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Abstract. The Middle East region  is characterized by rapidly changing temperatures that could have 
a direct and severe impact on human beings. During the period 1st–15th February 2020, the weather 
in  Iraq was  characterized by  extreme heat  and  cold  temperature  spells.  This  paper  investigates  the 
role  of  polar  vortex  and  large-scale  atmospheric  circulation  in  the  occurrence  of  these  events.  The 
data  used  are  daily minimum  temperatures  for  12 meteorological  stations,  daily  data  of  the  Arctic 
Oscillation  Index  (AOI)  and North Atlantic Oscillation  Index  (NAOI),  and  reanalysis  data. Our  results 
show  that  extreme  daily  temperatures  were  overly  sensitive  and  responsive  to  variability  in  the 
magnitude and strength of the polar vortex. Teleconnection analysis revealed that the rapid variations 
of  polar  vortex  that  manifested  as  signifi cant  changes  in  the  NAO–AO  indexes  were  accompanied 
by strong meridional circulation activity within 45° to 70° N, which enhanced the chance of occurrence 
of extreme temperature events.

Potential effect of tropospheric polar vortex and 
large-scale atmospheric circulation on extreme 
winter temperature over Iraq 
(1–15 February 2020 case study)
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Introduction

It is  unequivocal that human actions have warmed 
the atmosphere, ocean and land (IPCC 2021). Global 
climate change has caused a signifi cant increase in the 
severity and frequency of  extreme weather events 
worldwide (Seneviratne et  al. 2021). Th e increase 
in  extreme weather events (e.g., sudden drops 
in  temperature, droughts and dust storms) might 
directly and severely aff ect the economy, human 
health, the water sector and the environment (ESCWA 
United Nations Economic and Social Commission for 
Western 2017; Naqi et al. 2021; Hochman et al. 2022; 
IPCC 2023). Besides that, the Middle East region 
can be described as a global climate change hotspot 
due to  temporal changes that are expected to  occur 

in meteorological features (Cramer et al. 2018; Zittis 
et  al. 2022). Moreover, this region is  characterized 
by  rapidly changing temperatures, especially during 
winter months (Kushnir et al. 2017). Iraq, as one of the 
Middle Eastern countries located at  an atmospheric 
crossroads, is  directly and strongly controlled 
by  a  variety of  large-scale atmospheric patterns 
such as  the North Atlantic Oscillation (NAO) and 
the El  Niño-Southern Oscillation (ENSO) (Muslih 
2014; Al-Khalidi et  al. 2018; Al-Qadi et  al. 2021). 
Th erefore, Iraq has been identifi ed as one of the Arab 
regions most vulnerable to  climate change (Elasha 
2010). Furthermore, Iraq’s  vulnerability to  the 
extreme weather events eff ects has been expected 
to increase as a result of capacity constraints and the 
lack of structures and mechanisms that can respond 
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effectively to mitigate climate change effects (Berghof 
Foundation and Peace Paradigms Organisation 
2023). These mitigation strategies include, for 
example, developing resilient health and agricultural 
systems, optimizing water resources management 
using modern techniques, and utilizing smart 
city technology to  improve infrastructure system 
management and optimization. The vulnerability 
index for Iraq is  estimated, according to  the ND-
GAIN Vulnerability Index 2022, at around 43.6 (122 
out of  187). This score means the country is  highly 
vulnerable to  climate change with an  exceptionally 
low readiness level. The ND-GAIN country index 
is  composed of  two key dimensions of  adaptation: 
vulnerability and preparedness. It  summarizes 
a country’s vulnerability to climate change and other 
global challenges, as well as  its readiness to improve 
its resilience. The goal is  to help governments and 
communities better prioritize investments for a more 
effective response to the immediate global challenges 
ahead (Notre Dame Global Adaptation Initiative 
2022). 

In the last two decades, numerous studies have 
been conducted on  extreme weather events using 
several statistical and synoptic analysis techniques 
over the eastern Mediterranean and Middle East and 
their effects on society and ecosystems (e.g., Coumou 
and Rahmstorf 2012; MedECC 2020; Hochman et al. 
2022; Zittis et al. 2022).

In Iraq, a  country dominated by  an arid and 
semi-arid climate, significant extreme weather 
events have been detected. Mohammed and Kadhum 
(2021) analyzed extreme cold temperature and 
precipitation events in Iraq during the period 1994–
2018 and their linkage to general circulation patterns. 
Muslih and Błażejczyk (2017) evaluated the inter-
annual variations and long-term trends of  monthly 
temperatures at  seven selected meteorological 
stations using the Mann–Kendall (MK) test and 
linear regression.

