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ABSTRACT Understanding and predicting regional climatic variations is crucial for agricultural planning, water resource management,
and disaster mitigation in the face of increasing global climate instability. This study presents a comprehensive stochastic simulation
framework designed to model the diverse meteorological profiles of Türkiye’s seven geographical regions. The developed model utilizes
a randomized structure that learns monthly parameters from historical daily datasets spanning the 2010–2024 period and generates
daily temperature and precipitation scenarios for 2025. Methodologically, a Normal Distribution was employed for temperature modeling,
while a first-order Markov Chain was utilized to determine the occurrence of precipitation. To account for the characteristically positive
and right-skewed nature of rainfall intensity on wet days, the Gamma Distribution was preferred a standard approach in current literature
for modeling daily precipitation amounts. To capture the inherent stochasticity of atmospheric processes, a Monte Carlo simulation
approach was implemented. Each representative city was initially simulated with 300 iterations to ensure statistical robustness. To
rigorously assess predictive accuracy, validation for 2024 was performed using a Monte Carlo simulation with 400 independent runs.
The findings demonstrate that the model effectively captures regional climatic trends and provides a reliable synthetic dataset for
environmental planning. Validation metrics indicate strong agreement between modeled and observed climatic behavior, with historical
monthly temperatures, precipitation totals, and wet-day probabilities consistently falling within the simulated 95% confidence intervals.
These results suggest that integrated stochastic models offer a high-fidelity and computationally efficient alternative to complex numerical
weather predictors for regional climate assessment.
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INTRODUCTION

The accurate representation and prediction of climatic variables
are fundamental components of environmental modeling, influ-
encing critical sectors such as agriculture, energy management,
and urban planning. Due to the complex and chaotic nature of the
atmosphere, traditional deterministic approaches often fall short of
capturing the full spectrum of climatic variability. In this context,
modeling and simulation approaches leverage statistical behav-
iors learned from historical data to generate probabilistic forecasts
(Palmer et al. 2005).

When historical weather patterns are examined, it is observed
that even under identical initial conditions, varying outcomes can
emerge due to inherent atmospheric uncertainty. Therefore, relying
on a single deterministic forecast is insufficient for realistic mod-
eling (Palmer 2000). To address this, multiple potential scenarios
must be simulated to measure precision and quantify uncertainty.
This study aims to stochastically model the temperature and pre-
cipitation processes of seven representative cities from Türkiye’s di-
verse climatic regions. The results are reported in terms of monthly
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mean temperature, the probability of precipitation, and mean total
precipitation with a 95% confidence interval, aiming to achieve
high-fidelity estimations. To interpret atmospheric uncertainty, the
Monte Carlo simulation method was employed, allowing the same
model to be executed numerous times to observe the distribution
of results. To ensure stable confidence intervals while maintaining
computational efficiency, 300 iterations were performed for each
city.

In research focusing on stochastic weather generation, vari-
ous statistical approaches are utilized to represent the random
nature and temporal continuity of meteorological variables on a
daily scale. Within this framework, the occurrence of precipita-
tion is predominantly modeled using Markov chains, while the
intensity of rainfall on wet days is characterized by the Gamma
distribution which is widely preferred in modeling daily rain-
fall amounts. This methodology serves as a fundamental building
block for widely recognized models such as WGEN and LARS-WG
(Semenov et al. 1998; Wilks 1999b,a). For continuous variables like
temperature and solar radiation, methods based on the Normal
distribution assumption are generally preferred. Studies by Wilks
have demonstrated that Monte Carlo-based simulations provide
an effective framework for producing these variables in a consis-
tent and integrated manner (Wilks 1998). Subsequent research has
further investigated the extent to which these stochastic models
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reflect both climate variability and extreme precipitation events
across different scales. Collectively, Markov chain and probability
distribution-based Monte Carlo approaches are considered estab-
lished and reliable methods in the literature for generating realistic
daily weather data.

The development and application of stochastic weather genera-
tors (SWGs) have been extensively documented in the literature
as effective tools for bridging the gap between coarse climate data
and local-scale applications. (Schuol and Abbaspour 2007) empha-
sized the utility of using monthly weather statistics to generate
daily data, demonstrating that such approaches can provide ro-
bust inputs for hydrological models like SWAT (Soil and Water
Assessment Tool). Similarly, (Kilsby et al. 2007)] highlighted the
importance of daily weather generators in climate change studies,
providing a framework. Recent advancements in the field have
shifted towards more sophisticated probabilistic structures.

(Ailliot et al. 2015) provided a comprehensive overview of
weather-type models, categorizing the evolution of SWGs and
their ability to capture different atmospheric states. More recently,
(Guan et al. 2025) evaluated the performance of regional stochas-
tic generators, specifically focusing on their ability to reproduce
heavy-precipitation events across various spatial and temporal
scales. Their findings reinforce the reliability of stochastic ap-
proaches in representing extreme meteorological phenomena, a
critical requirement for modern hazard and risk assessments. In
parallel, recent studies have expanded stochastic weather genera-
tor capabilities by improving precipitation representation, uncer-
tainty characterization, applicability to climate-risk assessments
and simulation of extreme weather events (Najibi et al. 2024; Wood-
son et al. 2025; Nandan et al. 2024; Semenov 2008). This body of
research provides a solid foundation for the methodology adopted
in this study, which integrates established Markovian and distri-
butional techniques to model the regional climate variability of
Türkiye.

