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Abstract / Oz

This study investigates long-term temperature and precipitation trends in Safranbolu, Turkiye (1923—
2023), using CRU TS gridded data. Minimum (Tmin), mean (Tmean), and maximum (Tmax) temperatures
and total precipitation were evaluated using the Mann—Kendall test, Sen’s slope estimator, linear
regression, and the Pettitt test. Additionally, anomalous years were identified using empirical 10th and
90th percentiles. Annual temperatures exhibited statistically significant warming (p < 0.001), led by Tmin
(0.015 °C yr™), followed by Tmean (0.014 °C yr™') and Tmax (0.012 °C yr~"). Structural breaks indicated
regime shifts toward warmer conditions, occurring in 1993 for Tmin and 1997 for Tmean and Tmax.
Seasonally, Tmin showed the strongest warming in winter (0.020 °C yr™") and summer (0.019 °C yr™),
whereas autumn Tmean and Tmax trends were non-significant. Annual precipitation exhibited a weak
increasing trend (1.1 mm yr™'; p = 0.002) with a structural break in 1957. Seasonal precipitation increased
significantly only in spring (0.479 mm yr™) and summer (0.567 mm yr™'). Percentile-based analyses
revealed an increased frequency of warm anomalies after the 1990s and an observed clustering of
anomalously warm years after 2000, particularly for Tmin. Anomalously wet years also became more
frequent in recent decades, although precipitation variability remained high. These results highlight
intensified night-time warming and substantial changes in the temporal distribution of temperature
anomalies in the interior Western Black Sea Region.

Bu ¢alisma, Safranbolu’da (Tiirkiye) 1923—-2023 dénemindeki uzun dénemli sicaklik ve yadis egilimlerini
CRU TS grid veri seti kullanarak incelemektedir. Minimum (Tmin), ortalama (Tmean) ve maksimum (Tmax)
sicakliklar ile toplam yagdis serileri Mann—Kendall testi, Sen egim tahmincisi, dogrusal regresyon ve Pettitt
degisim noktasi testi kullanilarak analiz edilmistir. Ayrica, anomal yillar ampirik %10 ve %90 persentil
esikleri kullanilarak belirlenmistir. Yillik sicaklik serilerinin tamaminda istatistiksel olarak anlamli issnma
egilimleri saptanmstir (p < 0.001). En gig¢lii artis Tmin serisinde (0.015 °C yil™"), ardindan Tmean (0.014
°C yil™") ve Tmax (0.012 °C yil™") serilerinde gézlenmistir. Yapisal kirlma analizleri, Tmin igin 1993, Tmean
ve Tmax icin ise 1997 yillarinda daha sicak kosullara gegisi isaret eden rejim degisikliklerini ortaya
koymustur. Mevsimsel 6lgekte Tmin artislari kis (0.020 °C yil™) ve yaz (0.019 °C yil~') mevsimlerinde en
yliksek diizeye ulasirken, sonbaharda Tmean ve Tmax egilimleri istatistiksel olarak anlamli bulunmamistir.
Yillik yadis serisi zayif ancak anlamli bir artis egilimi géstermistir (1.1 mm yil™"; p = 0.002) ve 1957 yilinda
belirgin bir yapisal kirilma tespit edilmistir. Mevsimsel dlgekte anlamli yadis artislari yalnizca ilkbahar
(0.479 mm yil™") ve yaz (0.567 mm yil") dénemlerinde belirlenmistir. Persentil tabanli analizler,
1990’lardan sonra sicak anomalilerin sikliginda belirgin bir artis ve 6zellikle Tmin serisinde 2000 sonrasi
anomal derecede sicak yillarin kiimelendigini géstermistir. Son yillarda anomal derecede yadish yillarin
sayisinda da artis gézlenmis olmakla birlikte, yadis dediskenligi yiiksek diizeyde kalmistir. Bulgular, i¢ Bati
Karadeniz Béliimii’nde gece sicakliklarinin belirgin sekilde arttigini ve sicaklik anomalilerinin zamansal
dagiliminda 6nemli degisimler meydana geldigini ortaya koymaktadir.

To cite/Alinti: irdem, C. & Atay, S. (2026). Long-Term temperature and precipitation trends and structural breaks in
Safranbolu (1923-2023). Geographies, Planning & Tourism, 6(1): 65-86. https://doi.org/10.5505/gpts.2026.93063

Particularly with the intense industrialization movements that started in the 19th century, humans began to influence
the natural climate change process (Kizilelma et al., 2015). Along with the industrialization process, the increase in
fossil fuel use, rapid population growth, urbanization, and other anthropogenic activities have accelerated the
accumulation of greenhouse gases such as carbon dioxide, methane, and carbon monoxide in the atmosphere, leading
to long-term increases in global temperatures. Climate elements that previously changed slowly over long periods due
to natural causes have now entered a phase of rapid change that can be significantly felt in the present day (Karabulut,
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2012). According to the IPCC Sixth Assessment Report Synthesis Report (IPCC, 2023), human activities, principally
through greenhouse gas emissions, have unequivocally caused global warming. The global average surface
temperature during 2011-2020 was estimated to be 1.1 °C above the 1850-1900 pre-industrial baseline. According to
the World Meteorological Organization (WMO, 2025), the global mean near-surface temperature in 2024 reached 1.55
1 0.13 °C above the same reference period.

The fastest warming in recent decades occurred in northern mid-latitudes (Fei et al., 2014). As in many countries
neighboring Europe and the Mediterranean Basin, this trend has also manifested in many cities in Tirkiye, particularly
as a statistically and climatologically significant warming trend in spring and summer minimum night-time air
temperatures (Turkes et al., 2002; Tirkes & Simer, 2004; Tirkes, 2012). When the impacts of climate change on
temperature and precipitation regimes are evaluated together, the risk of drought increases, especially in regions
sensitive in terms of water resources. Taskolu et al. (2024) emphasized that even in the Black Sea Region, which
receives the highest precipitation in Tirkiye, increasing temperatures and irregularities in the precipitation regime
raise drought risk; therefore, they highlighted that temperature, precipitation, and drought analyses should be
addressed with a holistic approach.

In this context, understanding how global and regional climate change manifests at the local scale is of considerable
importance. Safranbolu, located in the Western Black Sea Region of Tirkiye, represents a particularly suitable case
study due to its inland location, complex topography, and transitional climatic setting. Pronounced elevation
differences over short distances contribute to substantial local climatic variability, while the interaction of maritime
and continental influences produces marked fluctuations in temperature and precipitation regimes. These
characteristics make Safranbolu an appropriate natural laboratory for investigating long-term climate variability,
climatic regime shifts, and changes in temperature and precipitation anomalies.

Recent years have been characterised by pronounced increases in temperature, particularly a strong upward trend in
minimum temperatures, together with growing irregularities in the precipitation regime, which have increased the
region’s vulnerability to climate change. When evaluated in conjunction with its cultural landscape inscribed on the
UNESCO World Heritage List, traditional settlement pattern, and surrounding natural ecosystems, the climatic changes
observed in Safranbolu have the potential to generate not only environmental but also cultural and socio-economic
impacts. Therefore, identifying long-term climate trends and the behaviour of extreme events in Safranbolu provides
a scientific basis for the development of climate change adaptation and risk reduction strategies for the interior parts
of the Western Black Sea region.

In recent years, trend analyses focusing on temperature and precipitation parameters have been addressed with
increasing interest worldwide and in Tirkiye, covering different climate regions. To understand national-scale
variations in Tirkiye, for instance, Partal and Kahya (2006) conducted a comprehensive trend analysis on precipitation
data from 96 stations, identifying significant downward trends particularly in January, February, and September.
Similarly, focusing on national temperature variations, Celebioglu et al. (2021) analyzed 50 years of data across 174
stations, revealing significant warming trends across all regions, with the highest seasonal increase occurring in the
Marmara Region during summer. Beyond these prominent national assessments, the remaining literature can be
thematically grouped into broad international studies and localized regional analyses. Several researchers have
evaluated temperature and precipitation changes on global, continental, or international scales to monitor extreme
indices and shifting climatic patterns across diverse geographies (Klein Tank and Kénnen, 2003; Li et al., 2011; Saboohi
et al.,, 2012; Donat et al.,, 2013). Furthermore, numerous studies have localized this approach within Tirkiye,
investigating specific basins, provinces, or geographic regions, such as Istanbul, Ankara, Erzurum, Afyon, Malatya, and
specifically the topographically complex (Western) Black Sea Region to provide high-resolution insights into localized
climate vulnerabilities and extreme events (Kadioglu, 1997; Saplioglu & Kilit, 2012; Ertugrul et al., 2014; Avci & Esen,
2019; Balov & Altunkaynak, 2019; Ay, 2020; Yaman & Ertugrul, 2020; Capraz, 2024; Taskolu et al., 2024; Barlik, 2025;
Keskin et al., 2025; Celik et al., 2025). Together, this multi-scaled body of literature provides important contributions
to revealing the regional impacts of climate change and assessing future risks.