The study by  Muslih and Błażejczyk (2017) 
suggested warming trends, which were strongest 
during the summer months. Salman et  al. (2017) 
investigated temperature extremes in  Iraq over the 
period 1965–2015. They reported that the number 
of  hot extreme nights is  getting higher at  a  rate 
of 2.92 to 10.69 days/decade. Yet, the number of chilly 
days is  decreasing at  a  rate of  –2.65 to  –8.40 days/
decade. Further studies determined the climatic and 

synoptic factors responsible for the occurrence of the 
cold wave and snowfall in  Iraq from 09/02/2020 
to 13/02/2020 (e.g., Abdul Rahman 2021; Mahmoud 
2021; Al-Saadi 2023). Both studies reported that this 
cold wave was associated with a cold polar air mass 
advection generated by the Siberian anticyclone at the 
surface and with a  deep trough at  the level of  500 
hPa. Moreover, many other studies have also shown 
a significant increase in extreme temperature events 
in  this country (e.g. Al-Timimi and Al-Khudhairy 
2018; Al-Timimi et al. 2020; Al-Budeiri 2021; Mutar 
and Hamad 2024).

Further, with the increased frequency of  mid-
latitude extreme weather events, dramatic changes 
in the Arctic climate system appear to have occurred. 
The link between extremely weak (strong) polar 
vortex and changes in  extreme weather is  not well 
understood, especially since polar vortex variability 
is expected to increase in the coming decades (Cohen 
et al. 2014). In recent years considerable studies have 
analyzed the potential link between the polar vortex 
and weather variability at  midlatitudes (e.g., Francis 
2017; Screen et  al. 2018; King et  al. 2019; Matthias 
and Kretschmer 2020; Overland et  al. 2020; Finke 
et  al. 2023; Galytska et  al. 2023). These researchers 
found that the polar vortex shifting southward 
is frequently linked to extreme surface weather, such 
as  abnormally low temperatures, and to  extreme 
snow events caused by the upper-tropospheric polar 
jet stream migrating equatorward. 

Some studies have analyzed the relationship 
between the polar vortex and precipitation and winter 
temperature anomaly in  selected countries of  the 
Middle East (e.g., Kömüşcü and Oğuz 2021; Rahimi 
2021). Despite the several scientific studies concerned 
with the impact of large-scale atmospheric circulation 
patterns on  Iraq’s  climate, no  study has investigated 
the potential links between polar vortex and extreme 
temperature anomaly over Iraq. Therefore, the 
main objective of  this paper is  to quantify the role 
of  the polar vortex in  shaping the extreme winter 
temperature anomalies in  Iraq (1–15 February 2020 
as a case study). Moreover, the paper aims to explore 
the potential causal synoptic relationship between 
the Arctic climate system and extreme temperature 
events in  Iraq. In  a  sense, we  aim to  determine the 
physical mechanisms through which the variations 
in  the strength of  stratospheric polar vortex affect 
winter temperature anomalies over Iraq.
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Materials and methods

Our study focuses on the period from the 1st to the 
15th of  February 2020; we  use daily minimum 
temperature data for twelve meteorological stations 
that provide data continuously. These stations were 
strategically located across the study area, providing 
comprehensive coverage from 1985 to 2020, (Table 1, 
Fig. 1). All recorded temperature data was obtained 
from the Iraqi Meteorological Organization. Here, 
we  elaborated anomalies of  minimum temperature 
data in  selected metrological stations over Iraq, 
calculated relative to  the climatological mean 1985–
2020. That is to say, the daily minimum temperature 
on a specific day was subtracted from the multi-year 
mean of that day to determine anomalies.

The synoptic analysis is based on  reanalysis data 
derived from the National Center for Environmental 
Prediction (NCEP) and the National Center for 
Atmospheric Research (NCAR) with 2.5° × 2.5° 
spatial resolution (Kalnay et al. 1996).

To achieve the goal of this study, five meteorological 
elements were investigated: geopotential height at 850 
hPa, 500 hPa and 100 hPa levels, Sea Level Pressure 
(SLP), and wind speed (m/s) at 250 hPa level. Only 
geopotential height at 250 hPa was selected for wind 
speed, since the jet stream appears at  this level and 
determines polar front position in the surface, which 
is  the prominent signature of  Middle East climate 
fluctuations in winter. The composites tool from the 

Station Latitude (N) Longitude (E) Altitude (m a.s.l.)
Sulaimaniya 35º32’ 45º27’ 843.0
Rutba 33º02’ 40º17’ 615.5
Kirkuk 35º28’ 44º24’ 330.8
Nukhaib 32º02’ 42º15’ 305.0
Mosul 36º19’ 43º09’ 222.6
Khanaqin 34º35’ 45º38’ 175.0
Baghdad 33º29’ 44º24’ 34.1
Najaf 31º59’ 44º19’ 32.0
Diwaniya 31o59’ 44º59’ 20.4
Hai 32º10’ 46º03’ 17.0
Nasiriya 31º01’ 46º14’ 3.0
Basrah 30º34’ 47º47’ 2.4

Table 1. Details of the selected meteorological stations used in this study

Source: authors' own elaboration

Earth System Research Laboratory of  NOAA was 
used to  derive composite maps for the Middle East 
and adjacent areas. The daily minimum temperature 
within 50°–90°N at  the 100 hPa level was also used 
in  our analysis. All these data were obtained from 
the NOAA Physical Sciences Laboratory. Daily values 
for Arctic Oscillation Index (AOI) data (Thompson 
and Wallace 1998) and North Atlantic Oscillation 
(NAO) index data were supplied by  the Climate 
Prediction Center (CPC) of the National Centers for 
Environmental Prediction (NCEP) (Hurrell 1995).