For this study, daily temperature and precipitation data were re-
trieved via the Open-Meteo Archive API (Zippenfenig 2023). Using
the specific latitude and longitude coordinates for each city, daily
mean temperature and total precipitation values were downloaded
for the period between January 1, 2010, and December 31, 2024.
Seven cities were selected to represent all geographical regions of
Türkiye, enabling a comparative analysis of different climate types
within a unified modeling framework. Daily observation data for
the 2010–2024 period were retrieved for all representative cities to
serve as the foundation for parameter estimation and simulation.
To ensure physical consistency and exclude stochastic noise from
trace amounts (e.g., light drizzle), a daily precipitation threshold
of 1.0 mm was established.

To ensure that the stochastic projections are both robust and
scientifically defensible, the modeling process is structured into
two distinct stages: Validation and Future Scenario Generation.
In the first stage, the model’s performance is evaluated against
independent historical observations from the year 2024, which
were withheld during the initial parameter fitting phase. This
assessment confirms the framework’s ability to accurately repro-
duce regional climatic statistics. Following successful validation,
stochastic simulations are then conducted for the future year of
2025. This dual-stage approach ensures that the projected scenarios
are grounded in demonstrated statistical performance rather than
simple extrapolation, providing a more reliable basis for regional
climate assessment.

METHODOLOGY

Stochastic Framework and Simulation Logic

Atmospheric processes are inherently stochastic, and a single sim-
ulation output is insufficient to represent the full spectrum of
possible climatic behaviors. Consequently, Monte Carlo-based
approaches are widely employed in weather generation litera-
ture. (Wilks 1999a) demonstrated that multiple simulations are
critical for uncertainty analysis in the simultaneous generation of
variables such as daily temperature and precipitation. Similarly,
(Knutti et al. 2008) emphasized that confidence intervals in climate
projections can only be meaningfully interpreted through multi-
scenario ensembles. In this study, temperature was modeled using
a monthly Normal Distribution, precipitation occurrence via a first-
order Markov Chain, and precipitation intensity—conditional on
a wet day—via a Gamma Distribution. The modeling framework
is based on the following assumptions:

• Daily temperature acts as a continuous random variable with
a nearly symmetric distribution.

• Precipitation occurrence exhibits temporal dependency be-
tween successive days.

• Precipitation intensity is a continuous, non-negative, and
right-skewed variable.

Mathematical Modeling of Variables

Monthly mean and standard deviation values were used to sample
daily temperatures from a Normal Distribution. For precipitation,
since wet and dry states are not statistically independent, a first-
order Markov Chain was utilized. Because wet and dry days tend
to cluster in time, precipitation occurrence is commonly modeled
with a two-state, first-order Markov chain, where the probability
of a wet day depends on the previous day’s state (Wilks 1999b,a).
The process is defined as a binary state (W=1 for wet, W=0 for
dry), and transition probabilities were calculated. Monthly transi-
tion probabilities were estimated directly from observed wet/dry
sequences using empirical frequencies. A "wet day" was defined
as having a total daily precipitation at least 1.0 mm. This thresh-
old was selected to exclude trace events such as drizzle, which
would otherwise alter the probability distribution and diminish
the model’s realism.

Since daily precipitation amounts are strictly positive and ex-
hibit pronounced right-skewness, the Gamma Distribution was
employed to represent asymmetric rainfall behavior. During model
development, alternative formulations such as the Generalized Ex-
treme Value (GEV) for extreme event analysis or Skew-Normal
distributions for asymmetric temperature behavior were consid-
ered. However, as the primary objective of this study is to represent
regional climatic variability at a monthly scale rather than focus-
ing on rare extremes, the Gamma and Normal distributions were
deemed sufficient and computationally efficient, in line with re-
cent literature (Najibi et al. 2024; Woodson et al. 2025; Nandan et al.
2024).

The simulation framework follows a two-phase process: (1) Pa-
rameter Learning, where historical data are used to estimate tran-
sition probabilities and distribution parameters, and (2) Stochastic
Generation, where daily variables are synthesized based on the
learned states. To ensure statistical stability, the year 2025 was
simulated using a 400-run Monte Carlo ensemble for each city. All
simulations utilized a fixed random seed to ensure reproducibility,
with calendar structures (month lengths) corresponding to the year
2024.
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The year 2025 was simulated using a 300-run Monte Carlo en-
semble for each city to characterize potential future variability. In
the current implementation, month lengths were based on the 2024
calendar structure; this choice defines the temporal framework
and does not affect the learned stochastic parameters. This ensem-
ble approach aims to stabilize uncertainty intervals and provide
a comprehensive distribution of possible outcomes. To ensure re-
producibility, all simulations were generated using a fixed random
seed (RNG_SEED=42). Furthermore, the model’s predictive perfor-
mance was rigorously tested using an extended 400-run validation
ensemble for the year 2024.

Mathematical Framework and Operational Principles
In this study, daily weather processes are modeled using monthly
parameters derived from historical observations. The model repre-
sents temperature and precipitation through separate yet internally
consistent stochastic components.

• Daily Average Temperature Generation:

Daily mean temperature is generated using a Normal distribu-
tion based on monthly parameters. For a given month m, the
temperature process is defined as 1:

Tt ∼ N
(

µm, σ2
m

)
(1)

where µm and σ2
m represent the mean temperature and standard

deviation for month m, respectively, estimated from observation
data between 2010 and 2024. The Normal distribution was selected
due to the approximately symmetric distribution of temperature
at the monthly scale.