However, while numerous studies have investigated climate trends across the Black Sea and Western Black Sea
regions, they have typically been conducted at broader scales or over shorter time intervals (e.g., 40—60 years).
Specifically, previous research in the Western Black Sea basin has extensively evaluated trend behaviors, homogeneity,
and extreme precipitation frequencies across various provinces such as Bartin, Bolu, Diizce, Kastamonu, Karabiik, and
Zonguldak (Ertugrul et al., 2014; Balov & Altunkaynak, 2019; Ay, 2020; Yaman & Ertugrul, 2020; Taskolu et al., 2024;
Keskin et al., 2025). Despite this growing body of literature, localized analyses focusing on the interior parts of the
Western Black Sea Region, such as Safranbolu, remain comparatively scarce. In particular, studies that jointly evaluate
long-term trends, structural changes, and temperature and precipitation anomalies using nearly a century of
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continuous climate data are lacking for this specific area. Furthermore, while quantitative trend estimation methods
such as Sen's slope estimator are well established in the Turkish climate literature (Partal & Kahya, 2006; Ay, 2020;
Yaman & Ertugrul, 2020; Barlik, 2025; Keskin et al., 2025; Celik et al., 2025), the novelty of the present study lies not in
the individual application of these methods but in their integration with century-long structural break analyses and
percentile-based anomaly assessments. This integrated framework provides a detailed evaluation of local
manifestations of climate change and contributes to a better understanding of regional climate dynamics.

The aim of this study is to analyze long-term temperature and precipitation variability in Safranbolu at annual and
seasonal scales using a comprehensive statistical framework. Minimum, mean, and maximum temperature series
together with total precipitation were examined to quantify trend magnitudes and identify possible structural changes
in the climate regime. In addition, years characterized by high- and low-percentile temperature and precipitation
conditions were evaluated using a percentile-based classification approach (10th and 90th percentiles), providing a
robust and distribution-independent characterization of climatic anomalies.

By integrating trend estimation, change-point detection, and percentile-based anomaly analysis, this study aims to
provide a comprehensive assessment of local-scale climate variability and change. The results are expected to
contribute to a better understanding of long-term climatic dynamics in the interior Western Black Sea Region and to
support regional climate adaptation and risk-management strategies.

2. Data and Method
2.1. Study Area

The study area is limited to the Safranbolu district, located in the Western Black Sea Section of the Black Sea Region of
Turkiye. Safranbolu district center is located approximately 65 km inland from the Black Sea coast and lies within a
transitional climatic setting where maritime influences gradually weaken and continental characteristics become more
pronounced. The district is bordered by Ulus (Bartin) to the north, Eflani (Karabik) to the east, Ovacik (Karabiik) to the
south, and Arag (Kastamonu) to the west (Figure 1). Safranbolu has a rugged topography with considerable elevational
variation. While the district center ranges between approximately 400 and 600 m above sea level, elevations across
the district vary from about 300 m to 1750 m (Karabiik Governorship, 2023). These pronounced elevation differences
contribute to marked spatial variability in temperature and precipitation and enhance the influence of local
topographic controls on climatic conditions.
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Figure 1. Geographical location of the Safranbolu District within Tlirkiye, including regional context and neighboring
administrative districts.
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Based on meteorological observations obtained from the Turkish State Meteorological Service (TSMS) for the period
1960-2023, Safranbolu has a long-term annual mean temperature of approximately 12.8 °C and a long-term annual
precipitation total of about 450 mm. According to the Ering precipitation effectiveness index (Ering, 1965), the district
is characterized by semi-humid climatic conditions. Given its transitional climatic setting, increasing temperatures and
the irregular distribution of summer precipitation may enhance the region’s sensitivity to climate change.
Furthermore, prevailing wind characteristics were evaluated using the Rubinstein method (Allisow et al., 1956; Avci,
2020). The results indicate that the dominant annual wind directions are N 31° W (40%) and S 18° E (27%). As illustrated
in Figure 2, the predominance of a northwest—southeast-oriented wind regime plays an important role in controlling
the interaction between the region and prevailing air masses.
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Figure 2. Long-term monthly climatology of total precipitation and mean, minimum, and maximum air temperatures in
Safranbolu (Ttirkiye). (b) Wind rose diagram showing the primary and secondary prevailing wind directions and their frequencies.

2.2. Data Set

In this study, gridded climate data produced by Regional Climate Centers supported by the World Meteorological
Organization (WMO) were used in order to obtain long-term and highly continuous climate records. The CRU TS
(Climatic Research Unit gridded Time Series) dataset is a widely used climate dataset with a 0.5° latitude by 0.5°
longitude grid covering all land areas of the world except Antarctica. It is derived from the interpolation of monthly
climate anomalies based on extensive networks of weather station observations (Harris et al., 2020). The dataset used
in this study has a spatial resolution of 0.5° x 0.5° and was obtained from the grid cell representing Safranbolu. While
direct meteorological station observations are generally preferred for local climate assessments, the choice of the CRU
TS gridded dataset for this study was strictly necessitated by the requirement for a continuous, century-long time
series (1923-2023). The available Safranbolu meteorological station observations begin in 1960 and contain periods
of missing data, preventing the construction of a continuous century-long observational record. Regarding long-term
climate data, Ay (2020) explicitly notes that while ideally "(i) data should be homogeneous; (ii) locations of gauging
stations should not be changed; and (iii) data should have sufficient measurements," in reality, "it is not easy to
accurately implement these clauses in most cases". Consequently, direct station observations alone could not provide
the uninterrupted temporal coverage required for the objectives of this study. Since the robust detection of secular
temporal trends and structural regime shifts requires continuous long-term data, the CRU TS dataset serves as a vital
resource. Because this dataset is constructed through the interpolation of actual station anomalies, it is highly
compatible with regional observations and reliably captures long-term climate signals and macro-scale regime shifts.
However, the limitations and potential uncertainties associated with relying on a single 0.5° x 0.5° grid cell must be
explicitly acknowledged, particularly in a region with complex topography and pronounced local climatic variability.
The relatively coarse spatial resolution inherently smooths out local micro-climatic variations and may underestimate
the exact magnitude of localized extreme events dictated by complex topography, particularly for precipitation, which
is generally more sensitive to topographic effects. Therefore, the findings derived from this single grid cell should be
interpreted as a robust representation of broader regional climate tendencies and temporal shifts, rather than a
precise measure of localized micro-climatic conditions.

The study period covers the years 1923-2023 and includes minimum, mean, and maximum temperatures as well as
total precipitation variables. Seasonal and annual series were derived from the monthly resolution data. Seasonal
analyses were based on the conventional meteorological seasons: winter (December—February), spring (March—May),
summer (June—August), and autumn (September—November). Particularly useful for climatological trend estimations
are nonlinear change-point functions because they serve to quantify climate transitions (Mudelsee, 2019). The use of
long-term climate series is also of particular importance for the reliable determination of climate trends and the
detection of structural breaks. To ensure the robustness of statistical inference, all analyses were conducted
considering both distributional properties and temporal dependence structures of the climate time series.
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2.3 Statistical Framework

In this study, a combined estimation- and hypothesis-based statistical framework was adopted to comprehensively
assess long-term climate variability, trend magnitude, structural changes, and extreme behavior in Safranbolu. This
approach extends beyond traditional significance testing by explicitly quantifying effect sizes, uncertainties, and
temporal dependence in climate time series.

2.3.1 Distributional Properties and Preliminary Analysis

The conformity of the data to the normal distribution was evaluated using the Shapiro—Wilk test (Shapiro & Wilk,
1965). The test is based on the ratio of the squared linear combination of ordered sample values to the variance
estimate and is suitable for assessing departures from normality. In addition to p-values, the corresponding Shapiro—
Wilk W statistics were also reported to provide a more comprehensive evaluation of distributional characteristics. The
results of the normality assessment are presented in Table 2 and indicate that none of the annual or seasonal
temperature and precipitation series significantly deviated from a normal distribution at the 0.05 significance level.
Nevertheless, both parametric and nonparametric statistical approaches were employed to ensure the robustness of
statistical inference and to account for potential distributional uncertainties in long-term climate records.

