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Abstract 35 

The northward shift of the western North Pacific Subtropical High (WNPSH) in July 36 

2018 broke the historical record since 1958 and resulted in extreme heat waves and 37 

casualties across Northeast Asia (NEA). The present work associated this extreme 38 

WNPSH anomaly with the anomalies of barotropic anticyclone above NEA originating 39 

from the strongest positive tri-pole pattern of sea surface temperature anomaly (SSTA) 40 

in the North Atlantic in July. Both data analysis and numerical experiments indicated 41 

that the positive tri-pole SSTA pattern could produce an upper-tropospheric wave 42 

source over the Europe, which stimulated an eastward propagating wave train along the 43 

subpolar westerly jet over the Eurasian continent. When its anticyclonic node reached 44 

NEA, the WNPSH started to shift northward. After the cyclonic node in the circulation 45 

anomaly encountered the Tibetan Plateau, atmospheric diabatic heating was enhanced 46 

over the eastern Tibetan Plateau, initiating another subtropical wave train, which 47 

furthered the northward shift of the WNPSH. Therefore, the wave source over Europe 48 

was critical for the northward shift of the WNPSH in July, connecting the tri-pole SSTA 49 

pattern in the North Atlantic with the WNPSH anomaly and maintaining the 50 

downstream effects of thermal forcing over the eastern Tibetan Plateau on the East 51 

Asian summer monsoon. 52 

Keywords: western North Pacific Subtropical High, Tibetan Plateau, North Atlantic, 53 

tri-pole sea surface temperature anomaly 54 
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1. Introduction 55 

The lower-tropospheric subtropical anticyclone over the North Pacific covers 56 

approximately 20%–25% of the Northern Hemisphere. Its portion over the western 57 

Pacific, usually termed the western North Pacific Subtropical High (WNPSH), is an 58 

important component in the East Asian summer monsoon (EASM) (Lau and Li 1984; 59 

Tao and Chen 1987; Huang and Li 1992; Liu and Wu 2004). Climatologically, the 60 

WNPSH jumped poleward to north of 20°N in early June following the Meiyu-Baiu-61 

Changma rainy season, and continued to north of 30°N in mid–late July following the 62 

rainy season over Northeast Asia. The meridional movement of the WNPSH not only 63 

determined the position of the EASM rainy belt (Ninomiya and Kobayashi 1999; Lu 64 

2002; Zhou and Yu 2005) but also caused heat waves in the affected regions, especially 65 

over East China and Southern Japan (Enomoto et al. 2003; Ding et al. 2010; Chen and 66 

Lu 2015; Wang et al. 2015; Kueh et al. 2017). Thus, the meridional position of the 67 

WNPSH has been widely considered in the seasonal prediction of the EASM (Wang et 68 

al. 2013; Yim et al. 2016). 69 

Previous studies have ascribed the anomalies of the WNPSH in boreal summer to 70 

two distinct atmospheric teleconnection patterns. One anomaly is the Pacific–Japan or 71 

East Asia–Pacific teleconnection originating from the anomalous tropical convection 72 

over the western Pacific (Huang and Li 1987; Nitta 1987), and the other includes the 73 

zonally-distributed anomalies of circulation over the Eurasian continent, termed the 74 

“Silk Road” wave pattern or Atlantic–Eurasian (AEA) teleconnection (Enomoto et al. 75 



 4 

2003; Li and Ruan 2018). The former anomaly was significantly modulated by the El 76 

Niño–South Oscillation (ENSO) and the sea surface temperature anomalies (SSTAs) in 77 

the tropical Indian and western Pacific Ocean (Zhang et al. 1996; Wang et al. 2000; Sui 78 

et al. 2007; Yang et al. 2007; Liu et al. 2018). The relevant physical processes have 79 

been recently reviewed by Xie et al. (2016) and Li et al. (2017). The latter anomaly, 80 

however, was ascribed to the atmospheric internal variability (Ding and Wang 2005; 81 

