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	Abstract 
This study investigated the anticipated changes in extreme temperature and precipitation indices in the Çankırı province due to climate change over the course of the 21st century. Utilizing a three-tiered future framework (near [2015-2040], middle [2041-2070], and far [2071-2100]), the analysis was conducted using Coupled Model Intercomparison Project Phase 6 (CMIP6) models under the Shared Socio-Economic Pathways (SSP) 5-8.5 and SSP-2-4.5. The Quantile Delta Mapping (QDM) method served as the statistical downscaling approach to enhance the resolution of low-resolution global climate models (GCMs). The European Centre for Medium-Range Weather Forecasts (ECMWF)’s fifth generation reanalysis (ERA5-Land) dataset with a spatial resolution of 0.1° × 0.1° (approximately 9km) was employed for this purpose [4]. Upon evaluation of the results, it was observed that there is no significant change in total precipitation throughout the century under the SSP 2-4.5 scenario in the study region. However, under the SSP 5-8.5 scenario, decreases of up to 10% by the end of the century were projected. Regarding extreme precipitation, both scenarios indicate that heavy precipitation events will become more severe. It is projected that total precipitation from the heaviest 1% will increase from 32 mm to 57 mm by the end of the century under the SSP 5-8.5 scenario. When compared to the decrease in total precipitation, it is anticipated that the proportion of extreme precipitation in total precipitation will rise from 5% to 10%. Regarding extreme temperature indices, both scenarios predict continuous warming until the end of the century. It is estimated that the annual average of daily maximum temperatures may increase up to 6 °C by the end of the century, while the increase in minimum daily temperatures stands at 5.3 °C. The number of days when the minimum temperature fell below 0 °C during the year was found to be 124 days on average in the historical period; however, in the future period, this value could decrease to 60 days. Overall, the findings suggest that the intensity and frequency of extreme climate events in Çankırı will increase as a result of climate change.
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1. Introduction

Precipitation and temperature extreme events, while inherently stochastic, necessitate the generation of forecasts that are as accurate as possible due to their critical importance. However, understanding the behaviors and cycles of these events requires access to long-term and high-quality data sets. Furthermore, the ability to predict sudden and multifaceted events such as urban flash flooding, to which urban settlements are frequently subjected, or heat waves, is imperative. Consequently, comprehending the behaviors and variabilities of extreme events is particularly essential for the development of effective adaptation and mitigation strategies with resilience planning.
The current intensifying extreme trends, as evidenced by both the moderate- and high-emission scenario outcomes, indicate a likelihood that they will persist throughout the 21st century [1]. The consequences of fluctuations in climate extremes can have considerable socioeconomic effects [2, 3], making it a critical issue to examine changes in climate extremes at various spatial scales, including the global, regional, and local levels [4, 5].
Using the Global Climate Model (GCM) projections under the SSP2-4.5 and SSP5-8.5 emission scenarios, the main aim of this research is to provide a comprehensive understanding of the expected shifts in extreme temperature and precipitation patterns for Çankırı province of Türkiye over three different future periods: the near future (2015–2040), the mid-21st century (2041–2070), and the distant future (2071–2100). For this purpose, weighted ensemble average methodology was implemented on the climate models. The Expert Team on Sector-specific Climate Indices (ET-SCI) of the World Meteorological Organization (WMO) was employed to assess possible alterations in the area, as described in previous research [6, 7]. Quantile delta mapping (QDM), a statistical downscaling and bias correction technique, was utilized to generate bias-corrected and downscaled CMIP6 GCM datasets by using the ERA5-Land as reference dataset. The aforementioned high-resolution GCM datasets were subsequently employed to produce the chosen ET-SCI indices for Çankırı with a spatial resolution of 0.1° × 0.1° (equivalent to approximately 9 km) for each grid referenced in ERA5-Land.

2. Materials and Methods
In this study, European Centre for Medium-Range Weather Forecasts’ (ECMWF) ERA5-Land data were utilized to correct biases in CMIP6 global climate models and to assess the capability of the bias-adjusted data. ERA5-Land, as detailed by [8], offers an open-access data set that extends from 1950 to approximately 2-3 months prior to the present, delivering high-resolution hourly information on surface variables. This dataset is a result of reprocessing the land component of the ERA5 climate reanalysis with a more refined spatial resolution, featuring an approximate grid spacing of 9km. The most significant distinction of this set from its original is the provision of horizontal resolution at 0.10° x 0.10° instead of 0.25° x 0.25°, enabling work at more precise scales. 
For future projections, the most current models, the CMIP6 global climate models, have been utilized. The models from the Coupled Model Intercomparison Project’s sixth phase (CMIP6), as described by [9, 10], are understood to outperform their predecessor, CMIP5. The advancements behind this progress can be attributed to improved quantification of radiative forcing, the inclusion of aerosols, and the effects of land use that provides a narrower band of uncertainty of future climate projections [9, 10, 11,12]. Despite being relatively new, there is a growing interest in the literature for the latest projections offered by CMIP6 [12, 13, 14]. Upon reviewing these studies, it is observed that there are differing outcomes between CMIP6 and CMIP5 results depending on the regions where the studies were conducted. In Turkey, it has been indicated by [10] that CMIP6 products perform better than CMIP5 in terms of precipitation and temperature, and the necessity of updating the results of climate change impact studies with the latest data has been highlighted by the findings of this study. 
In climate modeling research, the multi-model ensemble average (MMEA) is frequently employed to account for the biases and uncertainties introduced by GCMs [15, 16]. Therefore, the capability of the models in simulating climate extremes was first evaluated using the K-S test, as described by [17, 18]. Consequently, the ensemble average of subsequent results was computed utilizing the weighted average of the model outputs. R software version 4.2.2 was utilized to conduct the analysis.

