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Figure 1: a) Distribution of stations used in the research, b) Cell data coverage in the
area of Iran
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Figure 2: a) Average Sea level pressure (hectopascals), b) The average level height of 500 hectopascals
(geopotential meters) for the first pattern
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Figure 3: Temperature advection and the direction of air currents at the levels of 850 (a) and 500 (b)
hectopascals in the first pattern
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Figure 4: a) Average Sea level pressure (hectopascals), b) The average level height of 500 hectopascals
(geopotential meters) for the second pattern
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Figure 5: Temperature advection and the direction of air currents at the levels of 850 (a) and 500 (b)
hectopascals in the second pattern
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Figure 6: a) Average Sea level pressure (hectopascals), b) Average level height of 500 hectopascals
(geopotential meters) for the third pattern
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Figure 7: Temperature advection and the direction of air currents at the levels of 850 (a) and 500 (b)
hectopascals in the third pattern
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Figure 8: a) Average Sea level pressure (hectopascals), b) Average level height of 500 hectopascals
(geopotential meters) for the fourth pattern
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Figure 9: Temperature advection and the direction of air currents at the levels of 850 (a) and 500 (b)
hectopascals in the fourth pattern
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Figure 10: a) Average Sea level pressure (hectopascal), b) Average level height of 500 hectopascals
(geopotential meters) for the fifth pattern
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Figure 11: Temperature advection and the direction of air currents at the levels of 850 (a) and 500 (b)
hectopascals in the fifth pattern
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Abstract

One of the important climatic events that has a great impact on the life of living organisms is extreme
temperature events. Cold days and cold waves are examples of extreme temperature events in which
unusual minimum temperature values are observed. The creation of these temperature conditions is a
function of complex synoptic and dynamic patterns, the identification of which can be useful in increasing
awareness of how these conditions are formed and predicting similar situations and thus reducing possible
damages. In this research, based on the concept of relative coldness in time and place, cold wave was
defined as a condition in which the minimum temperature standard score is less than -1.2; continue for at
least 3 days and cover more than 20% of the country's area. In order to meet the objectives of the present
research, two environmental (minimum temperature) and atmospheric databases (sea level pressure,
geopotential height, atmospheric temperature and orbital and meridional wind component) were used for
the winters of 1339 to 1394. The results of examining the patterns showed that all the cold waves in the
country were caused by the formation of a high-pressure pattern on the surface of the earth. The
arrangement of the two high-pressure systems of Siberia and Azores have played a very important role in
guiding the cold air of northern latitudes towards the country. The location of sub-arctic low pressure in
the northern regions of Europe and Russia has also caused the cold polar air to move to more southern
latitudes. Mid-atmosphere patterns have also had a significant impact on the creation and continuation of
cold waves. In such a way that the most severe, widespread and continuous winter cold waves were
formed when the barrier systems were established in Eastern Europe and their eastern flank was placed
over lran.

Key words: synoptic analysis, cluster analysis, dynamic analysis, pervasive cold, Iran.

Introduction

Human life has always been influenced by climatic conditions, and today, climate has become an integral
part of daily life. Among climatic parameters, temperature has consistently played a significant role in
shaping changes to human living conditions. Temperature is a fundamental component of the climate
system, affecting all biological and non-biological systems. The primary factor driving temperature
differences across Earth’s regions is the variation in the angle of solar radiation at different geographical
latitudes. However, if this factor were the sole driver of temperature fluctuations, temperature changes
over a year or across years would follow a regular pattern. In reality, this is not the case, as factors such as
regional topography, slope orientation, soil cover, proximity to water bodies, and regional or planetary
atmospheric systems disrupt this regularity. The disruption of typical temperature conditions by
environmental factors and weather patterns results in sudden changes and extreme events in temperature
values. One such extreme temperature phenomenon, characterized by exceptionally low minimum
temperatures, is cold waves. While cold waves can occur year-round, they are most potent in winter due
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to the lower angle of solar radiation and colder air, often causing damage to economic, environmental,
and infrastructural sectors such as road construction, dam building, and bridge development. Analyzing
synoptic patterns and dynamic conditions responsible for winter cold waves can provide critical insights
into their underlying causes and characteristics, enhancing our understanding of how these patterns form
and recur. Numerous studies in Iran and globally have explored cold waves and their generating
mechanisms, including works by Serrano et al. (2022), Demirtas (2022), Teringa et al. (2022), Karimi et
al. (2020), Xie et al. (2019), Aalijahan et al. (2019), Asakereh and Shahbaee Kotenaee (2019, 2018),
Dizerence et al. (2017), Rousta et al. (2016), and Karimi et al. (2013), which analyze the atmospheric and
environmental factors behind cold wave formation. Building on this foundation, the primary objective of
the present study is to identify and analyze the synoptic patterns and dynamic conditions influencing the
formation of winter cold waves in Iran. Using long-term statistical data (55 years) of minimum
temperatures and multi-level atmospheric data, this research aims to accurately elucidate the synoptic-
dynamic mechanisms driving winter cold waves in the Iran.

