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Abstract 19 

The Northwest Pacific (NWP) anomalous anticyclone (AAC) intensifies and extends 20 

northward from El Niño decaying early to mid- summer, despite decaying El Niño-induced sea 21 

surface temperature (SST) anomalies in the North Indian Ocean, North Atlantic and subtropical 22 

NWP. The present study suggests the intra-seasonal variations of AAC are induced by local 23 

mean state changes and investigates the underlying mechanisms from the perspective of 24 

energetics. Compared with early summer, the efficiency of dry energy conversion from the 25 

mean flow to El Niño-excited AAC pattern increases in El Niño decaying mid-summer. The 26 

moist feedback over subtropical NWP is also enhanced in El Niño decaying mid-summer due 27 

to the onset of the climatological NWP summer monsoon. Both of them contribute to the 28 

intensification of El Niño-excited AAC pattern. Moreover, mean state changes over East Asia–29 

NWP from early to mid- summer are found in favor of the northward shift of the preferred 30 

latitude of the circulation anomalies. Thus, the El Niño-excited AAC pattern are more 31 

northward-extended in El Niño decaying mid-summer. Empirical orthogonal function analyses 32 

further confirm that the northward extension of El Niño-excited AAC pattern stems from 33 

changes of local internal dynamic mode. The present study highlights that both the El Niño-34 

induced SST anomalies and local atmospheric internal dynamics are of paramount importance 35 

for the intra-seasonal variations of AAC in El Niño decaying summer. 36 

Keywords El Niño; Anomalous anticyclone; Intra-seasonal variations; Dynamic mode 37 

 38 
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1. Introduction 39 

Boreal summer is the major rainy season for East Asia (EA) and Northwest Pacific 40 

(NWP). The precipitation here over this period shows immense interannual variability, 41 

which is of great socioeconomic importance for the livelihood of over two billion 42 

inhabitants (Wang et al. 2001; Huang et al. 2007; Wei et al. 2020). El Niño-Southern 43 

Oscillation (ENSO) is the leading source for local rainfall variability via giving rise to 44 

an anomalous anticyclone (AAC) in the lower troposphere over the Indo-NWP region 45 

during El Niño decaying summer (Fu and Ye 1988; Zhang et al. 1996; Wang et al. 46 

2003). As the tropical lobe of the Pacific–Japan (PJ) pattern (Nitta 1987) or the East 47 

Asia–Pacific (EAP) pattern (Huang and Wu 1989), the lower-level AAC appears in 48 

conjunction with an anomalous cyclone to its northeast during El Niño decaying 49 

summer. This El Niño-excited PJ pattern exerts far-reaching influence on the weather 50 

and climate over EA–NWP during El Niño decaying summer (Kosaka et al. 2013; Xie 51 

et al. 2016). For instance, the AAC can induce floods at its northern flank via moisture 52 

convergence (Huang and Wu 1989; Chang et al. 2000) and droughts in its ridge via 53 

subsidence motion (Wang et al. 2000). Besides, the AAC could lead to above-normal 54 

surface air temperature (SAT) anomalies in south China through reduced rainfall and 55 

downward vertical motion, while the anomalous cyclonic circulation to the north will 56 

bring about below-normal SAT anomalies in northeast China through upward vertical 57 

motion (Hu et al. 2011; Kim and Kug 2021). Furthermore, the AAC could decrease 58 

tropical cyclone geneses over major parts of the tropical NWP (Du et al. 2011). 59 

As for the maintenance mechanisms of the summer AAC, El Niño-induced sea 60 

surface temperature (SST) anomalies in the tropical Indian Ocean, tropical Atlantic, 61 

and NWP are considered playing an important role. El Niño events generally mature in 62 

boreal winter with maximum SST warming in the equatorial eastern Pacific. In the 63 

following months, SST anomalies in the equatorial eastern Pacific decay rapidly, but 64 

the associated SST anomalies in the tropical Indian Ocean, tropical Atlantic, and NWP 65 

can maintain into summer via atmospheric bridge (Klein et al. 1999; Alexander et al. 66 
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2002), ocean dynamics (Xie et al. 2002; Huang and Kinter 2002) and air–sea interaction 67 

(Wang et al. 2000; Du et al. 2009; Kosaka et al. 2013; Xie et al. 2016). The warming 68 

in the tropical Indian Ocean and tropical North Atlantic can intensify the AAC via the 69 

lower-level Ekman divergence invoked by warm equatorial Kelvin wave response (Xie 70 

et al. 2009; Rong et al. 2010; Li et al. 2017), while the NWP cooling can intensify the 71 

AAC via the atmospheric descending Rossby wave response (Wang et al. 2000; Xiang 72 

et al. 2013). 73 

The fundamental works of the last twenty years successfully explain the 74 

maintenance of AAC on the summer seasonal mean timescale, mainly focusing on the 75 

role of SST anomalies in three tropical oceans. Nevertheless, the AAC is not only a 76 

mode excited by anomalous SST forcing, but could also arise from the atmospheric 77 

internal dynamic processes unrelated to SST variability (Kosaka et al. 2013; Zhou et al. 78 

2018; Wang et al. 2018; Wang et al. 2020; 2021). Hu et al. (2019) illustrated that the 79 

AAC could extract kinetic energy (KE) from background mean flow via barotropic 80 

energy conversion in the NWP confluence zone and emphasized the importance of the 81 

above process in amplifying the impact of SST anomalies on the AAC. However, the 82 

background mean flow over the EA–NWP changes dramatically from early to mid- 83 

summer. In that case, how will the AAC change correspondingly? 84 

Previous studies reveal an intensification (Xiang et al. 2013) and northward 85 

extension (Ye and Lu 2010; Hu et al. 2017; Li and Lu 2018) of the AAC in El Niño 86 

decaying summer. As for its possible reason, Ye and Lu (2010) suggested the northward 87 

shift of the upper-level westerly jet and West Pacific Subtropical High (WPSH) is 88 

responsible for the northward extension of the AAC, which is confirmed by Kosaka 89 

and Nakamura (2010) where they conducted two numerical experiments with the 90 

westerly jet axis set at 35°N and 50°N, respectively. They found the circulation 91 

response is enhanced and displaced poleward in the later experiment. Although 92 

previous studies have successfully established the link between changes of background 93 

mean flow and the intra-seasonal variations of AAC, the underlying mechanism 94 
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remains a knowledge gap: how the above two phenomena are dynamically linked? Thus, 95 

the concrete process of changes in wave–mean flow interactions over the EA–NWP 96 

during El Niño decaying summer entails further comprehension. 97 

On the other hand, Xiang et al. (2013) emphasized the role of enhanced mean 98 

precipitation over the NWP in the intensification of the AAC via making atmospheric 99 

responses more sensitive to the external forcing (Wu et al. 2010). In the present study, 100 

we attempt to bring the above two lines of reasons to the theoretical framework 101 

developed by Kosaka and Nakamura (2010) and quantify the effect of local mean state 102 

changes on the intra-seasonal variations of AAC from the perspective of energetics. 103 

The remaining paper is structured as follows. Section 2 describes the data and methods. 104 

Section 3 displays the variations of ocean–atmosphere anomalies in each month of the 105 

El Niño decaying summer. The energy conversion/generation processes between EA–106 

NWP background mean states and the El Niño-excited PJ pattern are diagnosed in 107 

section 4. Conclusion and discussions are given in section 5. 108 

2. Data and methods 109 

2.1 Datasets 110 

In this study, the monthly and daily mean atmospheric variables are from the 111 

National Centers for the Environmental Prediction–Department of Energy (NCEP–112 

DOE) atmospheric reanalysis, which have a horizontal resolution of 2.5°×2.5° at 17 113 

height levels (Kanamitsu et al. 2002). Pentad-mean precipitation data is from the 114 

Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP; Xie and 115 

Arkin 1997), given on a 2.5°×2.5° horizontal grid. The interpolated daily outgoing 116 

longwave radiation (OLR) data is from the National Oceanic and Atmospheric 117 

Administration (NOAA) (Liebmann and Smith 1996) and utilized as a proxy for 118 

convection, with 2.5° × 2.5° horizontal resolution. The global gridded monthly SST 119 

dataset is from the UK. Met Office Hadley Centre, with 1°×1° horizontal resolution 120 

(Rayner et al. 2003). The study period is from January 1979 to December 2016. 121 

2.2 Methods 122 
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Since the present study focuses on the interannual variabilities associated with 123 

ENSO, the linear trend and 9-yr running mean are removed from all monthly and daily 124 

datasets to eliminate the long-term trend and decadal variability. The numeral 0 (1) in 125 

parentheses denotes the El Niño developing (decaying) years. The El Niño events are 126 

selected based on the 3‐month running means of the detrended and standardized 127 

December(0)–February(1) [DJF(0)] Niño 3.4 index, which is defined as the mean SST 128 

anomalies averaged over the region 5°S–5°N and 170°W–120°W. An El Niño year is 129 

defined when the value is more than 0.75, consistent with Kong and Chiang (2020). 130 

