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Abstract: A persistent strong cold surge occurred in East Asia in late January 2018, causing mean
near-surface air temperature in China to hit the second lowest since 1984. Moreover, the daily
mean air temperature remained persistently negative for more than 20 days. Here, we find that a
synergistic effect of double blockings in Western Europe and North America plays an important
accelerating role in the rapid phase transition of Arctic Oscillation and an amplifying role in the
strength of cold air preceding to the cold surge outbreaks by the use of an isentropic potential vorticity
analysis. In mid-January, an Atlantic mid-latitude anticyclone merged with Western Europe blocking,
which led to a strengthening of the blocking. Simultaneously, the Pacific-North American blocking
was also significantly strengthened. The two blockings synchronously deeply stretched towards the
Arctic, which resulted in, on the one hand, warm and moist air of the Pacific and the Atlantic being
excessively transported into the Arctic, and on the other hand, the polar vortex being split and cold
air being squeezed southwards and accumulating extensively on the West Siberian Plain. After the
breakdown of the double blocking pattern, which lasted for about 10 days, the record-breaking
cold surge broke out in East Asia. It was discovered that the synergistic effect of double blockings
extending into the Arctic, which is conducive to extreme cold events, has been rapidly increasing in
recent years.

Keywords: synergistic effect; blockings; Arctic Oscillation; cold surge; extreme event

1. Introduction

In the context of global warming, Arctic temperatures have increased rapidly and Arctic sea
ice continues to melt [1-3]. In the meantime, the frequency of extreme cold in the mid-latitudes
of the northern hemisphere is increasing, especially in Eurasia [4-6]. The main reasons for cold
extremes in Eurasia are reported as Arctic circulation changes (such as Arctic Oscillation (AO)) [7,8],
sea ice melting [9-12], Arctic warming [6,13-15], tropical driving [16], and Eurasian snow cover
anomalies [7,17,18]. Regardless of the mechanism used, Arctic systems and their interactions with
atmospheric systems in different latitudes are key to understanding the reasons for extreme events in
winter Eurasia. The blocking is the channel for direct communication between the mid-latitudes and
the Arctic [19,20]. When the Ural blocking shows a quasi-steady characteristic, cold air is continuously
conveyed to the mid-latitude continent under the guidance of the blocking, which is conducive to
cold extremes in Eurasia [21-23]. Furthermore, the dipole circulation of the northern low potential
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vorticity (PV) (blocking) and the southern high PV (polar vortex) in the Eurasian region [24], and the
co-evolution of the Ural blocking and the western North America blocking are crucial for the formation
of a cold extreme [25].

While East Asia’s mean temperature has continuously risen from 1959 to 2018, it has seen a
downward trend in recent years. As shown in Figure 1a, January temperature time series of China have
a long-term warming trend despite the cooling trend in the last 18 years. The coldest January occurred
in 1977. Although the air temperature in January of 2018 is not very low, we find that late January
2018 experienced extremely low air temperature (Figure 1b) due to a strong cold surge. Figure 1b also
shows that although the near-surface temperature in China in late January has generally increased in
the past 60 years, it has shown a notable trend difference in the last 18 years since 2001. Furthermore,
temperature changes are getting more and more intense and extremely low temperature values occur
more frequently than before. In the last 18 years, since 2001, the temperature anomaly has been below
—2.35 °C (-1.25 standard deviation) five times, although it has also only been this low five times in the
42 years before 2001 (1959-2000).

