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Abstract 36 

An unprecedented cold wave swept through most parts of East Asia in 37 

January 2016, leading to record–breaking low temperatures and widespread 38 

snowstorms in many regions. Our analysis indicated that this East Asian cold 39 

wave was triggered by a series of consecutive extreme events in the Northern 40 

Hemisphere from late 2015 to early 2016. (1) On 28 December 2015, a 41 

severe cyclonic storm emerged in the North Atlantic, and a downstream 42 

blocking high formed in Europe through the downstream development 43 

process. The strong southerly jet stream between the storm and its 44 

downstream–blocking high steered the storm into the Arctic Circle, 45 

transported enormous warm and moist air masses, establishing warm 46 

conveyor belts, which led to an extraordinary Arctic warming event in late 47 

2015; (2) This Arctic warming event in late 2015 resulted in a distinct Arctic 48 

dipole pattern resembling the negative phase of the Arctic Oscillation in early–49 

mid-January 2016; and (3) The dipole pattern induced eastward propagation 50 

of the Rossby wave and led to the occupation of two downstream blocking 51 

highs in Urals and western North America. These two blocking highs, together 52 

with the low pressure between them, resulted in an inverted omega–shaped 53 

circulation pattern (IOCP) over the Siberia–North Pacific region. In addition, 54 

the IOCP distinctly modulated the meridional circulation cell along the East 55 

Asia–Siberia regions, which generated negative vorticity and anticyclonic 56 

advection to the Siberian region, ultimately intensifying the Siberian high. The 57 

IOCP and the associated enhanced Siberian high eventually induced the 58 

outbreak of a mega-cold wave in East Asia in January 21–25 2016. 59 
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1. Introduction 62 

      Much interest surrounds the influence of the recent and rapid warming 63 

Arctic region on the climate, cryosphere, and ecosystems of the Northern 64 

Hemisphere; particularly the impact on extreme cold events in Eurasia and 65 

North America. Emerging evidence has shown that Arctic warming is reducing 66 

poleward thickness (temperature) gradient of the northern mid-latitude 67 

regions, thus weakening the zonal jet stream, increasing wave amplitude, and 68 

causing a slower progression of Rossby waves in the Northern Hemisphere 69 

(Francis et al. 2009; Overland and Wang 2010; Francis and Vavrus 2012). 70 

This effect on the Rossby waves not only causes associated atmospheric 71 

patterns to be more persistent in the northern mid-latitudes but also favors 72 

blocking development at northern mid-to-high latitudes, leading to more 73 

frequent and intense cold waves (Francis and Vavrus 2012; Overland et al. 74 

2015; Chen and Luo 2017). Other researches have suggested that the 75 

decrease in sea ice in the Barents–Kara Seas may prevent Arctic cyclones 76 

from traveling eastward, thus enhancing the Siberian High, the East Asian 77 

winter monsoon, and the cold waves that induce cold events in East Asia 78 

(Inoue et al. 2012; Liang et al. 2014).  79 

Previous studies have suggested that Arctic warming affects Eurasian and 80 

North American winter weather and climate by modulating the dominant mode 81 

of atmospheric variability over the Arctic region, the Arctic Oscillation 82 

(Nakamura et al. 2016). Diagnostic and theoretical studies have shown that 83 

Arctic warming plays an important role in the transition of the polar circulation 84 



4	

pattern to the negative phase of the Arctic Oscillation during winter, 85 

subsequently increasing the probability of extreme cold events across the 86 

northern mid-latitudes (Francis et al. 2009; 2012; Honda et al. 2009; Ding et 87 

al. 2014). Modeling studies have further confirmed these observational results 88 

and provided a mechanism for the influence of Arctic warming on the negative 89 

phase of the Arctic Oscillation in winter (Peings and Magnusdottir 2014). The 90 

mode of the Arctic Oscillation has changed since the 1990s. Specifically, the 91 

wave number three pattern in the northern mid-to-high latitudes (characterized 92 

positive phase Arctic Oscillation) often changes to wave number two pattern 93 

(characterized negative phase Arctic Oscillation) in winter, leading to the 94 

outbreak of cold waves over northern Eurasia and eastern North America 95 

(Cohen et al. 2014; Screen 2017), but relatively mild conditions in the Arctic 96 

region. This distinct temperature pattern is referred to as “warm Arctic and 97 

cold continents” (Overland et al. 2011). 98 

These studies showed that the Arctic Oscillation is not only an 99 

atmospheric bridge connecting to the northern mid-latitudes, but also serves 100 

as a dynamic pathway linking Arctic warming to weather and climate there as 101 

well. Cohen et al. (2014) reviewed the response of the Arctic Oscillation to 102 

Arctic warming, and argued that the loss of sea ice in Chukchi and East 103 

Siberian Seas causes an increase in the atmospheric temperature and 104 

geopotential height in the mid-troposphere, enhancing snow cover in Eurasia 105 

while decreasing the amount of sea ice in the Barents–Kara Seas (Ghatak et 106 

al. 2010; Orsolini et al. 2012). These shifts favor the vertical propagation of 107 

Rossby waves from the troposphere into the stratosphere, weakening the 108 

stratospheric polar vortex and leading to stratospheric warming (Nishii et al. 109 