2.3.2 Trend Detection and Magnitude Estimation

Long-term trends were initially evaluated using the Mann—Kendall test (Mann, 1945; Kendall, 1975), which is a rank-
based nonparametric method widely applied in hydro-climatological studies to detect monotonic trends. To quantify
the magnitude of trends, Sen’s slope estimator (Sen, 1968) was used. This method calculates the median of all pairwise
slopes and provides a robust estimate of the rate of change per unit time, particularly suitable for non-normally
distributed datasets. However, as hypothesis testing alone does not provide sufficient information about trend
magnitude and uncertainty, trend estimation was further complemented by a model-based regression framework. For
each climate variable, a linear trend model of the form:

Yt=B0 + B1t + et

was fitted (Chatfield, 2003), where B1 represents the rate of change over time. The statistical significance and
magnitude of the estimated trends were evaluated together with 95% confidence intervals derived from bootstrap
resampling. To provide robust uncertainty estimates, bootstrap resampling techniques were applied to generate
empirical confidence intervals for the estimated trend coefficients (Efron & Tibshirani, 1994). This approach allows
reliable statistical inference without requiring strict distributional assumptions and is particularly suitable for climate
time series characterized by non-normality and potential autocorrelation.

2.3.3 Serial Dependence and Autocorrelation Adjustment

Climate time series often exhibit temporal autocorrelation, which can affect the reliability of statistical inference by
reducing the effective sample size. Therefore, the presence of serial dependence was evaluated using the lag-1
autocorrelation coefficient. In particular, an AR(1) structure was considered (Box & Jenkins, 1976):

& = P&r_1 + U

where ¢ represents the lag-1 autocorrelation coefficient. The assessment of serial dependence was used to support
the interpretation of trend analyses and statistical inference. The evaluated lag-1 autocorrelation coefficients indicated
that serial dependence was generally negligible across the analyzed climate series and therefore unlikely to materially
influence the trend results. Trend results were evaluated together with Sen’s slope estimates, regression-based trend
coefficients, and Pettitt change-point analyses in order to provide a robust assessment of long-term climatic variability
and change.

2.3.4 Homogeneity and Structural Break Analysis

Differences among climatic sub-periods were evaluated using the Kruskal-Wallis test (Kruskal & Wallis, 1952), a
nonparametric method suitable for comparing multiple groups without assuming normality. For this purpose, the
1923-2023 period was divided into four approximately equal-length sub-periods (1923-1947, 1948-1972, 1973-1997,
and 1998-2023), and the test was applied to assess whether the distributions of climate variables differed significantly
among these periods. The Kruskal-Wallis test was used to evaluate temporal differences among climatic regimes and
was not intended as a formal climatological homogeneity test.

To identify abrupt changes and regime shifts, the Pettitt test (Pettitt, 1979) was applied. This method detects the most
significant single change point in a time series by comparing rank distributions before and after a potential breakpoint.
However, because the Pettitt test is designed to identify only the most significant breakpoint, the possible existence
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of additional change points cannot be excluded and should be considered when interpreting the results.
2.3.5 Percentile-Based Anomaly Analysis

Percentile-based extreme anomalies were analyzed using a distribution-free approach. As demonstrated by Klein Tank
and Kénnen (2003) within the framework of climate change indices, percentile-based thresholds are highly appropriate
for non-normally distributed datasets as they provide a robust and internally consistent characterization of anomalies.
In this study, anomalous years were defined based on empirical percentile thresholds calculated from the full study
period (1923—-2023). Specifically:

¢ Values above the 90th percentile were classified as anomalously warm or anomalously wet years
 Values below the 10th percentile were classified as nomalously cold or anomalously dry (precipitation) years

Percentiles were computed separately for each variable and temporal aggregation, ensuring consistency across
different climatic scales. This approach avoids assumptions of normality and provides a robust and internally consistent
characterization of percentile-based anomalies. In addition, the temporal distribution, frequency, and clustering of
these anomalous events were evaluated to identify potential changes in persistence and regime behavior over time.

2.3.6 Software and Implementation

All statistical analyses were conducted using the R statistical software environment (R Core Team, 2025; version 4.5.2).
Nonparametric trend and change-point analyses were implemented using the trend package (version 1.1.6), including
the Mann—Kendall and Pettitt tests. Additional nonparametric analyses were performed using the Kendall package
(version 2.2.2). Data manipulation and visualization were supported by dplyr (version 1.2.0) and ggplot2 (version 4.0.2),
while spreadsheet processing and data export were performed using openxisx (version 4.2.8.1). Additional data
processing was carried out in Microsoft Excel. Statistical significance was evaluated at the 95% confidence level (p <
0.05), while emphasis was placed on effect sizes and uncertainty estimates rather than solely on hypothesis testing.

3.Results
3.1. Descriptive Statistics and Preliminary Analysis Results

Descriptive statistics derived from the CRU TS gridded dataset used in the trend analyses are presented in Table 1.
Annual mean values were 16.85 °C for maximum temperature, 11.65 °C for mean temperature, 6.50 °C for minimum
temperature, and 934.47 mm for total precipitation. Temperature variables generally exhibited relatively low
variability, with annual coefficients of variation ranging from 5.09% to 11.77%. In contrast, precipitation displayed
greater variability, particularly during summer (CV = 36.41%), indicating a higher sensitivity to interannual fluctuations.
Minimum, mean, and maximum temperature series exhibited a general warming tendency at both annual and seasonal
scales despite the presence of natural interannual variability. This tendency was particularly pronounced for minimum
temperature, suggesting that night-time temperatures increased more rapidly than daytime temperatures. In addition
to descriptive and nonparametric analyses, model-based trend estimation was employed to quantify the magnitude
and direction of long-term climatic changes.

The results of the Shapiro—Wilk normality test are summarized in Table 2. The corresponding W statistics and p-values
indicate that none of the annual or seasonal temperature and precipitation series significantly deviate from a normal
distribution at the 0.05 significance level. W statistics ranged from 0.975 to 0.994 for temperature variables and from
0.982 to 0.990 for precipitation. Although the analyzed climate series generally satisfied the assumption of normality,
both parametric and nonparametric statistical approaches were employed in order to ensure the robustness of the
results and to account for potential temporal dependence and distributional uncertainties within long-term climate
records.

The results of the Kruskal-Wallis homogeneity test reveal statistically significant interdecadal differences in the
temperature series in Safranbolu, as summarized in Table 3. These differences are particularly pronounced for annual
minimum and mean temperatures, with H values ranging between approximately 6 and 7 and corresponding
significance levels of p < 0.01, indicating a non-homogeneous and structurally evolving temperature regime over time.
In contrast, the precipitation series exhibit only limited and marginal disruptions in homogeneity at the annual scale
(p = 0.05-0.10), while no statistically significant interdecadal differences are detected for most seasonal precipitation
series (p>0.10) (Table 3). This contrast suggests that, compared to temperature, the precipitation regime in Safranbolu
is governed by more irregular and periodic variability rather than reflecting consistent long-term structural changes.
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Table 1. Descriptive statistics of annual and seasonal climate variables in Safranbolu (1923-2023)

Variable Period Mean SD CV (%)
Tmax Annual 16.85 0.86 5.09
Tmax Winter 7.05 1.40 19.89
Tmax Spring 15.73 1.26 8.03
Tmax Summer 26.04 1.00 3.83
Tmax Autumn 18.59 1.27 6.81
Tmin Annual 6.50 0.76 11.77
Tmin Winter -0.53 1.32 N/A
Tmin Spring 5.10 0.95 18.57
Tmin Summer 13.71 0.96 7.04
Tmin Autumn 7.71 1.04 13.49

Tmean Annual 11.65 0.78 6.67
Tmean Winter 3.25 1.32 40.54
Tmean Spring 10.39 1.05 10.14
Tmean Summer 19.85 0.92 4.65
Tmean Autumn 13.12 1.10 8.36
Precipitation Annual 934.47 126.61 13.55
Precipitation Winter 309.52 66.70 21.55
Precipitation Spring 236.21 57.11 24.18
Precipitation Summer 163.48 59.52 36.41
Precipitation Autumn 225.26 62.85 27.90

Table note: CV denotes the coefficient of variation. N/A indicates that the coefficient of variation is not applicable for variables
with negative mean values.

Table 2. Shapiro—Wilk test results (W statistics and p-values) for annual and seasonal variables in Safranbolu (1923-2023)

Period Tmax (W) Tmax(p) Tmin(W) Tmin (p) Tmean (W) Tmean (p) Precipitation (W) Precipitation (p)
Annual 0.9750 0.052 0.9904 0.692 0.9794 0.115 0.9874 0.460
Winter 0.9880 0.498 0.9859 0.358 0.9824 0.198 0.9892 0.594
Spring 0.9855 0.339 0.9872 0.444 0.9908 0.720 0.9850 0.312
Summer 0.9943 0.952 0.9789 0.106 0.9822 0.193 0.9818 0.180
Autumn 0.9929 0.878 0.9908 0.724 0.9913 0.763 0.9899 0.653

Table note: W denotes the Shapiro—Wilk test statistic and p denotes the corresponding significance level. Values of p > 0.05
indicate that the null hypothesis of normal distribution cannot be rejected.

