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Persistent shift of the Arctic polar vortex towards
the Eurasian continent in recent decades

Jiankai Zhang', Wenshou Tian™, Martyn P. Chipperfield?, Fei Xie3 and Jinlong Huang'

The wintertime Arctic stratospheric polar vortex has weakened
over the past three decades, and consequently cold surface
air from high latitudes is now more likely to move into the
middle latitudes'>. However, it is not known if the location of
the polar vortex has also experienced a persistent change in
response to Arctic climate change and whether any changes in
the vortex position have implications for the climate system.
Here, through the analysis of various data sets and model
simulations, we show that the Arctic polar vortex shifted
persistently towards the Eurasian continent and away from
North America in February over the past three decades.
This shift is found to be closely related to the enhanced
zonal wavenumber-1 waves in response to Arctic sea-ice loss,
particularly over the Barents-Kara seas (BKS). Increased snow
cover over the Eurasian continent may also have contributed
to the shift. Our analysis reveals that the vortex shift
induces cooling over some parts of the Eurasian continent and
North America which partly offsets the tropospheric climate
warming there in the past three decades. The potential vortex
shift in response to persistent sea-ice loss in the future®’,
and its associated climatic impact, deserve attention to better
constrain future climate changes.

A growing number of studies have examined the variability
of the Arctic stratospheric polar vortex (hereafter, ‘polar vortex;,
unless otherwise stated) in response to ‘Arctic amplification™*
associated with global warming, especially high-latitude sea-ice
loss®!?. Previous studies have found that the sea-ice loss, particularly
over the BKS, would force the Arctic Oscillation (AO) or the
Northern Annular Mode (NAM) into its negative phase during
January and February' ¢, and that the sea-ice loss has weakened the
polar vortex over the past decades™"’. It was also reported that sea-
ice loss over Arctic regions can lead to a cooler and stronger polar
vortex, and thereby more stratospheric ozone loss during spring'>™"7.
However, most previous studies focused on the effects of climate
warming on the strength of the polar vortex. Whether the position
of the polar vortex is undergoing a persistent change in response
to the climate warming has rarely been discussed. It is known that
changes in the position of the polar vortex associated with vortex
displacement events on short timescales can have a significant
impact on stratosphere-troposphere coupling'®, and even on mid-
and high-latitude surface temperature, sea-level pressure®* and
the ocean system?'. On the other hand, the trends in the wintertime
surface temperature at northern high and mid-latitudes over the
past three decades exhibit a zonally asymmetric feature— that is,
there is a dramatic cooling over the Eurasian continent, but a
rapid warming over the Arctic region and northeastern Canada®.

Whether this zonally asymmetric temperature trend is an indication
of a position change of the polar vortex is an important question to
address. In this study, the long-term change in the position of the
polar vortex and its associated climatic effects are examined.

Figure 1 shows that since the 1980s the polar vortex in late winter
(February) exhibits a persistent shift towards the Eurasian continent
and away from North America, associated with significantly positive
trends in potential vorticity (PV) over the Eurasian continent, but
negative PV trends over Baffin Island. The December-February
(DJF) mean position of the polar vortex and the PV trend are similar
to those for February, although the shift of the polar vortex is not as
significant as that in February. It should be noted that the monthly
mean of daily vortex edge derived from the PV field is very similar
to the monthly mean vortex edge (Supplementary Fig. 1), since the
radiative heating in the polar lower stratosphere is very weak during
winter and the PV field is approximately conserved on a monthly
timescale. However, there are evident decadal oscillations in the
position of the polar vortex in December and January, suggesting
that the polar vortex has not experienced a persistent shift in
these two months during the past three decades (Supplementary
Fig. 1). The above analysis indicates that the changes in vortex
position during February dominate the changes in DJF mean vortex
location. The corresponding results derived from the MERRA
reanalysis data are similar to those from the ERA-Interim data
(Supplementary Fig. 1).