Table 1. CMIP6 models used to calculate weighted ensemble average
	Models

	
	

	ACCESS-CM2 (Australia)
	E3SM-1-0 (USA)
	IPSL-CM6A-LR (France)
	

	ACCESS-ESM1-5 (Australia)
	EC-Earth3 (Europe)
	KACE-1-0-G (Republic of Korea)
	

	AWI-CM-1-1-MR (Germany)
	EC-Earth3-AerChem (Europe)
	KIOST-ESM (Republic of Korea)
	

	AWI-ESM-1-1-LR (Germany)
	EC-Earth3-CC (Europe)
	MIROC6 (Japan)
	

	BCC-CSM2-MR (China)
	EC-Earth3-Veg (Europe)
	MIROC-ES2L (Japan)
	

	BCC-ESM1 (China)
	EC-Earth3-Veg-LR (Europe)
	MPI-ESM-1-2-HAM (Switzerland)
	

	CanESM5 (Canada)
	FGOALS-f3-L (China)
	MPI-ESM1-2-HR (Germany)
	

	CESM2 (USA)
	FGOALS-g3 (China)
	MPI-ESM1-2-LR (Germany)
	

	CESM2-FV2 (USA)
	GFDL-ESM4 (USA)
	MRI-ESM2-0 (Japan)
	

	CESM2-WACCM (USA)
	GISS-E2-1-G (USA)
	NESM3 (China)
	

	CMCC-CM2-HR4 (Italy)
	HadGEM3-GC31-LL (UK)
	NorCPM1 (Norway)
	

	CMCC-CM2-SR5 (Italy)
	HadGEM3-GC31-MM (UK)
	NorESM2-LM (Norway)
	

	CMCC-ESM2 (Italy)
	IITM-ESM (India)
	NorESM2-MM (Norway)
	

	CNRM-CM6-1 (France)
	INM-CM4-8 (Russia)
	SAM0-UNICON (Republic of Korea)
	

	CNRM-CM6-1-HR (France)
	INM-CM5-0 (Russia)
	TaiESM1
	

	CNRM-ESM2-1 (France)
	IPSL-CM5A2-INCA (France)
	UKESM1-0-LL
	



The quantile delta mapping method (QDM) has been developed to eliminate systematic biases in model outputs, while simultaneously preserving the relative changes observed within the quantiles of the models’ variable under scrutiny [18]. The fundamental equation of the quantile delta mapping method consists of a bias-corrected value obtained using reference data and a relative change term derived from the model data. The distinction of this method from the detrended quantile mapping approach lies in considering not only the modeled mean but all modeled quantiles.
										(1)
     
       									(2)
                                                                
										(3)

Where  is the bias-corrected reference period data, and  denotes the relative change in the model data between the reference and projection periods.

The development of extremes indices aimed at analyzing the impact of climate extremes on various domains and the ET-SCI formed by WMO demonstrated a significant step towards this aim considering many different sectors [7, 19, 20]. Table 2 provides a comprehensive summary of the selected five temperature and five precipitation extreme indices that have been employed in the current study. This analysis involved the utilization of daily maximum and minimum near-surface temperature, as well as precipitation data.

Table 2. The selected temperature and precipitation indices 
	Short Name
	Long Name
	Definition
	Units

	FD
	Frost days
	Number of days when TN < 0 °C
	days

	ID
	Ice Days
	Number of days when TX < 0 °C
	days

	WSDI
	Warm spell duration indicator
	Annual number of days contributing to events where 6 or more consecutive days experience TX > 90th percentile
	days

	TXm
	Mean TX
	Mean daily maximum temperature
	°C

	TNm
	Mean TN
	Mean daily minimum temperature
	°C

	Short Name
	Long Name
	Definition
	Units

	CDD
	Consecutive Dry Days
	Maximum number of consecutive dry days (when PR < 1.0 mm)
	days

	R99p
	Total annual PR from very heavy rain days
	Annual sum of daily PR > 99th percentile
	mm

	Rx1day
	Max 1-day PR
	Maximum 1-day PR total
	mm

	PRCPTOT
	Annual total wet-day PR
	Sum of daily PR >= 1.0 mm
	mm

	R99pTOT
	Contribution from very wet days
	100 × r99p/PRCPTOT
	%



3. Results and Discussion 
The analyses results for aforementioned extreme indices were given for near, mid and far future periods and considering two SSP scenarios in Table 3 (for ID	, TXm, 	WSDI, 	FD, 	TNm, 	PRCPTOT, 	RX1Day, 	R99, 	R99pTOT, 	CDD), Figure 1 and Figure 2 (for ID	, TXm, 	FD, 	TNm, 	PRCPTOT, 	RX1Day, 	R99, 	R99pTOT).

