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Abstract 18 

The relationship between the tropical West Pacific (TWP) and East Asian 19 

summer monsoon/precipitation has been documented in previous studies. However, 20 

the stability for the signals of midsummer precipitation in the TWP sea surface 21 

temperature (SST_TWP), which is important for climate variation, has drawn little 22 

attention. This study identifies a strengthened relationship between the leading 23 

empirical orthogonal function mode (EOF1) of midsummer precipitation over 24 

Northeast China (NEC) and the SST_TWP after the mid-1990s. The EOF1 mode 25 

shows a significant positive correlation with the SST_TWP for 1996–2016, whereas 26 

the relationship is statistically insignificant for 1961–1990. Further results indicate 27 

that the North Pacific Multidecadal Oscillation (NPMO) shifts to a positive phase 28 

after the 1990s. In the positive NPMO phase, the anomalous circulation over the 29 

Northeast Pacific expands westward over the central North Pacific-Aleutian Islands 30 

region. Concurrently, the SST_TWP-associated wavelike pattern propagates 31 

northeastward from the West Pacific to the Northwest Pacific and further to the North 32 

Pacific, facilitating the poleward expansion and intensification of the 33 

SST_TWP-related circulation anomalies over the North Pacific. Therefore, the 34 

SST_TWP has an enhanced influence on NEC precipitation through the modulation of 35 

the circulation anomalies over the central North Pacific-Aleutian Islands region after 36 

the mid-1990s. Additionally, the tropical anticyclone/cyclone associated with the 37 

SST_TWP expands westward to South China, exerting an intensified impact on 38 

meridional wind anomalies along eastern China and further on moisture transport over 39 
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NEC. These conditions jointly contribute to the strengthened relationship between the 40 

SST_TWP and the EOF1 mode of NEC midsummer precipitation after the mid-1990s.  41 

Keywords: Northeast China’s midsummer precipitation, the tropical West Pacific SST, 42 

North Pacific Multidecadal Oscillation, interdecadal change 43 
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1. Introduction  44 

Northeast China (NEC), located at the mid- to- high latitudes, is one of China’s 45 

vital grain production bases. The large climate variability in this region, especially in 46 

terms of precipitation variation and distribution, exerts a substantial impact on crop 47 

growth, yield production, social development, and ecological construction. Therefore, 48 

it is essential to explore the contributors that are associated with precipitation 49 

variation in this region. 50 

Previous studies concerning summer precipitation in NEC have documented the 51 

influence of various atmospheric regimes, e.g., the East Asian monsoon systems (Sun 52 

et al. 2007, 2017; Cao et al. 2018), blocking high at high latitudes (Yao and Dong 53 

2000), cold vortex activities in NEC (Shen et al. 2011), soil moisture content in 54 

Northwest Eurasia (Zhu 2011), and the North Atlantic Oscillation (Sun and Wang 55 

2012). For example, the wintertime Northern Hemisphere annual mode and North 56 

Pacific Oscillation both affect NEC precipitation during the following summer 57 

through modulation of the cold vortex (Liu et al. 2002; He et al. 2006). Gao et al. 58 

(2014) identified that the late spring precipitation anomaly in Huang-Huai region is 59 

significantly connected with NEC summer precipitation via local soil moisture 60 

anomalies. Additionally, Han et al. (2015) revealed a significant decrease in NEC 61 

precipitation after the late 1990s, and they attributed this decadal shift to the 62 

combined effects of the weakened Northeast Asian summer monsoon and changes in 63 

the Arctic sea ice area. Wang and He (2015) stated that the Pacific SST anomalies, the 64 

Arctic sea ice anomalies, and warming over both the European continent and the 65 
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Caspian Sea contributed cooperatively to the severe drought at North China/Northeast 66 

Asia during summer 2014. Recently, Han et al. (2019) reported that the preceding soil 67 

moisture content in central Asia and the tropical Atlantic SST are efficient indicators 68 

of summer precipitation amount and extreme precipitation events in NEC.  69 

Considerable effort has been devoted for the investigation of the connection 70 

between SST anomalies in the key areas and climatic variability over NEC (Bai et al. 71 

