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Abstract
The present research has been performed for the temporal-spatial reconstruction of an extreme cold episode (temperature
anomaly − 15 °C) occurring over the northwest part of Iran for a 142-year period (1871–2012). In carrying out the following
investigation, the NOAA Twentieth Century (V20) reanalysis data including mid-level and sea-surface-level data were used.
In order to achieve the research goals and extract the sea-surface and mid-troposphere patterns, the methods of hierarchical
clustering and factor analysis were utilized. The results showed that during the 142-year period, a total of 791 days were
identified in which temperature of − 15 °C or lower occurred. For the synoptic analysis, 183 of these days during which the
temperature anomaly was widely observed across the study area were used. The results demonstrated that for most of these
days, a surface high pressure system over Asia Minor and northwest Iran contributed to extreme low temperature. These
high-pressure systems, whether individually or as part of an extended episode of occurrences, affected the study area. Furthermore, the upper air level study demonstrated that the occurrence of atmospheric blocking or high latitude troughs located
to the northwest of Iran (or upstream) and extending into the study area were the main causes for these low temperatures.

1 Introduction
The frequency of extreme temperature and precipitation are
two aspects of climate that will be affected by the current
change in climate, and society needs to be fully prepared for
the consequences of these events as they affect populations,
infrastructures, environment, agriculture, systems, and sectors (López-Díaz and Conde 2013; Aalijahan and Khosravichenar 2021) such as private enterprise and governmental.
Climate change research has shown that the number of hot
days and their associated heat waves has been enhanced,
while the number of frosts, cold days, and cold periods has
been diminished in different parts of the world (Beniston
et al. 2007; Della-Marta et al. 2007a, 2007b; Golden et al.
2008; Founda and Giannakopoulos 2009). In fact, the past
three decades (1983–2012) have been the warmest since
1850 (IPCC, 2014). A description of the processes leading
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to meteorological extreme events and the proper representation of these processes in climate models are essential elements for the evaluation of potential future changes in the
occurrence of these events (Beniston et al. 2007; Cattiaux
et al. 2012).
Climate warming has increased the intensity and frequency of extreme climate events around the world, and
these are often unprecedented in the last few decades definitively but possibly out thousands of years (Abbas et al.
2018). At the regional scale, climate change has led also to
considerable temperature increases (Shahid 2010; Mayowa
et al. 2015; Ghasemi 2015; Abatan et al. 2016). Additionally,
these regional changes have been associated with changes
in temperature variability and occurrences of extreme temperatures (Song et al. 2014; Matiu et al. 2016). The consequences of these changes are particularly noticeable in
sensitive or vulnerable ecosystems such as arid regions
(Salguero-Gómez et al. 2012; Dutta and Chaudhuri 2015)
where extreme temperatures are a common phenomenon.
Extreme temperature anomalies are of special interest due
to the severe impacts on the environment and ecosystems,
economy, and human life (impacts on society, morbidity and
mortality, physical comfort, agriculture) and they have been
studied extensively on the local, regional, and global scales
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(Aguilar et al. 2005; Alexander et al. 2006; Easterling et al.
2000; Meehl and Tebaldi 2004; Whan et al. 2016; Schindler 1997; Cooney 2012; Harsant et al. 2013; Kebede et al.
2015).
During the last few decades, changes in the frequency of
extreme temperatures have been identified in various regions
of the world (Brown et al. 2008; You et al. 2011; Mika 2013;
Monier and Gao 2015; Gao and Franzke 2017). On local
and regional scales, the occurrence of more frequent warm
and cold extremes is possible (Alexander et al. 2006; Brown
et al. 2008). Detection and representation of changes in the
frequency of extreme temperatures were considered a challenge on the local and regional scales (Horton et al. 2015).
In the recent past, increases in extreme cold temperatures
have been observed in various parts of the world (Takahashi
1990; Zhang et al. 1996; Prieto et al. 2002; Ryoo et al. 2005;
Kyselý 2008; Cony and Hernandez 2008; Hankes and Walsh
2011; Radinović and Ćurić 2012; Peterson et al. 2013; Parey
& Hoang 2015; Van Oldenborgh et al. 2015; Mo et al. 2016;
Ceccherini et al. 2015).
The study of extreme low temperatures, the synoptic analysis, and the extraction of atmospheric circulation patterns
which led to the cold temperatures has drawn the attention
of atmospheric scientists worldwide (Tannehill 1928; Simmonds and Richter 2000; Domonkos et al. 2003; Prieto et al.
2004; Cassano et al. 2005; Cony et al. 2008; Unkašević and
Tošić 2015; Anagnostopoulou et al. 2017; Ning and Bradley
2015; Aalijahan et al. 2019). However, similar studies of
events occurring over Iran by researchers from this country
have been performed less frequently. Nonetheless, there are a
few recent examples that can be cited (Alijani and Houshyar
2008; Lashkari 2008; Masoudian and Darand 2011; Ghavidel-Rahimi 2011a, 2011b; Ahmadi and Ghavidel-Rahimi
2011; Karimi et al. 2012; Ghavidel-Rahimi et al. 2016).
An example of research carried out for the northwestern
region of Iran (NW Iran) was conducted by Ghavidel-Rahimi
(2009). Ghavidel-Rahimi (2009) considered the occurrence
of extreme low temperature over Northwest Iran to result
from the eight surface and seven mid-tropospheric (500 hPa)
circulation patterns identified in Table 1.
The objective of this paper is to identify the occurrences
of extreme low temperature defined as those with a minimum temperature of − 15 °C and lower over a period of
142 years for NW Iran. The current research has been carried
out based on synoptic analysis and the extraction of atmospheric patterns that led to this phenomenon using the NOAA
Twentieth-century data (V20) which have a resolution of 2°
latitude and longitude. The methods described above and in
Yarnal (1993) or Barry and Perry (2001) were used for the
synoptic analysis. Due to the lack of long-term data availability in Iran, such extensive climatological research has
never been performed for the occurrence of the extreme low
temperatures. From this point of view, the present study can
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provide a comprehensive summary of the 142-year trend and
variability for extreme low temperatures and their associated
atmospheric patterns for NW Iran.

2 Data and methods
2.1 Data
The study area is located within a box bounded by the latitudes of 34° to 39° N and longitudes of 44° to 50° E encompassing NW Iran (Fig. 1). The dataset used for this study was
provided through the Twentieth Century Reanalysis Data
and these are available at the following website address:
https://www.esrl.noaa.gov/psd/data/g ridded/data.20thC_
ReanV2.h tml. Compared to other reanalysis, NOAA’s
Twentieth Century Reanalysis Data are available for a longer
period of record than most data sets and are of acceptable
accuracy (e.g., Compo et al. 2013).
For the upper air data, the study uses the 500-hPa geopotential height (m), sea surface pressure (hPa), zonal, and
meridional winds (m s−1), the 2-m surface temperature data
(°C), and the 500-hPa temperature data (°C). The data set
encompasses the years 1871–2012, totaling 142 years. The
data are available four times per day (0000, 0600, 1200, and
1800 UTC) with a spatial resolution of 2° in longitude and
2° in latitude. The data are available on 24 pressure levels
ranging from 10 to 1000 hPa. Due to the lack of synoptic
stations within Iran encompassing the entire time period, no
data from synoptic and meteorological stations were used.
However, only the 2-m data of minimum surface temperature
and upper air data were necessary to identify, classify, and
extract extreme low temperature with a minimum temperature of − 15 °C.