Table 3. Reference and future period values of selected temperature and precipitation indices
	Period
	ID
	TXm
	WSDI
	FD
	TNm
	PRCPTOT
	RX1Day
	R99
	R99pTOT
	CDD

	Reference
	29.18
	14.16
	11.99
	124.13
	3.58
	581.21
	25.64
	31.55
	5.18
	41.79

	SSP2-4.5-Near
	21.02
	15.94
	39.79
	104.59
	5.06
	579.52
	26.48
	38.47
	6.36
	47.72

	SSP2-4.5-Mid
	16.52
	16.87
	62.18
	93.95
	5.91
	581.19
	27.65
	44.03
	7.25
	51.19

	SSP2-4.5-Far
	13.21
	17.66
	85.90
	84.41
	6.65
	580.72
	28.33
	47.65
	7.83
	54.30

	SSP5-8.5-Near
	20.89
	16.10
	46.05
	101.66
	5.18
	584.59
	26.66
	38.23
	6.25
	47.49

	SSP5-8.5-Mid
	13.66
	17.81
	93.34
	83.02
	6.74
	570.65
	28.54
	47.54
	7.91
	55.41

	SSP5-8.5-Far
	7.22
	20.20
	167.70
	60.77
	8.87
	538.78
	29.81
	56.45
	9.95
	64.10



Regarding extreme temperature indices, both scenarios predict continuous warming until the end of the century (Figure 1). It is estimated that the annual average of daily maximum temperatures may increase up to 6 °C by the end of the century, while the increase in minimum daily temperatures stands at 5.3 °C considering the SSP5-8.5 scenario. FD index was found to be 124 days on average in the historical period; however, in the future period, this value could decrease up to 60 days. Moreover, ID index also follows the same warming pattern and decreases from 29 days in the reference period up to 7 days. The WSDI index also exhibits a sharp increase for both scenarios compared to the reference period which is a signal of increasing drought periods and frequent hot extremes.
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Figure 1. Time series of selected temperature indices for reference and future periods 
Upon evaluation of the results, it was observed that there is no significant change in total precipitation throughout the century under the SSP 2-4.5 scenario in the study region (Table 3). However, under the SSP 5-8.5 scenario, decreases of up to 10% by the end of the century were projected. With regard to extreme precipitation, both scenarios indicate that heavy precipitation events will become more severe (Figure 2). It is projected that total precipitation from the heaviest 1% will increase from 32 mm to 57 mm by the end of the century under the SSP 5-8.5 scenario. When compared to the decrease in total precipitation, it is anticipated that the proportion of heavy precipitation in total precipitation amount will rise from 5% to 10%. Considering consecutive dry days, results indicate the increasing possibility of dry periods for Çankırı in the future. Both SSP2-4.5 and SSP5-8.5 results revealed incresing CDD values especially at the end of the century up to30% and 53% respectively.
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Figure 2. Time series of selected precipitation indices for reference and future periods

4. Conclusion 
The objective of this research was to examine the projected alterations in extreme temperature and precipitation indices within the Çankırı province as a consequence of climate change throughout the twenty-first century. The study employed Coupled Model Intercomparison Project Phase 6 (CMIP6) models in accordance with the Shared Socio-Economic Pathways (SSP) 5-8.5 and SSP-2-4.5, utilizing a three-tiered future framework (near [2015-2040], middle [2041-2070], and far [2071-2100]). As a statistical downscaling technique, the Quantile Delta Mapping (QDM) method was applied to improve the spatial accuracy of low-resolution global climate models (GCMs). For this purpose, the fifth-generation reanalysis (ERA5-Land) dataset from the European Centre for Medium-Range Weather Forecasts (ECMWF) was utilized. The dataset has a spatial resolution of 0.1° × 0.1° (equivalent to approximately 9km). After performing an evaluation of the findings, it was determined that the SSP 2-4.5 scenario does not account for any significant changes in total precipitation over the course of the century in the studied area. However, a decrease of up to 10% was anticipated by the end of the century, according to the SSP 5-8.5 scenario. In the context of extreme precipitation, both scenarios suggest an intensification of the severity of heavy precipitation events. In terms of extreme temperature indices, both scenarios forecast a century-long period of persistent warming. By the end of the century, there is a projection that the annual mean of daily maximum temperatures could experience an increase of 6 °C, whereas the increase in minimum daily temperatures represents 5.3 °C. The average number of days during the year when the minimum temperature dropped to 0 °C was determined to be 124 during the historical period; this number may decrease to 60 in the future. In conclusion, the results indicate that climate change will contribute to an intensification in both the severity and recurrence rate of extreme climate conditions in Çankırı.
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