DEM and watershed delineation, b land cover classes, ¢ soil types, and d slope classes
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period, the calibrated model performance is validated
against the monthly inflow rates of the Akmese reservoir
in 2007-2014 by performing a single combined iteration
composed of 500 simulations within the calibrated param-
eter ranges.

In addition to the objective function NSE, the calibrated
and validated model performances in terms of the best
simulation are evaluated by the statistics of percent bias
(PBIAS) and the ratio of the root mean square error to the
standard deviation of observed flows (RSR). However, all
these statistics obtained for the best simulation results do
not reflect the flow forecasting performance of the SWAT
model in the absence of flow records because the best simu-
lation results attained in the model calibration and validation
stages belong to the simulation with the highest NSE value
against the historical flow data. Hence, the usability of the
best-performing parameter set of the calibration period is
verified by performing a single simulation for the validation
period (Yalcin 2019). The results of this simulation, referred
to as the best simulation estimates, are evaluated again in
terms of the statistics of NSE, PBIAS, and RSR. After veri-
fying the flow forecasting performance of the SWAT model,
the model simulations under the use of the best-performing
parameter set of the calibration are performed for the histori-
cal and near-, mid-, and long-future periods by introducing
the precipitation and temperature predictions of the CMIP6
Historical, CMIP6 SSP245, and CMIP6 SSP585.

3.4 Irrigation water demand under changing
climate

The effects of climate change on the water requirements of
the crops to be grown within the Akmese irrigation district
are investigated using the CROPWAT 8.0 software devel-
oped by the Land and Water Development Division of the
Food and Agricultural Organization of the United Nations
(FAO) (Smith 1992). CROPWAT is designed to calculate
reference evapotranspiration (ET,) and to simulate crop
water requirements (ET,) and irrigation demands based on
the inputted climate, soil, and crop data. CROPWAT utilizes
the FAO Penman—Monteith method (Allen et al. 1998) to
compute the mean daily ET rates per month by considering
the mean monthly statistics of maximum and minimum tem-
peratures, relative humidity, wind speed, and daily sunshine
hours. The United States Department of Agriculture Soil
Conservation Service (USDA SC) methodology (USDA-
SCS 1970) is selected to obtain the mean monthly total
effective rainfall amounts based on the given average total
precipitation data per month.

Before introducing the mean monthly maximum and
minimum temperature statistics to the CROPWAT model,
the temperature predictions of the CMIP6 Historical, CMIP6
SSP245, and CMIP6 SSP585 for the historical and near-,
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mid-, and long-future periods are transformed into the
mean elevation of the Akmese irrigation area (i.e., around
100 m), assuming a 1 °C decrease in temperature per 200 m
increase in altitude. For the other climate data to estimate
the ET, rates, the mean monthly long-term statistics of the
Kocaeli MS records between 1949 and 2021 are used for
the considered historical and future time periods (MGM
2022c¢). The effective rainfall estimates of the CROPWAT
model under the analyzed climate scenarios are based on the
inputted mean monthly statistics of the precipitation predic-
tions obtained for the Kocaeli MS location. Considering the
extracted soil characteristics of the Akmese irrigation area
from DSMW version 3.6 (FAO 2007), the clay loam soil
texture of the region is evaluated to be the heavy type among
the specified FAO soil classes within the software (Allen
et al. 1998; Ansley et al. 2014).

The crop pattern of the irrigation scheme proposed in
Temelsu (2016a) is identified according to the areal cover-
age of each crop. CROPWAT calculates the ET, amounts by
multiplying ET, and appropriate crop coefficients (X,). The
crop characteristics related to the planting and harvest dates,
days of the growth stages (initial, development, mid-season,
and late-season), and K, values (for the initial stage, mid-
season stage, and at harvest) are taken from the report ana-
lyzing the water requirements of irrigated crops on station
basis for the climatic regions of Turkey (TAGEM and DSI
2017). The other crop data on rooting depth, critical deple-
tion, and yield response factor are based on the characteris-
tics of the related FAO crops specified within the software
(Allen et al. 1998).

The irrigation schedules are developed under the intro-
duced climate conditions with the selected options of irrigat-
ing at a fixed interval of 10 days per stage and refilling soil
moisture content to the field capacity. In addition, the farm
and irrigation efficiencies are set to 0.90 and 0.98, respec-
tively, considering the piped conveyance system and irriga-
tion methods (i.e., sprinkler and drip) to be applied in the
irrigation scheme (Temelsu 2016a). CROPWAT determines
the irrigation water requirements of the project crops using
the estimated ET, and effective rainfall amounts. Accord-
ingly, under an overall irrigation efficiency of 0.88, the mean
monthly net irrigation water requirements of the Akmese
irrigation scheme are calculated separately for the historical
and three future time periods by running the CROPWAT
model with the given precipitation and transformed tempera-
ture predictions of the considered climate scenarios.

