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Abstract16

This study investigates the occurrence of tropopause folding (TF) events to the17

east of Tibetan Plateau (ETP) (TF–ETP) in boreal summer. Firstly, it is revealed that,18

anomalously frequent TF–ETP occurrence in summer, always corresponds to a19

significant dipole rainfall anomaly pattern over China, with negative rainfall20

anomalies over the upper and middle reaches of the Yangtze and Yellow river valleys,21

and positive rainfall anomalies over eastern China. Secondly, the South Asian High22

(SAH) center over Tibetan Plateau (TP) is found to be anomalously stronger when23

occurrence of TF–ETP events is frequent. Further diagnosis indicates that, the24

TF–ETP occurrence is related to an eastward propagating Rossby wave train (RWT)25

that originates from a barotropic low anomaly center over the northeastern Atlantic26

(NEA) about one–week before. The RWT propagates downstream via Western27

Europe, the west of Baikal and down to East Asia along the mid-latitude westerlies,28

and is connected to a high anomaly center over the north rim of TP, which enhances29

the SAH center over TP. The enhanced SAH in turn favors the southward and30

downward PV intrusion and the subsequent occurrence of TF–ETP. Furthermore, the31

low anomaly center that initiates the RWT is related to dynamical forcing of transient32

eddy activity over the NEA, which induces the low via eddy-forced upper divergence33

and its pumping. Finally, such local and remote processes are confirmed in a typical34

TF–ETP case. The ERA–Interim daily fields during 1979–2018 is used.35

Key words: Tropopause folding to the east of Tibetan Plateau, Circulation and36

weather, South Asian high, Rossby wave train.37
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1. Introduction38

Tropopause folding (TF), or drastic deformation of the tropopause, is one of the39

important stratosphere–troposphere interaction processes, and has been known to be40

crucial for regional circulation and weather anomalies in the troposphere (Hoskins et41

al. 1985; Holton et al. 1995; Tyrlis et al. 2013, 2014; Škerlak et al. 2014, 2015;42

Akritidis et al. 2016, 2019; Vaughan et al. 2017; Dafka et al. 2020). TF was first43

recognized in 1930s, when multiple stable stratification of temperature was detected44

in the vertical direction from radio soundings. A conceptual TF model was then put45

forward to explain such observational phenomenon and to understand the dynamical46

mechanisms behind (Bjerknes and Palmén 1937). Because of the sharp increase in47

potential vorticity (PV) from the troposphere to stratosphere, the tropopause in the48

extratropics can also be represented by the 2 PVU surface (1 PVU = 10–6 m2 s–1 K49

kg–1) (Ertel 1942; Reed 1955; Hoskins et al. 1985; Holton et al. 1995). Based on this,50

TF events were also defined when multiple tropopause (i.e., the dynamical 2 PVU51

surface) are detected in the vertical direction (Sprenger et al. 2003), which mostly52

manifests a downward PV intrusion from the stratosphere (e.g., Hoskins et al. 1985).53

TF events can be classified into three types based on the vertical span of them:54

namely the vertically shallow, the medium and the deep ones (Sprenger et al. 2003).55

When a TF event occurs, the downward intrusion of high PV air from the stratosphere56

can result in significantly upper–level positive PV anomalies (e.g., Hoskins et al. 1985;57

Tyrlis et al. 2013; Akritidis et al. 2016). The upper–level positive PV perturbations58

can induce upward/downward air motion in the middle and lower troposphere59
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downstream/upstream of the perturbations (Hoskins et al. 1985, 2003), and thus60

promote the development of deep convection due to the reduced static stability61

beneath the positive PV perturbations (Morcrette et al. 2007; Russell et al. 2012). In62

addition, interactions between such upper–level PV perturbations and the circulation63

in the lower troposphere may also lead to rapid cyclogenesis in the lower troposphere64

(e.g., Uccellini 1990; Browning and Golding 1995; Wernli et al. 2002), which is65

usually accompanied with surface wind gust, extreme precipitation and other severe66

weather anomalies in the lower troposphere (e.g., Goering et al. 2001; Antonescu et al.67

2013; Kim et al. 2013; Škerlak et al. 2015). Nevertheless, intensity of the TF–related68

circulation and weather anomalies are largely associated with the vertical span of the69

TFs. Vertically deep and moderately deep TFs usually result in surface wind gust and70

rainfall extremes, while vertically shallow TFs can induce relatively weaker rainfall71

anomalies (Škerlak et al. 2014).72

Most deep TFs, though being much less frequent (< 0.1%) than shallow TFs (up73

to 15%), occur mostly in winter because of the much stronger upper tropospheric74

frontogenesis along the subtropical westerly jet (SWJ) located around 30°N (Škerlak75

et al. 2015). They are often observed in the region from North America continent to76

North Atlantic along the SWJ over there (Elbern et al. 1998; Sprenger et al. 2003;77

Schmidt et al. 2006; Škerlak et al. 2015). Other TFs in winter, especially those often78

observed in a zonally elongated region from the southeastern edge of Tibetan Plateau79

(TP) to the south of Japan, are mostly shallow (Sprenger et al. 2003; Škerlak et al.80

2015). In summer, vertically deep TFs are rarely observed due to the relatively much81
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weaker frontogenesis along the much weaker SWJ. The TFs frequently occurring82

along the SWJ across the Eurasian continent are also mainly shallow (Tyrlis et al.83

2014; Škerlak et al. 2015). Based on the summertime climatology of the TF frequency,84

two hot spots are identified respectively over the eastern Mediterranean region and85

over the central Asian region (Sprenger et al. 2003; Sprenger et al. 2003; Tyrlis et al.86

2014; Škerlak et al. 2014, 2015), which coincide with two entrance regions of the87

SWJ core centers (Sawyer 1956; Elbern et al. 1998; Sorensen and Nielsen 2001).88

They were also related to dynamical interactions between the SAH and the SWJ89

(Traub and Lelieveld 2003). At the western flank of the SAH, convergent southerlies90

prevail in the upper troposphere over the eastern Mediterranean and central Asian91

regions, which help to accelerate the SWJ and enhance the local vertical wind shear,92

thus favoring the formation of a jet streak and TF occurrence there (Traub and93

Lelieveld 2003). In agreement with this, recent studies indicated a possible linkage94

between the TFs over these two hot spots with the Asian summer monsoon (Tyrlis et95

al. 2014; Wu et al. 2018). It was found that TFs tend to occur at the northwestern side96

of the monsoon–related upper–level anticyclone (i.e., the SAH), and become more97

frequent when the monsoon SAH intensifies (Tyrlis et al. 2014; Wu et al. 2018).98