2.2 Methodology
In order to identify the occurrence of − 15 °C (or lower) temperature extremes during the 142-year study, the temperature
data were first extracted by scripting in GRADS. The low
temperatures were identified as departures from the 142-year
mean. Then, in order to extract the associated patterns of
sea surface pressure and 500-hPa geopotential height, the
individual days associated with the low temperatures were
identified and then converted to a number and classified
(Table 1) using factor and clustering methods.
For the classification and extraction of sea surface
pressure and geopotential heights of 500-hPa patterns, a
variety of factor analysis and hierarchical clustering methods were tested. Ultimately, the varimax rotation factor
analysis method for sea surface pressure and hierarchical
clustering with Euclidean distance for geopotential height
patterns was identified as the superior method and their
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Table 1  The surface and mid-troposphere (500 hPa) patterns led to the occurrence of extreme low temperatures in NW Iran (based on GhavidelRahimi 2009, and obtained results of this research)
Row Surface pattern

Mid-troposphere pattern

1
2
3
4

Red sea trough pattern
Western European trough pattern
Turkmenistan-Black Sea trough pattern
Eastern Caspian Sea deep trough pattern

11
12
13

Northern European pattern
Western high-pressure pattern
Middle East high-pressure pattern (Zagros mountains)
Asia Minor high-pressure pattern (Ararat mountains) with low
pressure East Iran
Siberian high-pressure pattern
Integrated high-pressure pattern
1. High pressures(Siberian, Northwest European, Western migratory, Asia Minor) and low pressure (North Russia)
2. High pressures (Siberian, West China, Western migratory) and
low pressure(Scandinavian)
3. High pressures(Siberian, Central Asia, Asia Minor, Western
migratory, West China) and low pressure (polar side)
4. High pressures (Siberian, Western migratory, Northern European, Central European) and low pressures (Northeast and East
Iran)
5. High pressures (Western migratory and Asia Minor)
6. High pressures (Western migratory and West China) and low
pressures (North Russia and Scandinavian)
7. High pressures (Siberian, Balkans) and low pressure (Kazakhstan)
Sub-Polar high-pressure pattern
Central Asian high-pressure pattern
Northwest European high pressure pattern with Turkey, Northeast
and east Iran, and Kazakhstan low pressure
Central European high pressure pattern with Kazakhstan low pressure
-

14

-

15

-

16

-

17

-

5
6

7
8
9
10

results are presented here. In order to draw the map of
extracted patterns, the average of each pattern was first
calculated. Then, this was transferred to “Surfer” software,
eventually was interpolated by kriging method, and the
maps were drawn. After extraction and analysis of the patterns, a representative index day was selected from each
sea surface pressure patterns. The synoptic analysis was
carried out on these index days in order to identify the
causes of extreme low temperatures.

Troughing between the Black and Mediterranean seas
Kazakhstan trough pattern

Northeast Iran trough pattern
East Turkey trough pattern
Ridge between Northwest and Southwest Russia
Poleward regions deep trough pattern
Ridge between poleward regions and central Europe
Northwest European deep trough pattern
Central and East European omega blocking and trough between
South Russia and Syria
Southern European dipole-shaped blocking and deep trough between
South Russia and North Red sea
Central and Eastern European blocking and trough between Northwest Iran and South Russia
Scandinavian and Eastern European blocking and Northern European trough
European and Mediterranean blocking and poleward deep trough
from North Russia

3 Results
3.1 Statistical analysis
The results of the analysis after extracting days with a
temperature of − 15 °C and lower are shown in Fig. 2.
Within the time period of 142 years, 791 days were identified with a temperature of − 15 °C and cooler in NW Iran.
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Fig. 1  Overview map of the study area

Fig. 2  a The time-series for the lowest yearly temperature (°C) occurring over the 142-period in NW Iran. b The annual occurrence (days)
of − 15 °C temperature and lower over 142 years in NW Iran. c The

number days and percentage of the monthly occurrence of − 15 °C
and lower temperatures for NW Iran

Most of the low temperatures were identified during the
months of November through March. In order of greatest monthly occurrence, these were January, February,

December, March, and November at 424, 245, 101, 19, and
2 days, respectively (Fig. 2c). The most frequent annual
occurrence was 41 days occurring in 1992. According
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to Fig. 2b, the annual occurrence of low temperatures
of − 15 °C and lower with a low coefficient of significance
has increased since 1950. The lowest temperature recorded
over the course of 142 years is − 34.5 °C, which occurred
in three different years: 1911, 1925, and 2002. Examining
Fig. 2a demonstrates that the severity of cold temperatures
since about 1947 has increased as well. Thus, this region
is witnessing the occurrence of more severe cold events.

3.2 Data validation
In order to validate the data used from synoptic stations
in NW Iran, only the information provided by the Tabriz
satiation was used due to the length and large volume of the
data set (1951–2012) as well as the extraction method. The
results of the validation of minimum temperature of Tabriz
Station versus the minimum data from 2-m surface temperature from the Twentieth Century Reanalysis are shown in
Fig. 3a and b. According to this figure, it can be shown that
there is an acceptable correlation between the reanalysis data

and the Tabriz station data either in terms of a time series or
in terms of a scatter plot. The correlation value between the
two data sets is 0.71 which is statistically significant at the
95% a confidence level.

3.3 Impacts of local factors
Apart from atmospheric factors affecting the occurrence
of very low temperatures at global and regional levels in
northwestern Iran, various local factors such as solar radiation, cloudiness, latitude, relief and topography, distance
from seas and water bodies, and vegetation cover are also
very effective. In the northwestern region of Iran, among
the climate factors mentioned above, latitude and relief play
the most important role in temperature distribution. However, the role of relief in the temperature distribution in this
region and the occurrence of very low temperatures is much
more obvious. The decrease in temperature with increasing elevation is very evident in the northwestern region of
Iran. As can be seen from Fig. 1, the study area is strongly

Fig. 3  a The comparative time series plot of minimum temperature (°C) recorded at the Tabriz synoptic station and NCEP data encompassing
1951 to 2012. b The scatter plot diagram and the correlation between the Tabriz ground station data and NCEP Twentieth Century Reanalysis
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characterized by relief and is considered a complex mountainous region.
The minimum altitude of the area is 20 m, and the maximum altitude is 4811 m. On the other hand, the average
altitude of synoptic stations in the region is over 1300 m.
Low altitude areas are observed only in parts of the north of
the study area near the Aras riverbed; therefore, the occurrence of very low temperatures in these areas is lower than
in other parts.
Due to the very complex topography and high altitude in
northwestern Iran, which have resulted in lower atmospheric
thickness and thinner atmosphere, the thermal energy of outgoing longwave radiation can easily escape at night. On the
other hand, the study area located between latitudes 34 and
39° N receives less solar energy during the cold season due
to the inclination angle of radiation and shorter duration
of radiation. This factor aggravates the occurrence of low
temperatures as much as possible. The cooling of the air
in these areas leads to the formation of local anticyclonic
systems and causes the formation of air currents by creating a pressure gradient in relation to the low-lying areas
(warm and low-pressure areas). On the other hand, when
cold migrating air masses enter the northwestern region and
combine with local high-pressure systems, this leads to very
low temperatures locally in the areas affected by these air
masses. From this point of view, the temperature difference

between the NOAA organization data and the Tabriz station
data (Fig. 3a, b) is due to the influence of local factors, especially the relief in the study area. In most cases, this temperature difference results in a lower minimum temperature
being recorded at the Tabriz station than the temperature
resulting from the NOAA organization data. This clearly
shows the effect of local factors, especially relief, in exacerbating the occurrence of low temperatures.
Due to the lack of temporal coverage of the observation
stations with long-term data, as well as the fact that the study
of the role of local factors in the amplification and attenuation of the occurrence of very low temperatures in the study
area is beyond the scope of this article and requires separate
research, we refrain from further addressing this issue.