3.5 Evaporation from the Akmese reservoir
under changing climate

The long-term correlation relationship between the mean
monthly total evaporation and temperature records of the
Kocaeli MS for the 1949-2021 period is used to estimate the
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mean monthly net evaporation rates of the Akmese reservoir
under the CMIP6 historical experiment and future scenarios
of SSP245 and SSP585 (MGM 2022c¢). The arithmetic mean
of the daily maximum and minimum temperature predic-
tions is taken as the daily mean temperature, and accord-
ingly, calculated mean monthly temperature predictions
for the location of the Kocaeli MS are transformed into the
maximum water level of the Akmese reservoir (i.e., 137.7 m)
under the assumption that temperature decreases by 1 °C for
every 200 m rise in altitude. The monthly actual evaporation
rates from the Akmese reservoir surface are calculated by
multiplying the monthly evaporations corresponding to the
transformed monthly lake surface temperatures in the corre-
lation relationship with the pan correction coefficient of 0.7
(Usul 2009). The mean monthly net evaporation estimates
per unit area are computed by subtracting the mean monthly
precipitation predictions from the calculated monthly actual
evaporation rates. This procedure is repeated for the his-
torical and near-, mid-, and long-future periods by using
the precipitation and temperature predictions of the CMIP6
Historical, CMIP6 SSP245, and CMIP6 SSP585.

3.6 Multi-purpose reservoir operation algorithm

The operation studies of the Akmese reservoir are conducted
on a monthly basis through a multi-purpose operation algo-
rithm written in Visual Basic for Applications in Excel
software. The operation algorithm is prepared based on the
physical and operational characteristics of the project speci-
fied in the feasibility and environmental impact assessment
reports (Temelsu 2016a, b). The physical reservoir charac-
teristics are described through the use of the volume-area
and elevation curves. The operational data include the maxi-
mum and minimum operation levels, spillway capacity, and
mean monthly domestic and environmental water demands.
The maximum and minimum water levels of the reservoir
are 137.7 m and 112.5 m, respectively. The spillway capac-
ity of the Akmese Dam is designated to be 243 m?/s. While
the domestic water supply is targeted to be a total of 7.19
hm? per year, with amounts ranging from 0.48 to 0.75 hm?
per month, the minimum amounts of environmental water
to be released downstream for the continuation of natural
life are determined as 0.154, 0.135,0.112, 0.123, and 0.063
m?/s for January, February, March and April, December,
and the remaining months, respectively (Temelsu 2016a, b).
Besides, these fixed inputs of the operation algorithm, the
reservoir inflow rates, lake evaporation rates, and irrigation
water demands estimated under the considered climate sce-
narios are the changing inputs of the reservoir operations.
For all reservoir operations, the initial reservoir volume is
set to be equal to the maximum storage capacity. In case
the amount of storage is lower than the monthly total water
demand, the priority order of water supply is constrained

to be domestic, environmental, and irrigation. Accordingly,
the operation studies are repeated for the historical and near,
mid-, and long-future periods under the climate conditions
of the CMIP6 historical experiment and future scenarios of
SSP245 and SSP585 to assess climate change impacts on
water supply security for the Akmese Project.

4 Results and discussions
4.1 Climate change scenarios

The statistical performances of the bias-corrected monthly
precipitation, maximum temperature, and minimum tem-
perature prediction time series of the 24 GCMs under the
CMIP6 historical experiment against the measurements
of the Kocaeli MS in the 1950-2014 period are given in
Table 2 and Table 3 for the cases of using linear scaling and
distribution mapping, respectively. While the values near-
est to 1 refer to the best model performance in terms of the
md, KGE, and FSS statistics, the GCMs are ranked starting
from the best model having the closest value to 0 regarding
the nRMSE metric. The ranking of the GCMs for the pre-
cipitation variable is based on the RM values, and the RM
value nearest to 1 refers to the best model performance for
the precipitation predictions. For the maximum and mini-
mum temperature variables, the overall ranking of the GCMs
is determined by considering the overall RM values based
on the individual RM rankings of the GCMs obtained for
each temperature variable. According to the attained GCM
rankings, indicated in bold text in Table 2 and Table 3, the
top-four ranked GCMs are selected as the members of the
multi-model ensembles for the precipitation and temperature
predictions at the Kocaeli MS location.