Following previous studies (e.g., Polvani and 
Waugh 2004; Matthias and Kretschmer 2020; Zhang 
et al. 2021b), to assess the strength of the polar vortex, 
the zonal-mean zonal wind at  60° N is  calculated. 
One commonly used method to measure the upward-
propagating planetary wave activity is the meridional 
eddy heat flux at 100 hPa. Many studies have found 
that variations in  the eddy heat flux at  100 hPa 
determine the stratospheric interannual variability 
(e.g., Zhang et al. 2021b). Thus, the meridional eddy 
heat flux at 100 hPa averaged within 45°–75° N was 
used in this study.

The Pearson correlation coefficient has been 
used to better understand and statistically accurately 
assess the relationship between parameters describing 
polar vortex intensity and daily air temperature. The 
Pearson correlation test has been standard as  one 
of the most common methods for assessing reliance 
between two variables using the following equation 
(Rodgers and Nicewander 1988):
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Fig. 1. Topographic map of Iraq with spatial distribution of meteorological stations used in the paper
Source: authors' own elaboration

rxy,j =
i=∑ (xi,j−x̅j)(yi,j−y̅j)2016

1971
(n−1)Sx,jSy,j

  

 Where: rxy,j = correlation coefficient; xi,j and yi,j = the 
daily air temperature and the parameters describing 
polar vortex intensity over the study period; Sx,j 
and Sy,j = the standard deviation in  the parameters 
describing polar vortex intensity and daily air 
temperature, respectively; and n = the number 
of data cases. A correlation coefficient was considered 
statistically significant when the null hypothesis was 
exceeded with a probability level of 95%.

Results and discussion

Temperature variability, 1st–15th February 
2020

February 2020 was different from other Februaries 
of  the entire study period (1985–2020) (Fig. 2). 
At  the start of  the month, the temperature was 
around its average in  all stations. Gradually, the 
temperature started to rise, until it reached its highest 
temperature anomaly values on the 6th of February: 
these were 3.9 °C in  Rutba in  the west of  Iraq and 
3.9 °C at Sulaimaniya station at the northeastern tip 
of Iraq. 
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Other stations registered the highest minimum 
temperature on  the 7th of  February. At  Nukhaib 
station it  occurred one day later (8th of  February). 
The temperature anomalies at  most stations were 
greater than 5°C, with the highest anomaly of 6.9°C 
recorded at  the Basrah station in  southern Iraq 
(Fig.  3). As  shown in  Figure 2, after February 8th, 
the temperature dropped exceptionally at all stations 
included in this study. 

The lowest minimum temperatures in  the study 
area were recorded on  11th February for 50% 
of stations across the west and north of the country, 
including at Mosul, Sulaimaniya, Kirkuk, Khanaqin, 
Rutba and Nukhaib stations, with minimum 

Fig. 2. 1–15 February daily minimum air temperature for selected meteorological stations over the period 1985–2020; black lines 
are daily mean temperature during the period February 1–15, 2020. The daily mean temperature for each year from 1985 
to 2020 is represented by the individual colored lines.

	 Source: unpublished data from Iraqi Meteorological Organization and Seismology

temperature anomalies of –6.1, –10, –7.2, –7.6, –10.0 
and –8.1 °C, respectively, “breaking the record”. 
Another 50% of  stations in  central and southern 
Iraq (Baghdad, Hai, Najaf, Diwaniya, Nasiriya and 
Basrah) registered absolute minimum temperature 
on the 12th of February with minimum temperature 
anomalies of  –8.5, –8.0, –7.7, –8.0, –7.8 and –7.8 
°C, respectively. Owing to  the very low temperature 
reached within the continental polar air masses 
associated with the Siberian anticyclone, very heavy 
snowfall in  north Iraq lasted continuously for three 
days (10–12 February) while in  the center and west 
of Iraq snowfall accumulated only on 11th of February 
(Abdul Rahman 2021).
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Fig. 3. February 1–15, 2020 daily minimum air temperature anomalies for selected meteorological stations relative to the 
climatology average over 1985–2020 

	 Source: unpublished data from Iraqi Meteorological Organization and Seismology

Synoptic evolution

Synoptic environment prior to the formation 
of heat wave

This section discusses the synoptic development 
associated with two contradictory extreme events 
during the first two weeks of  February 2020 
(February 1–15). The first was the abnormal heat 
wave, which reached its peak on  February 6 and 
7, with a  temperature anomaly ranging from 3.8°C 
at the Nukhaib station in western Iraq to 6.9°C at the 
Basra station, located in the far south of Iraq. On 3–5 
February 2020, the lower level of  the atmosphere 
was dominated by  a  subtropical high with a  west–
east axis extending from the tropical Atlantic Ocean 
over North Africa and reaching the central pressure 
of  1023 hPa. This high-pressure configuration 
extended over all of  Iraq from the north to  the 
south (Fig. 4). The vertical structure of  this system 
was deep enough to appear on the maps of 850 hPa 
geopotential height.