Figure 1d,e shows that the February mean of the polar vortex
area covering the Eurasian continent increases significantly for the
period 1980-2015, whereas the area over North America decreases.
These fractional area changes are consistent with the shift of the
polar vortex edge towards the Eurasian continent and away from
North America shown in Fig. 1a. Also note that the DJF mean vortex
area shows a significant positive trend over the Eurasian continent,
but a negative trend over North America. In addition, the centre of
the polar vortex (see Methods) is more likely to be located at lower
latitudes between 0-100° E in February during the 2000s than before
(Supplementary Fig. 2), further confirming that the polar vortex is
shifting, as a whole, towards the Eurasian continent over the recent
decades. Both ERA-Interim and MERRA data sets show that the
February and DJF mean of vortex centre during the 2000s shifts
further towards the Eurasian continent than before, although the
locations of the vortex centre in ERA data are different from those
in MERRA data (Supplementary Fig. 1).

As previous studies have reported that long-term changes in the
strength of the polar vortex are related to sea-ice loss™>", it is
worthwhile first examining whether the vortex shift is also caused by
the sea-ice loss. Figure 2a shows that the BKS have lost significant
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Figure 1| Polar vortex position and fractional area of regions covered by the polar vortex. a,b, Decadal mean of vortex edge (coloured contour lines) and
vortex centre (coloured dots) in the 1980s (black), 1990s (purple) and 2000s (green) as well as the PV trends (colour-filled contours) for the period
1980-2009, derived from ERA-Interim monthly data, averaged between the isentropic layers 430-600 K during February (a) and December-February
(DJF) (b). ¢, The geographical regions of two key weather regimes indicated by the black boxes, that is, Eurasia and North America. d,e, Time series of
fractional areas of the geographical regions in ¢ covered by the polar vortex over the Eurasian continent and North America during February (red) and DJF
mean (blue). The fractional area is defined as the area of the vortex which covers a region divided by the total area of the polar vortex. The trends over the
dotted regions in a,b are statistically significant at the 90% confidence level according to the Student's t-test. Solid and dashed lines in d,e represent the
corresponding linear trends which are statistically significant at the 95% and 90% confidence levels, respectively, whereas the linear trends denoted by the
dotted lines are not significant at the 90% confidence level. The values of percentage area in February 1987, 2006, 2009 and 2013 are not calculated
because the polar vortex broke up and its shape was distorted in these months (see Methods).

areas of sea-ice concentration (SIC) during autumn and winter in
the 2000s. Here, we perform a composite analysis based on the SIC
anomalies over the BKS (see Methods) to analyse the influence of
SIC on the polar vortex. Figure 2b shows that there is larger PV over
the Eurasian continent and smaller PV over North America during
the low-SIC years than during the high-SIC years. This feature is

shift towards the Eurasian continent. Results from two additional
60-year ensemble experiments (R3 and R4, see Methods), which
are designed for detecting the influence of BKS sea-ice loss on the
polar vortex shift, also show that the polar vortex shifts towards the
Eurasian continent and away from North America (Supplementary
Fig. 3). This analysis suggests that the sea-ice loss over the BKS in

in accord with the shift of the polar vortex towards the Eurasian
continent and away from North America. To gain more insight into
the effect of the SIC on the polar vortex, two WACCM climate model
simulations (run R1 and R2) were performed with the same model
configuration but with different SIC fields (see Methods). The SIC
fields in runs R1 and R2 are representative of conditions during
the 1980s and 2000s, respectively. The simulations successfully
reproduce the higher PV values over the Eurasian continent and the
lower PV values over Baffin Island in R2 than those in R1 during
February (Fig. 2¢). The polar vortex edge also shows a significant

autumn and winter makes a large contribution to the vortex shift
towards the Eurasian continent.