Thus, seven El Niño events (namely, 1982/83, 1991/92, 1994/95, 1997/98, 2002/03, 131 

2009/10 and 2015/16) are selected for further study. Note that the unconventional 1986 132 

El Niño event is ruled out because it lasts for 2 yr and negative SST anomalies cover 133 

the Indian Ocean during its decaying summer (figure not shown). All the statistically 134 

significant tests for the composite and regression analyses are performed using the two-135 

tailed Student’s t test. 136 

3. Variations of ocean-atmosphere anomalies in El Niño decaying summer 137 

Figures 1 a, d, g show the composite monthly 850 hPa wind and SAT anomalies 138 

from climatological mean in each month of the El Niño decaying summer. The AAC 139 

pattern persists throughout the summer, while its spatial structure and amplitude 140 

experience pronounced changes. The northern flank of AAC marches northward from 141 

25°N in June(1) to 35°N in July(1) and 37°N in August(1). Besides, the intensity of 142 

AAC is observed to increase from June(1) to July(1). The AAC intensity is defined as 143 

the maximum composite sea level pressure (SLP) anomalies around the NWP (10°–144 

20°N, 110°–150°E), and is 81.925, 229.629 and 187.592 Pa in June(1), July(1) and 145 

August(1), respectively. 146 

Since the moisture is mainly confined in the lower troposphere, the pattern of the 147 

composite vertically integrated moisture fluxes highly resembles the AAC pattern in 148 

each month of El Niño decaying summer (Figs. 1b, e, h). Both SAT and rainfall 149 

anomalies display a meridional dipole pattern over the EA–NWP, with positive SAT 150 
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and negative rainfall anomalies in the ridge of the AAC and opposite anomalies at its 151 

northern flank. Accompanied with the intensification and northward extension of the 152 

AAC, the monthly SAT (Figs. 1 a, d, g) and rainfall (Figs. 1 b, e, h) anomalies over the 153 

EA–NWP also gradually march northward. Specific in China, negative (positive) SAT 154 

(rainfall) anomalies are observed around south China in June(1), while move to the 155 

mid-latitudes in July(1) and August(1) when the south China is occupied by positive 156 

(negative) SAT (rainfall) anomalies. These results indicate that the El Niño-excited 157 

circulation and climate anomalies over the EA–NWP have pronounced month-to-158 

month variations during JJA(1) season. 159 

Figures 1 c, f, i show the composite SST anomalies in each month of El Niño 160 

decaying summer. In June(1), there is prominent warming in the tropical North Atlantic 161 

(NA), North Indian Ocean (NIO), and cooling in the subtropical NWP. In July(1) and 162 

August(1), the warming in the tropical NA, NIO and cooling in the subtropical NWP 163 

all gradually decay. The SST anomalies averaged over the NA (0°–20°N, 60°W–20°W), 164 

NIO (5°–25°N, 40°E–100°E) and subtropical NWP (10°–20°N, 150°–170°E) from 165 

June(1) to August(1) are calculated. The values are 0.283 (0.326, -0.264), 0.271 (0.288, 166 

-0.089), 0.229 (0.229, -0.065) K for NA (NIO, NWP) in June(1), July(1) and August(1), 167 

respectively. The tropical anomalous SST pattern from west to east (Fig. 1c) is 168 

considered responsible for the long-lasting maintenance of the summer AAC (Xie et al. 169 

2016; Li et al. 2017), while the decaying of such anomalous SST pattern from June(1) 170 

to August(1) could not account for the intensification of the AAC. Thus, other factors 171 

besides the El Niño-induced SST anomalies may contribute to the intensification of the 172 

AAC on the intra-seasonal timescale. 173 

To further illustrate the intra-seasonal variations of AAC during El Niño decaying 174 

summer, daily datasets are used to pin down its evolution features. Figure 2 shows the 175 

meridional section of the composite pentad-mean precipitation, OLR, and 850 hPa wind 176 

anomalies averaged between 110°–150°E during El Niño decaying summer. The 177 

northern flank of AAC leaps from ~30°N in mid-June(1) to ~35°N in late July(1), 178 
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coinciding well with the anomalous rainband. Note that the decaying of the AAC during 179 

late August(1) may be attributed to the negative feedback of positive SST anomalies on 180 

the atmosphere over the NWP (Lu et al. 2014). Figure 2 indicates that the intra-seasonal 181 

variations of the AAC do not accurately follow the calendar months, consistent with 182 

previous studies (Ye and Lu 2010; Hu et al. 2012). Thus, the summer is divided into 183 

two periods for further analysis. One is early summer (15 June–14 July), and the other 184 

is mid-summer (20 July–18 August), corresponding to the climatological EA and NWP 185 

rainy season, respectively (Kosaka et al. 2011).  186 

Previous studies suggested that the decaying El Niño could intensify the 187 

climatological WPSH through inducing an AAC on the summer seasonal mean 188 

timescale (e.g., Xie et al. 2009). However, the climatological WPSH and AAC both 189 

experience dramatic intra-seasonal variations from early to mid- summer. Thus, the 190 

decaying El Niño’s influence on the climatological WPSH in summer needs to be 191 

further unraveled. Figures 3 a, b, d, e show the climatological and El Niño–related 192 

anomalous 500 hPa winds and SLP in early and mid- summer, respectively. The 193 

climatological WPSH marches northward and retreats eastward from early to mid- 194 

summer (Figs. 3a, b), consistent with previous studies (e.g., Tao and Chen 1987). In El 195 

Niño decaying early summer (Fig. 3d), there are meridional dipole circulation 196 

anomalies over the EA–NWP relative to the climatology, with anticyclonic anomalies 197 

over the subtropical NWP and cyclonic anomalies over south Japan. While in El Niño 198 

decaying mid-summer (Fig. 3e), there are two anticyclonic centers. One is over eastern 199 

China, and the other is over the North Pacific around 40°N. Thus, we can divide the 200 

WPSH into two parts: 105°–140°E and 140°–170°E. In the longitudes 140°–170°E, the 201 

changes of El Niño–related anomalous winds from early to mid- summer (Fig. 3f) are 202 

generally in accordance with those in the climatological winds (Fig. 3c), suggesting the 203 

decaying El Niño could strengthen the climatological northward migration and 204 

intensification of WPSH over the North Pacific. In the longitudes 105°–140°E, 205 

although the El Niño–related AAC also shifts northward from early to mid-summer 206 
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(Fig. 3f), its phase lags the climatological northward migration of WPSH by about 10° 207 

latitude (Fig. 3c), indicating that the decaying El Niño may hinder the climatological 208 

northward migration of WPSH over eastern China and bring extended rainy season with 209 

decreased sunshine to the locality. 210 

4. Energetic analyses 211 

In this section, we first examine mean state changes over the EA–NWP from early 212 

to mid- summer, then compare the efficiency of energy conversions/generation from 213 

background mean states to the AAC between the two periods. 214 

4.1 Mean state changes from early to mid- summer 215 

Figures 4a, b present the climatological 850 hPa winds and precipitation. The 216 

lower-level winds over the NWP feature a confluence between the westerly monsoon 217 

winds from the NIO and easterly trade winds associated with WPSH. Accompanied 218 

with the advancement of the summer westerly monsoon, the confluence zone gradually 219 

shifts eastward until the NWP monsoon trough is completely established in mid-220 

summer (Fig. 4b). As for precipitation, the withdrawal of mei–yu/baiu rainband and the 221 

emergence of the NWP rainband are observed in mid- summer, marking the onset of 222 

the climatological NWP summer monsoon (Zhou et al. 2016). Figures 4c, d show the 223 

climatological mean winds at 200 hPa and air temperature at 500 hPa. Accompanied 224 

with the northward shift of the solar radiation, high air temperature centers in the EA 225 

extend northward from early to mid- summer. The climatological upper-level westerly 226 

jet shifts northward from ~40°N in the early summer to ~48°N in mid-summer (Lin and 227 

Lu 2008). Besides, the exit of the westerly jet over Japan weakens in mid-summer. 228 

Atmospheric circulation anomalies often organize themselves into certain 229 

preferred patterns, in which case they could most efficiently extract energy from 230 

background mean flows (Simmons et al. 1983; Branstator 1985) and these anomalies 231 

are called the dynamic modes (the most excitable unstable modes) in the atmosphere. 232 

The PJ pattern is the dynamic mode over the EA–NWP in the summer (Kosaka and 233 

Nakamura 2006; 2010; Hirota and Takahashi 2012), which is usually characterized by 234 
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zonally-elongated horizontal pattern and northwestward tilting vertical structure (Xu et 235 

al. 2019; Zhu et al. 2020). Lu et al. (2021) also extracted the PJ pattern as an integral 236 

part of the most excitable global modes intrinsic to the summer climate system. The 237 

spatial structure of the PJ pattern depends on the configuration of local background 238 

mean flows, which is independent of external forcing. Nevertheless, the NWP 239 

background mean states change dramatically from early to mid- summer, then how will 240 

these changes lead to variations in the El Niño-excited circulation anomalies over the 241 