5	

2009; Garfinkel et al. 2010; Cohen and Jones 2011; Jaiser et al. 2013; Wang 110 

et al. 2017). This warming event subsequently reaches the troposphere in 111 

winter, resulting in a negative phase of the Arctic Oscillation. 112 

Winter temperatures over Eurasia have been decreasing since the early 113 

2000s, inconsistent with the observed global mean temperatures (Cohen et al. 114 

2014; Ding et al. 2014; Wang and Chen 2014). Extreme cold events over the 115 

Eurasian continent have become more frequent and intense since the end of 116 

the previous century. A series of unusually cold winters occurred in Eurasia in 117 

2007/2008, 2009/2010, 2010/2011, 2011/2012, 2012/2013, and 2013/2014, 118 

and many studies have shown that they were attributable to the rapid warming 119 

of the Arctic (Cohen et al. 2012, 2014; Liu et al. 2012; Tang et al. 2013). 120 

Eight severe low–temperature disasters have occurred in South China 121 

since 1950, and five of them were observed after the late 1990s. In January 122 

2008, an unprecedented low temperature, rain, snow, and ice storm affected 123 

southern China and the Yangtze River Basin, the most populated and 124 

economically developed region of the country. This event resulted in large 125 

losses to the transportation, agriculture, power infrastructure, and energy 126 

sectors, in addition to its direct toll on human life (Ding et al. 2008; Zhou et al. 127 

2011; Gong et al. 2014).  128 

Another extreme cold wave impacted most parts of eastern and 129 

southeastern Asia in late January 2016, bringing the lowest observed 130 

temperatures in past decades, widespread snowstorms, and causing human 131 

casualties. (Ma and Zhu 2019). Amidst this event, Amami Ōshima of Japan 132 

received snowfall for the first time in the past 115 years, and sleet was 133 

recorded in Okinawa for the first time since 1977 (Yamaguchi et al. 2019). At 134 
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least 69 cities in China underwent the coldest temperatures in recorded 135 

history, with the low temperature in Erguna of Inner Mongolia (50°–53° N, 136 

119°–121° E) reaching –46.8 °C. Snow and sleet were observed in 137 

Guangzhou, southern China for the first time since 1949, and Hong Kong 138 

recorded the lowest temperature since 1957 (3.1 °C; National Climate Center 139 

2017). Both human–induced climate change and internal atmospheric 140 

variability were suggested to play important roles in this particular extreme 141 

East Asian cold wave (Ma and Zhu 2019). The southward propagation of cold 142 

air mass from northern Siberia is the predominant cause of this extreme cold 143 

wave (Yamaguchi et al. 2019). 144 

Prior to the cold wave development, strong warming in the Arctic region 145 

was recorded in late December 2015. The sixth severe Atlantic windstorm of 146 

the season, officially named Frank by the UK Met Office, was observed to 147 

enter the Arctic Circle on 28 December (Kim et al. 2017). Its central pressure 148 

deepened from 966 hPa on 29 December to 928 hPa on 30 December, in a 149 

process conventionally referred to as a “meteorological bomb” cyclone. Frank 150 

hit Iceland and western parts of the UK, bringing gales and severe flooding. 151 

This chain of three extreme events across the North Atlantic, the Arctic 152 

region, and East Asia from late December 2015 to late January 2016 raised 153 

questions about any physical or intrinsic links between them, specifically: 154 

What are the underlying mechanisms, if any, connecting severe Atlantic 155 

storms, subsequent explosive Arctic warming, and the intense cold waves in 156 

East Asia? Does the downstream development mechanism hold for this low–157 

frequency event? The present study aimed to understand why these extreme 158 

events occurred in succession, and what mechanisms link their interaction. 159 
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This paper is organized as follows: Section 2 introduces the datasets and 160 

methods used in this study. Section 3 proposes a physical mechanism for 161 

Storm Frank over the North Atlantic. Section 4 discusses the explosive Arctic 162 

warming event observed in late December 2015 and its influence on 163 

atmospheric circulation in the Arctic region. Section 5 analyzes the East Asian 164 

cold wave in January 2016, and a summary is presented in Section 6. 165 

2. Dataset and methods 166 

2.1 Data 167 

      Data were acquired from the European Centre for Medium–Range 168 

Weather Forecasts (ECMWF) ERA–Interim reanalysis dataset, with a 169 

horizontal resolution of 2.5° × 2.5° (Dee et al. 2011). Variables include the 170 

zonal and meridional wind, geopotential, vertical p–velocity, specific humidity, 171 

and temperature. The Arctic Oscillation index was obtained from the National 172 

Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center 173 

(CPC) 174 

(www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml). 175 

Daily mean precipitation and surface air temperature (SAT) data were 176 

obtained from the CPC global unified gauge–based temperature and 177 

precipitation datasets, with a horizontal resolution of 0.5° × 0.5°. 178 

2.2 Wave–activity flux 179 

      Stationary Rossby wave propagation was diagnosed using the wave 180 

activity flux (W) defined by Takaya and Nakamura (1997, 2001). The 181 

horizontal components of the wave flux are expressed by Eq. (1):   182 
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𝑊 = !
!|!|

𝑈 𝜓!!" − 𝜓!𝜓!!! + 𝑉 𝜓!!𝜓!! − 𝜓!𝜓!"!

