


Effects of Climate Change on Wheat Agriculture: CROPWAT Model on Adana Province Analysis


Abstract
This study was conducted using the CROPWAT software to analyze water use and irrigation requirements for wheat cultivation in Adana Province, located in the Mediterranean Region of Türkiye. The research utilized meteorological data to estimate daily evapo-transpiration and crop water consumption. The calculated irrigation demands were compared with data obtained from local field experiments, and the results from the CROPWAT model were found to be consistent with observed field findings. In addition, climate projection data were integrated into the analysis to evaluate the effects of future temperature increases and precipitation decreases on crop water needs. Scenario assessments indicated that under projected climate change conditions, wheat water availability and irrigation efficiency are expected to decline for wheat, leading to increased irrigation demand. These results emphasize the critical importance of improving irrigation management strategies and water use efficiency to ensure sustainable wheat production under changing climatic conditions.
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INTRODUCTION
Climate refers to the average weather conditions observed over large geographical areas and long periods of time, including extreme events. The climatic characteristics of a region are among the primary factors directly determining the vegetation and biodiversity within that region. Climate change, on the other hand, refers to alterations in atmospheric composition arising from human activities in addition to natural processes. The Intergovernmental Panel on Climate Change (IPCC) defines climate change as “climatic variations resulting from natural changes or human activities” (Birpınar, 2021).
Among the most evident consequences of climate change are increases in land and sea surface temperatures, changes in the amount and distribution of precipitation, global sea-level rise and associated coastal erosion, and the increased frequency of extreme weather events. These effects directly influence not only ecosystem integrity but also various sectors such as food supply, agriculture, health, industry, tourism, and transportation. According to a report by the U.S. National Oceanic and Atmospheric Administration (NOAA), depending on different scenarios, sea levels are projected to rise by approximately 60 cm by the year 2100, while the average temperature is expected to increase from 15.6 °C in 2010 to 19.8 °C (Birpınar, 2013). These developments also pose serious risks to infrastructure systems, particularly in densely populated areas. Türkiye’s Climate Change Adaptation Strategy and Action Plan (2011–2023) emphasizes the importance of long-term planning in sectors such as transportation, energy, and tourism to mitigate these risks (Ministry of Environment, Urbanization and Climate Change, 2011).
The impacts of climate change on the agricultural sector are particularly pronounced. Rising temperatures push plants beyond their optimal growth ranges, resulting in yield losses. Changes in precipitation patterns increase the risk of droughts and floods, while extreme weather events can cause sudden and severe reductions in agricultural output. Additionally, sea-level rise leads to salinization in coastal agricultural areas, thereby reducing productivity. These impacts contribute to higher production costs, market price fluctuations, and increased economic vulnerability among farmers. Consequently, developing resilient crop varieties, improving irrigation systems, and optimizing soil management techniques are of critical importance for sustainable agricultural production (Türkiye’s Climate Change Adaptation Strategy and Action Plan, 2011–2023).
Wheat is one of the most significant agricultural commodities, meeting the basic nutritional needs of approximately 40% of the global population and providing about 20% of total caloric intake worldwide. As the leading crop in terms of both cultivation area and production volume in Türkiye and across the globe, the vulnerability of wheat to climate change represents a critical concern for food security (Wiese, 1991).
In this study, water consumption and irrigation requirements for wheat cultivation in Adana Province were evaluated using the CROPWAT model. The analysis was based on meteorological data from 2008 to 2010, and the RCP 4.5 and RCP 8.5 climate scenarios were integrated into the model to assess the potential future impacts of climate change. The main objective of the research is to determine the irrigation needs of wheat farming in Adana under current and projected future climatic conditions and to assess its potential vulnerability to climate change. The results obtained in this context are expected to contribute to future agricultural production and water management planning (Birpınar, 2021; Ministry of Environment, Urbanization and Climate Change, 2011).
EFFECTS OF CLIMATE CHANGE ON AGRICULTURAL PRODUCTION AND WATER MANAGEMENT: MODELS AND APPLICATIONS
Climate change exerts direct impacts on agricultural production through rising temperatures, altered precipitation regimes, and extreme weather events. This situation necessitates the sustainable management of water and soil resources and underscores the importance of adaptation strategies (Yetik & Şen, 2022; Şen, 2023).
Research conducted in regions characterized by a Mediterranean climate has clearly demonstrated the impacts of climate change on water resources. Studies carried out in the Çukurova Region have shown that increasing temperatures and decreasing precipitation significantly raise the irrigation water requirements for crops such as wheat and maize. The CROPWAT model is widely employed to simulate evapotranspiration and irrigation demand, enabling projections of future water requirements under different climate scenarios (Yetik & Şen, 2022; Umar & Şen, 2023).
For instance, in a study conducted by Yetik and Şen (2022), irrigation water requirements for maize production were projected to increase by 7.37% under the RCP 4.5 scenario and by 20% under the RCP 8.5 scenario, as simulated by the CROPWAT model. Similarly, Umar and Şen (2023) reported that cotton yield losses could reach up to 51% under rain-fed conditions. These findings indicate that agricultural management strategies need to be restructured within the framework of climate change scenarios (Yetik & Şen, 2022; Umar & Şen, 2023).
Climate change affects not only agricultural productivity but also food security. Studies in Türkiye have revealed that increases in precipitation positively contribute to agricultural gross domestic product, whereas rising temperatures and CO₂ emissions exert negative effects on productivity (Başoğlu & Telatar, 2013; Zaimoğlu, 2019). Furthermore, changes in soil and water regimes that reduce productivity, the intensification of desertification, and the spread of crop diseases further heighten agricultural risks (Akalın, 2014; Türkeş, 2020).
There exists a bidirectional relationship between agricultural production and climate. While temperature, precipitation, and other meteorological variables directly influence crop yields, agricultural activities themselves contribute to climate change through greenhouse gas emissions (Aydinalp & Cresser, 2008; Yohannes, 2015; Subbarao, 2017). Therefore, adaptation strategies such as organic farming practices and afforestation-based systems play a crucial role in enhancing the resilience of agriculture to climatic stresses (Yohannes, 2015; Subbarao, 2017).
Models used in the forward-looking analysis of agricultural production processes are also significant in this context. Models such as AquaCrop, DSSAT, and CROPWAT are widely applied to assess the impacts of climate change on plant growth and water consumption. For example, the AquaCrop model focuses on improving water use efficiency under arid conditions, while DSSAT simulates crop yields under varying climate scenarios (Drewniak et al., 2013; Hird et al., 2017). These models provide powerful tools for developing adaptation strategies and improving water management (Adam et al., 2020; Hansen, 2005).
In conclusion, the broader use of crop growth models is essential to mitigate the adverse effects of climate change on agricultural production and to promote sustainable farming. Particularly, localized modeling studies are expected to offer critical contributions to agricultural water management and food security (Bayraç & Doğan, 2016; İpek, 2022; Türkeş, 2020).


