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Abstract 

:  
Uncertainties due to climate change and population growth have created a critical 
situation for many megacities. Investigating spatio-temporal variability of water 
resources is, therefore, a critical initial step for water-resource management. This 
paper is a first study on the evaluation of water-budget components of water 
resources in Istanbul using a high-resolution hydrological model. In this work, the 
water resources of Istanbul and surrounding watersheds were modeled using the 
Soil and Water Assessment Tool (SWAT), which is a continuous-time, semi-
distributed, process-based model. The SWAT-CUP program was used for 
calibration/validation of the model with uncertainty analysis using the SUFI-2 
algorithm over the period 1977–2013 at 25 gauge stations. The results reveal that 
the annual blue-water potential of Istanbul is 3.5 billion m3, whereas the green-water 
flow and storage are 2.9 billion m3 and 0.7 billion m3, respectively. Watersheds 
located on the Asian side of the Istanbul megacity yield more blue-water resources 
compared to the European side, and constitute 75% of the total potential water 
resources. The model highlights the water potential of the city under current 
circumstances and gives an insight into its spatial distribution over the region. This 
study provides a strong basis for forthcoming studies concerning better water-
resources management practices, climate change and water-quality studies, as well 
as other socio-economic scenario analyses in the region. 
Keywords: 
 hydrological modeling; SWAT; SWAT-CUP; water-resources modeling; water 
availability; water potential; Istanbul 

1. Introduction 

As demand for water increases across the world, the availability of freshwater in 
many regions is likely to decrease due to population growth, industrialization, land 
use and climate change. Climate change due to the greenhouse effect plays a vital 
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role in the availability of freshwater and is just one of the pressures facing water 
resources today. Nearly all of the climate change projections indicate substantial 
decreases in water availability in the Mediterranean region in the future [1,2,3,4,5]. 
On the other hand, rapid population increase, urbanization, and industrialization in 
this region have had a significant effect on the regional hydrological cycle. As the 
population increases, the provision of clean water in the megacities of developing 
countries becomes increasingly more complex [6]. Continuing urbanization poses a 
major challenge to providing adequate water services to the metropolis [7]. 

 
Quantifying the water resources of a megacity is essential for providing the 

strategic information needed for long-term planning of the city’s water security. 
Conventional water-resource planning and management have mostly been based on 
“blue-water” resources, which serve the needs of engineers who are responsible for 
coping with infrastructure projects for water supply [8]. Blue water is generally 
defined as “the sum of river discharge and deep groundwater recharge”. “Green 
water”, however, is differentiated by Falkenmark and Rockström [8] between green-
water resources and green-water flows. According to their definition, “green-water 
resource is the moisture in the soil”. This is the renewable part that can potentially 
generate economic returns and the source of rainfed agriculture. Green-water flow, 
however, is the actual evaporation (the non-productive part) and the actual 
transpiration (the productive part), commonly referred to together as the actual 
evapotranspiration [9]. Thus, it is vital to evaluate the blue- and green-water potential 
for human activities. This water paradigm is successfully used to evaluate water 
resources and its availability throughout the world using Soil and Water Assessment 
Tool (SWAT) models at continent, country, or basin scales [9,10,11,12,13,14,15]. 

In 2016, Istanbul had a population of 15 million within the city proper. It is not 
only the most populous city in Turkey, but one of the biggest conurbations in the 
world whose population is still increasing due to a high level of migration by 
approximately 250,000 people every year [16] from all over the country. The annual 
population growth rate is 2.8%, which is almost twice the overall rate of Turkey [17]. 
Furthermore, due to the Syrian war, Istanbul hosts 600,000 Syrian refugees per 
year. Demand for water in the city, which is supplied mainly (about 98%) from 
surface water resources in 15 watersheds, is about 3 million m3 day−1, including 
domestic and industrial consumption as well as non-reserve water (NRW) or water 
losses. Water supply has always been a great challenge throughout the history of 
Istanbul, from ancient times to the present. 

