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Abstract

The role of extratropical forcing on the summertime tropical synoptic-scale
disturbances (TSDs) in the western north Pacific has been investigated, by conducting
parallel integrations of the Regional Climate Model (RegCM). The suite of experiments
consists of a control run (CTRL) with European Centre for Medium Range Forecasts
(ECMWF) Reanalysis data as boundary conditions, and an experimental run (EXPT)
with the same setting, except that signals with zonal wavenumber > 6 were suppressed
at the northern boundary (located at 42°N) of the model domain. Comparison between
CTRL and EXPT showed that, without extratropical forcing, there is weaker TSD
activity in the June-to-August season, with reduced precipitation over the TSD pathway.
Associated with suppressed TSD, southeastward-directed wave activity is also reduced,
leading to less active mixed Rossby gravity (MRG) waves in the equatorial western
Pacific area. Further analysis revealed that extratropical forcing and associated
circulation changes can modulate the TSD wavetrain and its coherence structure, in
relation to low-level vorticity in far western north Pacific. In CTRL, west of about
140°E, TSD-related circulation tends to be stronger; in EXPT, vorticity signals and
vertical motions are found to be slightly more coherent in the more eastern portion of
the TSD wavetrain. The latter enhanced coherency of TSD east of 140°E, from the
EXPT simulations, might be due to changes in wave activity transport channelled by

modulated upper-level mid-latitude westerlies in EXPT. Our results serve to quantify
how extratropical forcing and related general circulation features influence western
north Pacific summertime TSD activities. Implications on the understanding of
initiation of TSD are discussed.

1

1. Introduction

2

Summertime tropical synoptic-scale disturbances (TSDs) and their impacts on the

3

tropical weather have interested meteorologists and atmospheric scientists for a long

4

time (Yanai and Maruyama 1966; Nitta 1970; Wallace 1971; Nitta and Takayabu 1985;

5

Dickinson and Molinari 2002). With periods of ~ 3 to 8 days and wavelengths of ~3000

6

km, TSD are active over various tropical oceanic areas, including the off-equatorial

7

western north Pacific (Lau and Lau 1990). TSD in this region originate at about 160°E

8

along the equator and propagate westward, reaching the Asian Continent (Nitta and

9

Takayabu 1985; Dickinson and Molinari 2002). These systems are associated with low-

10

level wave troughs (i.e., vorticity maxima), which in turn are collocated with warm

11

cores in the mid troposphere at about 500hPa. Cold anomaly is found above and below

12

the warm perturbation, implying a sandwiched vertical temperature structure of TSD

13

(Wallace and Chang 1969; Reed and Recker 1971; Lau and Lau 1990; Tam and Li 2006;

14

Serra et al. 2008). Mechanisms for TSD development include local baroclinic and

15

barotropic instability (Chang et al. 1970; Burpee 1972; Lau and Lau 1992; Maloney

16

and Hartmann 2001; Wu et al. 2014; Feng et al. 2014), while these disturbances are also

17

closely related to other equatorial waves, for instance mixed Rossby-gravity (MRG)

18

waves (Takayabu and Nitta 1993; Liebmann et al. 1990; Dunkerton and Baldwin 1995;

19

Chen and Tam 2012). Apart from temperature anomalies, the wave troughs are also
1

20

associated with strong convection and low-level convergence (Reed and Recker 1971;

21

Lau and Lau 1990: Serra et al. 2008).

22

It is also well recognized that summertime TSDs are related to genesis and

23

development of tropical cyclones (TC) (Maloney and Hartmann 2001; Schreck et al.

24

2012; Feng et al. 2014). Under favourable conditions, TCs can be formed due to TSD-

25

related intense diabatic heating (Frank and Roundy 2006) and strong low-level

26

convergence (Heta 1991). TSD is responsible for about 10 – 20% of TC genesis cases

27

in the western north Pacific, and the number even reaches ~ 60% in north Atlantic (Chen

28

et al. 2008). The difference in the proportion of TSD-induced TC formation between

29

two ocean basins is due to the presence of the monsoon gyre, to which about 70% of

30

TC formation in the western north Pacific region is related (Chen et al. 2008). Apart

31

from TCs, TSD can interact with/influenced by circulation patterns on a variety of