EA–NWP?  242 

4.2 Variations in El Niño-excited PJ pattern from early to mid- summer(1) 243 

Figures 5a–d show the composite vorticity anomalies at 850 hPa and 200 hPa and 244 

corresponding wave-activity fluxes in the early and mid- summer(1). Following Takaya 245 

and Nakamura (2001), the wave-activity fluxes are defined as: 246 

𝑊 = 12|�⃗⃗� |{ �̅�(𝜓𝑥′2 − 𝜓′𝜓𝑥𝑥′ ) + �̅�(𝜓𝑥′𝜓𝑦′ − 𝜓′𝜓𝑥𝑦′ )�̅�(𝜓𝑥′𝜓𝑦′ −𝜓′𝜓𝑥𝑦′ ) + �̅�(𝜓𝑦′2 − 𝜓′𝜓𝑦𝑦′ )𝑓2 𝑆⁄ {�̅�(𝜓𝑥′𝜓𝑝′ − 𝜓′𝜓𝑥𝑝′ ) + �̅�(𝜓𝑦′𝜓𝑝′ − 𝜓′𝜓𝑦𝑝′ )}           (1) 247 

where �⃗�  is the horizontal wind velocity vector, 𝜓 the stream function, 𝑓 the 248 

Coriolis parameter, 𝑆 = (𝑅/𝑝)(𝑅�̅� 𝐶𝑝𝑝⁄ − 𝑑�̅� 𝑑𝑝⁄ )  denotes the static stability, 249 

primes and overbars denote the composite atmospheric anomalies and climatological 250 

mean quantities, respectively. The direction of wave-activity fluxes denotes that of 251 

local group velocity of the stationary Rossby wave. 252 

 In both early and mid- summer(1), the vorticity anomalies mainly feature 253 

meridional wave structure from NWP to EA, corresponding to lower-level poleward 254 

wave-activity fluxes. However, the wave-activity fluxes between the two periods 255 

exhibit notable differences. The 850 hPa wave-activity fluxes in the mid-summer(1) are 256 

stronger and extend more northward than those in the early summer(1) (Figs. 5a, b). 257 

Notable upper-level equatorward wave-activity fluxes can be seen over the subtropical 258 

NWP in the mid-summer(1), while they are missing in the early summer(1) (Figs. 5c, 259 

d). The result suggests that the stationary Rossby wave activities associated with the 260 

AAC pattern are remarkably different between the two periods. Enhanced poleward 261 
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propagation of stationary Rossby wave in the low troposphere and equatorward 262 

propagation in the upper troposphere indicate that the tropical–extratropical coupling 263 

over the EA–NWP is more robust in the mid-summer(1). As for its possible mechanism, 264 

Lu (2004) suggested that the easterly shear of background zonal mean flow over the 265 

NWP is robust in August while nearly neutral in June. This vertical shear plays an 266 

essential role in the emanation of heating-induced internal equatorial Rossby wave into 267 

the extratropics with a transformed barotropic structure (Wang and Xie 1996). Thus, 268 

the El Niño-excited NWP heating anomalies could induce more prominent circulation 269 

anomalies in mid–high latitudes of EA in the mid-summer(1) (Figs. 5a–d). Since the 270 

AAC is the lower-level tropical lobe of El Niño-excited PJ pattern, hereafter we focus 271 

on the El Niño-excited PJ pattern rather than the single AAC. 272 

Figures 5e, f show the latitude–height function of 140°E composite vorticity 273 

anomalies in the early and mid- summer(1), respectively. In the early summer(1), the 274 

vorticity anomalies mainly feature a dipole structure, with phase tilting slight northward 275 

with height. The maximum negative and positive anomalies are distributed from 15°–276 

20°N and 28°–33°N at lower troposphere, and are 25°–30°N and 35°–40°N at upper 277 

troposphere, highly resembling the PJ-related vorticity anomalies (Kosaka and 278 

Nakamura 2006). In the mid-summer(1), the vorticity anomalies at 140°E shift 279 

northward by about 5° relative to those in the early summer(1), with lower-level 280 

negative (positive) centers at ~20°N (38°N). Apart from the shift of locations, the 281 

northward tilting of vorticity anomalies with height in the mid-summer(1) is stronger 282 

than that in the early summer(1), suggesting an intensified atmospheric baroclinicity in 283 

the later period. On the coastal areas of EA, the temperature gradient between warm 284 

continent and cold ocean is beneficial for circulation anomalies tilting northward with 285 

height to gain available potential energy (APE) from the background mean flow 286 

(Kosaka and Nakamura 2006). The intensified upward wave-activity fluxes appear at 287 

high latitudes of EA in the mid-summer(1), implying that the El Niño-excited PJ pattern 288 

tends to extract APE from the background mean flow more efficiently in the mid-289 
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summer(1) than in the early summer(1). As a result, the three-dimensional meridional 290 

circulation system may develop stronger and last longer in the mid-summer(1). 291 

Figures 5g, h show the longitude–height function of the composite vorticity 292 

anomalies at 40° and 48°N where the westerly jet cores in the early and mid- summer(1) 293 

are located (Figs. 4c–d), respectively. Significant positive vorticity anomalies tilt 294 

slightly westward with height from 130°–150°E in both early and mid- summer(1). 295 

Besides, there are pronounced upward wave-activity fluxes associated with the 296 

westward inclination in the mid-summer(1), suggesting an intensified upward 297 

propagation of wave energy in this period. Since the energy conversion efficiency 298 

depends on the relative position between background mean flow and the perturbations 299 

(Kosaka and Nakamura 2010), we further investigate the concrete energy conversion 300 

processes in the next sub-section. 301 

4.3 Mechanisms for the intensification of El Niño-excited PJ pattern 302 

4.3.1 Dry energy conversion 303 

Following Kosaka and Nakamura (2010), the barotropic energy conversion (CK) 304 

from the background mean flow to perturbations can be given by 305 𝐶𝐾 = (𝑣′2−𝑢′2)2 (𝜕𝑢𝜕𝑥 − 𝜕�̅�𝜕𝑦)⏟          𝐶𝐾𝑥 − 𝑢′𝑣′ (𝜕𝑢𝜕𝑦 + 𝜕�̅�𝜕𝑥)  ⏟          𝐶𝐾𝑦                                    (2) 306 

where u and v denote the zonal and meridional winds, respectively. The baroclinic 307 

energy conversion (CP) from the background mean flow to perturbations is defined as 308 𝐶𝑃 = 𝑅𝑓𝑆𝑝 𝑢′𝑇′ 𝜕�̅�𝜕𝑝⏟      𝐶𝑃𝑥 − 𝑅𝑓𝑆𝑝 𝑣′𝑇′ 𝜕𝑢𝜕𝑝⏟      𝐶𝑃𝑦                     (3) 309 

where 𝑅 denotes the gas constant, 𝑇 the temperature, 𝐶𝑝 the specific heat at 310 

constant pressure, and 𝑝 the pressure. To objectively measure the efficiency of CK 311 

and CP in replenishing the El Niño-excited PJ pattern, we calculate dry energy 312 

conversion time scale: 𝜏𝑑𝑟𝑦 = [𝐾𝐸 + 𝐴𝑃𝐸] [𝐶𝐾 + 𝐶𝑃]⁄ , where the bracket represents 313 

the area mean of 0–60°N, 110°–150°E. The major conclusions still hold even if the 314 

chosen area is slightly enlarged or shrank. Positive time scale less than 30 days indicates 315 
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that the corresponding process is efficient enough to maintain the El Niño-excited PJ 316 

pattern, while positive time scale more than 30 days indicates the process is beneficial 317 

but not efficient. Negative time scale suggests that the process is detrimental to the 318 

maintenance of the El Niño-excited PJ pattern. More details about this framework could 319 

be found in Kosaka and Nakamura (2010). The 𝜏𝑑𝑟𝑦 is 11.708 and 8.004 days in early 320 

and mid- summer(1), respectively (Table 1), suggesting the El Niño-excited PJ pattern 321 

can extract dry energy from the background mean flow more efficiently in the later 322 

period. As a result, the AAC intensifies in this period. We further investigate the 323 

relative role played by CK and CP in the following paragraphs. 324 

Figure 6 shows the 850 hPa, 200 hPa and vertically integrated CK during early and 325 

mid- summer(1). At 850 hPa, pronounced positive CK lies on the climatological zonal 326 

winds’ confluence zone (𝜕�̅� 𝜕𝑥⁄ < 0) from the South China Sea to the east of the 327 