Sato and Takahashi 2006; Kosaka et al. 2012). The combination of these two 82 

teleconnections could deeply affect the WNPSH and produce extreme climate disasters 83 

over East Asia (Orsolini et al. 2015; Wang and He 2015; Wang and Wang 2018; Wang 84 

et al. 2018a). 85 

In July 2018, a series of extreme heat waves occurred over Northeast Asia (NEA), 86 

including Japan, the Korean Peninsula, and Northeast China. Meanwhile, some 87 

extensive heat waves attacked Europe, the Arctic and North America. These extreme 88 

heat waves killed more than 80 people in Japan and resulted in unprecedented wildfires 89 

in northern Europe. However, the circulation anomalies associated with these extreme 90 

events have not yet been clearly addressed. Considering the close association between 91 

the WNPSH and the heat waves over East Asia, the present work aims to examine the 92 

circulation anomalies related to the WNPSH and their possible causes in July 2018. 93 

2. Data and methods 94 

We used the JRA-55 reanalysis dataset from 1958 to 2018 with a horizontal 95 

resolution of 1.25°×1.25°, which was released by the Japan Meteorological Agency 96 
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(JMA) (Kobayashi et al. 2015; Harada et al. 2016). The variables included the sea level 97 

pressure (SLP) and surface air temperature (SAT) near the surface, as well as the three-98 

dimensional air temperature, geopotential height, components of diabatic heating rate 99 

and wind fields on 27 standard isobaric surfaces from 1000 to 100 hPa. Here the 100 

diabatic heating rate was the sum of the convective, large-scale condensation, long- and 101 

short-wave radiative, and the vertical diffusion flux heating rate. The SAT in this 102 

reanalysis showed a significant correlation with the in-situ observations over NEA 103 

provided by the National Information Center of the China Meteorological 104 

Administration. The sea surface temperature (SST) was derived from the JMA 105 

Centennial in situ Observation-Based Estimates (COBE) SST dataset as an input for 106 

the JRA-55 reanalysis (Ishii et al. 2005). 107 

The anomaly of each meteorological element was obtained by subtracting the 108 

climatological value during 1981–2010 from the original. Two types of numerical 109 

experiments were conducted to validate the data analysis results. One was an ideal 110 

linear baroclinic model (LBM) with a T42 resolution in the horizontal direction and 20 111 

sigma levels in the vertical direction (Watanabe and Kimoto 2000). The other was an 112 

atmospheric general circulation model (AGCM) of the global Community Atmosphere 113 

Model (CAM) Version 5.1, whose horizontal and vertical resolution was 1.9°×2.5° 114 

finite volume grid and 27 hybrid sigma pressure levels, respectively (Worley and Drake 115 

2005). The design of the numerical experiments is specified in section 4. 116 
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3. Extreme northward shift of the WNPSH in July 2018 117 

The record-breaking temperatures in July 2018 over NEA accompanied the 118 

extreme northward shift of the WNPSH (Fig. 1). The northern edge of the WNPSH at 119 

500 hPa reached 40°N in July 2018, which breaks the1958–2017 historical record (Fig. 120 

1b). In the upper troposphere, the South Asian high (SAH) clearly expands 121 

northeastward onto NEA (Fig. 1a). In the lower troposphere, the WNPSH intrudes 122 

northwestwards onto NEA, and a deeper monsoon trough settles in the western North 123 

Pacific (WNP) (Fig. 1c). The extreme northward shift of the WNPSH presents an 124 

anticyclonic anomaly with a barotropic structure over NEA, along with the anomalies 125 

of baroclinic circulation over the WNP, including the low-level cyclonic and upper-126 

level anticyclonic anomaly south of 30°N. Accordingly, the atmospheric ascending is 127 

enhanced over the WNP but the stronger atmospheric sinking occurs in the troposphere 128 

over NEA (Figs. 1d, 1e, and 1f). As shown by the pentad evolution (Figures not shown), 129 

this anomaly of the meridional circulation becomes well-organized to form a closed cell 130 

in mid-July, when the tropical convection gets enhanced over the WNP, indicating the 131 

tropical influence on the local meridional circulation over East Asia in July 2018. 132 