The Kruskal-Wallis test indicates whether statistically significant differences exist among the predefined climatic sub-
periods but does not identify which specific periods differ from one another. Therefore, the results should be
interpreted as evidence of temporal heterogeneity rather than as direct identification of individual period contrasts.
Nevertheless, the statistically significant differences detected for most temperature variables are broadly consistent
with the structural changes identified by the Pettitt test, supporting the existence of substantial shifts in the climatic
regime during the study period.

Table 3. Kruskal-Wallis test results

Period Tmax (p) Tmin(p) Tmean(p) Precipitation (p)
Annual <0.001 <0.001 <0.001 0.107
Winter 0.004 0.007 0.005 0.175
Spring 0.004 0.002 0.004 0.149
Summer <0.001 <0.001 <0.001 0.028
Autumn <0.001 0.004 <0.001 0.547
Table note: Values represent p-values of the Kruskal-Wallis test. p < 0.05 indicates statistically significant differences among
groups.

3.2. Annual Temperature and Precipitation Trends

The results of the Mann—Kendall trend analysis conducted at the annual scale reveal statistically significant increasing

trends in minimum, mean, and maximum temperature series in Safranbolu (p < 0.001), as summarized in Table 4. The

consistency of these increasing trends across all three temperature components indicates a strong and persistent long-
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term warming signal. A comparison of trend magnitudes shows that the strongest increase occurs in the minimum
temperature series (Z = 4.5-5.0), highlighting a pronounced rise in night-time temperatures. In addition to the Mann—
Kendall test, linear regression analysis confirms the presence of statistically significant positive trends in all
temperature variables, providing consistent estimates of the magnitude of warming.

Sen’s slope estimator further indicates that the rate of increase in annual minimum temperature is approximately
0.015 °C yr™', while the corresponding rates for mean and maximum temperatures are relatively lower but still
statistically significant, ranging between 0.012 and 0.014 °C yr™ (Table 4). These estimates are consistent with the
regression-based trend coefficients and their associated 95% bootstrap confidence intervals (Table 4), all of which
exclude zero. This agreement reinforces the robustness of the observed warming trends and provides additional
support for the statistical significance of the detected changes. This pattern suggests an asymmetric warming structure
in Safranbolu, with minimum temperatures increasing more rapidly than daytime temperatures. Such asymmetry is
widely recognized as an important climatic signal reflecting a weakening of cold-season thermal conditions. In contrast
to the temperature series, the Mann—Kendall test applied to the annual total precipitation series indicates a statistically
significant increasing trend (p < 0.01). Sen’s slope estimates suggest an increase of approximately 1-2 mm yr™,
corresponding to a cumulative increase of roughly 100-200 mm over the study period (Table 4). Regression-based
estimates and their associated 95% bootstrap confidence intervals further support the presence of a positive long-
term trend. Although the magnitude of this increase is smaller than the observed warming trends, it is not negligible
from a climatological perspective. Nevertheless, the precipitation regime in Safranbolu remains characterized by
pronounced interannual variability and periodic fluctuations, indicating that long-term increases are superimposed on
substantial year-to-year variability.

The results of the Pettitt structural break test reveal distinct regime shifts in the annual temperature series during the
1993-1997 period, indicating a transition to a warmer climatic phase from the mid-1990s onward. These regime shifts
are clearly reflected in the temporal evolution of temperature series shown in Figure 3 and are consistent with the
increasing frequency of percentile-based warm anomalies identified in the later part of the record. In contrast, the
annual total precipitation series exhibits a statistically significant change point around 1957, suggesting that long-term
changes in the precipitation regime began earlier than those observed in the temperature series (Table 4; Figure 3).
However, this shift does not correspond to a consistent long-term trend, further supporting the interpretation that
precipitation variability is dominated by irregular and episodic fluctuations rather than a persistent directional change.
From a physical and macro-scale climate dynamics perspective, this mid-century structural break in the precipitation
regime can be largely attributed to shifts in large-scale atmospheric circulation patterns. Specifically, as Klein Tank and
Kénnen (2003) emphasize, decadal variations in atmospheric oscillations, such as the North Atlantic Oscillation (NAO),
exert a strong influence on regional rainfall regimes by modulating moisture transport and the trajectories of storm
tracks across Europe and the broader region. Furthermore, this 1957 shift coincides with broader hemispheric
transitions driven by large-scale natural variability, which Donat et al. (2013) documented as triggering structural
changes in extreme precipitation anomalies across the Northern Hemisphere during the mid-20th century. Therefore,
the early-period change point observed in Safranbolu's precipitation is likely a localized manifestation of these broader
atmospheric circulation adjustments rather than an isolated anomaly.

Table 4. Mann—Kendall trend statistics (Z and p values), Sen’s slope estimates, and Pettitt change-point results for annual
precipitation and mean, maximum, and minimum temperatures in Safranbolu.

Variable MK Trend MK p MK Z Sen'sslope  Bootstrap 95% Cl (B1) Pettitt change point  Pettitt p
Precipitation Increase 0.002 3.03 1.1 0.61-2.29 1957 0.036
Tmean Increase  <0.001  4.86 0.014 0.0089-0.0181 1997 <0.001
Tmax Increase  <0.001  3.66 0.012 0.0061-0.0169 1997 <0.001
Tmin Increase <0.001 5.81 0.015 0.0111-0.0195 1993 <0.001
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Figure 3. Annual trends in maximum (Tmax), minimum (Tmin), and mean temperature (Tmean), and total precipitation (TP) in

Safranbolu during 1923-2023. Solid lines represent observed values, dashed lines indicate linear trends, horizontal dashed lines

mark the 10th and 90th percentile thresholds, and arrows denote statistically significant change points identified by the Pettitt
test.

3.3. Seasonal Temperature Trends

The results of the Mann—Kendall trend analysis conducted at the seasonal scale indicate that temperature changes in
Safranbolu exhibit pronounced differences across different periods of the year. Although increasing trends are
generally observed in all seasons, the magnitude and statistical significance of these trends vary by season. In addition
to the Mann—Kendall test, regression-based trend estimates confirm the presence of consistent warming signals across
all seasonal temperature series.

3.3.1. Winter Season

Statistically significant increasing trends were detected in minimum, mean, and maximum temperature series for the
winter season in Safranbolu (p < 0.01), as indicated by the Mann—Kendall trend test results summarized in Table 5.
Among the seasonal temperature components, the increasing trend in minimum winter temperatures is particularly
pronounced, indicating a strong warming signal during the cold season.

Sen’s slope estimator further reveals that the rate of increase in winter temperatures is substantial, with values on the
order of ~0.018 °C yr™' for mean temperature and ~0.018-0.020 °C yr™' for minimum and maximum temperatures
(Table 5). These estimates are consistent with regression-based trend coefficients and their associated confidence
intervals, reinforcing the robustness of the observed warming trends. This pattern suggests that winters in Safranbolu
have become progressively milder over the study period, reflecting a tendency toward reduced cold severity.

The results of the Pettitt structural break test indicate distinct regime shifts in winter temperature series, particularly
around the mid-20th century (e.g., ~1950 for Tmin) and the early 1990s for mean and maximum temperatures. These
regime shifts are clearly illustrated in the temporal evolution of winter temperature series presented in Figure 4 and
are consistent with the increased frequency of percentile-based warm anomalies identified in recent decades (Table
10). Overall, the winter season exhibits one of the most pronounced warming signals among all seasons, characterized
by both increasing trend magnitudes and a clear shift toward warmer conditions in recent decades. Regarding the
structural break detected in winter Tmin around 1954, it is important to highlight that this early-period shift departs
markedly from the mid-1990s breaks observed in all other temperature variables. Since the temperature time series
passed standard homogeneity tests without indicating artificial non-climatic errors, this inconsistency reflects physical
and environmental processes specific to night-time temperatures rather than data quality issues. According to Kadioglu
(1997), a similar and distinct nationwide upward jump in minimum temperatures occurred around 1953-1955 across
Turkey. This early shift is widely attributed to rapid mid-century urbanization, population growth, and the resulting
urban heat island effect, which typically manifests strongest during night-time hours and the cold season. Furthermore,
Kadioglu (1997) notes that the increased use of fossil fuels for winter heating during this era altered lower atmospheric
conditions, enhancing night-time heat retention. On a macro scale, this regional mid-century break in winter minimums
is highly consistent with global analyses, as Donat et al. (2013) documented a significant decrease in the frequency of
cool nights globally starting from the 1950s. Additionally, Klein Tank and Kénnen (2003) emphasize that winter night-
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time temperatures are governed by distinct circulation patterns, such as airflow from snow-covered continental
interiors, and their response to latent heat mechanisms makes them exhibit different sensitivities to large-scale
warming compared to daytime or summer temperatures. Therefore, the ~1954 break observed uniquely in winter
Tmin is interpreted as a combined signal of regional mid-century anthropogenic impacts (urbanization and heating)
and broader atmospheric circulation shifts affecting night-time anomalies.

