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Abstract- The study aimed to investigate how to influence the intensity, its edge of the polar vortex to the stratospheric warming on the 

troposphere in relation to global warming. The edge of polar vortex was defined by averaging wind component at 450K potential 

temperature surface along 60°–65°N during the winter using reanalyze ERA5 data. The results revealed that, recent years, decreasing 

linear trend of polar vortex 2m/s per decade (p < 0.1) was found during the study period (1979 – 2019). In addition, we found that the 

edge of polar vortex has more impact than the inter-annual polar vortex changes on the winter climate of Mongolia. 

We defined strong or weak years of the polar vortex weak, then, we classified it into four combinations depending on the polar vortex 

intensity (strong (/weak) and air temperature anomaly (above (/below) from the climatology (1981–2010)) over Mongolia. This analysis 

was extended to characterize the atmospheric pattern of each period in terms of the edge of polar vortex. According to the result, we 

calculated the regional Ti indexes in every period relating to the edge of the polar vortex during the winter.  The study result showed the 

high correlation between Ti indexes and Winter temperature in Mongolia. These findings suggest that Ti index could be used as seasonal 

predictor in forecasting winter temperature over Mongolia. 

  

Index Terms- climate, polar vortex, stratosphere, temperature 

   

I. INTRODUCTION  

 

n latest decades, extreme cold-air outbreaks have frequently occurred across over the northern hemisphere, especially northeastern 

part of US and Eurasia despite global climate warming [1,2,3]. Dzud is an unfavourable weather condition (winter disaster: harsh and 

extreme cold weather phenomena) that makes it impossible for livestock to graze for long periods during the cold season and leads to 

mass deaths[4]. The winter disaster causes significant damage in socioeconomic of Mongolia, especially in herders livelihood. 

Particularly in the 2009/2010, it caused economic losses of 345 million US$14 and livestock mortalities  reached 23.4% of the total 

livestock [5,6].   

In the atmospheric science, the polar vortex (PV) is the strong circumpolar westerlies in the stratosphere as extending from the just 

above the tropopause into the mesosphere during the winter [7]. Climatologically, PV is mainly observed near northern side of Canada 

and Eurasia from the January to February. determined that center of PV has observed 40% around north America and 25% around 

Siberia on the 100 hPa pressure levels using ERA-Interim data from 1979 to 2018 [8]. 

Many scientist have  studied the relationship of atmospheric circulation between troposphere and stratosphere [9,10,11].  Particularly, 

concluded that PV significantly influences the tropospheric circulation and thereby it is possible to be used as an predictor for  cold 

seasons weather forecast[12]. Moreover, a weak PV can lead to an intense cold-air outbreak in midlatitudes, especially into Eurasia[8]. 

The 500hPa geopotential height anomalies over Mongolia  depend on the position of PV core at the stratosphere in the northern 

hemisphere[9]. Mijiddorj (1983) analysed the timing of spring replacement period of stratospheric circulation with drought. It concluded 

that the spring and summer drought is rarely observed when the spring replacement period is late. Furthermore,  It is possible to  forecast 

summer drought possibility over Mongolia, using wind direction changes  over the equator during  January  to February [10]. 

Within the context of the above, this study had two objectives. The first is toidentify interannual changes of the polar vortex during the 

winter months. The second is to investigate the relationship between PV and  regional climate. This linkage can improve the seasonal 

climate forecasting methodology of cold period of year in the mid-latitudes, especially in Mongolia.  

The Uralian ridge (UR), trough of east Asia (TEA) and its frontal system (FS) are key indicators of climate predictability during the 

winter season over central Asia, including Mongolia [13,14]. Scientists concluded that in winter, when Uralian ridge is intense, the 
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lower-level anticyclone shifts to the southeast under the Uralian ridge and feeds Siberian high pressure and strengthens settling cold air 

mass over the Mongolia [15,16]. 

When the UR is intense, the high pressure over Siberia (SH) is intensified, Jet stream locates over the low latitude region of the transition 

zone of Eurasia continent and Pacific Ocean, followed by enhancing cyclogenesis over the western Pacific and sea of the far east and 

strengthening the East Asian Winter monsoon [17]. 

 

II. USED DATA 

Reanalysis data: In this study we used daily and monthly parameters (air temperature, wind components, and pressure) of the surface 

and 37 pressure levels (range: 1000 – 5 hPa) from ERA5[18] reanalysis climate dataset during 1979 – 2019 at 30 km spatial resolution, 

provided by the European Centre for Medium-Range Weather Forecasts.  

Meteorological observation data: Used observational data from 137 meteorological stations located widely throughout Mongolia. The 

meteorological data used in this study comprised the monthly mean air temperature and the total precipitation during 1971 –2020. 

Moreover, we used the air temperature at 2m converted at 30 km by using interpolation method [19]. 

Predicted atmospheric data: we determined future tendency of polar vortex using the horizontal wind component in winter season for 

each of four pathways (RCP:2.6; 4.5; 6.0; 8.5) data during 2021 – 2100, provided by the 5th Version of the Community Atmosphere 

Model (CAM) [20], National center for atmospheric research (NCAR). 