The comparisons of the statistical performance metrics
of the multi-model ensemble means show that the best-per-
forming bias correction method is linear scaling for both pre-
cipitation and temperature variables, as detailed in Table 4.
Accordingly, the members of the multi-model ensembles
are GFDL-ESM4, MRI-ESM2-0, ACCESS-ESM1-5, and
GFDL-CM4 for the precipitation variable and BCC-CSM2-
MR, MIROC6, CMCC-ESM2, and MRI-ESM2-0 for the
maximum and minimum temperature variables. Although
the statistical performances of the multi-model ensemble
means are higher than the individual performance metrics of
all the 24 GCMs for each climate variable, the monthly pre-
cipitation predictions cannot be improved significantly even
with the use of the multi-model ensemble, as in the cases of
Ahmed et al. (2019), Bagcaci et al. (2021), Seker and Gumus
(2022), and Siqueira et al. (2021). Nevertheless, the mean
monthly, seasonal, and annual precipitation predictions of
the multi-model ensemble have close agreements with the
mean precipitation records of the Kocaeli MS. While the
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Table 4 Performance metrics of the multi-model ensemble means obtained using the linear scaling and distribution mapping methods. Statistics
for the averages of raw climate data (without any correction) from the member GCMs are presented within brackets

Climate variable Bias correction method Member GCMs

md nRMSE KGE FSS

GFDL-ESM4
MRI-ESM2-0

Precipitation Linear scaling

ACCESS-ESM1-5

GFDL-CM4
EC-Earth3-CC
MRI-ESM2-0

Distribution mapping

MPI-ESM1-2-HR

EC-Earth3
BCC-CSM2-MR
MIROC6
CMCC-ESM2
MRI-ESM2-0

Maximum temperature  Linear scaling

Distribution mapping
CMCC-ESM2
EC-Earth3-CC
INM-CM4-8
BCC-CSM2-MR
MIROC6
CMCC-ESM2
MRI-ESM2-0

Minimum temperature Linear scaling

Distribution mapping
CMCC-ESM2
EC-Earth3-CC
INM-CM4-8

MPI-ESM1-2-HR

MPI-ESM1-2-HR

0.445(0.432)  0.145(0.154)  0.271 (0.230)  0.836 (0.820)

0.442 (0.420)  0.156 (0.164)  0.272(0.211)  0.814 (0.784)

0.879 (0.807)  0.070 (0.103)  0.954 (0.892)  0.996 (0.990)

0.871 (0.865)  0.074 (0.080)  0.951 (0.904)  0.995 (0.994)

0.892 (0.712)  0.060 (0.138)  0.962 (0.619)  0.993 (0.971)

0.887 (0.881)  0.063 (0.065)  0.958 (0.939)  0.993 (0.992)

mean annual total precipitation, maximum temperature, and
minimum temperature rates of the Kocaeli MS records in
the historical analysis period of 1990-2014 are 831.28 mm,
20.09 °C, and 11.23 °C, these means are determined to be
825.06 mm, 20.22 °C, and 11.38 °C for the CMIP6 Histori-
cal predictions, respectively.

Considering the climate predictions attained under the
CMIP6 historical experiment as the baseline scenario,
the future changes in the climate between 2025 and 2099
under the emission scenarios of SSP245 and SSP585 are
analyzed in 25-year periods, as summarized in Table 7.
Accordingly, under the SSP245 scenario, although the dif-
ferences in the mean annual total precipitation between the
historical period and three future periods are less than 4%,
the mean summer total precipitation amounts are 11.59,
20.85, and 24.91% less than the mean of the CMIP6 His-
torical predictions for the near-, mid-, and long-future
periods, respectively. In addition, the decrease in the mean
autumn total precipitation is projected to be 6.71% over
the long-future period. The mean annual maximum and
minimum temperatures are projected to increase gradually
through the future periods, and these increases reach 2.59
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and 2.49 °C, respectively, in the 2075-2099 period. Under
the SSP585 scenario, while the mean annual total precipi-
tation amounts decrease, in turn, by 6.14 and 7.68% in the
near- and mid-future periods, there is a sharp decrease of
15.47% over the long-future period. The mean summer
total precipitation amounts decrease by 25.38, 33.30, and
55.23% in the near, mid-, and long-future periods, respec-
tively. The decreases in the mean autumn total precipita-
tion are determined, in turn, to be 10.98 and 19.35% for
the mid- and long-future periods. The projected gradual
increases in the mean annual maximum and minimum
temperatures under the SSP585 emission scenario reach
4.20 and 3.82 °C in the 2075-2099 period, respectively.
Bagcaci et al. (2021) analyzed the precipitation and tem-
perature changes for the 2030-2050, 2050-2070, and
2070-2100 periods over the seven geographical regions
of Turkey using the ensemble projections of the best-
performing GCMs from the CMIP6 database. It is seen
that the attained precipitation and temperature anomalies
for the coordinates of the Kocaeli station in this study
are highly consistent with their results for the Marmara
Region, which covers the Kocaeli station location.
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4.2 SWAT model performance and changing climate
impacts on reservoir inflows