Table 5. Results of Mann—Kendall, Sen’s slope, and Pettitt tests for winter mean, maximum, and minimum temperatures.

Variable MK Trend MK p MK zZ Sen's slope Bootstrap 95% ClI (B1) Pettitt change point Pettitt p
Tmean Increase <0.001 4.15 0.019 0.0101-0.0262 1994 0.001
Tmax Increase <0.001 3.97 0.02 0.0099 -0.0271 1994 <0.001
Tmin Increase <0.001 4.08 0.02 0.0105-0.0259 1954 0.005
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Figure 4. Winter trends in maximum (Tmax), minimum (Tmin), and mean temperature (Tmean) in Safranbolu during 1924-2023.
Solid lines represent observed values, dashed lines indicate linear trends, horizontal dashed lines mark the 10th and 90th
percentile thresholds, and arrows denote statistically significant change points identified by the Pettitt test.

3.3.2. Spring Season

Increasing trends were identified in all temperature series during the spring season in Safranbolu. The results of the
Mann—Kendall test indicate that the increases in minimum, mean, and maximum spring temperatures are all
statistically significant (p < 0.01), as summarized in Table 6. Among the seasonal temperature components, the
strongest signal is observed in minimum temperature, indicating an enhanced warming of night-time conditions during
spring.

Sen’s slope estimates further show that the rates of increase in spring temperatures are consistently around ~0.015 °C
yr~' for all temperature variables (Table 6), which are comparable to the corresponding annual values. These estimates
are consistent with regression-based trend coefficients and their associated confidence intervals, confirming the
robustness of the observed warming patterns.

The results of the Pettitt structural break test indicate distinct change points in spring temperature series, with a major
shift occurring around 1997 for mean and maximum temperatures and an earlier shift around 1965 for minimum

temperature. These structural changes are clearly illustrated in Figure 5 and reflect a transition toward warmer spring
conditions.
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It is important to explicitly acknowledge the pronounced asymmetry in these structural breaks, as the shift in spring
Tmin (~1965) precedes those in Tmean and Tmax (~1997) by approximately thirty years. Mechanistically, this early-
period shift in night-time temperatures aligns with the findings of Kadioglu (1997), who identified strong night-time
warming trends during spring across Turkey from the mid-20th century onward. Kadioglu (1997) largely attributes this
early shift to rapid urbanization, demographic growth, and an abrupt transition to coal consumption for heating during
the 1950s and 1960s, which enhanced the urban heat island effect and altered lower atmospheric radiation balances
through increased aerosol pollution, trapping heat during the night. On a global scale, Donat et al. (2013) documented
that minimum temperature extremes have warmed faster and earlier than maximum temperatures due to asymmetric
responses to climate forcing. Furthermore, Klein Tank and Kénnen (2003) explain that minimum and maximum
temperatures exhibit different physical sensitivities to atmospheric circulation patterns and latent heat mechanisms.
Consequently, while spring night-time temperatures (Tmin) shifted in the mid-1960s due to localized anthropogenic
impacts and higher night-time sensitivity, daytime temperatures (Tmax) only exhibited a structural break in the late
1990s when the broader macro-scale global warming signal became sufficiently dominant to overcome local buffering
effects.

This warming tendency suggests that spring thermal conditions have intensified over the study period, potentially
leading to an earlier onset of seasonal warming. These findings are also consistent with the increasing frequency of
percentile-defined warm years observed in recent decades (Table 10).
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Figure 5.. Spring trends in maximum (Tmax), minimum (Tmin), and mean temperature (Tmean) in Safranbolu during 1923-2023.
Solid lines represent observed values, dashed lines indicate linear trends, horizontal dashed lines mark the 10th and 90th
percentile thresholds, and arrows denote statistically significant change points identified by the Pettitt test.

Table 6. Results of Mann—Kendall, Sen’s slope, and Pettitt tests for spring mean, maximum, and minimum temperatures in

Safranbolu.

Variable MK Trend MK p MK zZ Sen's slope Bootstrap 95% ClI (B1) Pettitt change point  Pettitt p
Tmean Increase <0.001 3.98 0.015 0.0075-0.0208 1997 <0.001
Tmax Increase 0.001 3.27 0.015 0.0055-0.0215 1997 0.001
Tmin Increase <0.001 4.47 0.015 0.0084 - 0.0202 1965 <0.001

3.3.3. Summer Season

The summer season stands out as the period during which temperature increases are most pronounced in Safranbolu.
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The results of the Mann—Kendall trend analysis reveal strong and statistically significant increasing trends in summer
minimum, mean, and maximum temperature series (p < 0.001), as summarized in Table 7. Among the summer
temperature components, the most pronounced increase is observed in minimum temperatures, indicating a strong
intensification of night-time warming during the warm season.

Sen’s slope estimates further indicate that the rate of increase in summer temperatures is substantial, with values of
approximately 0.019 °C yr™' for minimum temperature, ~0.016 °C yr~' for mean temperature, and ~0.013 °C yr~" for
maximum temperature (Table 7). These estimates are consistent with regression-based trend coefficients and their
associated confidence intervals, reinforcing the robustness of the observed warming patterns.

The results of the Pettitt structural break test identify distinct regime shifts in summer temperature series, with major
change points occurring around 1993 for minimum and mean temperatures and around 1997 for maximum
temperature. These shifts are clearly reflected in the temporal evolution of summer temperature series shown in
Figure 6 and indicate a marked intensification of summer thermal conditions after the mid-1990s.

Overall, the summer season exhibits the strongest warming signal among all seasons, characterized by high trend
magnitudes and a clear shift toward warmer conditions in recent decades. These changes are also consistent with the
increasing frequency of percentile-defined warm years observed in the later part of the record (Table 10).

From a practical perspective, the substantial increase in summer minimum temperatures (~0.019 °C yr™") carries critical
implications for local health, energy, and ecological systems. Prolonged warm nights restrict the human body's natural
ability to cool down, exacerbating heat stress and increasing vulnerability and mortality rates during summer
heatwaves (Leone et al., 2013; Culpan et al., 2022; Capraz, 2024). Furthermore, Avci and Esen (2019) point out that
enhanced night-time warming directly escalates regional energy demand for cooling and accelerates evaporation
rates, which places severe stress on local water resources required for both domestic use and agricultural irrigation.
Ecologically, such sustained thermal stress during the summer months heightens the vulnerability of regional forest
ecosystems, increasing the risk of forest fires, altering species composition, and threatening the overall biodiversity in
the transitional topography of the Western Black Sea Region (Ertugrul et al., 2014; Yaman & Ertugrul, 2020). Therefore,
the intensified summer night-time warming represents a profound environmental challenge necessitating targeted
regional adaptation strategies.
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Figure 6. Summer trends in maximum (Tmax), minimum (Tmin), and mean temperature (Tmean) in Safranbolu during 1923—
2023. Solid lines represent observed values, dashed lines indicate linear trends, horizontal dashed lines mark the 10th and 90th
percentile thresholds, and arrows denote statistically significant change points identified by the Pettitt test.
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Table 7. Results of Mann—Kendall, Sen’s slope, and Pettitt tests for summer mean, maximum, and minimum temperatures in

Safranbolu.
Variable MK Trend MK p MK Z Sen's slope Bootstrap 95% ClI (1) Pettitt change point  Pettitt p
Tmean Increase <0.001 4.89 0.016 0.0107 -0.0208 1993 <0.001
Tmax Increase <0.001 3.59 0.013 0.0063 -0.0179 1997 <0.001
Tmin Increase <0.001 5.7 0.019 0.0139-0.0239 1993 <0.001

3.3.4. Autumn Season

In the autumn season, increasing trends are generally observed in minimum, mean, and maximum temperature series
in Safranbolu; however, the statistical significance of these trends is weaker compared to those detected during the
winter and summer seasons, as indicated by the Mann—Kendall test results (Table 8). While the increasing trend in
minimum temperature is statistically significant (p < 0.05), the corresponding trends in mean and maximum
temperatures are not statistically significant (p > 0.05).

Sen’s slope estimates indicate that the rate of increase in autumn temperatures is relatively low, with values of
approximately 0.009 °C yr™' for minimum temperature, ~0.005 °C yr™' for mean temperature, and ~0.002 °C yr' for
maximum temperature (Table 8). These estimates are consistent with regression-based trend coefficients and their
associated confidence intervals, suggesting a moderate but less robust warming signal compared to other seasons.