The geopotential map at  500 hPa level 
shows small amplitude waves over all eastern 
Mediterranean regions “including Iraq”, which 
means less interference of  both tropical and polar 
air masses. The synchronous 250 hPa wind speed 
field shows that the core of the subtropical jet stream 
is  lying over the Arabian Peninsula, south of  Iraq, 
with a  pronounced horizontal wind shear on  the 
northward flank of the jet (Fig. 4). The simultaneous 

synoptic conditions contributed to  the prevalence 
of  atmospheric stability over the entire Eastern 
Mediterranean region. Nevertheless, the anticyclone 
over the border between Iraq and Iran visible on the 
3–5 February maps is  induced by  the upper-level 
convergence which is usually present in the left rear 
(LR) region of the jet stream (jet streak).

Heat wave: second stage of development

On February 6 and 7, surface temperature 
anomalies showed a  clear increase compared to  the 
climatological average from the period 1985–
2020 (Fig. 5). Synoptic conditions during those 
days are represented in  Figure 5. The study area 
is  still dominated by  a  deep subtropical high with 
axis extended towards the southeast, so  that it  has 
a  southeast–northwest axis covering all the Arabian 
Peninsula and the eastern Mediterranean region, 
centered over Iran and eastern Iraq enclosing 
an anticyclone, with a central surface pressure value 
of up to 1021 hPa. This high-pressure system is also 
visible at the 850 hPa level. It can be seen that, at 500 
hPa, ridges extended over the eastern Mediterranean 
region with a north–south axis direction.

The geopotential map at 250 hPa shows a blocking 
pattern, with high values over Iran and Iraq, which 
splits the jet stream into two branches; the northern 
one, going northeasterly over Turkey and the 
southern part situated over the Arabian Peninsula. 
This atmospheric circulation within the surface and 



K.D. Muslih, A.M. Abbas Potential effect of tropospheric polar vortex and large-scale atmospheric circulation on extreme winter...

Citation: Bulletin of Geography. Physical Geography Series 2025, 28, http://doi.org/10.12775/bgeo-2025-0003 39

Fig. 4. Synoptic patterns for February 3–5, 2020, 00 UTC. Upper panels: Mean sea level pressure (left) and geopotential height 
at 850 hPa (right). Lower panels: Geopotential height at 500 hPa (lift) and wind speed for the Middle East region at level 
250 hPa (right)

	 Source: data provided by NOAA Physical Sciences Laboratory 2021

upper levels contributed to the transport of warm and 
dry sub-tropical masses from the Arabian Peninsula 
towards Iraq, causing unusually high temperatures 
at that time of year over the study area. 

Synoptic conditions during cold wave 
occurrence

In the following days, rapid and sudden evolutions 
in  synoptic conditions at  all atmospheric levels 
are observed. On  February 8 and 9, temperatures 
returned to  the climatological daily mean with 
a  state of  atmospheric stability. Subsequently, the 
second anomalous weather event began, represented 
by a rapid drop in temperatures for all parts of Iraq. 
The negative temperature anomaly reached its nadir 
on  February 11 and 12, as  we have shown in  detail 

(section 3.1). Analyzing circulation patterns of  this 
cold event, we find the following (Fig. 6):

On 10 February: The wind speed field maps 
at  250 hPa show the blocking anticyclone shifting 
eastwards, giving way to  the control of  the polar jet 
stream and affecting Iraq, where the center of the jet 
stream was passing over Kuwait and southern Iraq. 
At that time, the upper westerlies started meandering 
and led to  the extension of  a  deep trough with 
a  northeastern–southwestern direction at  mid-
tropospheric level. However, the center of  the low 
at 500 hPa level, is located over Turkey. Therefore, its 
effect on reducing temperature on this day was more 
evident in  the northeastern parts of  Iraq, as  is the 
case at the Sulaimaniya and Kirkuk stations (Fig. 3). 
The lower-level synoptic conditions were very similar 
to  the upper level’s  circulation patterns in  terms 
of  nature and extension. On  the surface, there was 
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Fig. 5. Synoptic patterns for February 6–7, 2020, 00 UTC. Upper panels: Mean sea level pressure (left) and geopotential height 
at 850 hPa (right). Lower panels: Geopotential height at 500 hPa (lift) and wind speed for the Middle East region and 
adjacent areas (m/s) at level 250 hPa (right)

	 Source: data provided by NOAA Physical Sciences Laboratory 2021

an extension of the Siberian anticyclone over Turkey 
towards the southwest over the Mediterranean Sea, 
and it was merged with the subtropical high centered 
over North Africa, the Mediterranean Sea and 
southern Europe. This merger was not maintained 
in  the layers, as  it did not appear on  the weather 
maps at  the 850 hPa level. At that time, a vast ridge 
from the Siberian high spreading westward over 
Iraq affected only the north and northeast of  Iraq, 
as shown above in Fig. 6.