On average, TP is a negative PV source for the upper atmosphere because of its99

powerful thermal forcing in summer, which is highly responsible for the existence of100

the giant SAH system (Wu and Liu 2000; Liu et al. 2001). In pace with the variation101

of TP thermal forcing, the intensity as well as the zonal location of the SAH center102

oscillates eastward and westward periodically in seasonal and sub–seasonal timescale103
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(Ren et al. 2015; Yang and Li 2016; Ren et al. 2019). Diagnosis of the total PV fields104

during SAH oscillations demonstrated that the zonal oscillation of the SAH center is105

accompanied by periodic southward and westward eddy shedding around the eastern106

and southeastern edge of the SAH (Hsu and Plumb 2000; Popovic and Plumb 2001;107

Liu et al. 2007; Vogel et al. 2014; Ortega et al. 2017). Particularly, the southward eddy108

shedding can result in filament–like high PV center to the east of SAH (Vogel et al.109

2014; Ortega et al. 2017). Meanwhile, the powerful TP thermal forcing also results in110

a radical downward concave of isentropic surfaces, but a radical uplift of PV surfaces111

as well as the tropopause over TP. The isentropic surfaces and PV surfaces (or the112

tropopause) may intersect almost orthogonally over the surrounding region of TP113

(Ren et al. 2014; Xia et al. 2016). This gives rise to southward and downward high PV114

intrusion along isentropic surfaces from the extratropical stratosphere into the lower115

latitude troposphere over the ETP region (Ren et al. 2014; Xia et al. 2016), and thus116

favors the TF–ETP occurrence there in summer. Tyrlis et al. (2013) also suggested117

that upper–level northerlies and accompanied subsidence are favorable large–scale118

conditions for the occurrence of TF–ETP.119

The occurrence of TF–ETP, though much less frequent than the TFs over the two120

hot spots (Tyrlis et al. 2013, 2014; Škerlak et al. 2014, 2015), is closely related with121

the circulation and weather anomalies over East Asia and China. Previous studies122

indicated that the high PV air near the tropopause can penetrate into the troposphere123

during TF–ETP events in summer, favoring the development of strong convection and124

heavy precipitation over East Asia (Liu and Li 2010; Shou et al. 2014; Cui et al. 2016;125
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Zhao and Yao 2017). However, most of the evidence of TF–ETP occurrence and its126

impacts are mostly based on scatted case studies. With the much–extended time series127

of related meteorological data fields, a more comprehensive investigation is still lack,128

which has obviously hindered our further understanding of the thermodynamic129

processes related to TF–ETP occurrence and its general climate impacts. By using the130

currently available longer time series provided by ERA–Interim, this study is aimed to131

perform a more comprehensive investigation on TP–ETP events and provide a much132

general picture of the impacts of TF–ETP occurrence on the tropospheric circulation133

and weather anomalies over East Asia and China in summer. We will also explore the134

relationship between the SAH and TF–ETP occurrence and the dynamical processes135

linking the TF–ETP and the SAH. The results may advance our understanding of the136

weather and climate anomalies in East Asia and China from a new perspective and137

benefit the predictions of them.138

This paper is organized as follows. Section 2 introduces the data and method;139

Section 3 shows the occurrence of TF–ETP and its impacts on the surrounding140

circulation and rainfall, demonstrates the association of TF–ETP occurrence with141

SAH variability, and provides evidence of a remote linkage from TF–ETP to142

circulation anomalies over the northeastern Atlantic (NEA) by the results of143

composite and regressed analysis; Section 4 presents a typical TF–ETP case to verify144

the displayed processes in section 3; Summary is provided in Section 5.145

2. Data and Method146

2.1 Data147
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The daily circulation fields from the ERA–Interim data set provided by the148

European Center for Medium–Range Weather Forecasts (Dee et al. 2011) are used,149

which cover the period 1979–2018, with a horizontal resolution of 1.5°× 1.5° in150

latitude and longitude and on 37 pressure levels spanning from 1000–hPa to 1–hPa in151

the vertical direction. To diagnose TF events using isentropic circulation fields, we do152

interpolation of circulation fields from the 37 isobaric surfaces onto 17 isentropic153

surfaces spanning from 260K to 420K. The daily precipitation data on a horizontal154

resolution of 0.5°× 0.5° in latitude and longitude during 1979–2018 is obtained from155

CPC Global Unified Precipitation Project (Chen et al. 2008). Daily anomaly fields are156

obtained by removing the daily annual cycle of all the circulation fields. Regarding157

that the meridional position of the SAH as well as the circulation pattern is relatively158

stable during the boreal summertime, the period from July 1st to August 31st is mainly159

concerned in this study.160

2.2 Method161

The 2 PVU surface (1PVU = 10–6 m2 s–1 K kg–1) is widely used to represent the162

dynamical tropopause (e.g., Hoskins et al. 1985; Holton et al. 1995). A TF is usually163

defined at one grid point when multiple dynamical tropopause (2 PVU surface) can be164

found in the vertical direction (Sprenger et al. 2003; Škerlak et al. 2014). Specifically,165

with the occurrence of a TF at one grid point, three pressure surfaces (upper one: PU;166

middle one: PM; lower one: PL) that intersect with the tropopause can be detected. The167

pressure difference between the middle and upper (Δp = PM –PU) is regarded as the168

vertical extent of the TF. And TFs with Δp ≥ 350–hPa are defined as deep TFs, those169
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with 200 ≤ Δp < 350–hPa are defined as medium TFs, and those with 50 ≤ Δp <170

200–hPa are defined as shallow TFs, while those with Δp < 50–hPa are not171

considered as TFs (Škerlak et al. 2014). As vast majority of TFs in summer are172

vertically shallow (Tyrlis et al. 2014; Škerlak et al. 2014, 2015), the TFs concerned in173

this study are all shallow TFs.174

Firstly, we calculate the TF frequency at each grid point based on the daily175

binary (0: no folding; 1: folding) time series in the 40 summer seasons (July–August)176

from 1979 to 2018:177
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(x, y) represents the horizontal position of the grid point, t is time, N is the sample size181

of the selected time series. Secondly, we define a TF–ETP index (TFI) by averaging182

the above–mentioned daily binary time series (TF(t, x, y)) over the area to the east of183

TP, to measure the TF occurrence over the area to the ETP region (33°–45°N,184

105°–117°E; red dash box in Fig. 1a) quantitatively. Subsequently, 438 cases of high185

TFI (i.e., TF–ETP is frequent) are identified with a threshold of 1 standard deviation186

of the TFI time series (shown in Fig. 1b). Moreover, a PV index (PVI) manifesting the187

downward intrusion of stratospheric PV is also defined by averaging the 300–hPa PV188

anomalies over the same area. The TFI as well as the PVI is used for the following189

investigation of TF–ETP.190
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To describe the Rossby wave propagation associated with TF–ETP, we diagnose191

the three–dimensional wave activity flux (Fs) defined by Plumb (1985):192
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denotes the static stability (the caret means area–average over the region to the north196

of 20°N), φ and λ are latitude and longitude, u and v denote zonal wind and197

meridional wind, Φ refers to the geopotential height, T refers to the air temperature,198

a is Earth’s radius, and Ω is Earth’s rotational angular velocity. The prime represents199

deviation from zonal mean. As wave activity flux is parallel to the local group200

velocity of a Rossby wave, it can be used to denote the propagating direction of201