𝑈 𝜓!!𝜓!! − 𝜓!𝜓!"! + 𝑉 𝜓!!" − 𝜓!𝜓!!!
       (1) 183 

where 𝜓‘ is the perturbation geostrophic streamfunction, and U and V are the 184 

zonal and meridional basic flow velocity, respectively. The divergence and 185 

convergence of W denote where the wave is emitted and absorbed, also 186 

referred to as the Rossby wave source and sink, respectively. 187 

2.3 Energy transport 188 

      Moist static energy (S) is a thermodynamic variable that represents the 189 

state of an air parcel and is approximately conserved during adiabatic and 190 

hydrostatic descent or ascent processes (Yano and Ambaum 2017). Total S 191 

of the atmosphere is composed of two components of dry static energy (DSE) 192 

and latent energy (LE), as defined in the following equations 2–4: 193 

𝑆 = 𝐶!𝑇 + 𝑔𝑧 + 𝐿!𝑞   (2) 194 

 195 

𝐷𝑆𝐸 = 𝐶!𝑇 + 𝑔𝑧   (3), 196 

and 197 

𝐿𝐸 = 𝐿!𝑞         (4). 198 

 199 

where 𝐶!  is the specific heat capacity at constant pressure, 𝑇  is the 200 

temperature, 𝑔 is the acceleration due to gravity, 𝑧 is the geopotential height, 201 

𝐿! is the latent heat of vaporization, and 𝑞 is the specific humidity.  202 

3. Development mechanisms of Atlantic Storm Frank 203 

3.1 Storm Frank 204 

      Tropospheric circulation changes throughout the life cycle of Atlantic 205 
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Storm Frank were examined initially. On 26 December 2015, the geopotential 206 

isolines in the mid-troposphere were densely distributed over the central US 207 

and North Atlantic between 40° and 60° N, where the front was flanked by a 208 

northern trough and a southern ridge (Fig. 1a). Over northeast North America, 209 

the mid-tropospheric trough was dynamically consistent with a cyclone in the 210 

lower troposphere on 26 December 2015 (Fig. 1e). The cyclone moved 211 

southeastward to the North Atlantic Ocean and was named Storm Frank on 212 

28 December (Fig. 1g). As the trough moved further southeastward, a 213 

downstream blocking high emerged over western Europe, and a west low–214 

east high pattern established over the Atlantic–Europe sector (Fig. 1 b–d). A 215 

meridional jet stream with wind speeds > 15 m s–1 formed between the areas 216 

of low and high pressure on 27 December (Fig. 1f), and steered the storm 217 

poleward, eventually entered the Arctic on 29 December (Fig. 1h). The warm 218 

conveyor belt (WCB) associated with the storm was established and 219 

transported enormous warm and moist air masses from the mid-latitude North 220 

Atlantic to the Arctic region. This northward atmospheric energy transport 221 

affects the temperature in the Arctic, and akin to S, can be split into DSE and 222 

LE components (Graversen and Burtu 2016). The poleward atmospheric 223 

energy transported by the WCB are shown in Fig. 2. The positive energy 224 

transport into the Arctic began on 27 December and became most 225 

pronounced on 29 December when the storm entered the Arctic Circle. 226 

Partitioning the energy transport into its components revealed that the DSE 227 

was larger than LE on 29 December. Moreover, the latent energy transport 228 

brought water vapor into the Arctic, which released heat and thus enhanced 229 

the associated greenhouse effect and downward long–wave radiation to the 230 
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surface in the Arctic. 231 

 3.2 Stratospheric influences on Storm Frank 232 

In late December 2015, the northern extratropical stratosphere did not 233 

feature the usual concentric ring pattern, but instead, the polar vortex 234 

stretched along the 90° W–90° E line (Fig. 3a–c), particularly evident in the 235 

geopotential tendency field. Two centers of negative geopotential trend 236 

emerged along the 90° W–90° E line on 23 December (Fig. 3d). One located 237 

over northeast Canada and the other over Siberia, and both are attributed to 238 

the stretching event. The two negative centers enhanced and rotated slightly 239 

counterclockwise after 24 December (Fig. 3e and 3f). The potential vorticity 240 

(PV) field in the stratosphere showed a mass of high potential air stretching 241 

across the 90° W–90° E line moving from the Arctic region toward the eastern 242 

side of North America and the North Atlantic Ocean (Fig. 3g–i). 243 

The isentropic surface at 315 K is above 250 hPa near the lower 244 

stratosphere in the Arctic region, at 300–400 hPa in the upper troposphere 245 

over mid-latitudes, and near 700 hPa in the lower troposphere over the 246 

tropics. The source of high PV at high latitudes is located in the lower 247 

stratosphere and upper troposphere. The isentropic potential vorticity (IPV) in 248 

the lower stratosphere is usually > 4 PVU (potential vorticity units, 10–6 m2 K 249 

kg–1 s–1), but < 1.5 PVU in the troposphere; therefore, the tropopause is 250 

generally represented by a set of dense contours at 1.5–3 PVU  (Davis and 251 

Emanuel 1991). 252 

Figure 1i–l shows the evolution of the IPV on the 315 K isentrope over the 253 

lifetime of Storm Frank. During 26–27 December, the tropopause at ~3 PVU 254 
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was located along North America and the North Atlantic between 40° and 50° 255 