The enhanced atmospheric ascending and sinking over East Asia in July 2018 is 133 

associated with anomalous large-scale vertical motion and SSTAs (Fig. 2a). The large-134 

scale ascending anomalies are centered over the WNP, while the anomalous sinking is 135 

located over the tropical Indian Ocean and subtropical Atlantic. Meanwhile, the 136 

anomalous diabatic heating increases over the tropical western Pacific, but the 137 
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anomalous cooling strengthens over the tropical Indian Ocean (Figs. 2b and 2c). In the 138 

tropics, the anomalous diabatic heating and cooling is primarily induced by the 139 

anomalies of deep convection. The wavenumber-one structure in the anomaly of the 140 

large-scale divergence is associated with the deeper convection in the Madden-Julian 141 

Oscillation (MJO), which arrives at the WNP and the Maritime Continent in July 2018 142 

(Figure not shown). Warmer SSTAs are seen in the tropical western Pacific and Indian 143 

Ocean. In contrast, a tri-pole SSTA pattern is observed in the North Atlantic, exhibiting 144 

a warm SSTA in the middle latitude sandwiched by colder SSTAs in the subtropical and 145 

higher latitudes. The extreme northward shift of the subtropical anticyclone occurs 146 

throughout the troposphere of East Asia, corresponding to the uniform distribution of 147 

warmer air over NEA from the surface to 200 hPa (Fig. 2b). Such a distribution of 148 

circulation anomalies and SSTAs indicates that the SSTAs act as the external forcing of 149 

the atmosphere over the tropical WNP and subtropical Atlantic Ocean, whereas they 150 

act as a response to the atmospheric forcing in the tropical Indian Ocean. Because the 151 

monthly mean atmospheric anomalies are mainly maintained by external forcing 152 

(Hoskins 2013), we need to further examine the forcing effects of the two regional 153 

SSTAs on the extreme northward shift of the WNPSH in July 2018. 154 

4. Possible causes of the extreme northward shift of the WNPSH 155 

4.1 Diagnosis results 156 

The mid–high-latitude wave train, which has been attributed to the tri-pole SSTA 157 

pattern in the North Atlantic (Li et al. 2008; Wu et al. 2009), is investigated using the 158 
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wave activity flux defined by Takaya and Nakamura (2001). The climatological 159 

circulation in July is treated as the basic flow in this calculation. Two wave trains at 160 

300 hPa are detected over the Eurasian continent in July 2018 (Fig. 3a). The wave 161 

source manifesting as an extensive anticyclonic anomaly above Europe is located at 162 

300 hPa north of 50°N. One wave train emerges between 50° and 70°N, propagates 163 

eastward along the subpolar westerly jet to form a cyclonic node over Siberia, and then 164 

turns southeastward to produce an anticyclonic node over NEA. The other wave train 165 

emerges between 30° and 40°N, propagates eastward along the subtropical westerly jet, 166 

as indicated by the anomalies of the anticyclone over the Caspian Sea, the cyclone over 167 

the western Tibetan Plateau (TP), and the anticyclone over NEA. The anomalies of the 168 

stream function over the WNP are much weaker in July (Figs. 3a and 3b). Although the 169 

stronger tropical convection accompanies with the northward shift of the WNPSH in 170 

mid-July 2018, the WNPSH shifts northward faster in early and late July without the 171 

strengthened tropical convection over the WNP (Figure not shown). This indicates the 172 

weak influence of the tropical forcing in this case. 173 

The vertical structures of the stream function and diabatic heating involved in 174 

these two wave trains are different. A pronounced barotropic structure of the stream 175 

function anomalies is observed in the mid–high-latitude wave train with respect to the 176 

warmer SAT and positive SLP anomalies over Europe and NEA (Figs. 3b and 3d). 177 

Based on the vertical vorticity equation derived from the Ertel potential vorticity 178 

equation (Wu and Liu 1998; Liu et al. 2004), the anomalous diabatic heating centered 179 
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near the Caspian Sea and the Mongolian Plateau could result in the negative vorticity 180 

production above the layer with maximum heating. The mid-latitudinal westerly wind 181 

then brings the anomalies of negative vorticity downstream to the Central Asia and 182 