In early and late January 2018, there were two cold surges in China and the second was stronger
than the first (Figure 2). The strong cold surge caused persistent low temperature, rain, and snowy
weather. Except the western plateau region, there was a substantial temperature decline in China in
late January (Figure 2c). The near-surface air temperature contour of 0 °C in late January 2018 deviated
from the climatological position and moved obviously southward. The China surface temperature
anomaly in late January 2018 was the second lowest in the same period in the past 34 years (since
1985), second only to 2008 (Figure 1b). Furthermore, probability density function of the late January
surface temperature anomalies from 1959 to 2018 in China shows that the actual probability in a bar
chart is 6.7% and the probability of fitting in late January 2018 is 3.8% (Figure 1c). This suggests that
the intensity of this cold surge reached a rare level in history, but there has been no systematic study
on this cold surge. Therefore, in this paper, we used an isentropic PV, a powerful tool for analyzing
winter weather events [26], to study the reasons and early signals of this cold surge.
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Figure 1. (a) Time series of the near-surface air temperature anomaly averaged over China for January
from 1959 to 2018 using gauged data (red curve with hollow circle; units: °C; the green and black
straight lines are the trend lines of recent 18 years (—0.012 °C /year) and 60 years (0.023 °C /year),
respectively; the horizontal dashed line is —1.42 °C, corresponding to a —1.25 standard deviation
threshold). (b) Same as (a) but for late (21-31) January. The trends in the last 18 and 60 years are —0.032
°C /year and 0.012 °C /year, respectively, and the horizontal dashed line is —2.35 °C. (c) Probability
density functions (PDFs) of surface temperature anomalies in late January 1959-2018 (the red and blue
solid curves are a normal and a generalized extreme value (GEV) fits, respectively). The anomalies are
relative to the 1959-2018 mean.
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Figure 2. The maps of the near-surface air temperature anomalies (colored shading; units: °C) over
China in early (a), mid (b), late (c) January 2018, relative to 1959-2018. The thick purple lines are 0 °C
in climatology (for the period 1959-2018) and the thick green lines are 0 °C in 2018.

2. Data and Method

2.1. Data

The surface temperature data from 1959 to 2018 were taken from the National Meteorological
Information Center of the China Meteorological Administration based on recorded observations
from 699 meteorological stations. The potential temperature at tropopause (PV = 2PVU, 1PVU =
1070-m2.K-s kg™, the same below) was taken from the ERA-Interim reanalysis project [26] at the
European Centre for Medium-Range Weather Forecasts (ECMWF). Fields of temperature, geopotential
height and meridional/zonal wind were obtained from the National Center for Environmental Protection
(NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis Project [27].
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2.2. Method

2.2.1. Isentropic Potential Vorticity

The vertical component of isentropic PV is calculated by the following Equation [28]:

20
PV, =gt + N )

PV}, hereinafter is referred to as isentropic PV. Where ¢ is the gravity acceleration, g is the vertical
component of the relative vorticity on the isentropic surface, f is the Coriolis parameter (planetary
vorticity), and —g—g is the static stability.

Firstly, we calculate the potential temperature, vorticity and static stability on each isostatic surface
and then linearly interpolate the fields onto each isentropic surface with a 5 K interval from 275 K to
375 K. Finally, we calculate the isentropic PV according to Equation (1).

2.2.2. The Dynamic Blocking Index

The potential temperature of the tropopause is characterized by a cold polar region and a warm
subtropical region. However, there is a meridional potential temperature gradient inversion when a
blocking occurs. Thus, the dynamic blocking index (PV — 6) at longitude A is defined as the difference
in the average potential temperature between the north and south regions of blocking at tropopause
(PV =2PVU) [29]:
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where 6 is the potential temperature, ¢pg = Pc(A) £ €, Pc(A) is the annual mean central blocking latitude,
e=4 and A¢ is a typical meridional scale for blocking (A¢= 30") (Obtained [29]). We calculate three
blocking indices on the three latitudes (g = ¢c(A), Ppo = Pc(A) + ¢ and Pg = Pc(A) — ¢) at the
longitude A and then select the maximum of the three indices as the actual blocking index. When B > 0,
the longitude A could be said to be blocked, indicating that there is a high 6 in the north and a low 0 in
the south.
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2.2.3. The Diabatic Heating

Diabatic heating is calculated by an inverse algorithm according to the thermodynamic
equation [30,31]:
aT Q1

E:—U-VT—Fa)a—kC—p (©)]

where t is time, T is temperature, v represents the horizontal velocity vector, V denotes the horizontal

JdP
constant, P is pressure, Q; indicates the atmospheric apparent heat source, and C, is the specific heat

at constant pressure.

gradient operator, 0 = (%) - (a—T) is the static stability, and w is the vertical velocity. R is the gas

