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Modeling the effects of climate
change on the irrigation water
requirements of wheat and
canola in the TR21 Thrace Region
using CROPWAT 8.0

Huzur Deveci'*, Buse Onler? and Tolga Erdem?

Vocational School of Technical Sciences, Tekirdag Namik Kemal University, Tekirdag, Turkiye,
2Department of Biosystem Engineering, Faculty of Agriculture, Tekirdag Namik Kemal University,
Tekirdag, Turkiye

Accurately predicting future changes in plant water requirements is crucial for
effective irrigation scheduling. This study modeled the effect of climate change
on irrigation water requirements for wheat and canola in the TR21 Thrace Region
using CROPWAT 8.0. The HadGEM2-ES and MPI-ESM-MR models were used to
simulate reference (1971-2000) and future short-term (2031-2040) and long-
term (2051-2060) periods under RCP4.5 and RCP8.5 scenarios. The effects of
climate change on reference evapotranspiration (ET,), crop evapotranspiration
(ET.), and irrigation water requirements (IWR) for wheat and canola cultivation
were modeled. As a result, compared to the reference period, ET, values increased
by 4.5%-%17.1 (2.396-2.906 mm day™?) and 5.8%-%17.7 (2.110-2.533 mm day™),
while ET. values increased by 5.7%—%17.0 (438—-595 mm season?) and 6.3%-%17.0
(374-464 mm season™) for wheat and canola, respectively. IWR values varied
between —2.4 and 35.8% (158.8—-321.3 mm season™) for wheat and — 2.5 and
48.8% (106.5-238.6 mm season™) for canola. When the results obtained from
wheat and canola are compared, it is predicted that ET, will be 11-14% higher,
ET. will be 14-23% higher, and IWR will be 19-43% higher for wheat than for
canola. In addition, an analysis of the relationship between temperature and
ET,, ET., and IWR showed the pattern ET, > ET. > IWR, suggesting that while
temperature strongly influences ET, and ET,, it is not the sole determinant of
IWR. These findings provide valuable projections for farmers, agriculturalists, local
administrators, planners, and decision-makers to support adaptation strategies
for climate variability.

KEYWORDS
crop water requirement, CROPWAT model, irrigation water requirement, reference

evapotranspiration, water resources management, HadGEM2-ES model, MPI-ESM-MR
model, climate change

1 Introduction

According to the Intergovernmental Panel on Climate Change (Bernstein et al., 2008),
greenhouse gasses such as carbon dioxide, methane, and nitrous oxide, which have been
released into the atmosphere due to human activities since 1750, have increased globally and
contributed to climate change (Bernstein et al., 2008). Over time, these changes are expected
to strain water and other resources, render soils infertile, degrade agricultural lands, drive
widespread desertification, increase pest and disease outbreaks in crops, and threaten coastal
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ecosystems by raising sea levels (Akalin, 2014). These climate change-
induced impacts pose critical challenges to agricultural sustainability
and food security.

Wheat and canola are critical crops for global food security,
dietary quality, and economic sustainability. Wheat serves not only as
a staple food source but also as a versatile crop used in animal feed
production and the food industry. Canola plays a strategic role in oil
production and the biofuel industry. Together, these two crops are
vital both globally and in countries with significant agricultural
production capacity, such as Tiirkiye. Regions such as the TR21 Thrace
Region play an important role in national wheat and canola
production,  exemplifying  agricultural  diversity = and
production stability.

According to 2023 TurkStat data, the TR21 Thrace Region
accounts for 10.41% of Tiirkiye’s wheat production, with a total
cultivated area of 4452508 decades and a production volume of
1843250 tons (Table 1). In canola production, the region holds a
36.94% share, contributing 44329 tons. At the provincial level,
Tekirdag plays a leading role in wheat and canola production, while
Edirne and Kirklareli also make significant contributions (TSMS,
2024c). These data clearly demonstrate that the TR21 Thrace Region
plays a strategic role in both wheat and canola production at the
national level.

The TR21 Thrace Region, characterized by adequate and evenly
distributed rainfall throughout the year, supports the growth of wheat
and canola without the need for irrigation. However, during dry or
critical growth periods, irrigation may be required (Giiler et al., 2005;
Dundar and Topak, 2021). In arid and semi-arid regions like the TR21
Thrace Region, crop cultivation largely depends on rainfall (Unakitan
and Abdikoglu, 2014). Changing climate conditions and irregular
rainfall can lead to yield fluctuations, highlighting the increasing
importance of agricultural irrigation for maintaining yield stability
and productivity.

Ozalp (2010) defined agricultural irrigation as supplying the water
needed for plant growth that natural rainfall cannot provide. Accurate
measurement of ET, is crucial for healthy growth, high yields, and
conserving water resources. Under-irrigation can cause plant stress
and vyield loss, while over-irrigation wastes water and harms the
environment. Therefore, to adapt to climate change, it is essential to
estimate future water needs using climate data and develop new
irrigation strategies. Numerous studies address this issue globally and
in Tirkiye (Azlak and Saylan, 2019; Sun et al., 2020; Selguk, 2021;
Aydin-Kandemir and Yildiz, 2022; Yetik and Sen, 2023; Reta et al,,
2024; Youssef et al., 2024). For the region to adapt to climate change
and maintain agricultural productivity, it is vital to predict future
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water needs and develop strategies based on these data. This study
expands the current research for future estimations of ET, for wheat
and canola crops in the TR21 Thrace Region using various climate
models. Moreover, no previous program study has investigated
irrigation water for any crop in the area. Therefore, this study is the
first comprehensive region-specific study to model future irrigation
water needs for wheat and canola crops in the TR21 Thrace Region.
This study aims to assess the impact of climate change on
irrigation water requirements for wheat and canola in the TR21
Thrace Region. It evaluates the reference period from 1971 to 2000, as
well as the RCP4.5 and RCP8.5 scenarios for both the short term
(2031-2040) and long term (2051-2060), using data from the
HadGEM2-ES and MPI-ESM-MR climate models.
evapotranspiration (ET,), crop evapotranspiration (ET,), and irrigation
water requirements (IWR) were calculated using the CROPWAT 8.0
program. This research highlights the need to improve regional

Reference

agricultural practices to adapt to future climatic conditions in light of
the impacts of climate change on water resources.

2 Materials and methods

2.1 Material

2.1.1 Research area

The TR21 Thrace Region, located in northwest Tiirkiye on the
European continent, includes 26 districts and 432 villages spread
across three key provinces (MIART, 2024): Edirne (41° 40’ 37” N, 26°
33’ 20" E), Tekirdag (40° 58 0” N, 27° 30" 0” E), and Kurklareli (41°
40" 48” N, 27° 26" 11.4” E). Renowned for its strategic geographical
location, the region plays a vital role in both agriculture and trade.
Figure 1 illustrates the location of the research area.

2.1.2 Climate of the research area

The TR21 Thrace Region experiences three climate types: the
Thrace continental climate in the inland areas, the Marmara
(transitional) climate along the coast of the Marmara Sea, and the
Black Sea climate along the Black Sea coast. The Thrace continental
climate features hot summers and relatively cold winters, while the
Marmara climate has hot, dry summers and warm, rainy winters. The
Black Sea climate offers cool summers and warm winters along the
coast, with snowy and cold conditions at higher elevations (Sensoy
et al., 2008). Table 2 shows long-term climate data, indicating that
Tekirdag has the highest average temperature (14.1°C) and Edirne has
the highest total precipitation (601 mm).