Rossby wave energy. To diagnose transient eddy activities associated with the202

development of RWT, we first extract synoptic-scale (2.5–6 days) transient eddy203

component )','( vu from the daily horizontal wind field using Lanczos band pass204

filter (Duchon 1979). We then calculate the transient eddy kinetic energy205

2/)''( 22 vu  in the upper troposphere at 300–hPa.206

3. Results from composite and regression207

3.1 TF–ETP occurrence and its impacts in East Asia208
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Firstly, we show the summertime (July–August) climatology of the TF frequency,209

the SWJ and the SAH at 200–hPa in Fig. 1a. It is seen that TFs do mainly occur along210

the SWJ that lies to the north edge of the SAH, and two major TF frequency centers211

(up to 10% and 8%) are found respectively over the eastern Mediterranean and over212

the central Asia region (Fig. 1a), as also indicated in previous studies (Tyrlis et al.213

2014; Škerlak et al. 2015). These two centers are just at the upstream of two SWJ core214

centers because of much stronger upper–level frontogenesis in the entrance region of215

SWJ (Elbern et al. 1998; Sorensen and Nielsen 2001). It can also be seen from Fig. 1a216

that, there exists a minor TF frequency center (up to 3%) over the east of TP, which217

we will mainly concern because of the critical impacts of its variability on218

tropospheric circulation and weather in East Asia and China, as will be shown in Fig.219

3 below. Figure 1b displays the temporal evolution of the daily TFI or the day–to–day220

variation of TF–ETP, which exhibits considerably strong pulse–like variability221

accompanied with almost complete quietness in most of the summertime. Based on222

the above definition, every TFI pulse basically indicates that TFs are occurring over a223

considerable large area to the east of TP. Power spectral analysis of the daily TFI224

reveals that the pulse–like variability in summer is dominated by a quasi-biweekly225

period (about 13 days) (Fig. 1c). This implies that TF–ETP is indeed an atmospheric226

phenomenon that occurs within the Asian summer monsoon system where227

quasi-biweekly variability is recurrent during its mature phase (Krishnamurti and228

Bhalme 1976; Krishnamurti and Ardanuy 1980; Ortega et al. 2017).229

Taking unit standard deviation of the daily TFI time series as a threshold, Figs.230
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2a-b show vertical cross-sections of the composite PV and its anomalies along 39°N231

and along 111°E, respectively. It is clear that summer climatology of 2 PVU surface232

to the east of TP (i.e., the dynamical tropopause) is remarkably concave, manifesting233

the effect of frequent TF occurrence there. As occurrence of TFs is accompanied with234

downward and southward high PV intrusion from the stratosphere into the235

tropospheric layer, significant positive PV anomalies can be induced in the upper236

troposphere. From the PV perspective put forward by Hoskins et al. (1985, 2003),237

upper–level positive PV anomalies can induce downward motion behind and upward238

motion ahead, which can act to suppress and promote the local convective activities239

respectively. As a result, cyclogenesis will be favored ahead of upper–level positive240

PV anomalies (Hoskins et al. 1997). It is seen from Figs. 2a-b that, when TF–ETP is241

frequent, the dynamical tropopause over the ETP region is even lower than its242

climatology. And there do appear significant positive PV anomalies in the upper243

troposphere over the ETP region (Figs. 2a, 2b and 3a). Meanwhile, significant244

downward/upward motion anomalies do appear beneath and behind/ahead-of the245

upper–level positive PV anomalies, which are accompanied by a prominent246

convergence/divergence anomaly center in the upper troposphere (Figs. 2c-d).247

In association with this, Eastern China is dominated by a cyclonic anomaly248

center with significant convergence anomalies in the lower troposphere (Fig. 3b),249

accompanied with positive rainfall anomalies (Fig. 3c). Meanwhile, significant250

divergence anomalies accompanied with negative rainfall anomalies appear in the251

upper and middle reaches of the Yangtze and Yellow river valleys, in association with252
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the anomalous northerlies prevailing behind the cyclonic anomaly center (Figs. 3b-c).253

In general, frequent TF–ETP occurrence is related to a significant dipole rainfall254

anomaly pattern over China, with negative rainfall anomalies in the upper and middle255

reaches of the Yangtze and Yellow river valleys, and positive rainfall anomalies in256

Eastern China.257

3.2 TF–ETP occurrence and SAH variability258

Figure 4 shows the composite distributions of TF frequency, the SAH and the259

related SWJ at 200–hPa for high TFI days. As anticipated from the TFI definition, the260

maximal frequency of TFs over the ETP region during high TFI days can be as high261

as 10%, which is accompanied by an anomalously stronger SAH center over the TP262

region compared with the summer climatology (Fig. 4 vs Fig. 1a). This suggests that263

frequent TF activity over the east of TP is closely related to an anomalously stronger264

SAH center over TP. The much stronger northerlies to the northeast of a stronger265

SAH center may act to enhance the downward and southward PV intrusion that266

induces TF activities (as will be shown in Fig. 5a). In addition, the TF activity over267

the north of TP during high TFI days is also much active than that in the summer268

climatology, which can be attributed to the stronger SWJ to the north of a relatively269

stronger SAH center (Fig. 4 vs Fig. 1a). It should be noted that, the close relationship270

between the TF–ETP occurrence and the SAH intensity over TP does not indicate a271

direct relation between the TF–ETP occurrence and the quasi-biweekly east-west272

oscillation of the SAH center. In fact, the correlation between the TF–ETP occurrence273

and the quasi-biweekly east–west oscillation of the SAH center is just moderate and274
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statistically insignificant (not shown). This implies that the east–west oscillation of275

the SAH center may not fully represent the intensity variation of the SAH over TP.276

3.3 A Rossby wave train (RWT) linking the TF–ETP occurrence to the NEA277

Shown in Fig. 5a are the composite meridional wind and vertical motion278

anomalies at 200–hPa for high TFI days. Firstly, the significant northerly anomaly279

center to the northeast of TP (Fig. 5a) is obviously related to an anomalously stronger280

SAH center over TP (Fig. 5b). Associated with this are significant descent anomalies281

to the northeast of TP (Fig. 5a), which may be a manifestation of the enhanced282

TF–related downward and southward PV intrusion from the extratropical stratosphere.283

Observing the successive positive and negative meridional wind anomaly centers284

across Eurasian continent, a clear RWT pattern can be identified, which passes across285

Western Europe, the western Russia, the northwest of Baikal, and the northeast of TP286

and down to the east of Hetao Plain (Fig. 5a). Similar RWT pattern can be seen from287

the composite geopotential height anomalies at 200–hPa, which is consisted of three288

high anomaly centers respectively over Western Europe, the north rim of TP and the289