One of the most comprehensive studies on İstanbul’s water resources is 
reported by the Istanbul Master Plan Consortium (IMC) [18] for the planning of water-
supply, wastewater and stormwater investments in the Istanbul Metropolitan Area. 
Akkoyunlu et al. [19], Eroglu et al. [20], Yuksel et al. [21], Altinbilek [22], Saatci [23], 
Ozturk and Altay [24] and van Leeuwen and Sjerps [17], reported on current water-
management strategies, challenges in water supply, and future directions regarding 
water administration in the city mostly based on the IMC report. Few studies can be 
found on water budgets of the watersheds of Istanbul covering individual sub-basins 
[25,26]. Kara and Yucel [27] and the Istanbul Water and Sewerage Administration 
(ISKI) [28] used trend analysis to study the impact of climate change on extreme 
flows in Istanbul. They concluded that a significant impact could be expected on the 
frequency and amount of hydrological extremes such as floods and droughts. 
Cuceloglu and Ozturk [29,30] quantified the water-budget components of major 
freshwater resources of Istanbul by using the SWAT model. Rouholahnejad et al. 

https://www.mdpi.com/2073-4441/9/10/814/htm#B1-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B2-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B3-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B4-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B5-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B6-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B7-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B8-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B8-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B9-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B9-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B10-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B11-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B12-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B13-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B14-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B15-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B16-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B17-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B18-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B19-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B20-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B21-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B22-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B23-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B24-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B17-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B25-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B26-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B27-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B28-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B29-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B30-water-09-00814


3 
 

[12] studied the water resources of the European part of Turkey in the context of the 
Black Sea Basin. 

To the best of our knowledge, no systematic modeling work has been done on 
the water resources of Istanbul to quantify both the potential of all watersheds in 
supplying potable water, and to quantify water availability in terms of various 
components of the water budget with a high resolution. This study has been 
conducted to fill this gap, and will be the first study covering all of the current and 
planned catchment areas of Istanbul. Also, the hydrological model built in this study 
will serve as the base model for forthcoming studies to evaluate climate change 
impacts and water quality in order to guide engineers, experts, as well as policy-
makers and authorities in the region. 

The overall objectives of the current study are: (1) to build a high-resolution 
hydrological model for all the watersheds (existing and planned) that could supply 
drinking water; (2) to calibrate and validate the model and perform sensitivity and 
uncertainty tests upon its outputs; and (3) to reveal the current water budget in terms 
of blue- and green-water resources. For this purpose, we used SWAT to build the 
hydrological model and SWAT-CUP to calibrate and validate the model. 

2. Materials and Methods 

2.1. Study Area 
Istanbul is located in the north-west of Turkey within the Marmara region, 

intersecting two continents, namely Asia and Europe. The surface area of Istanbul is 
5540 km2. Forest territories cover 44% of the city, mainly in the northern part. A large 
majority of the settlements (with a 2700 capita/km2 population density) are 
concentrated on the south coast of the city (Figure 1). The city has a transitional 
climate, impacted by the Black Sea to the north, and the Marmara Sea and the 
Aegean Sea to the south. The northern parts of the city, where forested areas mostly 
lie, is affected by northerly colder air masses of maritime and continental origins, 
whereas the southern part shows the general characteristics of the Mediterranean 
climate [31]. The average temperature in winter months is between 2 °C and 9 °C, 
and in summer months between 18 °C and 28 °C. The city receives about 815 mm of 
precipitation per year as a long-term average, according to the recorded stations in 
the city [32]. 
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Figure 1. Istanbul city boundary and main land cover classes. 