The developed SWAT model is calibrated by adjusting
the parameter ranges of 14 sensitive modeling parameters
related to the groundwater, soil, management, HRU, and
main channel input files. These parameters are listed start-
ing from the most sensitive one with their calibrated ranges
and best-performing values in Table 5. Figure 4a shows the
monthly time series of the simulated and observed stream-
flow rates at the Akmese Dam location for the 1990-2006
period. The last combined iteration performed with the cali-
brated parameter ranges provides a satisfactory 95PPU band
with the P and R factor values of 0.82 and 0.78, respectively.
Abbaspour et al. (2015) suggest a P factor value greater than
0.70 and an R factor value less than 1.50 in establishing the
balance between these two factors for monthly streamflow
simulations. The objective function NSE, PBIAS, and RSR
statistics of the best simulation of this combined iteration are
determined, in turn, to be 0.77, 9.08%, and 0.48, as detailed
in Table 6. According to the performance classification of
Moriasi et al. (2007) regarding monthly streamflow simula-
tions, the calibrated model performance in terms of the best
simulation is categorized as very good with the attained NSE
value of more than 0.75, PBIAS value of less than+ 10%,
and RSR value of less than 0.50.

The monthly simulation outputs for the validation period
of 2007-2014 are presented in Fig. 4b, and the statistical
performance metrics are provided in Table 6. As in the case
of the calibration, a reasonable 95PPU band with a P factor
value of 0.83 and an R factor value of 0.92 is obtained for the

Table 5 List of the calibrated parameters

validation period. While the performance of the best simula-
tion is similar to the one of the calibration in terms of the
NSE and RSR metrics, a much less PBIAS value of —3.18%
is attained for the validation period. Hence, the model per-
formance is also classified as very good for the validation
period (Moriasi et al. 2007). Regarding the forecasting abil-
ity of the SWAT model, the best simulation estimates show
a similar performance with the best simulation of the valida-
tion in terms of all the considered statistics, as presented in
Fig. 4b and detailed in Table 6.

After verifying the usability of the best-performing
parameter set of the calibration for the validation period,
the model is run with the precipitation and temperature pre-
dictions under the CMIP6 historical experiment and future
emission scenarios of SSP585 and SSP585 to forecast the
inflow rates of the Akmese reservoir in the historical and
near-, mid-, and long-future periods. The resultant monthly
flow forecasts simulated through these model runs are sum-
marized with their seasonal and annual averages in Table 7.
Accordingly, while the mean inflow rates of the Akmese
reservoir based on the SGS records are 0.27, 0.91, 0.55,
0.16, and 0.47 m*/s during autumn, winter, spring, summer,
and annually in the historical analysis period of 1990-2014,
the SWAT model simulation with the CMIP6 Historical
predictions results in the inflow rates of 0.25, 1.08, 0.50,
0.17, and 0.50 m?/s, respectively. Considering the stream-
flow estimates attained under the CMIPG6 historical experi-
ment as the baseline scenario, the projected changes in the
streamflow rates at the Akmese Dam location are evaluated
in three 25-year future periods on a seasonal and annual
basis (Table 7).

Sensitive modeling parameter®

Calibrated parameter range Best-performing

parameter value

Baseflow alpha factor (1/days), v.__ALPHA_BF.gw

Effective hydraulic conductivity in main channel alluvium (mm/hr), v__CH_K2.rte

Depth from soil surface to bottom of layer (mm), r__SOL_Z().sol

Initial SCS runoff curve number for moisture condition II, r__ CN2.mgt

Plant uptake compensation factor, v__ EPCO.hru

Soil evaporation compensation factor, v__ESCO.hru

Deep aquifer percolation fraction, v__RCHRG_DP.gw
Groundwater revap coefficient, v._GW_REVAP.gw
Maximum canopy storage (mm H,0), v__ CANMX.hru
Saturated hydraulic conductivity (mm/hr), r__SOL_K().sol
Groundwater delay time (days), v._GW_DELAY.gw
Moist bulk density (mg/m3 or g/cm3), r__SOL_BD().sol

Threshold depth of water in the shallow aquifer required for return flow to occur (mm

H,0), v.__GWQMN.gw

Available water capacity of the soil layer (mm H,O/ mm soil), v__SOL_AWC().sol

[0.1, 1] 0.133
[100, 500] 196.4
[-0.7,2.33] 0.067
[-0.2,0.1] 0.082
[0, 1] 0.711
[0,1] 0.815
[0, 1] 0.823
[0.02, 0.2] 0.139
[0, 100] 59.7
[-0.99, 262.157] 86.638
[0, 500] 407.5
[-0.307, 0.666] 0.085
[0, 5000] 935
[0.1, 1] 0.317