32

timescales, such as the Madden–Julian Oscillation (MJO) (Madden and Julian 1971;

33

Maloney and Hartmann 2001; Cho et al. 2004) and El Niño-Southern Oscillation

34

(ENSO) (Wu et al. 2014). TSD itself can also contribute to about 10% of the variability

35

of western tropical Pacific summertime precipitation (Lubis and Jacobi 2015). A better

36

understanding of factors affecting TSD is hence essential for improving tropical

37

weather forecasts, seasonal climate predictions as well as climate projections over the

38

tropical to subtropical area.
2

39

Based on reanalysis data, Tam and Li (2006) found that TSD can be triggered by

40

wave activity from extratropical regions to the tropics. In particular, intrusion of upper-

41

level potential vorticity from the mid latitudes can lead to the formation of vorticity

42

perturbations over the tropics, which later develops into TSD through wave energy

43

dispersion. Later climatological analyses (Fukutomi and Yasunari 2014; Archambault

44

et al. 2015) and single-case studies (Molinari and Vollaro 2012) also point out that the

45

extratropical westerly flow can play a role in the formation and the strengthening of

46

tropical easterly waves. Extratropical forcing can therefore be an important source of

47

TSD variability. In this study, we revisit the problem by assessing the contribution of

48

extratropical wave activity to TSD over the western north Pacific, based on regional

49

atmospheric model experiments. By comparing results from parallel integrations with

50

and without mid-latitude synoptic-scale waves in the model environment, the influence

51

of extratropical forcing on TSD, including its associated tropical circulation impacts,

52

can be inferred. Note that, hitherto, very few studies have explored such tropical-

53

extratropical linkage using numerical models. The rest of this paper is organized as

54

follows. Model setup and experimental design are outlined in Section 2. Section 3 gives

55

the impacts of extratropical wave activity on the variability and structure of TSD, as

56

well as the summertime tropical circulation over the western Pacific. Discussion and

57

conclusion can be found in Section 4.
3

58

2. Model experiments and data used

59

To test the sensitivity of TDS to extratropical forcing, numerical experiments were

60

carried out using the Regional Climate Model system 3 (RegCM3), which is a

61

compressible, grid-point model (Giorgi et al. 1993a, b; Pal et al. 2007). The model was

62

maintained by the Earth System Physics (ESP) section of the International Centre for

63

Theoretical Physics (ICTP). It was run at the horizontal resolution of 60 × 60 km, with

64

18 sigma levels, within the domain of 13°S – 42°N and 80°E – 160°W (see Fig. 1).

65

Model parameterization schemes used included the modified Emanuel Scheme for

66

cumulus convection (Emanuel 1991, Chow et al. 2006), Pal scheme (Pal et al. 2000)

67

for large-scale precipitation, BATS scheme for land-surface processes, Holtslag scheme

68

(Holtslag et al. 1990) for planetary-boundary-layer processes, and NCAR CCM3

69

radiative scheme (Kiehl et al. 1998).

70

Under such a setting, model integrations were carried out for the April-to-

71

September period. Six-hourly data from the European Centre for Medium Range

72

Forecasts (ECMWF) Reanalysis (ERA-40; Uppala et al. 2005), as well as the

73

climatological monthly mean National Oceanic and Atmospheric Administration

74

(NOAA) Optimum Interpolation Sea Surface Temperature (OISST; Reynolds et al.

75

2002), were used as initial and lateral boundary conditions. Reanalysis data from seven

76

selected years, namely 1983, 1984, 1986, 1990, 1992, 1993, and 2001 were chosen.
4

77

Note that these years were not major El Niño nor La Niña events; they were chosen so

78

as to avoid seasons during which there were prominent east-west shifts of synoptic-

79

scale activities due to major ENSO events (Sobel and Maloney, 2001). Based on these

80

seven years, six-hourly climatology of dynamic and thermodynamic variables (i.e.,

81

wind, temperature, and humidity), at all vertical levels, was first obtained, and then

82

filtered to retain signals with zonal horizontal scales equivalent or larger than those for

83

wavenumber 6 (i.e., zonal wavenumber |k| within 0 to 6). The spatially smoothed data