N, with high IPV air in the lower stratosphere to the north, and low IPV air in 256 

the troposphere to the south. Values of IPV > 4 PVU in the lower stratosphere 257 

primarily occurred in the Arctic region. The long tongue of high IPV air from 258 

the Arctic reservoir penetrated northeast North America, and the tongue of 259 

low IPV air grew rapidly over western Europe via the downstream effect (Fig. 260 

1k–l), slowing the propagation eastward (Hoskins et al. 1985). The 261 

downstream development of low IPV led to a strong blocking high in western 262 

Europe, a signature feature of the cyclonic Rossby wave breaking event. The 263 

event advected high IPV from the Arctic to the North Atlantic and favored the 264 

formation and northeastward motion of Storm Frank on 28 December (Fig. 265 

1k). This is consistent with the results from Gómara et al. (2014) which found 266 

that the explosive development of cyclones over western North America is 267 

typically linked to an enhanced cyclonic Rossby wave breaking over western 268 

Greenland. 269 

According to the IPV equation (Hoskins et al. 1985), IPV can be treated as 270 

a combined variable of static stability and absolute vorticity on an isentropic 271 

surface. The static stability is higher in the stratosphere than in the 272 

troposphere; thus, the vorticity of the air mass increases when moving 273 

downward to the troposphere. Therefore, when the long tongue of high IPV air 274 

moved southward from the Arctic region in the lower stratosphere to the North 275 

Atlantic Ocean in the troposphere on 27 December, the vorticity increased 276 

rapidly, and reached a maximum on 28 December (Fig. 1j–k), eventually 277 

leading to the creation and intensification of Storm Frank. The tongue of the 278 

high IPV then shifted poleward on 29 December and weakened slightly (Fig. 279 
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1l). 280 

To further explore the origin of the high IPV, we examined the height–281 

latitude cross–sections of IPV along eastern North America and the North 282 

Atlantic during 24–28 December (Fig. 4). On 24 December, a set of dense 283 

contours at 0.8–4.0 PVU, usually identified as the tropopause, were smooth 284 

and straight, and sloped downward with latitude (Fig. 4a). At this time, the 285 

high IPV air was primarily confined to the stratosphere over the Arctic region. 286 

Notably, after 25 December, a tropopause folding extended from 100 to 600 287 

hPa in the North Atlantic Ocean (40°–65° N; Fig. 4b–e). The folding of the 288 

tropopause strengthened after 25 December, becoming most apparent on 28 289 

December (Fig. 4d), and it was accompanied by the intrusion of high IPV dry 290 

air in the stratosphere into the folding area (Chagnon et al. 2013; Fu et al. 291 

2018), which originated from the Arctic region. On 28 December, the 292 

maximum IPV assembled in the folding area instead of the Arctic region as a 293 

result of the stretching polar vortex event. The high IPV moved downward 294 

from the folding area into the troposphere over the North Atlantic, enhancing 295 

the positive cyclonic vorticity and negative height perturbations, and further 296 

reinforcing Storm Frank. Previous studies found that the tropopause folding–297 

related downward transport of large–value PV in the stratosphere governs the 298 

rapid development of oceanic cyclones, especially during the explosive 299 

development stage (Davis et al. 1996; Fu et al. 2018).  300 

4. Explosive Arctic warming and circulation 301 

Storm Frank recorded a minimum pressure of 928 hPa on 30 December 302 

2015. The storm then moved northward through the Greenland Sea into the 303 

central Arctic on 31 December. During this time, a large warm and humid air 304 
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mass was brought into the Arctic region by the WCB between the storm and 305 

the European blocking high. A significant increase in SAT was observed in the 306 

Arctic. Two low SAT centers in the Arctic region can be seen in Fig. 5a: one 307 

located in the Queen Elizabeth Islands, and the other in East Siberia. The 308 

poleward extent of the 0 °C isotherm of the SAT was close to the North Pole. 309 

Previously, the SAT was lower than average throughout the Arctic region in 310 

mid-December, then increased suddenly by 8 °C over four days when the 311 

storm entered the Arctic Circle, and by 30 December, it was almost 7 °C 312 

warmer than average (Fig. 5b). Although the SAT decreased slightly 313 

throughout the Arctic region after 1 January 2016, temperatures remained 314 

above average for one month. Kim et al. (2017) found that the strong Atlantic 315 

storm brought enormous warm and moist air to the Arctic region, not only 316 

triggering an abrupt Arctic warming but also decreasing the sea ice in the 317 

Barents–Kara Seas.  318 

A distinct change in the large–scale circulation regime occurred in the 319 

region after the explosive Arctic warming. We examined the height–time 320 

cross–section of geopotential anomalies in the polar cap (Fig. 6a). The 321 

geopotential  anomalies were negative in mid-to-late December 2015 and 322 

corresponded to a positive phase of the Arctic Oscillation (Fig. 6b) and an 323 

enhanced polar vortex, both of which led to fewer cold air outbreaks in the 324 

Northern Hemisphere (Thompson and Wallace 1998). The large–scale 325 

circulation regime in the Arctic region shifted on 30 December, when a 326 

sudden Arctic warming occurred, and the geopotential  rapidly changed to 327 

positive anomalies over the Arctic region (Fig. 6a). The Arctic Oscillation index 328 

shifted to a negative phase on 30 December (Fig. 6b). This is also consistent 329 
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with previous study (Wang et al. 2017) and supports the interpretation that the 330 

abrupt shift to negative phase of the Arctic Oscillation is closely linked to the 331 