The qualifier v__ refers to the substitution of a parameter by a value from the given range, and r__ refers to a relative change in the parameter
for which the current value is multiplied by 1 plus a factor in the given range
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Fig.4 Simulation outputs of the SWAT model at the Akmese Dam location for the a calibration and b validation periods

Table 6 Statistical performance

e . . Model simulation NSE PBIAS (%) RSR Mean (m%/s) Standard deviation
md.lces. for the. calibration and (m’/s)
validation periods
Simulation Observed Simulation Observed
Calibration period (1990-2006)
Best simulation 0.77 9.08 048 047 0.52 0.54 0.60
Validation period (2007-2014)
Best simulation 076 —-3.18 049 040 0.38 0.34 0.44
Best simulation estimates 0.74 —4.61 0.51 0.40 0.34

Under the SSP245 emission scenario, while the mean
annual inflow rates of the Akmese reservoir reduce
gradually by 4.66, 5.81, and 8.05% in the 2025-2049,
2050-2074, and 2075-2099 periods, respectively, the
inflow reductions in the autumn months of the 2050-2074
and 2075-2099 periods are markedly higher than the
annual inflow decreases. The decreases in the mean flow
rate of the autumn months are 10.17 and 17.84% in the
mid- and long-future periods, respectively. Under the
SSP585 emission scenario, the inflow declines are much
more pronounced than under the SSP245 scenario. The
mean annual inflow rates are 10.00, 13.59, and 26.17% less
than the annual mean of the historical period for the near-,

@ Springer

mid-, and long-future periods, respectively. While the
mean inflow decreases in the winter and summer seasons
are similar to the annual reductions as in the case under
the SSP245 scenario, the means of the autumn months are
22.93, 33.23, and 59.15% less than the historical autumn
average in the 2025-2049, 2050-2074, and 2075-2099
periods, respectively. For the spring season, while the
mean inflow reduction is projected to be 20.05% in the
long-future period, the decrease percentages are only 3.17
and 1.97% for the near- and mid-future periods, respec-
tively. For both emission scenarios, the significant reduc-
tions in the autumn flows show the effect of the projected
severe summer and autumn precipitation decreases on the
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Table 7 Seasonal and annual comparisons of the total precipitation
and maximum and minimum temperature predictions for the Kocaeli
MS location, streamflow estimates for the Akmese Dam location,
total net evaporation rates of the Akmese reservoir, and total net irri-

gation requirements of the Akmese irrigation scheme obtained under
the CMIP6 historical experiment and future emission scenarios of
SSP245 and SSP585

Climate data

CMIP6 Historical CMIP6 SSP245

CMIP6 SSP585

Analysis period 1990-2014 2025-2049 2050-2074 2075-2099 2025-2049 2050-2074 2075-2099
Total precipitation (mm) Autumn 228.39 222.02 219.47 213.06 216.26 203.32 184.20
Winter  286.65 290.48 290.26 296.74 283.27 288.90 286.97
Spring  174.64 171.28 179.36 181.06 173.81 179.22 165.60
Summer 135.39 119.69 107.16 101.66 101.02 90.30 60.61
Annual  825.06 803.47 796.26 792.53 774.36 761.73 697.38
Maximum temperature (°C) Autumn  21.40 22.67 23.47 24.19 23.15 24.43 25.81
Winter  11.06 12.15 12.91 13.45 12.42 13.86 14.72
Spring  18.85 19.87 20.38 21.07 20.02 21.40 22.68
Summer 29.40 30.72 31.48 32.34 31.13 32.76 34.27
Annual 20.22 21.39 22.10 22.81 21.72 23.16 24.41
Minimum temperature (°C) Autumn 12.74 13.91 14.77 15.44 14.30 15.57 16.87
Winter  4.41 5.45 6.13 6.71 5.69 7.04 7.86
Spring  9.39 10.38 10.83 11.53 10.35 11.65 12.77
Summer 18.88 20.18 20.95 21.68 20.23 21.82 23.20
Annual 11.38 12.51 13.20 13.87 12.67 14.05 15.21
Streamflow rate (m?/s) Autumn 0.25 0.24 0.23 0.21 0.19 0.17 0.10
Winter  1.08 1.02 1.00 1.00 0.97 0.93 0.84
Spring  0.50 0.49 0.51 0.48 0.48 0.49 0.40
Summer 0.17 0.16 0.16 0.16 0.16 0.15 0.14
Annual  0.50 0.48 0.47 0.46 0.45 0.43 0.37
Total net lake evaporation rate Autumn 31.34 33.56 52.19 48.78 47.17 61.03 81.91
(mm) Winter  0.00 0.00 0.00 0.00 0.00 0.00 0.00
Spring  19.72 30.46 35.40 32.61 26.78 41.30 60.97
Summer 152.81 190.25 215.58 234.57 212.72 250.74 305.49
Annual  203.88 254.27 303.17 315.96 286.67 353.07 448.37
Total net irrigation requirement Autumn 0.32 0.32 0.43 0.40 0.40 0.48 0.58
(hm?) Winter  0.00 0.00 0.00 0.00 0.00 0.00 0.00
Spring  0.58 0.67 0.70 0.66 0.64 0.72 0.84
Summer 2.94 3.25 347 3.62 3.46 3.78 4.26
Annual 3.84 4.24 4.60 4.67 451 4.99 5.69