3.4 500‑hPa geopotential height patterns
In order to identify the circulation patterns from the 500hPa level, the surface temperature of − 15 °C or lower were
extracted first for the study area. Then, by constructing
a matrix with dimensions of 183 * 943 and utilizing an
S-shaped array, a hierarchical cluster analysis method was
used. These were clustered by Euclidean distance, and then
the atmospheric patterns for NW Iran were extracted. As
shown in Fig. 4, an 11-cluster classification system defined
the circulation patterns using the 500-hPa level height
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Fig. 4  The dendrogram for the 500-hPa patterns extracted from the geopotential height fields over NW Iran
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Table 2  The number and percentage of days associated with the 11
patterns for 500-hPa geopotential height
Pattern

The number of days

Percent of Pattern
pattern

The number of days

Percent
of pattern

1
2
3
4
5
6

23
14
6
26
20
9

12%
8%
3%
14%
11%
5%

19
11
16
16
23

10%
6%
9%
9%
13%

7
8
9
10
11

associated with the surface temperature of − 15 °C and
lower over NW Iran. The specification of the extracted patterns and the days associated with each pattern are shown
in Table 4 in the Appendix and Table 2. They demonstrate
that the most important contributors to the occurrence of

very low temperature over the NW Iran region are pattern
numbers 4, 11, 1, 5, 7, 9, 10, 2, 8, 6, and 3, respectively.
The number of days associated with these patterns is 26,
23, 23, 20, 19, 16, 16, 14, 11, 9, and 6 days, respectively.
3.4.1 Pattern 1
This category comprised of 23 members with the coldest day at − 29 °C. For this atmospheric pattern, a
trough exists over the eastern part of Turkey and the
NW Iran region is located east of the trough and within
a zone of cold air flux. It can be shown that the cold air
is transported from latitudes poleward of 50° N from
the Central European region into the region of NW
Iran. The formation of this trough is responsible for
the flow of cold air transported into northwestern Iran
(Fig. 5a).

Fig. 5  The 500-hPa geopotential height patterns for (a) pattern 1, (b) pattern 2, (c) pattern 3, (d) pattern 4, (e) pattern 5, (f) pattern 6, (g) pattern
7, (h) pattern 8, (i) pattern 9, (j) pattern 10, and (k) pattern 11
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3.4.2 Pattern 2

3.4.6 Pattern 6

This atmospheric pattern consisted of 14 days. The temperature range for this respective pattern was − 10.5 °C, and
the coldest day at − 28.5 °C, which occurred on 7 February 1950. The phenomenon observed in association with
this pattern (Fig. 5b) is the occurrence of a ridge that spans
the region from southwest Russia to northwestern Saudi
Arabia. For this pattern, NW Iran is located exactly on the
downstream flank of the ridge, where the maximum cold air
transport or advection occurs.

The phenomenon that resulted in the formation of very
cold air associated with this pattern was the occurrence of
a deep trough extending from latitudes north of 60° N over
northwest of Europe. The aforementioned trough has led to
the formation of a weak ridge over the Russia, Azerbaijan,
Armenia, Georgia, and Turkey, whose axis lies from southwest to northeast (Fig. 5f). For this pattern, the NW Iran lies
within a downstream trough associated with strong height
gradients and within a maximum of cold air advection. This
mechanism is the cause of very cold air dominating over the
mid-troposphere of the region (Fig. 5f).

3.4.3 Pattern 3
This cluster is associated with the occurrence of a particularly severe cold wave that persists for at least 6 days. Examining Fig. 5c shows the presence of two 500-hPa low pressure centers that are observed over Ukraine and Black Sea
and to the northeast of the Caspian and Kazakhstan region.
The low centers are embedded in a deep trough extending from latitudes poleward of 70° N, and also affecting
the study area. The formation of this pattern is the result
of an upstream blocking event and the change from zonal
to meridional flow over Eastern Europe and Turkey. The
respective trough carries cold air from northern Europe and
the Russian region to the northern part of the country.

3.4.7 Pattern 7

3.4.4 Pattern 4

3.4.8 Pattern 8

This weather pattern, which consists of 26 days, is one of
the coldest patterns at the 500-hPa geopotential height level.
At the surface, the maximum cold intensity associated with
this cluster was − 33 °C, which occurred on 16 January 1950.
The pattern obtained from this cluster (Fig. 5d) represents
a trough that was formed initially at latitudes north of 50°
N and west of Europe and ultimately drawn east over the
region of NW Iran. The formation of this pattern led to the
direct transport of very cold weather from high latitudes to
the study region.

The average 500-hPa geopotential height field associated
with this pattern consists of about 11 days (Fig. 5h). The
occurrence of a dipole-shaped blocking event over southern Europe, and also the formation of very deep trough
with strong height gradients. The axis of this trough from
the northern Red Sea to southern Russia is also evident in
Fig. 5h and lies over NW Iran. Thus, the northwest part of
the country lies under very strong cold air advection and
the occurrence of extreme low temperatures in this region
can be attributed to this pattern. The transport of cold air by
blocking events (patterns 7 and 8) from latitudes north of
50° N west of Iran and 70° N north of Iran is a major cause
of extreme low temperature occurrence in the region.

3.4.5 Pattern 5
Figure 5e shows a map of 500-hPa geopotential height
obtained for the 20 days that comprise of this cluster. The
presence of a weak ridge extending poleward to latitudes
higher than 55° N from central Europe to the location of
northwestern Iran which is under the eastern part of the
ridge is seen here (Fig. 5e). The formation of this pattern led
to the flux of very cold air originating at latitudes poleward
of 55° N to the region of NW Iran. It is noteworthy that the
meridional nature of atmospheric flows over northern part
of Iran contributes to the intensification and acceleration of
cold air advection into the study region.
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This atmospheric pattern consists of 19 days (Fig. 5g), and
at 500-hPa height level is associated with an omega-shaped
blocking event over central and eastern Europe and the location of NW Iran is in the southeast part of this block. Downstream of this block, a trough was located across southern
Russia to parts of Turkey, Iraq, and Syria. As in pattern 6,
the axis of this trough lies southwest to northeast which also
crosses over NW Iran. The presence of this pattern is also
associated with the occurrence of extreme low temperatures
during the cold part of the year.