Arctic warming. 332 

      Figure 6c shows the anomalous upward motion in the polar cap region in 333 

mid-and-late December 2015, confirming the presence of an enhanced polar 334 

vortex. When the storm entered the Arctic Circle, the anomalous motion in the 335 

mid-and-lower troposphere was still shifting upward as a result of the strong 336 

advection of the storm’s updraft. A warm low pressure, therefore, dominated 337 

the mid-and-lower troposphere in the Arctic region at this stage, driving the 338 

extensive Arctic warming. The positive geopotential  anomalies increased 339 

rapidly over the polar cap, and the anomalous downward motion prevailed 340 

over the Arctic. At this time, a warm high pressure developed and controlled 341 

the Arctic region. 342 

      We examined the change in large–scale atmospheric circulation in the 343 

northern mid-and-high latitudes before and after the Arctic warming (Fig. 7). In 344 

December 2015, the large–scale circulation regime in the Northern 345 

Hemisphere resembled the positive phase of the Arctic Oscillation; moreover, 346 

ridging and troughing over mid-latitudes were generally suppressed (Fig. 7a). 347 

These features do not favor the outbreaks of cold surges over the northern 348 

mid-latitudes. Atmospheric warming due to increased heat transport from the 349 

North Atlantic elevated the geopotential  in the mid-troposphere in January 350 

2016 (Fig. 7b), favored the splitting the tropospheric polar vortex into two 351 

major centers. One center shifted to the East Asian–North Pacific sector (43°–352 

70°N, 115°E–150°W), while the other was located over the Baffin Island–353 

Greenland sector (45°–77°N, 40°–95°W), and decayed rapidly due to the 354 
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transport of warm air masses from the North Atlantic. Thus, the concentric 355 

ring pattern in the high-latitude Arctic stretched into a dipole shape in January 356 

2016, resembling the pattern related to the negative phase of the Arctic 357 

Oscillation. As a result, warming occurred in the Arctic region, whereas 358 

cooling was seen in East Asia.  359 

5. Arctic origin of an unprecedented East Asian cold wave 360 

      As one of the split polar vortex moved southward to East Asia, an inverted 361 

omega–shaped circulation pattern (IOCP) dominated the Siberia–North 362 

Pacific sector, with cold polar air dipping deep southward, and flanked by the 363 

invading warm air into the polar region on either side (Fig. 8); thus, inducing 364 

the outbreak of cold Arctic air in East Asia (Ding 1994). Notably, the other split 365 

polar vortex moved southward to the Europe–North Atlantic sector, and a 366 

distinct low pressure was situated in West Europe (Fig. 8a) before the 367 

outbreak of the East Asian cold wave. The Rossby wave flux was emitted 368 

from the front of the West European low–pressure, and absorbed into the 369 

Urals region on 20 January, thus contributing to the formation of the Ural 370 

blocking high (Fig. 8b–e). Previous studies also suggested that the blocking 371 

high in the troposphere of the Eurasian continent is mainly related to an 372 

incoming Rossby wave train from Europe (Enomoto et al. 2003; Nakamura 373 

and Fukamachi 2004). Similarly, the low pressure in the Siberia–North Pacific 374 

sector contributed to another downstream blocking over western North 375 

America due to the injection of Rossby wave energy from the upstream region 376 

(Fig. 8a–d). Thus, the two blocking highs over the Urals region and western 377 

North America, together with the low pressure between them, eventually 378 

resulted in the occurrence of the observed IOCP over the Siberia–North 379 
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Pacific region, extending from high to middle latitudes.  380 

      Several closed lows formed in the IOCP, the furthest west of which was 381 

over Lake Baikal (45°–77°N, 95°–105°E). The East Asian trough, with the 382 

east–west oriented trough line, developed at the back of Lake Baikal and 383 

extended to Lake Balkash on 20 January (Fig. 8a). As the IOCP moved 384 

southeastward, the East Asian trough meridionally extended, and the cold 385 

wave occurred (Fig. 8b–e). The IOCP broke up on 25 January, and the East 386 

Asian trough moved out of East Asia. 387 

The high IPV cold air mass was concentrated in the IOCP, whereas a low 388 

IPV air mass prevailed outside the IOCP (Fig. 9a) where an anticyclonic or 389 

blocking circulation dominated (Hoskins et al. 1985). The air of IPVs with 390 

values > 5 PVU was mainly concentrated in Siberia; in particular, the region of 391 

the East Asian trough, a key region affecting the East Asian climate in winter 392 

(Ding and Krishnamurti 1987; Ding 1990). As the East Asian trough moved 393 

southeastward and meridionally extended over Lake Baikal, there was an 394 

outburst of high IPV cold air, and the cold wave swept through East Asia from 395 