• Precipitation Occurrence (First-Order Markov Chain)

Due to the temporal persistence of wet weather, the state of
precipitation is modeled using a first-order Markov Chain. The
precipitation state is defined as a binary random variable: Wt ∈
{0, 1} where Wt=1 denotes a wet day and Wt=0 denotes a dry day.
The probability of a wet day depends on the state of the previous
day shown in 2 and 3:

P (Wt = 1 | Wt−1 = 1) = p11,m (2)

P (Wt = 1 | Wt−1 = 0) = p01,m (3)

Here, p11,m and p01,m represent the conditional transition prob-
abilities for month m. These probabilities were estimated directly
from empirical wet/dry transition frequencies within the historical
record. In instances or specific months where precipitation events
are extremely rare, transition probabilities may approach bound-
ary values (0 or 1). This behavior is maintained within the model
as it accurately reflects the observed scarcity of meteorological
transitions in the specific regional climate history, ensuring that
the synthetic series remains grounded in empirical reality.

• Daily Precipitation Amount

The daily total precipitation amount is modeled conditionally
upon the occurrence of a wet day. For a day t where Wt=1, the
amount Pt follows a Gamma distribution as 4:

Pt | (Wt = 1) ∼ Γ (km, θm) (4)

If Wt = 0, then Pt=0. The Gamma distribution was chosen to
represent the characteristic right-skewed nature of rainfall inten-
sity, where values are strictly positive and extreme amounts occur
with low frequency. Since daily precipitation amounts are strictly

positive and exhibit pronounced right-skewness, particularly due
to intermittent heavy rainfall events, the Gamma distribution was
employed to represent rainfall intensity on wet days. Although
alternative distributions (e.g., mixed exponential or extreme value
formulations) may outperform the Gamma distribution in spe-
cific settings, Gamma remains a common and practical choice in
stochastic weather generators, particularly when the focus is on
monthly-scale variability rather than extremes (Semenov et al. 1998;
Wilks 1999b). The shape parameter (km) and scale parameter (θm)
were estimated from wet-day observations within the correspond-
ing month.

• Uncertainty Evaluation (Monte Carlo Simulation)

To evaluate uncertainty, the model was iterated 300 times for
each representative city. All realizations were generated as stochas-
tic draws from a single seeded random-number generator stream,
ensuring reproducibility while yielding distinct ensemble mem-
bers. The 95% confidence intervals for monthly metrics were cal-
culated using the quantiles of the resulting Monte Carlo sample
distributions in 5:

CI95% = [Q0.025, Q0.975] (5)

This approach allows for a quantitative assessment of not only
the average behavior but also the inherent variability and uncer-
tainty in the synthetic weather data. Recent studies highlight
that ensemble-based confidence bands provide an interpretable
way to communicate uncertainty in climate-sensitive applications
(Woodson et al. 2025; Nandan et al. 2024). For the 2025 simulation
experiments, 300 Monte Carlo realizations were employed. This en-
semble size was selected to balance statistical stability in monthly
means and 95% confidence intervals with computational efficiency.
Overall, the literature indicates that Markov-chain-based occur-
rence models combined with parametric distributions—such as
the Gamma and Normal distributions used in this study—can ef-
fectively reproduce realistic mean behavior and variability at daily
to monthly scales (Ailliot et al. 2015).

RESULTS AND DISCUSSION

Stochastic weather generators based on Markov chains and para-
metric probability distributions have been proven to realistically
reproduce both mean climate behavior and variability at daily and
monthly scales (Ailliot et al. 2015). Furthermore, recent studies
highlight that Monte Carlo ensembles and probabilistic summaries
significantly improve interpretability when comparing simulated
outcomes against observed climate indicators (Najibi et al. 2024;
Woodson et al. 2025; Nandan et al. 2024). Building on this estab-
lished framework, this section presents the outputs of the stochas-
tic weather simulation for the year 2025 across seven representative
cities of Türkiye.

The findings are categorized into monthly temperature trends,
precipitation occurrences, and total rainfall intensity. By utilizing
the 300-run Monte Carlo ensemble, the results provide not only
the expected mean values but also the probabilistic boundaries of
potential climatic shifts. The following sub-sections evaluate the
model’s performance in capturing regional climatic characteristics
ranging from the humid subtropical profile of the Black Sea to the
semi-arid conditions of Central and Southeastern Anatolia through
comparative tables and visual distribution plots.

The temperature trends, as shown in Figure 1, indicate that
the lowest mean temperatures occur during January and February.
A steady upward trend is observed during the summer months,
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followed by a gradual cooling phase starting from autumn. Sim-
ilar to the precipitation patterns, the 95% confidence interval for
temperature is broader in the winter and more constrained in the
summer. This finding suggests that winter temperatures are sub-
ject to greater stochastic variability, while summer heatwaves or
average temperatures follow a more predictable trajectory. These
results are in full alignment with the transitional climate character-
istics of the Marmara Region.

Figure 1 Monthly Average Temperature of Kocaeli

The simulation results for the Marmara region, represented
by Kocaeli, demonstrate high seasonal consistency with histori-
cal climatic patterns. As illustrated in Figure 2, the probability
of precipitation reaches its peak during the winter months and
significantly declines throughout the summer period. The 95% con-
fidence interval is notably wider during the winter, suggesting that
precipitation events in this season exhibit higher irregularity and
variance. Conversely, the narrow confidence interval observed in
the summer months indicates that dry conditions are more stable
and frequent during this period.

Figure 2 Monthly Probability of Wet Days of Kocaeli

Furthermore, the monthly precipitation intensity values pre-
sented in Table 1 confirm that the highest total rainfall amounts are
concentrated in the autumn and winter seasons. The significant de-
crease in total precipitation during the summer months highlights
the model’s ability to accurately reflect the regional dry season.

