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ARTICLEINFO ABSTRACT
Article type: This study analyzes and models maximum temperature variability
Research Article across the diverse climatic regions of northern Iran. In the first stage,

long-term trends in maximum temperature from 1994 to 2023 were
examined using the Mann—Kendall test. Subsequently, maximum
temperatures for the baseline period (1980-2010) were simulated with
the LARS-WG weather generator and evaluated using statistical
metrics including RMSE and MAPE. Under the SSP2-4.5 and SSP5-

Article History: 8.5 climate scenarios, the GFDL-ESM4 and HadGEM3-GC31-LL
Received: general circulation models were employed to project maximum
ég\‘ji’;‘xp% temperature changes for 2041-2060. Spatial variability between the
3 Septerﬁber 2025 baseline and projected periods was mapped using ArcGIS software.
Accepted: The Mann—Kendall test results indicated that at all stations, the U and
9 October 2025 U’ curves intersected in the positive region, reflecting an upward trend
Available online: in annual maximum temperatures over the past three decades. This
11 November 2025 trend was not statistically significant at Sanandaj, Ardabil, and Qazvin,

but reached significance at the 99% confidence level at the other
stations. Modeling results suggest a consistent increase in maximum
temperatures across both scenarios and models for the coming two
decades. The greatest increases are projected for the colder seasons,
from late autumn through early spring, with the most pronounced
warming in the mountainous regions of northwestern Iran. Among the
tested models, GFDL-ESM4 exhibited the lowest error under the SSP2-
4.5 scenario, making it the most reliable for analysis. This model
projects a temperature increase of 1.0-2.2 °C, providing a more
realistic representation of future thermal conditions across the climatic
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Extended Abstract

Introduction

Climate change and global warming rank
among the most pressing environmental
challenges of the present era, exerting
profound effects on weather patterns across
the globe. The Earth’s average surface
temperature has already increased by about
1.0-1.5 °C, triggering shifts in temperature
regimes, precipitation patterns, and broader
atmospheric  processes.  Projections by
leading international organizations indicate
that this warming trajectory is likely to
continue, with additional temperature
increases expected in the coming decades.
Northern Iran, characterized by pronounced
geographical and climatic diversity, is
especially vulnerable to rising temperatures,
particularly with respect to maximum heat
extremes. Such changes are expected to
exert far-reaching impacts on agriculture,
water resources, public health, and urban
infrastructure. Key consequences include
more frequent and intense heat waves,
reduced agricultural productivity, and
heightened  risks  of  desertification.
Accordingly, the analysis and projection of
temperature trends in these regions are of
critical importance.

This study aims to investigate the long-term
patterns of maximum temperature across
northern Iran’s climatic zones and to
project future conditions using advanced
modeling techniques, with the objective of
providing a more accurate understanding of
climate change dynamics in the region.

Methodology

This study examined long-term trends in
maximum temperature at 12 meteorological
stations across northern Iran over a 30-year
period (1994-2023), applying the non-
parametric Mann—Kendall test to identify
statistically significant warming trends.
Subsequently, maximum temperatures for
the baseline period (1980-2010) were
simulated using the LARS-WG weather
generator for statistical downscaling, and
the results were evaluated with RMSE and
MAPE performance indices.

In addition, maximum temperatures for the
period 2041-2060 were projected under the
SSP2-4.5 and SSP5-8.5 climate scenarios
using the GFDL-ESM4 and HadGEM3-

GC31-LL general circulation models. The
outputs were visualized through maximum
temperature distribution maps for both
baseline and future periods, employing
ArcGIS software to investigate spatial and
temporal patterns of warming across
northern Iran’s diverse climatic zones. This
methodological framework offers robust
projections that can support evidence-based
management strategies and policy decision-
making.

Results and Discussion

An analysis of maximum temperature
trends from 1994 to 2023 using the Mann—
Kendall test showed that all monitored
stations recorded positive values for both U
and U’ statistics. Statistically significant
upward trends at the 99% confidence level
were detected in Tehran, Tabriz, Rasht,
Gorgan, Bojnourd, Mashhad, Urmia,
Zanjan, and Semnan. By contrast, the
stations in Ardabil, Qazvin, and Sanandaj
displayed abrupt fluctuations rather than

consistent  long-term  trends.  These
variations are likely shaped by regional
topography, distinctive climatic
characteristics, and localized

meteorological phenomena.

Simulations performed with the LARS-WG
downscaling model, validated against
MAPE and RMSE indices, demonstrated
high accuracy in reproducing maximum
temperature data for the baseline period.
This robust performance provides a reliable
foundation for projecting future maximum
temperature trends. Projections from the
GFDL-ESM4 and HadGEM3-GC31-LL
climate models under different greenhouse
gas emission scenarios indicate a consistent
rise in maximum temperatures across all
stations for the period 2041-2060, with the
most  pronounced increases occurring
during the colder seasons.

The greatest temperature increases are
projected under the high-emission SSP5-8.5
scenario in  the HadGEM3 model,
potentially driven by intensified solar
radiation, reduced snow cover, and altered
atmospheric circulation patterns.
Conversely, the smallest increases are
projected during the warmer seasons,
possibly because some regions are
approaching their thermal saturation
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thresholds. Geographically, the
mountainous and colder stations in
northwestern Iran—specifically  Ardabil,
Urmia, Tabriz, and Zanjan—are expected to
experience the largest percentage increase
in maximum temperatures relative to the
historical baseline. This pattern, consistent
with findings from global climate studies,
underscores the heightened vulnerability of
mountainous regions to climate change.
Comparative analysis showed that the
GFDL-ESM4 model, under the
intermediate SSP2-4.5 scenario, achieved
the highest predictive accuracy, yielding the
lowest error rates. A comparison of
historical trends with future projections
suggests a converging trajectory, in which
the upward trend in maximum temperatures
observed in the past is not only continuing
but is also expected to intensify. Areas that
experienced significant warming in the past
are likely to undergo further temperature
increases, while even regions with minor or
negligible historical changes are projected
to face substantial warming in the future, as
indicated by the models.

Conclusion

Global research has confirmed a persistent
rise in maximum temperatures, and the
results of this study are consistent with
these Dbroader findings. However, the
findings highlight a notable divergence,
with temperature increases being more
pronounced during the colder seasons of the
year. This seasonal variation suggests that
climatic factors, topography, and differing
greenhouse gas emission scenarios play
decisive roles in shaping the spatial and
temporal patterns of warming.

Rising maximum temperatures are likely to
exert far-reaching impacts on water
resources, agriculture, energy demand,
public health, and urban infrastructure. To
address these challenges, policymakers and
urban planners should prioritize climate
adaptation strategies, including optimizing
water use, developing heat-resilient
agricultural  practices, and integrating
advanced  technologies into  energy
management systems. Furthermore,
expanding climate research to incorporate
diverse models with broader spatial and
temporal scales can improve predictive

accuracy and inform the development of
more targeted policies.

By integrating analyses of historical trends
with  future projections, this study
underscores the importance of sustained
temperature monitoring and the urgent need
for comprehensive strategies to mitigate the
impacts of global warming, particularly in
northern Iran.
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