Philippine in both periods (Figs. 6a, b). The fixed position of positive CK by the NWP 328 

convergent background mean flow could explain, at least in part, why the southern 329 

flank of the AAC is anchored ~10°N in both early and mid- summer(1) (Fig. 2). Further 330 

analysis suggests that 𝐶𝐾𝑥  [especially -(𝑢′2 2⁄ )(𝜕�̅� 𝜕𝑥⁄ )] plays a dominant role in 331 

inducing lower-level CK due to the zonally elongated shape of AAC (𝑢′2 > 𝑣′2; figure 332 

not shown), emphasizing the importance of interaction between background zonal 333 

mean flow and circulation anomalies in triggering the AAC (Hu et al. 2019). 334 

At 200 hPa, the positive and negative CK adjoin one another around the exit of the 335 

upper-level westerly jet (𝜕�̅� 𝜕𝑥⁄ < 0) . The westerly jet advances northward and 336 

weakens from early to mid- summer(1) and so does the CK along the westerly jet (Figs. 337 

6c, d). Another conspicuous positive CK center is found in the Okhotsk sea in the mid-338 

summer(1) (Fig. 6d). Since the directions of the wave-activity fluxes and momentum 339 

fluxes are opposite with each other, the salient equatorward wave-activity fluxes over 340 

the Okhotsk sea (Fig. 5d) denote strong poleward momentum fluxes (𝑢′𝑣′ > 0). Thus, 341 

these poleward momentum fluxes to the north of the westerly jet core (𝜕�̅� 𝜕𝑦⁄ < 0) 342 

favor the formation of positive CK [−𝑢′𝑣′(𝜕�̅� 𝜕𝑦⁄ ) > 0)]. The positive centers in the 343 
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vertically integrated CK reflect the characteristics of both the lower and upper levels 344 

(Figs. 6e, f). 345 

The barotropic energy conversion time scale is defined as 𝜏𝐶𝐾 = [𝐾𝐸] [𝐶𝐾]⁄ . The 346 𝜏𝐶𝐾 is 10.687 and 13.206 days at 850 hPa, 13.117 and 107.152 days at 200 hPa, and 347 

17.733 and 11.394 days when integrated vertically in the early and mid- summer(1), 348 

respectively (Table 1). The result indicates that CK is efficient in both early and mid- 349 

summer(1), but more efficient in the latter period. To put it in another way, the El Niño-350 

excited PJ pattern can more efficiently gain barotropic energy from the background 351 

mean flow in the mid-summer(1) than in the early summer(1). It should also be noted 352 

that Eq. (1) dismisses the redistribution of 𝐾𝐸 from one area to the other, so the simple 353 

area average may import errors. However, this method is still a good way to quantify 354 

the wave–mean flow interactions preliminarily. 355 

Figures 7a, b show the vertically integrated CP and climatological mean 356 

temperature at 500 hPa during early and mid- summer(1), respectively. The most 357 

pronounced positive CP over the EA in the early summer(1) is situated from the Bohai 358 

Sea to the Japan Sea. The positive CP advances northward to the Far East in the mid-359 

summer(1), with its shape changing from the zonally-elongated to northeastward-360 

slanted. We further decompose CP into 𝐶𝑃𝑥  and 𝐶𝑃𝑦  (Figs. 7c–f). 𝐶𝑃𝑥  makes 361 

marginal contributions in the early summer(1) but comes into play in the mid-362 

summer(1). The positive 𝐶𝑃𝑥 over the Okhotsk sea in the mid-summer(1) facilitates 363 

the positive CP, resulting from an intensified interaction between eastward heat 364 

transport (𝑢′𝑇′ > 0) and thermal contrast between the warm continent and cold ocean 365 (𝜕�̅� 𝜕𝑝⁄ > 0). Positive 𝐶𝑃𝑦  is of paramount importance in positive CP. Since the 366 

directions of the vertical wave fluxes and heat fluxes are the same, the salient upward 367 

wave fluxes denote strong poleward heat fluxes (𝑣′𝑇′ > 0). Due to the existence of 368 

meridional temperature gradient, 𝜕�̅� 𝜕𝑝⁄ < 0 exists in mid-latitudes of EA. Thus, the 369 

structure of westward tilt with height (−𝑣′𝑇′ < 0)  is to the benefit of positive 370 𝐶𝑃𝑦 (−𝑣′𝑇′(𝜕�̅� 𝜕𝑝⁄ ) > 0). The baroclinicity of the atmosphere is pronounced at mid–371 
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high latitudes of EA, leading to stronger 𝐶𝑃𝑦 in the mid-summer(1). As a result, the 372 

El Niño-excited PJ pattern in the mid-summer(1) is more robust. 373 

The efficiency of CP in replenishing the local APE of perturbations is measured by 374 𝜏𝐶𝑃 = [𝐴𝑃𝐸] [𝐶𝑃]⁄ . The 𝜏𝐶𝑃 is 7.067 and 4.513 days in early and mid- summer(1), 375 

respectively (Table 1), indicating that CP can energize the El Niño-excited PJ pattern 376 

more effectively in the mid-summer(1). Thus, CK and CP work together to intensify 377 

the El Niño-excited PJ pattern when the El Niño-induced SST forcing weakens in the 378 

mid-summer(1). 379 

4.3.2 Moist feedback 380 

It is worth noting that the PJ pattern is not only a dry dynamic mode that could 381 

sustain itself via dry energy conversion, but it could also interact with moist processes 382 

and be regarded as a moist dynamical mode (Kosaka and Nakamura 2010; Hirota and 383 

Takahashi 2012; Hu et al. 2019). Following Kosaka and Nakamura (2010), we attempt 384 

to quantify the moist processes in this sub-section and compare its efficiency with that 385 

of the dry energy conversion. The diabatic energy generation (CQ) can be written as 386 𝐶𝑄 = 𝑅2𝑆𝑝2 𝑇′𝑄′𝐶𝑝                            (4) 387 

where 𝑄 denotes the diabatic heating rate per unit mass (Yanai et al. 1973) and 388 

primes denote the composited anomalies. 𝑄 can be calculated from: 389 𝑄 = 𝐶𝑝(𝜕𝑇𝜕𝑡 + �⃗� ∙ ∇𝑇 − 𝜔𝜎)                     (5) 390 

Here 𝑡 denotes the time, 𝜔 the pressure velocity, and 𝜎 = 𝑅𝑇/𝐶𝑝𝑝 − 𝑑𝑇/𝑑𝑝. 391 

Figure 8 shows the vertically integrated CQ during early and mid- summer(1). In the 392 

early summer(1), the positive CQ is situated in the subtropical NWP, which may be 393 

attributed to the El Niño-induced anomalous heating over the NWP (Xie et al. 2009; 394 

Xiang et al. 2013). The positive CQ over the NWP intensifies in the mid-summer(1) 395 

due to the onset of the climatological NWP summer monsoon.  396 

We measure the efficiency of CQ in replenishing the total energy of perturbations 397 

via 𝜏𝑚𝑜𝑖𝑠𝑡 = [𝐾𝐸 + 𝐴𝑃𝐸] [𝐶𝑄]⁄ . The 𝜏𝑚𝑜𝑖𝑠𝑡 is 20.635 and 3.879 days in early and 398 

mid- summer(1), respectively (Table 1). It suggests that CQ will energize the El Niño-399 
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excited PJ pattern more efficiently in the mid-summer(1). Since the climatological 400 

mean precipitation over the NWP enhances from early to mid- summer, the local 401 

atmospheric response becomes more sensitive to external forcings like El Niño-induced 402 

SST anomalies (Xie et al. 2009; Wu et al. 2010), thus an intensified El Niño-excited PJ 403 

pattern will ensue. 404 

Here, we conclude that both the dry energy conversion and moist feedback are of 405 

vital importance in the intensification of the El Niño-excited PJ pattern. And the 406 

comparison of efficiency between dry processes and moist process (Table 1) indicates 407 

that the diabatic energy generation may be more efficient than dry (barotropic and 408 

baroclinic) energy conversion in maintaining the El Niño-excited PJ pattern in the mid-409 

summer(1), while less efficient in the early summer(1). We further measure the 410 

efficiency of CK, CP and CQ in replenishing the total energy via 𝜏𝑡𝑜𝑡𝑎𝑙 =411 [𝐾𝐸 + 𝐴𝑃𝐸] [𝐶𝐾 + 𝐶𝑃 + 𝐶𝑄]⁄ . The 𝜏𝑡𝑜𝑡𝑎𝑙 is 7.469 and 2.613 days in early and mid- 412 

summer(1), respectively (Table 1). It suggests the efficiency of energy 413 

conversions/generation between the local mean state and the El Niño-excited PJ pattern 414 

is higher in the mid-summer(1), hence the El Niño-excited PJ pattern is prone to be 415 

stronger. 416 

4.4 Mechanisms for the northward extension of El Niño-excited PJ pattern 417 

In the last sub-section, we investigate the mechanisms for the intensification of the 418 