Figure 6 also depicts the circulation pattern of 11 
February 2020. The elevated waviness of  the upper 
atmosphere has increased, and the westerlies become 
more meandered, as  Iraq has come directly under 
the influence of  the curvature of  the cold polar jet 
stream at  250 hPa level. At  the 500 hPa level, the 
westerlies turn southwards, affecting all parts of Iraq 
and associated with the evolution of a well developed 
trough with a northeast–southwest axis. This pattern 
of extension of the upper system created an optimal 
atmospheric condition for very cold continental polar 

masses to  break out towards Iraq. On  the surface, 
a  massive ridge of  Siberian anticyclone extended 
over Iraq with an  east–west axis, enclosing a  deep 
anticyclone over southern Turkey and reaching the 
central pressure of 1035 hPa (Fig. 6).

The high pressure was represented on the surface 
and 850 hPa levels. The prevailing synoptic condition 
on  11 February was responsible for the dominance 
of the extremely cold event over Iraq. On the surface, 
the Siberian high dominated, and in  the middle 
atmosphere, there is  a  deep trough associated with 
a polar jet stream at 250 hPa level causing very cold 
masses to penetrate towards Iraq. Additionally, heavy 
snow had fallen on the early morning of February 11 
on  most of  northern and central-western Iraq. This 
is exceptional if one considers the domination of the 
Siberian high, which creates a  stable atmospheric 
condition in the lower atmosphere. Our explanation 
for this distinctive case is  that, despite the Siberian 
high’s domination on the surface, the presence of the 
center of  the upper trough at  500 hPa contributed 
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Fig. 6. Synoptic patterns for February 10–12, 2020, 00 UTC (from left to right respectively). Mean sea level pressure (hPa) (Upper 
panels); Geopotential height at 850 hPa (second row panels, from top); Geopotential height at 500 hPa (third row panels 
from top); and wind speed for the Middle East and adjacent areas (m/s) at level 250 hPa (bottom panels)

	 Source: data provided by NOAA Physical Sciences Laboratory 2021

to  the ascending motions in  the upper layers of  the 
atmosphere. Therefore, air rose from the surface, 
which, due to  its cold temperature, quickly reached 
its dew point, resulting in snowfall that day.

On February 12, the upper westerlies began 
to  slow down over Iraq and move northwards, 
accompanied by  northwards and northeastwards 
movement of  the upper cyclone center at  the 500 
hPa level, leading to  less chance of  very cold air 
masses reaching the study area. As  the pressure 
systems at  upper levels moved, on  the surface the 

Siberian high began simultaneously to  retreat from 
Iraq towards the northeast. This retreat allowed the 
subtropical high to  move towards the study area 
from the west. The subtropical high established 
an  independent center of  high pressure with 
a  southwestern–northeastern axis extending from 
the Arabian Peninsula to  northern Iran, allowing 
the warm dry tropical masses to  progress towards 
the Eastern Mediterranean region, and ending the 
exceptional cold event.
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The polar vortex

The polar vortex can be  defined as  the large area 
of chilly air and low pressure that surrounds each pole 
(Waugh et al. 2017). In the Earth’s atmosphere, there 
are two polar vortices that differ in terms of dynamics, 
structure, seasonality and impacts on surface weather 
(AMS 2015). The first is  a  tropospheric vortex that 
is commonly defined by geopotential height contours 
lying in  the core of  the westerlies. The equatorward 
edge of  the tropospheric vortex is  around 40° 
to  50° latitude, and it  exists throughout the year 
(Angell 2006; Waugh et  al. 2017). The other is  the 
stratospheric polar vortex, which is  defined by  the 
small geopotential height area encircled by  strong 
westerlies at  about 15 km  to 50 km  altitude, 
maximizing at  60° and edge positioned around 50º 

latitude. The stratospheric polar vortex exists from 
autumn to  spring and completely disappears during 
summer (Schoeberl and Hartmann 1991). 

Many recent studies have focused on  the polar 
region, proposing that the stratospheric polar vortex 
variability can directly affect mid-latitude extreme 
weather events (e.g., Baldwin and Dunkerton 2001; 
Francis and Vavrus 2012; Cohen et  al. 2014; King 
et  al. 2019). In  this section, we  investigate the 
influence of the polar vortex on extreme temperature 
events during the first two weeks of  February 2020 
in  Iraq, a  Middle Eastern nation subject to  mid-
latitude climatic dynamics.