84

were used as lateral boundary conditions for model integrations. At the northern

85

boundary, transients (i.e., deviations from the seasonal mean) with |k| > 6, archived from

86

each prescribed year, were superimposed onto the derived climatology, and the model

87

was integrated for each of these years. In the control experiment (hereinafter referred

88

to as CTRL), transients were set to their original amplitudes; in the other experiment

89

(referred to as EXPT), transients with only 10% of their original amplitudes were then

90

superimposed onto the climatology (see Tab. 1). For the eastern, western and southern

91

boundary in both experiments, no transient signals were imposed. As a result, the only

92

difference between the two experiments is the magnitude of |k| > 6 perturbations at the

93

northern boundary. For each April-to-September period, five ensemble integrations

94

were conducted, with the nth-ensemble member initiated by treating the nth day in April

95

as the initial condition for the 1st of April. By comparing the difference between EXPT
5

96

and CTRL, we can evaluate how extratropical synoptic-scale forcing from the northern

97

boundary of the domain affects the regional climate, focusing on the behaviour of TSD.

98

In this study, only data from June to August (JJA) were used for all analyses.

99

To depict wave activities and forcing with extratropical origins, eddy heat transport

100

at 850hPa and also 200hPa E-vectors from CTRL and EXPT were computed. Following

101

v
Trenberth (1986), the E-vectors are defined as ⃗E = [

102

denoting 3-to-8 day band-pass filtered values, and overbar seasonal and ensemble

103

averaging. Results for heat transport ̅̅̅̅̅̅
𝑇 ∗ 𝑣 ∗ , with asterisk denoting deviations from the

104

seasonal mean, and E-vectors from the two experiments are given in Fig. 2. It can be

105

clearly seen that there are strong southeastward directed 200hPa E-vectors at the

106

northern boundary in CTRL, but not in EXPT (see Fig. 2a). This indicates southward

107

wave energy dispersion from the north in CTRL only, consistent with the experimental

108

setups. The 850hPa northward heat transport is also stronger in CTRL near the northern

109

boundary, especially over the continental area (see Fig. 2b). As expected, a stronger

110

presence of mid-latitude synoptic-scale waves in CTRL serve to transport more heat to

111

the north in the model environment. Overall, the above confirms that upper-level

112

extratropical forcing from the northern boundary, in relation to mid-latitude synoptic-

113

scale disturbances, is strongly suppressed in EXPT in comparison to CTRL owing to

114

our experimental design.

̅̅̅̅̅̅̅̅̅̅̅
′2 −𝑢′2
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3. Results

116

To understand how synoptic-scale forcing might influence the mean circulation in

117

the western north Pacific region, the background 850hPa wind, precipitation from of

118

the CTRL and EXPT, as well as their difference, are given in Figs. 3a, 3c, 3e. For CTRL,

119

there is a stronger easterly wind branch over 20 – 30°N, 120 – 180°E, and a stronger

120

northerly branch over the South China Sea. There is more heat transported to the north

121

in CTRL at about 30°N at 850hPa (see Fig. 2b). The 850hPa mean temperature on the

122

continent and that over the northern part of the domain is also lower in CTRL (Fig. 2a),

123

which makes the meridional and land-sea temperature (pressure) gradient more

124

negative (positive) in the low levels. This results in low-level wind field changes due

125

to the differences in pressure gradient between CTRL and EXPT. Enhanced

126

precipitation by about 2 – 4 mm/day is found within 0 – 20°N, 100 – 160°E in CTRL.

127

It is worth noting that enhanced precipitation is collocated with typical pathways of

128

TSD. To identified signals of TSD, bandpass filtered 850hPa vorticity was computed

129

(Lau and Lau 1990). Figs. 3b, 3d, 3f show the variance of the 3-to-8 day filtered low-

130

level vorticity. For CTRL, it can be seen that the vorticity variance is generally larger

131

over 5 – 25°N, 100 – 150°E, indicating stronger synoptic-scale wave activities. This

132

supports the notion that extratropical forcing plays a role in modulating western north

133

Pacific summertime synoptic-scale disturbances. Note that the seasonal mean
7

134

precipitation is also enhanced in the same area with enhanced wave activities in CTRL,

135

consistent with the fact that these systems are important in bringing rainfall in region

136

(see Fig. 3e).