El Niño-excited PJ pattern in the mid-summer(1) via comparison of energy 419 

conversion/generation efficiencies in the two periods. In this sub-section, we further 420 

discuss the mechanisms for the northward extension of El Niño-excited PJ pattern. 421 

Kosaka and Nakamura (2010) demonstrated that the mode which can extract energy 422 

from background mean flows most efficiently is the one most sustainable. Thus, every 423 

mode has a preferred latitude or longitude phase. Here, we analyze whether the El Niño-424 

excited PJ patterns in the early and mid- summer(1) are the dynamic modes inherent in 425 

the background mean flows, which can maximize the efficiency of dry energy 426 

conversion. 427 
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Following Kosaka and Nakamura (2010), we artificially displace the El Niño-428 

excited PJ pattern by every 5° in latitude, while the climatological background mean 429 

flows are fixed. Table 2 gives the time scales with which the El Niño-excited PJ pattern 430 

could gain energy after the anomalous circulation pattern is shifted meridionally 431 

relative to its original location. The result shows that the El Niño-excited PJ patterns in 432 

both two periods gain dry energy from background mean flows most efficiently at the 433 

original latitude. That is to say, the El Niño-excited PJ patterns in the early and mid- 434 

summer(1) are both the dynamic modes and their locations are fixed meridionally 435 

according to the configuration of local background mean flows. As the background 436 

mean flows shift northward from the early to mid- summer(1) (Fig. 4), the dynamic 437 

mode also extends northward. 438 

It should also be noted that the artificially displaced circulation anomalies no 439 

longer meet the thermal or vorticity balance, so we verify the results by additional 440 

empirical orthogonal function (EOF) analyses. We perform EOF analyses on the 850 441 

hPa vorticity anomalies over the EA–NWP (10°–60°N, 100°–160°E) from 1979 to 442 

2016 in the early and mid- summer, respectively (Figs. 9a, b). The domain of EOF 443 

analysis is same as that in Kubota et al. (2016). The leading EOF modes in the early 444 

and mid- summer explain 18.094% and 20.21%, respectively, both are well separated 445 

with other modes by the criterion of North et al. (1982). The EOF1 modes feature an 446 

AAC pattern over the NWP in early and mid- summer, while extending more northward 447 

in the later period. Since the EOF1 normally captures the dominant mode of the 448 

interannual variability, the result suggests that the circulation anomalies over the EA–449 

NWP tend to occur in a more northward position in the mid-summer. PC1s in the early 450 

and mid- summer are highly correlated with DJF(0) Niño3.4 index (r = 0.46 and 0.466, 451 

respectively, both p < 0.01, n = 38). 452 

We further use partial correlation method to remove the influence of ENSO, and 453 

perform EOF analyses again on the residues in the early and mid- summer(1), 454 

respectively (Figs. 9c, d). Thus, we get the dominant mode of atmospheric interannual 455 
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variability over the EA–NWP independent of ENSO. The patterns are quite similar with 456 

those in the original field, and the differences between them are mainly in the explained 457 

variance. The result further confirms that the observed northward extension of El Niño-458 

excited PJ pattern in the mid-summer(1) stems from the northward extension of the 459 

local internal dynamic mode in the mid-summer (not only occurs in several El Niño 460 

decaying years, but in every year), whose spatial pattern depends on the configuration 461 

of local mean flows instead of external forcings like ENSO. 462 

5. Conclusions and discussion 463 

5.1 Conclusions 464 

In the present study, we investigate the intra-seasonal variations of the AAC during 465 

El Niño decaying summer and explain these phenomena from the perspective of 466 

energetics. The AAC is stronger and more northward-extended in July(1) and August(1) 467 

than in June(1), while the decaying SST anomalies over the NIO, NA and NWP could 468 

not account for this shift (Fig. 1), leading people to look for other factors besides the El 469 

Niño-induced SST anomalies. Based on daily datasets, we further divide the study 470 

period into early summer (15 June–14 July) and mid-summer (20 July–18 August), 471 

which is more accurate than month division since the most pronounced AAC transition 472 

occurs in late July(1) (Fig. 2). Through the intra-seasonal variations of the AAC, the 473 

decaying El Niño could strengthen the climatological northward migration and 474 

intensification of WPSH over the North Pacific while hinder the climatological 475 

northward migration of WPSH over eastern China (Fig. 3). 476 

Then we diagnose the variations of El Niño-excited PJ pattern based on the 477 

theoretical framework developed by Kosaka and Nakamura (2010) and draw the 478 

following three major conclusions as shown in Fig. 10. Since the present study suggests 479 

that the intra-seasonal variations of AAC are induced by local mean state changes, the 480 

following conclusions could also be applied in La Niña decaying summer.  481 

First, El Niño will excite more prominent circulation anomalies at high latitudes of 482 

EA in the mid-summer(1) than in the early summer(1), associated with more salient 483 
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lower-level poleward wave-activity fluxes originating from the subtropical NWP and 484 

injecting upward in the upstream of westerly jet exit in the mid-summer(1) (Fig. 5). The 485 

result suggests that the tropical–extratropical coupling over the EA–NWP is more 486 

robust in the mid-summer(1) from the view of atmospheric wave. Thus, the 487 

extratropical circulation of EA may be of a higher predictability in the mid-summer(1). 488 

Lu (2004) suggested that the easterly shear of background zonal mean flow over the 489 

NWP is robust in August while nearly neutral in June, therefore the El Niño-induced 490 

baroclinic disturbances over the NWP could be transformed into a barotropic structure 491 

in the mid-summer(1) but not in the early summer(1). Since only the barotropic 492 

structure of disturbances could be conveyed to the extratropics (Wang and Xie 1996), 493 

the El Niño-excited NWP heating anomalies could induce more prominent circulation 494 

anomalies in mid–high latitudes of EA in the mid-summer(1). 495 

Second, dry energy conversion from the background mean flow to perturbations 496 

over the EA–NWP is more efficient in the mid-summer(1) than in the early summer(1), 497 

well explaining the intensification of El Niño-excited PJ pattern (Table 1). CK and CP 498 

(especially 𝐶𝑃𝑦) both play an important role in this process (Figs. 6, 7). The moist 499 

feedback of the El Niño-excited PJ pattern is also enhanced in the mid-summer(1) (Fig. 500 

8) due to the onset of the climatological NWP summer monsoon (Figs. 4a, b), 501 

contributing to the intensification of El Niño-excited PJ pattern. The comparison of 502 

efficiency between dry processes and moist process indicates that the diabatic energy 503 

generation may be more efficient than dry (barotropic plus baroclinic) energy 504 

conversions in maintaining the El Niño-excited PJ pattern in the mid-summer(1), while 505 

less efficient in the early summer(1). Although the El Niño-induced SST anomalies 506 

decay in the mid-summer(1), the NWP atmospheric internal dynamics modulated by 507 

local mean states strengthen in this period, leading to the intensified AAC. Our findings 508 

highlight that both the El Niño-induced SST anomalies and local atmospheric internal 509 

dynamics are important for the evolution of AAC in El Niño decaying summer, while 510 

the role of the latter is often underestimated in the previous studies. 511 
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Third, through artificially displacing the El Niño-excited PJ pattern in the 512 

meridional direction, it is found that only at the original latitude can the El Niño-excited 513 

PJ pattern gain dry energy from the background mean flows most efficiently (Table 2), 514 

suggesting that the original latitude is the preferred latitude of the El Niño-excited PJ 515 

pattern. Mean state changes over the EA–NWP from early to mid- summer favor the 516 

northward shift of the preferred latitude of the circulation anomalies. Thus, the El Niño-517 

excited PJ pattern is more northward-extended in the mid-summer(1). Additional EOF 518 

analyses further confirm that the northward extension of El Niño-excited PJ pattern 519 

stems from changes of local internal dynamic mode from early to mid- summer (Fig. 520 

9), which is independent of external forcings like ENSO. 521 

5.2 Discussion 522 

In the present study, we calculate the efficiencies of energy conversion/generation 523 

to explain the intensification of the AAC. Moreover, we use perturbation displacement 524 

method and EOF to discover the internal dynamic mode over the EA–NWP and further 525 

explain the northward extension of the AAC. In fact, the above two points of view are 526 

not independent but complementary to each other. The northward shift of CK, CP and 527 

CQ in the mid-summer(1) (Figs. 6, 7, 8) can also explain the northward extension of 528 

the AAC while the enhanced internal dynamic mode in the mid-summer (Figs. 9a, b) 529 

can also elucidate the intensification of the AAC. Since every method has its limitation, 530 

this cross-validation thought is frequently used in the energetics to increase the 531 

reliability of the conclusion (Kosaka and Nakamura 2010). 532 

Besides, although the results shown in the present study are confined to the AAC 533 

during El Niño decaying summer, local mean state changes may induce intensification 534 

and northward extension of all intra-seasonal and monthly perturbations over the EA–535 