Istanbul has a population of nearly 15 million people, and it is expected that this 
number will grow to 21 million by 2050 [16,18]. In parallel with the increase in 
population, daily water consumption will grow due to changes in lifestyle, income 
level and eating habits. Today, gross water demand in the city is estimated to be 175 
L/capita-day, and this figure is expected to reach 225 L/capita-day by 2050 including 
industrial usage and NRW. Figure 2 shows the historical population changes and 
water demand of Istanbul. 

 

Figure 2. Population changes and annual water demand of Istanbul between 1975 
and 2016. 

As of today, 15 drinking-water reservoirs operate to meet the demand for 
potable water in Istanbul. To meet the water demand of the Istanbul metropolitan 
area, ISKI had to expand its service area beyond the city border (Figure 3). 
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Currently, ISKI is responsible for the management and the protection of the water 
resources located in different administrative regions to supply drinking water to the 
Istanbul metropolitan area. There are several ongoing projects to increase the 
potential water capacity and protect catchments for the future. Six of the main 
drinking-water reservoirs and their watersheds are within the city border, namely, 
Terkos, Buyukcekmece, Alibey, Sazlıdere, Omerli, Elmalı and Darlık; and the rest, 
the Kazandere and Papucdere Reservoirs, Istranca Creeks and the Melen System, 
are in neighboring cities (Figure 3). Istanbul has an unbalanced distribution in terms 
of its water resources and population between the Asian and European sides. In 
numbers, the Asian side has 77% of the water resources (including the Melen 
System) while it hosts 35% of the population (Table 1). 

 

Figure 3. Watersheds used to supply drinking water located both in the Asian and 
European sides of Istanbul, with administrative boundaries over the region. 

Table 1. Water resources and the population distribution for Istanbul. 

 

There are plans for the Melen watershed, located in the western part of the 
Black Sea Region and 180 km to the east of Istanbul (Figure 3), to provide water to 
Istanbul in the medium and long term [33]. In order to convey water from the Asian 
side to the European side, a 6-m diameter and 5551-m long Bosphorous tunnel was 
constructed. The tunnel goes 135 m below sea level, crossing the two continents, 
with a capacity to transfer 3 million m3 of water daily [23]. 
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In order to investigate the water-resources availability of Istanbul, we studied the 
current watersheds of the city as well as the surrounding potential catchments of 
Istanbul. This area is located between 40.3 to 42.1 north latitude and 27.1 to 31.7 
east longitude, which includes the area next to Istanbul, the Black Sea coast of 
Trakya Region (Istranca Sub-region), Kapıdag Peninsula, Izmit Bay, the Sapanca 
and Iznik Lake watersheds, downstream of Sakarya River, and the Melen watershed 
in the Western Black Sea Basin in Turkey (Figure 4). The total study area is around 
20,790 km2. Although there are more flow stations maintained by the State Hydraulic 
Works (DSI) in the region, 25 stations were found to be suitable over the area for this 
study. Among these, 12 gauge stations are within the current watersheds of Istanbul, 
and 13 are located in the remaining parts of the study area (Figure 4). Thus, we 
used these hydrometric stations for regionalization of the hydrological model 
parameters in the ungauged catchments. 

 

Figure 4. Location of the water resources of Istanbul, topography, rivers, climate grids 
and discharge stations used in the model. 

2.2. SWAT Model 
SWAT is a hydrological model developed by the US Department of Agriculture 

(USDA) Agricultural Research Service [34,35]. It is a continuous-time, semi-
distributed, process-based model, developed to evaluate alternative management 
strategies on water resources and non-point source pollution in large river basins 
[36]. 