NEA, where the in-situ anticyclonic anomaly is developed. Although the anticyclonic 183 

anomaly over NEA is still barotropic, corresponding to the subtropical wave train, the 184 

anomalies of the stream function surrounding the TP exhibit a baroclinic structure in 185 

the vertical direction. In particular, the anomaly of the upper-level anticyclone exists 186 

with the low-level cyclone over the eastern TP, possibly enhanced by the local 187 

atmospheric diabatic heating (Fig. 3c). The warmer SAT and negative SLP anomalies 188 

over the eastern TP suggest the influences of the TP thermal forcing on the northward 189 

shift of the WNPSH in July 2018 (Fig. 3b). 190 

4.2 Statistical analysis 191 

Actually, the extreme case in July 2018 follows the common relationship of the 192 

anticyclonic anomaly over NEA with the wave source over the Europe, the diabatic 193 

heating over the eastern TP and the tri-pole SSTA pattern in the North Atlantic during 194 

the past decades (1981–2017). Here the tri-pole SSTA pattern is expressed as the 3rd 195 

empirical orthogonal function (EOF) mode of the SSTAs in the North Atlantic in July 196 

(Fig. 4a). Its intensity is measured by the third principle component (Fig. 4b). The 1st 197 

mode of the North Atlantic SSTA and its principle component indicates a unified 198 

warming trend in the basin, while the 2nd mode is featured by a meridional quadrupole 199 

pattern with apparent interdecadal variability of its time series (Figures not shown). 200 
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These two modes have insignificant correlation with the anticyclonic anomaly over 201 

NEA. 202 

The anticyclonic anomaly over NEA is insignificantly negatively correlated with 203 

the anomaly of atmospheric heat source over WNP, corresponding to the minor role of 204 

the tropical forcing (Table 1). In contrast, it is significantly positively correlated with 205 

the wave source over Europe, the diabatic heating over the eastern TP and the intensity 206 

of tri-pole SSTA pattern in North Atlantic (Table 1). The partial correlation analysis 207 

shows their co-effects on the anticyclonic anomaly over NEA (Table 1). In the case 208 

without the wave source over Europe, the correlation of either the tri-pole SSTA pattern 209 

in North Atlantic or the diabatic heating over the eastern TP become insignificant with 210 

the anticyclonic anomaly over NEA. If the diabatic heating over the eastern TP was 211 

removed, the downstream effect of the wave source over Europe would be weakened 212 

to some extent, whereas the influence of the tri-pole SSTA pattern would be 213 

insignificant. As excluding the tri-pole SSTA pattern, despite some reduction of the 214 

partial correlation coefficients, the anticyclonic anomaly over NEA is still significantly 215 

associated with both the wave source over Europe and the diabatic heating over the 216 

eastern TP. These statistical relationships become more evident when including the case 217 

of 2018 with the maximum of the above elements since 1981, corresponding to the 218 

extreme northward shift of the WNPSH (Fig. 4b). 219 

The statistical analysis suggests that the wave source over Europe and the thermal 220 

forcing over the eastern TP are two important factors for maintaining the influence of 221 
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the tri-pole SSTA pattern in the North Atlantic on the northward shift of the WNPSH in 222 

July. Meanwhile, the effect of thermal forcing over the eastern TP on the WNPSH also 223 

depends on the wave source over Europe. One possible reason is that the thermal 224 

forcing over the eastern TP could not affect the WNPSH unless the stronger westerly 225 

wind south of the anomalous cyclonic node in the mid–high-latitude wave train 226 

originating from this wave source encountered the high topography of the TP (Figs. 3a 227 

and 5b). Since the influence of thermal forcing over the eastern TP depends on the mid–228 

high-latitude wave train, the correlation coefficients cannot separate the relative 229 

contribution by the two wave trains to the WNPSH, but show their co-effects on the 230 

extreme northward shift of the WNPSH in July. The above processes will be verified 231 

using some numerical experiments. 232 

4.3 Numerical experiments 233 

a. LBM results 234 

By using the LBM, we design four sensitivity experiments to examine the 235 

atmospheric internal processes of the extreme northward shift of the WNPSH. 236 

Consistent with the observations, an anticyclonic anomaly is positioned at 300 hPa over 237 