The enhanced heat flux associated with the loss of sea
ice! warms the middle and lower troposphere (Supplementary
Fig. 4a,b); however, the temperature in the upper troposphere and
lower stratosphere (UTLS) is reduced (Supplementary Fig. 4c,d),
corresponding to a baroclinic temperature structure. In conjunction
with the warming of the Arctic troposphere, there are positive height
anomalies at 850 hPa in both the reanalysis data and WACCM
simulations (Fig. 3a,b), whereas the height at 50 hPa shows negative
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Figure 2 | Polar vortex shifts associated with the sea-ice loss. a, Differences in 6-month (September-February) mean SIC over the northern polar cap
between the 2000s and the 1980s derived from the Hadley Centre Sea Ice data set. b, Composited mean differences in February mean PV between the
Barents-Kara (BKS) low- and high-SIC years averaged between the isentropic layers 430-600 K. The February mean vortex edges during the BKS low-SIC
years (red line) and high-SIC years (blue line) are also shown. ¢, Difference in February mean PV between model simulations (see Methods) R2 and R1 and
February mean vortex edge in R1 (blue line) and R2 (red line) averaged between the isentropic layers 430-600 K. d, Difference in February mean PV
between simulations R5 and R1and February mean vortex edge in R1 (blue line) and R5 (red line) averaged between the isentropic layer 430-600K. The
differences over the dotted regions are statistically significant at the 90% confidence level according to the Student’s t-test.

anomalies in response to the cooling in the UTLS in the low-SIC
years (Fig. 3c,d). The baroclinic structure with a westward tilt with
height is more noticeable in the height-longitude cross-section of
height anomalies along 60° N (Fig. 3e,f and Supplementary Fig. 5¢).
Although there are some discrepancies between the modelled
geopotential height anomalies and corresponding reanalysis results,
both composite analysis and numerical results indicate that the
forced height anomalies are in phase with the climatological mean
wave 1 in February, implying that the sea-ice loss could lead to an
amplification of wavenumber-1 baroclinic wave, consistent with the
results in previous studies™”. A Plumb flux analysis also reveals
that more upward baroclinic waves on timescales of 2.5-6 days
over the BKS propagate into the stratosphere (Fig. 3e,f) due to
the weaker static stability in the middle and upper troposphere
(Supplementary Fig. 4c,d) during the low-SIC years than during
the high-SIC years. Anomalously active wavenumber-1 planetary
waves in the stratosphere could push the Arctic vortex towards the
Eurasian continent” and favour a vortex displacement event***. In
addition, the lower geopotential height at 50 hPa over the Eurasian
continent induces a cyclonic flow (Fig. 3¢,d) in the low-SIC years
compared to the high-SIC years, leading to positive PV anomalies
in the UTLS, and intensifies the shift of the vortex edge towards the
Eurasian continent. Recall that there is lower SIC during the 2000s
than the 1980s; hence, the polar vortex in late winter shifts to the
Eurasian continent over the recent decade.

Over the past three decades, the increased snow cover over the
Eurasian continent during autumn and winter was increasingly
associated with the ‘Arctic amplification. The potential influence

of the increased Eurasian snow cover on the position of the
polar vortex is also worth investigation. The surface albedo over
the Eurasian continent (37.5°-57.5° N, 20°-135° E) derived from
Satellite Application Facility on Climate Monitoring (CM-SAF) data
shows a 3.2% increase during autumn and winter for the period
1982-2009. Therefore, we conducted a numerical experiment R5
with the Eurasian surface albedo increased by 5% in the autumn and
winter months (see Methods). Supplementary Fig. 6a shows that the
geopotential heights near the surface over the Eurasian continent
in R5 are lower than in R1 since the surface with a higher albedo
in R5 reflects more short-wave radiation away from the surface
and the temperature falls. Under the influence of ‘warm Arctic—
cold continents” pattern®, there are positive height anomalies to
the north of the Eurasian continent. The increased Eurasian snow
cover also leads to the amplification of wavenumber-1 planetary
waves in the lower stratosphere (Supplementary Fig. 6b), similar
to the responses to Arctic sea-ice loss. Accordingly, the edge of the
polar vortex also shows a shift towards the Eurasian continent in R5
compared with that in R1 (Fig. 2d). However, it should be pointed
out that the responses to snow cover increases are not exactly the
same as those to sea-ice loss—particularly at 850 hPa, where the
height responses to snow cover increases and sea-ice loss are quite
different (Supplementary Fig. 6a).