The results of the Pettitt structural break test indicate change points around the late 1990s for all autumn temperature
series, particularly around 1997-1999. These structural changes are illustrated in Figure 7 and suggest an abrupt shift
toward warmer autumn conditions in recent decades. It is crucial to explicitly address the methodological tension
between these structural break findings and the trend analysis results. Specifically, while the Mann—Kendall test
indicates that the long-term trends for autumn Tmean and Tmax are statistically non-significant, the Pettitt test
simultaneously identifies significant structural breaks. This apparent discrepancy arises from the distinct mathematical
sensitivities of the respective tests. As Yaman and Ertugrul (2020) explicitly point out, the Mann—Kendall test evaluates
the presence of continuous monotonic trends but has low sensitivity to abrupt breaks. Conversely, the Pettitt (1979)
methodology is fundamentally designed for the change-point problem and is highly sensitive to sudden shifts in the
mean of a distribution. Consequently, this combination of signals implies that autumn daytime and mean temperatures
did not warm gradually over the past century; rather, they experienced a sudden, episodic transition to a warmer
climatic regime in the late 1990s. This abrupt step-change aligns with the broader warming phase observed in other
seasons during the same period, even though the strong interannual variability and the lack of progressive warming
before and after the break prevent the overall monotonic trend from reaching statistical significance.

Overall, the autumn season exhibits the weakest warming signal among all seasons, characterized by lower trend
magnitudes and limited statistical significance. Nevertheless, the observed increase in minimum temperature and the
presence of structural changes indicate a gradual intensification of autumn thermal conditions. These changes are also
consistent with the occurrence of percentile-defined warm years in recent decades, although the signal is less
pronounced than in other seasons (Table 10).

Table 8. Results of Mann—Kendall, Sen’s slope, and Pettitt tests for autumn mean, maximum, and minimum temperatures.

Variable MK Trend MK p MK Z Sen's slope Bootstrap 95% ClI (B1) Pettitt change point Pettitt p
Tmean Increase 0.205 1.27 0.005 -0.0011 - 0.0140 1997 0.008
Tmax Increase 0.641 0.47 0.002 -0.0063 - 0.0118 1999 0.018
Tmin Increase 0.020 2.32 0.009 0.0030 - 0.0174 1997 0.006
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Figure 7. Autumn trends in maximum (Tmax), minimum (Tmin), and mean temperature (Tmean) in Safranbolu during 1923-2023.
Solid lines represent observed values, dashed lines indicate linear trends, horizontal dashed lines mark the 10th and 90th
percentile thresholds, and arrows denote statistically significant change points identified by the Pettitt test.

3.4. Seasonal Precipitation Trends

The results of the Mann—Kendall trend analysis conducted at the seasonal scale indicate that the precipitation regime
in Safranbolu exhibits a more complex and irregular structure compared to temperature series. The direction,
magnitude, and statistical significance of precipitation trends vary markedly among seasons, as summarized in Table
9. Rather than exhibiting consistent long-term behavior, precipitation series are characterized by high interannual
variability and pronounced fluctuations.

For winter total precipitation, the Mann—Kendall test results indicate no statistically significant trend (p > 0.10), while
Sen’s slope estimates suggest that long-term changes are minimal (approximately —0.05 mm yr™), indicating that
winter precipitation fluctuates around the long-term mean without a clear directional tendency.

In the spring season, a statistically significant increasing trend is detected in total precipitation (p < 0.01). Sen’s slope
estimates indicate a moderate increase of approximately 0.48 mm yr~ (Table 9). Furthermore, the Pettitt test identifies
a statistically significant structural break in 1962 (p = 0.044), suggesting a distinct regime shift alongside the gradual
intensification.

Summer precipitation also exhibits a statistically significant increasing trend (p < 0.001), with Sen’s slope estimates
indicating an increase of approximately 0.57 mm yr™' (Table 9). Similar to spring, a significant structural break is
detected in 1971 (p = 0.031). Despite this statistical significance, the temporal evolution of summer precipitation series
shown in Figure 8 highlights strong interannual variability, suggesting that variability remains the dominant
characteristic rather than a smooth long-term increase.

Rather than attributing these spring and summer precipitation increases and their corresponding mid-century
structural breaks (1962 and 1971) solely to global heterogeneity, they must be evaluated within the context of regional
atmospheric dynamics. As highlighted by Klein Tank & Kénnen (2003), the precipitation regime in transitional zones is
highly sensitive to large-scale atmospheric circulation patterns, particularly decadal variations such as the North
Atlantic Oscillation (NAO), which govern the trajectories of moisture-bearing storm systems across the region.
Consequently, the observed intensification and structural regime shifts in spring and summer precipitation likely reflect
a regional adjustment to these macro-scale circulation patterns, which alter local moisture availability during the
warmer and transitional seasons.
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For the autumn season, no statistically significant trend is identified in total precipitation (p > 0.10). Furthermore, the
Pettitt test yielded a statistically non-significant result (p = 0.709) for a structural break in 1987 during this season.
Because this change point is insignificant, it does not constitute evidence of a regime shift. Instead, the lack of both
monotonic trends and structural breaks methodologically confirms that autumn precipitation in Safranbolu is not
subject to a persistent long-term shift, but is driven entirely by high interannual variability and episodic, irregular
fluctuations.

Overall, seasonal precipitation trends in Safranbolu do not exhibit a uniform pattern. While statistically significant
increases are observed in spring and summer, winter and autumn precipitation remain dominated by variability rather
than persistent directional change. These findings are consistent with the irregular distribution of percentile-defined
wet and dry years identified in Table 10.
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Figure 8. Seasonal trends in total precipitation (TP) in Safranbolu during 1923-2023. Solid lines represent observed values,
dashed lines indicate linear trends, horizontal dashed lines mark the 10th and 90th percentile thresholds, and arrows denote
statistically significant change points identified by the Pettitt test.

Table 9. Mann—Kendall trend test, Sen’s slope estimator, and Pettitt change-point results for seasonal precipitation in Safranbolu.

MK Trend MK p MK zZ Sen's slope  Bootstrap 95% Cl (B,) Pettitt change point Pettitt p
Winter Decrease  0.805 -0.25 -0.048 -0.4539 - 0.4675 1971 0.196
Spring Increase 0.005 2.83 0.479 0.2105-0.9208 1962 0.044
Summer Increase  <0.001 3.35 0.567 0.3126 -1.0364 1971 0.031
Autumn Increase  0.632 0.48 0.09 -0.2186-0.6544 1987 0.709

3.5. Distribution of Percentile-Defined Warm, Cold, Wet, and Dry Years

The distribution of temperature and precipitation anomalies in Safranbolu was evaluated using percentile-based
thresholds (10th and 90th percentiles). The years classified as percentile-defined warm, cold, wet, and dry years are
presented in Table 10.

The results indicate a clear temporal asymmetry in temperature anomalies over the 1923-2023 period. Cold years
(below the 10th percentile) are predominantly concentrated in the early and mid-20th century, whereas warm years
(above the 90th percentile) become increasingly frequent in the late 20th and early 21st centuries. In particular, high-
percentile warm years are markedly clustered after the 2000s. This observational clustering is robustly supported by
recent national-scale climatological assessments, which document that the highest annual average air temperatures
and the most intense warming trends across Tlrkiye have been predominantly recorded after the early 2000s (Capraz,
2024). Furthermore, this pattern aligns with the mid-1990s structural change points previously detected in our
temperature series and corroborates the global increase in high-temperature anomalies during recent decades (Donat
et al., 2013). For minimum temperature, this pattern is especially pronounced. Low-percentile cold years are largely
confined to earlier decades, while high-percentile warm years occur more frequently and persistently in recent
decades. This reflects a substantial reduction in cold conditions and a strong increase in night-time temperatures,
indicating intensified warming.

A similar temporal pattern is observed for both mean and maximum temperatures. High-percentile warm years
become more frequent in recent decades, particularly after the 1990s, while low-percentile cold years decrease in
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frequency. This shift is evident across both annual and seasonal scales, with summer and winter showing particularly
strong increases in high-percentile warm years.

In contrast, percentile-defined wet and dry years exhibit a more irregular temporal distribution. Both dry years (below
the 10th percentile) and wet years (above the 90th percentile) are distributed throughout the record, without a clear
long-term monotonic trend. While an observational clustering of wet years is visually noted in the most recent decade
(particularly after 2010), it is important to qualify that this clustering does not constitute a statistically significant long-
term monotonic trend. Rather than indicating a persistent directional shift in precipitation behavior, this recent
accumulation remains a descriptive feature of the dataset. It further corroborates the enhanced interannual variability
and the highly episodic, irregular nature of precipitation behavior in the region, which is dominated by short-term
fluctuations rather than secular trends.

Table 10. Years classified as percentile-defined warm, cold, wet, and dry years based on the 10th and 90th percentile thresholds
for annual and seasonal maximum (Tmax), minimum (Tmin), and mean temperatures (Tmean), as well as total precipitation (TP)
in Safranbolu (1923-2023).