Europe in the first experiment (EUR_EXP). In the second and third experiments, the 238 

diabatic heating presented by a reasonable vertical profile is positioned over the eastern 239 

TP (ETP_EXP) and WNP (WNP_EXP) (Fig. S1). The dynamic forcing in EUR_EXP 240 

and the thermal forcing in ETP_EXP are superposed together in the fourth experiment 241 

(EUR+ETP_EXP).  242 
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The two distinct wave trains are generally reproduced by the EUR+ETP_EXP, 243 

and the simulated anticyclonic anomaly is remarkable in the upper troposphere of NEA 244 

(Fig. 5a). The pattern correlation coefficient (PCC) between the simulated and observed 245 

circulation anomaly over NEA reaches 0.50, indicating that this experiment is able to 246 

capture the major features in observation. However, the discrepancy in the LBM 247 

experiment is that the simulated anticyclonic anomaly over NEA is weaker than the 248 

observation, due to the lack of local feedback between circulation and diabatic process. 249 

In reality, when the diabatic cooling is apparent over NEA, its corresponding descent 250 

could further enhance the in-situ anticyclonic anomaly (Figs. 1e and 3c). When the 251 

LBM is solely forced by the wave source over Europe, the EUR_EXP produces only 252 

the mid–high-latitude wave train. The nodes of the anomalous stream function are 253 

distributed north of 40°N, and the anticyclonic anomaly over NEA is considerably 254 

weaker compared to that of the EUR+ETP_EXP (Figs. 5a and 5b). If the diabatic 255 

heating over the eastern TP is included, the ETP_EXP can duplicate the subtropical 256 

wave train, as indicated by the anomaly of the upper-tropospheric cyclone over the 257 

eastern TP and the anticyclone over the Mediterranean and NEA (Fig. 5c). The 258 

circulation simulated in the WNP_EXP, however, is dramatically different from the 259 

observations (Fig. 5d). Consequently, both the wave source over Europe and the thermal 260 

forcing of the eastern TP possibly lead to the extreme northward shift of the WNPSH 261 

in July 2018. The LBM experiments indicate that the thermal forcing of the eastern TP 262 

exerts a direct influence on this shift. 263 
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b. AGCM results 264 

In addition, the AGCM experiments are used to validate the influences of the tri-265 

pole SSTA pattern in the North Atlantic. The CAM5 is driven by the climatological 266 

COBE SST with a seasonal cycle and integrated for 15 model years to obtain the results 267 

of control run (CTL). In the sensitivity experiment (SEN), we attach the observed EOF-268 

3 mode of SSTA in the North Atlantic in July 2018 to the climatological SST to generate 269 

the forcing field, and integrate the AGCM based on the CTL outputs with the forcing 270 

field in the last 10 model years. The differences between SEN and CTL in these 10 271 

years present the effects of tri-pole SSTA pattern in the North Atlantic in July. 272 

The CTL outputs can capture the major features of the WNPSH in July except 273 

that the simulated WNPSH in the AGCM is wider in the meridional direction and 274 

stronger than the observation (Figs. 1b and 6a). This is probably due to the lack of air-275 

sea interaction over the western Pacific warm pool (Wang et al. 2005; Kim and Hong 276 

2010; Song and Zhou 2014; Jin and Stan 2016). When treating the PCC of 0.5 between 277 

observed and simulated anomaly of the stream function over the domain (30°–80°N, 278 

60°W–150°E) as a threshold, six out of the ten members can better reproduce the 279 

anomalies of circulation in July 2018. The PCC of anomalous stream function between 280 

observation and simulation averaged using the six members reaches 0.72. These SEN 281 

outputs can reproduce the northward shift of the WNPSH under the influences of 282 

positive tri-pole SSTA pattern in the North Atlantic (Fig. 6a). Meanwhile, the diabatic 283 

heating gets enhanced over the eastern TP in July (Figs. 6b and 6d). The extensive 284 
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anomaly of upper-tropospheric anticyclone is simulated over Europe (Figs. 3a and 6c). 285 