2001; Hu et al. 2003; Sun and Wang 2006; Zhou and Wang 2013). Feng et al. (2006) 72 

suggested that SST in the Southwest Indian and in the North Atlantic oceans has 73 

different effects on midsummer precipitation over NEC. The springtime SST contrast 74 

between the tropical Indian Ocean and the western Pacific is significantly correlated 75 

with summer precipitation at NEC (Cao et al. 2013). Feng and Chen (2016) noted that 76 

warming SST anomalies in the North Pacific during autumn are followed by strong 77 

southeasterly and meridional moisture transport over NEC, leading to regionally 78 

intensified snow events. Additionally, Han et al. (2018a) determined that winter 79 

precipitation at NEC had an intimate association with SST anomalies in the tropical 80 

Indian Ocean before the 1990s and with the North Atlantic SST anomalies 81 

subsequently.  82 

Specifically, the tropical West Pacific (TWP), which represents the largest warm 83 

pool on earth, is one of the water vapor sources for summer precipitation over China 84 

(Li et al. 2014; Sun and Wang 2014a, 2015; Zhou 2014; Li et al. 2016). Using 85 

uncoupled atmospheric and coupled oceanic–atmospheric experiments, Yoo et al. 86 

(2004) demonstrated the contribution of the TWP SST anomalies to the climate 87 
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variability in East and Southeast Asia. Huangfu et al. (2015) stated that the earlier 88 

outbreak of the South China Sea summer monsoon after the late 1990s is attributed to 89 

the recent warming of the warm pool. Furthermore, the SST in the tropical West 90 

Pacific exhibits a striking warming trend after the 1990s (Gao et al. 2014). It may 91 

have an influence on the signals of midsummer precipitation in the TWP SST. 92 

Therefore, this study focuses on the relationship between the SST anomaly in the 93 

TWP and summer precipitation at NEC. 94 

In recent decades, interdecadal changes in the relationship between SST signals 95 

and the East Asian atmospheric circulation have received increasing attention (e.g., 96 

Chang et al. 2000; Wu et al. 2003; Chen et al. 2017; Gao et al. 2017; Deng et al. 2019; 97 

Ma et al. 2019). Wang (2000) was the first to report the instability in the relationship 98 

between El Niño-Southern Oscillation (ENSO) and the East Asian climate. Moreover, 99 

Wu et al. (2011) reported that the relationship of summer temperature at NEC and a 100 

tripole SST anomaly pattern in the North Atlantic is closer after the 1980s than before, 101 

and they attributed this strengthening to the persistence of the tripole SST pattern. 102 

Analyses of observations and numerical simulations have indicated that the eastern 103 

Pacific ENSO during spring has had intensified influence on NEC precipitation in the 104 

following summer since the late 1990s (Han et al. 2017). In addition, the spring SST 105 

anomaly in the tropical Indian Ocean has been revealed as a potential indicator of 106 

subsequent midsummer precipitation over NEC since the late 1980s (Han et al. 107 

2018b). Wu et al. (2014) found that the SST anomalies in the tropical Indo-western 108 

Pacific play a major role in summer temperature in NEC after the 1990s. Accordingly, 109 
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there is a need for in-depth scientific analysis to elucidate potential instability in the 110 

relationship between the TWP SST and summer precipitation over NEC. 111 

In addition, Shen et al. (2011) has shown that the regimes that affect NEC 112 

precipitation are significantly different between early summer and midsummer. 113 

Midsummer is a period of high concentration of precipitation at NEC. Thus, this study 114 

focuses on midsummer precipitation in NEC. Interestingly, Han et al. (2019) revealed 115 

that the leading EOF (EOF1) mode of midsummer precipitation over NEC displays 116 

homogenous anomalies. The time series corresponding to the EOF1 mode (hereafter, 117 

PC1) are found highly covariant with midsummer precipitation over NEC during 118 

1961–2016 (correlation coefficient: 0.97), implying that the leading EOF mode 119 

represents well the variability of NEC midsummer precipitation. Therefore, the 120 

purpose of this study is to explore the changes in the relationship between the TWP 121 

SST and the EOF1 mode of midsummer precipitation over NEC. 122 

The remainder of this paper is organized as follows. Section 2 describes the 123 

datasets and methods used in this study. Details of both the strengthened relationship 124 

between the TWP SST and the EOF1 mode of NEC precipitation and the possible 125 

underlying mechanisms are given in Sections 3 and 4, respectively. Finally, a brief 126 

conclusion and discussion are presented in Section 5. 127 

2. Data and methods 128 

An advanced daily precipitation dataset (i.e., CN05.1) is used in the present 129 

study for 1961–2016 (Wu and Gao 2013). This dataset, which has reasonably high 130 
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resolution (0.25° × 0.25°), is constructed by interpolating data from over 2400 131 

meteorological stations in China. This dataset has been widely used in the regional 132 

climate changes and the high–resolution climate model validation at China (Zhou et al. 133 