Variable Period Years Below P10 Years Above P90

1926, 1927, 1928, 1930, 1934, 1957, 1963, 1967, 1970, 1997, 2010, 2014, 2015,
TP Annual 1976, 1977, 1986, 1993 2016, 2021, 2023

1933, 1949, 1953, 1956, 1959, 1964, 1937, 2007, 2010, 2013, 2014, 2016, 2018,
Tmax Annual 1976, 1987, 1991, 1992 2019, 2020, 2023

1933, 1945, 1949, 1953, 1956, 1959, 1966, 2007, 2010, 2014, 2016, 2018, 2019,
Tmean Annual 1964, 1976, 1987, 1992 2020, 2021, 2023

1928, 1932, 1933, 1941, 1945, 1949, 1966, 1999, 2010, 2014, 2018, 2019, 2020,
Tmin Annual 1950, 1956, 1976, 1987 2021, 2022, 2023

1926, 1927, 1944, 1966, 1969, 1982, 1938, 1941, 1942, 1967, 1973, 1988, 1989,
TP Autumn 2000, 2019, 2020, 2022 2008, 2014, 2023

1941, 1951, 1953, 1956, 1959, 1983, 1923, 1927, 1932, 1937, 1952, 1966, 2012,
Tmax Autumn 1988, 1989, 1995, 1997 2019, 2020, 2023

1941, 1948, 1953, 1956, 1958, 1959, 1923, 1937, 1952, 1966, 2010, 2012, 2015,
Tmean Autumn 1988, 1995, 1997, 2011 2019, 2020, 2023

1931, 1941, 1945, 1948, 1953, 1956, 1923, 1937, 1952, 1994, 2010, 2012, 2015,
Tmin Autumn 1958, 1959, 1986, 2011 2019, 2020, 2023

1927, 1928, 1934, 1947, 1976, 1983, 1946, 1963, 1970, 1971, 1975, 1991, 2005,
TP Spring 1985, 1986, 1989, 1994 2014, 2016, 2023

1929, 1933, 1942, 1943, 1948, 1953, 1934, 1937, 1947, 1951, 1989, 2008, 2013,
Tmax Spring 1956, 1963, 1965, 1987 2014, 2016, 2018

1929, 1933, 1942, 1943, 1945, 1948, 1947, 1951, 1975, 2001, 2008, 2013, 2014,
Tmean Spring 1953, 1956, 1987 2016, 2018

1928, 1929, 1933, 1942, 1943, 1945, 1950, 1951, 1966, 1975, 2001, 2008, 2013,
Tmin Spring 1949, 1953, 1956, 1987 2016, 2018, 2023

1928, 1935, 1945, 1956, 1957, 1980, 1951, 1972, 1979, 1999, 2002, 2014, 2015,
TP Summer 1985, 2003, 2006, 2008 2019, 2021, 2022

1925, 1933, 1964, 1967, 1973, 1976, 1938, 2001, 2007, 2008, 2010, 2012, 2013,
Tmax Summer 1978, 1982, 1983, 1984 2016, 2018, 2023

1925, 1933, 1950, 1968, 1973, 1976, 2001, 2007, 2010, 2012, 2016, 2017, 2018,
Tmean Summer 1978, 1982, 1984 2021, 2022, 2023

1925, 1928, 1933, 1943, 1945, 1950, 1999, 2007, 2010, 2012, 2016, 2018, 2019,
Tmin Summer 1976, 1978, 1984, 1985 2021, 2022, 2023

1930, 1951, 1957, 1973, 1984, 1989, 1941, 1948, 1950, 1963, 1964, 1967, 1968,
TP Winter 1996, 2001, 2007, 2014 1981, 2009, 2010

1928, 1932, 1934, 1949, 1950, 1954, 1936, 1948, 1955, 1966, 2010, 2016, 2018,
Tmax Winter 1972, 1985, 1992 2020, 2021, 2023

1928, 1932, 1934, 1942, 1949, 1950, 1936, 1948, 1955, 1966, 2010, 2018, 2020,
Tmean Winter 1954, 1972, 1976, 1992 2021, 2023

1928, 1932, 1934, 1942, 1949, 1950, 1948, 1953, 1955, 1966, 1970, 2010, 2013,
Tmin Winter 1954, 1972, 1976, 1992 2018, 2020, 2023

Seasonal analysis further reveals that precipitation anomalies vary considerably between seasons. Summer and
autumn show higher interannual variability and a greater frequency of alternating dry and wet years, whereas winter
and spring anomalies tend to occur in shorter multi-year clusters rather than displaying consistent long-term trends.

Overall, the percentile-based analysis demonstrates that climate change in Safranbolu is reflected not only in gradual

increases in mean temperature but also in substantial changes in the frequency, persistence, and temporal distribution

of percentile-defined warm and cold years. Temperature anomalies are increasingly dominated by warm conditions,

while precipitation anomalies remain more irregular but show evidence of enhanced variability during recent decades.
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4. Discussion

The temperature and precipitation data for Safranbolu covering the period 1923-2023 indicate a pronounced and
persistent increase in minimum, mean, and maximum temperatures, particularly after the 1990s. The rise in minimum
temperatures is consistent with a weakening of cold-season thermal conditions and indicates a clear shift of the region
toward a warmer climatic regime. This pattern is further supported by regression-based trend estimates and
associated confidence intervals, which confirm the robustness of the observed warming signals. Upward structural
breaks identified in the temperature series between 1993 and 1997 are consistent with the increasing occurrence of
high-percentile warm years after 1990 and reflect the local-scale manifestations of climate change. Although the
precipitation series does not exhibit a clear unidirectional trend, it is characterized by substantial interannual
variability. Furthermore, a relatively greater number of high-percentile wet years was observed after 2010; however,
this pattern should be interpreted descriptively rather than as evidence of a statistically significant long-term trend.
Together, these findings suggest that precipitation variability in the region is dominated by episodic fluctuations and
short-term variability rather than persistent directional change.

These findings are consistent with studies conducted both in Tirkiye and globally. Tlrkes (2012) reported significant
changes in temperature and precipitation variability in Tlirkiye since the 1990s, including decreases in frost and snowy
days, together with increases in the frequency of hot days, warm nights, and heat waves. Similarly, Klein Tank and
Kénnen (2003) demonstrated that Europe experienced a general warming trend during the period 1946—-1999,
characterized by a marked increase in high-temperature anomalies and warm conditions after 1976, accompanied by
a decline in cold conditions. The more pronounced increase in minimum temperatures observed in Safranbolu is
consistent with long-term changes in night-time temperatures. Donat et al. (2013) reported statistically significant and
pronounced warming trends in minimum temperature indices in recent years, while Kadioglu (1997) found that, across
Turkiye during the 1939-1989 period, minimum temperatures increased markedly whereas maximum temperatures
showed limited change, leading to a narrowing of the diurnal temperature range. The pronounced increase in these
minimum temperatures (night-time warming) cannot be solely attributed to large-scale global warming; it is heavily
influenced by local physical drivers and radiative processes. As highlighted by Kadioglu (1997), rapid urbanization,
population growth, and the resulting urban heat island (UHI) effect significantly alter the lower atmosphere's radiation
balance, trapping heat during the night. Furthermore, changes in local land use and cloudiness, combined with the
thermal inertia of the built environment, restrict night-time cooling. In addition to these localized anthropogenic
factors, Safranbolu’s position in a transitional climate zone makes it highly sensitive to the broader atmospheric and
oceanographic dynamics of the Black Sea. In this context, Yaman and Ertugrul (2020) emphasize that the semi-enclosed
Black Sea has experienced remarkable sea surface temperature (SST) increases over the last century, functioning as a
massive thermal reservoir that modulates adjacent terrestrial climates. The warming sea alters large-scale moisture
transport, which, as Klein Tank and Kénnen (2003) explain, interacts with regional atmospheric circulation patterns—
such as the North Atlantic Oscillation (NAO)—to govern the trajectories of storm tracks and latent heat mechanisms
across the region. Consequently, the amplified night-time warming and precipitation regime shifts in Safranbolu reflect
a complex interplay between local urban radiative forcing and macro-scale Black Sea transitional dynamics.

When evaluating these findings within the context of recent regional literature, the warming trends identified in
Safranbolu are highly consistent with contemporary studies conducted across Tirkiye, particularly in the Black Sea
Region. For instance, Taskolu et al. (2024) reported widespread and significant temperature increases across the Black
Sea Region, emphasizing that temperature trends exhibit a much more pronounced increase than precipitation,
thereby elevating regional drought risks. This is corroborated by Keskin et al. (2025), who focused specifically on the
Western Black Sea basin and calculated substantial actual and potential warming trends. Similarly, Ay (2020)
documented significant increasing temperature trends in neighboring coastal and inland provinces such as Bartin, Bolu,
and Dizce, confirming that the thermal regime shifts detected in Safranbolu are part of a coherent regional pattern.
This regional coherence is further supported by national-scale assessments, where Celebioglu et al. (2021)
demonstrated statistically significant increases in annual and seasonal mean temperatures across all regions of Tirkiye
over the last half-century. Moreover, the structural break and subsequent rapid warming observed in Safranbolu after
the 1990s perfectly align with the findings of Capraz (2024), who documented a highly significant acceleration in
warming trends in istanbul (Marmara Region) following exactly the year 1993. These context-specific comparisons
confirm that the increasing frequency of percentile-based warm anomalies observed in Safranbolu is a local
manifestation of robust, macro-scale regime shifts currently transforming the climatic dynamics of the Black Sea and
Eastern Mediterranean basins.