3. Results

The strong cold surge occurred in East Asia in late January 2018, causing strong and persistent
low temperature, rain, and snowy weather; the lowest temperature averaged over China occurred on
January 28. Tracking the PV source that affected the cold surge in January 2018, we found that the
West Siberian Plain (80-120° E, 50-70° N) was the direct source of high PV. The lowest value of the
leading correlation coefficient is about —0.7 when the daily isentropic PV series averaged over the
region was about 11 days ahead of the daily mean China near-surface temperature series. At that
time, the main significant leading correlation regions is the West Siberian Plain (see Figure 3) and the
significant negative correlations lasted for about 10 days (from leading about 15 days to leading about
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5 days), implying that cold air likely accumulated here. The West Siberian Plain was also found to be a
key region where extratropical waves are deflected from the extratropical regions and travel toward
the western Pacific, as reported by Liess et al. [32].
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Figure 3. (a) The leading correlation coefficient map when 345 K isentropic PV is 11 days ahead of
China’s surface temperature for the period from 1 January to 10 February in 2018 (the contour outlines
the significant correlation regions with a 95% confidence level). (b) Leading correlation coefficients
between the daily isentropic PV series averaged over the northwestern region of Lake Baikal (80-120°
E, 50-70° N) as shown in the box in (a) at 315 K (blue), 330 K (red) and 345 K (green) and the daily
mean China near-surface air temperature series for the period from 1 January to 10 February (the thick
horizontal black line indicates the 95% confidence level).

As shown in Figure 4, high PV over the direct source region stretched vertically downward and
moved southward since about 10 January, the PV had the lowest temperature for about 18 days. The 2
PV contour representing dynamic tropopause fell from 305 K to 275 K of isentropic surface, whose
change feature is very coincident with the local 1000 hPa temperature curve (the purple dotted line in
Figure 4c). On January 20, when the high PV stretched to the lowest level, the temperature at 1000
hPa also dropped to the lowest value of —41 °C, indicating that the high PV corresponds to cold air.
The latitude-time evolution map of cold air source (90° E) on the 305 K isentropic surface (Figure 4b)
shows that the high PV moved from the Arctic to the direct source region of the West Siberian Plain,
since the leading time was about 16 days. This phenomenon of cold air southward can be explained
by the perspective of global meridional mass circulation [33-36]. Additionally, the 2 PVU contour
hesitated at 50° N throughout the middle of January and reached 42° N on 28 January. Compared
with the average 305 K isentropic PV curve (Figure 4c) in the West Siberian Plain (80-120° E, 50-70°
N), we found that the PV over the direct source region increased in an oscillating manner following a
downward propagation of high-level PV. The high PV increased rapidly here since 12 January and was
maintained for about 10 days. In the meantime, the temperature in this area kept dropping for nearly
10 days, with a drop of more than 30 °C. This shows that the high PV has a long-term accumulation
here, later forming a high PV reservoir, and this accumulation phenomenon is significantly correlated
with the later East Asian strong cold surge. Such a strong and long-lasting extended-range PV anomaly
signal is important for the occurrence of the later persistent strong cold surge. In addition, compared
with the evolution of the AO index in the winter (the blue curve in Figure 4c), there was a reverse from
positive to negative in the AO phase before both the two cold surges occurred in January 2018 (the AO
index leads China surface temperature by 3-7 days). The AO index changed sharply from the lowest
value on 5 January (—2.89) to the highest value in the winter (1.88 on 15 January). The change range
was above 4.7. The AO quickly declined and became negative on 18 January and then reached the
lowest value on 21 January. Since then, the temperature over China began to decrease and reached the
bottom of the valley on the 28th. Obviously, exploring why AO phase dramatically changed and high
PV continuously accumulated will be valuable for the extended-range prediction of strong cold surges.
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Figure 4. (a) Isentropic surface-time profile of area (60-70° N, 80-100° E) in the high PV source (located
on the northwestern side of Lake Baikal (80-120° E, 50-70° N)) in January 2018, overlapped lead and
lag correlations. The dot (negative correlation) and the mesh (positive correlation) areas represent
significant correlations above a 0.10 significance level. Lead01-27 represents that the PV series lead
surface temperature series of China (from 1 January to 9 February) by 1 to 27 days, respectively; lag0-03
represents that the PV lag temperature by 0 to 3 days, respectively. The lowest temperature date, 28
January, is the base date, indicated by the thick red dashed straight line. The thick solid contours in
(a) and (b) are 2PVU. (b) Same as (a), but for the 305 K 90° E latitude-time profile. (c) Daily series of
surface temperature averaged over China (T) (red curve, units: °C), 305 K PV averaged over the high
PV source (80-120° E, 50-70° N) (isentropic PV) (black dotted curve, units: PVU), 1000hPa temperature
at the point (60° N, 100° E) (T_Baikal) (purple dotted curve, units: °C) and AO index (blue curve)
in January.