2016; Wang et al. 2017). Another monthly precipitation dataset from the Global 134 

Precipitation Climatology Centre (GPCC) is also used to confirm the results (Becker 135 

et al. 2013). In this study, NEC is defined as the region of China north of 38°N and 136 

east of 115°E. Midsummer precipitation is calculated as the summation of daily 137 

precipitation amounts from 1 July to 31 August annually. The EOF1 mode and the 138 

corresponding time series (i.e., PC1) are obtained by performing EOF analysis on of 139 

NEC midsummer precipitation. 140 

The monthly atmospheric reanalysis dataset for 1948–2016 (resolution: 2.5° 141 

×2.5°) used in this study is obtained from the National Center for Environment 142 

Prediction & National Center for Atmospheric Research (NCEP/NCAR; Kalnay et al. 143 

1996). Monthly SST data on a 2.0° × 2.0° grid are extracted from the National 144 

Oceanic and Atmosphere Administration (NOAA) Extended Reconstructed SST 145 

version 5 dataset for 1854–2016 (Huang et al. 2017). Here, midsummer refers to the 146 

average for July and August.  147 

The common time period for this study is 1961–2016. Regression, correlation, 148 

and composite analyses are employed to investigate the atmospheric circulation 149 

anomalies associated with the NEC precipitation and SST in the tropical West Pacific. 150 

The Student’s t-test is used to determine statistical significance. Additionally, linear 151 
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trends have been removed prior to analysis from the precipitation and all the fields, to 152 

isolate interannual variations. 153 

3. Strengthened relationship between the TWP SST and the EOF1 mode of 154 

midsummer precipitation at NEC 155 

Figure 1 presents sliding correlation coefficients between the PC1 and the 156 

simultaneous SST in the West Pacific with a 21-year moving window. As an example, 157 

1971 is the central year for the period 1961–1981. It can be seen that positive 158 

correlation coefficients are evident in the TWP after the mid-1990s and expand 159 

southeastward over time, which implies a strengthened relationship between the TWP 160 

SST and the leading mode of NEC precipitation after the mid-1990s. Similar results 161 

can be obtained based on the SST dataset from the Met Office Hadley Centre (Fig. 162 

S1). 163 

To facilitate analysis, an SST_TWP index is defined as the area-weighted 164 

averaged SST within the TWP (10°S–20°N, 115°–140°E). The 21-year sliding 165 

correlation coefficients between the PC1 and SST_TWP indices are insignificant 166 

before the 1990s, whereas the positive correlation strengthens and becomes 167 

statistically significant after the mid-1990s (Fig. 2). When the sliding window width 168 

changes to 19 and 23 years, such intensified connection is apparent (Fig. S2). To 169 

verify the decadal shift in the interannual relationship between the SST_TWP and 170 

NEC summer precipitation after the mid-1990s, and to avoid the eff ects related to the 171 

choice of sliding window width, we took two subperiods: 1961–1990 (hereafter, P1) 172 
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and 1996–2016 (hereafter, P2), by removing the middle transitional five years. The 173 

correlation coefficient between the SST_TWP and PC1 indices is 0.07 during P1 174 

(insignificant) and 0.57 during P2 (above the 99% confidence level). The respective 175 

spatial distributions of precipitation anomalies over NEC associated with the 176 

SST_TWP index during the two subperiods are depicted in Fig. 3, based on the 177 

CN05.1 grid data and the GPCC data. Consistent changes are observed between these 178 

two datasets. During P1, the precipitation anomalies are barely significant except for a 179 

tiny area in northern parts. By contrast, during P2, warming SST anomalies are 180 

accompanied by pronounced positive precipitation anomalies over NEC, along with 181 

large values in southern NEC, which is consistent with the leading EOF mode of NEC 182 

midsummer precipitation (Han et al. 2019). These results confirm that the TWP SST 183 

has been in a significant connection with NEC midsummer precipitation since the 184 

mid-1990s. 185 

To further illustrate the strengthening of the SST_TWP–precipitation relationship 186 

after the mid-1990s, the associated atmospheric circulation anomalies are examined. 187 

The features of SLP anomalies with respect to the PC1 index before and after the 188 

1990s are shown in Figs. 4a and b, respectively. For the two subperiods, positive 189 

precipitation anomaly co-occurs with profound positive SLP anomalies over the 190 