The winter of  2019/20 was marked by  an 
exceptionally strong and persistent stratospheric 
north-hemisphere polar vortex, accompanied 

Fig. 7. 100 hPa geopotential heights anomalies relative to 1981–2010 base period for: from January 1 to March 31, 2020 (a) 
and February 2020 (b). Lower panels: February 6 2020 (c) and February 11 2020 (d)

	 Source: data provided by NOAA Physical Sciences Laboratory 2021
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by  poleward-shifted extratropical cyclone tracks, 
which led to  a  remarkably warm and quiet winter 
across NH mid-latitudes (Lee et al. 2020; NOAA 2020; 
Zhang et al. 2021a, b). It has been recognized as the 
strongest on record at 10 and 100 hPa since 1979/80 
(Lawrence et al. 2020). Figure 7A shows the 100 hPa 
geopotential heights anomaly over January through 
March 2020. An  outstanding feature in  this figure 
is  that the high strength of  the polar vortex lasted 
over most of  January to  March. In  this map, only 
one negative polar vortex anomaly center was located 
exactly over the North Pole and was associated with 
the polar vortex having a  lower-than-climatological-
mean minimum temperature (Fig. 8C).

The exceptional polar vortex during the 2020 
winter (January to  March) was surrounded by  very 
strong westerly winds at  60°N (Fig. 8B). The same 
figure also shows that the zonal-mean zonal winds 
were speedier than the climatological mean (the 
blue line Fig 8B). On  the other hand, more than 
70% of  the daily mean of  eddy heat flux (K.m.s-1) 
over 45°–75° N during the period (January to March 
2020) were smaller than climatological mean for 
the period 1978–2021. So, the upward planetary 
wave activity during this winter was low compared 
with other winters. As  is known, less propagation 
of  Rossby waves usually results in  a  strong polar 
vortex, and vice versa (Zhang et al. 2021b) (Fig. 7A). 
Moreover, during the winter and spring of 2019/20, 
the lesser activity of planetary waves was considered 
the main reason for the strong and persistent polar 
vortex (Zhang et al. 2021). 

The 100 hPa geopotential heights anomaly for 
February 2020 is  shown in  Figure 7B. It  is obvious 
that the polar vortex was still strong and had one 
center located over the North Pole, associated 
by extraordinarily strong zonal wind at 60° N latitude 
(Fig. 8B). However, the polar vortex started to  take 
on an elliptical shape during this month. 

The most notable change in  the polar vortex 
during the winter of 2019/20 occurred in the first half 
of February 2020. The variation in polar vortex during 
1st to 15th February 2020 led to significant variation 
in  daily temperature over Iraq. Daily minimum 
temperatures were correlated with some parameters 
describing polar vortex intensity (see Materials and 
methods section) at twelve stations during the period 
(1–15 February 2020). Moreover, Table 2 suggests 
that the polar vortex influences daily temperature 
in Iraq, and this influence can vary significantly from 
one parameter to another. For example, a significant 

negative correlation between daily temperature and 
zonal-mean zonal wind at 60° N at ≥95% confidence 
level was found for 75% of  stations included in  this 
study. A  significant positive correlation statistic was 
obtained with daily minimum temperature within 
50°–90° N for some stations, particularly for the 
north and northeast of Iraq. 

On the other hand, Table 2 demonstrates a  lack 
of  significant negative correlation between daily 
minimum temperature over Iraq and daily mean 
eddy heat flux over 45°–75° N. Again, the heights 
correlation coefficients related to  the zonal-mean 
zonal wind at  60°N. That does not mean that there 
is no correlation with other polar vortex parameters, 
but the low correlations may partly reflect a  less 
direct relationship with local climatic factors.

On February 6 (Fig. 7C), the polar vortex divided 
into two cells: the larger and stronger intensity 
center was located over North America west of  the 
Greenland Sea; the second was located over Eastern 
Eurasia at 60° N latitude. The displaced polar vortexes 
were surrounded by  a  sudden reduction in  speed 
of  the zonal-mean zonal wind at  60°N compared 
to its speed over the previous days, as shown in Fig. 
8B. Additionally, Figure 8A also reveals an  abrupt 
increase in  the meridional eddy heat flux within 
45°–75° N compared with the climatology of 1978–
2021. This increase in the meridional eddy heat flux 
indicated an upward propagation of planetary waves 
that reinforced the events of the first half of February. 
An  upward propagation of  Rossby waves increased 
poleward heat transfer in  the northeast Atlantic 
sector.

The upward spread of  planetary waves led 
to  an increase of  the daily minimum temperature 
within 50°–90°N at  100 hPa during this event that 
approached the climatology of 1978–2021, as shown 
in Figure 8C. 