Sea of Japan; and two low anomaly centers over the west of Baikal and the northeast290

of TP (Fig. 5b). Existence of the RWT is confirmed by the composite wave activity291

flux anomalies (Fig. 5b). It is seen that the RWT originates from Western Europe,292

then propagates eastward along the north edge of the SWJ, and happens to shift293

southeastward when it goes across the strongest core of the SWJ that is just to the294

north of the SAH center (Fig. 5b) because of the Rossby wave–guide effect of the295

SWJ (Hoskins and Ambrizzi 1993; Terao 1999).296
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Obviously, the RWT–related high anomaly center over the north rim of TP for297

high TFI days, can help to intensify the SAH (Fig. 5b). The intensified SAH can in298

turn, lead to anomalously strong northerlies, and thus descent anomalies over the299

northeast of TP as shown in Fig. 5a, favoring the occurrence of TF–ETP. These300

results suggest that the occurrence of TF–ETP may be remotely connected to the301

circulation anomalies over Western Europe via this upper–level RWT.302

As suggested by previous studies, TF activity is usually accompanied by303

significant downward PV intrusion from the lower stratosphere to the upper304

troposphere (e.g., Hoskins et al. 1985; Tyrlis et al. 2013; Akritidis et al. 2016).305

TF–ETP events also correspond well to significant PV anomalies around 300–hPa306

over the ETP region as shown in Fig. 3a. Next, we define a PV index (PVI) by307

averaging the PV anomalies at 300–hPa over the ETP region, to obtain a much308

smoother temporal evolution of the TF–ETP activities compared to the TFI. The PVI309

is used below to further investigate the origin and evolution of the above–mentioned310

RWT.311

Figure 6 shows the lead/lag regressions of geopotential height, horizontal wave312

activity flux anomalies, and vertical motion anomalies at 200–hPa against the PVI in313

boreal summer. At day –7 (i.e., seven days before TF–ETP occurrence), an anomalous314

low over the NEA begins to act as a source of Rossby wave. And a RWT is initiated,315

propagating downstream, resulting in an anomalous high over Western Europe, an316

anomalous low over the northeast of Mediterranean and an anomalous high over317

Caspian Sea (Fig. 6a). The wave activity flux anomalies indicate a RWT pattern318

connecting these anomaly centers.319

http://dict.youdao.com/w/Mediterranean/
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Subsequently, with the downstream dispersion of Rossby wave energy along the320

westerlies in the mid–latitudes, the three downstream anomaly centers along the RWT,321

get intensified successively. Meanwhile, the initial low anomaly center over the NEA322

region begins to get gradually weakened (Figs. 6a–d). During this period, the anomaly323

centers also move eastward along the RWT. Till day –3, the RWT has propagated324

further eastward along the SWJ to the east of TP as suggested by wave activity flux325

anomalies (Fig. 6e). Correspondingly, new anomaly centers appear farther326

downstream including a weak low anomaly center over the north of TP and a327

relatively strong high anomaly center over the east of TP (Fig. 6e). Subsequently, the328

RWT continues to propagate eastward, with gradual intensification and eastward329

movement of those anomaly centers (except the high anomaly center over Western330

Europe) (Figs. 6f–h). The low anomaly center from the NEA region, however,331

gradually diminishes and nearly disappears till day –2 (Figs. 6e–f). Then a complete332

RWT is consisted of three high anomaly centers respectively over Western Europe,333

the north rim of TP and the Sea of Japan, and two low anomaly centers over the334

region west of Baikal and northeast of TP (Fig. 6h). Accompanying the development335

of the RWT, significant descent/ascent anomalies also become significant ahead of336

the high/low anomaly centers along the RWT, especially the descent anomaly center337

ahead of the high anomaly center over the northwestern TP (Fig. 6e). This descent338

anomaly center is getting remarkably intensified while moving eastward (Figs. 6f–h).339

It becomes the strongest when it arrives in the region to the northeast of TP (also the340

northeast of the SAH) till day 0, which favors the occurrence of TF–ETP there (Fig.341
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6h). It should be noted that the RWT over Eurasian continent at day 0 highly342

resembles that of the composite result against the TFI (Fig. 6h vs. Fig. 5b), confirming343

again the robustness of the TF–ETP–related RWT as well as the reasonableness of our344

choice to use the PVI to investigate the origin and evolution of the RWT.345

To further demonstrate the occurrence of PV intrusion associated with TF–ETP,346

we show in Fig. 7 the lead/lag regressions of PV, meridional PV advection (MPVA)347

and meridional wind anomalies at 200–hPa against the PVI. Obviously, the RWT348

pattern manifested by PV anomalies resembles that in Figs. 5–6. It extends from the349

NEA to Caspian Sea region at day –7, consisted of two positive PV anomaly centers350

respectively over the NEA and the north of Mediterranean, and two negative PV351

anomaly centers respectively over Western Europe and Caspian Sea region (Fig. 7a).352

From day –7 to day –4, while most of the downstream PV anomaly centers gradually353

get intensified accompanying the eastward propagation of the RWT, the positive PV354

anomaly center originally located over the NEA gradually get weakened (Figs. 7a–d).355

When the RWT propagates downstream to the north of TP till day –4, a positive PV356

anomaly center appears over there (Fig. 7d). Later, with the decaying of the initiated357

positive PV anomaly over the NEA, the RWT pattern is clear over the region from358

Western Europe to East China at day –2 (Fig. 7f). Till day 0 when TF–ETP occurs,359

the RWT has propagated downstream to the Sea of Japan, with remarkably intensified360

positive PV anomalies respectively over the west of Baikal and northeast of TP and361

negative PV anomalies respectively over the north rim of TP and the Sea of Japan362

(Fig. 7h). It should be noted that, ahead of the negative PV anomaly center over the363

http://dict.youdao.com/w/Caspian%20Sea/
http://dict.youdao.com/w/Mediterranean/
http://dict.youdao.com/w/Caspian%20Sea/
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north rim of TP, there do exist significant northerly and positive MPVA anomalies,364

which favor the occurrence of TF–ETP (Fig. 7h).365

3.4 Origin of the low anomaly center over the NEA366

We know from above that, the TF–ETP–related RWT is initiated from a low367

anomaly center over the NEA (i.e., the northeastern Atlantic). In this section, we368

further investigate the possible origin of this low anomaly center over the NEA.369

Previous studies indicated that the North Atlantic, located at the exit region of the370

North American SWJ, is one of the most active regions with synoptic-scale transient371

eddy activities which can excite low-frequency circulation anomalies (Blackmon,372

1976; Holopainen et al. 1982) and are maintained by recurrent barotropic energy373

conversion from the background flow (Xu et al. 2019). We show in Fig. 8a the lead374

regressions of transient eddy kinetic energy anomalies at 300–hPa against the PVI.375