From the perspective of precipitation variables, the absence of a clear long-term unidirectional trend in Safranbolu is
consistent with the spatial and temporal heterogeneity of precipitation regimes frequently emphasized in the
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literature. Klein Tank and Kénnen (2003) and Donat et al. (2013) noted that, even where increases in extreme
precipitation indices are observed, their spatial consistency remains limited. Partal and Kahya (2006) identified
regionally coherent but spatially variable precipitation trends across Tiirkiye. These findings are in agreement with the
results of this study, where statistically significant precipitation increases are detected only in specific seasons, while
overall precipitation variability remains high. This seasonal differentiation is further supported by Celik et al. (2025),
who analyzed monthly precipitation data from stations in Ankara for the 1991-2020 period and demonstrated that
precipitation trends vary significantly by station and season. The Pettitt test revealed distinct breaks in the region,
while Sen’s Innovative Trend Analysis (ITA) detected increasing trends in winter, whereas decreasing trends were
notable in spring. Although no clear precipitation drought was identified, seasonally differentiated trends provide
important signals for regional water resource management. Similarly, Saplioglu and Kilit (2012) reported a statistically
insignificant trend in annual total precipitation in Afyonkarahisar, with notable seasonal fluctuations, while
temperature analyses revealed significant positive trends in summer. According to Taskolu et al. (2024), temperature
increases are more pronounced than precipitation changes across the Black Sea Region; while coastal areas exhibit
relatively consistent precipitation increases, trends in inland regions remain weak and heterogeneous, thereby
increasing drought risk in areas with limited precipitation growth. Overall, these findings indicate that temperature
increases exert a more dominant climatic influence than precipitation changes in the interior parts of the Western
Black Sea Region, including Safranbolu. Consistent results were reported by Ulke and Ozkoca (2018), who identified
statistically significant temperature increases along the Central Black Sea coast, pointing to a widespread and coherent
regional warming trend. Similarly, Tecer and Cerit (2009) found that annual mean temperatures in Rize increased
markedly after the mid-1990s, particularly in maximum and minimum values.

The necessity of understanding localized climate responses is further underscored when comparing Safranbolu with
the highly continental inland basins of Tirkiye. For instance, while Safranbolu experiences a pronounced increase in
minimum temperatures driven by transitional Black Sea dynamics and local radiative forcing, Barlik (2025) reported
that in the high-altitude continental climate of Erzurum, warming is primarily driven by significant increases in
maximum temperatures, whereas minimum temperatures actually exhibit a decreasing trend. Similarly, Avci and Esen
(2019) demonstrated that temperature increases in the Malatya Basin are tightly coupled with persistently declining
precipitation trends, contrasting with the high precipitation variability but lack of severe long-term drying observed in
Safranbolu. Taken together, these contrasts brilliantly demonstrate that while long-term warming is a nationwide
phenomenon, its specific manifestations such as Safranbolu’s intensified night-time warming and episodic
precipitation variability are strictly governed by localized topographic features and regional transitional mechanisms.

Beyond its macro-scale climatological drivers, the accelerated warming trend observed in Safranbolu after the 1990s
carries profound implications for the district's unique socio-economic and cultural landscape. As highlighted in the
introduction, Safranbolu is a UNESCO World Heritage site characterized by its traditional wooden urban fabric and
historical architecture. The pronounced increase in summer temperatures and the growing frequency of percentile-
based warm anomalies pose a direct threat to this cultural heritage. Prolonged heatwaves and increased thermal stress
can accelerate the degradation of historical timber structures while significantly increasing the vulnerability of the
surrounding natural ecosystems to wildfires, a risk that Ertugrul et al. (2014) explicitly emphasized for the neighboring
Karabik region. Furthermore, Safranbolu’s heavy reliance on cultural tourism means that the intensification of
summer thermal stress, which Capraz (2024) documented as the strongest seasonal warming signal in the macro-
region, may negatively impact tourist comfort and alter seasonal tourism patterns. From an environmental
perspective, higher evaporation rates driven by persistent warming inevitably escalate local water demand; as Avci
and Esen (2019) highlighted in their basin-scale evaluations, this places severe stress on regional water resources
required to sustain both the dense tourist population and surrounding agricultural activities. Therefore, the regime
shifts and climate anomalies identified in this study are not merely statistical phenomena; they represent escalating
environmental pressures that require urgent, localized adaptation strategies to preserve Safranbolu's historical and
ecological integrity.

Finally, while linking our local findings to broader regional warming patterns using gridded datasets such as the CRU
TS provides a robust macro-scale synthesis (Yaman & Ertugrul, 2020), the spatial representativeness limitations of such
datasets must be explicitly acknowledged. Gridded climate products inherently average climatic conditions over
relatively large spatial cells, which may smooth localized micro-climatic variability, abrupt changes, and high-percentile
temperature and precipitation anomalies, particularly in topographically diverse transitional environments such as
Safranbolu. Therefore, although the CRU TS dataset successfully captures long-term warming patterns and macro-scale
climatic shifts over the last century, future studies integrating gridded datasets with high-resolution local
meteorological observations may provide a more comprehensive assessment of localized climate variability and
percentile-based anomalous events.
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5. Conclusion

The regional climate of Safranbolu has undergone a pronounced and systematic thermal regime shift over the last
century, characterized by an annual mean temperature increase of approximately 0.014 °C yr™' (about 0.14 °C per
decade). However, this warming is not uniform throughout the year. While winter, spring, and summer exhibit
statistically significant warming trends, autumn mean and maximum temperatures do not show significant long-term
trends (p > 0.05), highlighting the seasonal complexity of the climate signal. Furthermore, the stronger increase in
minimum temperatures indicates intensified night-time warming and a substantial reduction in low-temperature
conditions, with important implications for climate-sensitive natural and socio-economic systems.

Unlike temperature, precipitation exhibits a more complex and seasonally differentiated behavior. Although annual
precipitation shows a statistically significant positive trend, the magnitude of change remains modest compared with
the observed warming trends. Significant increases were detected in spring and summer precipitation, whereas winter
and autumn precipitation remain largely dominated by interannual variability without persistent directional changes.
These findings suggest that precipitation change in Safranbolu is characterized more by seasonal differentiation and
variability than by a uniform long-term trend.

The percentile-based anomaly analysis provided a robust and distribution-independent framework for evaluating
temperature and precipitation variability. The results revealed that high-percentile warm years became increasingly
concentrated in recent decades, whereas low-percentile cold years were predominantly confined to the earlier part of
the record. A relatively greater number of high-percentile wet years was also observed during recent decades.
However, these temporal patterns should be interpreted descriptively, as no formal statistical tests of clustering were
applied.

Several limitations should be acknowledged. The Pettitt test identifies only the most significant single change point
within a time series and may therefore overlook additional structural shifts in long-term climate records. Furthermore,
although the CRU TS dataset provides a temporally consistent basis for long-term climate analyses, its 0.5° x 0.5° spatial
resolution may not fully capture local-scale climatic variability associated with the complex topography of the interior
Western Black Sea Region. Additionally, the evaluation of temperature and precipitation anomalies in this study was
restricted to fixed 10th and 90th percentile thresholds. While this approach provides a robust baseline for identifying
broad-scale climatic anomalies, it remains limited in its ability to capture the full complexity of temperature and
precipitation behavior. Future studies may benefit from incorporating duration- and intensity-based metrics, including
ETCCDI indices, heatwave persistence measures, and precipitation intensity indicators, to provide a more
comprehensive assessment of climate variability and anomalous conditions in the region (Donat et al., 2013).
Therefore, while the gridded dataset utilized in this study successfully captures long-term temporal changes, future
studies integrating gridded datasets with local meteorological observations may provide a more detailed
understanding of local climate variability and percentile-based anomalous events.

Overall, the findings indicate that climate change in Safranbolu is characterized primarily by persistent warming,
particularly through increasing night-time temperatures, while precipitation changes remain more variable and
seasonally differentiated. The consistency of these results with broader regional and national studies suggests that
Safranbolu represents a local manifestation of the wider warming trend observed across Tirkiye and the Eastern
Mediterranean. These findings provide an important scientific basis for future assessments of climate impacts,
adaptation planning, and climate risk management in the region.
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