MATERIALS AND METHODS
Material
In this study, the CROPWAT 8.0 software was used to evaluate the effects of climate change on water consumption and irrigation requirements of wheat (Triticum aestivum). A parametric approach integrating plant, climate, and soil components was adopted. The model simulates crop water requirements and irrigation scheduling based on the calculation of reference and actual evapotranspiration, thus enabling an objective estimation of wheat’s water demand under different climatic conditions (Yetik & Şen, 2022; Umar & Şen, 2023).

Material 
Crop (Triticum aestivum)
The taxonomic classification of wheat is as follows: Kingdom: Plantae; Division: Magnoliophyta; Class: Liliopsida; Order: Poales; Family: Poaceae; Genus: Triticum. Human selection and breeding throughout history have led to the emergence of diverse morphological and genetic lines, resulting in significant taxonomic variation (Levy & Feldman, 2022). Its historical dissemination began with domestication in Western Asia, spreading toward North Africa, Europe, and East Asia; remains of T. aestivum and T. durum have been found in Roman-era archaeological sites (Rottoli & Castiglioni, 2011). One of the turning points in modern breeding was the introduction of the Norin 10–derived Rht dwarfing genes, which improved lodging resistance by shortening stem length (Ellis et al., 2002).
Due to its protein and carbohydrate content, wheat is a strategically important food crop that provides the main caloric source for a large proportion of the global population. Between 2000 and 2008, global wheat production declined by up to 5.5%, influenced by climatic trends (Lobell et al., 2011; FAO, 2013). The projected increase in demand by 2050 indicates that yields must rise by approximately 70% to meet consumption needs; however, rising input costs, the increasing frequency of climate-related extreme events, and the slowdown in yield growth continue to intensify production pressures (Tilman et al., 2002; Foley et al., 2011; OECD, 2013). Plant 
Bread wheat (T. aestivum) was selected as the crop material for this study. Wheat cultivars (e.g., Albimonte, Manital, Shirley, Hilliard) offer flexibility in adaptation to different agro-ecological conditions and technological quality components. Variety selection depends on regional climate, soil and water constraints, and production objectives (Sanità Di Toppi et al., 2009). Considering the region’s warm growing seasons and winter rainfall regime, the timing of phenological stages in relation to water stress represents a major constraint in irrigation planning (Levy & Feldman, 2022).