NWP in the mid-summer, expanding the implications of the present study. The 536 

pioneering work by Tsuyuki and Kurihara (1989) suggested that the intra-seasonal PJ 537 

pattern is inclined to be more significant in the mid-summer than in the early summer, 538 

supporting this hypothesis. On the other hand, this study only focuses on the period 539 
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from 1979 to 2016. Some evidences (Ye and Lu 2010; Yang and Huang 2021) show 540 

that the impact of ENSO varies on multidecadal timescale, and is likely modulated by 541 

the global warming (Hu et al. 2021). Whether the intra-seasonal variations of the AAC 542 

pattern in El Niño decaying summer vary on multidecadal timescale deserves further 543 

study.  544 

 545 

 546 

Acknowledgements: The work was supported by the National Key R&D Program of 547 

China (Fund No: 2019YFA0606703), the Second Tibetan Plateau Scientific Expedition 548 

and Research (STEP) program (grant no. 2019QZKK0102), the Strategic Priority 549 

Research Program of Chinese Academy of Sciences (XDA20060500), National Natural 550 

Science Foundation of China (41775086, 41831175), Key Deployment Project of 551 

Centre for Ocean Mega-Research of Science, Chinese Academy of Sciences 552 

(COMS2019Q03), and the Youth Innovation Promotion Association of CAS. 553 

 554 



 22 

References 555 

Alexander MA, Bladé I, Newman M, Lanzante JR, Lau NC, Scott JD (2002) 2002: The 556 

atmospheric bridge: The influence of ENSO teleconnections on air–sea interaction over 557 

the global oceans. J Climate 15 (16):2205–2231 558 

Branstator G (1985) Analysis of General Circulation Model Sea-Surface Temperature 559 

Anomaly Simulations Using a Linear Model. Part I: Forced Solutions. J Atmos Sci 42 560 

(21):2225–2241 561 

Chang CP, Zhang Y, Li T (2000) Interannual and Interdecadal Variations of the East Asian 562 

Summer Monsoon and Tropical Pacific SSTs. Part I: Roles of the Subtropical Ridge. J 563 

Clim 13 (24):4310–4325 564 

Du Y, Xie S-P, Huang G, Hu K (2009) Role of Air–Sea Interaction in the Long Persistence of 565 

El Niño–Induced North Indian Ocean Warming. J Clim 22 (8):2023–2038 566 

Du Y, Yang L, Xie SP (2011) Tropical Indian Ocean Influence on Northwest Pacific Tropical 567 

Cyclones in Summer Following Strong El NinoEl Niño. J Clim 24 (1):315–322 568 

Fu C, Ye D (1988) The Tropical Very Low-Frequency Oscillation on Interannual Scale. Adv 569 

Atmos Sci 5 (3):369–388 570 

Hirota N, Takahashi M (2012) A tripolar pattern as an internal mode of the East Asian summer 571 

monsoon. Clim Dyn 39:2219–2238 572 

Hu K, Huang G, Huang R (2011) The Impact of Tropical Indian Ocean Variability on Summer 573 

Surface Air Temperature in China. J Clim 24 (20):5365–5377 574 

Hu K, Huang G, Qu X, Huang R (2012) The impact of Indian Ocean variability on high 575 

temperature extremes across the southern Yangtze River valley in late summer. Adv 576 

Atmos Sci 29 (1):91–100 577 

Hu K, Huang G, Xie S-P, Long S-M (2019) Effect of the mean flow on the anomalous 578 

anticyclone over the Indo-Northwest Pacific in post-El Niño summers. Clim Dyn 53 579 

(9-10):5725–5741 580 

Hu K, Xie S-P, Huang G (2017) Orographically Anchored El Niño Effect on Summer Rainfall 581 

in Central China. J Clim 30 (24):10037–10045 582 



 23 

Hu K, Huang G, Huang P, Kosaka Y, Xie S-P (2021) Intensification of El Niño-induced 583 

atmospheric anomalies under greenhouse warming. Nature Geoscience. (in press) 584 

Huang B, Kinter JL III (2002) Interannual variability in the tropical Indian Ocean. J Geophys 585 

Res 107(C11):3199 586 

Huang R, Chen J, Huang G (2007) Characteristics and Variations of the East Asian Monsoon 587 

System and Its Impacts on Climate Disasters in China. Adv Atmos Sci 24:993–1023 588 

Huang R, Wu Y (1989) The Influence of ENSO on the Summer Climate Change in China and 589 

Its Mechanism. Adv Atmos Sci 6 (1):21–32 590 

Kanamitsu M, Ebisuzaki W, Woollen J, Yang SK, Hnilo JJ, Fiorino M, Potter GL (2002) 591 

NCEP–DOE AMIP-II Reanalysis (R-2). Bull Am Meteorol Soc 83 (11):1631–1643 592 

Kim S, Kug J-S (2021) Delayed Impact of Indian Ocean Warming on the East Asian Surface 593 

Temperature Variation in Boreal Summer. J Clim 34 (8):3255–3270 594 

Klein SA, Soden BJ, Lau NC (1999) Remote Sea Surface Temperature Variations during 595 

ENSO: Evidence for a Tropical Atmospheric Bridge. J Clim 12 (4):917–932 596 

Kong W, Chiang JCH (2020) Southward Shift of Westerlies Intensifies the East Asian Early 597 

Summer Rainband Following El Niño. Geophys Res Lett 47 (17) 598 

Kosaka Y, Nakamura H (2006) Structure and dynamics of the summertime Pacific–Japan 599 

teleconnection pattern. Q J R Meteorol Soc 132 (619):2009–2030 600 

Kosaka Y, Nakamura H (2010) Mechanisms of Meridional Teleconnection Observed between 601 

a Summer Monsoon System and a Subtropical Anticyclone. Part I: The Pacific–Japan 602 

Pattern. J Clim 23 (19):5085–5108 603 

Kosaka Y, Xie SP, Lau NC, Vecchi GA (2013) Origin of seasonal predictability for summer 604 

climate over the Northwestern Pacific. Proc Natl Acad Sci 110 (19):7574–7579 605 

Kubota H, Kosaka Y, Xie S-P (2016) A 117-year long index of the Pacific-Japan pattern with 606 

application to interdecadal variability. Int J Climatol 36 (4):1575–1589 607 

Li X, Lu R (2018) Subseasonal Change in the Seesaw Pattern of Precipitation between the 608 

Yangtze River Basin and the Tropical Western North Pacific during Summer. Adv 609 

Atmos Sci 35 (10):1231–1242 610 



 24 

Li T, Wang B, Wu B, Zhou T, Chang CP, Zhang R (2017) Theories on formation of an 611 

anomalous anticyclone in western North Pacific during El Niño: A review. J Meteor 612 

Res 31:987–1006 613 

Liebmann B, Smith CA (1996) Description of a Complete (Interpolated) Outgoing Longwave 614 

Radiation Dataset. Bull Am Meteorol Soc 77:1275–1277 615 

Lin Z, Lu R (2008) Abrupt Northward Jump of the East Asian Upper-Tropospheric Jet Stream 616 

in Mid-Summer. J Meteorol Soci Jpn 86 (6):857–866 617 

Lu J, Xue D, Leung LR, Liu F, Song F, Harrop B, Zhou W (2021) The Leading Modes of Asian 618 

Summer Monsoon Variability as Pulses of Atmospheric Energy Flow. Geophys Res 619 

Lett 48 (5):e2020GL091629 620 

Lu R (2004) Associations among the Components of the East Asian Summer Monsoon System 621 

in the Meridional Direction. J Meteorol Soci Jpn 82 (1):155–165 622 

Lu R, Lin Z (2009) Role of Subtropical Precipitation Anomalies in Maintaining the 623 

Summertime Meridional Teleconnection over the Western North Pacific and East Asia. 624 

J Clim 22 (8):2058–2072 625 

Lu R, Lu S (2014) Local and remote factors affecting the SST–precipitation relationship over 626 

the western North Pacific during summer. J Clim 27:5132–5147 627 

Nitta T (1987) Convective activities in the tropical western Pacific and their impact on the 628 

northern hemisphere summer circulation. J Meteorol Soci Jpn 65:165–171 629 

North GR, Bell TL, Cahalan RF, Moeng FJ (1982) Sampling errors in the estimation of 630 

empirical orthogonal functions. Mon Weather Rev 110 (7):699–706 631 

Rayner N, Parker D, Horton E, Folland C, Alexander L, Rowell D, Kent E, Kaplan A (2003) 632 

Global analyses of sea surface temperature, sea ice, and night marine air temperature 633 

since the late nineteenth century. J Geophys Res Atmos 108 (D14):4407 634 

Rong X, Zhang R, Li T (2010) Impacts of Atlantic sea surface temperature anomalies on Indo-635 

