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Subject: Analyzing and modeling the spatio-temporal pattern of cumulative
precipitation at synoptic stations in eastern Iran using hybrid machine learning
approaches.

Objective: The objective of this study is to explain and model the functional
relationship between cumulative precipitation at stations in eastern Iran and
spatio-temporal variables, aiming to identify dominant weather-related structures
and spatial heterogeneity of precipitation through a hybrid machine learning
approach.

Research Method: In this study, 24-hour cumulative precipitation data (P(as)
from 21 synoptic stations located in eastern Iran, including the provinces of Sistan
and Baluchestan, South Khorasan, Razavi Khorasan, and North Khorasan, were
used for the period 1990-2020. The functional relationship between cumulative
precipitation as the dependent variable and monthly temporal variations as the
independent variable was evaluated using an estimated linear regression function.
To analyze the spatial structure, the stations were classified based on cumulative
precipitation data using hierarchical clustering according to Ward’s distance
criterion.

Findings: The results of the linear regression analysis indicated that the adjusted
coefficient of determination (Adjusted R2) was estimated at 0.64. This index
demonstrates that the temporal predictor variable (months) was able to explain
approximately 64.8% of the variance in the response variable (precipitation
amount). Hierarchical cluster analysis identified three distinct climatic zones,
including an arid and desert cluster, a semi-arid and transitional cluster, and a
humid cluster. Among these, the Quchan station, with the highest mean
cumulative precipitation (26.80 mm), emerged as a prominent precipitation
hotspot. Overall, these findings indicate the presence of significant spatial
variability and highlight the prominent role of temporal fluctuations in shaping
precipitation patterns in eastern Iran.

Conclusions: The results demonstrate that the hybrid machine learning approach
effectively models the spatio-temporal structure of precipitation in eastern Iran
and clearly reveals regional weather-related heterogeneities. These findings
provide a scientific basis for water resources management and planning in the arid
and semi-arid regions of eastern Iran.
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Introduction

Precipitation is a key hydro-meteorological variable controlling water resources, ecosystem stability,
and socio-economic activities, particularly in arid and semi-arid regions. Eastern Iran is characterized
by strong spatial and temporal rainfall variability due to complex topography, elevation contrasts, and
the interaction of different atmospheric circulation systems, including Mediterranean disturbances,
monsoonal flows, and local orographic effects. These factors lead to pronounced heterogeneity in
rainfall regimes, posing significant challenges for water resource management, drought mitigation, and
flood risk reduction.

Conventional rainfall analyses based on regional averaging or single-station statistics often fail to
capture the nonlinear behavior and spatial discontinuities of precipitation. Recent advances in
data-driven and hybrid modeling approaches have provided new opportunities to better describe
spatio-temporal rainfall variability. In this context, integrating statistical methods with machine
learning concepts can improve the identification of hidden spatial structures and temporal controls
governing precipitation patterns. Analysis of 24-hour cumulative rainfall (Pes)) is particularly
important, as it is closely linked to extreme hydrological events and short-term water availability. This
study therefore applies a hybrid analytical framework to investigate the functional relationship
between cumulative rainfall and spatio-temporal variables across eastern Iran.

Research Method

This study analyzes long-term 24-hour cumulative rainfall (P.4)) data from 21 synoptic meteorological
stations in eastern Iran for the period 1990-2020. The stations cover four provinces—Sistan and
Baluchestan, South Khorasan, Razavi Khorasan, and North Khorasan—providing comprehensive
spatial and climatic representation. Station elevations range from 8 m at Chabahar to 1,491 m at
Birjand, allowing assessment of topographic and orographic influences on rainfall variability.

In Sistan and Baluchestan Province, the stations include Zabol, Zahedan, Iranshahr, Khash, Saravan,
and Chabahar. South Khorasan is represented by Nahbandan, Ferdows, Qaen, Boshrouyeh, Birjand,
and Tabas. Razavi Khorasan includes Sabzevar, Torbat-e Heydarieh, Quchan, Sarakhs, Gonabad,
Mashhad, Kashmar, and Golmakan, while Bojnord represents North Khorasan. Prior to analysis, data
preprocessing was conducted, including removal of missing values, error checking, and normalization
to ensure data consistency.

Hierarchical cluster analysis using Ward’s linkage method and a distance-based criterion was applied
to identify spatial similarity and rainfall regimes among stations. One-way analysis of variance
(ANOVA) was employed to test for statistically significant differences in mean cumulative rainfall
between stations. To evaluate temporal variability and monthly effects, linear regression analysis was
conducted, supported by the adjusted coefficient of determination (Adjusted R2) and the F-test. This
integrated framework enabled simultaneous assessment of spatial heterogeneity and temporal controls
on rainfall variability.

Findings

Results of Analysis of Variance

One-way ANOVA results indicate statistically significant differences among the mean 24-hour
cumulative rainfall values of the studied stations (P < 0.05). Accordingly, the null hypothesis of equal
mean rainfall across stations is rejected, confirming strong spatial heterogeneity in rainfall
characteristics across eastern Iran. This finding highlights the limitations of uniform regional rainfall
models and emphasizes the need for location-specific approaches in rainfall simulation and prediction.

Results of Station Clustering Based on Cumulative Rainfall

Hierarchical clustering revealed distinct spatial rainfall patterns and classified the study area into three
major zones. The first cluster represents dry and desert regions, including stations such as Zabol,
Zahedan, Tabas, Boshrouyeh, Iranshahr, Saravan, and Nahbandan. The second cluster corresponds to
semi-arid and transitional regions, comprising stations such as Chabahar, Ferdows, Gonabad, Birjand,
Khash, Sabzevar, Kashmar, and Sarakhs. The third cluster represents relatively humid or high-rainfall
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regions located mainly in northern and northeastern parts of the study area, including Mashhad,
Torbat-e Heydarieh, Bojnord, Golmakan, and Quchan.

At the final clustering level, Quchan station formed a distinct cluster due to its highest mean
cumulative rainfall (26.80 mm), reflecting its unique climatic position influenced by orographic effects
and synoptic rainfall systems. These results provide valuable insight into the spatial organization of
rainfall regimes in eastern Iran.

Results of Linear Regression Analysis

Linear regression analysis shows an Adjusted R? value of 0.648, indicating that approximately 64.8%
of rainfall variance is explained by monthly temporal variability. The associated F-test is statistically
significant (P < 0.05), confirming a meaningful relationship between time and rainfall. These results
demonstrate the dominant role of seasonal and monthly variations in controlling rainfall dynamics
across the region

Conclusion

The results of this study demonstrate that 24-hour cumulative rainfall in eastern Iran exhibits complex
and highly heterogeneous spatial and temporal patterns. Significant differences among stations
confirmed by ANOVA highlight the importance of local and micro-scale characteristics in rainfall
modeling. Hierarchical clustering identified three major rainfall regimes—dry, semi-arid transitional,
and relatively humid—each governed by distinct geographical and atmospheric controls.

Furthermore, regression analysis emphasizes the strong influence of temporal variability, particularly
at the monthly scale, on rainfall behavior. Integrating spatial and temporal analyses indicates that
effective water resource management in eastern Iran requires region-specific, data-driven approaches
sensitive to both spatial heterogeneity and seasonal dynamics. Overall, this study provides a robust
scientific basis for improving rainfall prediction models, supporting drought and flood risk
management, and enhancing sustainable water resource planning in eastern Iran.
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