21 to 24 January (Fig. 9b–f).  396 

We also examined the vertical structure evolution of the IOCP (Fig. 10). 397 

As seen in Fig. 10a, the high–PV airflow moved southward and down along 398 

the isentropic surface from the Arctic region toward East Asia and assembled 399 

in the folding area along 30°–40°N on 21 January. To the north of the folding 400 

region (45°–65°N, 800–300 hPa), the low–PV enhanced, and eventually an 401 

IOCP formed in East Asia with a high PV centered in mid-and-high latitudes, 402 

and low PV centered on either side in the Siberia–Ural regions. A westerly jet 403 

stream emerged to the south, with its core wind speed reaching 70 m s–1. 404 
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Accompanying the southward movement of the IOCP, the high–PV airflow 405 

moved downward along the isentropic surface, causing the horizontal 406 

contraction of the high–PV column, and increasing its cyclonic vorticity. The 407 

jet stream to the south of the folding area stretched vertically accordingly (Fig. 408 

10b). The IOCP achieved maximum strength on 23–24 January 2016 (Fig. 409 

10c and 10d). It is also noteworthy that the IOCP modulated the meridional 410 

circulation cell along the East Asia–Siberia regions. When the IOCP moved 411 

southwards, the geopotential  decreased above East Asia but increased 412 

above Siberia, and in 21–22 January induced a clockwise cell along East 413 

Asia, with an ascending branch over low-latitudes and descending branch 414 

over Siberia (Fig. 10e–f). The descending motion brought negative vorticity 415 

and anticyclonic advection to the Siberian region and thus intensified the 416 

Siberian high, which contributed to the southward outbreak of cold waves. 417 

Additionally, the meridional cell–induced the northerly wind over East Asia in 418 

the lower troposphere favored the southward incursion of the cold wave. The 419 

cell moved southward and weakened after 23 January (Fig. 10g–h). 420 

      Figure 11a shows the daily variations in the SAT anomaly averaged over 421 

East Asia for January 2016, and a dramatic phase reversal from high to low 422 

SAT is evident around 17 January. When the cold wave occurred, the SAT in 423 

East Asia suddenly decreased on 20 January and reached a minimum of 424 

7.5 °C lower than average on 24 January. The distribution of SAT anomalies 425 

(Fig. 11b) shows that the severe cold wave affected almost all of East Asia, 426 

and an SAT 4 °C lower than average covered most regions. The severe cold 427 

wave brought not only strong cooling but also snowfall to East Asia as well 428 

(Fig. 11c), particularly in eastern and northern China, most parts of Japan, 429 
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and the southern Korean Peninsula.  430 

6. Conclusions 431 

      This research characterized a low-frequency, developing process 432 

consisting of three distinct extreme events occurring in succession from late 433 

2015 to early 2016: The first event was a severe windstorm in the North 434 

Atlantic, the second is an explosive warming in the Arctic region along with a 435 

deep northward intrusion of warm air advection, and the third is a record-436 

breaking cold wave over East Asia.  437 

      Two characteristics of this downstream development chain of the extreme 438 

events were extraordinary. First, the successive occurrences of the three 439 

events are unprecedented. Storm Frank is one of the top five strongest storms 440 

on record in the North Atlantic, with a minimum pressure of 928 hPa. 441 

Explosive Arctic warming leads to a sudden rise in SAT close to the freezing 442 

point at the North Pole; and subsequently, the extreme cold wave that swept 443 

through most parts of East Asia led to record–breaking low temperatures and 444 

widespread snowstorms in many regions. Second, the results show that these 445 

three distinct extreme events did not occur independently, but were physically 446 

linked. Figure 12 shows the proposed mechanisms for the influence of the 447 

severe Atlantic storm on the unusual Arctic heat wave and the unprecedented 448 

East Asian cold wave. Storm Frank emerged near the east coast of North 449 

America, crossed the North Atlantic before recurving northward, was steered 450 

by a strong meridional southerly jet west of a strongly developed blocking high 451 

in Europe, and finally entered the Arctic Circle. The extended jet stream 452 

transported large amount of warm and moist air masses to the Arctic, as a 453 

strong WCB, led to a distinct Arctic warming event. This resulted in a rapid 454 
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transition towards the negative phase of the Arctic Oscillation mode, 455 

characterized by a dipole pattern that induced the downstream dispersion of 456 

Rossby wave energy along the mid-latitudes of the Northern Hemisphere. 457 

Two blocking highs over the Urals region and western North America were 458 

thus created and eventually resulted in the establishment of an IOCP over the 459 

East Asia–North Pacific regions. The IOCP in the Asian region led to the 460 

outbreak of cold waves originating from the Arctic over East Asia. This 461 

successive development chain of downstream events clearly shows a 462 

hemispheric–scale, teleconnection linkage for the occurrence of cold waves in 463 

East Asia.  464 

      The formation of Storm Frank was also analyzed and showed that it was 465 

caused by tropopause folding, which transported a high IPV air mass from the 466 

stratosphere in the Arctic region to the troposphere in the mid-latitude North 467 