East Asian summer monsoon-ENSO relationship. Chin Sci Bull 55 (22):2458–2468 636 

Simmons A, Wallace J, Branstator G (1983) Barotropic wave propagation and instability, and 637 

atmospheric teleconnection patterns. J Atmos Sci 40:1363–1392 638 



 25 

Takaya K, Nakamura H (2001) A Formulation of a Phase-Independent Wave-Activity Flux for 639 

Stationary and Migratory Quasigeostrophic Eddies on a Zonally Varying Basic Flow. 640 

J Atmos Sci 58 (6):608–627 641 

Tao SY, Chen LX (1987) A review of recent research on the East Asian summer monsoon in 642 

China. Monsoon meteorology (Chang CP, Krishnamurti TN (eds)). Oxford University 643 

Press, New York 644 

Tsuyuki T, Kurihara K (1989) Impact of Convective Activity in the Western Tropical Pacific 645 

on the East Asian Summer Circulation. J Meteorol Soci Jpn 67 (2):231–247 646 

Wang B, Xie X (1996) Low-Frequency Equatorial Waves in Vertically Sheared Zonal Flow. 647 

Part I: Stable Waves. J Atmos Sci 53 (23):449–467 648 

Wang B, Wu R, Fu X (2000) Pacific-East Asian Teleconnection: How Does ENSO Affect East 649 

Asian Climate? J Clim 13 (9):1517–1536 650 

Wang B, Wu R, Lau KM (2001) Interannual Variability of the Asian Summer Monsoon: 651 

Contrasts between the Indian and the Western North Pacific–East Asian Monsoons. J 652 

Clim 14 (20):4073–4090 653 

Wang B, Wu R, Li T (2003) Atmosphere–Warm Ocean Interaction and Its Impacts on Asian–654 

Australian Monsoon Variation. J Clim 16 (8):1195–1211 655 

Wang C-Y, Xie S-P, Kosaka Y (2018) Indo-Western Pacific Climate Variability: ENSO 656 

Forcing and Internal Dynamics in a Tropical Pacific Pacemaker Simulation. J Clim 31 657 

(24):10123–10139 658 

Wang X, Xie S-P, Guan Z (2020) Atmospheric Internal Variability in the Summer Indo–659 

Northwestern Pacific: Role of the Intra-seasonal Oscillation. J Clim 33 (8):3395–3410 660 

Wang X, Xie S-P, Guan Z, Wang M (2021) A Common Base Mode of Asian Summer Monsoon 661 

Variability across Timescales. J Clim 1–38. 662 

Wei, K., C. Ouyang, H. Duan, Y. Li, M. Chen, J. Ma, H. An and S. Zhou (2020) Reflections 663 

on the catastrophic 2020 yangtze river basin flooding in southern china. The Innovation 664 

2(1):100038 665 



 26 

Wu B, Li T, Zhou T (2010) Relative Contributions of the Indian Ocean and Local SST 666 

Anomalies to the Maintenance of the Western North Pacific Anomalous Anticyclone 667 

during the El Niño Decaying Summer. J Clim 23 (11):2974–2986 668 

Xiang B, Wang B, Yu W, Xu S (2013) How can anomalous western North Pacific Subtropical 669 

High intensify in late summer? Geophys Res Lett 40 (10):2349–2354 670 

Xie P, Arkin PA (1997) Global precipitaion: A 17-year monthly analysis based on gauge 671 

observations, satellite estimates. Bull Am Meteorol Soc 78 (11):2539–2558 672 

Xie S-P, Hu K, Hafner J, Tokinaga H, Du Y, Huang G, Sampe T (2009) Indian Ocean Capacitor 673 

Effect on Indo–Western Pacific Climate during the Summer following El Niño. J Clim 674 

22 (3):730–747 675 

Xie S-P, Kosaka Y, Du Y, Hu K, Chowdary JS, Huang G (2016) Indo-western Pacific ocean 676 

capacitor and coherent climate anomalies in post-ENSO summer: A review. Adv Atmos 677 

Sci 33 (4):411–432 678 

Xie SP, Annamalai H, Schott FA, Mccreary JP (2002) Structure and Mechanisms of South 679 

Indian Ocean Climate Variability. J Clim 15 (8):864–878 680 

Xu P, Wang L, Chen W, Feng J, Liu Y (2019) Structural Changes in the Pacific–Japan Pattern 681 

in the Late 1990s. J Clim 32 (2):607–621 682 

Yanai M, Esbensen S, Chu J-H (1973) Determination of bulk properties of tropical cloud 683 

clusters from large-scale heat and moisture budgets. J Atmos Sci 30(4):611–627 684 

Yang X, Huang P (2021) Restored relationship between ENSO and Indian summer monsoon 685 

rainfall around 1999/2000. The Innovation 2 (2):100102. 686 

Ye H, Lu R (2010) Subseasonal Variation in ENSO-Related East Asian Rainfall Anomalies 687 

during Summer and Its Role in Weakening the Relationship between the ENSO and 688 

Summer Rainfall in Eastern China since the Late 1970s. J Clim 24 (9):2271–2284 689 

Zhang R, Sumi A, Kimoto M (1996) Impact of El Niño on the East Asian monsoon : A 690 

diagnostic study of the '86/87 and '91/92 events. J Meteorol Soci Jpn 74 (1):49–62 691 

Zhou W, Xie S-P, Zhou Z-Q (2016) Slow Preconditioning for the Abrupt Convective Jump 692 

over the Northwest Pacific during Summer. J Clim 29 (22):8103–8113 693 



 27 

Zhou Z-Q, Xie S-P, Zhang G, Zhou W (2018) Evaluating AMIP Skill in Simulating Interannual 694 

Variability over the Indo-Western Pacific. J Clim 31 (6):2253–2265 695 

Zhu Y, Wen Z, Guo Y, Chen R, Li X, Qiao Y (2020) The characteristics and possible growth 696 

mechanisms of the quasi-biweekly Pacific–Japan teleconnection in Boreal Summer. 697 

Clim Dyn 55:3363–3380 698 



 28 

Figure Captions: 699 

Figure 1. (Left) 850 hPa wind (m/s, vectors) and SAT (K, colors) anomalies, (middle) 700 

vertically integrated (from the surface to 200 hPa) moisture fluxes (kg/m/s, vectors) and their 701 

divergence (mm/day, colors), (right) SST anomalies (K, colors) in (a, b, c) June, (d, e, f) July, 702 

(g, h, i) August for the El Niño composite. Vectors only exceeding the 90% confidence level 703 

are shown and dots indicate that the anomalies are significant at the 90% confidence level. The 704 

hatched areas from west to east in (c) indicate NA, NIO and subtropical NWP, respectively. 705 

Figure 2. 850 hPa wind (m/s, vectors, shown only exceeding the 90% confidence level), 706 

precipitation (mm/day, colors, dots indicate that the anomalies are significant at the 90% 707 

confidence level) and OLR (W/m2, contours for ±5, ±10, ±15, ±20) anomalies averaged 708 

between 110°–150°E for the El Niño composite. Solid and dashed contours represent negative 709 

and positive convection anomalies, respectively. Early summer is defined as 15 June–14 July 710 

and mid-summer 20 July–18 August. 711 

Figure 3. Climatological mean 500 hPa winds (m/s, vectors) and SLP (hPa, colors) in the early 712 

summer (a), mid-summer (b) and their differences (c). Anomalous 500 hPa winds (m/s, vectors, 713 

shown only exceeding the 90% confidence level) and SLP (hPa, colors, dots indicate that the 714 

anomalies are significant at the 90% confidence level) for the El Niño composite during El 715 

Niño decaying early summer (d), mid-summer (e) and their differences (f).  716 

Figure 4. Climatological mean horizonal winds (m/s, vectors) at 850 hPa (a, b) and 200 hPa 717 

(c, d), superimposed on the climatological mean precipitation (mm/day, colors; a, b) and air 718 

temperature at 500 hPa (°C, colors; c, d) in the early and mid- summer. Climatological mean 719 

zonal winds are also overlaid (m/s, contours for 15, 20, 25, 30; c, d). 720 

Figure 5. Relative vorticity anomalies (colors, dots indicate that the anomalies are significant 721 

at the 90% confidence level) at (a, b) 850 hPa and (c, d) 200 hPa in (a, c) early summer, (b, d) 722 

mid-summer for the El Niño composite. Meridional section of composite vorticity anomalies 723 

(colors) at (e, f) 140°E in the early and mid- summer(1), respectively. Zonal section of 724 

composite vorticity anomalies (colors) at (g) 40° and (h) 48°N in the early and mid- summer(1), 725 

respectively. Vectors denote the corresponding wave-activity fluxes. 726 

Figure 6. 850 hPa, 200 hPa and vertically integrated (1000–200 hPa) barotropic energy 727 

conversion CK during El Niño decaying early summer (a, c, e) and mid-summer (b, d, f). 728 

Figure 7. Vertically integrated (1000–200 hPa) baroclinic energy conversion CP (× 10−3𝐾𝑔 ∙729 𝑚2 ∙ 𝑠−3, colors) and climatological mean temperature at 500 hPa (°C, contours for -16, -14, -730 