Isentropic PV can clearly characterize and track the evolution of systems such as mid-high latitude
polar vortex and blocking [28,37-41]. We thus used the isentropic PV field to further analyze the
driving factors and mechanisms of the high PV anomaly and the AO phase transition before the
cold surge in late January 2018 (Figure 5). On 10 January, the 2 PVU contours were relatively flat.
However, it should be noted that there was a strong high isentropic PV tongue in western North
America extending to the mid-latitudes, which suggests a strong cold air process invading North
America. Moreover, the high isentropic PV tongue stimulated the development of the downstream
anticyclone. On the 11th, the isentropic PV contours in North America and the Atlantic became bent.
On the 12th, both the blocking in Western Europe and the anticyclone in eastern North America
strengthened and began to squeeze each other, resulting in large fluctuations in the 2 PVU contour.
Warm air was transported to the Arctic upstream of the blocking ridges and cold air was transported
to the mid-latitudes downstream of the blocking ridges. On the following day, the 13th, the Atlantic
anticyclone in eastern North America continued to develop eastward, squeezed with the slow-moving
Western European blocking, gradually cutting off North Atlantic high isentropic PV that stretched
southward. On the 14th, the two anticyclones merged and formed a new strong blocking which
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stretched deeply from the mid-latitudes of the Atlantic to the Arctic, which formed a mid-high latitude
transport channel of warm air. The Atlantic anticyclone still existed, connected to the blocking of
Western Europe, and transported the warm and moist air of the Atlantic from the anticyclone’s rear to
the blocking and then to the Arctic. This can be seen more clearly in Figure 6. On the 13th, two diabatic
heating centers start to merge (light blue arrow) when two low PVs approached each other. On the
14th, they combined into one. Recent studies found that stronger warm air mass transported into the
Arctic region is related with a stronger equatorward discharge of cold air in the lower troposphere,
which is largely different from the result regarding weaker warm air mass transport [33-36]. Therefore,
the strong warm air transport channel is very important to a strong cold surge. At this time, the Atlantic
was in the positive phase of NAO and the strengthening of the Atlantic zonal westerly jet was beneficial
to the dispersion downstream of Rossby wave, and the advection of the flow to the high-frequency
PV may cause the weather scale wave to break [42], leading to the development and strengthening
of the European blocking. Simultaneously, it is important to note that the blocking in western North
America was also strongly developed to reach the Arctic, forming another transport channel of warm
air; and it combined the European blocking together to squeeze the polar high PV and split the polar
vortex into two centers, showing the shape of an “8”, one in northern Eurasia, and the other in near
Greenland and North America. Although the high PV air at this time was split into two parts, it had
not begun to go southward. On the 16th, as the Atlantic-Western European blocking moved eastward,
the low PV was cut off and stayed in the high-latitude stratosphere in the Ural region, forming a closed
anticyclone. This led the downstream high PV cold air to start a large-scale southward movement
and in correspondence with this, the AO index began to sharply decline. On the 18th, the low PV
anticyclone of Ural moved to the south side of high PV and showed a quasi-zonal pattern, forming a
zonal trough with the north high PV, which caused a lot of cold air to accumulate behind the trough.

From the above analysis, on the extended-range scale, the Atlantic anticyclone caused by the North
American cold surge interconnected with the European low PV blocking in mid-January, which formed
the poleward transport channel of mid-latitude Atlantic warm and moist air. Importantly, the Western
Europe blocking and North American blocking synergistically developed to the Arctic before the cold
surge outbroke, which plays an important role in polar vortex splitting, AO phase transition, cold air
accumulation, and a southward movement.