3.4.9 Pattern 9
The 16 days associated with this pattern reflect the occurrence of low amplitude blocking that was located over central and eastern Europe. A downstream trough extended
from NW Iran to southwest Russia. This pattern is associated with strong northerly flow and is one of the coldest 500-hPa geopotential height configuration. According
to Fig. 5i, there were 3 days in this cluster accompanied
by temperature below − 30 °C and the absolute minimum
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was − 33 °C. The low amplitude blocking and the deep
downstream trough resulted in the strong transport of cold
air from latitudes poleward of 70° N into the study region.
Five persistent cold waves of four, three, and 2 days,
respectively, are part of this cluster, which confirms the
role of blocking in the occurrence of prolonged cold spells
(e.g., Efe et al. 2020).
3.4.10 Pattern 10
As in pattern 9, there were 16 days that were clustered into
this pattern. This pattern was associated with the absolute
lowest temperature in NW Iran. The lowest surface temperature recorded in the northwest region was − 34.5 °C, occurring on 14 February 1911 under pattern 10. The temperature
range of respective pattern is about − 18 °C, indicating a
higher degree of cold weather in this cluster. The primary
phenomenon associated with this pattern is a very deep low
pressure center over western Kazakhstan and southwest
Russia. This is associated with an upstream blocking event
centered over Scandinavia and northern Europe and results
in the transport of cold air into the study region from areas
north of 70° N (Fig. 5j).
3.4.11 Pattern 11
This atmospheric pattern is one of the colder configurations
for the study region and the lowest temperature recorded
here was − 34 °C. This pattern (Fig. 5k) consisted of 23
members, and it was associated with a blocking ridge similar
to pattern 10. However, this event was centered over Europe
but extending to latitudes poleward of 60° N. Downstream
of the ridge, a very deep trough was centered poleward of
60° N over northern Russia and extending equatorward to
western Iran and lower latitudes. The blocking ridge over
central Europe led to the transport of very cold air from
northern latitudes to the east. In the downstream part of the
ridge, cold air was advected into northwestern Iran, which
was located near the axis of the deep trough, which is where
the maximum cold air is accumulated (Fig. 5k).

3.5 Sea surface pressure patterns
The specification of surface patterns and the number of days
associated with each is given in Table 5 in the Appendix
and Table 3. These demonstrate that the main causes of the
occurrence of extreme low temperature within NW Iran were
patterns number 2, 1, 3, and 4, respectively. These four patterns accounted for 94% of the total surface pressure patterns
associated with the coldest days in NW Iran.

Table 3  The percentage and number of days related to the sea surface
pressure patterns
Pattern

The number of days

Percent of Pattern
pattern

The number of days

Percent
of pattern

1
2
3
4
5

49
51
42
27
6

27%
29%
23%
15%
3%

4
1
1
2
1

2%
0%
0%
1%
0%

6
7
8
9
10

3.5.1 Pattern 1
This pattern of surface pressure over the northwestern region
of Iran is one of the coldest patterns for surface pressure, and
was associated with the second largest frequency of occurrence after pattern 2. This pattern was associated with the
most severe low temperature days: − 34.5 °C occurring on
14 February 1911 and 27 January 1925. In this atmospheric
pattern, four sea level pressure systems can be seen including the Siberian high, Northwest European high, Western
migratory high (North Atlantic) and high pressure over Asia
Minor, and a low-pressure system in northern Russia. The
mechanism that affects NW Iran is the very cold air flow
associated with the high pressures impacting the studied
area, as well as the development of high pressure in Asia
Minor. The role of the western migratory high pressure
(originating over the North Atlantic) is the formation of a
ridge over North Africa and southern Europe, the formation of a Mediterranean trough, and ultimately the transport
of cold air from the direction of the Alps to the northernmost locations of the study region. On the other hand, low
pressure located over Northern Russia also played a role in
directing cold weather into northwest Iran. The result of this
composite configuration was the occurrence of extreme cold
events in the northwestern region of Iran (Fig. 6a).

3.6 Pattern 1—27 January 1925
The atmosphere over Eurasia was active on this day, and an
intense high pressure that originally formed over northwest
Europe and moved east towards the study area (Fig. 6b).
The formation of a low pressure occurred over Russia and
this was accompanied by the expansion of meridional flow
towards the south. This migratory high pressure has led to
the formation of packed gradient anticyclonic curvature over
the northern and northeastern parts of Turkey. A high pressure reading of 1037.5 hPa is observed over the north part
of Iran. At the 500-hPa level (Fig. 5i), the most evident phenomenon is a very deep trough extending from NW Iran to
latitudes above 70° N. This trough was located downstream
of a blocking event and split flow in the westerlies. This is
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Fig. 6  The maps for patterns 1 and 2. Pattern 1 of (a) sea surface
pressure (hPa), (b) sea surface pressure, (c) 500-hPa geopotential height (m), (d) wind at 500-hPa, (e) temperature advection at
500 hPa, (f) 2-m minimum temperature (°C). Pattern 2 of (g) sea surface pressure (hPa), (h) sea surface pressure, (i) 500-hPa geopotential
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height (m), (j) wind at 500 hPa, (k) temperature advection at 500 hPa,
(l) 2-m minimum temperature (°C). For b, c, d, e, and f, the observation time is 0000 UTC 27 January 1925; and for h, i, j, k, and l, the
observation time is 0000 UTC 27 December 2002
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the main reason for meridional flow which aided the transmission of cold air from high latitudes into NW Iran. From
900 to 1000 hPa, gradually the geopotential height patterns
became similar to the patterns of surface pressure. According to the temperature observations at 500–700 hPa, there
was meridional flow from areas above 70° N directly into
the study region. At 800–900 hPa, northerly flows along
with divergence zones have formed above northern Turkey
at the 950- and 1000-hPa levels. The Ararat Mountains over
eastern part of Turkey play a major role in the flux of cold
air into NW region of Iran. Examining Fig. 6f, it can be seen
that the maximum cold occurrence over the northwestern
corner of the country was − 34.5 °C.
3.6.1 Pattern 2
This surface pattern occurred most frequently in association with cold temperatures of − 15 °C and lower in
the study region. The most severe cold day in this group
occurred on 27 December 2002, with an average temperature of − 34.5 °C. According to the composite map for this
pattern (Fig. 6g), a high-pressure system associated with
the severe cold air over the NW region of Iran. This high
pressure is a meridional extension of the Siberian high
pressure from latitudes above 50° N to the northeast of the
region. This high-pressure system leads to the formation and
strengthening of the high-pressure region over Asia Minor
including northwest Iran, Azerbaijan, Armenia, and eastern
Turkey. The intensity of the Siberian high pressure as measured by central pressure in this pattern was 1044 hPa. The
role of the Scandinavian low pressure, high pressure over
western China, and a western migratory high pressure over
the North Atlantic should not be ignored. The low pressures
expand, and this leads to meridional flow over the central
part of Fig. 6g aiding the transport of cold dry air from Siberia above 70° N into the study region.