TABLE 1 Wheat and canola planting areas (da) and production amounts (tons) in Tiirkiye, TR21 Thrace Region, and the provinces in the region (TSMS,

2024c).
Location Wheat Canola
Planted area (da) Production quantity Planted area (da) Production quantity
(ton) (ton)
Tekirdag 1.959.732 687.601 53.460 16.125
Edirne 1.351.806 724.119 48.013 16.454
Kirklareli 1.140.970 431.530 33.771 11.750
TR21 Thrace Region 4.452.508 1.843.250 135.244 44.329
Tiirkiye 55.692.540 17.700.000 322910 120.000
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FIGURE 1
Research area.

2.1.3 Climate models and scenarios

HadGEM2 (Hadley Center Global Environment Model version
2) is a second-generation Earth system model developed by the
Hadley Center, an institute of the UK Meteorological Service. The
most comprehensive version of the HadGEM2 series, HadGEM2-ES,
was used in this study. The HadGEM2 series includes a combined
atmosphere—ocean configuration and an earth-system configuration
that includes dynamic vegetation, ocean biology, and atmospheric
chemistry (Met Office, 2024). The standard atmospheric component
consists of 38 levels extending down to 40 km, creating a 192x145 grid
cell with a resolution of 1.25° latitude and 1.875° longitude. At the
equator, the surface resolution reaches 208 kmx139 km, while at 55°
latitude, it decreases to 120 kmx130 km. The atmospheric component
of the model also includes a well-resolved stratosphere. In
investigating the effects of stratospheric processes on the global
climate model, 60 vertical levels up to 85km are used (Collins
et al., 2008).

The other model used in the research is the Max-Planck-Institute
Earth System Model (MPI-ESM). The MPI-ESM is an integrated
Earth system model composed of atmosphere, surface, and ocean
submodules developed by the Max Planck Institute in Germany
[Max-Plank-Institut fir Meterologie (MPI), 2024]. In this research,
the mixed resolution (MR) version of MPI-ESM, called MPI-ESM-MR,
was used. This version, which is one of the preferred models in CMIP5
(Coupled Model Intercomparison Project Phase 5), has a resolution
of 1.9° (~210 km) on land and consists of 63 levels horizontally and
95 levels vertically. In addition, MPI-ESM-MR allows for detailed
analysis of the troposphere and stratosphere at 95 different levels
down to 0.01 hPa (~80 km; Giirkan et al., 2015).

Frontiers in Sustainable Food Systems

In the 5th Assessment Report (AR5) of the IPCC, a new
generation of concentration scenarios, known as Representative
Concentration Pathways (RCPs), was identified. These represent the
concentration trajectories of four greenhouse gasses developed by the
IPCC. In other words, representative concentration trajectories are
scenarios created to illustrate the concentration trajectories of
emissions that disturb the Earth’s radiation balance. Four types of
RCPs are defined according to their radiative forcing levels and
trajectories. These scenarios also reflect the concentration trajectories
of the four greenhouse gasses developed for the IPCC’s 5th Assessment
Report (Moss et al., 2010). They are categorized as RCP2.6 (RCP3-
PD), RCP4.5, RCP6.0, and RCP8.5. Among these, RCP4.5 and RCP8.5
are the most preferred scenarios on a global scale (Pachauri et al.,
2014). RCP4.5 represents an intermediate stabilization route, where
radiative forcing is assumed to reach 4.5 W m™ by 2100, and
equivalent CO, concentrations are projected to reach around 650 ppm.
In contrast, the RCP8.5 scenario assumes radiative forcing will reach
8.5Wm™ and equivalent CO, concentrations will be around
1370 ppm by 2,100 (Thomson et al., 2011).

2.1.4 Climate change data

In this study, the projection data from the “Impact of Climate
Change on Water Resources Project,” conducted within the borders of
the TR 21 Thrace Region, were used. This project was executed by the
Republic of Tiirkiye Ministry of Forestry and Water Affairs General
Directorate of Water Management from 2013 to 2016. As part of the
project, the regional climate model RegCM 4.3 was run using outputs
from three global models selected from the CMIP5 archive
(HadGEM2-ES, MPI-ESM-MR, CNRM-CM5.1). In this project,
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TABLE 2 Long-term monthly average climate data [Edirne (1930-2023), Kirklareli (1959-2023), Tekirdag (1940-2023); TSMS, 2024a, 2024b, 2024c].
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Climate Location January  February @ March = Aprii May June July August September October November December Avg./
Parameters Tot.

Edirne 27 44 7.6 12.8 18.0 222 247 245 20.1 145 9.2 4.6 13.8
Avg. Mean

Kurklareli 29 4.1 6.9 12.0 17.1 214 2338 236 19.4 14.1 9.3 5.1 13.3
Temperature (°C)

Tekirdag 4.9 5.5 7.3 11.7 16.7 21.1 237 23.9 20.3 157 11.3 73 14.1

Edirne 6.7 9.4 13.4 19.3 24.8 29.2 32.0 32.0 274 208 14.2 8.6 19.8
Avg. Max.

Kirklareli 6.9 8.6 12.2 17.9 235 28.0 30.7 307 26.2 20.0 13.9 8.8 19.0
Temperature (°C)

Tekirdag 8.1 9.0 11.0 157 20.6 253 28.1 283 245 19.5 14.8 10.5 18.0

Edirne —-0.5 0.5 2.9 7.1 117 15.5 17.4 17.3 13.5 9.3 53 1.4 8.5
Avg. Min.

Kurklareli 0.1 1.0 3.0 7.1 11.6 15.6 17.8 17.8 14.1 9.8 59 23 8.8
Temperature (°C)

Tekirdag 2.0 25 4.1 8.1 12.7 16.7 19.1 19.4 16.2 12.1 8.2 44 10.5

Edirne 2.4 3.6 45 6.2 8.0 9.2 10.3 9.8 7.5 52 3.2 2.2 6.0
Avg. Daily

Kurklareli 2.0 25 3.6 47 6.3 6.8 7.5 7.5 55 3.8 27 1.8 46
Sunshine (hour)

Tekirdag 2.8 3.4 4.2 6.0 7.4 8.5 9.4 8.4 6.8 4.9 3.2 2.5 5.6

Edirne 65.0 522 50.1 487 524 47.1 317 233 359 56.7 67.3 70.6 601.0
Precipitation
() Kirklareli 65.0 51.3 487 454 493 526 27.8 21.5 32.8 515 66.7 71.1 583.7
mm

Tekirdag 68.0 54.5 53.4 42.1 372 383 23.8 155 327 60.2 74.3 80.0 580.0
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climate models were executed simultaneously for Tiirkiye as a whole
rather than at the basin scale. Given that the resolution of climate and
earth system models reaches hundreds of kilometers, introducing
uncertainties in these model outputs, dynamic downscaling was
conducted with the RegCM 4.3 regional climate model. To simulate
the climate at a high resolution of 10 km, initial simulation results
were obtained at a resolution of 50 km; these results served as initial
and boundary conditions, enabling solutions to be produced at a
10 km resolution. Elevation information for the grids over the
designated study area was sourced from the United States Geological
Survey (USGS), while land use and vegetation cover were determined
using the Global Land Cover Characterization (GLCC) dataset.
Topographic elevation data exhibit resolutions of 60, 30, 10, 5, 3, and
2 min, with appropriate topography and land use data allocated based
on the designed model resolution. Considering the simulation time
necessary for the components of the regional model to achieve
equilibrium, the period from 1971 to 2000 was established as the
reference period. At the beginning of the modeling study conducted
within the scope of the project, climate simulations with a horizontal
resolution of 10 km for the reference years of the models were
compared with meteorological station observations from the
observation network of the General Directorate of Meteorology
(MGM). A gap analysis of the meteorological data was conducted for
the reference period.