Further exploring the mechanism of how the blocking synergy affects the cold surge, the blocking
index (Figure 7a), which can better reveal the dynamic and thermodynamic essence of blocking,
shows that there was a clear synergy between European blocking and North American blocking in
mid-January. In January 11-17, two blocking ridges combined to strengthen in Europe, and at the
same time, the Pacific East-North American blocking ridge was also developing. Double blocking
synergy appeared on the 14th and double blocking further strengthened northward on the 15th
when large amounts of warm, moist air in the Atlantic and Pacific Ocean were transported to the
Arctic, corresponding to the AO phase falling from the positive peak. The double blocking synergy
disappeared on the 18th and the accompanying AO turned negative. This synergistic effect well
explains the dramatic changes in the AO phase before the cold surge.

The time-height field of the diabatic heating in the Arctic (67-90° N) and the high latitude (0-70°
E, 67-90° N) PV in Europe in January 2018 shows that the largest period of Arctic diabatic heating
coincides with the blocking synergy period and on the 15th, the diabatic heating maximum center
appeared in the troposphere above the Arctic (Figure 7b). According to the equation of potential
vorticity [28,43], due to the effect of diabatic heating, the PV above the heat source decreases (the
tropospheric PV contours upwardly bump) and PV below the heat source increases, which causes the
polar vortex to weaken. In addition, calculating the magnitude of an individual term of the temperature
diagnostic equation (Equation (3)), it was found that diabatic heating contributes the most to Arctic
warming during blocking synergy (Figure 8). It can be seen that the change of AO phase is largely
affected by the double blocking synergy and diabatic heating.
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Figure 5. 315 K isentropic PV (contour, units: PVU) and wind (arrow, units: m s71) fields on some given
dates in January 2018. The purple and blue arrows represent southerly and northerly, respectively,
and wind speed larger than 15 m s~!. PV in the blue shade is greater than 4 PVU; PV less than 2 PVU
in the north of 50° N is marked in red. The thick solid contours are 2 PVU.
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Figure 6. (a) Thirteen and (b) 14 January 2018, longitude-height profiles of PV (contours), wind (vectors)
along latitudes (50-55° N) and diabatic heating along latitudes (50-60° N) (shading, units: K day_l).
The red thick solid contours are 0.8 PVU. The black thick solid contours are 2 PVU. The arrows are vector
wind field from composites of the zonal wind (units: m s™!) and the vertical velocity of p-coordinate
system (units: —100xPa s71): blue indicates easterly and red indicates westerly.
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Figure 7. On January 2018 (a) PV — 0 blocking index (left panel) and AO index (right panel); (b) diabatic
heating in the Arctic (67-90° N) (shading, units: K day_l) and the PV in Eurasian polar region (0-70° E,

70-90° N) (contours, units: PVU).
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Figure 8. Different items of the temperature diagnostic equation, AO index and mean temperature
anomaly between 1000 and 300hPa averaged over the Arctic (67°-90° N). The blue curve shows the AO

index, red is the Arctic temperature anomaly, purple is the diabatic heating (%), black is the convection
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item (wo), yellow is the advection term (—v X VT), and green is the local variation of temperature (%—{).

In order to more clearly analyze the influence of the double blocking synergy on the atmospheric
circulation and the AO phase transformation, Figure 9 shows three-dimensional maps of the double
blocking invading the Arctic on January 15th with the maximum AO index and on the 18th with an
AOQ index close to zero. Figure 9a shows the two strong blockings (low PV) in the Western Europe
(10° E) and the Western North America (135° W) simultaneously stretched from mid latitude to Arctic.
Above the two blockings, two large diabatic heating zones tilted northward with southerlies, resulting
ina PV above and in the north of the heat source decreasing and below the heat source increasing [28,43].
This caused the two ridges that developed northward and upward and further squeezed the high PV
cold air of the polar vortex. Under the influence of the double blocking synergy, the high PV was firstly
concentrated over the polar region. Therefore, the AO index reached a maximum value on January
15th. Then, a portion in the lower level was squeezed to the east of North America and near Greenland.
On January 18th (Figure 9b), as the double blocking deeply stretched to the Arctic accompanied with
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the diabatic heating rapidly increasing there, the polar high PV cold air was squeezed out of the Arctic,
the polar PV contours became relatively flat and the polar vortex became weaker and was split into
two parts, as shown in Figure 5. Negative PV more greatly took up the Arctic region. Consequently,
the AO index rapidly decreased and turned negative on the 18th.