137

E-vectors are also used to examine the 850hPa 3-to-8-day westward propagating

138

(-20 ≤ k ≤ -4) wave activity and its related Rossby wave energy dispersion (see Fig.

139

4). Both CTRL and EXPT give southward and southeastward pointing E-vectors over

140

the region of 5 – 25°N, 110 – 150°E, where large 850hPa vorticity variance is found

141

(see Fig. 3). In both experiments, E-vectors are directed to the south to southeast in this

142

area, consistent with the NE-SW tilted structure of the synoptic-scale eddies (Lau and

143

Lau 1990). Note that the magnitude of E-vectors is about 30% stronger in CTRL,

144

especially for the zonal (eastward) component. This clearly indicates that there are

145

stronger wave-like disturbances in the low levels in CTRL compared with EXPT.

146

Indeed, the difference in E-vectors between the two experiments (see Fig. 4c) suggests

147

that in CTRL, there is stronger southward Rossby wave energy dispersion towards more

148

tropical latitudes. Such a difference can impact on equatorial wave activities over the

149

western Pacific sector, as will be subsequently shown. On the other hand, it is

150

noteworthy that synoptic-scale disturbances are not entirely suppressed in EXPT; in

151

terms of their variance, the suppression is only about 20-30%, despite of the fact that

152

extratropical waves have only 10% of their original magnitude (hence ~ 1% of variance).
8

153

This suggests that summertime tropical synoptic-scale disturbances in western north

154

Pacific can exist, regardless of presence of extratropical forcing from the north.

155

Chen and Tam (2012) reported a mechanism by which TSD can excite MRG waves.

156

To depict activities of equatorial waves, the wavenumber-frequency spectra (Wheeler

157

and Kiladis 1999; Au-Yeung and Tam 2018) of the symmetric component of the 850hPa

158

meridional wind, averaged over 13°S – 13°N, were plotted in Fig. 5. Westward

159

propagating MRG signals in CTRL were found to be significantly stronger than those

160

in EXPT by more than 25% (about 0.1 in the logarithm plot), implying stronger MRG

161

waves over the equatorial western Pacific in CTRL. This is also in accordance with

162

Dunkerton and Baldwin (1995), who reported transformation of MRG waves to TSD

163

based on observations. Overall, more active TSD and associated MRG waves in the

164

tropical western Pacific are seen in CTRL compared to EXPT, and this is solely due to

165

stronger forcing from extratropical locations in the experimental design.

166

Here we further extract the wave-like signals associated with the synoptic-scale

167

disturbances, using the results from empirical orthogonal function (EOF) analyses

168

based on the bandpass filtered westward propagating 850hPa vorticity signals over 0 –

169

30°N, 100 – 160°E (see section 2). Fig. 6 shows the standardized spatial pattern of the

170

first and the second leading EOFs, based on data from all ensemble members from both

171

CTRL and EXPT. It can be seen that the structures of all EOFs are wave-like, consistent
9

172

with the waveform of TSD reported in previous studies (e.g., Lau and Lau 1990; Reed

173

and Recker 1971). The fraction of domain-integrated variance explained by two leading

174

EOFs are similar (about 10%), and two patterns are in quadrature in space. These two

175

leading EOFs, together with their PC time series, thus represent westward propagating

176

wave signals in the low-level vorticity. Wave trains in both CTRL and EXPT have

177

similar structure and wavelength. They both have the strongest amplitudes within 110

178

– 140°E and a NE-SW tilted structure west of 150°E. The wave starts to exhibit the NE-

179

SW tilted structure in a more western location in CTRL than that in EXPT. The less

180

tilted structure of eddies in CTRL over 120 – 140°E may increase the zonal propagation

181

of wave activity and further affect wave energetics (Lau and Lau 1992; Trenberth 1986).