Water balance is the driving force behind all the processes in SWAT because it 
impacts plant growth and the movement of sediments, nutrients, pesticides and 
pathogens [36]. In SWAT, a watershed is divided into multiple sub-basins, which are 
then further subdivided into hydrologic response units (HRUs) based on unique 
combinations of land use, soil, management and topographical features. The model 
simulates hydrology of a watershed in two phases. In the first phase, called the land 
phase, the hydrological processes of a watershed are simulated at the HRU level 
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and water balance calculated for each sub-basin. The pathways of water movement 
in the land phase simulated by SWAT are given as canopy storage, surface runoff, 
evapotranspiration, infiltration, lateral sub-surface flow, return flow, revap from 
shallow aquifers, and percolation to the deep aquifer. In the second phase (the 
routing phase), after the loadings of water, sediment, nutrients and pesticides are 
determined, and loadings are routed through streams and reservoirs within the 
watershed [37]. A schematic representation of hydrological cycle elements simulated 
by SWAT is given in Figure 5. 

 

Figure 5. Schematic representation of hydrological cycle elements in SWAT. 

More details and model equations can be found in the SWAT technical 
documentation (http://swatmodel.tamu.edu) and in Arnold et al. [34]. A general 
overview of SWAT model use, calibration and validation is discussed by Arnold et al. 
[36], and historical development, applications, and future research directions are 
summarized in Gasmann et al. [38] and Douglas-Mankin et al. [35]. 
2.3. Model Inputs and Setup 

The SWAT model requires a land-use map, climate data, soil map, and 
topography. Due to the lack of local data to build a model, data required for this 
study were compiled from global datasets. River discharges and water consumption 
rates were obtained from local administrations (Table 2). 
Table 2. Data description, source, and resolution in the current study. 

 

The soil map was produced by the Food and Agriculture Organization/United 
Nations Educational, Scientific and Cultural Organization (FAO–UNESCO) global 
soil map [39], which provides data for 5000 soil types (65 for Turkey) comprising two 
layers (0–30 cm and 30–100 cm depth) at a spatial resolution of 10 km. The land-
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use map was obtained from the CORINE 2000 Land Cover datasets 
(http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2000-raster-
3) at a resolution of 100. A digital elevation model (DEM) was constructed from the 
Shuttle Radar Topography Mission (SRTM) database at a 90-m spatial resolution 
(http://srtm.csi.cgiar.org/). Three different climate database sources were available 
for the region: (1) measured data collected from the State Meteorological Service 
(MGM) in 17 temperature and rainfall climate stations with <15% missing data for the 
period 1960–2013; (2) gridded data constructed from Climate Research Units (CRU) 
with a 0.5° resolution for the period 1970–2007, and 0.25° gridded data from Climate 
Forecast System Reanalysis (CFSR) for the period 1979–2014, amounting to 48 and 
103 grid points, respectively. 

We used the ArcSWAT 2012 interface to set up the model. Despite using a 
high-resolution DEM in the model, in order to avoid the discrepancies, particularly 
during the stream network delineation, we used the burn-in feature of ArcSWAT with 
river data obtained from the Google Earth software. Also, to delineate coastal 
catchment areas more accurately, a threshold drainage area of 100 ha was chosen. 
Inland sub-basin outlets were manually added to represent reservoirs, gauge 
stations, main river channels, and other topographical features in the watershed; 
while coastal outlets were created automatically by the software based on the given 
threshold. As a result, the study area was configured with 1335 sub-basins, which 
were further discretized into 3315 HRUs. The model could not represent 4% of the 
real area as a result of the precision of basin delineation near the coastal zones. 
However, this missing area does not affect principal objectives of the study. The total 
simulated area in the current model is 19,960 km2. 

Except for two stream gauges, none of the gauges are affected by the reservoir 
operations. Therefore, we did not use the reservoir operation rule in the current 
model. The available river discharge data in the region varies between 10 years and 
32 years. Five elevation bands in each sub-basin were established to adjust for 
orographic change in temperature (−6.5 °C km−1) and rainfall (100 mm km−1). 
Potential evapotranspiration (PET) is simulated using Hargreaves method [40], 
actual evapotranspiration (ET) is estimated based on the methodology of Ritchie 
[41], and surface runoff is calculated by the Soil Conservation Service (SCS) curve 
number procedure [42]. 