Figure 9. The three-dimensional map of PV (contours, thickened black contours of 2 PVU represent the
dynamic tropopause), diabatic heating (red-yellow-green shading in the top two panels) and wind field
(the purple and blue arrows indicate southerly and northerly, respectively) between North America
and Western Europe on (a) 15 and (b) 18 January 2018: (bottom) 300 K isentropic surface (area with >2
PVU PV is filled with blue shading); (top) latitudinal-isentropic height profiles along 135° W and 10° E.
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4. Conclusions and Discussion

’

The climatic factors and attribution analysis affecting the winter “warm Arctic-Cold Eurasian”
modality have been studied by a large number of scholars [6,20,44-47]. However, impact factors in the
extended range of cold extremes have been less explored. This paper uses the PV tool to diagnose
and catch the early mid-high-latitude signals of the persistent cold surge in January 2018 and analyze
the cause of the AO phase rapid transition before the strongly cold surge. The major findings are
summarized below:

(1) Before the outbreak of the cold surge, high PV cold air successively accumulated in the
north-western part of Lake Baikal (80-120° E, 50-70° N); this accumulation made the temperature
drop continuously beyond 30 °C, the lowest being —41 °C, forming a direct source of cold air in
the East Asian cold surge and directly affecting the intensity of southward cold air.

(2) The long-term accumulation of cold air on the north-west side of Lake Baikal is the direct reason
for the formation of a strong cold surge. Another reason may have been that both a stable
north-south exchange resulting from the double blocking synergy in mid-January and then an
interception effect resulting from a zonal trough on cold air on the north of a separated low-PV
anticyclone had an important impact on the successive accumulation of cold air in the West
Siberian Plain.

(3) Due to the influence of the strong cold surge in North America during the early period (early
January), the Atlantic mid-latitude anticyclone rapidly moved eastward and connected with the
Western Europe blocking, which is an important reason for the formation of the Atlantic-European
poleward transport channel of warm and moist air. This is a key early signal, which occurs on the
PV, leading to the coldest day in about 18 days.

(4) A synergistical poleward development of the Western Europe blocking and the North American
blocking is an important reason and early signal of polar vortex splitting and AO phase transition.
This phenomenon is like an accelerator which rapidly changes the mid-high latitude synoptic
situation but to move less in itself. During the double blocking synergy, a large amount of moist
air was transported from the Atlantic and the Pacific Ocean to the Arctic so that the two blockings
developed further and the polar vortex weakened under the predominance of diabatic heating.
Then, with a split of the polar vortex, the cold air broke southward and AO index dropped rapidly
and turned negative.

Previous studies about cold surge often focused on the Ural blocking [20-22,45,48]. We are looking
for more early signals and found that the double blocking synergy is likely responsible for the rapid
change in circulation over the polar region and the intense outbreak of Arctic cold air. It is also an early
precursor of the extremely persistent cold event over East Asia in late January 2018. Moreover, we think
that the blockings stretching into the Arctic Circle likely more largely influence the Arctic circulation
systems than those outside the Arctic Circle. According to Equation (2), we thus pick out the blockings
into the Arctic Circle by fixing 66° N as the central blocking latitude ¢.(1). A blocking stretching into
the Arctic Circle is detected if B > 0 at longitude A. Then, the PV — 0 blocking index averaged over
the two regions, the Atlantic-Western Europe (from 40° W to 40° E) and the Pacific-North America
(from 90° W to 170° W), could characterize the synergistic effect of the blockings reaching the Arctic.
Figure 10 shows that the standardized synergy index of blockings reaching the Arctic Circle has slowly
increased since 1979 and rapidly increased since 1999. Moreover, the variance from 1979 to 1998 is
0.961; the variance from 1999 to 2018 is 1.088. The above results show that the blocking synergy is more
frequent and drastic. Notably, the blocking synergy index in mid-January 2018 reached the maximum
after 1979. More blockings simultaneously reaching the Arctic cause excessive exchanges between
mid-latitudes and the Arctic, which is conducive to extreme cold events in the mid-latitudes in winter.
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Figure 10. Time series of the standardized synergy index of blockings stretching into the Arctic (in the
north of 66° N) for mid-January from 1979 to 2018. The red straight line is the trend line of 40 years,
0.018/year; the blue straight line is the trend line of recent 20 years, 0.083/year. See text for the details.
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