To provide more insight into the influence of the polar vortex
position changes on the Northern Hemisphere surface climate, the
PV averaged over Siberia (60°-75° N, 60°-90° E, hereafter referred
to as ‘SPV index’) between the isentropic layer 430-600K is
analysed. Note that the shift of the polar vortex towards the Eurasian
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Figure 3 | Analysis of meteorological fields. a,c, February mean differences between the BKS low- and high-SIC years in geopotential height at 850 hPa (a)
and 50 hPa (c) (colour-filled and contour lines), with horizontal wind (vectors) at 50 hPa also shown in c. e, Height-longitude cross-section along 60° N of
zonal wave-1 geopotential height anomalies (colour-filled contours) and vertical component of Plumb flux on timescales of 2.5-6 days (vectors). The
climatological mean of zonal wave-1 geopotential height anomalies along 60° N for the period 1980-2009 (contour lines) is also shown in e. b,d,f, As in
a,c.e, respectively, but for the WACCM-simulated differences between R2 and R1. The climatological mean of zonal wave-1 geopotential height anomalies
along 60° N in R1is also shown in f. The differences over the dotted regions are statistically significant at the 90% confidence level according to the
Student's t-test. The solid and dashed lines in e and f represent the positive and negative values, respectively.

continent could cause PV increases over Siberia (Fig. 1a). Figure 4a,b
indicates that there are low-pressure anomalies accompanied by
more than 3K cooling over the Eurasian continent in February
associated with the vortex shift. We estimated that the contribution
of stratospheric polar vortex shift on the Siberian cooling is about
10% (the blocking over the upstream region of Siberia can account
for 36% of the Siberian cooling in February, see Supplementary
Information I). In March, based on the composite differences
between high and low SPV, the vortex shift in February could lead
to an increase in surface temperature over the northeastern Asian
continent and up to —3 K temperature anomalies over northeastern

Canada. Note that the changes in the surface temperature are closely
related to the barotropic Rossby wave trains in the middle and
upper troposphere, that is, positive (negative) height anomalies and
anomalously high (low) pressure correspond to warming (cooling)
anomalies (Fig. 4). These Rossby wave trains are induced by the
intrusion of high PV air induced by the vortex shift towards
Siberia (Supplementary Fig. 8a). The simulations from a linearized
barotropic vorticity equation model (see Methods) support the
notion that the high vorticity perturbations over the Siberian region
(Supplementary Fig. 8e) can produce barotropic Rossby wave trains
from Asia to the American continent (Supplementary Fig. 8f) and
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Figure 4 | Impact of the polar vortex shift. a-d, Composite differences in geopotential height at 500 hPa (a,c) and surface temperature (b,d) in February
and March between high and low February-mean SPV index. The composited differences over the dotted regions are statistically significant at the 90%

confidence level according to the Student's t-test.

then change the tropospheric temperatures over the Eurasian and
American continents in March. Apart from the above mechanism, it
seems that effects of the polar vortex shift on the surface temperature
are also intimately linked to tropospheric blockings. However,
the influences are not necessarily related to sudden stratospheric
warming (SSW) events, since the definition of vortex edge is based
on a well-defined vortex. It should be pointed out that the internal
tropospheric climate variability? and strengthened Ural high due
to the sea-ice loss**® may also contribute to the cooling anomalies
over Eurasia.

In summary, our analysis suggested that the vortex shift towards
Eurasia could lead to a cooler climate over some parts of the conti-
nents during late winter and early spring, which may partly offset the
climate warming in these seasons. Under the scenario of persistent
sea-ice loss due to global warming in the future®’, the potential polar
vortex shift and its associated climatic influences deserve public
attention. As a final remark, other factors, such as polar stratospheric
ozone depletion and AO, may also have impacts on the vortex
position and these issues are worth further investigation.
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Methods

Data sets. The ERA-Interim data used here has a horizontal resolution of

1° (latitude) x 1.25° (longitude) and has 17 isentropic levels and 37 pressure levels.
The NASA-MERRA data set is also used to analyse the polar vortex edge and
temperature. We have vertically interpolated the MERRA data fields onto the
isentropic coordinate of the ERA-Interim data. The sea-ice concentration (SIC) and
sea surface temperature (SST) are derived from the monthly Sea Ice and Sea
Surface Temperature data set from the Hadley Centre, in which sea ice is retrieved
from various sources of digitized sea-ice charts and passive microwave imagery’'.