182

To analyse the difference in the strength of waves between CTRL and EXPT, time-

183

series of the combined magnitude of the two leading principal components (PC) are

184

computed. The combined magnitude at time t (= day from June 1) is calculated by first

185

computing 𝑦(𝑡) = √𝑃𝐶1 (𝑡)2 + 𝑃𝐶2 (𝑡)2 , where 𝑃𝐶1 and 𝑃𝐶2 are the magnitude of

186

the two leading EOFs, for each season and each ensemble member. Finally, for each

187

calendar day the combined magnitude is found by averaging 𝑦(𝑡) over all ensemble

188

members and seasons. Results for the two experiments are shown in Fig. 7. It can be

189

seen that during most of the days within the JJA season, CTRL gives stronger

190

disturbances in this region than EXPT, with a difference reaching about 20%. This is
10

191

also consistent with the previous result that MRG activities are about 25% stronger in

192

CTRL (see Fig. 5). This indicates that extratropical forcing contributes to the formation

193

and hence part of the variability of TSD, although the forcing is not a necessary

194

condition for the waves to exist.

195

To obtain TSD-related circulation patterns, EOF reconstruction and regression

196

technique are used. In particular, the two abovementioned leading EOFs for the 850hPa

197

vorticity were first used to reconstruct the vorticity timeseries at the reference point of

198

15°N, 120°E, which is a location with strong signals of TSD in both CTRL and EXPT

199

(see Figs. 3 and 6). To obtain TSD-related circulation maps for a particular field, the

200

following linear regression method is used:

201

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[𝜁̂ (𝑡,120°E,15°N)]
𝜙𝑟𝑒𝑔 (𝑥, 𝑦) = [𝜙(𝑡, 𝑥, 𝑦) − 𝜙̅(𝑥, 𝑦)] ×
≈ 𝑟(𝜙, 𝜁̂) × 𝜎𝜙 (𝑥, 𝑦),
𝜎

202

where 𝜙 is the field of interest, 𝜁̂ is the EOF-filtered 850hPa vorticity, 𝜎 is its

203

temporal standard deviation, 𝑟 is the correlation, bar denotes the time average, 𝑥 and

204

𝑦 denote the longitude and latitude of the datapoint. Figs. 8a and 8b give the regression

205

maps for precipitation and 850hPa vorticity onto the 15°N, 120°E values of EOF-

206

filtered vorticity. The structure of the regressed waves is consistent with spatial patterns

207

of the first two leading EOFs shown in Fig. 6 for both CTRL and EXPT, which suggests

208

that the regression method is able to extract the targeted signals. Values of both

̂
𝜁
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209

regressed precipitation and 850hPa vorticity are larger in CTRL than EXPT (see Figs.

210

8c and 8d), which is consistent with Fig. 7, indicating that TSD is stronger in the low

211

levels in CTRL due to the presence of extratropical forcing.

212

Meteorological variables at different vertical levels are further regressed onto 𝜁̂,

213

in order to the vertical structure of TSD from the model experiments. Fig. 9. Gives the

214

vertical cross-sections of the regressed vorticity and temperature along the TSD

215

wavetrain (see black solid lines in Figs. 8a and 8b). Prominent vorticity perturbations

216

with deep vertical extent can be seen, with westward tilted structure (see Lau and Lau

217

1990). West of about 150°E, the temperature field is strongest in the 500-400hPa layer,

218

with anomalies almost in phase with those of the vorticity. At the 900 to 850hPa levels,

219

however, anomalous positive (negative) vorticity tends to be more collocated with cold

220

(warm) perturbations. These circulation features, seen in both model experiments, are

221

consistent with the observed structure of TSD (Tam and Li 2006; Au-Yeung and Tam

222

2018). The differences of vorticity perturbations between the CTRL and EXPT vertical

223

cross sections are also computed (see Fig. 9c). The low-level vorticity perturbations in

224

CTRL are significantly larger than those in EXPT west of about 140°E. Again, this

225

points to the fact that extratropical forcing leads to stronger wave amplitudes in the

226

more western part of the TSD wavetrain. However, it is also noteworthy that signals are

227

found to be stronger in EXPT east of 140°E from the surface to about 500hPa. In this
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228

region over the more eastern part of the wavetrain, stronger vortices anomalies can be

229

seen in EXPT (see box region in Fig. 9c). It seems that wave activity in this domain is

230

more influenced by the modulated circulation and background climate due to the

231

presence of extratropical synoptic-scale forcing from the northern boundary.