According to the acquired data (Table 2), the model was simulated from 1977 to 
2013 (37 years), and the first 3 years were used as a warm-up period to allow the 
processes simulated to reach a dynamic equilibrium and decrease the uncertainty of 
the initial conditions of the model. The simulation includes both dry and wet years 
occurring in the historical period. Figure 6 depicts the yearly cumulative precipitation 
in Istanbul between the years 1977 and 2014, including both drought and wet 
periods. 
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Figure 6. Annual precipitation of Istanbul including severe dry and wet periods for the 
city in the last 50 years. 

Due to the availability of more than one climate database, we evaluated three 
different datasets as a preliminary analysis of the model. According to the 
preliminary model results during the model set-up, CFSR outperformed the local 
dataset and CRU captured better the streamflow dynamics and also the total rainfall 
distribution over the study area. Most of the watershed area evaluated in this study 
are protected zones without any settlements [24], thus land-use changes are 
negligible. 

For model calibration, validation and uncertainty analysis we used the SUFI-2 
algorithm [43,44] in the SWAT-CUP software. All uncertainties in the model, such as 
a parameter, measured data (e.g., stream flow), driving variables (e.g., rainfall), and 
conceptual framework, are expressed as a set of parameter ranges by SUFI-2. The 
algorithm tries to capture most of the measured data within the 95% band of 
prediction uncertainty (95PPU). The uncertainty (95PPU) is quantified at the 2.5% 
and 97.5% levels of the cumulative frequency distribution of an output variable 
obtained using the Latin hypercube sampling technique. Two indices are used to 
measure the goodness of calibration/uncertainty performance, the P-factor (ranges 0 
to 1), which is the percentage of data captured by 95PPU band, and the R-factor 
(ranges 0 to ∞), which is the average thickness of the uncertainty band divided by 
the standard deviation of the related measured variable [43,44]. These two indices 
are used to judge the strength of the calibration procedure where a value of >0.7 for 
the P-factor and a value of around 1 for the R-factor would be satisfactory, 
depending on the study [11,12]. More information about the algorithm is given by 
Abbaspour et al. [11,44]. SUFI-2 allows the use of different objective functions such 
as R2, RSR or Nash–Sutcliffe efficiency (NSE) [45]. Despite the fact that we used 
NSE as an objective function, percent bias (PBIAS) [46] and R2 of the 
calibration/validation results were also evaluated as well as the P-factor and the R-
factor in order to assess the model performance and model output uncertainty. 

3. Results and Discussion 

3.1. Calibration and Validation of River Discharges 
Although SWAT parameterization has been done based on the parameters 

given in Table 3 together with initial and final ranges for the calibration, in order to 
improve model performance especially in high altitudes where snow processes 
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become predominant, we changed the snow melt temperature (SMTMP), snow fall 
temperature (SFTMP), and maximum and minimum snowmelt rate factors (SMFMX, 
SMFMN) to −3.71, 3.21, 5.68 and 3.05, respectively. These numbers were obtained 
after several simulations in SWAT-CUP. Adjusting the parameter related to snow 
processes improves the model’s performance, in particular at the discharge stations 
located in mountainous region of the study area. After fixing these parameters (to 
their best values obtained by the preliminary runs), the protocol given in Abbaspour 
et al. [11] was followed for calibration/validation as well as sensitivity and uncertainty 
analysis. 
Table 3. List of the model calibration parameter. 

 

Nine SWAT parameters were selected for model calibration for all discharge 
stations. Half of the river discharge data were used for calibration and the remainder 
were used for validation. The parallel processing option of SWAT-CUP [47] 
considerably reduced the model simulation time. One iteration and 600 simulations 
with nine parameters were adequate for obtaining satisfactory calibration and 
validation results. There are different gridded climate datasets covering the region of 
our study. Using these datasets could be quite useful for evaluating the uncertainty 
caused by using different input data [48]. Furthermore, scientists may consider the 
possibility of using a stochastic hydrological rainfall-runoff model if there are not 
enough data of precipitations in a specific study area [49,50]. 