 

III. METHODOLOGY  

This study used Waugh (2017) methodology. Equation (1) gives the formula for calculating polar vortex as  

𝑃𝑉𝐼 =
1

𝜆60+𝜆65
 ∫ 𝑢10̅̅ ̅̅ 𝜕𝛼

𝜆65

𝜆60
  (Equation (1)) 

were 𝑢10 − average horizontal wind component at 10 ℎ𝑃𝑎, 𝜆 − latitude. Moreover, we defined edge of polar vortex that anomalies 

between average value and long-range value of wind component along the 60-65 degrees at the surface 450K. 

𝑃𝑉 =  
𝜉𝛼∗𝛻𝜃

𝜌
  (Equation (2)) 

Here, PV – potential vortex (10−6 m2s−1𝐾 kg−1;[21])  𝜌 – density (𝑘𝑔 m−3),  𝜉𝑎 – absolute vortex (s−1),  𝜃 – potential temperature 

(K),  𝜉𝛼 = 𝜉 + f, 𝜉 нь 𝜉 =
𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
, f  - Coriolis parameter 𝑓 = 2𝛺 sin 𝜑.  

∅ = 𝑇 (
𝑃0

𝑃
)

𝑅
𝐶𝑝

⁄
  (Equation (3)) 

Here, T – air temperature (К), 𝑃 –pressure (ℎ𝑃𝑎), 𝑃0 = 1000 ℎ𝑃𝑎, R – constant of gas, Cp – specific heat capacity, 𝑅 𝑐𝑝⁄  = 0.286.  

We selected years as a winter period that an anomalous air temperature was above and below a specified threshold corresponding to σ 

(σ: standard deviation) from the climatology (1981–2010) when condition of strong and weak the polar vortex. The statistical test of the 

trend coefficient was employed based on the Mann–Kendall nonparametric method[22]. 

IV. RESULT AND DISCUSSION 

A. The interannual variation of polar vortex and it`s future tendency  

The interannual variation of the averaged of the PV during 1979-2019 in winter season (DJF) using by Mann-Kendall statistical method 

is shown in Figure 1. A linear decreasing trend of PV 2 m s-1 per decade winter (p < 0.1) was found during the study period (1979-

2019). These results are directly comparable with Kretschmer (2018) who also calculated PV and reported same trend. This decreasing 

tendency is might be linked with the rapid warming of Arctic associated with changing atmospheric circulations Iijima and Hori [23]. 
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Figure 1: The interannual variation of the averaged of the PV during 1979-2019  in winter season 

(DJF), [m s-1]. Blue (red) line indicate negative (positive) anomaly of PV, black line indicates 

linear trends. 

 

 Future projection of polar vortex shown in Figure 2. It can be seen that CAM5 models predict PV values that will not change in each 

of RCP scenarios (except RCP; 8.5) by 2100. 

 
Figure 2:  The projected interannual variation of the averaged of the PV during 2021-2100 in 

winter season (DJF), [m s-1]. Blue (red) line indicate negative (positive) anomaly of PV, black line 

indicates linear trends. 

 

B. Composite analysis 

 

We employed the statistical analysis method to analyze relationships regional climate condition with polar vortex state (strong / weak). 

Therefore, we classified it into four combinations depending on the polar vortex intensity (strong/weak) and air temperature anomaly 

(above/below) from the climatology (1981–2010)) over Mongolia (Table 1). We found 10 cases with below normal the air temperature 

anomaly and the strong polar vortex and 10 cases with above the normal air temperature anomaly and a weak polar vortex during 
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winter (DJF) for 1979 – 2019 across the country. Therefore, it is important to consider its edge of PV while investigating the regional 

climate. 

 

Table 1:  Number of years for four conditions with above (below) normal air temperature anomaly 

over Mongolia and a strong (weak) polar vortex during 1979-2019. 

  PV 

  + − 

  Temperature 

Winter 

season 

+ − + − 

5 10 10 6 

 

 

Based on previous analysis, we calculated anomalies of potential polar vortex corresponding surface of 450K potential temperature and 

defined the edge of stratospheric polar vortex over the Northern Hemisphere in every month (Fig 3). According to the international 

system of units (1PVU=10-6 m2 K s-1 kg-1), we multiplied the unit of potential temperature by 10-6, converted into an integer. The edge 

of stratospheric polar vortex is defined by the averaged potential vortex along the 60-65oN of latitude corresponding surface of 450K 

potential temperature. 

From figure 3a, b, the edge of stratospheric polar vortex is observed north side compared to the climatological position when the PV is 

strong whereas opposite pattern (south side) is observed when the PV is weak.  

In terms of anomalies of the potential vortex, when a polar vortex is strong and an air temperature over Mongolia is above 

normal (PV+ /АТ+) , the positive anomaly is observed over the north polar (80-90oN, 0-360oE) whereas, negative anomaly is observed 

over the northern Europe (50-60oN, 0-30oE) and the eastern Siberia (52-63oN, 100-130oE). Furthermore, when it is PV + /АТ−  , the 

positive anomaly is observed over the north polar region (80-90oN, 0-360oE), the northern Europe and the eastern Siberia (Fig 3b) 

Whereas, the negative anomaly is observed over the polar region and the positive anomaly is observed over the eastern Europe and the 

sea of Agnur (Fig 3c, d) when it is PV − /АТ+  and  PV − /АТ−. 