surface water and groundwater interaction in the Akmese
Basin.

4.3 Analysis of changing climate impacts
on irrigation demands and water availability

The mean annual ET, and ET, amounts of the Akmese
irrigation site under the climate conditions of the CMIP6
historical experiment are estimated, in turn, to be 976.05
and 4974.80 mm for the 1990-2014 period. The estimated
mean monthly ET, and crop-based ET, amounts are consist-
ent with the reported values in TAGEM and DSI (2017).
The projected increases in the mean annual ET, amount
are determined as 3.52, 5.55, and 7.73% under the SSP245

scenario and as 4.33, 8.68, and 12.66% under the SSP585
scenario, respectively, for the near-, mid-, and long-future
periods. The ET, increases lead to the corresponding rises
in the mean annual total ET, amount of the irrigated crops
by 3.79, 5.73, and 7.87% under the SSP245 scenario and by
4.37, 8.92, and 12.84% under the SSP585 scenario, respec-
tively, in the near-, mid-, and long-future periods. The sea-
sonal and annual means of the net irrigation requirements
of the Akmese irrigation scheme calculated by the CROP-
WAT model under the considered climate scenarios are pro-
vided in Table 7. Accordingly, while the mean annual total
net irrigation demand in the baseline historical period of
1990-2014 is 3.84 hm?>, this amount increases in the near-,
mid-, and long-future periods, in turn, by 10.30, 19.76, and
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21.70% under the SSP245 scenario and by 17.43, 29.86, and
48.04% under the SSP585 emission scenario.

Considering the strong correlation between the long-term
mean monthly total evaporation and temperature records of
the Kocaeli MS with the coefficient of determination (+%) of
0.88, the mean monthly net lake evaporation rates per unit
area are calculated using the precipitation and temperature
predictions of the CMIP6 Historical, CMIP6 SSP245, and
CMIP6 SSP585, as summarized seasonally and annually in
Table 7. Accordingly, while the annual net evaporation rate
of the Akmese reservoir is computed as 203.88 mm for the
baseline historical period of 1990-2014, this rate increases
in the near-, mid-, and long-future periods, in turn, by
24.72,48.70, and 54.98% under the SSP245 scenario and by
40.61, 73.18, and 119.92% under the SSP585 scenario. The
monthly mean evaporated water amounts from the Akmese
reservoir are calculated by multiplying the estimated mean
monthly net evaporation rates with the actual mean reser-
voir area determined for each month of the 25-year reservoir
operation considering the initial and ending reservoir storage
areas.

The results of the 25-year reservoir operations conducted
for the historical and three future periods with the changing

inputs of monthly inflow rates, mean monthly net irrigation
water demands, and mean monthly lake evaporation rates are
summarized in Table 8. The conducted reservoir operation
under the climate conditions of the CMIP6 historical experi-
ment shows that the reservoir storage of the Akmese Dam is
sufficient to supply all the domestic, environmental, and irri-
gation water demands at each month of the 25-year historical
operation period of 1990-2014. According to the results of
the reservoir operations conducted for the future periods, it
is seen that the projected increases in the lake evaporation
rates for the coming periods have a limited effect on the
future lake evaporation amounts due to the decreases in the
average reservoir levels. However, the projected increases in
the irrigation water requirements and decreases in the inflow
rates through the future periods result in considerable defi-
ciencies in supplying the water demands, especially under
the SSP585 scenario.