Polar vortex analysis. The vortex edge is defined as the location of the largest Ertel
potential vorticity (EPV) gradient, with an additional constraint of close proximity
to a strong westerly jet, according to the method of Nash and colleagues®. The
monthly mean vortex edge is not calculated when the polar vortex breaks up or if
the shape of vortex is not well defined, usually when the duration of major sudden
stratospheric warming (SSW) events occurring in this month exceeds 15 days. Such
major SSW events occurred in February during 1987, 2006, 2009 and 2013. The
daily mean vortex edge is also not calculated during the major SSW events. In
addition, we defined the location of the maximum value of the PV averaged
between the layers 430-600 K as the vortex centre.

Composite analysis. The composites during the high- and low-SIC years are
calculated when the detrended and 6-month (September-February) mean SIC over
the BKS (70°-90° N, 0°-90° E) is greater and less than 1 and —1 standard deviation,
respectively. The composited differences for a given field are calculated by
averaging the detrended monthly mean field during the low-SIC years minus that
during the high-SIC years. The two-tailed Student’s ¢-test is used to calculate the
statistical significance of the composite differences.

Model and simulations. The Whole Atmosphere Community Climate Model,
version 3 (WACCM3) has 66 vertical levels extending from the ground to 145 km,
with a vertical resolution of 1.1-1.4 km near the tropopause region. The time-slice
simulations presented in this paper were performed at a resolution of 1.9° (latitude)
x 2.5° (longitude), with interactive chemistry disabled and the quasi-biennial
oscillation (QBO) turned off. The control experiment (R1) was performed with a
seasonal cycle of SIC and SST based on the decadal mean of the Hadley Centre SIC
and SST in the 1980s. In experiment R2, the SST is the same as in R1, except that
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the SIC forcing represents the decadal mean of the SIC during the 2000s when the
sea ice is reduced. Simulations R1 and R2 use the same greenhouse gas emissions
and the same climatology of ozone for the period 1980-2009. The experiments R1
and R2 were run for 25 years with the first 5 years excluded for model ‘spin-up’; the
remaining 20 years of output is used for the analysis. Two additional experiments
(R3 and R4) were performed with six ensemble members. Each ensemble run was
run for 15 years with the first 5 years excluded for model ‘spin-up’; the remaining
10 years of model data from each ensemble run is used for the analysis. The control
experiment (R3) was performed with the same seasonal varying SIC and SSTs in
the 1980s as those in R1. In the perturbed run (R4), the SSTs and SIC are the same
as those in R3, except that the sea ice over the BKS from September to February are
replaced with corresponding sea-ice climatologies in the 2000s. The experiments
R3 and R4 are designed to analyse the influence of sea-ice loss over the BKS in
autumn and winter on the vortex shift. The experiment R5 was conducted to
analyse the influence of Eurasian snow cover changes on the polar vortex shift. The
SIC and SSTs of R5 are the same as those in R1, except that the surface albedo over
the Eurasian continent (37.5°-52.5° N, 20°~135° E) during autumn and winter in
R5 is 5% higher than that in R1.

A linearized barotropic vorticity equation model (LBM) is used to investigate
how the PV changes over Siberia associated with the vortex shift influence the
Northern Hemisphere surface temperatures through Rossby wave trains. The LBM
is based on the steady, forced barotropic vorticity equation:

JW, VY +) +a Vi + KV (VY) =R

where ¥ is the stream function, f is the Coriolis parameter, R is a forcing function,
a of 1.57 x 10™°s™! is the Rayleigh coefficient, K is equal to 2.34 x 10°m*s™', and
the Jacobi function J (A, B) = (1/a* cos $) (9A /) (3B/d¢) — (3A/d$)(9B/.))

with latitude ¢, longitude A and Earth’s radius a.
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