As expected, the CN2 parameter was the most sensitive parameter for outflow, 
followed by ALPHA_BF. Although the SOL_BD and GW_REVAP parameters 
seemed to be less sensitive as indicated by their t-stat and p-value (Table 3), they 
contributed to increased model calibration results for river discharges considerably. t-
stat depicts parameter sensitivity: the larger the t-value, the more sensitive the 
parameter; whereas the p-value indicates the significance of the t-value: the smaller 
the p-value, the less chance of a parameter being accidentally assigned as sensitive 
[11]. 

Twenty-five gauge stations on discontinuous stream networks were 
parameterized and calibrated simultaneously. R2 ranges from 0.39 to 0.82 for 
calibration, and 0.41 to 0.82 for validation, while NSE values vary from 0.31 to 0.81 
for calibration, and 0.33 to 0.81 for validation. Model outputs for most of the 
discharge stations can be judged as satisfactory according to Moriasi et al. 

https://www.mdpi.com/2073-4441/9/10/814/htm#B11-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B47-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B48-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B49-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B50-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#table_body_display_water-09-00814-t003
https://www.mdpi.com/2073-4441/9/10/814/htm#B11-water-09-00814
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[51]. Table 4 represents the calibration and validation results and model 
performance criteria for the 25 gauges stations used in this study. 
Table 4. Model performance indicators of 25 gauge stations for calibration and 
validation. 

 

Except for the two gauge stations (Nos.: 1190 and 1322) our simulations 
captured the 60–90% (P-factor values ranges from 0.6 to 0.9) of observed data 
during simulation (Table 4). Poor simulation results at these stations originate from 
high base-flow simulations in dry periods and high peak simulations during wet 
periods. This is due to the CFSR climate station located in the east of the Iznik Lake 
(Figure 4), which overestimates the precipitation in these catchments. The larger R-
factor values representing higher uncertainty for the stations (gauge station Nos.: 
243, 341 and 656) located on the Istanbul city border, is most likely a result of rapid 
urbanization having occurred in that catchment in the last few decades. Most of the 
stations in the study area had R2 and NSE of more than 0.5 both in calibration and 
validation (Figure 7). Poor simulation results were obtained downstream of areas 
with intensive water-resource development (regulators, water store operations) and 
urbanization (increasing settlement and urban drainage systems) because of 
processes that were not included the model. 

https://www.mdpi.com/2073-4441/9/10/814/htm#B51-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#table_body_display_water-09-00814-t004
https://www.mdpi.com/2073-4441/9/10/814/htm#table_body_display_water-09-00814-t004
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f004
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f007
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Figure 7. Comparison of simulated and observed discharge data using the coefficient 
of determination (R2) and Nash–Sucthlife coefficient (NSE) for the calibration and 
validation period. 

Average discharge rates of the rivers in the study area varies from 0.2 m3 s−1 to 
44 m3 s−1 (Figure 8). Extreme discharge values of about 150 m3 s−1 were captured by 
our model quite well. For the simplicity and clarity of graphs, calibration and 
validation periods are shown in one graph continuously (Figure 8). 

https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f008
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f008
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Figure 8. Illustration of the SWAT-CUP output for the simulation period depicting the 
observed, simulated and 95% prediction uncertainty (95PPU). These hydrographs 
belong to gauge station Nos. 50, 243, 542 and 835, respectively. 