Then, the observation data were transferred to 10 km grids. The
PRISM (Parameter-elevation Relationships on Independent Slopes
Model) model was used to interpolate the observation data. The
model grid distances are fixed, and the “Lambert Conformal”
projection type, which yields the best results for mid-latitudes, was
used. The model results were validated with meteorological parameters
covering the reference period. Spearman rank correlation coeflicients
and their root mean square errors (RMSE) statistical tests were applied
to the daily mean temperature and precipitation observation data
interpolated to 10 km grids. Subsequently, the bias of the global model
in climate simulations was examined by comparing the reference
period simulations of the global model with the simulations obtained
using observational data. In the project, the month-based mean value
bias correction method was applied to correct the bias of the
precipitation parameter. For the temperature parameter, the bias was
defined as the difference between the reference period average of the
interpolated observations at each grid point for each month and the
model reference period. The correction was executed by adding this
difference to the model reference period.

Corrections to other meteorological parameters were made
according to the monthly mean difference method. As a result, the
model results were compared with the interpolated average
observations, followed by bias correction on the results. In addition,
the model’s bias was determined according to the project’s reference
period, and corrections were applied to the bias values derived for all
precipitation data modeled for the 2015-2,100 timeframe. Simulations
corresponding to the present conditions of the HadGEM2-ES,
MPI-ESM-MR, and CNRM-CM5.1 ground system models, which
establish the initial and boundary conditions for the RegCM4.3
regional climate model, were generated for the 30-year reference
period. Future climate simulations for RCP4.5 and RCP8.5
representative concentration pathways for all of Tiirkiye, based on
each 10-year period, were also produced for the period 2015-2100
(RTMFWAGDWM, 2015).
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2.1.5 Plant data

Table 3 shows the values used in CROPWAT 8.0 for wheat and
canola. The crop development period, including initial crop
development, mid-season, and late-season stages; crop coefficients for
initial, mid-season, and late-season stages; rooting depth for initial
and late-season; sowing date; vegetation duration; critical depletion
fraction; and yield response factor values should all be input into the
model. All parameters for these wheat and canola crops were
specifically determined for the provinces of Edirne, Kirklareli, and
Tekirdag (RTMAFGDARP, 2017).

2.1.6 Soil data

Soil data classified as medium, available in CROPWAT 8.0, were
used in the research area. Accordingly, the total available soil moisture
was 140 mm m™', the maximum rain infiltration rate was 40 mm day’,
the maximum rooting depth was 900 cm, and the initial soil moisture
depletion was 0%.

2.1.7 CROPWAT 8.0

CROPWAT 8.0, developed by the FAO (Food and Agriculture
Organization of the United Nations), is a computer program that
calculates plant water needs and irrigation requirements based on
climate, plant, and soil data (FAO, 2024b). It enables the accurate
determination of water needs throughout plant growth stages and
helps create irrigation schedules.

2.2 Methods

The method used in the research is detailed in Figure 2. In this
research, the CROPWAT 8.0 model was used to calculate ET,, ET,, and
IWR. The program uses the FAO Penman-Monteith method to
calculate ET, (FAO, 2024b). This method is a standard calculation
approach that provides accurate and reliable ET, values taking into
account atmospheric conditions. In ET, calculations, meteorological
data such as minimum and maximum temperature (°C), relative
humidity (%), wind speed (m s™'), and sunshine duration (hours) for
the reference period (1971-2000), short period (2031-2040), and long
period (2051-2060) are used. ET, is calculated according to the
following formula (Equation 1):

ET, =ET, xk, (1)

ET,: evapotranspiration (mm day™).

ET,: reference evapotranspiration (mm day™).

k.: plant coefficient.

Effective rainfall values were calculated using the USDA
(United States Department of Agriculture) method and were used to
determine the total net irrigation water. The total net irrigation water
is calculated using the following formula, Equation 2.

IWR = ET, — Pey 2)

IWR: irrigation water requirement (mm day™).

ET,: evapotranspiration (mm day™).

P effective rainfall (mm day™).

Figure 2 also shows the climate, plant, and soil parameters used as
inputs in CROPWAT 8.0 and the model output values for ET,, ET, and
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TABLE 3 Crop characteristics of wheat and canola for Edirne, Kirklareli, and Tekirdag.

10.3389/fsufs.2025.1563048

Crop Crop parameters Edirne Kirklareli Tekirdag Reference
Initial 30 30 30 RTMAFGDARP (2017)
Crop Development Development 170 170 146 RTMAFGDARP (2017)
Period (days) Mid-Season 40 40 47 RTMAFGDARP (2017)
Late-Season 30 30 30 RTMAFGDARP (2017)
Initial 0.61 0.56 0.62 RTMAFGDARP (2017)
Crop Coefficient (Kc) Mid-Season 1.12 1.12 1.09 RTMAFGDARP (2017)
Wheat Late-Season 0.23 0.23 0.20 RTMAFGDARP (2017)
Initial 0.30 0.30 0.30 FAO (2024a)
Rooting Depth (m)
Late-Season 0.90 0.90 0.90 FAO (2024a)
Sowing Date 5 October 5 October 15 October RTMAFGDARP (2017)
Vegetation Duration (days) 270 270 252 RTMAFGDARP (2017)
Critical Depletion (Fraction) 0.5 0.5 0.5 Steduto et al. (2012)
Yield Response Factor 1.0 1.0 1.0 Steduto et al. (2012)
Initial 30 30 30 RTMAFGDARP (2017)
Crop Development Development 120 120 119 RTMAFGDARP (2017)
Period (days) Mid-Season 55 55 54 RTMAFGDARP (2017)
Late-Season 30 30 30 RTMAFGDARP (2017)
Initial 0.76 0.69 0.75 RTMAFGDARP (2017)
Crop Coefficient (Kc) Mid-Season 1.12 1.12 1.09 RTMAFGDARP (2017)
Late-Season 0.33 0.32 0.30 RTMAFGDARP (2017)
Canola Edward and Hertel
Initial 0.30 0.30 0.30
(2011)
Rooting Depth (m)
Gidik (2012); Giiltag
Late-Season 0.90 0.90 0.90
(2013)
Sowing Date 15 October 15 October 15 October RTMAFGDARP (2017)
Vegetation Duration (days) 235 235 231 RTMAFGDARP (2017)
Critical Depletion (Fraction) 0.5 0.5 0.5 Steduto et al. (2012)
Yield Response Factor 1.0 1.0 1.0 Steduto et al. (2012)

IWR. The climate data used in this study include the reference period
(1971-2000) along with future short (2031-2040) and long (2051-
2060) period results from the RCP4.5 and RCP8.5 scenarios based on
the HadGEM2-ES and MPI-ESM-MR models, produced within the
TR21 Thrace Region for the “Impact of Climate Change on Water
Resources Project” (ClimateWater, 2016). A study was conducted to
validate the future period data obtained for this project within the
TR21 Thrace Region.

According to the results of this study, Deveci (2025) found a very
high agreement between the average temperatures recorded in the
TR21 Thrace Region from 2015 to 2024 and the average temperatures
from the HadGEM2-ES and MPI-ESM-MR models under the RCP4.5
and RCP8.5 scenarios [Nash Sutcliffe Model Efficiency Coefficient
(0.861-0.920), Root Mean Squared Error (1.980-2.986), R-Square
(0.903-0.929), Model Consistency Index (0.965-0.980), Mean
Absolute Percentage Error (14.30-35.80%), Mean Absolute Error
(1.591-2.497)]. Data for reference and future climate periods were
entered into the CROPWAT 8.0 model. Additionally, crop and soil
data specific to the region for wheat and canola were included, from
which ET,, ET,, and IWR values were obtained. The results were

Frontiers in Sustainable Food Systems

compared and evaluated based on plant categories for both reference
and future periods. In addition, an attempt was made to determine the
relationship between temperature and ET,, ET, and IWR.