Regarding temperature trends shown in Figure 3, the simula-
tion results are highly consistent with the regional climate. The
95% confidence interval for temperature remains remarkably sta-
ble and narrow throughout the year, indicating low inter-annual
temperature variability for this province. This suggests that daily
mean temperatures in Izmir follow a more predictable seasonal
trajectory compared to other regions.

The simulation results for Izmir, as the representative city of the
Aegean Region, accurately reflect the transition between seasons.
As illustrated in Figure 4, the probability of precipitation decreases

Figure 3 Monthly Average Temperature of Izmir

gradually from winter to spring, shows a slight increase during the
mid-spring period, and reaches its minimum during the summer
months before trending upward in autumn. Notably, the precipita-
tion probability in July and August is near zero, suggesting that
these months may remain entirely dry under typical conditions.

Figure 4 Monthly Probability of Wet Days of Izmir

A comparative analysis of monthly total precipitation and the
probability of wet days (Table 2) reveals a high degree of correla-
tion. However, the widening of confidence intervals specifically
during the winter months indicates that uncertainty in precipi-
tation intensity is significantly higher than that of temperature.
Overall, the stochastic outputs for Izmir are in full agreement
with the characteristic Mediterranean-influenced Aegean climate,
capturing both the summer aridity and the variability of winter
rainfall.

The simulation results for Antalya, as shown in Figure 5, are in
high alignment with the classical Mediterranean climate profile.
In months where the 95% confidence interval is narrow, a stable
thermal regime prevails. Conversely, in months where the interval
relatively widens, it can be inferred that meteorological uncer-
tainty and inter-annual variability are higher. Overall, the model
successfully captures the "hot-summer Mediterranean" (Csa) char-
acteristics, particularly highlighting the high variance in winter
precipitation against the predictable aridity of the summer.

As illustrated in Figure 6, the probability of wet days in Antalya
significantly increases during the winter months while exhibiting a
sharp decline during the summer. The narrow confidence intervals
observed during the summer months indicate that the absence
of precipitation is statistically stable and consistent during this
period. An analysis of monthly total precipitation amounts (Table
3) reveals that rainfall is concentrated in the winter season, both in
terms of frequency and intensity.

The simulation results presented in Figure 7 are highly con-
sistent with the typical continental climate of Central Anatolia,

40 | Kılıç and Sevin         Computer Science



■ Table 1 Monthly statistical summary of simulated temperature and precipitation parameters of Kocaeli

Month Tmean Tlow Thigh Wprob Wlow Whigh Pmean Plow Phigh

01 5.61 4.21 6.86 0.46 0.24 0.65 96.24 37.27 162.59

02 7.04 5.62 8.71 0.46 0.22 0.69 84.35 29.15 153.88

03 8.83 7.67 9.98 0.44 0.24 0.65 83.75 39.21 150.66

04 12.97 11.67 14.17 0.36 0.10 0.63 67.47 16.34 130.52

05 17.47 16.48 18.53 0.40 0.16 0.61 74.33 24.58 132.77

06 21.66 20.91 22.49 0.38 0.17 0.63 79.54 18.33 149.30

07 24.07 23.42 24.73 0.21 0.06 0.42 37.36 3.35 97.18

08 24.63 24.01 25.23 0.21 0.03 0.40 33.17 0.70 89.40

09 21.20 20.32 22.08 0.28 0.08 0.53 54.12 5.52 119.56

10 16.04 15.05 17.15 0.32 0.11 0.58 84.55 15.07 191.06

11 11.92 10.67 13.20 0.30 0.13 0.52 69.32 17.75 136.07

12 7.82 6.66 8.90 0.42 0.19 0.68 100.94 34.84 181.49

■ Table 2 Monthly statistical summary of simulated temperature and precipitation parameters of Izmir

Month Tmean Tlow Thigh Wprob Wlow Whigh Pmean Plow Phigh

01 8.18 6.97 9.44 0.38 0.13 0.65 130.35 29.17 251.79

02 9.73 8.61 11.08 0.37 0.14 0.66 95.37 22.50 192.31

03 11.62 10.69 12.60 0.33 0.13 0.61 79.79 12.71 167.38

04 15.99 14.75 16.92 0.22 0.07 0.45 54.53 4.96 129.37

05 20.89 19.81 21.86 0.23 0.06 0.48 45.69 6.79 107.60

06 25.70 24.69 26.77 0.16 0.00 0.37 27.47 0.00 71.77

07 29.30 28.62 29.99 0.02 0.00 0.10 2.00 0.00 10.66

08 29.32 28.77 29.91 0.05 0.00 0.16 3.98 0.00 15.49

09 24.93 24.11 25.74 0.10 0.00 0.23 18.13 0.00 62.27

10 19.06 18.06 20.28 0.13 0.00 0.29 55.01 0.00 169.76

11 14.34 13.09 15.48 0.25 0.07 0.50 80.87 10.02 192.93

12 9.89 8.63 11.21 0.33 0.10 0.60 111.20 16.15 240.03

characterized by hot, arid summers and cold, unstable winters.
The model accurately captures the seasonal fluctuations in both
temperature and rainfall, providing a realistic representation of
the region’s atmospheric dynamics.

As illustrated in Figure 8, the probability of wet days in Ankara
is notably higher during the spring months compared to the sum-
mer, with a further increasing trend observed throughout the au-
tumn. The widening of the confidence intervals during these
transitional periods suggests that the precipitation regime (Table
4) in Ankara exhibits significant variability during seasonal shifts.