Since day –9 before TF–ETP occurrence, there appear positive anomalies of transient376

eddy kinetic energy over the NEA, which are gradually enhanced and become the377

strongest at day –7, indicating anomalously stronger transient eddy activities over the378

NEA before the TF–ETP occurrence. It is also seen from Fig. 8a that the anomalously379

stronger transient eddy activities are accompanied by positive vorticity advection380

anomalies over the NEA, which manifest the dynamical effect of anomalously381

stronger transient eddy activities. Previous studies also suggested that synoptic-scale382

transient eddy activities can lead to low-frequency circulation anomalies by inducing383

eddy vorticity (Lau and Holopainen, 1984; Mullen, 1987; Lau and Nath,1991). Fig.384

8b shows the spatial pattern of the transient eddy kinetic energy and vorticity385
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advection anomalies at day –7, and location of the westerly jet in boreal summer. It is386

seen that active transient eddy activities are located at the right side of the exit region387

of the North American SWJ, accompanied by a vorticity advection anomaly center.388

To further demonstrate the dynamical processes via which the NEA low anomaly389

center is excited, we display in Figs. 9a–b the vertical cross-sections of the regressed390

circulation anomalies over the NEA at day –7. It is seen that, associated with the391

anomalously strong transient eddy forcing and positive vorticity advection, there exist392

low-frequency divergence anomalies over the NEA in the upper troposphere, which393

are synchronized with dynamical ascent and convergence anomalies in the lower394

troposphere due to the dynamical pumping effect of the upper divergence. The lower395

convergence anomalies in turn are related with positive vorticity (or cyclonic)396

anomalies in the lower troposphere. This explains the vertically barotropic structure of397

the low anomaly center over the NEA (Fig. 9a). The dynamical nature of this low398

anomaly center can also be seen clearly from the same barotropic structure of399

geopotential height anomalies, which is corresponded with cold anomalies in the400

troposphere below 250–hPa due to the adiabatic cooling caused by the dynamical401

ascent anomalies (Fig. 9b). Therefore, it is the dynamical forcing of the anomalously402

stronger transient eddy activities that has excited the NEA low anomaly center that403

initiates the RWT propagating downstream to East Asia. Consistent with this,404

previous studies also showed that cyclone activities are indeed active over the North405

Atlantic stretching from the east coast of America to the west coast of Western Europe406

(Sanders et al. 1980; Allen et al. 2010), and those originated in the eastern North407
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Atlantic are characterized with barotropic structure (Lau, 1979; Hoskins and Valdes,408

1990).409

To summarize, the TF–ETP occurrence, though relatively less frequent than the410

two hot-spots of TFs respectively over the eastern Mediterranean region and over the411

central Asian region, has significant impacts on the rainfall anomaly pattern over East412

Asia; It is remotely connected to the transient eddy forcing anomalies over the NEA413

region via a RWT that successively propagates eastward to East Asia. The RWT414

connects to a high anomaly center over the north rim of TP, which helps to enhance415

the SAH center over TP. The enhanced SAH center can then induce anomalously416

stronger northerlies and subsidence motion, and consequently contribute to stronger417

southward and downward PV intrusion over the northeast of TP, which favors the418

occurrence of TF–ETP.419

4. A typical TF–ETP case in 1990420

To verify the composite and regressed results in the above section, next we421

choose a typical TF–ETP event occurred on 3 August 1990. Firstly, it is seen from Fig.422

10a that, there exist strong PV anomalies in the upper troposphere over the ETP423

region associated with the strong southward and downward PV intrusion during this424

TF–ETP event (Figs. 11a-b). In association with this, large amount of rainfall can be425

observed in Eastern China and less amount of rainfall in the upper and middle reaches426

of the Yangtze and Yellow river valleys (Fig. 10b). Particularly, it can be seen that427

this anomalous dipole pattern of rainfall over China is related to the strong428

descent–ascent anomaly pattern in the mid-troposphere from the descent region429
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behind, to the ascent region ahead of the PV anomaly center in the upper layer (Figs.430

11c-d).431

In Figure 12, we display the synchronized evolution of the tropopause and its432

folding locations, the SAH at 200–hPa, and the PV and meridional wind anomalies at433

350K isentropic surface. On 26 July, positive PV anomalies appear over the NEA (Fig.434

12a), resembling to the regressed results shown in Fig. 7a. Southeastward downstream435

are negative, positive, and negative PV anomalies prevailing respectively over the436

west coast of Western Europe, the Western Europe, and the region from eastern437

Mediterranean to the northwest of TP. This corresponds to a SAH center over Iranian438

Plateau (Fig. 12a). With the eastward movement and intensification of the negative439

PV anomalies along the SWJ north of the SAH from 26 to 30 July, the SAH center440

shifts eastward toward TP and gets intensified, corresponding to simultaneously441

eastward moving and strengthening of the northerly anomalies over the northeast of442

the SAH center (Figs. 12a–c). The strengthened northerlies are followed by southward443

high PV intrusion downstream of the SAH center, as manifested by the southward444

deformation of the tropopause as well as the consequent positive PV anomalies north445

of TP (Fig. 12c). On 1 August, accompanying the eastward movement of negative PV446

anomalies over the north of TP, the SAH center has shifted to the western TP and447

becomes stronger than before, leading to significantly northerly anomalies over the448

north of TP (Fig. 12d). Under such favorable circulation conditions, TFs occur over449

the eastern TP (Fig. 12d). From 1 to 3 August, with the further eastward movement of450

negative PV anomaly center over the north of TP, the entire SAH body (marked by451
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12520 gpm) stretches longitudinally and extends eastward (Figs. 12d–e). Meanwhile,452

the related northerly anomaly center moves from the north of TP to the northeast of453

TP (Figs. 12d–e). Till 3 August, the TF–ETP occurs (Fig. 12e).454

To further examine the existence of such remote linkage between the TF–ETP455

and leading atmospheric perturbations over the NEA during this TF–ETP case, we456

plot in Fig. 13 the geopotential height and its anomalies, and wave activity flux457

anomalies at 200–hPa. As will be shown below, the remote linkage via a RWT can be458

verified in this typical TF–ETP case. Specifically, it can be seen from Fig. 13a that, a459

low anomaly center appears over the NEA since 26 July, and seems to act as the wave460

source of a RWT propagating downstream to Caspian Sea region. In addition,461

locations of the height anomaly centers along the RWT, as well as the wave activity462

flux anomaly pattern, are very similar to those in the regressed results shown in Fig.463

6b. On 30 July, the propagating RWT induces an anomalous high to the northwest of464

Korean Peninsula, indicating a complete RWT stretching from the NEA to East Asia465

(Fig. 13c). When the anomalous low over the NEA tends to gradually decrease after466