As detailed in Table 8, under the SSP245 emission sce-
nario, the water supply problem is valid for only 3 months
of the mid-future period, and the number of months with
water deficit increases to 11 over the long-future period.
In these periods, 0.59 and 1.86% of the total water demand
cannot be met, respectively. Although significant decreases

Table 8 Operation results of the Akmese reservoir under historical and future climate conditions

Climate data

CMIP6 Historical CMIP6 SSP245

CMIP6 SSP585

Operation period 1990-2014 2025-2049 2050-2074 2075-2099 2025-2049 2050-2074 2075-2099
Inflow m¥/s 0.50 0.48 0.47 0.46 0.45 0.43 0.37
hm?/year 15.79 15.05 14.88 14.51 14.20 13.62 11.65
Lake evaporation hm?/year 0.20 0.23 0.23 0.23 0.19 0.18 0.17
Spillway release month 63 31 12 8 3 4 3
m¥/s 0.29 0.25 0.37 0.35 0.78 0.74 0.56
hm?/year 1.92 0.81 0.46 0.29 0.24 0.30 0.17
Regulation % 69.84 75.89 78.75 80.41 80.75 81.18 82.07
Water demand Domestic hm®/year 7.19 7.19 7.19 7.19 7.19 7.19 7.19
Environmental hm®/year 2.82 2.82 2.82 2.82 2.82 2.82 2.82
Irrigation hm?/year 3.84 4.24 4.60 4.67 4.51 4.99 5.69
Total hm?/year 13.85 14.25 14.61 14.69 14.52 15.00 15.70
Water supply Domestic hm®/year 7.19 7.19 7.15 7.10 7.09 6.72 5.89
% 100.00 100.00 99.56 98.79 98.67 93.84 83.39
Environmental hm®/year 2.82 2.82 2.81 2.77 2.74 2.59 2.29
% 100.00 100.00 99.33 97.49 95.56 88.20 73.59
Irrigation hm®/year 3.84 4.24 4.56 4.57 4.38 4.34 3.68
% 100.00 100.00 98.92 95.68 92.67 79.83 61.11
Total hm?/year 13.85 14.25 14.53 14.44 14.20 13.65 11.86
% 100.00 100.00 99.41 98.14 97.57 90.74 77.89
Water deficiency Domestic month 0 0 2 6 9 32 75
Environmental month 0 0 2 9 16 39 83
Irrigation month 0 0 3 11 17 50 97
Total month 0 0 3 11 17 50 99
hm®/year 0.00 0.00 0.08 0.24 0.32 1.35 3.84

@ Springer



A CMIP6 multi-model ensemble-based analysis of potential climate change impacts on irrigation... 695

are observed in the number and amount of spillway releases,
the water deficiency problem is much more pronounced for
the SSP585 scenario. Under the SSP585 emission scenario,
even though the calculated flow regulation rates are above
80% for all three future periods, the reservoir storage capac-
ity of the Akmese Dam becomes insufficient to meet the
total water requirement in 17, 50, and 99 months over the
near-, mid-, and long-future periods, respectively. The water
deficit rates for the future periods are computed, in turn, to
be 2.43, 9.26, and 22.11%. Since the water supply priority
is given to domestic and environmental requirements in the
operation algorithm, the deficiencies in the irrigation water
supply are much higher than these rates. In the 2050-2074
and 2075-2099 periods, 20.17 and 38.89% of the total irri-
gation water demand cannot be supplied, respectively. The
projected decreases in the volume of spillway releases for
the future periods indicate that increasing the planned stor-
age capacity of the Akmese reservoir may not be a remedy to
mitigate the effects of climate change on water availability.
Nevertheless, an optimal crop pattern selection could help
alleviate the potential future water stress conditions (Dariane
et al. 2021; Georgiou and Papamichail 2008; Homayounfar
et al. 2014).

4.4 Limits and strengths of the study

A minimum of 25 years of flow data is required for reliable
reservoir operation analyses and for the calibration and vali-
dation of SWAT models. The current hydrometric network
of Turkey is not sufficient in terms of both quality and quan-
tity (Altinbilek and Hatipoglu 2020). Most of the SGSs with
continuous flow records of 25 years or more are located on
the main river branches, while the SGSs on small tributar-
ies mostly have relatively short and interrupted flow meas-
urements. Additionally, the climatic variables required for
hydrological modeling using SWAT include precipitation,
maximum and minimum temperatures, wind speed, relative
humidity, and solar radiation. Turkey’s MS network consists
mainly of stations located in provincial and district centers.
However, many of the MSs in the district centers do not
measure wind speed, relative humidity, and solar radiation.
Moreover, their observation periods are relatively short and
interrupted. Turkey has hundreds of irrigation dams that rely
on relatively small basins for water supply. Most of these
dams have been planned under limited historical streamflow
and meteorological data conditions. Unfortunately, the plan-
ning studies for new dams continue to overlook the potential
impacts of climate change, as is the case with the Akmese
Project.