According to the temperature trends shown in Figure 9, the rela-
tively narrow confidence intervals indicate a stable thermal regime.
The data suggests that Trabzon experiences a temperate climate

where extreme temperature fluctuations are mitigated. This sta-
bility reflects the moderating influence of the sea, which prevents
drastic seasonal shifts and maintains a consistent temperature tra-
jectory as captured by the simulation model.

As illustrated in Figure 10, the probability of wet days in Trab-
zon remains high throughout the year, with this trend persisting
even during the summer months. This result is highly consistent
with the characteristic year-round precipitation regime of the Black
Sea region.

The breadth of the confidence intervals across the simulated
period suggests that while rainfall is frequent, its daily intensity
and occurrence exhibit significant stochastic variability in the rep-
resentative city. The comprehensive statistical breakdown of these
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■ Table 3 Monthly statistical summary of simulated temperature and precipitation parameters of Antalya

Month Tmean Tlow Thigh Wprob Wlow Whigh Pmean Plow Phigh

01 9.43 8.55 10.33 0.42 0.19 0.68 242.21 74.93 465.64

02 10.43 9.54 11.26 0.36 0.14 0.66 135.95 23.24 300.43

03 12.39 11.59 13.16 0.29 0.10 0.52 96.88 15.63 220.63

04 16.05 15.22 16.87 0.23 0.07 0.43 54.21 7.56 120.09

05 20.38 19.51 21.26 0.24 0.03 0.45 59.66 3.80 165.13

06 25.21 23.97 26.46 0.13 0.00 0.30 17.72 0.00 49.94

07 29.45 28.76 30.21 0.04 0.00 0.16 5.13 0.00 30.62

08 29.26 28.69 29.96 0.05 0.00 0.16 5.44 0.00 22.72

09 25.81 25.07 26.58 0.08 0.00 0.23 22.58 0.00 85.50

10 20.31 19.50 21.21 0.19 0.03 0.39 105.56 0.51 277.51

11 15.25 14.48 15.98 0.24 0.03 0.50 103.83 1.59 254.29

12 11.12 10.17 11.95 0.40 0.14 0.68 207.76 41.94 418.76

■ Table 4 Monthly statistical summary of simulated temperature and precipitation parameters of Ankara

Month Tmean Tlow Thigh Wprob Wlow Whigh Pmean Plow Phigh

01 1.11 -0.64 2.80 0.32 0.13 0.52 56.52 18.71 110.80

02 3.50 1.86 5.12 0.28 0.07 0.55 39.61 4.64 82.09

03 6.37 4.96 7.85 0.33 0.11 0.58 55.79 14.02 108.68

04 11.91 10.53 13.26 0.29 0.08 0.50 35.99 6.37 72.16

05 16.49 15.14 17.53 0.34 0.14 0.60 53.81 16.59 108.31

06 20.52 19.56 21.56 0.30 0.07 0.57 43.97 5.43 88.99

07 24.49 23.57 25.35 0.06 0.00 0.16 6.42 0.00 22.83

08 25.00 24.18 25.86 0.08 0.00 0.23 7.62 0.00 24.84

09 20.61 19.42 21.93 0.07 0.00 0.20 12.66 0.00 61.68

10 13.97 12.63 15.27 0.15 0.00 0.37 25.83 0.00 65.45

11 8.05 6.81 9.36 0.16 0.00 0.37 33.38 0.00 84.86

12 3.38 2.18 4.49 0.28 0.06 0.52 49.36 6.94 106.79

parameters is provided in Table 5.
As illustrated in Figure 11 and Figure 12, the simulation re-

sults for Erzurum are highly consistent with the severe continental
climate of Eastern Anatolia. During the winter months, mean tem-
peratures remain significantly below freezing (negative Celsius
values). The relatively wide confidence intervals observed in this
period suggest that the region is subject to extreme cold spells and
high thermal variability.

Regarding precipitation patterns in Table 6, the probability of
wet days reaches its peak during the spring months and exhibits a
notable decline during the summer season. These findings reflect
the regional characteristics where snowmelt and spring convec-
tive rains are dominant, followed by a relatively drier but short

summer period. The model accurately captures the harsh sea-
sonal transitions and the rigorous winter conditions unique to the
high-altitude geography of Erzurum.

As illustrated in Figure 13, the simulated mean temperatures
for Diyarbakır exceed 30°C during the summer months and fall
below 5°C during the winter. The prevalence of a narrow confi-
dence interval suggests that these high temperatures are observed
with significant stability and predictable seasonal intensity. Fur-
thermore, the results in Figure 14 indicate that the probability of a
wet day is nearly zero during the summer season, while it shows
a marked increase during the winter months. These findings and
also Table 7 are in full alignment with the semi-arid climatic charac-
teristics of Southeastern Anatolia, specifically reflecting the intense
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■ Table 5 Monthly statistical summary of simulated temperature and precipitation parameters of Trabzon