The regional intensification of the displaced polar 
vortex and their descendant effects on  mid-latitude 
waves are shown in  Figure 7. The center of  the 
polar vortex located over North America was large 
enough to direct northward the polar jet stream over 
the north-eastern part of  the Atlantic and western 
Europe, associated with a  large mass of  warm air 
moving upward toward the North Atlantic and 
eastern Mediterranean region, including Iraq (Fig. 
9C and E). The warm tropical mass air caused 
a  rapid increase in  air temperature over Iraq on  6th 

and 7th of  February 2020. In  contrast, Figure 9D 
illustrates that the cold polar air penetrates southward 
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 Fig. 8. 100-hpa variations of (a) the daily mean eddy heat flux over 45°–75° N (k·m·s-1), (b) zonal-mean zonal wind at 60°N  
(m s-1), and (c) daily minimum temperature within 50°– 90°N (K)

	 Source: data provided by NOAA Physical Sciences Laboratory 2021

across central European regions until it  reaches the 
Mediterranean Sea. Subsequently, the polar vortex 
(which was over North America) started to  move 
toward the east, then centered over the North Atlantic 
east Greenland on  February 11, as  shown in  Figure 
9D. This caused a massive chilly air flow southward 
to  the Middle East region shown on  maps of  500 
hPa (Fig. 9D and 9F), which led to  extreme cold 
across all this region including Iraq with temperature 
anomalies reaching more than –10°C, as  explained 
in the section headed “Temperature variability in the 
period 1st–15th February 2020”.

Link to NAOI and AOI

Correlations between geopotential heights 
on a certain pressure surface at widely separated sites 
on Earth are referred to as “teleconnections”. The main 
benefit of studying teleconnections is to identify and 
document recurring spatial patterns with durations 
ranging from a  few days to  a  month or  longer that 
may be signs of standing oscillations in the planetary 
waves (Wallace and Gutzler 1981). Therefore, NAOI 
and AOI are two of the most studied teleconnection 
patterns in the Northern Hemisphere. 

Shifts in the NAO–AO indices affect temperature 
and precipitation in  the mid-latitude zone of  the 
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Station Daily mean eddy heat flux 
over 45°–75° N

Zonal-mean zonal 
wind at 60° N

Daily minimum temperature 
within 50°–90° N

Mosul - 0.02 - 0.68 0.59
Sulaimaniya 0.09 - 0.68 0.36
Kirkuk - 0.03 - 0.66 0.55
Khanaqin - 0.13 - 0.53 0.46
Rutba 0.09 - 0.68 0.36
Baghdad - 0.07 - 0.45 0.34
Hai - 0.13 - 0.41 0.36
Najaf - 0.02 - 0.34 0.19
Nukhaib - 0.09 - 0.47 0.32
Diwaniya - 0.12 - 0.32 0.21
Nasiriya - 0.12 - 0.32 0.23
Basrah - 0.20 - 0.17 0.15

Table 2. Correlation between parameters describing polar vortex intensity and daily air temperature at twelve stations 
during the period (February 1–15, 2020). Significant correlations at <0.05 are shown in bold.

Northern Hemisphere (Zhang et  al. 2020). Many 
studies have found that the positive (negative) 
phases of  NAO-AO indices are typically associated 
with stronger and colder (weaker and warmer) 
stratospheric polar vortex. This results in  smaller 
(larger) upward-propagating planetary waves and, 
eventually, lower (higher) frequencies of  extreme 
weather events (e.g., Kuroda 2002; Baldwin et  al. 
2003; Zhang et  al. 2021b). The regression line (Fig. 
10B and C) suggests a negative correlation (r=–0.21 
and –0.06) between the daily winter temperature over 
the Iraq and AOI and NAOI, respectively, significant 
at  the 95% probability level, where the AO  and 
NAO indexes explain 21–41% of  Iraq’s  temperature 
variability during wintertime. However, links among 
NAO or  AO indexes and rainfall and temperature 
in  the Iraq have been examined by  many recent 
studies (e.g., Muslih 2014; Khidher and Pilesjö 2015; 
Mohammed and Kadhum 2021; Hassan and Al-
Asadi 2023). These research papers have also shown 
a  strong and immediate response of  the climate 
condition in the Middle East region “including Iraq” 
to changes in Arctic–Atlantic weather systems. Figure 
10A clearly illustrates that positive NAO–AO indexes 
for the entire three winter months of January–March 
(2020) constituted around 84% for NAOI and 97% for 
AOI. Figure 10 also shows that temperature correlates 
more strongly with AO than with NAO. Perhaps this 

is  due to  the worldwide impact of  NO, unlike the 
NAO oscillation, which has a  lesser influence than 
the first. According to  studies including Thompson 
and Wallace (1998), the NAO represents the local 
expression of  the AO, a  worldwide pattern. This 
AO  results from the interaction of  tropospheric 
circulation with the stratospheric polar vortex.

A  negative phase of  NAO–AO indexes was 
observed before onset of  both extreme weather 
events, specifically at  the end of  January. With 
approaching of  the onset of  the first extreme high 
temperature, the NAO–AO indexes suddenly 
changes over a  short period from nearly –0.47 and 
–0.08 on  28th January to  around +1.63 and +3.84 
by 7th of February, respectively, “accompanied by the 
highest temperature anomaly during our case study 
period (Fig. 10A and Fig 3)”. One more abrupt change 
in  the NAO index occurred a  few days later, when 
the NAO index dropped to  0.783 by  February 11, 
associated with lowest temperature anomaly during 
case study period (ranging from –6.1°C to  –10°C) 
(Fig. 10.A and Fig. 3). 