Two wave trains are also stimulated as observation. One is along the subpolar westerly 286 

jet, the other is along the subtropical westerly stream over the Eurasian continent (Fig. 287 

6c). The anticyclonic anomaly over NEA is embedded in these two wave trains to 288 

induce the northward shift of the WNPSH. The vertical structure of the northern wave 289 

train resembles the counterpart in observation (Figs. 6d and 6e). The anomaly of 290 

diabatic cooling is strong over NEA, corresponding to the local extreme high 291 

temperatures (Fig. 6d). Therefore, the AGCM experiments can verify the effect of 292 

positive tri-pole SSTA pattern in the North Atlantic on the extreme northward shift of 293 

the WNPSH in July 2018. Although no tropical forcing is involved in the AGCM 294 

experiments, the model could still reproduce the observed anomalies of circulation. It 295 

confirms the weak influence of the tropical convection on the northward shift of the 296 

WNPSH in July 2018.  297 

5. Summary and discussion 298 

An extensive extreme heat wave affected NEA and caused many deaths in Japan 299 

in July 2018. The present work shows that these extreme heat waves were directly 300 

associated with the record-breaking northward shift of the WNPSH. It presented a very 301 

strong anomaly of the tropospheric anticyclone with barotropic structure over NEA, 302 

which was induced by the strongest positive tri-pole SSTA pattern in the North Atlantic 303 

in July since 1981. The meridional gradient of the SSTA could strengthen the low-level 304 

convergence over the warm SSTA in the North Atlantic, where the anomalous diabatic 305 
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heating took place with its center in the middle troposphere. A local negative vorticity 306 

production thus emerged in the upper troposphere due to the vertical gradient of this 307 

diabatic heating (Wu and Liu 1998). Under the influence of the upper-level westerly 308 

wind, this negative vorticity anomaly was advected onto the Europe to form the wave 309 

source, leading to the northward shift of the WNPSH via two distinct wave trains over 310 

the Eurasian continent. One wave train, located in the mid–high latitudes along the 311 

subpolar westerly jet, could produce the anticyclonic node over NEA and the cyclonic 312 

node over Siberia via a dynamic procedure. The anticyclonic node could directly induce 313 

the northward shift of the WNPSH. As the stronger westerly at the southern cyclonic 314 

node encountered the TP, the topographic uplifting would enhance the rainfall-related 315 

diabatic heating over the eastern TP to invoke another wave train in the subtropics. This 316 

wave train propagated eastward along the subtropical westerly jet, further strengthening 317 

the anticyclonic anomaly in the mid-upper troposphere of NEA. Because of the 318 

barotropic structure of the mid-latitudinal circulation anomaly, the upper-level 319 

anticyclonic anomaly could result in the in-phase anomalies of circulation in the lower 320 

troposphere of NEA, finally resulting in the record-breaking northward shift of the 321 

WNPSH in July 2018. However, the tropical convection associated with the MJO 322 

exerted weak influence in this process. 323 

The present study also shows the uncertainty in the influence of the tri-pole SSTA 324 

pattern in the North Atlantic on the northward shift of the WNPSH in July. The 325 

statistical analysis indicates that the wave source over Europe and the thermal forcing 326 
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over the eastern TP could affect the northward shift of the WNPSH even excluding the 327 

tri-pole SSTA pattern (Table 1). Meanwhile, four members in the AGCM experiment 328 

fail to reproduce the circulation anomaly over the Eurasian continent. This implies the 329 

downstream effect of the tri-pole SSTA pattern in the North Atlantic will be disturbed 330 

if either the wave source over Europe or the thermal forcing over the eastern TP is 331 

modulated by other factors. Thus, more works are required to investigate the reason for 332 

this uncertainty, which may limit the climate predictability of the mid–high-latitude 333 

circulation. 334 

The record-breaking northward shift of the WNPSH in July 2018 has deeply 335 

impacted human health over East Asia. One urgent issue is whether such an event will 336 