30 July, the high anomaly center over Western Europe gradually increases and seems467

to become the main wave source of the RWT (Figs. 13c–e). The RWT thus links the468

low anomaly over the NEA to the TF–ETP occurrence.469

5. Summary470

By identifying TF–ETP events objectively, this study performs a comprehensive471

composite and regressed analysis of TF–ETP occurred in the latest decades. We first472

reveal the significant and typical impacts of TF–ETP occurrence on the circulation473
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and weather anomalies over East Asia, and then demonstrate that the TF–ETP474

occurrence is closely related to an intensification of the SAH center over TP, which in475

turn can be remotely connected to circulation anomalies over the NEA. Specifically,476

although the frequency of TF–ETP occurrence is only about 3%, relatively lower than477

the two hot TFs spots over the eastern Mediterranean region (10%) and the central478

Asian region (8%) in summer, impacts of the TF–ETP occurrence, however, are479

critical in China and East Asia. Frequent TF–ETP occurrence is associated with a480

dipole rainfall anomaly pattern in China, with significantly negative rainfall481

anomalies in the upper and middle reaches of the Yangtze and Yellow river valleys,482

and positive rainfall anomalies in eastern China. In addition, Frequent TF–ETP483

occurrence corresponds to a significantly stronger SAH center over TP, which in turn484

induces anomalously strong upper–tropospheric northerlies and downward motion485

over the northeast of TP, and thus enhanced southward and downward PV intrusion to486

the east of TP.487

Furthermore, the occurrence of TF–ETP, as well as the accompanied variation of488

the SAH, is connected to leading circulation anomalies over the NEA several days489

before via a RWT initiated from there. Around one week before the occurrence of490

TF–ETP, a low anomaly center over the NEA becomes the strongest. This anomalous491

low acts as the wave source of a RWT that propagates downstream along the SWJ. A492

downstream high anomaly center is induced over the Caspian Sea region, which493

gradually intensifies and moves eastward along the RWT. When this high anomaly494

center arrives at the north edge of the SAH, it helps to intensify the SAH center and495
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forces it to shift eastward to the TP region. An anomalously stronger SAH center over496

TP thus favors the TF–ETP occurrence because of the anomalously stronger497

southward and downward PV intrusion caused by the stronger northerlies and descent498

motion over the east of TP. Furthermore, the close relationship between TF–ETP499

occurrence and SAH intensity, the rainfall anomaly pattern over East Asia during the500

period of TF–ETP occurrence, as well as the remote connection to the circulation501

anomalies over the NEA, are all verified in a typical TF–ETP case occurred in502

summer 1990.503

It should be noted that the TF–ETP–related RWT identified here may be related504

to the recurrent teleconnection pattern which usually originates from the North505

Atlantic region and goes along the SWJ across the Eurasian continent in boreal506

summer (Ding and Wang 2005, 2007). In fact, some similar RWTs linking507

atmospheric perturbations over North Atlantic to the circulation anomalies over508

Eurasian continent were also identified in the intraseasonal and interannual timescales509

in boreal summer (e.g., Chang et al. 2001; Hu et al. 2016; Yang and Li 2016; Zhu et510

al. 2018). This study further demonstrates that the RWT is initiated from a low511

anomaly center over the NEA, which may be induced by the anomalously stronger512

dynamical forcing of transient eddy activities at the right side of the exit region of the513

North American SWJ. The occurrence of TF–ETP is thus remotely related to the514

circulation anomalies over the NEA.515
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Figure Captions821

Fig. 1 (a) Summertime (July-August) climatology of tropopause folding frequency822
(shaded; units: %), geopotential height (brown contours; units: gpm; interval: 10) and823
westerly jet speed (black contours; units: m s-1; above 20 m s-1) at 200–hPa. The TP’s824
topographic boundary of 1500 m is marked with thin black solid line, and the Yellow825
and Yangtze River from north to south is marked with blue lines. (b) Daily variation826
of the TFI for the 40 summers (July–August). The abscissa represents the time in year827
and the vertical red dashed lines indicate 1 July of every year. (c) Power spectrum828
(solid line) of the normalized daily TFI derived from data in the 40 summers. The829
short and long dashes mark the 99% confidence level and the red noise spectrum830
respectively.831

832

Fig. 2 Vertical cross-sections of (a, b) composite potential temperature (red dashed833
contours; units: K; interval: 10), PV (blue contours; units: PVU; only values of 1 and834
2 PVU are plotted) and its anomalies (shaded; units: PVU); and (c, d) composite835
horizontal divergence anomalies (black contours; units: 10-6 s-1; interval: 1; value of836
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zero is neglected), vertical motion ω (shaded; units: 10-2 Pa s-1) anomalies and PV837
(blue contours; units: PVU; only values of 1 and 2 PVU are plotted) for high TFI days.838
The left and right column are for the vertical-longitudinal cross-section along 39°N839
and the vertical-latitudinal cross-section along 111°E respectively. Black contours in840
(a, b) denote the corresponding summer climatology of 1 and 2 PVU surfaces.841
Stippled in (a, b) and (c, d) indicate the 90% confidence level of the composite842
potential vorticity anomalies and vertical motion anomalies respectively. Areas shaded843
in black show the topography.844

845

Fig. 3 Composites of (a) PV anomalies (shaded; units: PVU; only those above 90%846
confidence level are plotted) and horizontal wind anomalies (vector; units: m s-1) at847
300–hPa; (b) horizontal divergence anomalies (shaded; units: 10-6 s-1) and horizontal848
wind anomalies (vector; units: m s-1) at 700–hPa; (c) rainfall anomalies (shaded; units:849
mm) for high TFI days. Stippling areas in (b) and (c) indicate the 90% confidence850
level of the composite horizontal divergence anomalies and rainfall anomaleis,851
respectively. Black arrows in (b) indicate the 90% confidence level of the composite852
horizontal wind anomalies.853

854

Fig. 4 Composite TF frequency (shaded; units: %), geopotential height (brown855
contours; units: gpm; interval: 10; 12520 gpm above) and westerly wind speed (black856
contours; units: m s-1; 20 m s-1 above) at 200–hPa for high TFI days. The thin black857
solid contour marks the TP’s topographic boundary of 1500 m. The blue curves858
delineate the Yellow and Yangtze River from north to south.859

860
Fig. 5 Composite (a) meridional wind (contours; units: m s-1; interval: 1; Value of zero861
is neglected) and vertical motion ω (shaded; units: 10-2 Pa s-1) anomalies at 200–hPa;862
(b) geopotential height (brown contours; units: gpm; interval: 10; 12520 gpm above)863
and its anomalies (shaded; units: gpm), westerly wind speed (black contours; units: m864
s-1; 20 m s-1 above), and wave activity flux (vector; units: 10-1 m2 s-2; amplitudes865
larger than 0.05 are shown) anomalies at 200–hPa for high TFI days. The Stippling866
and hatched areas in (a) indicate the 90% confidence level of composite meridional867
wind and vertical motion anomalies, respectively. The Stippling areas in (b) indicate868
the 90% confidence level of the composite geopotential height anomalies.869