3.7 Pattern 2—27 December 2002
The active surface pressure systems on this day are Siberian and Asia Minor high-pressure systems. According to
Figs. 6h, i, and j, surface pressure, 500-hPa geopotential
height, and wind flow are observed and the effect of high
pressure that formed over eastern Turkey and NW Iran is
more evident. The Siberian high pressure on this day entered
from the east and combined with high pressure over Asia
Minor. This mechanism contributed to the strength of the
Asia Minor anticyclone. On the other hand, a cyclone has
formed over central Russia and plays a role in strengthening the pressure gradients over the region. But this system
is not only limited low levels. It was associated with a deep
trough (Fig. 6i) extending from 35° N to 70° N. The signature of this trough can be seen up to the 800-hPa level over

NW Iran. Thus, it can be shown that cold air is transmitted
from latitudes poleward of 70° N into the study region from
both the north and west. From the 850-hPa level upward,
the effects of high pressure over eastern Turkey are clearly
evident, indicating the intensity of the system. Up to 500hPa level, the source region for the flux of cold air flow into
NW Iran was poleward of 70° N and west of 55° E. From
the 650–800-hPa layer, the source of cold air for the study
region was from locations north and west of latitudes 50° N
and 45° E over western Europe. But from the level of 850 to
1000 hPa, the cold air was accompanied by surface divergence over eastern Turkey, and this along with the funneling
effect of the Ararat mountains plays a major role in the transmission of cold weather from the Ararat Mountain range into
NW Iran (Fig. 6k). The intensity of the cold weather and its
extent is quite evident in Fig. 6l.
3.7.1 Pattern 3
This pattern included 42 days from the total of 181 days
reviewed. The lowest temperature achieved in NW Iran in
association with this pattern is − 33 °C, which occurred on
16 January 1950. This composite pattern features a combination of a belt of high-pressure centers over Siberia,
Central Asia, Asia Minor, and a western migratory high
pressure over the North Atlantic. Within this pattern, the
high-pressure system located over western Europe and
the North Atlantic was accompanied by an average pressure of 1030 hPa, as well as a high pressure over Turkey
with a central pressure of 1030 hPa. The high pressure over
Turkmenistan and northeastern Iran had a central pressure
of 1024 hPa, and the high pressure in western China has
a central pressure of 1035 hPa. The combination of these
pressure systems was accompanied by a polar side low
pressure system that extends northward to latitudes above
50° N. The high-pressure systems, in particular the highpressure system over Turkey, and the anticyclone to the west
are accompanied by cold weather from western Europe and
Alps Mountains. Combined with the central Asian highpressure system led to the transport of very cold air flow
from northerly latitudes into the surface of the studied area.
The result of such a complex set of high-pressure systems is
the domination and continuation of extremely cold weather
in NW Iran (Fig. 7a).

3.8 Pattern 3—16 January 1950
The high-pressure systems that affected NW Iran on this day
(Fig. 7b) include analogs for those shown in Fig. 7a. On the
other hand, the polar low pressure was located over northern Europe near 70° N and expanded into Eastern Europe
around 50° N. On this day, the study area is dominated by
a 1020-hPa isobar. The high pressures that affect the NW
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Fig. 7  The sea surface pressure pattern and the index day maps for
patterns 3 and 4: pattern 3 of (a) sea surface pressure pattern (hPa),
(b) sea surface pressure, (c) 500-hPa geopotential height (m), (d)
wind at 500 hPa, (e) temperature advection at 500 hPa, (f) 2-m minimum temperature (°C); pattern 4 of (g) sea surface pressure pattern
(hPa), (h) sea surface pressure, (i) 500-hPa geopotential height (m),
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(j) wind at 500 hPa, (k) temperature advection at 500 hPa, (l) 2-m
minimum temperature (°C). For the index day maps of b, c, d, e, and
f, the observation time is 0000 UTC 16 January 1950; and for the
index day maps of h, i, j, k, and l, the observation time is 0000 UTC
19 January 1964
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Iran region were mainly the western migratory and Asia
Minor high-pressure systems. As in Fig. 7a, this led to the
transport of cold air from the Alps and Ararat mountains into
NW Iran. An analysis of geopotential heights and mid-level
wind flow (Fig. 7c) indicates the presence of a trough over
Turkey and its extension over the study region. The impact
of this trough is evident also at the 850-hPa level. Cold air
originally from latitudes above 55° N is transported towards
NW Iran by this trough. From 900 to 1000 hPa, gradually
the dominance of Asia Minor high pressure over NW Iran
became clear (Fig. 7c).
The source of cold air transported into northwest Iran
in the 500 to 850 hPa layer (Fig. 7e) is located poleward
of 55° N and originated from the western migratory high
pressure from the North Atlantic. At levels close to the surface, cold air transport and surface divergence over eastern
Turkey were the main source of cold air into the region. As
shown in Fig. 7f, the effects of the Asia Minor high pressure
were evident. The coldest weather that occurred on this day
was located over eastern Turkey at − 37.5 °C. The − 33 °C
isotherm covered NW corner of Iran, and temperatures
of − 15 °C and lower covered a large part of the northwest.
3.8.1 Pattern 4
The composite surface pressure pattern obtained from this
cluster is shown in Fig. 7g. In this figure, the high-pressure
systems that led to the occurrence of severe cold weather in
the study region are the Siberian, western migratory from
the North Atlas region, Northwest Europe, and eventually
central European high-pressure systems. For this pattern, the
Siberian high pressure expands towards the west, while high
pressure over northwest Europe expands meridionally to the
south and migrates eastward towards central European. During this time, the system strengthens as well. It should be
noted, however, that this migratory high is associated with
an upper air feature as well. During pattern 4 (Table 5), the
domination of this high-pressure system over NW Iran is
associated with severe cold, and six of the 27 days observe
temperatures below − 30 °C. A striking feature of this pattern is the concurrent occurrence of a deep low-pressure
system over northeast and east Iran between these two highpressure systems. The result is very strong pressure gradients
in an arc over northeast and northwest Iran. The result is
the advection of cold air in association with strong winds
from Siberia as well as from central Europe via the Alps and
Ararat Mountains into the study region.

3.9 Pattern 4—19 January 1964
The map of surface pressure, 500 hPa geopotential heights,
and winds is shown in Figs. 7h, i, and j. At first glance,
two phenomena are apparent; the first is a low-pressure

system over the countries of Central Asia and central and
northeastern Iran, and the second is a large and strong high
pressure over Western and Central Europe with a central
core pressure of 1039.5 hPa. These two pressure systems
impacted the study region in a manner similar to Fig. 7g,
with a southeast to northwest oriented pressure gradient over
NW Iran carrying cold air from latitudes poleward of 60°
N. At the mid-levels of troposphere (Fig. 7i), blocking flow
is the noticeable phenomena occurring over NW Iran, eastern Turkey, and northeast Syria. A trough, extending from
latitudes above 70° N and in combination with blocking, is
associated with meridional flow and the advection of very
cold air into the region.
Examining the temperature map (Fig. 7k), the source of
the cold air appears to be from the northwest and out of
central Europe. The coldest air on this day occurred over
the northwestern corner of the country, with a minimum
temperature of − 33 °C. Temperatures of − 15 °C and lower
have covered a large part of the northwestern region of the
country, and this was associated with one of the worst winter
days for this region in terms of impact on the population.
3.9.1 Pattern 5
This pattern (Fig. 8a) is associated with a surface high pressure over the NW region of Iran and minimum temperatures
of − 20 °C and colder were recorded. With pattern 5, there
are two systems influential for the occurrence of extreme
temperatures in the study region. The dominant system is
the high-pressure system over NW Iran, Turkey, Armenia,
Georgia, and the eastern Black Sea and the average central
pressure is 1034 hPa. The other is located to the southeast
of this system and is a strong low pressure with an average
central pressure less than 1005 hPa located over the eastern
part of Iran. The low-pressure system is located mainly over
Afghanistan, Pakistan, and Iran for the composited days. The
incidence of this pressure pattern increased the intensity of
the pressure gradient between the two pressure systems in
the southwest to northeast direction in the study region and
from southeast to northwest south of the region. The strong
pressure gradients and circulation result in the advection of
clod air into the study region from latitudes poleward of 50°
N over the Asia Minor region (Fig. 8a).