Month Tmean Tlow Thigh Wprob Wlow Whigh Pmean Plow Phigh

01 6.61 5.33 7.83 0.43 0.19 0.69 102.77 36.61 176.18

02 7.45 6.20 8.76 0.45 0.24 0.69 78.88 32.24 128.78

03 8.76 7.30 10.07 0.52 0.32 0.73 114.02 50.38 185.65

04 12.65 11.39 13.95 0.46 0.20 0.70 105.48 36.01 185.68

05 16.56 15.54 17.64 0.51 0.27 0.74 131.67 56.32 219.43

06 20.67 19.86 21.26 0.54 0.27 0.80 117.93 51.86 200.87

07 22.77 22.23 23.37 0.52 0.29 0.74 106.25 41.71 193.97

08 23.54 23.01 24.03 0.56 0.29 0.81 117.68 34.08 238.98

09 20.71 19.88 21.50 0.54 0.28 0.77 155.39 65.74 268.90

10 16.41 15.39 17.33 0.51 0.26 0.74 180.33 70.63 305.10

11 12.36 11.19 13.62 0.38 0.13 0.65 107.86 27.00 199.07

12 8.84 7.51 10.04 0.35 0.16 0.61 84.85 26.09 172.29

■ Table 6 Monthly statistical summary of simulated temperature and precipitation parameters of Erzurum

Month Tmean Tlow Thigh Wprob Wlow Whigh Pmean Plow Phigh

01 -5.86 -7.31 -4.45 0.29 0.10 0.50 42.58 9.73 81.93

02 -4.32 -5.67 -2.92 0.28 0.07 0.52 34.92 7.61 70.73

03 -0.33 -1.64 0.85 0.43 0.23 0.65 77.54 33.11 130.13

04 5.47 4.29 6.61 0.51 0.30 0.77 81.67 36.19 135.67

05 10.32 9.21 11.21 0.64 0.42 0.84 111.88 62.88 167.46

06 15.55 14.60 16.60 0.40 0.17 0.63 65.33 22.36 118.54

07 18.91 18.07 19.77 0.27 0.10 0.48 43.51 10.02 82.22

08 19.94 18.99 20.75 0.16 0.03 0.32 20.46 2.28 48.01

09 15.61 14.47 16.63 0.17 0.00 0.37 22.07 0.00 53.15

10 8.69 7.58 9.82 0.27 0.06 0.53 39.84 7.36 85.38

11 2.07 0.83 3.27 0.23 0.03 0.53 36.32 1.97 86.45

12 -3.68 -5.22 -2.21 0.23 0.06 0.50 36.79 5.03 87.59

summer aridity and the concentrated winter precipitation regime.
The model effectively captures the regional contrast between the
extreme heat of the dry season and the relatively mild, wet winter
period.

The aggregated simulation results in Table 8 for the seven geo-
graphical regions of Türkiye are summarized in the table above,
providing a comparative overview of annual average temperatures
and the probability of wet days, illustrated in also Figure 15 and
Figure 16. The stochastic model demonstrates high sensitivity to re-
gional variations, effectively distinguishing between the maritime,
continental, and transitional climates of the country. According to
the synthesized data, Antalya (Mediterranean) and Izmir (Aegean)
exhibit the highest annual average temperatures, approximately

18.8°C and 18.3°C respectively, reflecting their subtropical charac-
teristics. In stark contrast, Erzurum (Eastern Anatolia) presents
the lowest annual mean temperature at 6.9°C, consistent with its
high-altitude, severe continental climate. Regarding precipitation,
Trabzon (Black Sea) stands out as the most humid region with an
annual total of 1397.2 mm and the highest frequency of rainy days
(174 days), emphasizing its year-round wet climate. Ankara (Cen-
tral Anatolia) and Diyarbakır (Southeastern Anatolia) recorded the
lowest annual rainfall totals (425.2 mm and 594.4 mm respectively),
highlighting the semi-arid nature of the inland steppes. The con-
sistency in the number of rainy days across 300 iterations (ranging
from 78 to 174 days depending on the region) validates the robust-
ness of the 1st-order Markov Chain and the 1.0 mm wet threshold
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■ Table 7 Monthly statistical summary of simulated temperature and precipitation parameters of Diyarbakır

Month Tmean Tlow Thigh Wprob Wlow Whigh Pmean Plow Phigh

01 3.21 2.16 4.20 0.38 0.10 0.65 94.45 24.63 183.92

02 5.04 3.86 6.33 0.35 0.14 0.62 72.44 21.38 145.61

03 8.79 7.72 9.95 0.44 0.18 0.65 106.55 26.81 202.81

04 14.27 13.26 15.34 0.35 0.10 0.63 74.84 14.81 155.50

05 19.25 18.04 20.41 0.31 0.10 0.53 57.25 12.18 118.40

06 26.58 25.48 27.55 0.06 0.00 0.17 4.08 0.00 12.86

07 31.36 30.74 32.11 0.00 0.00 0.03 0.00 0.00 0.00

08 31.34 30.77 31.89 0.00 0.00 0.03 0.00 0.00 0.00

09 26.16 25.30 27.11 0.03 0.00 0.15 4.38 0.00 30.35

10 18.33 17.21 19.39 0.15 0.00 0.35 38.82 0.00 111.38

11 10.25 9.11 11.41 0.21 0.03 0.47 54.73 7.28 135.75

12 4.97 3.91 6.03 0.31 0.06 0.57 79.04 16.78 164.34

Figure 5 Monthly Average Temperature of Antalya

Figure 6 Monthly Probability of Wet Days of Antalya

used in the study. These annual summaries confirm that the in-
tegrated stochastic framework can successfully replicate complex
regional meteorological balances within a unified mathematical
structure.