870
Fig. 6 Lead/lag regressions against the PVI of geopotential height (black contours;871
units: gpm; interval 4; value of zero is ignored), vertical motion ω (shaded; units: 10-2872
Pa s-1; only the statistical significance at 90% confidence level is plotted), and wave873
activity flux anomalies (vector; units: 10-1 m2 s-2; amplitudes larger than 0.5 are shown)874

at 200–hPa, when the PVI leads for (a) −7 days, (b) −6 days, (c) −5 days, (d) −4875

days, (e) −3 days, (f) −2 days, (g) −1 day, and (h) 0 day. The red contours denote876
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the westerly jet that is stronger than 20 m s−1 at 200–hPa. The stippling areas indicate877
the 90% confidence level of the regressed geopotential height anomalies.878

879
Fig. 7 As in Fig. 6 but for the PV (shaded; units: PVU; statistical significance at 90%880
confidence level), meridional PV advection (black contours; units: PVU s-1; interval:881
0.4), and meridional wind anomalies (vector; units: m s-1; only the vectors that are882
statistically significant at 95% confidence level are plotted ) at 200–hPa. The stippling883
areas indicate the 90% confidence level of the regressed meridional PV advection884
anomalies.885

886
Fig. 8 (a) Temporal evolution of the lead regressions against the PVI from day –10 to887
day 0, of transient eddy kinetic energy (shaded; units: m2 s-2) and vorticity advection888
(contours; units: 10-6 m s-2; interval 2) anomalies at 300–hPa along the northern North889
Atlantic (32°–58°N); (b) Geographical distribution of the regressed transient eddy890
kinetic energy (shaded; units: m2 s-2) and vorticity advection (contours; units: 10-6 m891
s-2; interval 2; value of zero is ignored) anomalies at 300–hPa at day –7. The red892
contours denote the westerly jet (units: m s−1; interval: 4; values above 20 are plotted)893
at 300–hPa. Stipplings and slashes in (a) and b) indicate the 90% confidence level of894
the regressions respectively for the transient eddy kinetic energy and vorticity895
advection anomalies.896

897

Fig. 9 Vertical cross sections of (a) the regressed horizontal divergence (shaded; units:898
10−6 s−1), relative vorticity (contours; units: 10−6 s−1), and vertical motion ω anomalies899
(vectors; units: 10-3 Pa s-1); and (b) the regressed air temperature (shaded; units: °C),900
and geopotential height (contours; units: gpm) anomalies against the PVI along 48°N901
over the northern North Atlantic at day –7. Stipplings indicate the 90% confidence902
level of the regression for (a) the horizontal divergence anomalies and (b) the air903
temperature anomalies, respectively. The ordinate in (a, b) is the pressure level (units:904
hPa).905

906

Fig. 10 Distribution of (a) the tropopause (2 PVU contour, bold brown), PV anomalies907
(shaded; units: PVU) on 350K isentropic surface, and (b) horizontal wind anomalies908
(vector; units: m s-1) at 700–hPa and precipitation anomalies (shaded; units: mm d-1)909
on 3 August, 1990.910

911

Fig. 11 Vertical cross sections of (a, b) potential temperature (red dashed contours;912
units: K; interval: 10), PV (blue contours; units: PVU; only values of 1 and 2 PVU are913
plotted) and its anomalies (shaded; units: PVU) on 3 August, 1990; and (c, d)914
horizontal divergence anomalies (black contours; units: 10-6 s-1; interval: 4; value of915
zero is neglected), vertical motion ω (shaded; units: 10-2 Pa s-1) anomalies and PV916
(blue contours; units: PVU; only values of 1 and 2 PVU are plotted) on 3 August,917
1990. The left and right column are for the vertical-longitudinal cross-section along918
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37.5°N and the vertical-latitudinal cross-section along 109°E respectively. Black919
contours in (a,b) are the corresponding summer climatology of 1 and 2 PVU. Areas920
shaded in black show the topography.921

922

Fig. 12 Distribution of PV (shaded; units: PVU), the tropopause (2 PVU contour, bold923
brown) and the meridional wind anomalies (blue contours; units: m s-1; interval: 6;924
value of zero is neglected) at 350K isentropic surface, black dots mark the locations925
where tropopause folding occurred; And geopotential height at 200 hPa (red contours;926
units: gpm; interval: 10; above 12520 gpm) on (a) 26 July, (b) 28 July, (c) 30 July, (d)927
1 August and (e) 3 August, 1990, respectively.928

929

Fig. 13 Spatial distribution of geopotential height (brown contours; units: gpm) and930
its anomalies (black contours; units: gpm; interval: 10; value of zero is neglected), and931
wave activity flux (vector; units: 102 m2 s-2; amplitudes larger than 8 are shown) on (a)932
26 July, (b) 28 July, (c) 30 July, (d) 1 August and (e) 3 August, 1990, respectively.933
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941

Fig. 1 (a) Summertime (July-August) climatology of tropopause folding frequency942
(shaded; units: %), geopotential height (brown contours; units: gpm; interval: 10) and943
westerly jet speed (black contours; units: m s-1; above 20 m s-1) at 200–hPa. The TP’s944
topographic boundary of 1500 m is marked with thin black solid line, and the Yellow945
and Yangtze River from north to south is marked with blue lines. (b) Daily variation946
of the TFI for the 40 summers (July–August). The abscissa represents the time in year947
and the vertical red dashed lines indicate 1 July of every year. (c) Power spectrum948
(solid line) of the normalized daily TFI derived from data in the 40 summers. The949
short and long dashes mark the 99% confidence level and the red noise spectrum950
respectively.951



3838

952

Fig. 2 Vertical cross-sections of (a, b) composite potential temperature (red dashed953
contours; units: K; interval: 10), PV (blue contours; units: PVU; only values of 1 and954
2 PVU are plotted) and its anomalies (shaded; units: PVU); and (c, d) composite955
horizontal divergence anomalies (black contours; units: 10-6 s-1; interval: 1; value of956
zero is neglected), vertical motion ω (shaded; units: 10-2 Pa s-1) anomalies and PV957
(blue contours; units: PVU; only values of 1 and 2 PVU are plotted) for high TFI days.958
The left and right column are for the vertical-longitudinal cross-section along 39°N959
and the vertical-latitudinal cross-section along 111°E respectively. Black contours in960
(a, b) denote the corresponding summer climatology of 1 and 2 PVU surfaces.961
Stippled in (a, b) and (c, d) indicate the 90% confidence level of the composite962
potential vorticity anomalies and vertical motion anomalies respectively. Areas shaded963
in black show the topography.964
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969