Although this insufficient station network situation forces
the use of only the weather datasets from the Kocaeli MS in
setting up the SWAT model and the use of flow records from
the SGSs located in neighboring basins to extend the flow

records of the Akmese SGS for the calibration and verifica-
tion of the SWAT model, remarkably, successful streamflow
simulation results are achieved for both the calibration and
verification stages of the model. Moreover, the agreement
between the streamflow rates simulated under the climate
conditions of the CMIP6 historical experiment and the his-
torical inflow rates of the reservoir, calculated based on the
extended streamflow records of the Akmese SGS, indicates
that the use of a single MS does not pose issues in the res-
ervoir inflow projections. Regarding the irrigation demands
within the Akmese Project, the agreement of the ET, and
crop-based ET, amounts estimated under the climate condi-
tions of the CMIP6 historical experiment with the reported
values in TAGEM and DSI (2017) confirms that the cli-
mate of the Akmese irrigation area can be represented by
the Kocaeli MS. Furthermore, the high consistency between
the projected precipitation and temperature anomalies for the
coordinates of the Kocaeli MS and the regional anomalies
projected by Bagcaci et al. (2021) for both the SSP245 and
SSP585 scenarios increases the reliability of the streamflow
and irrigation water requirement projections and, hence, the
reservoir operation results attained for the future periods
within the scope of the study.

5 Summary and conclusions

This study assesses whether a multi-purpose dam designed
based on historical hydro-climatological data can provide a
stable water supply in the face of potential changes in cli-
mate conditions, using the case of the Akmese Dam and
Irrigation Project. The major outcomes of this assessment on
the resilience of the Akmese Project to future climate change
can be summarized as follows:

— The mean annual maximum and minimum tempera-
ture rates are projected to increase gradually through
the future periods by up to 2.59 °C and 2.49 °C under
the SSP245 scenario and 4.20 °C and 3.82 °C under the
SSP585 scenario, respectively.

— The mean annual total precipitation is projected to
decrease gradually up to 3.94% in the long-future period
under the SSP245 scenario, and under the SSP585 sce-
nario, the decrease is anticipated to be more significant
with the projected reductions of 6.14, 7.68, and 15.47%
in the near-, mid-, and long-future periods, respectively.

— The summer precipitation declines are much more pro-
nounced than the annual declines for both emission sce-
narios.

— A gradual decrease reaching up to 8.05% in the long-
future period is projected for the mean annual inflow
rates of the future periods under the SSP245 scenario,
while the annual inflow reductions in the near-, mid, and
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long-future periods under the SSP585 scenario are esti-
mated, in turn, to be 10.00, 13.59, and 26.17%.

— The declines in the autumn inflows are significantly
greater than the annual inflow decreases for both emis-
sion scenarios, primarily due to the considerably lower
rainfall concentrations in the summer seasons.

— The mean annual total irrigation requirement is pro-
jected to gradually increase through future periods by
up to 21.70 and 48.04% under the SSP245 and SSP585
scenarios, respectively.

— Despite the projected significant increases in the lake
evaporation rates for the future periods, the estimated
lake evaporation amounts for both emission scenarios are
comparable to those observed in the historical period.

— The estimated water deficits in the three future periods
under the SSP585 scenario are significantly higher than
those under the SSP245 scenario.

— In the case of the SSP585 scenario, the projected hydro-
climatic changes in the Akmese Basin may lead to the
inability to meet 9.26 and 22.11% of the total water
demand, as well as 20.17 and 38.89% of the total irri-
gation requirement in the mid- and long-future periods,
respectively.

The unmet water demands demonstrate the need for plan-
ning and management strategies developed by considering
the hydrological implications of future climate change
(El-Nashar and Elyamany 2022; Haro-Monteagudo et al.
2022). These strategies are necessary to provide long-term
sustainability of dam projects and, consequently, agricultural
activities in basins such as Akmese, where water is typi-
cally scarce and is foreseen to become even scarcer under a
warming and drying climate. Determining an optimal crop-
ping pattern and developing water allocation and reservoir
release policies accordingly seem to be a viable solution to
overcome the potential impacts of future climate change on
the water balance of the Akmese reservoir. The proposed
framework can be further enhanced by considering future
changes in the other climatic variables (i.e., solar radiation,
wind speed, and relative humidity) in simulating inflow pro-
jections and in applying the FAO Penman—Monteith method
(Gorguner and Kavvas 2020). In addition, further research
experimenting with different bias correction techniques and
averaging approaches in generating multi-model ensemble
means is recommended to enhance the accuracy of precipita-
tion predictions (Kim et al. 2016). In conclusion, the find-
ings of this research should be interpreted as demonstrat-
ing the sensitivity of water storage and reservoir outflows
to future precipitation and temperature projections under
the SSP245 and SSP585 climate scenarios of CMIP6 for
the Mediterranean basins. Considering the projected water
supply risks for the Akmese Project, it is recommended that
the water resource projects designed and managed based on
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only historical hydro-meteorological data should be reexam-
ined for climate change adaptation and mitigation options
by considering potential future climatic conditions through
their operational lifetimes.
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