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Extreme cold temperature events are among the natural characteristics of
climate that occur annually and cause numerous problems in agricultural,
industrial, and economic sectors, as well as road-related hazards. A sharp
decrease in temperature can adversely affect various aspects of human life and
activities, as well as the ecological conditions of plants. The aim of this study is
to investigate the synoptic atmospheric patterns influencing extreme cold
waves in northwestern Iran. For this purpose, daily minimum temperature data
from 36 synoptic stations in northwestern Iran were used over the period 1986—
2017 for the months of January, February, March, April, November, and
December. Using the standardized cold day index, days with intensity lower
than —1.2 were identified as extreme cold days on a monthly basis for each
station. By applying factor analysis to sea-level pressure data corresponding to
extreme cold days, four dominant patterns affecting the formation of cold
waves in northwestern Iran were extracted as representative patterns. Synoptic
analysis of these patterns indicates that the dominant synoptic systems
responsible for extreme cold waves include the Siberian High, migratory
European high-pressure systems, or their ridges at sea level over the
northwestern region of Iran, which lead to the advection of cold air from higher
northern latitudes toward the region. At the 500 hPa level, the presence of
ridges, blocking conditions, or the establishment of the western arm of a deep
trough over northwestern Iran, along with mid-tropospheric convergence,
enhances subsidence and atmospheric stagnation in the lower levels. This
process strengthens the intrusion of cold air from higher latitudes and
ultimately leads to the formation of extreme cold waves over northwestern Iran.
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Introduction

Extreme temperature events are among the
most significant climatic hazards, with cold
waves and extremely cold days representing
prominent manifestations of such extremes.
Cold waves occur when exceptionally low
minimum temperatures persist over a region
and often lead to substantial damage in
agricultural, industrial, economic,
transportation, and social sectors. Due to the
reduced solar angle and lower background
temperatures, cold waves tend to be more
intense and widespread during winter.

The intensity, duration, and spatial extent of
cold waves are controlled by complex
synoptic and dynamic atmospheric processes.
Synoptic climatological analysis provides an
effective framework for identifying the
origin, pathways, persistence, and dominant
pressure systems responsible for extreme
cold events. Northwestern Iran is one of the
coldest regions of the country and has
frequently  experienced  severe  and
widespread cold waves, resulting in
considerable socio-economic losses.
Therefore, identifying the dominant synoptic
patterns governing extreme cold waves in
this region is essential for improving regional
climate understanding and enhancing early
warning and planning strategies.

Methodology

This study investigates the synoptic
atmospheric patterns associated with extreme
cold waves in northwestern Iran using daily
minimum temperature data from 36 synoptic
stations for a 32-year period (1986-2017).
The analysis focuses on the months of
January, February, March, April, November,
and December, which are most prone to cold
extremes.

Extreme cold days were identified using the
standardized anomaly index (Z-score) of
daily minimum temperature. Days with
standardized values < —1.2 were classified as
extreme cold days. A cold wave event was
defined when at least 50% of the stations
experienced extreme cold conditions for a
minimum duration of two consecutive days.
Based on this criterion, 128 widespread cold
wave events were identified during the study
period.

To analyze the governing synoptic patterns,
gridded sea-level pressure (SLP), 500 hPa

geopotential height, and 700 hPa omega
vertical velocity data were obtained from the
NCEP/NCAR reanalysis dataset, covering
the spatial domain of 10°-80°E and 10°-
70°N at 6-hour intervals.

A rotated factor analysis (Varimax rotation,
maximum likelihood method) was applied to
SLP fields corresponding to the identified
cold wave days in order to classify dominant
synoptic patterns. The Kaiser—Meyer—Olkin
(KMO) statistic  (0.94) confirmed the
suitability of the dataset for factor analysis.
Four dominant synoptic patterns were
extracted, explaining approximately 64.65%
of the total variance.

Results and Discussion
The results reveal four major synoptic
patterns responsible for the formation of
widespread extreme cold waves in
northwestern Iran:
1. Siberian High - Northwestern
European Low Pattern
This pattern is characterized by the strong
expansion of the Siberian High toward Iran at
the surface, accompanied by a deep
mid-tropospheric trough and, in some cases,
omega-shaped blocking at the 500 hPa level.
These conditions promote intense cold air
advection from higher latitudes and dynamic
subsidence, leading to persistent and severe
cold waves.
2. Siberian High — Northern Russia
Low Pattern
In this pattern, a pronounced low-pressure
system over northern Russia interacts with
the Siberian High, placing northwestern Iran
beneath the western flank of a deep trough at
mid-levels. The vertical alignment of surface
and upper-level systems enhances cold air
intrusion and sustains cold waves lasting up
to three days.
3. Siberian High Ridge -
Mediterranean Low Pattern
This pattern involves a strong Siberian High
with multiple pressure cells and an active
Mediterranean low-pressure system. The
resulting pressure gradient facilitates cold
and dry air transport toward northwestern
Iran. Mid-level ridging reinforces
atmospheric  stability and subsidence,
maintaining cold conditions for shorter
durations.
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4. European High-Pressure System with
Omega Blocking

The fourth pattern represents a relatively
long-lasting cold wave (up to six days)
caused by a migratory  European
high-pressure system at sea level combined
with omega blocking in the mid-troposphere.
This configuration leads to prolonged
atmospheric stagnation, strong subsidence,
and sustained cold air advection from
northern Europe into northwestern Iran.
Analysis of 700 hPa omega fields across all
patterns indicates dominant positive omega
values, reflecting widespread subsidence,
atmospheric stability, and suppression of
vertical motion, which play a crucial role in
maintaining extreme cold conditions.

Conclusion
The synoptic analysis demonstrates that
extreme cold waves in northwestern Iran are
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