Materials & Methods

The study area in this research encompasses the entire expanse of Iran. The Iranian territory, spanning
1,648,195 square kilometers, is situated between 25° to 40° north latitude and 44° to 63° east longitude.
Iran is a topographically diverse country with an average elevation of approximately 1,250 meters above
sea level, and the influence of its terrain on the spatial distribution of temperature is evident. This study
utilized two groups of data: environmental and atmospheric. The environmental data included minimum
temperature records from 1960 to 2015. These data, with a spatial resolution of 15x15 km, were
interpolated using the Kriging method. The second group comprised atmospheric data, consisting of sea-
level pressure, geopotential height at 850 and 500 hPa levels, atmospheric temperature, and zonal and
meridional wind components. These atmospheric data, covering the same temporal period as the
environmental data, have a spatial resolution of 2.5%2.5 arc degrees. The study domain for sea-level
pressure and upper-atmosphere data extended from 0° to 80° east longitude and 10° to 70° north latitude.
To identify winter cold waves in Iran, the 1st, 5th, and 10th percentiles of interpolated minimum
temperature data were calculated and mapped. By comparing percentile maps for January, February, and
March, it was determined that the 10th percentile most effectively captured the spatial extent of cold
events across Iran. Consequently, the 10th percentile was selected as the basis for subsequent analyses.
Two criteria were defined to identify cold waves: (1) Days were classified as cold wave events if their
standardized 10th percentile minimum temperature Z-score was < -1.2. (2) The cold conditions had to
persist for at least three consecutive days. These criteria helped distinguish systemic cold waves (driven

by large-scale atmospheric systems) from localized cold events caused by factors such as elevation or
radiative cooling under clear skies. To determine the threshold for widespread cold waves, box plots were
analyzed. By evaluating cold coverage percentages, a 20% spatial coverage was identified as the
minimum threshold for defining nationwide cold waves. Subsequently, cluster analysis was applied to
classify similar spatial patterns in minimum temperature maps. Based on the defined criteria, 492 days
with widespread cold waves were identified. These were grouped into five distinct clusters through
hierarchical clustering. Finally, composite maps of sea-level pressure (SLP), 500 hPa geopotential height,
and temperature advection at 850 and 500 hPa levels were generated for each cluster. These maps were
analyzed to investigate the synoptic patterns responsible for the formation and persistence of winter cold
waves across Iran.
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Discussion of Results

In the first pattern, conditions are favorable for the flow of cold air from northern Europe toward Iran,
with the primary cause of cold waves being the placement of a low-pressure system over northern Europe
and western Russia, along with the forced displacement of two high-pressure systems toward lower
latitudes. The interaction between anticyclonic air currents in this system and cyclonic air currents in the
Azores High, combined with cold advection in the mid-levels of the atmosphere, draws cold air from
northern Europe toward Iran. Additionally, the merging of the Azores and Siberian High ridges sustains
the continuous transfer of cold air toward Iran. In the second pattern, the high-pressure core is located
over Central Europe, while the Siberian High extends over parts of Central Asia and Mongolia. A low-
pressure system is also situated over northern Russia. According to this pattern, the Siberian High has a
lesser influence on interactions due to its position, but the alignment of the European High and the polar-
front low-pressure system directs cold polar air southward toward Iran in a north-south trajectory. The
primary source of cold air in this pattern is the near-polar regions of northern Russia and Scandinavia. In
the third pattern, the Siberian High shifts toward higher latitudes and settles over central Russia. Due to
the westward retreat of the Icelandic Low and Azores High systems, the Siberian High gains strength and
expands its influence. At the 850 hPa level, clockwise air currents over northern Russia create
northeasterly flows near Iran’s northern borders, allowing deeper penetration of cold air from the Siberian
High and subjecting broader regions of Iran to cold air advection. The cold air source in this pattern is
northeastern Russia. In the fourth pattern, eastward shifts of the European ridge result in broader areas of
northwestern Iran being affected by cold air. The airflow direction at this level aligns with the synoptic
map at the 500 hPa level, where cold air originating from northern Scandinavia follows a spiral path along
the eastern edge of the European ridge. It then arrives at Iran’s northern borders with a northeasterly to
northerly direction, penetrating into northwestern Iran. Thus, the primary cold air source in this pattern is
northern Europe (Scandinavia). In the fifth pattern, the positions of the Siberian High and Icelandic Low
relative to each other are critical. Favorable dynamic conditions in western Iran, driven by the approach of
a mid-level ridge and gradual incursion of warm southern air, enhance warm advection. Maps indicate
that the cold air in this pattern originates from northwestern Europe, guided by interactions between the
Icelandic Low, a high-pressure system over southwestern Europe, and the Siberian High’s influence along
a spiral path. Since the cold air in this pattern has oceanic origins, its cooling intensity over Iran is weaker
compared to other patterns.

Conclusions

The purpose of the current research was to conduct a synoptic-dynamic analysis of the patterns causing
winter cold waves in Iran. The results of data classification identified five atmospheric patterns effective
in the occurrence of cold waves. In the first pattern, the formation of an extensive high-pressure zone
stretching from southwestern Europe to Mongolia, combined with anticyclonic movements of the low-
pressure system over Russia and clockwise air circulation within the high-pressure zone, led to the influx
of cold polar air into Iran. This scenario was accompanied by a mid-level atmospheric trough over
western Iran. The second pattern involved a low-pressure system near the North Pole and a high-pressure

system over Central Europe, creating conditions for polar cold air intrusion into Iran. A blocking system
over Eastern Europe and its associated eastern trough positioned over Iran played a significant role in
generating this cold wave. In the third pattern, the intrusion of Siberian high-pressure ridges into Iran,
along with the establishment of a relatively strong ridge over the eastern Mediterranean and parts of
Russia, and the formation of a deep trough over Iran, facilitated the cold air incursion. The fourth
pattern was characterized by a large high-pressure center over the Middle East and an extensive low-
pressure area over Northern Europe and Russia. This setup, combined with a ridge over western Russia
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and a trough over Iran, enabled the infiltration of cold air into the country. The fifth pattern highlighted
the interaction among three systems: the Icelandic Low, the Azores High, and the Siberian High. This
interaction transported cold air from northwestern Europe to the Middle East, resulting in its descent over
Iran.
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