Study Area (Adana Province. (TÜRKİYE)
The study area is Adana Province, located in the Çukurova Basin in southern Türkiye. The province is bordered by Osmaniye–Kahramanmaraş–Gaziantep to the east, Mersin to the west, Niğde to the northwest, Hatay to the southeast, and the Mediterranean Sea to the south. Settlements are mainly located around the Seyhan River, within the coordinates 35°–38° N and 34°–36° E (Adana Provincial Directorate of Environment, Urbanization and Climate Change, n.d.). The region is one of Türkiye’s primary agricultural production centers; its vast alluvial plains, irrigation infrastructure, and long growing season provide favorable conditions for wheat cultivation (Adana Provincial Directorate of Environment, Urbanization and Climate Change, n.d.).

Climatic Characteristics
Adana exhibits the characteristics of a typical Mediterranean climate, with hot and dry summers and mild and rainy winters. During summer, the thermal contrast between land and sea, along with surface moisture from irrigation and reservoirs, enhances both relative humidity and perceived temperature. Precipitation occurs mainly during the winter half of the year, influenced by orographic effects and frontal systems; snowfall is rare in lowland areas but may persist in the mountainous regions (Keleş & Kavak, 2022). Due to the region’s hydro-meteorological regime, irrigation plays a decisive role in sustaining agricultural production. The choice of irrigation method depends not only on soil type, climate, cropping pattern, and water quantity/quality but also on economic considerations (Güngör & Yıldırım, 1989).



Data Sources
Model inputs were grouped into three main categories: meteorological data, crop parameters, and soil characteristics. The meteorological data-setdataset included temperature, precipitation, wind speed, sunshine duration, and relative humidity variables, which were used to calculate reference evapo-transpiration (ETo) (Yetik & Şen, 2022). To evaluate future climatic conditions, projections derived from RCP4.5 (moderate increase) and RCP8.5 (high increase) scenarios were utilized, considering regional downscaling studies predicting significant summer warming and precipitation decline/variability over the Eastern Mediterranean Basin (Gürkan et al., 2015; Demircan et al., 2014).
Crop parameters included sowing and harvest dates, growth stages, crop coefficient (Kc) sequences, root depth, and stress coefficients. Soil parameters comprised texture, available water content derived from the difference between field capacity and wilting point, infiltration rate, and initial soil moisture (Hird et al., 2017). The irrigation system was assumed to be drip irrigation with 90% efficiency, allowing differentiation between net and gross water requirements by accounting for application and conveyance losses (Güngör & Yıldırım, 1989).

Method – Operation and Parameters of the CROPWAT Model
CROPWAT 8.0, developed by the FAO Land and Water Development Division, is a decision-support tool that provides outputs such as:
(i) reference evapotranspiration (ETo),
(ii) crop evapotranspiration (ETc = Kc × ETo),
(iii) net irrigation water requirement,
(iv) irrigation scheduling, and
(v) yield reduction under rainfall deficiency (Yetik & Şen, 2022; Umar & Şen, 2023).
In this study, ETo was calculated using daily meteorological data; ETc was derived from stage-based Kc coefficients; Net Irrigation Requirement (NIR) was obtained by considering effective rainfall, and Gross Irrigation Requirement (GIR) was computed using system efficiency (Hird et al., 2017; Güngör & Yıldırım, 1989).
The irrigation schedule was designed to be triggered when the allowable depletion threshold (TAW, RAW) in the soil was exceeded during the phenological stages of wheat (initial, development, mid-season, and late-season). Application interval and depth were optimized based on root-zone water balance and system efficiency (Hird et al., 2017). The model was executed to quantitatively demonstrate the combined effects of increasing temperature and decreasing precipitation on ETc and NIR under scenario conditions, and the results were compared with regional findings reported for Adana in terms of consistency and sensitivity (Gürkan et al., 2015; Yetik & Şen, 2022).
The computational steps followed in the study can be summarized as follows:
(1) daily ETo calculation → (2) ETc derived from stage-based Kc → (3) subtraction of effective rainfall → (4) NIR calculation → (5) GIR through system efficiency → (6) irrigation timing and intervals → (7) scenario comparisons (RCP4.5/RCP8.5).
This workflow quantitatively reveals the increase in water demand and irrigation strategy requirements under both current and future climatic conditions (Demircan et al., 2014; Hird et al., 2017).
Finally, while interpreting the model results, the limitations of the assumptions (e.g., fixed Kc values, homogeneous soil structure, generalization of local microclimatic variations) were explicitly considered. The importance of local calibration and integration with field observations was emphasized to minimize uncertainties (Hansen, 2005; Adam et al., 2020).