Aleutian Islands and the central North Pacific, and negative anomalies over northern 191 

China. Interestingly, significant positive SLP anomalies appear over the subtropical 192 

West Pacific and the tropical central Pacific during P2, which are not present during 193 

P1. It suggests an intensified linkage between the tropical circulation anomalies and 194 
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NEC precipitation after the mid-1990s. Additionally, warming SST anomalies in the 195 

TWP are concurrent with prominent positive SLP anomalies over the tropical Pacific 196 

and negative values over the maritime continent during P1, along with insignificant 197 

anomalies over East Asia excluding parts of NEC (Fig. 4c). However, the positive 198 

SLP anomalies expand poleward to the Aleutian Islands and westward to southern 199 

China during P2 (Fig. 4d), which are in agreement with the circulation anomalies 200 

related with the NEC midsummer precipitation (Fig. 4b). 201 

As shown in Figs. 4a and b, the anomalous circulation over the central North 202 

Pacific-Aleutian Islands region is influential to NEC precipitation during both 203 

subperiods. Thus, an Aleutian circulation index (hereafter, Aleutian index for 204 

simplicity) is defined as the area-weighted average of SLP within the central North 205 

Pacific-Aleutian Islands region (30°–60°N, 160°E–150°W; the rectangular area in Fig. 206 

4). Consistently, the Aleutian index exhibits significant correlation with the PC1 207 

before and after the 1990s, with correlation coefficients of 0.41 and 0.42, respectively. 208 

As illustrated in Table 1, the correlation between the SST_TWP and Aleutian indices 209 

is insignificant before the 1990s (R = 0.13), as expected; however, their relationship 210 

becomes statistically significant thereafter (R = 0.69; above the 99% confidence level). 211 

Therefore, the strengthened relationship between the SST_TWP and the circulation 212 

over the central North Pacific-Aleutian Islands region contributes to the 213 

intensification of the SST_TWP–precipitation relationship after the mid-1990s. 214 

4. Possible mechanisms 215 

4.1. Westward expansion of the atmospheric circulation anomalies over the 216 
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North Pacific 217 

The above result prompts interest in the reasons for the interdecadal change in 218 

the connection between the circulation anomalies over the central North 219 

Pacific-Aleutian Islands region and the TWP SST. It is speculated that the 220 

interdecadal changes in background SST in the Pacific might be responsible for the 221 

changes in the atmospheric circulation anomalies. Previous studies have shown that 222 

the leading EOF mode of winter SST anomalies in the Pacific Ocean (20°S–60°N) is 223 

dominated by the ENSO signal at the interannual timescale (Deser and Blackmon 224 

1995; Zhang and Delworth 2007), while the second EOF mode reflects the North 225 

Pacific Multidecadal Oscillation (NPMO) at the multidecadal timescale (Zhang et al. 226 

1996). EOF analysis is performed for midsummer SST in the Pacific Ocean (20°S–227 

60°N, 120°E–80°W). The EOF1 mode shows the ENSO signature and its projection 228 

in the central–eastern North Pacific, and the corresponding time series vary 229 

predominantly at the interannual timescale (Fig. S3). The EOF2 mode shows a strong 230 

SST signal in the western–central North Pacific (Fig. 5a). The corresponding time 231 

series (PC2_SST) vary dominantly at the interdecadal time scale (Fig. 5b). This mode 232 

is related to the NPMO mode, which is orthogonal to the EOF1 mode. As shown in 233 

Fig. 5b, there are four notable phase transitions in the 1900s, the mid-1940s, the 234 

mid-1960s, and the 1990s. Moreover, the NPMO is associated with dominant SLP 235 

anomalies over the North and Northwest Pacific at midlatitudes (Fig. 5c). It is 236 

speculated that the recent shift of the NPMO may be associated with the changes in 237 

the atmospheric circulation over the North Pacific.  238 
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To examine the distinctive circulation anomalies over the North Pacific during 239 

different NPMO phases, the years characterized by a positive/negative Aleutian index 240 

are selected for composite analysis in the two NPMO phases, respectively (Table 2). 241 

During the negative (positive) NPMO phase period, i.e. 1961–1990 (1996–2016), 242 

there are 16 (10) years with a positive Aleutian index and 14 (11) years with a 243 

negative Aleutian index. As illustrated in Fig. 6, a positive (negative) Aleutian index is 244 

accompanied by positive (negative) SLP anomalies over the North Pacific. When the 245 