3.2. Water Availability 
To show the spatial distribution of precipitation, mean annual rainfall is depicted 

over the study area (Figure 9a). The catchments on the Black Sea coast of the 
Asian side receive the highest average annual rainfall in the study area where the 
major water resources of the city are located. The southern part of Istanbul, with an 
average annual rainfall of 550–720 mm, receives the least amount of precipitation. 
Model results of blue and green water are represented at the 50% probability level of 
the the 95PPU for the period 1977–2013. These were calculated for 1335 sub-basins 
(Figure 9b–d). Blue-water (water yield + deep percolation) potential of the watershed 
on the Asian side is greater than the European side; likewise, green-water storage 
(soil moisture) (Figure 9b,c). The results reveal that the average blue-water potential 
of Istanbul is 630 mm, whereas the green-water flow and storage are 382 mm and 
129 mm, respectively. 

https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f009
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f009
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f009
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Figure 9. Spatial distribution of simulated average (1980–2013) annual (a) 
precipitation; (b) blue-water resources; (c) green-water flow and (d) green-water 
storage for the study area. 

Blue-water potentials reach up to 943 mm year−1 in some catchments such as 
Omerli, Darlık and Melen which are located on the Black Sea coast. Besides, 
Buyukcekmece represents poor potential ranging from 0 to 316 mm year−1 due to 
less precipitation and a higher potential evapotranspiration rate as well as 
urbanization in that catchment. The spatial distribution of soil moisture (green-water 
storage) indicates higher values ranging from 100 to 150 mm year−1, especially in the 
eastern part of the study area (Figure 9c). In the current situation, small-scale 
rainfed agricultural activities play an important role for local villages. Therefore, 
optimal management strategies are necessary to achieve a balance between 
supplying water to Istanbul and supporting the agricultural activities and economic 
growth as well as sustaining high water quality in this region. As shown in Figure 9d, 
due to the amount of available water for transpiration and evaporation, green-water 
flows in Asian-side watersheds (495 mm year−1) are higher in comparison to the 
European side (386 mm year−1). 

To illustrate the reliability of water resources over the years, we calculated the 
coefficient of variation CV = σ/μ × 100 for the years 1980–2013 in each sub-basin 
(Figure 10), where σ is the standard deviation and µ is the mean of the variable. 

https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f009
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f009
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f010
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Figure 10. Coefficient of variation (CV) of the modelled annual (1980–2013) (a) blue-
water resources; (b) green-water flow and (c) green-water storage. 

CV is an indicator of the reliability of the water resources from year to year [9]. 
The smaller the CV, the smaller the year-to-year variability of a variable and the 
more reliable the estimates. Blue-water flows are quite important due to their 
contribution to the reservoir used for domestic water demand. Although the temporal 
variation of the blue-water resources is not very large, water resources on the Asian 
side seem more reliable than the European side, especially in the Darlık, Sungurlu, 
Isaköy and Kabakoz watersheds, which have the smallest CV values in the study 
area (Figure 10a). These values indicate a higher reliability of this resource over 
time and, hence, a less risky opportunity for a water-supplying project. Green-water 
storage (soil moisture) is generally relatively less variable in most of the area 
between the values 0–49%, except the catchments near Iznik Lake, which is located 
in southern part of the study area, and which has CV values between 167% and 
303% (Figure 10b). This situation is most likely caused by excessive industrial 
consumption and agricultural irrigation in the region. Temporal variation of 
evapotranspiration (green-water flow) varies over the study area (Figure 10c) and 
larger values are obtained in the eastern part of the study area where water 
availability is greater (Figure 9d). 

Model results in hru level aggregated to watershed level and the water potential 
of each reservoir include both Asian and European sources as well as the current 
and planned water resources together. We calculated the water potential by 
multiplying the catchment area with blue-water potential (water yield + deep aquifer 
recharge) of each watershed, and plotted 95% prediction uncertainty band for each 
(Figure 11). 

https://www.mdpi.com/2073-4441/9/10/814/htm#B9-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f010
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f010
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f010
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f009
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f011
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Figure 11. Comparison of the simulated 95PPU SWAT prediction (1980–2013) for 
water potential with the available data from the Istanbul Water and Sewerage 
Administration (ISKI) for the watersheds of Istanbul. 