Atlantic. The tropopause folding was attributed to the stretching of the polar 468 

vortex in the stratosphere in late December 2015. As the high PV air moved 469 

southward, the stratospheric air with a high PV moved down along the 470 

isentropes from the lower stratosphere to the troposphere, before forming and 471 

enhancing the North Atlantic storm and downstream development of a 472 

blocking high in Europe. 473 

      Warm advection was the primary mechanism behind the explosive Arctic 474 

warming, and it can be partitioned into DSE and LE components. The warm 475 

advection was caused by the strong southerly jet formed between the North 476 

Atlantic storm and its downstream blocking high in Europe. The southerly jet 477 

stream, as a WCB, transported enormous warm and moist air masses from 478 

mid-latitudes to the Arctic, and led to an extraordinary Arctic warming event.  479 
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      We suggest that the following underlying mechanisms drive the transition 480 

of the negative phase of the Arctic oscillation. Atmospheric warming from the 481 

transport of heat from the North Atlantic favors the splitting the tropospheric 482 

polar vortex into two major centers (i.e., dipole pattern), as was observed 483 

early in January 2016, eventually, driving a negative phase transition of the 484 

Arctic Oscillation. As the dipole pattern formed in the Arctic region, an IOCP 485 

controlled East Asia, and a transversely oriented trough developed at the 486 

back of the IOCP. This induced the outbreak of the Arctic high PV cold air 487 

towards East Asia as soon as the IOCP moved southeastward.  488 

      This study emphasizes the importance of low-frequency processes and 489 

their associated synoptic events in sub-seasonal prediction. Our case analysis 490 

illustrated that these low-frequency processes can also alter the downstream 491 

large–scale atmospheric circulations by regulating the Arctic circulation 492 

patterns such as the Arctic Oscillation. Previous studies have suggested that 493 

the warming trend in the Arctic region was higher than the global average 494 

during recent decades, which is known as Arctic amplification. The Arctic 495 

amplification plays an important role in the change of the Arctic circulation 496 

pattern to the negative phase of the Arctic Oscillation in winter (Nakamura et 497 

al., 2015). The negative phase of the Arctic Oscillation favors the tropopause 498 

folding over the mid-and-high latitudes in the Northern Hemisphere. Thus, the 499 

Arctic amplification will increase the frequency of the tropopause folding and 500 

IOCP over East Asia under global warming, which favors to the outbreak of 501 

cold waves over East Asia. 502 

 503 

 504 
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Fig. 1 (a–d) Distribution of geopotential (units: m2 s–2) at 500 hPa from 26 to 687 

29 December 2015. (e–h) Same as (a–d), but for wind (vectors, 688 

units: m s–1) and advection of temperature (shading, units: K s–1) 689 

at 850 hPa. (i–l) Same as (a–d), but for potential vorticity (units: 690 

PVU) on the 315 K isentropic surface. 691 

Fig. 2 The northward atmospheric energy (integrated from surface to 300 692 

hPa) flux (units: W m–1) over North Atlantic (70°–80°N, 20°W–693 

25°E). The latent (a) and dry–static (b) components are shown 694 

along with the total energy (c).     695 

Fig. 3 Distribution of geopotential (shading) and its anomalies (contours) (a–c, 696 

unit: m2 s–2), the changes in geopotential (d–f, unit: m2 s–2) [current 697 

day minus preceding day] at 50 hPa and potential vorticity (g–i, 698 

unit: PVU) at 20 hPa from 23 to 25 December 2015. 699 

Fig. 4 Height–latitude cross–section of potential vorticity (units: PVU) along 700 

the central longitudes of the Atlantic storm from 24 to 28 701 

December 2015. 702 

Fig. 5 (a) Distribution of surface air temperature (units: °C) over 30–31 703 

December 2015. The 0°C isotherm is indicated as red contours. 704 

The dashed curve with an arrow denotes the direction of transport 705 

of warm and moist air masses to the Arctic. (b) Polar cap (north of 706 

65°N) surface air temperature (units: °C) from 1 December 2015 to 707 

1 February 2016 (red curve) and its climatology for the period 708 

1981–2010 (black curve). 709 

Fig. 6 (a) Time–height cross–section of the polar cap (north of 65°N) 710 

geopotential anomalies (units: 102 m2 s–2) from 1 December 2015 711 

to 1 February 2016, (b) Arctic Oscillation index from 1 December 712 

2015 to 1 February 2016 (from the NOAA Climate Prediction 713 

Center), (c) Same as (a), but for the vertical velocity (units: Pa s–1) 714 

anomalies. The climatological mean period is defined as 1981–715 

2010. 716 
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Fig. 7 Distribution of the geopotential (shading) and its anomalies (contours) 717 

(units: 102 m2 s–2) at 500 hPa in (a) December 2015 and (b) 1–20 718 

January 2016.  719 

Fig. 8 Distribution of geopotential (contour; units: m2 s–2), wave activity flux 720 