VALIDATION RESULTS

Model validation was conducted using observed daily climate
records from 2024, which were deliberately excluded from the pa-

Figure 7 Monthly Average Temperature of Ankara

Figure 8 Monthly Probability of Wet Days of Ankara

rameter estimation stage and reserved for a strict out-of-sample
evaluation. In order to assess uncertainty in a stable and repro-
ducible manner, the stochastic framework was independently sim-
ulated for the validation year using a 400-run Monte Carlo en-
semble. Although the input data are daily, validation was per-
formed using monthly aggregated indicators, which provide a
clear regional-scale comparison. Specifically, the evaluation fo-
cused on monthly average temperature, monthly total precipita-
tion, and wet-day probability (fraction of wet days within each
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■ Table 8 Statistical summary of simulated temperature and precipitation parameters of Regions

Region City Avg. Temp (◦C) Total Rain (mm) Rainy Days Runs Threshold

Aegean Izmir 18.27 704.37 78 300 1.0

Black Sea Trabzon 14.80 1403.11 176 300 1.0

Central Anatolia Ankara 12.98 420.96 81 300 1.0

Eastern Anatolia Erzurum 6.90 612.92 118 300 1.0

Marmara Kocaeli 14.96 865.14 129 300 1.0

Mediterranean Antalya 18.78 1056.93 81 300 1.0

Southeastern Anatolia Diyarbakır 16.66 586.58 79 300 1.0

Figure 9 Monthly Average Temperature of Trabzon

Figure 10 Monthly Probability of Wet Days of Trabzon

Figure 11 Monthly Average Temperature of Erzurum

month). For each month, the simulation results are summarized
using the ensemble mean together with 95% uncertainty bounds
derived from the 2.5th and 97.5th percentiles of the Monte Carlo

Figure 12 Monthly Probability of Wet Days of Erzurum

Figure 13 Monthly Average Temperature of Diyarbakır

Figure 14 Monthly Probability of Wet Days of Diyarbakır

distribution.
Figure 17 presents the validation results for Kocaeli, represent-

ing the Marmara Region. Observed monthly average temperature
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Figure 15 Average Temperature of Regions

Figure 16 Probability of Wet Days of Regions

values for 2024 closely follow the Monte Carlo ensemble mean and
remain within the simulated 95% uncertainty bounds throughout
the year. Deviations are generally minor, indicating that the model
successfully reproduces the seasonal thermal cycle characteristic
of the Marmara climate. Precipitation-related indicators show
noticeably wider uncertainty ranges, particularly during winter,
reflecting the irregular and event-driven nature of rainfall. Despite
this variability, observed monthly total precipitation and wet-day
probability remain consistently captured within the ensemble un-
certainty bounds. Overall, the results confirm that the combined
first-order Markov Chain and Gamma distribution framework pro-
vides a reliable representation of both precipitation frequency and
intensity for the Marmara Region.

Figure 18 shows validation results for Izmir, representing the
Aegean Region. Observed monthly average temperatures align
closely with the ensemble mean and remain almost entirely within
the 95% uncertainty bounds, which stay relatively narrow across
the year. This reflects the strong seasonal predictability of tem-
perature in the Aegean climate. In contrast, precipitation-related
variables exhibit broader uncertainty intervals, particularly in win-
ter months, due to higher stochastic variability in rainfall processes.
Nevertheless, the model successfully captures the dominant re-
gional pattern, including the pronounced summer dry period.
Both observed monthly precipitation totals and wet-day probabili-
ties remain within the simulated uncertainty ranges, confirming
that the stochastic framework realistically represents the seasonal
precipitation regime typical of the Aegean Region.

Figure 17 Validation of monthly average temperature, total precipita-
tion, and wet-day probability for Kocaeli (Marmara Region) in 2024

Figure 19 presents the validation results for Antalya, repre-
senting the Mediterranean Region. Observed monthly average
temperature values closely track the Monte Carlo ensemble mean
and consistently fall within the simulated uncertainty bounds.
The confidence bands remain particularly narrow during summer,
reflecting the stable thermal regime associated with persistent hot-
season conditions. Precipitation-related indicators show strong
seasonality, with wet-day probability and total precipitation peak-
ing during winter and decreasing sharply during summer. Wider
uncertainty bounds during winter indicate increased variability
linked to episodic heavy rainfall events, whereas narrow sum-
mer uncertainty reflects statistically stable dry conditions. These
results demonstrate that the proposed stochastic framework cap-
tures the characteristic winter-wet and summer-dry structure of
the Mediterranean climate with strong agreement to observations.

Figure 20 illustrates validation results for Ankara, representing
the Central Anatolia Region. Observed monthly mean temper-
atures closely follow the ensemble mean and remain within the
95% uncertainty bounds, indicating that the model accurately re-
produces the continental seasonal transition between cold winters
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Figure 18 Validation of monthly average temperature, total precipita-
tion, and wet-day probability for Izmir (Aegean Region) in 2024

and warm summers. Precipitation-related indicators exhibit more
variability during transitional seasons. Wet-day probability and
precipitation totals increase during spring and early summer, fol-
lowed by a marked decline in mid-summer. The widening of
uncertainty bounds during spring suggests increased stochastic
variability associated with convective precipitation events, while
narrower summer intervals reflect a more stable dry regime. Over-
all, the results confirm that the framework successfully represents
both the thermal cycle and the seasonal timing of precipitation
typical of Central Anatolia.

Figure 21 presents validation results for Trabzon, representing
the Black Sea Region. Observed monthly mean temperatures re-
main close to the ensemble mean and stay within the simulated
uncertainty bounds, reflecting the relatively moderated thermal
variability influenced by the Black Sea. Rainfall-related indicators
display consistently high wet-day probabilities across all seasons,
including summer months, which is a defining feature of the Black
Sea climate. Although uncertainty bounds for precipitation totals
and wet-day probability are wider due to variability in rainfall
intensity and timing, observed values remain well within the simu-

Figure 19 Validation of monthly average temperature, total precipita-
tion, and wet-day probability for Antalya (Mediterranean Region) in
2024

lated ranges. These findings indicate that the stochastic framework
effectively captures the year-round humid precipitation regime
characteristic of the Black Sea Region.