As shown in Figure 11 the ISKI estimates are within or close to the 95PPU of 
our model predictions. Larger differences between model results and ISKI values are 
observed in the watersheds that are the major reservoirs of Istanbul. This result 
might be due to possible water losses such as evaporation from the reservoirs, 
transfer operations, water usage in the watershed, and the effects of urban drainage 
systems, which were not included in our calculations of water potential for ISKI. 
Thus, our model gives the “gross” water potential of each watershed. A considerable 
part of water losses occurs in aged and poorly managed water distribution systems 
[52,53,54]. This phenomenon needs to be measured and calculated in detail to 
estimate the “net” water potential of the city. 

According to the prediction of water potential, the watersheds located on the 
Asian side constitute almost 75% of the total water resources of Istanbul. The Melen 
watershed has the highest water potential with 1.5 billion m3 year−1 (45% of total 
water resources), and is followed by Omerli, Terkos, and Buyukcekmece, which are 
currently in use. These three watersheds will be essential for the city considering 
their large water potential. The Omerli, Terkos and Buyukcekmece sources will meet 
25% of the total demand in future. As these sources are located in the Istanbul 
administrative boundary and under pressure of urbanization, protection of these 
catchments will assure adequate water supply to the city next to the planned 
resources (Kabakoz, Isakoy and Sungurlu catchments). 

Figure 11 also shows that the parameter range obtained using data from 25 
discharge stations simultaneously yields quite satisfactory results for the ungauged 
basin in regions such as Elmali II, Darlik, Istanca Creeks, Kazandere and 
Papucdere. 

4. Conclusions 

https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f011
https://www.mdpi.com/2073-4441/9/10/814/htm#B52-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B53-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#B54-water-09-00814
https://www.mdpi.com/2073-4441/9/10/814/htm#fig_body_display_water-09-00814-f011
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Socio-economic developments, rapid urbanization, and population increase 
have put pressures on Istanbul’s water resources in the last few decades. Thus, 
matching the water demand of the city requires effective water-management 
strategies and more projects to supply water from different administrative 
boundaries. Quantification of available water is an essential part of the management 
of the water resource of Istanbul. This study contributes significant insights into the 
water availability of the city and its vicinity, at both regional and watershed level. 

Model results reveal that watersheds supplying drinking water on the Asian side 
are more reliable and more abundant. However, the majority of the population 
(thereby most of the water demand) is on the European side; planned water 
resources for the future are mostly located on the Asian side and are outside the city 
boundaries. Water transfers from these catchments are vital to meeting the water 
demands of Istanbul. 

Water resources on the Asian side encompass almost 75% of the total potential. 
These catchments (except Omerli) are pristine and so far not affected by heavy 
urbanization. Therefore, optimal management strategies in these catchments play a 
significant role in balancing water supply and local activities (agriculture, energy 
production, recreation etc.). Also, protection of these catchments in terms of not only 
water quantity but also quality is vital to the city. The Melen watershed is of utmost 
importance as it will provide 45% of the total water demand of the city in the future. 
Melen and its significant water potential (1.5 billion m3 per year) could be highly 
beneficial in the case of increasing population and in drought periods. In addition to 
increased water potential capacity, water re-use, decreasing water loss in the supply 
network, upgrading urban drainage system, rainwater harvesting, and the efficient 
use of available water will make better use of available water in Istanbul. 

More detailed analysis in the study area covering quantitative assessment of 
each watershed for different scenarios such as drought, socio-economic change, 
land-use conditions, as well as climate change scenarios, could provide more 
information and significant knowledge of value to policy-makers, local administrators 
and experts. The well-established and calibrated model developed in this study 
provides a strong basis for forthcoming studies in the Istanbul megacity regarding 
reservoir operations and management, the impact of climate change, as well as 
water-quality and biodiversity issues in the reservoirs. 
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