(vector; units: m2 s–2) and its divergence (shading; units: 10–6 m s–721 
2) at 500 hPa from 20 to 24 January 2016. The contours for the 722 

geopotential are in intervals of 1000 m2 s–2 between 48000m2 s–2 723 

and 55000m2 s–2. 724 

Fig. 9 Distribution of potential vorticity (units: PVU) at the 315 K isentropic 725 

surface druing 20–25 January 2016. 726 

Fig. 10 (a–d) Height–latitude cross–section of potential temperature (dashed 727 

pink lines; units: K), potential vorticity (solid blue lines; units: PVU) 728 

and jet (shading, units: m s–1) averaged along 110°–120°E from 21 729 

to 24 January 2016. (e–h) Same as (a–e), but for the 730 

geopotential–change (shading, units: m2 s–2) [current day minus 731 

preceding day] and vertical velocity (lines; Pa s–1). The solid pink 732 

(green) arrow stands for locations of the ascending (descending) 733 

motion centers. 734 

Fig. 11 (a) Daily variation of the observed surface air temperature anomaly 735 

(units: °C) in East Asia (22°–45°N, 105°–145°E) in January 2016. 736 

(b) Mean observed surface air temperature anomaly (units: °C) in 737 

East Asia over 21–24 January 2016. (c) Sum of the observed 738 

precipitation in East Asia over 21–24 January 2016 (units: mm). 739 

Fig. 12 Schematic diagram of the influence of the severe Atlantic storm on 740 

explosive Arctic warming and the unprecedented East Asian cold 741 

wave. AO, Arctic Oscillation; PV, potential vorticity. 742 
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Fig. 1 (a–d) Distribution of geopotential (units: m2 s–2) at 500 hPa from 26 to 747 

29 December 2015. (e–h) Same as (a–d), but for wind (vectors, 748 

units: m s–1) and advection of temperature (shading, units: K s–1) 749 

at 850 hPa. (i–l) Same as (a–d), but for potential vorticity (units: 750 

PVU) on the 315K isentropic surface. 751 
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 757 

Fig. 2 The northward atmospheric energy (integrated from surface to 300 758 

hPa) flux (units: W m–1) over North Atlantic (70°–80°N, 20°W–759 

25°E). The latent (a) and dry–static (b) components are shown 760 

along with the total energy (c).     761 
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 763 

Fig. 3 Distribution of geopotential (shading) and its anomalies (contours) (a–c, 764 

unit: m2 s–2), the changes in geopotential (d–f, unit: m2 s–2) [current 765 

day minus preceding day] at 50 hPa and potential vorticity (g–i, 766 

unit: PVU) at 20 hPa from 23 to 25 December 2015.  767 

 768 

 769 

 770 

 771 

 772 
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773 
  774 

Fig. 4 Height–latitude cross–section of potential vorticity (units: PVU) along 775 

the central longitudes of the Atlantic storm from 24 to 28 776 

December 2015.  777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 
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 787 

 788 

Fig. 5 (a) Distribution of surface air temperature (units: °C) over 30–31 789 

December 2015. The 0 °C isotherm is indicated as red contours. 790 

The dashed curve with an arrow denotes the direction of transport 791 

of warm and moist air masses to the Arctic. (b) Polar cap (north of 792 

65°N) surface air temperature (units: °C) from 1 December 2015 to 793 

1 February 2016 (red curve) and its climatology for the period 794 

1981–2010 (black curve). 795 
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 797 

Fig. 6 (a) Time–height cross–section of the polar cap (north of 65°N) 798 

geopotential anomalies (units: 102 m2 s–2) from 1 December 2015 799 

to 1 February 2016, (b) Arctic Oscillation index from 1 December 800 

2015 to 1 February 2016 (from the NOAA Climate Prediction 801 

Center), (c) Same as (a), but for the vertical velocity (units: Pa s–1) 802 

anomalies. The climatological mean period is defined as 1981–803 

2010. 804 

 805 
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 806 

Fig. 7 Distribution of the geopotential (shading) and its anomalies (contours) 807 

(units: 102 m2 s–2) at 500 hPa in (a) December 2015 and (b) 1–20 808 

January 2016. 809 

 810 

 811 

 812 
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 813 

Fig. 8 Distribution of geopotential (contour; units: m2 s–2), wave activity flux 814 

(vector; units: m2 s–2) and its divergence (shading; units: 10–6 m s–815 
2) at 500 hPa from 20 to 24 January 2016. The contours for the 816 

geopotential are in intervals of 1000 m2 s–2 between 48000 m2 s–2 817 

and 55000 m2 s–2. 818 
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 819 

Fig. 9 Distribution of potential vorticity (units: PVU) on the 315 K isentropic 820 

surface from 20 to 25 January 2016. 821 

 822 

 823 

 824 

 825 
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 826 

Fig. 10 (a–d) Height–latitude cross–section of potential temperature (dashed 827 
pink lines; units: K), potential vorticity (solid blue lines; units: PVU) 828 
and jet (shading, units: m s–1) averaged along 110°–120°E from 21 829 
to 24 January 2016. (e–h) Same as (a–e), but for the 830 
geopotential–change (shading, units: m2 s–2) [current day minus 831 
preceding day] and vertical velocity (lines; Pa s–1). The solid pink 832 
(green) arrow stands for locations of the ascending (descending) 833 
motion centers. 834 



39	

 835 

Fig. 11 (a) Daily variation of the observed surface air temperature anomaly 836 

(units: °C) in East Asia (22°–45°N, 105°–145°E) in January 2016. 837 

(b) Mean observed surface air temperature anomaly (units: °C) in 838 

East Asia over 21–24 January 2016. (c) Sum of the observed 839 

precipitation in East Asia over 21–24 January 2016 (units: mm). 840 

 841 
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 842 

Fig. 12 Schematic diagram of the influence of the severe Atlantic storm on 843 

explosive Arctic warming and the unprecedented East Asian cold 844 

wave. AO refers to Arctic Oscillation, and PV refers to potential 845 

vorticity. 846 