232

We have also computed the anomalous pressure velocity (𝜔′) and its correlation

233

with 𝜁̂ , at different levels from CTRL and EXPT, as well as the difference in 𝜔′

234

between the two experiments (Fig. 10). Compared with Fig. 9, over the western part of

235

the wavetrain, rising motion (subsidence) is seen to coincide with positive (negative)

236

vorticity at about 500hPa. Consistent with Fig. 9, anomalous rising/sinking west of

237

140°E have larger amplitudes in CTRL compared to EXTP, while stronger and more

238

coherent vertical motion is found in EXPT at more eastern locations. The latter is

239

clearly related to stronger coherence between 𝜔′ and 𝜁̂ in that part of the TSD

240

wavetrain. To summarize, although TSD becomes stronger overall in CTRL due to

241

extratropical forcing, within 140° to 180°E the wavetrain is slightly stronger and with

242

more coherent circulation structure in EXPT.

243

Fig. 11 gives CTRL minus EXPT JJA mean 200hPa geopotential height and

244

circulation, with zero-zonal wind contours included to indicate the presence of the

245

tropical upper tropospheric trough (TUTT). The upper-level Asian high is stronger in

246

EXPT under a warmer troposphere, due to less northward eddy temperature transport
13

247

at low levels (see Fig. 2). As a result, there is stronger zonal flow north of 20°N in

248

EXPT. Enhanced westerlies and stronger stationary wave features might channel more

249

wave activity and trigger TSD at the TUTT locations (e.g., Sadler 1967; Tam and Li

250

2006; Feng et al. 2020; Wang et al. 2020). In addition, the TUTT axis is located more

251

to the southeastern in EXPT (not shown, but see Fig. 11). This and more active TUTT

252

cells under stronger upper-level northeasterlies might also enhance low level TSD in

253

the western north Pacific (Wen et al. 2018; Guo and Ge 2018), which is probably why

254

there are more coherent TSD signals east of 140°E in EXPT.

255

Additional analysis based on E-vectors associated with TSD formation is also

256

conducted, following Tam and Li (2006), to evaluate the role of upper-level wave

257

activity intrusion responsible to TSD. Anomalous 200 u- and v-wind related to TSD are

258

first computed, based on lag regression onto the reference TSD index 𝜁̂. The 𝑢’2 , 𝑣’2

259

and 𝑢’𝑣’ covariance maps, and hence the corresponding TSD related E-vectors, are

260

then found based on 𝑢’ and 𝑣’ regression for negative lags (Fig. 12). (Negative lag

261

regression maps are considered because of their better depiction of triggering processes

262

of TSD.) It can be seen that there are strong southward-pointing E-vectors west of 140°

263

E, coming from the northern boundary, in CTRL. The E-vectors near the northern

264

boundary indicate wave activities to the south from the extratropics; this makes a

265

stronger wave signal of TSD west of 140°E in CTRL. On the other hand, compared
14

266

with CTRL, stronger southward directed E-vectors are seen in 10-25°N, 150-160°E. in

267

EXPT. The E-vector characteristics in the latter further support our proposed

268

mechanism of more extratropical influence that favours TSD formation east of 140°E,

269

in relation to TUTT changes.

270

4. Discussions and Conclusion

271

The sensitivity of western north Pacific summertime TSD to extratropical forcing

272

has been examined, by comparing a regional climate model control run in boreal

273

summer, with an experimental run having the same setting except with suppressed

274

synoptic-scale variability at its northern boundary. Consistent with the above model

275

design, in JJA southward directed upper-level E-vectors and low-level northward heat

276

transports north of about 25°N were found to be reduced in the experimental run,

277

compared to the control run. This means that in the former, mid-latitude synoptic-scale

278

disturbances are indeed suppressed, with implications on the regional circulation within

279

the model environment. Further comparison between the two experiments revealed that,

280

in the presence of extratropical forcing, there is stronger TSD activity over the western

281

Pacific between 10 to 25°N. Along the propagation path of TSD, precipitation is also

282

intensified. Also, stronger southeastward low-level Rossby wave energy dispersion

283

associated with TSD was found, leading to more active MRG waves at 850hPa over the

284

equatorial western Pacific sector. Thus, via the triggering of TSD, forcing related to
15

285

extratropical synoptic-scale activity can lead to stronger tropical disturbance/MRG

286

waves, as well as their associated rainfall in summertime western north Pacific.