Numerous scientific studies have been confirming 
that such these huge variables of  the NAO–AO 
indexes by  about 2.1 for NAOI and 3.92 for AOI 
are significant and represent a noticeable circulation 
pattern change over the Northern Hemisphere (e.g., 
Cellitti et al. 2006).
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Fig. 9. 500 mb mean geopotential heights for: from January 1 to March 31, 2020 (a) and February 2020 (b), February 6 2020 
(c) and February 11 2020 (d). Maps of temperature anomalies distribution at surface for the Middle East and adjacent 
areas (K) during, February 6, 2020 (e) and February 11 2020 (f)

	 Source: data provided by NOAA Physical Sciences Laboratory 2021
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Summary and conclusions

Consistent with previous studies, we  presented the 
relationship between winter weather extreme events 
over Iraq and polar vortex in our case study of 1st–15th 
February 2020. This paper provided a general overview 
of the extremes that occurred during the period 1st–
15th February 2020 and how they developed. The 
first half of February 2020 witnessed two contrasting 
extreme weather events; the first is  warm extreme 
temperature reached its maximum on  February 7, 
when the minimum temperature anomaly was ~7 
°C in southernmost Iraq. Subsequently, temperatures 
dropped exceptionally over all Iraq and reached the 
greatest negative anomaly on  February 11 and 12 
with temperature anomalies ranging between –6.1°C 
in the north of Iraq and –10.0°C in the west of Iraq. 

The study analyzes the synoptic conditions that 
made these extreme events among the most severe 
events in  the region during the last four decades. 

 

 
Fig. 10. Daily AO and NAO from January 1, 2020 to March 31, 2020 (a), Scatterplots with correlation between mean daily 

minimum temperature over Iraq and (the NAOI (b) and AOI (c)), during the period February 1–15, 2020
	 Source: temperature data from Iraqi Meteorological Organization and Seismology; NAOI and AOI data from NOAA National Centers for 

Environmental Prediction (NCEP) Climate Prediction Center (CPC)

The study also provides corroborative evidence 
that the variability in  the polar vortex in  the lower 
stratosphere substantially and immediately affects 
severe winter weather across the Middle East region, 
and particularly Iraq. 

This paper has found that the winter of  2019/20 
was marked by a strong and persistent stratospheric 
north hemisphere polar vortex, associated with 
significant poleward-moved extratropical cyclone 
tracks, that led to a  remarkably warm and relatively 
quiet winter across NH  mid-latitudes. However, 
the results also revealed that, with an  appropriate 
polar vortex, a noticeable variability in strength and 
stability of the polar vortex occurred during the first 
half of February 2020. 

This a short-term change in polar vortex manifested 
by a sudden variation in westerly circulation around 
the pole. Moreover, greater values of  daily mean 
eddy heat flux within 45°–75° N during January 
and February 2020 were observed on the period 1st 
to  4th of  February that were much higher than the 
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climatology mean of  1978–2021. The rapid increase 
in  daily mean eddy heat flux means the upward 
planetary wave activity during the following days 
was relatively high compared with other days in the 
2019/20 winter. The obtained results also identified 
a  significant correlation between some parameters 
describing polar vortex intensity and daily minimum 
air temperature over Iraq, particularly with zonal-
mean zonal wind at  60° N. This implies that more-
meridional circulation and extra-frequent cold-air 
outbreaks occurred over mid-latitudes (including the 
Middle East region).

Our results show that there are significant changes 
in  the NAO–AO indexes during the end of  January 
through the first half of  February. These rapid and 
short vibrations of  the NAO–AO indexes were 
in response to a change in polar vortex.

Analysis showed that the strong meridional 
circulation between 45° and 70°N at 100 hPa during 
the study period led to strengthened ridge and trough 
systems at  500 hPa. Consequently, this circulation 
condition enhanced the air exchange between the high 
and lower latitudes. Around the end of the first week 
of February, the polar vortex split into two parts, the 
larger and stronger intensity center was located over 
North America west of the Greenland Sea. This was 
deep enough to  the substantial northward direction 
of  the polar jet stream over the north-eastern part 
of the Atlantic sector and western Europe, associated 
with a  large mass of  warm air moving to  the north 
Atlantic and eastern Mediterranean region, including 
Iraq. 

Subsequently, the intense polar vortex center 
gradually moved eastward across the North Atlantic 
east of Greenland on February 11, leading to a deep 
trough over the Middle East region. On the surface, 
an  extension of  the Siberian anticyclone dominated 
over the entire eastern Mediterranean region with 
a  central pressure of  1035 hPa. The prevailing 
synoptic conditions at  all atmospheric levels were 
responsible for the dominance of the extremely cold 
event associated with heavy snow falling on the early 
morning of February 11 on most of the northern and 
central-western parts of Iraq. 
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