3 Results

In this study conducted in TR21 Thrace Region, the growth
periods of ETo, ETc and IWR were compared in terms of irrigation
requirements of wheat and canola, and the relationship between
temperature and ET,, ET,, and IWR was evaluated during the reference
period (1971-2000) for wheat and canola.

3.1 Evaluation of ET, during the wheat and
canola growing periods
In this study, CROPWAT 8.0 was used to calculate ET, for wheat

and canola in the TR21 Thrace Region during the developmental phase
of both crops. Kc values for wheat and canola are shown in Table 3. Tt
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HadGEM2-ES Model |

Climate Change Projections for TR21 Thrace Region

MPI-ESM-MR Model

| 1. Reference Period (1971-2000)

RCP4.5

(2031-2040)

|2. Future Period

(2051-2060)

RCP8.5
(2031-2040)
(2051-2060)

*Sunshine hours
*Relative humidity
*Rainfall

CROPWAT 8.0
I Climatic Data I | Crop Data | I Soil Data
OTe'mperature *Growth dates *Soil texture
*Wind speed

*Root zone
*Crop coefficient
*Crop yield coefficient

e|nfiltration rate
*|nitial soil moisture
*Available soil moisture

Calculate
1.  Reference evapotranspiration (ET,) (Penman Monteith Method)
2.  Effective rainfall (USDA Soil Conservation Method)

1.  Crop coefficient

2.  Crop evapotranspiration
3.  Effective rainfall

4.  Irrigation requirement

Crop Water Requirement (CWR)
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FIGURE 2
Graphical summary of the methods applied.

is estimated that ET, will increase across both models, scenarios, and
periods for wheat and canola in the TR21 Thrace Region compared to
the reference period (Table 4; Figures 3, 4). For wheat, the projected
increase in ET, ranges from 4.5 to 15.8% in Edirne, 5.3 to 17.1% in
Kirklareli, and 5.7 to 15.6% in Tekirdag (Table 4). For canola, this
increase is estimated to be between 5.8 and 16.0% in Edirne, 7.3 and
17.7% in Kurklareli, and 6.9 and 15.7% in Tekirdag (Table 4). During
the growing period for wheat and canola, the highest ET, is estimated
in Kurklareli for the period 2051-2060 (wheat: 2.906 mm day™' and
canola: 2.533 mm day™') under the HadGEM2-ES model RCP8.5
scenario, while the lowest ET, is estimated in Tekirdag for the period
2031-2040 (wheat: 2.396 mm day ™' and canola: 2.110 mm day™") due
to the MPI-ESM-MR model RCP4.5 scenario (Figures 3, 4). In
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addition, the most significant changes in wheat and canola compared
to the reference period are projected for the period 2051-2060 (wheat:
17.1% and canola: 17.7%) in Kirklareli, resulting from the
HadGEM2-ES model RCP8.5 scenario, while the least change is
projected for the period 2051-2060 (wheat: 4.5% and canola: 5.8%) in
Edirne due to the MPI-ESM-MR model RCP4.5 scenario (Table 4).

3.2 Evaluation of ET. for wheat and canola
crops

In this part of the study, ET, calculated for wheat and canola in the
TR21 Thrace Region was evaluated using CROPWAT 8.0. ET. in the
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TABLE 4 Changes in ET, values for the HadGEM2-ES and MPI-ESM-MR models during the reference period (1971-2000) and future periods (2031-2040
and 2051-2060) in relation to the wheat and canola vegetation period.

Location Future periods Deviation from the reference period (1971-2000; %)
HadGEM2-ES model MPI-ESM-MR model
RCP4.5 RCP8.5 RCP4.5 RCP8.5
2031-2040 8.6 9.8 6.3 6.8
Edirne
2051-2060 11.9 15.8 4.5 9.1
2031-2040 10.7 11.8 7.8 8.6
Wheat Kirklareli
2051-2060 14.7 17.1 53 9.2
2031-2040 10.4 10.4 5.7 7.7
Tekirdag
2051-2060 11.8 15.6 6.1 9.6
2031-2040 9.3 9.9 8.0 7.4
Edirne
2051-2060 12.1 16.0 5.8 11.5
2031-2040 11.8 11.2 9.5 8.5
Canola Kirklareli
2051-2060 15.8 17.7 7.3 11.7
2031-2040 12.0 10.3 6.9 7.7
Tekirdag
2051-2060 11.7 15.7 7.6 11.8
Wheat (Kirklareli) Canola (Kirklareli)
2.906
3.0 2773 3.0
2,672 2.6912.705
PP 2481 2478200205 g K 4062493 2395233
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FIGURE 3 FIGURE 4
ET, values for the HadGEM2-ES and MPI-ESM-MR models during the ET, values for canola during the vegetation period based on the
reference period (1971-2000) and future periods (2031-2040 and HadGEM2-ES and MPI-ESM-MR models for the reference period
2051-2060) for wheat in the vegetation period. (1971-2000) and future periods (2031-2040 and 2051-2060).
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TR21 Thrace Region is predicted to increase in both models, scenarios,
and periods compared to the reference period (Table 5; Figures 5, 6). For
wheat, this increase is predicted to be between 5.7 and 15.1% in Edirne,
7.4 and 17.0% in Kirklareli, and 7.4 and 15.6% in Tekirdag (Table 5). For
canola, it is projected to range from 6.3 to 15.2% in Edirne, 6.7 to 17.0%
in Kurklareli, and 7.4 to 16.1% in Tekirdag (Table 5). For both wheat and
canola, the highest ET, is predicted for the period 2051-2060 (wheat:
595 mm season™' and canola: 464 mm season™") in Edirne, resulting
from the HadGEM2-ES model RCP8.5 scenario, the lowest ET, is
predicted for the period 2031-2040 (wheat: 438 mm season™' and
canola: 374 mm season™') in Tekirdag, based on the MPI-ESM-MR
model RCP8.5 scenario (Figures 5, 6). The largest change in both wheat
and canola compared to the reference period was projected in Kirklareli
under the HadGEM2-ES model RCP8.5 scenario for the period 2051-
2060 (wheat: 17.0% and canola: 17.0%), while the smallest change in
wheat was projected in Edirne under the MPI-ESM-MR model RCP4.5
scenario for the period 2051-2060 (5.7%; Table 5). The smallest change
in canola was projected in Edirne for the period 2031-2040 (6.3%) as a
result of the MPI-ESM-MR model RCP8.5 scenario (Table 5).

At this stage of the research, it was requested to compare ET,, ET,
and IWR values in the same period with the reference period of the
model (1971-2000). However, since data on ET, and IWR values could
not be found, only ET, values could be compared. For Tiirkiye as a whole,
the General Directorate of Agricultural Research and Policies (GDARP)
published a book titled Plant Water Consumption of Irrigated Crops in
Tiirkiye (RTMAFGDARP, 2017). The values in this book represent the
accepted reference values derived from compiling previous studies and
averaging their conclusions. This book provides information on the
plant water consumption of agricultural crops based on climate zones.