3.10 Pattern 5—7 February 1950
On this day (Fig. 8b), two pressure systems were identified
similar to the composite for pattern 5 and their centers were
located over similar regions to Fig. 8a. The high-pressure
region was located over NW Iran, and was associated with
very cold, severe, and stable weather. The strong pressure gradients between these two systems resulted in the
advection of very cold air from both Asia Minor and Ararat
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Fig. 8  The maps of synoptic analysis for patterns 5 and 6: pattern
5 of (a) the pattern of sea surface pressure in 142 years (hPa), (b)
sea surface pressure, (c) 500-hPa geopotential height (m), (d) wind
at 500 hPa, (e) temperature advection at 500 hPa, (f) 2-m minimum
temperature (°C); pattern 6 of (g) the pattern of sea surface pressure
in 142 years (hPa), (h) sea surface pressure, (i) 500-hPa geopotential
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height (m), (j) wind at 500 hPa, (k) temperature advection at 500 hPa,
(l) 2-m minimum temperature (°C). For b, c, d, e, and f index day
maps, the observation time is 0000 UTC 7 February 1950; and for
h, i, j, k, and l index day maps, the observation time is 0000 UTC 7
December 1994
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Mountains. In the mid-levels (Fig. 8c), a strong trough is
evident over the western part of Iran. This trough is associated with the transport of cold air from latitudes poleward of
60° N. At the 800–950-hPa levels, the trough was active and
played the role of carrying cold air from latitudes poleward
of 55° N, including the southern part of Russia and Ukraine
to the northwest.
The origin of cold weather on this day from the 500-hPa
levels originates from the geographic latitudes poleward of
60° N which flows in a meridional direction towards the
study region (Fig. 8e). At 850- and 900-hPa levels, the cold
air was centered over northern Turkey. Finally, at the 950and 1000-hPa levels, the eastern part of Caspian Sea supplied the cold weather and provided for clouds and snow
over NW Iran similar to that which occurs downstream of
the Great Lakes in the USA (not shown). On this day, the
coldest air is located over northeastern Turkey, which has a
temperature of − 36 °C and a − 28.5 °C contour was observed
over NW Iran (Fig. 8f).
3.10.1 Pattern 6
Pattern 6 for NW Iran includes only 4 days out of the total
of 181 days in which a temperature of − 15 °C or lower was
observed. This pattern shows the presence of a western
migratory anticyclone from over the North Atlantic and a
high pressure over Asia Minor. The western anticyclone
reinforces the central Asian anticyclone in transporting
cold air into the study region. The combination of these
systems leads to a cold air outbreak that stretches from has
led to the domination of a high pressure in the northwest of
the country, the concentration, and domination of the very
cold air of central Europe and the Alps region all the way
to Asia Minor. The Ararat mountains located near NW Iran
may play a role in funneling cold air into the study region
(Fig. 8g).

3.11 Pattern 6—7 December 1994
On 7 December 1994 (Fig. 8h), two high pressures are noted
similar to those in Fig. 8g. The formation of the western
migratory high pressure was responsible for transporting cold air out of Central Europe and the Alps Mountain
region. This cold air moved into Turkey and combines with
high pressure east of the Ararat Mountains to high pressure observed over the study region. In NW Iran, the 1035-,
1036.5-, and 1038-hPa contours associated with the Asia
Minor high providing for very stable and cold weather. At
the mid-levels, there was a very deep trough located at latitudes poleward of 50° N over Western Europe and extending
to the other side of the Caspian Sea. This confirms that the
source of the cold air is likely from Western Europe to the

northwest. For the 850- to 1000-hPa levels, the geopotential
height pattern is similar to the surface-pressure systems.
The source of cold air is from the northwest at 500 to
850 hPa, which originated from regions poleward of 50° N
and passing through eastern Turkey. At the 850- to 1000-hPa
level, NW Iran is strongly influenced by this cold air located
over eastern Turkey. Examining the surface map (Fig. 8l),
looking at the map, the minimum 2 m temperature of − 15 °C
and lower influences a smaller area of the study region that
the previous five patterns. The most severe cold recorded
for eastern Turkey is − 31.5 °C, and the − 28.5 °C contour is
observed over extreme NW Iran.
Due to those patterns 7, 8, 9, and 10 having occurred once
or eventually twice in the study period and having not more
impact on occurring low temperatures in the study area, for
reducing the length of the manuscript, the analysis of the
pattern of sea surface pressure has been just reflected.
3.11.1 Pattern 7
The pattern or cluster 7 included only one day, 30 January
1911, from the set of 181 days associated with temperatures
of − 15 °C or lower within NW Iran. This day was not similar
to any of the previous clusters. Figure 9a shows that this day
was associated with three low-pressure centers and a highpressure system over the western part of the country. This
high-pressure system is detached from a larger migratory
high pressure over northwest Europe, entering Iran from the
west. This high pressure over the NW Iran region led to the
transport of cold air from Northwest Europe. Additionally,
the result of this pressure distribution is strong pressure gradients over Turkey and much of Iran.
3.11.2 Pattern 8
The pattern or cluster 8, like cluster 7, consists of only one
day (17 January 2006). The surface pressure map for the
study region is shown in Fig. 9b. On this day, there was
a low-pressure system located over northeast Iran and the
Caspian Sea. Also, a high-pressure system was located over
central Europe originated from latitudes poleward of 70°
N. Additionally, high pressure is noted over northeast Iran,
with a central pressure of greater than 1020 hPa. On this
day, three isobars (1018, 1020, and 1022 hPa) were located
within the territory of NW Iran. Even though the surface
pressure pattern is different, the result of this system is the
advection of very cold air from northerly latitudes into NW
Iran.
3.11.3 Pattern 9
For the cluster 9 (Fig. 9c), there were only two days out of
181 days. The NW region of Iran was influenced by a series
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Fig. 9  The sea surface pressure patterns for (a) pattern 7, (b) pattern 8, (c) pattern 9, and (d) pattern 10