12, -10, -8, -6, -4, -2) during El Niño decaying early summer (a) and mid-summer (b). Also 731 
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shown are 𝐶𝑃𝑥 and 𝐶𝑃𝑦 in the Eq. (2) during El Niño decaying early summer (c, e) and mid-732 

summer (d, f). 733 

Figure 8. Vertically integrated (1000–200 hPa) diabatic energy generation CQ (× 10−2𝑊 ∙734 𝑚−2, colors) during El Niño decaying early summer (a) and mid-summer (b). 735 

Figure 9. 850 hPa wind anomalies (vectors) regressed against standardized PC1 of the EOF 736 

analyses performed on standardized 850 hPa vorticity anomalies over the EA–NWP (10°–60°N, 737 

100°–160°E) during El Niño decaying early summer (a) and mid-summer (b). c (d) is the same 738 

as a (b) but on the 850 hPa vorticity anomalies independent of ENSO. Vectors only exceeding 739 

the 90% confidence level are shown. 740 

Figure 10. Schematic diagram illustrating the intra-seasonal variations of ENSO-excited PJ 741 

pattern during ENSO decaying summer.  742 
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Table 1. Time scales (days) with which the El Niño-excited PJ pattern could gain energy (𝐾𝐸 743 

for 𝜏𝐶𝐾 , 𝐴𝑃𝐸  for 𝜏𝐶𝑃 , and 𝐾𝐸 + 𝐴𝑃𝐸  for 𝜏𝑑𝑟𝑦 , 𝜏𝑚𝑜𝑖𝑠𝑡 , and 𝜏𝑡𝑜𝑡𝑎𝑙 ) through energy 744 

conversions (CK for 𝜏𝐶𝐾, CP for 𝜏𝐶𝑃, and CK + CP for 𝜏𝑑𝑟𝑦), diabatic energy generation (CQ 745 

for 𝜏𝑚𝑜𝑖𝑠𝑡) and their sum (CK + CP + CQ for 𝜏𝑡𝑜𝑡𝑎𝑙) during El Niño decaying early and mid- 746 

summer. The eddy energy and energy conversions/generation are integrated vertically from 747 

1000 to 200 hPa and then horizontally over 0–60°N, 110°–150°E. 748 

0–60°N, 110°–150°E Early summer(1) Mid-summer(1) 

𝜏𝐶𝐾 

850 hPa/ lower level  10.687 13.206 

200 hPa/ upper level 13.117 107.152 

Vertical integral 17.733 11.394 𝜏𝐶𝑃 Vertical integral 7.067 4.513 𝜏𝑑𝑟𝑦 Vertical integral 11.708 8.004 𝜏𝑚𝑜𝑖𝑠𝑡 Vertical integral 20.635 3.879 𝜏𝑡𝑜𝑡𝑎𝑙 Vertical integral 7.469 2.613 

 749 

Table 2. Time scales (days) with which the El Niño-excited PJ pattern could gain energy after 750 

the anomalous circulation pattern is shifted meridionally relative to its original location. The 751 

eddy energy is calculated from the original anomalous circulation pattern and integrated over 752 

0–60°N, 110°–150°E, whereas the energy conversions are integrated over the new domain 753 

shifted with the anomalous circulation pattern. Both the eddy energy and energy conversions 754 

are integrated vertically from 1000 to 200 hPa before integrated horizontally. The efficiencies 755 

at the original latitude are highlighted in shadow. 756 

 757 

 𝜏𝐶𝐾 𝜏𝐶𝑃 𝜏𝑑𝑟𝑦 

 
Early 

summer(1) 

Mid-

summer(1) 
 Early 

summer(1) 

Mid-

summer(1) 
 

Early 

summer(1) 

Mid-

summer(1) 

15° northward -22.529 -32.861  6.506 5.287  43.173 32.739 

10° northward -21.538 252.399  7.779 4.245  75.529 14.648 

5° northward 68.603 17.472  6.444 4.271  15.994 9.402 

Original 17.733 11.394  7.067 4.513  11.708 8.004 

5° southward 24.152 20.841  13.767 5.471  19.211 11.707 

10° southward 17.405 -46.151  34.212 6.516  20.907 37.085 

15° southward 8.859 -19.514  -13.347 6.142  20.477 121.957 
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 758 

 759 

Figure 1. (Left) 850 hPa wind (m/s, vectors) and SAT (K, colors) anomalies, (middle) 760 

vertically integrated (from the surface to 200 hPa) moisture fluxes (kg/m/s, vectors) and their 761 

divergence (mm/day, colors), (right) SST anomalies (K, colors) in (a, b, c) June, (d, e, f) July, 762 

(g, h, i) August for the El Niño composite. Vectors only exceeding the 90% confidence level 763 

are shown and dots indicate that the anomalies are significant at the 90% confidence level. The 764 

hatched areas from west to east in (c) indicate NA, NIO and subtropical NWP, respectively.  765 

 766 
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 767 

 768 

Figure 2. 850 hPa wind (m/s, vectors, shown only exceeding the 90% confidence level), 769 

precipitation (mm/day, colors, dots indicate that the anomalies are significant at the 90% 770 

confidence level) and OLR (W/m2, contours for ±5, ±10, ±15, ±20) anomalies averaged 771 

between 110°–150°E for the El Niño composite. Solid and dashed contours represent negative 772 

and positive convection anomalies, respectively. Early summer is defined as 15 June–14 July 773 

and mid-summer 20 July–18 August.774 
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 775 

 776 

Figure 3. Climatological mean 500 hPa winds (m/s, vectors) and SLP (hPa, colors) in the early 777 

summer (a), mid-summer (b) and their differences (c). Anomalous 500 hPa winds (m/s, vectors, 778 

shown only exceeding the 90% confidence level) and SLP (hPa, colors, dots indicate that the 779 

anomalies are significant at the 90% confidence level) for the El Niño composite during El 780 

Niño decaying early summer (d), mid-summer (e) and their differences (f).  781 

  782 
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 783 

 784 

Figure 4. Climatological mean horizonal winds (m/s, vectors) at 850 hPa (a, b) and 200 hPa 785 

(c, d), superimposed on the climatological mean precipitation (mm/day, colors; a, b) and air 786 

temperature at 500 hPa (°C, colors; c, d) in the early and mid- summer. Climatological mean 787 

zonal winds are also overlaid (m/s, contours for 15, 20, 25, 30; c, d). 788 
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 789 

 790 

Figure 5. Relative vorticity anomalies (× 10−6𝑠−1, colors, dots indicate that the anomalies are 791 

significant at the 90% confidence level) at (a, b) 850 hPa and (c, d) 200 hPa in (a, c) early 792 

summer, (b, d) mid-summer for the El Niño composite. Meridional section of composite 793 

vorticity anomalies (colors) at (e, f) 140°E in the early and mid- summer(1), respectively. Zonal 794 

section of composite vorticity anomalies (colors) at (g) 40° and (h) 48°N in the early and mid- 795 

summer(1), respectively. Vectors denote the corresponding wave-activity fluxes. 796 
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 797 

 798 

Figure 6. 850 hPa, 200 hPa and vertically integrated (1000–200 hPa) barotropic energy 799 

conversion CK during El Niño decaying early summer (a, c, e) and mid-summer (b, d, f). 800 
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 801 

 802 

Figure 7. Vertically integrated (1000–200 hPa) baroclinic energy conversion CP (× 10−3𝐾𝑔 ∙803 𝑚2 ∙ 𝑠−3, colors) and climatological mean temperature at 500 hPa (°C, contours for -16, -14, -804 

12, -10, -8, -6, -4, -2) during El Niño decaying early summer (a) and mid-summer (b). Also 805 

shown are 𝐶𝑃𝑥 and 𝐶𝑃𝑦 in the Eq. (2) during El Niño decaying early summer (c, e) and mid-806 

summer (d, f). 807 
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 808 

 809 

Figure 8. Vertically integrated (1000–200 hPa) diabatic energy generation CQ (× 10−2𝑊 ∙810 𝑚−2, colors) during El Niño decaying early summer (a) and mid-summer (b). 811 

  812 
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 813 

 814 

Figure 9. 850 hPa wind anomalies (vectors) regressed against standardized PC1 of the EOF 815 

analyses performed on standardized 850 hPa vorticity anomalies over the EA–NWP (10°–60°N, 816 

100°–160°E) during El Niño decaying early summer (a) and mid-summer (b). c (d) is the same 817 

as a (b) but on the 850 hPa vorticity anomalies independent of ENSO. Vectors only exceeding 818 

the 90% confidence level are shown. 819 

  820 
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 821 

  822 

Figure 10. Schematic diagram illustrating the intra-seasonal variations of ENSO-excited PJ 823 

pattern during ENSO decaying summer.  824 

 825 