In this section, the 1980-2010 climate data published by GDARP
for Tiirkiye is compared with the average ET, values for 1971-2000
calculated using the HadGEM2-ES and MPI-ESM-MR models. In
Tekirdag, the HJdGEM2-ES and MPI-ESM-MR models estimated ET;
values for wheat to be 4 and 5% lower, respectively, than the GDARP
data. For canola, the estimated ETc values from the HaddGEM?2-ES and

10.3389/fsufs.2025.1563048

MPI-ESM-MR models were 3 and 2% higher, respectively. This
indicates that ET; values calculated by modeling can yield lower results
for wheat and slightly higher results for canola compared to GDARP
data. In Edirne, ET, values estimated by the HadGEM2-ES and
MPI-ESM-MR models were significantly higher for both wheat and
canola compared to GDARP data. According to the HadGEM2-ES
model, the ET, value increased by 16% for wheat and 15% for canola.
The MPI-ESM-MR model calculated even higher ET, values, with
increases of 16% for wheat and 14% for canola. In Kirklareli, both the
HadGEM2-ES and MPI-ESM-MR models showed increases in all ET.
values compared to GDARP data, with values 8% higher for wheat and
6% higher for canola. Overall, no significant differences were observed
between the HadGEM2-ES and MPI-ESM-MR models. However, the
modeling results predicted higher ET, values compared to GDARP
data, especially in Edirne. Wheat consistently had higher ET. values
than canola across all provinces. In addition to the model
configurations, this may be due to the fact that HadGEM2-ES and
MPI-ESM-MR are based on the 1971-2000 period, while GDARP is
based on the period 1980-2010. Considering climate change
processes, it is likely that the climatic conditions of different periods
have an impact on plant water consumption.

3.3 Evaluation of IWR for wheat and canola
crops

In this part of the study, the IWR calculated using CROPWAT 8.0
was evaluated. The IWR for both wheat and canola is predicted to
decrease only in Tekirdag under the MPI-ESM-MR model RCP4.5
scenario for the 2051-2060 period, while it is predicted to increase in
all other calculations (Table 6). This change in wheat is projected to
range from 1.7 to 32.0% in Edirne, 4.7 to 35.8% in Kirklareli,
and — 2.4 to 31.6% in Tekirdag (Table 6). For canola, this change is
predicted to vary between 6.0 to 42.5% in Edirne, 7.2 to 48.8% in
Kirklareli, and — 2.5 to 40.8% in Tekirdag (Table 6). The highest IWR

TABLE 5 Changes in ET, values for the HadGEM2-ES and MPI-ESM-MR models during the reference period (1971-2000) and in the future periods

(2031-2040 and 2051-2060) for wheat and canola growing periods.

Location

Future periods

HadGEM2-ES model

Deviation from the reference period (1971-2000; %)

MPI-ESM-MR model

RCP4.5 RCP8.5 RCP4.5 RCP8.5
2031-2040 9.5 9.2 8.2 6.8
Edirne
2051-2060 10.9 15.1 5.7 12.6
2031-2040 11.7 10.3 10.0 7.6
Wheat Kirklareli
2051-2060 149 17.0 7.4 13.1
2031-2040 12.5 10.0 8.5 7.4
Tekirdag
2051-2060 10.8 15.6 7.8 14.0
2031-2040 10.3 9.2 9.4 6.3
Edirne
2051-2060 9.4 15.2 6.9 14.1
2031-2040 11.6 10.2 11.1 6.7
Canola Kirklareli
2051-2060 13.0 17.0 8.4 14.6
2031-2040 12.7 10.6 9.1 7.4
Tekirdag
2051-2060 10.3 16.1 8.1 14.3
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FIGURE 5

ET. values for wheat from the HadGEM2-ES and MPI-ESM-MR
models during the reference period (1971-2000) and future periods
(2031-2040 and 2051-2060).
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FIGURE 6
ET. values for canola from the HadGEM2-ES and MPI-ESM-MR
models during the reference period (1971-2000) and future periods
(2031-2040 and 2051-2060).

for wheat in Edirne occurs during the 2051-2060 period (321.3 mm
season™") due to the HadGEM2-ES model RCP8.5 scenario (Figure 7).

The highest IWR for canola occurred during the period 2051-2060
(238.6 mm season™") in Kirklareli, resulting from the MPI-ESM-MR
model RCP8.5 scenario (Figure 8). The lowest IWR for wheat and canola
also took place during 2051-2060 (158.8 mm season™' for wheat and
106.5 mm season ' for canola) due to the HadGEM2-ES model RCP4.5
scenario in Tekirdag (Figures 7, 8). Additionally, the largest change for
wheat compared to the reference period was observed in 2051-2060,
showing a change of 35.8% attributed to the HadGEM2-ES model
RCP8.5 scenario in Kirklareli (Table 6). The most significant change for
canola compared to the reference period also occurred in the 2051-2060
period in Kirklareli, with an increase of 48.8% due to the HiddGEM2-ES
model RCP8.5 scenario (Table 6). The smallest changes for both wheat
and canola compared to the reference period are projected for 2051-
2060, with decreases of —2.4% and — 2.5% in Tekirdag, resulting from
the MPI-ESM-MR model RCP4.5 scenario, respectively (Table 6).

The results are summarized in Table 7. Accordingly, ET, is
predicted to range from 2.396 to 2.906 mm day~' (4.5-17.1%) for
wheat and from 2.110 to 2.533 mm day ™' (5.8-17.7%) for canola in the
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TR21 Thrace Region. ET, for wheat was projected to vary between 595
and 438 mm season™' (5.7-17.0%), while ET, for canola was projected
to range from 374 to 464 mm season™' (6.3-17.0%). IWR for wheat
was predicted to range from 158.8 to 321.3 mm season™' (—2.4-
35.8%), and for canola, IWR was predicted to vary between 106.5 and
238.6 mm season™! (—2.5-48.8%).

In the TR21 Thrace Region, climate change is predicted to
negatively affect the ET, and water consumption of wheat and canola
during their growing periods, leading to an increase compared to the
reference period. Irrigation water demand is projected to increase in
all periods except for one in both models. Overall, the general trend
indicates an increase.

3.4 Comparison of wheat and canola in
terms of irrigation requirements

ET,, ET,, and IWR values for reference (1971-2000) and future
short (2031-2040) and long (2051-2060) periods are compared for
wheat and canola in the TR 21 Thrace Region (Table 8). ET, values
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TABLE 6 Changes in HadGEM2-ES and MPI-ESM-MR model IWR values for the reference period.

Location Future Periods

10.3389/fsufs.2025.1563048

Deviation from the reference period (1971-2000; %)

HadGEM2-ES model

MPI-ESM-MR model

RCP4.5 RCP8.5 RCP4.5 RCP8.5
2031-2040 22.8 9.0 15.5 10.6
Edirne
2051-2060 22.5 32.0 1.7 24.2
2031-2040 219 12.0 21.6 11.1
Wheat Kirklareli
2051-2060 34.1 35.8 4.7 21.0
2031-2040 17.9 8.0 259 10.4
Tekirdag
2051-2060 19.3 31.6 —24 299
2031-2040 29.4 6.0 21.2 8.6
Edirne
2051-2060 11.4 42.5 6.9 36.8
2031-2040 24.7 7.2 29.1 8.2
Canola Kirklareli
2051-2060 232 46.2 16.6 48.8
2031-2040 13.7 6.3 38.8 10.0
Tekirdag
2051-2060 10.2 415 -2.5 40.8
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FIGURE 7 FIGURE 8
IWR values for the HadGEM2-ES and MPI-ESM-MR models during IWR values for canola from the HadGEM2-ES and MPI-ESM-MR
the reference period (1971-2000) and future periods (20312040 models during the reference period (1971-2000) and the future
and 2051-2060) for wheat. periods (2031-2040 and 2051-2060).
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TABLE 7 General evaluation of ET, (wheat and canola during the growing period), ET. (wheat and canola), and IWR.