RESULTS AND DISCUSSION
In this study, the RegCM regional climate model outputs obtained from the Turkish State Meteorological Service were integrated with the CROPWAT 8.0 model to compare the present period (RF: 1971–2000) with the future period (2069–2098). For the future projections, RCP4.5 and RCP8.5 scenarios were implemented. The comparison was conducted using periods of equal length, and the variations reflected in agricultural water demand were quantitatively evaluated (Demircan et al., 2014; Gürkan et al., 2015).
Temperature and Precipitation Changes
Minimum Temperature
According to RegCM, the annual average minimum temperature in Adana, which was 11.6 °C during the RF period, is projected to increase to 14.6 °C under the RCP4.5 scenario (a rise of 25.9%) and to 16.5 °C under the RCP8.5 scenario (a rise of 42.5%). Examination of annual series indicates that, in the future period, even the minimum temperatures can exceed the highest annual minima of the RF period. Furthermore, extreme low and high minimum values are projected to increase by 31.4% and 24.2% under RCP4.5, and by 51.0% and 41.1% under RCP8.5, respectively (Gürkan et al., 2015).

Figure 1. Min. temperature (°C) values by years (1971-2000 & 2069-2098) Temperature (°C) Values
Maximum temperature
While the annual mean maximum temperature is 22.4 °C in RF, it rises to 25.9 °C (15.2%) in RCP4.5 and 27.8 °C (24.1%) in RCP8.5. In the annual series, ranges of 26.8-24.4 °C for RCP4.5 and 29.4-26.1 °C for RCP8.5 are noteworthy; 17.9% and 13.1% for RCP4.5, 26.1% and 24.1% for RCP8.5 are expected to increase in extreme minimum and maximum (Gürkan et al., 2015).

Figure 2. Max. temperature (°C) values by years (1971-2000 & 2069-2098) Temperature (°C) Values
Precipitation
Annual total precipitation is 622 mm/year in the RF (regional station long-term average: 668 mm/year), 606 mm/year in RCP4.5 (-2.5%) and 640 mm/year in RCP8.5 (+3.0%). Annual maximum-minimum ranges are 949-292 mm/year in the RF, 803-438 mm/year in RCP4.5 and 949-365 mm/year in RCP8.5. These results are not in full agreement with the stronger reduction rates found by Dhakane (2024) for Adana (RCP4.5: -18%, RCP8.5: -19.9%); the difference is likely to be due to model-scaling, period and effective precipitation acceptance differences (Adana Meteorological Regional Md. long years; Dhakane, 2024).

Figure 3. Precipitation (mm/year) Values by Years (1971-2000 & 2069-2098)
Effective precipitation
According to CROPWAT's effective precipitation (precipitation reaching the root) calculations, 377 mm/year was found in RF, 327 mm/year in RCP4.5 and 346 mm/year in RCP8.5. Annual series range from 499-159 mm/year in the RF to 448-218 mm/year in RCP4.5 and 637-34 mm/year in RCP8.5; it is seen that the fluctuation due to seasonality and timing of precipitation becomes critical for water management (Yetik and Şen, 2022; Hird et al., 2017).

Figure 4. Annual Total Effective Rainfall (mm) Values by Years (2069-2098 & 1971-2000)
Evapo-transpiration and Plant Water Consumption
Reference evapo-transpiration (ETo)
ETo calculated with daily meteorological series increases from 3.75 mm (total/day average) in the RF to 4.23 mm in RCP4.5 and 4.54 mm in RCP8.5, which corresponds to an increase of 12.8% and 21%, respectively. The fact that even annual ETo minimums catch up/overtake RF maximums in the future confirms the systematic increase in evaporative demand (Hird et al., 2017; Yetik and Şen, 2022).