occur more frequently in the future. Some recent evidence shown that global warming 337 

has increased the frequency of extreme heat waves over East Asia and thus increased 338 

the health risk of more than 30% of the population worldwide (Otto 2016; Campbell et 339 

al. 2018; Chen et al. 2018; Wang et al. 2018b). But how global warming affects heat 340 

waves and the northward shift of the WNPSH is still unclear. As reported in the present 341 

work, the interaction between the two wave trains over the Eurasian continent is 342 

embedded in the subpolar and subtropical westerly jet. It is possible that the long-term 343 

variation in the tropospheric thermal structure could affect the position and distribution 344 

of these two jets, further modulating the downstream effects of the wave source over 345 

Europe by changing the propagation of its resultant wave trains. More studies are 346 

necessary to confirm the above hypothesis. 347 
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Supplement 348 

Supplement Fig. S1 shows (a) horizonal distribution of relative vorticity forcing at 300 349 

hPa over the Europe in the EUR_EXP, (b) its vertical structure, and (c) horizontal 350 

distribution of diabatic forcing at 500 hPa over the WNP in the WNP_EXP and the 351 

counterpart at 300 hPa over the eastern TP in the ETP_EXP. (d) and (e) denote the 352 

vertical profile of the diabatic forcing over the WNP and eastern TP domains, 353 

respectively. 354 
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List of Figures 500 

 501 

Fig. 1. Left column: Horizonal distribution of (a) SAH at 150 hPa and WNPSH at (b) 502 

500 hPa and (c) 850 hPa in July (bold black lines: climatological status, blue lines: 503 

situation in 2018, light gray lines: cases in other years). The SAH is represented 504 

by the 14300-gpm contour of geopotential height, while the WNPSHs at 500 hPa 505 

and 850 hPa are denoted by the 5860- and 1470-gpm contour of geopotential 506 

height, respectively. Right column: Horizontal distribution of the (d) 150-hPa 507 

anomalous winds (vectors, m s–1) and divergence (shading, 10–5 s–1), (e) 508 

anomalies of 500-hPa circulation (vectors, m s–1) and vertical motion (shading, 509 

10–2 pa s–1) and (f) anomalies of airflow (vectors, m s–1) and relative vorticity 510 

(shading, 10–5 s–1) at 850 hPa in July 2018.511 
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 512 

Fig. 2. (a) Horizontal distribution of the SSTA (shading, oC), anomalies of velocity 513 

potential (contours, 106 m2 s–1) and divergent winds (m s–1) at 150 hPa in July 514 

2018. (b) 110º–135ºE averaged pressure–latitude cross section of anomalous 515 

diabatic heating (contours, K day–1), meridional circulation (vectors, m s–1) and 516 

air temperature (shading, K) in July 2018 (bold black and blue lines in (b) are the 517 

ridge lines of the anticyclone in climatology and 2018, respectively). (c) is similar 518 

to (b) but is the approximately 0º–20ºN averaged pressure–longitude cross section. 519 

The vectors in (c) denote the anomalies of the zonal circulation. 520 
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 521 

Fig. 3. Horizontal distribution of (a) the 300-hPa anomalous stream function (contours, 522 

106 m2 s–1) and wave activity flux (vectors, m2 s–2) and (b) the anomalies in the 523 

2-m-height air temperature (shading denotes K, and values greater than 1.5 K are 524 

stippled) and sea level pressure (contours, Pa) in July 2018 (purple lines and light 525 

gray shading in (a) are the 1500-m topography and the basic flow, respectively). 526 

Pressure–longitude cross section of the anomalous stream function and diabatic 527 

heating averaged over the (c) southern TP (averaged along 30º–40ºN) and (d) 528 

northern TP (averaged along 45º–55ºN), respectively (light gray shading is the 529 

topography).530 

(a)

(c) (d)

(b)



 28 

 531 

 532 

Fig. 4. (a) Horizontal distribution of the 3rd EOF pattern of the July SST (oC) in the 533 