287

The TSD-related anomalous circulation from the two experiments was further

288

examined, by regressing various meteorological variables onto the standardized EOF-

289

filtered low-level vorticity at 15°N, 120°E. Compared with the experimental run, TSD

290

wavetrain from the control run tends to be stronger west of 140°E, with stronger

291

vortices and more vigorous anomalous vertical motion. However, in the eastern portion

292

(140 to ~180°E) of the TSD wavetrain, relatively stronger and more coherent wave

293

signals exist in the experimental run. Further inspection showed that, in the latter run,

294

the upper-level Asian high is stronger due to less northward eddy heat flux; it is possible

295

that the strengthened anticyclone might channel more mid latitude wave activity to

296

TUTT, which excites more TSD. Diagnostics based on E-vectors associated with TSD

297

formation support this view. Apart from the modulated upper-level flow, changes in the

298

low-level mean circulation might also affect TSD characteristics. Additional

299

diagnostics revealed that, in addition to changes in the strength and structure of eddies,

300

modulation in the low-level wind pattern also contributes to stronger barotropic energy

301

conversion between background wind and TSD eddies (figures not shown). More

302

studies can be carried out to better understand the intricate nature of such wave-mean

303

flow interaction associated with TSD eddies.
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304

This work helps to quantify the role of extratropical wave activity in determining

305

TSD variability. In terms of low-level vorticity (MRG-related v-wind) anomalies over

306

the far western north (equatorial) Pacific, suppression of extratropical forcing leads to

307

~20 – 25% reduction of their variance in the model environment. Though not the major

308

contributor to the climatological mean activity, equatorward wave energy dispersion

309

due to extratropical systems might still influence TSD amplitudes from year to year.

310

This type of forcing can be sensitive, for instance, to the structure and location of the

311

subtropical jet. More studies need to be carried out, in order to better understand how

312

mid-latitude forcing influences the sub-seasonal to seasonal TSD activity or in fact

313

other related tropical systems such as tropical cyclones, and how such forcing might

314

depend on the background circulation.

315

Finally, it is worth mentioning that the regional climate model can well capture the

316

circulation structure of TSD, including their connection with to low-level MRG waves

317

through equatorward energy dispersion. It is possible that other equatorial wave types

318

(for instance n=1 equatorial Rossby waves, which are also important for TC genesis)

319

might also be affected by mid-latitude forcing. Further observational and modelling

320

studies will be conducted in this direction. Numerical experiments, similar to those in

321

this study, can be designed for examining the sensitivity of these equatorial waves to

322

various components of the extratropical circulation. This can be a useful method for
17

323

studying this aspect of the tropical-extratropical linkage in the atmospheric general

324

circulation.
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Figures

Figure 1. Model domain for RegCM3 simulations (13°S – 42°N, 80°E – 160°W) and
topography therein (shading; units: m).

11

Figure 2. CTRL minus EXPT values of (a) 850hPa JJA mean temperature (shading;
units: K) and E-vectors calculated from 3-to-8-day band-pass filtered 200hPa wind
(arrows; see lower right for scale, in units of m2s-2) and (b) 850hPa meridional heat
∗ 𝑣 ∗ ) (shading; units: K ms-1) and heat flux (𝑇
∗𝑣 ∗, 𝑇
∗ 𝑢 ∗ ) (arrows; see lower
̅̅̅̅̅̅
̅̅̅̅̅̅
̅̅̅̅̅̅
transport (𝑇

right for scale, in units of K ms-1).

12

Figure 3. (a, c, e) JJA mean precipitation (shading; units: mm/day), 850hPa wind
(arrows; see lower right for scale, in units of ms-1) and (b, d, f) variance of 3-to-8-day
band-pass filtered vorticity (units: 10-10 s-2) for (a, b) CTRL, (c, d) EXPT and (e, f)
CTRL minus EXPT.

13

Figure 4. E-vectors calculated from westward propagating (-20 ≤ k ≤ -4) and 3-to8-day band-pass filtered 850hPa wind for (a) CTRL, (b) EXPT and (c) CTRL minus
EXPT (see lower right for scale, in units of m2s-2).