Deviation from the reference period

Values
o Water . (1971-2000) (%)
equirements
Max. Min.
Tekirdag Kirklareli Edirne
Kirklareli HiddGEM2-ES
BT RCPS.S MPI-ESM-MR HadGEM2-ES MPI-ESM-MR
° ) RCP4.5 RCP8.5 RCP4.5
(wheat vegetation period) 2051-2060
5906 day! 2031-2040 2051-2060 2051-2060
.906 mm day~
Y 2.396 mm day ! %17.1 %4.5
Edirne Tekirdag Kurklareli Edirne
ET HadGEM2-ES MPI-ESM-MR HadGEM2-ES MPI-ESM-MR
Wheat uh ‘ : RCPS.5 RCPS.5 RCPS.5 RCP4.5
‘wheat
2051-2060 2031-2040 2051-2060 2051-2060
595 mm season ™" 438 mm season™! %17.0 %5.7
Edirne Tekirdag Kurklareli HadGEM2.ES Tekirdag
irklareli Ha -
HadGEM2-ES HadGEM2-ES RCPS.S MPI-ESM-MR
IWR RCP8.5 RCP4.5 o1 2(')60 RCP4.5
2051-2060 2051-2060 035 2051-2060
0. o
321.3 mm season™* 158.8 mm season™ -%2.4
Tekirdag Kirklareli Edirne
Kirklareli HadGEM2-ES
ET, RCPS.5 MPI-ESM-MR HadGEM2-ES MPI-ESM-MR
(canola vegetation 5051 2(.)60 RCP4.5 RCP8.5 RCP4.5
period) 5533 day! 2031-2040 2051-2060 2051-2060
.533 mm day~
Y 2.110 mm day™! %17.7 %5.8
Edirne Tekirdag Kurklareli Edirne
rklareli
ET HadGEM2-ES MPI-ESM-MR HadGEM2-ES RCPS MPI-ESM-MR
< a - 5
Canola RCP8.5 RCP8.5 RCP8.5
(canola) 2051-2060
2051-2060 2031-2040 0%17.0 2031-2040
017.
464 mm season™’ 374 mm season ™' %6.3
Kirklareli Tekirdag Kirklareli Tekirdag
MPI-ESM-MR HadGEM2-ES MPI-ESM-MR MPI-ESM-MR
IWR RCP8.5 RCP4.5 RCP8.5 RCP4.5
2051-2060 2051-2060 2051-2060 2051-2060
238.6 mm season ™' 106.5 mm season™ %48.8 -%2.5

range from 12 to 14% in Edirne, 11 to 14% in Kirklareli, and 11 to 13%
in Tekirdag. ET, values vary from 21 to 23% in Edirne and Kirklareli
and 14 to 15% in Tekirdag. IWR values range from 30 to 43% in
Edirne, 19 to 41% in Kirklareli, and 26 to 38% in Tekirdag. When
comparing the results obtained from wheat and canola, it is predicted
that ET, will be 11 to 14%, ET. will be 14 to 23%, and IWR will be 19
to 43% higher in wheat than in canola.

3.5 Evaluation of the relationship between
temperature and ET,, ET., and IWR during
the reference period (1971-2000) for
wheat and canola cultivation

The correlations between ET,, ET,, IWR, and temperature for
wheat and canola differ by province in the HadGEM2-ES and
MPI-ESM-MR models (Figure 9). In general, a strong positive
correlation was found between ET, and temperature, indicating that
an increase in ET, with rising temperature is expected. According
to the HadGEM2-ES model, a strong correlation is observed in the
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provinces of Tekirdag, Kirklareli, and Edirne for wheat (0.70-0.80),
whereas in the MPI-ESM-MR model, the correlation decreases to a
moderate level (0.56) in Kirklareli and Edirne. For canola, a high
correlation was observed in all provinces in the HadGEM2-ES
model, while in Tekirdag, the MPI-ESM-MR model shows a range
of 0.71-0.76; however, in Kirklareli and Edirne using the
MPI-ESM-MR model, the correlation values decrease to a moderate
level (0.49-0.51).

The relationship between ET. and temperature is generally
positive. In the HadGEM2-ES model for wheat, a strong correlation
was observed in Tekirdag (0.71), while moderate to strong correlations
were observed in Kirklareli and Edirne (0.67-0.68). In the
MPI-ESM-MR model, the correlation remains strong in Tekirdag
(0.74) and moderate in the other two provinces (0.53-0.55). Similar
trends were observed for canola, with the highest correlation values
(0.71-0.77) in both models in Tekirdag. These results support that the
increase in temperature accelerates evaporation and transpiration
processes, thereby increasing the water requirement of plants.

The relationship between IWR and temperature was found to
be weaker than that between ET, and ET.. In the HadGEM2-ES
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TABLE 8 Comparison of wheat and canola in terms of ET, (during the growing period), ET., and IWR.

Condition Location Location HadGEM2-ES model MPI-ESM-MR model
RCP4.5 RCP8.5 RCP4.5 RCP8.5
1971-2000 —14 —14 —14 —14
Edirne 2031-2040 —13 -13 -12 ~13
2051-2060 -13 -13 -13 -12
1971-2000 —13 -13 -13 -13
Deviation (%) ET, Kirklareli 2031-2040 -12 —14 -12 -13
2051-2060 -12 -13 -12 ~11
1971-2000 -13 -13 -13 -13
Tekirdag 2031-2040 -12 -13 -12 -13
2051-2060 -13 -13 -12 ~11
1971-2000 —22 -22 -22 -22
Edirne 2031-2040 —22 -22 -21 -23
2051-2060 -23 -22 -21 -21
1971-2000 -22 -22 -22 -22
Deviation (%) (ET,) Kirklareli 2031-2040 —-22 -22 -21 -22
2051-2060 -23 -22 -21 -21
1971-2000 -15 -15 -15 ~15
Tekirdag 2031-2040 -15 —14 —14 -15
2051-2060 —15 —14 —14 ~14
1971-2000 —-38 -38 -37 -37
Edirne 2031-2040 —34 -39 —34 -38
2051-2060 —43 -33 -33 -30
1971-2000 -35 -35 —34 —34
Deviation (%) (IWR) Kurklareli 2031-2040 —34 -38 -30 -36
2051-2060 —41 -30 27 -19
1971-2000 -33 -33 -33 -33
Tekirdag 2031-2040 -36 —34 -26 -33
2051-2060 -38 28 -33 27

model, the correlations for wheat were moderate in Tekirdag
(0.44) and moderate to strong in Kirklareli and Edirne (0.59-
0.61). In the MPI-ESM-MR model, these correlations were lower
and weak in Kirklareli and Edirne (0.21-0.32). A similar trend was
observed for canola, with Kirklareli showing the highest
correlation according to the HadGEM2-ES model (0.51), while the
effect of temperature changes on IWR was found to be very low
in Tekirdag (0.32). Generally, the correlation between IWR and
temperature was lower in the MPI-ESM-MR model, indicating
that irrigation demand is not only dependent on temperature but
also influenced by other factors such as rainfall regimes, soil
properties, and agricultural practices.