Figure 22 shows validation results for Erzurum, representing
the Eastern Anatolia Region. Observed monthly average tempera-
tures closely follow the ensemble mean and remain predominantly
within the simulated uncertainty bounds. The model success-
fully reproduces the severe winter conditions, including sustained
sub-zero temperatures, reflecting the high-altitude continental cli-
mate of Eastern Anatolia. Precipitation-related indicators show
pronounced seasonality, with wet-day probability and precipita-
tion totals peaking during spring and decreasing during summer.
Wider uncertainty bounds during winter and spring indicate in-
creased variability associated with harsh winter dynamics and
seasonal transitions. Despite these challenges, observed values
remain within the modeled uncertainty ranges, demonstrating that
the framework captures the extreme seasonal contrasts typical of
the Eastern Anatolia climate.
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Figure 20 Validation of monthly average temperature, total precipita-
tion, and wet-day probability for Ankara (Central Anatolia Region) in
2024

Figure 23 presents validation results for Diyarbakır, repre-
senting the semi-arid Southeastern Anatolia Region. Observed
monthly mean temperatures closely align with the Monte Carlo
ensemble mean and remain within the simulated uncertainty
bounds, with particularly stable behavior during the hot summer
months. Precipitation-related indicators exhibit a strong seasonal
contrast. Wet-day probability and precipitation totals approach
near-zero levels during summer, confirming persistent regional
aridity, while precipitation occurrence and intensity increase dur-
ing winter months. Wider uncertainty bounds in winter reflect
increased variability linked to episodic rainfall events, whereas
narrow summer bounds indicate statistically stable dry conditions.
Overall, these results confirm that the stochastic framework suc-
cessfully captures both the dominant summer dryness and the
seasonal concentration of rainfall typical of Southeastern Anatolia.

Figure 21 Validation of monthly average temperature, total precipita-
tion, and wet-day probability for Trabzon (Black Sea Region) in 2024

To complement the visual comparisons between Figures 17 to
Figure 23 and Table 9 provides a quantitative summary of model
performance across all seven representative regions of Türkiye.
The table reports simulated annual mean temperature, total pre-
cipitation, and number of wet days for 2025, together with out-of-
sample validation errors computed using observed 2024 monthly
indicators. Model accuracy is assessed using Mean Absolute Error
(MAE) and Root Mean Square Error (RMSE) for monthly average
temperature, monthly total precipitation, and wet-day probability.
Overall, temperature errors remain consistently low across regions,
confirming that the seasonal thermal cycle is reproduced reliably.
Precipitation-related errors are comparatively larger, reflecting the
inherently intermittent and stochastic nature of rainfall; however,
the results remain within acceptable ranges for stochastic weather
generator applications. These quantitative findings further sup-
port the robustness and generalizability of the proposed stochastic
framework across diverse climatic regimes in Türkiye.
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■ Table 9 Annual summary of stochastic simulation results and validation metrics for the seven geographical regions of Türkiye

Region City T25 P25 D25 MAET RMSET MAEP RMSEP MAEW p RMSEW p

Aegean İzmir 18.27 704.37 78 1.65 2.05 34.70 48.72 0.09 0.11

Black Sea Trabzon 14.80 1403.11 176 1.66 1.92 42.64 50.00 0.14 0.18

Central Anat. Ankara 12.98 420.96 81 1.43 1.94 17.33 21.39 0.11 0.14

Eastern Anat. Erzurum 6.90 612.92 118 1.57 2.02 36.41 46.41 0.09 0.12

Marmara Kocaeli 14.96 865.14 129 1.54 1.84 34.91 40.40 0.13 0.16

Mediterranean Antalya 18.78 1056.93 81 1.64 2.10 45.65 54.06 0.13 0.15

S. Eastern Anat. Diyarbakır 16.66 586.58 79 1.26 1.53 16.93 25.42 0.08 0.11

Figure 22 Validation of monthly average temperature, total precipita-
tion, and wet-day probability for Erzurum (Eastern Anatolia Region)
in 2024

CONCLUSION

In this study, a Monte Carlo-based stochastic simulation frame-
work was developed and implemented for representative cities

Figure 23 Validation of monthly average temperature, total precipi-
tation, and wet-day probability for Diyarbakır (Southeastern Anatolia
Region) in 2024

across the seven geographical regions of Türkiye. The model
successfully synthesized weather data, yielding regionally con-
sistent temperature distributions and precipitation patterns. By
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leveraging the Monte Carlo approach, atmospheric uncertainty
was quantified through probability distributions, allowing for a
robust assessment of potential climatic variations.The seasonal
behaviors of the 95% confidence intervals align closely with the
unique climatic characteristics of each region, confirming that the
model provides a reliable representation of regional weather dy-
namics. Given the inherently stochastic nature of atmospheric
processes, this approach captures the natural variability that de-
terministic models might overlook. Ultimately, the proposed inte-
grated framework offers a computationally efficient and reliable
tool for regional climate assessment. The out-of-sample valida-
tion using 2024 observations, followed by scenario generation for
2025, further supports the robustness of the model. These findings
demonstrate the model’s high potential for integration into climate-
sensitive decision-support systems, such as agricultural planning,
water resource management, and energy infrastructure modeling.
Future studies could expand this framework by incorporating non-
parametric distributions or multi-site spatial correlations to further
refine regional climate risk assessments.
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