NPMO is in a negative phase, the center of the SLP anomalies is at the east of the 246 

dateline over the eastern North Pacific (Figs. 6a and b), which is accordant with the 247 

SLP anomalies related to the Aleutian index during P1 (Fig. 7a). However, when the 248 

NPMO is in a positive phase, the SLP anomalies extend westward and become 249 

centered at the west of the dateline (Figs. 6c and d), consistent with the SLP 250 

anomalies related with the Aleutian index during P2 (Fig. 7c). These changes can be 251 

confirmed by the composite results of horizontal wind anomalies at 850 hPa (Fig. S4). 252 

Accordingly, a positive Aleutian index coincides with anomalous divergent wind 253 

fields near the surface over the Northeast Pacific with a center of divergence at around 254 

150°W during the negative NPMO phase (Fig. 7b). However, after the mid-1990s, the 255 

surface divergent wind anomalies expand over the central–western North Pacific, with 256 

a westward shift of the divergence center to the dateline (Fig. 7d). It suggests that the 257 

shift of the NPMO to a positive phase contributes to the westward expansion of the 258 

circulation anomalies at the North Pacific after the mid-1990s, favorable to the 259 

enhanced connection of the circulation at the central North Pacific-Aleutian Islands 260 
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region with the SST_TWP. 261 

4.2. Enhanced relationship between the TWP SST anomalies and midlatitude 262 

circulation anomalies 263 

Frankignoul and Sennécheal (2007) detected that the influence of the North 264 

Pacific SST anomalies on the large-scale atmospheric circulation, which is significant 265 

during late summer and early winter, involves the wavelike propagation in the middle 266 

and upper troposphere. Actually, the NPMO are in a positive phase during winter and 267 

summer after the 1990s (Fig. S5), which could affect the propagation of the Rossby 268 

wave at midlatitudes. Therefore, the linear regression of 200-hPa meridional wind 269 

(V200; shaded) and wave activity flux (WAF; vectors) with regard to the SST_TWP 270 

index are investigated (Fig. 8). The WAF, which is computed according to Plumb’s 271 

formulation (Plumb 1985), can depict the propagation of stationary Rossby waves. 272 

One of the conspicuous features is the alternation of significant northerly and 273 

southerly anomalies over the region stretching from the TWP to China and on to the 274 

North Pacific during P2 (Fig. 8b). Comparatively, the meridional wind anomalies are 275 

insignificant over East Asia and the western-to-central North Pacific during P1 (Fig. 276 

8a). Additionally, anomalous wave trains originate from the West Pacific, propagate 277 

northeastward to the Northwest Pacific, and then extend eastward over the North 278 

Pacific during P2 (Fig. 8b), which is weak before the 1990s (Fig. 8a). This supports 279 

the westward and poleward extension of the SST_TWP-related atmospheric 280 

circulation anomalies over the midlatitudes of the North Pacific in the latter period 281 

(Fig. 4d).  282 
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Furthermore, in response to warming SST anomalies are positive height 283 

anomalies in the tropical central-eastern Pacific and negative anomalies in maritime 284 

continent, along with dominance of positive anomalies over the North Pacific and 285 

Northeast Asia (Figs. 9a and b). Moreover, profound easterly anomalies prevail over 286 

the equatorial Pacific near surface because of the zonal thermal gradients, and turn to 287 

be southerly or southwesterly over the northern region. It is notable that the positive 288 

height anomalies over the midlatitude North Pacific become quantitatively larger and 289 

expand poleward to Aleutian Islands during P2. In addition, both the positive height 290 

and easterlies anomalies at the equatorial Pacific expand westward to the Indo-China 291 

Peninsula during P2. The anomalous anticyclone over the western Pacific is centered 292 

west of Philippines during P1, but moves westward and northward to the subtropical 293 

Northwest Pacific in the latter period. Accordantly, the upper-level zonal wind 294 

anomalies associated with the positive SST_TWP are constrained over the 295 

central-to-eastern Pacific during P1 (Fig. 9c). Nonetheless, after the mid-1990s, the 296 

westerly anomalies extend westward to the maritime continent, along with a 297 

southwest-northeast oriented wavelike pattern of zonal wind anomalies over the 298 

region stretching from South China to Aleutian Islands (Fig. 9d). Westerly and 299 

easterly anomalies straddle the Aleutian Islands, consistent with the positive SLP 300 

anomalies (Fig. 4d). These results suggest an intensified connection between the 301 

SST_TWP and the circulation anomalies over the central North Pacific-Aleutian 302 