14

Figure 5. Space-time spectrum of the symmetric component of the 850hPa meridional
wind averaged over 13°S to 13°N for (a) CTRL and (b) EXPT. Spectra for |k| < 3 are
not computed due to longitudinal boundaries of the experiments (80°E – 160°W).
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Figure 6. Standardized patterns of (a, c) the first and (b, d) the second leading EOFs of
spatially and temporally filtered 850hPa vorticity over 0 – 30°N, 100 – 160°E for (a, b)
CTRL and (c, d) EXPT. The percentage of the total variance explained by each EOF is
shown in the top-right. See text for details.
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Figure 7. Time-series of the combined magnitude of the two leading EOFs of filtered
850hPa vorticity for CTRL (solid red) and EXPT (dash blue). The value is calculated
by 𝑦(𝑡) = √𝑃𝐶1 (𝑡)2 + 𝑃𝐶2 (𝑡)2 . Black dots on the x-axes indicate locations where the
magnitude in CTRL is larger than that in EXPT above the 90% significance level based
on the Student's t-test. See text for details.
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Figure 8. Precipitation (shading; units: mm/day) and 850hPa vorticity (contours; units:
10-6 s-1) regressed onto the EOF-filtered 850hPa vorticity at 15°N, 120°E for (a) CTRL
and (b) EXPT. Local maxima of the regressed vorticity signals are joined by the same
thick polyline in (a) and (b). Solid and dashed lines represent positive and negative
values, respectively. (c) and (d) show the values of regressed precipitation and 850hPa
vorticity along the polyline respectively. Black dots on the x-axes indicate locations
where the amplitude of regressed values in CTRL is larger than that in EXPT passing
the 90% significance level based on the Student's t-test.
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Figure 9. Vertical cross-section (from 30°N, 100°E to 0°, 160°E, then extending to 180°
along the equator; see the black polyline on Fig. 8) of filtered vorticity (shading; units:
10-6 s-1) and temperature (solid and dashed contours for positive and negative values,
respectively, with zero contours omitted; units: K) regressed onto EOF-filtered 850hPa
vorticity at 15°N, 120°E for (a) CTRL and (b) EXPT. Solid and dashed lines represent
positive and negative values, respectively. CTRL minus EXPT regressed vorticity is

19

shown in (c), with dashed areas indicating where the differences are statistically
significant above the 90% confidence level based on the Student's t-test. The green box
in (c) indicates the more eastern locations where vorticity signals from EXPT are
stronger than CTRL.
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Figure 10. Same as Figure 9, except for the pressure velocity (shading; units: 10-5 Pa s1

, downward as positive) and its correlation coefficient with EOF-filtered 850hPa

vorticity at 15°N, 120°E (contour). Dashed areas indicate where the differences are
statistically significant above the 90% confidence level based on the Student's t-test.
The green box in (c) indicates the region where anomalous vertical motion from EXPT
is stronger than CTRL.
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Figure 11. CTRL minus EXPT JJA mean 200hPa geopotential height (shading; unit: m)
and wind (arrows; see upper right for scale). Green (orange) solid line indicates the zero
line of 200hPa zonal wind in CTRL (EXPT).
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Figure 12. 200hPa E-vector (arrows; units: m2s-2) associated with 850hPa EOF-filtered
vorticity at 15 ° N, 120 °E summed for negative lags (-8 to -1 day) only, and the
meridional component (shading; units: m2s-2). See text for details.
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eastern, western and

CTRL

EXPT

wavenumber = 0-6 climatology

wavenumber = 0-6 climatology

wavenumber = 0-6 climatology +

wavenumber = 0-6 climatology +

wavenumber > 6 transients

10% of wavenumber > 6 transients

climatological SST

climatological SST

7 years × 5-member ensemble

7 years × 5-member ensemble

southern boundaries
northern boundary

sea surface
temperature
number of simulations

Table 1. Settings of the atmospheric model experiments. The only difference between
CTRL and EXPT experiments lies in the magnitudes of wavenumber > 6 transients
imposed at the northern boundary. See text for details.
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