As a result, when the relationship between temperature and ET,,
ET, and IWR was evaluated, the result was ET, > ET. > IWR. The
findings reveal that temperature’s influence on ET, and ET. is strong;
however, it is not the only factor determining IWR. Therefore, it is
suggested that not only temperature increases but also other climatic
and soil characteristics should be considered in future water
management planning.

Frontiers in Sustainable Food Systems

4 Discussion

In this study conducted in the TR21 Thrace Region, climate
forecast results from the ClimateWater project were used. Accordingly,
in Edirne, Kirklareli, and Tekirdag, temperature increases and periodic
fluctuations in precipitation are predicted in both models and
scenarios for the short (2031-2040) and long (2051-2060) periods.
Possible temperature increases are projected to range between 1.08°C
and 2.90°C, while changes in precipitation are projected to vary
between —13.70 and 11.46 mm (Hanedar et al.,, 2019). In another
study conducted in this region, Deveci (2015) evaluated the reference
period (1970-1990) and future A2 SRES scenario outputs of the
ECHAMS5 General Circulation Model for the Pinarbagi Basin in the
Thrace Region. This study predicted an average temperature increase
0f 0.12°C between 2016 and 2025, 1.43°C between 2046 and 2055, and
3.05°C between 2076 and 2085 compared to the model reference years
(1970-1990). Additionally, total precipitation was projected to
increase by 60 mm (9%) between 2016 and 2025, decrease by 91 mm
(14%) between 2046 and 2055, and decrease by 78 mm (12%) between
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FIGURE 9
Heatmap showing the correlation between wheat and canola.
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2076 and 2085 (12%). For this region, it is likely that temperatures will
rise while precipitation will fluctuate over different periods.

When the results of this study are evaluated, it is predicted that
ET, will change between 3.97 mm and 5.06 mm (4.5 and 17.1%)
during the wheat growing period compared to the reference period
(1971-2000) and in the next short-term (2031-2040) and long-term
(2051-2060) periods. In canola, ET, is expected to vary between 2.533

Frontiers in Sustainable Food Systems

and 2.110 mm day ™" (5.8-17.7%). Therefore, the increase in ET, with
rising temperatures is considered a natural process. Deveci (2015)
conducted an experiment in 2012 and found that while the average
ET, value was 3.0 mm day™" in 2012, it was predicted to increase to
3.2 mm day™' (+7%) between 2016 and 2025, 3.6 mm day~' (+20%)
between 2046 and 2055, and 4.0 mm day™" (+33%) between 2076 and
2085. Similarly, Azlak and Saylan (2019) investigated the impact of
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climate change on ET in three cities of the Thrace Region (Edirne,
Kirklareli, and Tekirdag). Using model outputs from the ECHAM-5
model under A1B, they estimated that ET would increase by 9-14%
in the future period (2015-2040) compared to the past period (1975-
2010) as a result of climate change.

Azlalk (2015) showed that evaporation in Kirklareli, Edirne, and
Tekirdag will increase by 10-15% in the future period (2015-2040)
compared to the past period (1975-2010) within the framework of
climate change. Arabi and Candogan (2022) estimated ET, values for
18 meteorological stations in the Marmara Region using monthly
climate data between 1990 and 2020 and identified statistically
significant increasing trends in ET, values in Edirne, Kirklareli, and
Tekirdag. Deveci and Konukcu (2024), in their study conducted in
Pinarbag1 Basin in the TR21 Thrace Region, estimated that ET, would
increase by 9% (3.6 mm day™') in 2046-2055 and 21% (4.0 mm day ™)
in 2076-2085 based on the RegCM3 Regional Climate Model A2
scenario output, compared to the reference period (1970-1990). In
addition, in the same study, they calculated that ET, would increase by
0.1 mm day™" for every 1°C rise in temperature. When the studies in
the region are evaluated, it is evident that ET, will increase despite
differences in reference periods, model results used, future period
ranges, and selected scenarios. The proportional variations observed
are due to these methodological differences. The results are in line with
other studies conducted in the region. Goyal (2004), in a 32-year study
(1971-2002) of long-term climate data in Rajasthan (India), found that
a 20% increase in temperature (with a maximum rise of 8°C) resulted
in a 14.8% increase in total ET. Tewabe et al. (2022) determined that
between 2000 and 2016 in Ethiopia, ET ranged from 4.86-
3.14 mm day~' in Koga and 4.67-2.36 mm day " in Rib. Goodarzi et al.
(2019) determined that ET, would increase by approximately 2.5 and
4.1% under RCP4.5 and RCP8.5 scenarios, respectively. Goodarzi et al.
(2019) determined that there would be approximately a 2.5 and 4.1%
increase in ET, RCP4.5 and RCP8.5 scenarios, respectively.

[rmak et al. (2012) examined the effect of climate data on reference
crop water consumption over a 116-year period (1893-2008) in the
Platte River Basin in Nebraska, United States, and found that ET,,
precipitation, and relative humidity were significantly (p < 0.05)
inversely correlated, while mean temperature, maximum temperature,
vapor pressure deficit, solar radiation, and net radiation were
significantly and positively correlated. In Northwest Bangladesh,
Acharjee and Mojid (2023) found that in five different climate models
and two different scenarios (RCP4.5 and RCP8.5), ET, would increase
during the wheat growing period compared to the reference period
1980-2013, with a more pronounced increase under climate change
conditions. These findings indicate a strong and reliable correlation
link between temperature and ET,,.

This study investigated the impacts of climate change on ET,, ET,,
and IWR during the developmental stages of wheat and canola crops
in the TR21 Thrace Region. The findings reveal that, based on the
HadGEM2-ES and MPI-ESM-MR models, increases are expected in
all future periods (2031-2040 and 2051-2060) and scenarios (RCP4.5
and RCP8.5) compared to the reference period (1971-2000). In
particular, a significant increase in ETo and ETc is projected due to the
direct impact of rising temperatures. This indicates that temperature
increase is a key factor when assessing the impacts of climate change
on agricultural water management.

In the study, it was determined that IWR for wheat would vary
between 158.8 mm and 321.3 mm (—2.4 to 35.8%), while the IWR for
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canola would range from 106.5 mm to 238.6 mm (—2.5 to 48.8%). The
ET, for wheat was predicted to range from 595 to 438 mm day ™" (5.7 to
17.0%), whereas ET, for canola was predicted to range from 374 to
464 mm day ™' (6.3 to 17.0%). It can be stated that ET, and IWR are
expected to increase with the predicted temperature rises in the region
(1.08°C-2.90°C). Compared to the reference period, a decrease in IWR
of 2.4% for wheat and 2.5% for canola, respectively, was predicted only
in Tekirdag during the long period (2051-2060) as a result of the
MPI-ESM-MR model RCP4.5 scenario. The underlying reason for this
is believed to be the following: compared to other periods within the
scope of the research, the temperature in Tekirdag increased by 1.34°C
during this period, while the largest increase in precipitation was
estimated to be 11.46 mm (Hanedar et al., 2019). This situation, where
the increase in precipitation partially offsets the temperature rise,
demonstrates that temperature and precipitation factors should
be considered together in relation to IWR. IWR was projected to increase
by up to 35.8 and 48.8% for wheat and canola, respectively, with these
increases being more pronounced under high temperature and low
precipitation conditions. It can be concluded that this rise in precipitation,
rather than the rise in temperature, alleviates the demand for IWR. Ozkul
et al. (2008) estimated that plant water requirements (potential
evapotranspiration) will increase by approximately 10, 15, and 30% for
the years 2030, 2050, and 2,100, respectively, in the Gediz and Biiyiik
Menderes basins. Similarly, Sen et al. (2008) predicted a decrease in
effective precipitation and, consequently, a decline in water resources in
the Seyhan Basin, alongside an increase in plant water requirements.
Acharjee and Mojid (2023) found that the average irrigation requirement
for wheat, based on climate models, would be 5.7 and 13.9% higher in
the 2050s and 2080s, respectively, than during the base period under
moderate climate change. They also projected that the highest increase
in irrigation requirements (17.5%) would occur in the 2080s under rapid
climate change. Makar et al. (2022) estimated that ET, for wheat would
increase in the future period (2021-2050) compared to the reference
period (1991-2020), while IWR for wheat would increase by 3.9%.
Ewaid et al. (2019) found that total gross irrigation, total net irrigation,
and IWR for wheat in Iraq were 343.8 mm, 240.7 mm, and 1,142 mm
dec™" for the period 1970-2000, respectively.