Therefore, we selected the six regions to predict climate condition over Mongolia during winter season based on above analysis (shown 

table 2). 

Table 2: Selected six regions information. 

 

 

 

 

 

PV +  PV  - 

А (80-90oN, 0-360oE) А (80-90oN, 0-360oE) 

B (50-60oN, 0-30oE) D (50-60oN, 0-30oE) 

C (52-63oN, 100-130oE) F (45-60oN, 110-150oE) 
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Figure 3: The anomaly of the potential vortex at 450K potential temperature surface   in winter and edge 

of PV in the stratosphere + (-) sign indicates strong (weak) vortex, blue (red) shade indicates negative 

(positive) air temperature anomaly. Black (cray) line indicates edge of PV (climatological location). Box 

indicated selected regions [PVU]. 

As shown table 3, we defined new index (Ti) caused by PV`s condition for investigation synoptic pattern during the winter 

over selected regions. 

Table 3. Definition of the new index (Ti). 

№ Selected region 
 

А B C D F Index 

1. PV+  + + +   T𝑖=A+B+C 

2. PV-  +   + + T𝑖=A+D+F 

 

C. Relationship atmospheric circulation between the troposphere and the stratosphere  

This section highlights the relationships between stationary pressure centers at sea level and the Ti index at the 500 hPa level using the 

correlation analysis across the Northern hemisphere during winter (Fig 4).  As shown in Figure 4, we concluded that the Ti index at the 

500 hPa level may be possible to be used as a key indicator to predict pressure center over Mongolia, because Ti index significantly 

correlated with UR and SH (0.6-0.8, p<0.1). 
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Figure 4. Correlation between Ti at the 500 hPa level and stationary pressure centers at sea level. Red 

(blue and black) box indicates Uralian ridge (Trough of east Asia and Siberian High), respectively [dm]. 

 

D. Relationship between the atmospheric circulation of stratosphere and regional climate   

This section discusses atmospheric circulation and regional climate in Mongolia. The circulation of the atmosphere is a key component 

of regional climate because it responds to the distribution of temperature gradients and also helps to determine them by transporting 

cold and warm air mass. Therefore, we carried out regression analysis on relation between air temperature in Mongolia and Ti index at 

every grid point during winter months (Fig 5). 

The regression coefficient distribution was different in region by region and month by month shown as in Figure 5a-c. In December, the 

coefficients have statistically significant over the southeast Mongolia, whereas it was statistically significant over almost entire Mongolia 

in January to February. This shows that Ti index is able to indicate regional climate condition during the winter in Mongolia (Fig 5). 

Additionally, figure 6 shows the variation coefficients of modelled air temperature using regression analysis. The variation coefficients 

were 10 –30% (p<0.1) in almost all over Mongolia in January and February. 

 

Figure 5: The linear regression coefficients distribution obtained from time series of the air 

temperature and Ti index during the winter months (1979–2019). The shaded color indicates 

coefficients and red dots indicate the significant level (p<0.1). 
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Figure 6. The variation coefficients distribution (1979–2019).  Black dots indicate significant 

level (p<0.05) 

V. DISCUSSION 

The present study examined the interannual variability of polar vortex during winter using ground-based observational data and 

reanalyze data by classifying the polar vortex as strong and weak. Result showed that latest 41 years, the polar vortex decreased of 2 m 

s-1 per decade in winter during the study period (19792019). We concerned that changes may lead to natural force of Global warming, 

especially over polar region and will be effected the decreased change in air temperature gradient. In other words, the vertical distribution 

of horizontal wind components is directly related to the temperature gradient in latitude (
𝜕𝑢

𝜕𝑧
~

𝜕𝑇

𝜕𝑦
)[24]. 

  

VI. CONCLUSION  

According to analysis, obtained 10 years when the polar vortex intensity is intense while the air temperature below climatology and 

also obtained 5 years when the polar vortex intensity is strengthless while the air temperature above the normal during winter (DJF) for 

19792019 across the country.  Moreover, the potential vortex at the surface of 450K potential temperature is strong when polar vortex 

is strong.   

Therefore, it is important to consider its edge of PV when investigating the regional climate and the edge of PV is caused by the 

condition of how to extend to the Eurasian continent and coarse country of the Pacific and the Atlantic Ocean. Result showed that Ti 

index is significantly correlated (r: 0.4–0.8, p<0.1) with the Uralian ridge and the Siberian High.  Moreover, the regression coefficients 

(obtained from the air temperature time series into the time series of Ti index) is significantly correlated over entire country except the 

northeast region during the winter months for (1979-2019) in Mongolia. The results of this study proves that Ti index could be very 

useful predictor in monthly air temperature forecast during winter in Mongolia. 
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