Fig. 3 Composites of (a) PV anomalies (shaded; units: PVU; only those above 90%970
confidence level are plotted) and horizontal wind anomalies (vector; units: m s-1) at971
300–hPa; (b) horizontal divergence anomalies (shaded; units: 10-6 s-1) and horizontal972
wind anomalies (vector; units: m s-1) at 700–hPa; (c) rainfall anomalies (shaded; units:973
mm) for high TFI days. Stippling areas in (b) and (c) indicate the 90% confidence974
level of the composite horizontal divergence anomalies and rainfall anomaleis,975
respectively. Black arrows in (b) indicate the 90% confidence level of the composite976
horizontal wind anomalies.977
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978

Fig. 4 Composite TF frequency (shaded; units: %), geopotential height (brown979
contours; units: gpm; interval: 10; 12520 gpm above) and westerly wind speed (black980
contours; units: m s-1; 20 m s-1 above) at 200–hPa for high TFI days. The thin black981
solid contour marks the TP’s topographic boundary of 1500 m. The blue curves982
delineate the Yellow and Yangtze River from north to south.983

984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002

1003

1004

1005

1006



4141

1007
Fig. 5 Composite (a) meridional wind (contours; units: m s-1; interval: 1; Value of zero1008
is neglected) and vertical motion ω (shaded; units: 10-2 Pa s-1) anomalies at 200–hPa;1009
(b) geopotential height (brown contours; units: gpm; interval: 10; 12520 gpm above)1010
and its anomalies (shaded; units: gpm), westerly wind speed (black contours; units: m1011
s-1; 20 m s-1 above), and wave activity flux (vector; units: 10-1 m2 s-2; amplitudes1012
larger than 0.05 are shown) anomalies at 200–hPa for high TFI days. The Stippling1013
and hatched areas in (a) indicate the 90% confidence level of composite meridional1014
wind and vertical motion anomalies, respectively. The Stippling areas in (b) indicate1015
the 90% confidence level of the composite geopotential height anomalies.1016
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1025

Fig. 6 Lead/lag regressions against the PVI of geopotential height (black contours;1026
units: gpm; interval 4; value of zero is ignored), vertical motion ω (shaded; units: 10-21027
Pa s-1; only the statistical significance at 90% confidence level is plotted), and wave1028
activity flux anomalies (vector; units: 10-1 m2 s-2; amplitudes larger than 0.5 are shown)1029

at 200–hPa, when the PVI leads for (a) −7 days, (b) −6 days, (c) −5 days, (d) −41030

days, (e) −3 days, (f) −2 days, (g) −1 day, and (h) 0 day. The red contours denote1031

the westerly jet that is stronger than 20 m s−1 at 200–hPa. The stippling areas indicate1032
the 90% confidence level of the regressed geopotential height anomalies.1033
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1042

Fig. 7 As in Fig. 6 but for the PV (shaded; units: PVU; statistical significance at 90%1043
confidence level), meridional PV advection (black contours; units: PVU s-1; interval:1044
0.4), and meridional wind anomalies (vector; units: m s-1; only the vectors that are1045
statistically significant at 95% confidence level are plotted ) at 200–hPa. The stippling1046
areas indicate the 90% confidence level of the regressed meridional PV advection1047
anomalies.1048
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1067
Fig. 8 (a) Temporal evolution of the lead regressions against the PVI from day –10 to1068
day 0, of transient eddy kinetic energy (shaded; units: m2 s-2) and vorticity advection1069
(contours; units: 10-6 m s-2; interval 2) anomalies at 300–hPa along the northern North1070
Atlantic (32°–58°N); (b) Geographical distribution of the regressed transient eddy1071
kinetic energy (shaded; units: m2 s-2) and vorticity advection (contours; units: 10-6 m1072
s-2; interval 2; value of zero is ignored) anomalies at 300–hPa at day –7. The red1073
contours denote the westerly jet (units: m s−1; interval: 4; values above 20 are plotted)1074
at 300–hPa. Stipplings and slashes in (a) and b) indicate the 90% confidence level of1075
the regressions respectively for the transient eddy kinetic energy and vorticity1076
advection anomalies.1077
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1078
Fig. 9 Vertical cross sections of (a) the regressed horizontal divergence (shaded; units:1079
10−6 s−1), relative vorticity (contours; units: 10−6 s−1), and vertical motion ω anomalies1080
(vectors; units: 10-3 Pa s-1); and (b) the regressed air temperature (shaded; units: °C),1081
and geopotential height (contours; units: gpm) anomalies against the PVI along 48°N1082
over the northern North Atlantic at day –7. Stipplings indicate the 90% confidence1083
level of the regression for (a) the horizontal divergence anomalies and (b) the air1084
temperature anomalies, respectively. The ordinate in (a, b) is the pressure level (units:1085
hPa).1086
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1088
Fig. 10 Distribution of (a) the tropopause (2 PVU contour, bold brown), PV anomalies1089
(shaded; units: PVU) on 350K isentropic surface, and (b) horizontal wind anomalies1090
(vector; units: m s-1) at 700–hPa and precipitation anomalies (shaded; units: mm d-1)1091
on 3 August, 1990.1092
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1108
Fig. 11 Vertical cross sections of (a, b) potential temperature (red dashed contours;1109
units: K; interval: 10), PV (blue contours; units: PVU; only values of 1 and 2 PVU are1110
plotted) and its anomalies (shaded; units: PVU) on 3 August, 1990; and (c, d)1111
horizontal divergence anomalies (black contours; units: 10-6 s-1; interval: 4; value of1112
zero is neglected), vertical motion ω (shaded; units: 10-2 Pa s-1) anomalies and PV1113
(blue contours; units: PVU; only values of 1 and 2 PVU are plotted) on 3 August,1114
1990. The left and right column are for the vertical-longitudinal cross-section along1115
37.5°N and the vertical-latitudinal cross-section along 109°E respectively. Black1116
contours in (a,b) are the corresponding summer climatology of 1 and 2 PVU. Areas1117
shaded in black show the topography.1118

1119
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1120

Fig. 12 Distribution of PV (shaded; units: PVU), the tropopause (2 PVU contour, bold1121
brown) and the meridional wind anomalies (blue contours; units: m s-1; interval: 6;1122
value of zero is neglected) at 350K isentropic surface, black dots mark the locations1123
where tropopause folding occurred; And geopotential height at 200 hPa (red contours;1124
units: gpm; interval: 10; above 12520 gpm) on (a) 26 July, (b) 28 July, (c) 30 July, (d)1125
1 August and (e) 3 August, 1990, respectively.1126
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1127

Fig. 13 Spatial distribution of geopotential height (brown contours; units: gpm) and1128
its anomalies (black contours; units: gpm; interval: 10; value of zero is neglected), and1129
wave activity flux (vector; units: 102 m2 s-2; amplitudes larger than 8 are shown) on (a)1130
26 July, (b) 28 July, (c) 30 July, (d) 1 August and (e) 3 August, 1990, respectively.1131
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