North Atlantic during 1981–2018. (b) Normalized time series of the anomalous 534 

300-hPa stream function over NEA (35°–55°N, 110°–150°E) (gray bars) and 535 

Europe (60°–80°N, 10°W–50°E) (blue line), the anomalous diabatic heating at 536 

300 hPa over the eastern TP (28°–35°N, 80°–105°E) (red line), and the principle 537 

component of the July tri-pole SSTA mode in the North Atlantic (black line).538 
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 539 

 540 

Fig. 5. (a) Steady responses of circulation to the total forcing of the upper-level wave 541 

source above Europe and diabatic heating over the eastern TP (EUR+ETP_EXP) 542 

represented by the anomalies of the stream function (contours, 106 m2 s–1) and 543 

wave activity flux (vectors, m2 s–2) at 300 hPa. (b), (c) and (d) are the response of 544 

the 300-hPa stream function (contours, 106 m2 s–1) to sole forcing of the (b) wave 545 

source over Europe (EUR_EXP), (c) diabatic heating over the eastern TP 546 

(ETP_EXP), and (d) the WNP (WNP_EXP), respectively. Purple lines represent 547 

the 1500-m topography contours. Shading in (a) is for the climate-mean westerly 548 

wind at 300 hPa in July (m s–1). Light gray shading in (b), (c) and (d) denotes the 549 
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forcing position of the 300-hPa relative vorticity, 300-hPa diabatic heating over 550 

the eastern TP and 500-hPa diabatic heating over the WNP in order. In the LBM 551 

experiment, the mean climatic circulation in July is regarded as the basic flow. 552 

Each experiment is integrated for 31 days, and the averaged results for the last 15 553 

days are analyzed to demonstrate the steady responses. 554 
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  555 

Fig. 6. Atmospheric response (SEN minus CTL) to the tri-pole SSTAs pattern in the 556 

North Atlantic in July 2018 in the AGCM experiments. (a–c) Horizontal 557 

distribution of (a) the 5900-gpm geopotential height at 500 hPa (black lines: CTL 558 

results, blue lines: SEN results), (b) the anomalies of diabetic heating at 300 hPa 559 

(K day–1, values exceeding 90% confidence level are stippled) and (c) the wave 560 

activity flux (vectors, m2 s–2) and anomalous stream function (contours, 106 m2 s–561 

1) at 300 hPa (black lines are for the basic westerly flow starting from 5 m s–1 562 

interval by 10 m s–1. Purple lines denote the 1500-m topography). Light grey 563 

shading in (a) and (c) are for the values passing the 90% confidence level. (d–e) 564 

Vertical structure of anomalous diabatic heating (shading, K day–1) and stream 565 

function (contours, 106 m2 s–1) averaged along (d) 35º–42.5ºN and (e) 45º–55ºN, 566 

respectively (gray shading represents the topography). 567 
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List of Tables 568 

Table 1 Temporal correlation coefficients (TCCs) of the stream function at 300 hPa over 569 

NEA (NEA_SF) (35°–55°N, 110°–150°E) with the diabatic heating over the eastern TP 570 

(ETP_Q1) (28°–35°N, 80°–105°E), the 300-hPa wave source over Europe (EU_SF) 571 

(60°–80°N, 10°W–50°E), the intensity of tri-pole SSTA pattern in the North Atlantic 572 

(TriNA) (see details in the text) and the atmospheric heat source over the WNP 573 

(WNP_AHS) (5°–20°N, 115°–135°E) in July of 1981–2017. TCCs exceeding the 90%, 574 

95% and 99% confidence levels are marked by the superscripts “*”, “**” and “***”, 575 

respectively. Values in the brackets are for the partial TCCs of the ETP_Q1, EU_SF and 576 

TriNA with the NEA_SF in the specific condition. 577 
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 ETP_Q1  
(without EU_SF/ 
without TriNA) 

EU_SF  
(without ETP_Q1/ 
without TriNA) 

TriNA  
(without EU_SF/ 
without ETP_Q1) 

 
WNP_AHS 

NEA_SF 0.38** 
(0.23/0.37**) 

0.57*** 
(0.50***/0.53***) 

0.28* 
(0.15/0.26) 

–0.14 
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