Figure 5. ETo Values (mm(total)) by Years (2069-2098 & 1971-2000)
Actual water use for wheat (ETc)
Wheat ETc derived from Kc sequences in CROPWAT was 521 mm in RF, 583 mm in RCP4.5 (+11.9%), and 621 mm in RCP8.5 (+18.9%). Annual totals are in the range of 570-466 mm in RF, 649-532 mm in RCP4.5, and 670-544 mm in RCP8.5; results show that warming and rainfall irregularity significantly increase crop water demand (Yetik and Şen, 2022; Umar and Şen, 2023).

Figure 6. Actual Water Use (mm) Values of Wheat Crop by Crop by Years (2069-2098 & 1971-2000)
Irrigation Water Requirement
Actual irrigation requirement (NIR)
The actual irrigation requirement calculated after effective rainfall is 214 mm in RF, 257 mm (+20.3%) in RCP4.5 and 264 mm (+23.4%) in RCP8.5. The annual series ranged from 411 to -32 mm in the RF (negative values indicate years when rainfall was able to meet the requirement), 425-125 mm in RCP4.5 and 513-(-40) mm in RCP8.5. This increase reflects the net effect of the prolongation of intraseasonal dry intervals and the rise in ETo (Güngör and Yıldırım, 1989; Yetik and Şen, 2022).

Figure 7. Actual Irrigation Requirement (mm) Values by Years (2069-2098 & 1971-2000)
Total gross irrigation (GIR)
Assuming 90% system efficiency, GIR was calculated as 225 mm at RF, 269 mm at RCP4.5 (+19.6%) and 247 mm at RCP8.5 (+9.8%). Annual distributions range from 0.0-499.7 mm at RF, 0.0-476.5 mm at RCP4.5, and 0.0-471.2 mm at RCP8.5, indicating that the general trend is towards increasing gross water demand, although the timing of precipitation may provide partial compensation in some years (Güngör and Yıldırım, 1989; Hird et al., 2017).

Figure 8. Total Gross Irrigation (mm) Values by Years (2069-2098 & 1971-2000)
DISCUSSION
In this study, temperature increases and precipitation irregularities derived from RegCM-based scenarios (RCP4.5/RCP8.5) were reflected as significant rises in ETo, ETc, and irrigation water requirements through CROPWAT results. These findings are broadly consistent with regional studies reporting warming and drying trends in the Mediterranean basin (Demircan et al., 2014; Gürkan et al., 2015).
Compared to the reference period, the increase in ETo (~12.8% under RCP4.5 and ~21% under RCP8.5) aligns with expectations from the FAO-56 approach, which emphasizes that rising temperatures, declining relative humidity, and changes in wind/radiation components increase evaporative demand. This trend is also in agreement with regional assessments projecting a 15–25% increase for the Mediterranean region (Allen et al., 1998; Yılmaz & Kaya, 2015).
Increases in minimum and maximum temperatures (min: 25.9–42.5%, max: 15.2–24.1%) are likely to raise phenological and water demand, expanding wheat exposure to heat stress. These results corroborate the IPCC-projected warming ranges for the Mediterranean basin and indicate potential pressure on agricultural production in southern Turkey (IPCC, 2021; Çiçek & Yılmaz, 2014).
Changes in precipitation in this study were distributed within a low–moderate increase range, which does not fully coincide with studies reporting stronger decreases for the same region (e.g., RCP4.5: −18%, RCP8.5: −19.9%). This discrepancy may arise from technical factors such as model selection, downscaling method, effective rainfall calculation, and the reference periods used. Such differences highlight the need for a multi-model–multi-scenario approach in climate-derived water management assessments (Dhakane, 2024; Demircan et al., 2014).
Effective rainfall often behaves differently from total annual precipitation—particularly due to timing and intensity changes that influence root accessibility—impacting irrigation scheduling and application depth. This finding mechanistically explains the field-observed phenomenon of “different irrigation requirements under the same annual rainfall” and underscores the necessity of planning water budgets sensitive to seasonal rainfall distribution (Hird et al., 2017; Yetik & Şen, 2022).
Crop-specific ETc increases for wheat (+11.9% and +18.9%), along with corresponding rises in net irrigation requirement (NIR: +20.3%/+23.4%) and gross irrigation requirement (GIR: +19.6%/+9.8%), are consistent with reported increases in water demand and yield reductions for maize and cotton in the Çukurova region. This aligns with the regional pattern suggesting that climate warming will elevate water demand across all major crops (Yetik & Şen, 2022; Umar & Şen, 2023).
From an irrigation engineering perspective, assumptions regarding system efficiency and soil water holding capacity significantly affect the difference between net and gross water requirements. Achieving a design and operational efficiency of ≥90% is critical for water savings and land productivity. Therefore, methodology and results should be interpreted in conjunction with field-level hydraulic and agronomic constraints (Güngör & Yıldırım, 1989; Hird et al., 2017).
Study limitations include CROPWAT’s lack of growth/cycle yield simulation, the assumption of constant Kc sequences, exclusion of potential CO₂ fertilization effects on ET and stomatal behavior, and simplification of spatial heterogeneity in soil–management practices. Therefore, local calibration, field measurements, and validation with process-based multi-models are recommended (Hansen, 2005; Adam et al., 2020; Allen et al., 1998).
At the national scale, increased agricultural water demand and growing precipitation variability necessitate adaptation strategies, integrated planning in the water–energy–food nexus, and basin-scale allocation policies. Key national strategy/action plan priorities in water resource management and agricultural–food security should be concretized through regional implementation (Ministry of Environment, Urbanization, and Climate Change, 2011; 2020).
Conclusions 
Increased atmospheric water demand:  