of high-pressure systems and a deep low pressure to the west
of the region and another that was over the Caspian Sea,
western China, and the northeastern region of Iran, Afghanistan, and Turkmenistan. On the left edge of Fig. 9c, a western migratory high pressure was present over southeastern
Europe. Also, a strong pressure gradient is noted from central Europe to southeast Europe, eastern Turkey, Armenia,
Georgia, and NW Iran. Additionally, a high pressure exists
over western China, and smaller “lobes” are present over
northeastern and eastern Iran. The presence of low pressure
over the northern Caspian Sea leads to the existence of a
strong pressure gradient oriented from northwest to southeast, indicating the transport of very cold air from northern
and western Europe as well as from Central Asia, and Asia
Minor into NW Iran.
3.11.4 Pattern 10
The final category, pattern 10 (Fig. 9d), included only one
day (December 26, 2002). The minimum temperature found
over NW Iran on this day was − 31.5 °C. In Fig. 9d, the Siberian high encompassed the far-right side of the map regionfar-right side of the map region including western China.
There was also a high-pressure system over the Balkans, as
well as a deep low-pressure system over Kazakhstan. The
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pressure gradient created between the high pressure over
the Balkans and central Asia was oriented from northwest
to southeast in a similar manner to pattern 9. This is responsible for the transport of the very cold air over the western
and inner part of Iran.

4 Discussion and conclusion
Based on the results of clustering and factor analysis
methods for weather patterns impacting NW Iran, 11
upper air and 10 surface pressure patterns were extracted.
Different combinations of surface high and low-pressure
systems are responsible for transporting the very low
temperature into the study region and these are named
in Table 1. These patterns are associated with the occurrence of surface temperatures of − 15 °C or lower into the
region. The area of origin and approximate direction of
transport of these pressure systems are shown and summarized in Fig. 10.
In the mid-troposphere, there was a trough that
extended into NW Iran from latitudes above 50° to 70°
N, and from the regions of western and northwest Europe
and Arctic regions. Some cold events were associated
with deep troughs observed over central Asia mainly
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Fig. 10  The map of the formation regions and transport of cyclones and anticyclones associated with the occurrence of very low temperatures
(− 15 °C and lower) in NW Iran

southern Russia and the Caspian Sea, as well as NW Iran,
and southern Russia and northeastern Iran. According to
these results, the occurrence of extremely low temperatures for NW Iran was associated with combinations surface pressure systems atmospheric blocking events, and
upper air troughs and ridges.
The occurrence of very strong surface high pressures
over central Asia had the greatest impact leading to
the very coldest of these extreme cold air outbreaks.
Additionally, the role of low pressures over the eastern, northeastern, and central regions of Iran and Central Asia also played a significant role in the transport
or advection of cold air into the study region. These
low pressures had the effect of helping to strengthen
the pressure gradients over the region which in turn
enhanced the transport of cold air into the northwest
and internal part of Iran. In the mid-troposphere, atmospheric blocking located to the west of NW Iran were a

major contributor to cold air outbreaks and these events
were often the most persistent.
These results confirm previous studies in some cases
and extends the results of others. The studies of extreme
cold over NW Iran (e.g., Alijani and Houshyar 2008;
Ghavidel-Rahimi 2011a, 2011b, 2009) emphasized the
role of individual high-pressure systems in generating
these conditions. According to the results obtained here,
the cold air is often the result of deep high pressures
at the surface that were the most effective reasons in
the occurrence of these temperatures. In the mid-levels
of the troposphere, the role of atmospheric blockings is
very clear, which is similar to the results of Lupo et al.
(2001), Nunes et al. (2017), and Efe et al. (2020) and
others for different parts of the world. Additionally, this
work showed the contribution of low pressures in a manner similar to cold air outbreaks over South America
(e.g., Lupo et al. 2001).
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Appendix

Table 4  The number of days
for minimum temperatures less
than − 15° C belonging to the
eleven 500-hPa geopotential
patterns over NW Iran
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P

Day

P1 15feb2005
14jan1885
14feb2005
6feb1974
30jan1907
11jan1977
10jan1977
19feb1927
18feb1927
16jan1910
15jan1910
23jan1894
22jan1894
31jan1920
22jan1890
20jan1984
18jan1954
17jan1973
13feb2005
15jan1954
16jan1954
9jan1977
P2 8jan1977
14jan1910
10jan1909
13jan1910
9feb2000
8feb1950
7feb1950
28jan2001
1feb1980
29jan1946
29jan1934
20feb1994
2feb1969
4feb1969
7jan1942
P3 31jan1911
30jan1911
25jan1911
24jan1911
29jan1911
28jan1911
P4 20feb1959
17jan1950
28jan1950

T.Min

P

Day

− 22.5 P4 17feb1927
− 22.5
31jan1950
− 24
22feb1959
− 21
21feb1959
− 22.5
31dec1905
− 19.5
9jan1909
− 21
29dec1905
− 21
28dec1905
− 24
18jan1950
− 22.5
30dec1905
− 22.5
3feb1989
− 22.5
25jan1964
− 16.5
25jan1903
− 15
24jan1964
− 22.5
23jan1964
− 15
16jan1950
− 21
15jan1950
− 21
24dec1905
− 21
23dec1905
− 29
17jan1993
− 25.5
17feb1993
− 18
9jan1989
− 16.5
30jan1950
− 22.5 P5 18jan1973
− 19.5
10jan1935
− 27
11jan1935
− 22.5
9feb1887
− 24
31dec1948
− 28.5
12jan1910
− 18
7feb1880
− 22.5
3feb1876
− 18
30jan1974
− 19.5
5feb1907
− 18
20jan1973
− 25.5
19jan1973
− 24
30jan1925
− 19.5
29jan1925
− 16.5
29dec2002
− 25.5
5jan1972
− 27
7jan1885
− 27
22jan1964
− 30
14jan1964
− 21
13jan1901
− 16.5 P6 8dec1994
− 31.5
7dec1994
− 19.5
6feb1957

T.Min

P

Day

− 24
P7 19jan1993
− 19.5
15jan1993
− 19.5
22feb1959
− 25.5
6feb1989
− 22.5
23feb1897
− 19.5
16feb1950
− 21
4feb1989
− 22.5
4jan1973
− 22.5
5jan1964
− 24
5jan1973
− 21
11jan1964
− 22.5
11mar1992
− 21
12mar1992
− 25.5
14jan2008
− 25.5
15jan2008
− 33
18jan2008
− 21
20jan1925
− 27
21feb1949
− 27
22jan1957
− 27
25dec1972
− 24
27jan1992
− 24
28jan1992
− 19.5
31dec1889
− 25.5
31jan1876
− 16.5
31jan1887
− 18
P8 6dec1994
− 25.5
19jan1898
− 21
28feb1959
− 25.5
27jan1983
− 21
18jan1898
− 21
16jan2008
− 22.5
26dec1931
− 24
25dec1931
− 16.5
18jan1993
− 27
18feb1950
− 22.5
12jan2009
− 25.5 P9 25jan1925
− 24
26jan1925
− 24
24jan1925
− 25.5
26jan1887
− 24
22jan1925
− 21
30jan1887
− 15
27jan1887
− 24
23jan1911
− 28.5
22jan1911
− 21
19jan1964