In a study conducted in the Shaheed Benazirabad District of
Sindh Province, Pakistan, researchers found that the IWR for wheat
was 402.5 mm during 2017-2021. Similarly, Soomro et al. (2023)
found that the ET, for wheat was 418.9 mm, while IWR was 407.6 mm
during the same period in Hyderabad, Pakistan. Tewabe et al. (2022)
also found that the IWR for wheat was 379.9 mm season™" in Koga
and 376.9 mm season™ in Rib. Goodarzi et al. (2019), using two
climate change scenarios (RCP4.5 and RCP8.5) and 20 GCM models
in Iran, projected rising temperatures and decreasing precipitation in
both the reference (1976-2005) and future periods (2017-2046). They
suggested that irrigation water demands will increase significantly,
averaging an 18% rise for some crops. Among these, barley, cumin,
onion, wheat, and fodder crops in the current crop pattern will
be particularly sensitive to these changes, leading to a significant
increase in their water demand. When all these results are evaluated,
itis possible to say that the increase in ET, and IWR values is possible.

Wheat and canola are two important agricultural crops that differ
in terms of growth duration, water consumption, and physiological
characteristics. Wheat is adapted to cool climates and has a growing
period of approximately 220-280 days (RTMAFGDARP, 2017;
Aykanat and Barut, 2018; Mizrak, 2021; FAO, 2024a). Its highest water
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requirement occurs during the emergence, spike, and milking periods,
consuming approximately 450-650 mm of water in a growing season
(Orta et al,, 2002; Aykanat and Barut, 2018; Dundar and Topak, 2021;
FAO, 2024a). In this study, ET, values for wheat were calculated at an
average of 510.2 mm, aligning with results obtained from the
literature. Canola, an oilseed crop, has a growing period of
approximately 180-250 days, depending on environmental conditions
(Tirag, 2009; RTMAFGDARP, 2017). It requires approximately
200-500 mm of water in a growing season (Tan, 2009), with water
demand peaking during vegetative growth, flowering, and seed
formation periods. Water shortages during these critical periods may
cause yield losses (Jensen et al., 1996; Tahir et al., 2007; Dogan et al.,
2011). In this study, ET, values for canola averaged 409.1 mm,
demonstrating results consistent with previous research literature.
The findings also indicate that wheat is a more water-intensive crop
compared to canola. ET,, ET, and IWR values were estimated to
be 11-14%, 14-23%, and 19-43% higher for wheat than for canola,
respectively. This difference is likely linked to the longer growth period
of wheat. Additionally, the physiological structures of plants affect
transpiration processes and water losses. For example, while the narrow
and elongated leaves of wheat reduce transpiration losses due to their
small surface area, the large leaf surface of canola enhances
transpiration rates. These results highlight that the differences between
wheat and canola should be taken into account in agricultural irrigation
planning. This is especially important in regions where wheat has
higher IWR, as efficient management of water resources is critical.
Climate change directly affects global water resources and agricultural
production, leading to an increase in irrigation water requirements.
Future water and food security depend on the impact of climate change
on irrigation water demand (Doll, 2002). Studies show that drought and
rising temperatures exacerbate water scarcity by increasing irrigation
demand. For example, studies on the Gidabo reservoir found that
irrigation water demand could increase by 26 to 39% under the RCP4.5
and RCP8.5 scenarios (Mana et al,, 2023). Similarly; a global-scale analysis
indicated that water demand for irrigation will increase due to future
climate change conditions and that a large share of available water
resources will need to be diverted to irrigation (Makar et al, 2022).
However, smart irrigation management can facilitate adaptation to
changing climate conditions. Technologies such as soil moisture sensors,
remote sensing, and artificial intelligence-based irrigation scheduling can
contribute to both the conservation of water resources and the
sustainability of agricultural production by increasing water use efficiency
(Ahmed et al,, 2023). Therefore, to adapt to climate change and manage
water resources sustainably, the transition from traditional irrigation
systems to smart irrigation practices should be encouraged (Rosa, 2022).

5 Conclusion

In this study, the effects of climate change on the irrigation water
requirements for wheat and canola in the TR21 Thrace Region were
modeled using CROPWAT 8.0. The HadGEM2-ES and MPI-ESM-MR
model’s reference period (1971-2000) and future short (2031-2040)
and long (2051-2060) periods under RCP4.5 and RCP8.5 scenario
results were used for modeling. As a result, the effects of climate
change on ET,, ET, and IWR were determined.

Climate change has a significant impact on the consumption of
water resources. In the TR21 Thrace Region, it is estimated that the
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water consumption of ET,, wheat, and canola during the plant
development period will be negatively affected by climate change and
will increase relative to the reference period. The general trend indicates
an increase in water requirements. The irrigation water requirement is
predicted to rise in all periods except for one in both models. In this
exceptional period, the high amount of precipitation has led to a
decrease in irrigation requirements. Therefore, future water management
planning should consider not only the increase in temperature but also
changes in precipitation patterns. When comparing the results for wheat
and canola, it is determined that the ET,, ET, and IWR—irrigation water
requirements—of wheat are higher than those of canola during the
development period. Specifically, the ET, value of wheat is predicted to
be 11-14% higher, the ET, value 14-23% higher, and the IWR value
19-43% higher than that of canola. These results emphasize the need to
consider the differences between wheat and canola in agricultural
irrigation planning. In this context, precision irrigation management
systems should be widely adopted to enhance water use efficiency, and
especially, water-saving drip irrigation methods should be encouraged.

The findings highlight the impact of climate change on
agricultural irrigation and water management on a global scale. The
study results indicate a strong connection between rising
temperatures and ET,, ET. and IWR. As temperatures increase,
evapotranspiration rates and irrigation requirements are projected to
rise. However, changes in precipitation patterns may alter the extent
of this impact; during certain periods, increased precipitation may
reduce irrigation needs, while in other periods, more severe drought
conditions may occur. Nonetheless, changes in precipitation could
affect this relationship and partially decrease irrigation requirements.
In this context, the adoption of drought-resistant wheat and canola
varieties is viewed as an effective strategy to reduce future water
demand. Additionally, conservation tillage practices, such as no-till
farming, which helps retain soil moisture and improve water-use
efficiency, should be widely promoted.

Currently, wheat and canola cultivation in the TR21 Thrace Region
is near its potential yield and does not require irrigation. This study
provides significant insights into the effects of climate change on
irrigation water requirements, offering valuable guidance for farmers,
agricultural experts, local administrators, planners, and decision-makers
in water resource management and climate change adaptation. However,
further research is needed to refine climate projections and
comprehensively evaluate their impact on irrigation management.
Conducting comprehensive analyses across different climate scenarios
and crop species will support the development of sustainable agricultural
practices and improve water resource management.
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