Future projections indicate that reference evapo-transpiration (ETo) in Adana is expected to increase by 12–21%. This rise signals an elevated irrigation demand not only for wheat but also for major crops cultivated in the region, including maize, cotton, and vegetables. The increased atmospheric demand will require more frequent operation of existing irrigation systems, consequently raising energy consumption and water costs. Therefore, the pressure on irrigation infrastructure is critical not only in terms of quantity but also for economic sustainability (Allen et al., 1998; Yılmaz & Kaya, 2015).
Expansion of heat stress:

The observed increases in minimum and maximum temperatures amplify stress risk during critical phenological stages of wheat, such as tillering, heading, and grain filling. Minimum temperature rises of 25.9–42.5% reduce the need for winter chilling, whereas maximum temperature increases of 15–24% intensify heat stress during the summer months. These conditions may shorten phenological phases, potentially reducing grain yield. IPCC reports and field observations in Turkey also indicate that warm-season cereals in the Mediterranean basin, such as wheat, may face yield losses of 20–30% due to rising temperatures (IPCC, 2021; Çiçek & Yılmaz, 2014).
Timing of precipitation is critical:

Although substantial reductions in annual total precipitation are not anticipated, increasing irregularity in rainfall patterns and reduced effective rainfall will further increase irrigation requirements. In particular, spring rainfall deficits could exacerbate water shortages during wheat’s grain-filling period, leading to quality losses. Therefore, not only the total rainfall amount but also its temporal distribution is a key determinant of production sustainability (Hird et al., 2017; Yetik & Şen, 2022).
Regional consistency:

The calculated increases in wheat ETc, NIR, and GIR align with similar findings reported for maize and cotton in the Çukurova region. This indicates that all major crops in the region are sensitive to climate change-induced water demand increases. Consequently, this is not a wheat-specific issue but a regional agricultural challenge. The risk of insufficient water resources for multiple crops simultaneously makes integrated basin-scale water management imperative (Yetik & Şen, 2022; Umar & Şen, 2023).
Recommendation 
 Irrigation modernization and efficiency:

To meet increasing water demand, existing irrigation systems should be modernized, with high-efficiency methods such as drip and sprinkler irrigation widely adopted. Targeting system efficiency ≥90% is crucial for reducing water losses and energy consumption. Furthermore, smart sensors and automated irrigation technologies can ensure water is applied in the right quantity at the right time (Güngör & Yıldırım, 1989; Hird et al., 2017).
Climate-adaptive varieties and scheduling:

Heat- and drought-tolerant wheat varieties should be developed. In parallel, sowing and harvest schedules should be optimized according to climate scenarios to minimize yield losses. For instance, early sowing or the use of short-duration varieties can prevent critical phenological stages from coinciding with the hottest periods. Such adaptations underscore the importance of biotechnology and genetic improvement in climate change adaptation strategies (Çiçek & Yılmaz, 2014; Allen et al., 1998).
Rainwater harvesting and soil moisture management:

To balance seasonal precipitation irregularities, rainwater harvesting techniques (e.g., surface runoff storage, small ponds, terracing) should be implemented. Simultaneously, soil moisture retention practices, such as mulching, minimum tillage, and organic matter enhancement, can prolong water availability in the soil, thereby reducing irrigation requirements (Hird et al., 2017; Adam et al., 2020).
Early warning and decision support:

Climate scenario-based early warning systems should provide farmers with periodic water requirement forecasts. Seasonal climate forecasts can be integrated into crop simulation models to generate probabilistic yield predictions, enabling more informed decisions regarding irrigation timing and crop patterns (Hansen, 2005; Yılmaz & Kaya, 2015).
Policy and basin-scale management:

The applicability of Turkey’s national climate strategy and action plans regarding water resources management and agricultural–food security should be enhanced at the regional level. Basin-specific water allocation policies should clearly define which crops receive priority and when water restrictions are enforced. This approach improves farmers’ planning capacity while promoting equitable and sustainable water use (Ministry of Environment, Urbanization, and Climate Change, 2011; 2020).
This study highlights the key risks posed by climate change on wheat production in Adana, including increased water demand, expanded heat stress, and precipitation irregularity. The findings indicate a common trend across regional crops, emphasizing the urgency of implementing adaptive measures. In particular, widespread adoption of modern irrigation systems, development of climate-resilient varieties, and basin-level water management policies are critical for mitigating the adverse impacts of climate change on agricultural production. However, to strengthen these projections, long-term field studies, multi-model comparisons, and enhanced local calibration are necessary (Hansen, 2005; Adam et al., 2020).
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Min. Sıcaklık (°C)





RCP45 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	25.3	25.7	25.2	26.8	24.4	25.7	26	24.9	25.7	26	25.7	26.1	26.1	26.3	25.6	26.2	26.3	26.6	25.4	26	25.5	25.1	25.8	25.3	25.4	26.4	26.5	26.4	26.7	26.5	RCP85 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	27.1	28.3	27.3	26.1	27.2	27.7	26.6	27.2	27.1	28.1	28	26.6	28.2	28	28.4	28.4	28.2	27.7	27	28.2	28.5	27.5	27.8	29.4	27.3	28.8	29	27.7	28.7	28.8	 RCPRF (1971-2000)	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	21.9	22.6	21.9	22.4	22.2	22	22.7	21.7	22	22.4	22.5	23	20.7	21.5	22.7	23.3	21.5	22.7	22.9	22.2	22.6	22.6	22.3	22.2	23.7	23.6	22.8	22.9	23.3	22.2	
Max. Sıcaklık (°C)





RCP45 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	657	438	657	474.5	730	693.5	620.5	657	620.5	803	657	511	474.5	584	620.5	584	547.5	730	693.5	547.5	693.5	730	474.5	693.5	547.5	474.5	511	584	657	511	RCP85 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	401.5	620.5	511	839.5	547.5	584	620.5	511	401.5	438	584	693.5	511	620.5	474.5	620.5	693.5	949	912.5	474.5	912.5	693.5	584	949	657	365	657	803	949	620.5	 RCPRF (1971-2000)	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	594.95	649.7	598.6	511	700.8	704.45	569.4	828.55	919.8	463.55	536.55	540.2	828.55	711.75	605.9	671.6	949	292	547.5	693.5	474.5	365	438	547.5	547.5	438	803	693.5	657	766.5	
Yağış (mm)





RCP45 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	321.9	250.9	441.9	261.4	397.2	339.2	385.6	371.8	314.5	363.3	243.5	218.1	346.9	376.7	302	298.2	427.1	448.4	266.2	304.4	308.1	413.5	319.7	354.1	304.4	304.4	223.4	266.9	378.9	247.9	RCP85 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	203.2	301.2	290.8	447	408.9	282.1	361.3	288.7	255.5	292.7	310.1	407.1	302.2	296.9	290.9	305.6	278.6	636.6	536.2	365.1	362.5	528.2	283	330.6	472.3	149.6	33.8	568.6	499	282.3	 RCPRF (1971-2000)	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	326.2	292	327.2	279.5	347.3	296.4	280	460.5	376.5	242.4	319.8	275.4	499.1	355.3	363	185.3	291.4	159.3	288.1	265.1	205.2	179.9	272.3	275.9	368.8	272	287.4	358.2	426.1	346.4	
Efektif Yağış (mm) 