T.Min

P

− 22.5 P9
− 27
− 25.5
− 21
− 16.5
− 24
− 19.5 P10
− 22.5
− 19.5
− 21
− 21
− 24
− 25.5
− 22.5
− 24
− 15
− 18
− 21
− 24
− 24
− 22
− 24
− 21
P11
− 21
− 22.5
− 25.5
− 27
− 21
− 21
− 21
− 25.5
− 22.5
− 22.5
− 16.5
− 21
− 22.5
− 27
− 31.5
− 22.5
− 27
− 18
− 22.5
− 31.5
− 24
− 19.5
− 33

Day

T.Min

10feb1992
9feb1992
5feb1950
29dec1924
27jan1992
30dec1924
22jan2006
16feb1887
23feb1985
22feb1985
31jan2006
27jan1921
26dec2002
13feb1911
15feb1911
14feb1911
9dec1927
8dec1927
6jan1942
20jan1950
19jan1950
30jan1964
4jan1891
4jan1989
5feb1907
6feb1887
6feb1896
6jan1964
7feb1896
10feb1896
11jan1990
12jan1964
12jan1990
16jan2006
17jan2006
19feb1950
22jan1993
27dec1931
27dec2002
27jan1925
28dec2002
28jan1925
28jan1983
29dec2006
19jan1896
19feb1950

− 25.5
− 27
− 27
− 21
− 23.5
− 19.5
− 22.5
− 24
− 31.5
− 21
− 24
− 19.5
− 31.5
− 31.5
− 28.5
− 34.5
− 24
− 25.5
− 21
− 16.5
− 19.5
− 28.5
− 22.5
− 25.5
− 24
− 22.5
− 22.5
− 19.5
− 18
− 19.5
− 19.5
− 19.5
− 19.5
− 21
− 21
− 24
− 22.5
− 16.5
− 34.5
− 34.5
− 31.5
− 28.5
− 21
− 22.5
− 19.5
− 24
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Table 5  The number of days
belonging to sea surface
pressure patterns with minimum
temperatures less than − 15 °C
in the study area

P

Day

P1 3feb1989
3feb1876
4feb1989
4jan1973
4jan1891
5feb1907
5jan1964
5jan1972
5jan1973
6feb1989
6jan1964
7feb1880
7jan1885
8dec1927
9dec1927
9feb1887
10jan1935
11jan1935
11jan1964
11mar1992
12jan1964
12jan2009
12mar1992
13jan1901
14feb1911
15feb1911
16feb1887
16jan2006
19jan1898
18jan2008
20jan1925
20jan1973
21feb1949
22feb1959
20jan1950
23feb1897
24jan1964
25dec1972
27jan1925
27jan1992
28jan1992
29jan1896
29jan1946
30jan1950
31dec1889
31jan1876

T.Min

P

Day

− 21
P1 31jan1887
− 21
31jan1911
− 19.5
31jan1950
− 22.5 P2 31dec1905
− 22.5
31jan1920
− 24
1feb1980
− 19.5
2feb1969
− 24
4feb1969
− 21
6feb1974
− 21
7jan1942
− 19.5
8feb1950
− 21
9feb2000
− 25.5
9jan1909
− 25.5
9jan1977
− 24
9jan1989
− 25.5
10jan1909
− 16.5
10jan1977
− 18
11jan1977
− 21
13feb2005
− 24
13jan1910
− 19.5
14feb2005
− 22.5
14jan1885
− 25.5
14jan1910
− 15
15feb2005
− 34.5
14jan2008
− 28.5
15jan1910
− 24
15jan1954
− 21
15jan2008
− 27
16jan1910
− 15
16jan1954
− 18
17feb1927
− 16.5
17feb1993
− 21
17jan1993
− 25.5
18feb1927
− 16.5
18jan1950
− 16.5
18jan1954
− 25.5
19feb1927
− 24
20feb1994
− 34.5
20jan1973
− 22
20jan1984
− 24
22jan1890
− 19.5
22jan1894
− 18
22jan2006
− 19.5
23jan1894
− 21
25jan1903
− 21
27dec2002

T.Min

P

Day

− 22.5 P2 28dec2002
− 16.5
28jan2001
− 19.5
29dec2002
− 22.5
29jan1934
− 15
30dec1905
− 22.5
30dec1924
− 25.5
30jan1907
− 24
30jan1964
− 21
P3 4jan1989
− 19.5
5feb1907
− 24
6feb1887
− 22.5
6feb1896
− 19.5
6feb1957
− 18
6jan1942
− 24
7feb1896
− 19.5
10feb1896
− 21
11jan1990
− 19.5
12jan1990
− 21
14jan1964
− 27
15jan1950
− 24
15jan1993
− 22.5
16feb1950
− 22.5
16jan1950
− 22.5
17jan1950
− 22.5
18feb1950
− 22.5
18jan1993
− 29
19jan1993
− 24
20feb1959
− 22.5
21feb1959
− 25.5
22feb1959
− 24
22jan1957
− 24
22jan1964
− 27
22jan1993
− 24
23dec1905
− 22.5
23jan1911
− 21
23jan1964
− 21
24dec1905
− 18
24jan1911
− 16.5
25jan1964
− 15
26dec1931
− 22.5
27dec1931
− 16.5
27jan1921
− 22.5
28dec1905
− 22.5
28feb1959
− 21
28jan1925
− 34.5
28jan1983

T.Min

P

Day

T.Min

− 31.5
− 18
− 24
− 19.5
− 24
− 19.5
− 22.5
− 28.5
− 25.5
− 24
− 22.5
− 22.5
− 21
− 21
− 18
− 19.5
− 19.5
− 19.5
− 21
− 21
− 27
− 24
− 33
− 31.5
− 21
− 16.5
− 22.5
− 16.5
− 25.5
− 19.5
− 24
− 24
− 22.5
− 27
− 24
− 25.5
− 27
− 27
− 22.5
− 22.5
− 16.5
− 19.5
− 22.5
− 21
− 28.5
− 21

P3

29dec1905
29dec2006
29jan1925
31jan2006
P4 5feb1950
8jan1977
9feb1992
10feb1992
12jan1910
13feb1911
16jan2008
18jan1898
19jan1964
22feb1985
22jan1911
22jan1925
23feb1985
24jan1925
25dec1931
25jan1925
26jan1887
26jan1925
27jan1887
27jan1992
28jan1911
28jan1950
29dec1924
29jan1911
30jan1887
30jan1974
31dec1948
P5 6dec1994
7feb1950
7jan1885
17jan1973
18jan1973
19jan1973
P6 7dec1994
8dec1994
25jan1911
27jan1983
P7 30jan1911
P8 17jan2006
P9 19jan1950
19feb1950
P10 26dec2002

− 21
− 22.5
− 25.5
− 24
− 27
− 16.5
− 27
− 25.5
− 25.5
− 31.5
− 25.5
− 21
− 33
− 21
− 19.5
− 18
− 31.5
− 22.5
− 22.5
− 27
− 27
− 31.5
− 31.5
− 23.5
− 21
− 19.5
− 21
− 30
− 22.5
− 22.5
− 21
− 25.5
− 28.5
− 25.5
− 21
− 25.5
− 27
− 28.5
− 24
− 27
− 21
− 25.5
− 21
− 19.5
− 24
− 31.5
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