RCP45 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	4.05	4.23	4.26	4.36	3.95	4.21	4.32	4.05	4.21	4.12	4.31	4.22	4.23	4.27	4.28	4.32	4.17	4.28	4.23	4.23	4.17	4.19	4.21	4.18	4.29	4.27	4.36	4.21	4.27	4.46	RCP85 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	4.51	4.66	4.61	4.16	4.3	4.52	4.31	4.43	4.53	4.52	4.57	4.28	4.6	4.65	4.62	4.7	4.52	4.54	4.42	4.58	4.63	4.54	4.53	4.75	4.46	4.78	4.71	4.44	4.6	4.64	 RCPRF (1971-2000)	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	3.72	3.72	3.64	3.81	3.72	3.82	3.82	3.56	3.65	3.79	3.68	3.88	3.51	3.69	3.79	3.78	3.5	3.88	3.77	3.74	3.82	3.77	3.76	3.78	3.99	3.92	3.77	3.67	3.85	3.73	
ETo (mm(Toplam)





RCP45 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	560.2	584.5	566.8	607.6	559.1	569.4	597.7	531.5	610	548.1	620.3	569.1	558.1	578.8	611.8	600.6	576.3	580.1	611.3	603.4	569.6	547.3	562.1	577.4	577.3	577.3	648.5	603.9	574.6	619.8	RCP85 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	644.1	652.4	639.7	555.2	593.9	654.7	598.4	601.4	606.4	628.4	627.5	580	661.8	627.8	634.2	667.9	616.6	596.3	610.3	597.1	655.3	582.3	609.6	670	543.9	662.4	657.7	582.6	598.1	633.6	 RCPRF (1971-2000)	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	531.2	531.2	465.5	533.7	508.1	537.8	537.8	485.5	518.5	532.9	493.8	549.8	467	526.2	497.4	565	481.8	570.1	525.4	504.7	558.7	540.9	514.7	506.6	534.8	528.8	546.4	513.1	518.3	512.9	
Ürüne Göre Aktüel Su Kullanımı (mm) 





RCP45 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	238.3	333.6	124.9	346.2	161.9	230.2	212.1	159.7	295.5	220.7	376.8	351	211.2	202.1	309.8	302.3	149.2	131.7	345.1	299	261.4	133.7	242.5	203.3	272.9	272.9	425.1	337	195.7	371.9	RCP85 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	440.9	351.1	349	108.2	185	372.7	237.1	312.7	350.9	335.7	317.5	172.9	359.6	330.8	343.3	362.3	338	-40.2	74.1	232	292.7	54.1	326.6	339.4	71.6	512.8	324	14	99.1	351.2	 RCPRF (1971-2000)	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	205	239.1	138.3	254.3	160.9	241.4	257.7	24.9	142.1	290.4	174	274.4	-32.1	170.9	134.4	379.7	190.4	410.7	237.3	239.7	353.5	361	242.4	230.8	166	256.8	259	154.9	92.2	166.5	
Aktüel Sulama Gereksinimi (mm) 





RCP45 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	250.8	244.3	0	235.4	251.2	246.9	249.1	0	253.6	252.9	251.3	465.8	247.6	253.9	433.3	427.2	253.2	0	378.6	459	253.2	248.6	252.4	245.3	248.2	248.2	476.5	206.4	253.9	471.7	RCP85 (2069-2098)	2069	2070	2071	2072	2073	2074	2075	2076	2077	2078	2079	2080	2081	2082	2083	2084	2085	2086	2087	2088	2089	2090	2091	2092	2093	2094	2095	2096	2097	2098	339.9	254.9	227.7	0	248	449.7	233.5	338	425.1	238.3	465	251.7	362.1	228.6	340.5	249.7	400	0	220.5	251.7	249.4	0	201.8	471.2	0	456.8	251.9	0	0	240.5	 RCPRF (1971-2000)	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	249.4	251.3	0	176.4	248	253.5	244.5	0	252.8	235.4	223.4	228.8	0	253	0	499.7	249.5	498	250.1	253.5	442.5	428.6	248.7	249.4	0	248.4	253.6	249.4	0	251.5	
Toplam Brüt Sulama (mm)
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