Islands region after the mid-1990s.  303 

Furthermore, the anomalous easterlies at the tropics extend westward to 304 
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Southeast Asia after the mid-1990s, and the anticyclonic anomaly shifts from the 305 

central-western Pacific for P1 to South China for P2 (Figs. 9a and b). Moreover, a pair 306 

of a cyclone and anticyclone is centered over Japan and the North Pacific in the latter 307 

period, respectively (Fig. 9b). These changes in the SST_TWP-associated circulation 308 

anomalies can exert an intensified impact on moisture transport over East China. 309 

Moisture transport plays a vital role in precipitation processes, and southeasterly or 310 

southwesterly transport of water vapor makes a predominant contribution to summer 311 

precipitation over China (Zhou and Wang 2006; Li et al. 2012; Li and Zhou 2014; Sun 312 

and Wang 2014b). Han et al. (2015) revealed that the recent decrease in NEC summer 313 

precipitation has occurred concurrently with a reduction of moisture content in situ. 314 

Hence, the related moisture transport and lower-layer horizontal wind anomalies are 315 

explored in this section. 316 

During P1 and P2, positive precipitation anomalies over NEC are coincident with 317 

an anomalous cyclonic wind field centered over eastern Mongolia and an anticyclonic 318 

wind field centered over the subtropical Northwest Pacific (Figs. 10a and b). The 319 

peripheral southwesterly flow of the anticyclone transports water vapor from the 320 

tropical seas northward to NEC across the southern boundary (Figs. 10c and d), 321 

dominantly contributing to the EOF1 mode of midsummer precipitation over NEC 322 

(Han et al. 2019). Additionally, anomalous convergence of moisture is present over 323 

Mongolia with NEC located at its leading edge. The westerly conveys water vapor 324 

from inland areas into NEC across the western boundary, which plays a lesser role in 325 

NEC summer precipitation (Han et al. 2019). It is notable that there is an anomalous 326 
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convergence centered over the Northwest Pacific during P2 (Fig. 10b). The easterly 327 

on the northern flank transports water vapor from the Northwest Pacific to NEC 328 

across the eastern boundary (Fig. 10d).  329 

Prior to the 1990s, a positive SST_TWP index is coherent with the dominance of 330 

anomalous anticyclonic wind and moisture divergence west of Philippines and with a 331 

cyclone and moisture convergence south of Japan Islands (Figs. 10e and g). The wind 332 

fields anomalies and moisture flux are weak over China. After the mid-1990s, 333 

dramatic changes occur with the westward extension of the anomalous anticyclone 334 

over southern China. The southwesterly on the western flank of this anticyclone 335 

occupies eastern China, transporting water vapor from the tropical seas northward 336 

(Figs. 10f and h). It can also be observed that remarkable anomalous cyclonic wind 337 

and moisture convergence are centered over the Northwest Pacific. The easterly flow 338 

on the northern flank transports water vapor from the Northwest Pacific westward to 339 

NEC, which is in accordance with the anomalies associated with the EOF1 mode.  340 

To explore the intensified relationship of the SST_TWP and moisture transport 341 

over eastern China, a meridional wind index (hereafter, V index) is calculated as the 342 

area-weighted average of meridional wind over East China (20°–35°N, 105°–120°E) 343 

and a meridional moisture index (hereafter, VQ index) is defined as the area-weighted 344 

mean of vertically integrated meridional moisture transport over East China. In-phase 345 

co-variability between the SST_TWP and V indices do not become significant until 346 

the 1990s, i.e., their correlation coefficient increases from -0.01 during P1 347 

(insignificant) to 0.49 (above the 99% confidence level) during P2. Consistently, the 348 
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correlation coefficient between the SST_TWP and VQ indices is only 0.01 349 

(insignificant) before the 1990s but 0.51 (above the 99% confidence level) thereafter. 350 

These results suggest the SST anomaly in the TWP exerts an influence on the EOF1 351 

pattern of NEC precipitation through modulating the meridional wind and moisture 352 

transport over eastern China after the mid-1990s. 353 

To illustrate the anomalous dynamic processes associated with the SST_TWP, 354 

Figure 11 shows the anomalous divergence and vertical wind associated with the 355 

SST_TWP index. For both subperiods, warming SST anomalies induce prominent 356 

convergent anomalies in the lower–middle troposphere and divergence in the upper 357 

troposphere, which excite marked anomalies of ascending motion in situ. 358 

Comparatively, the anomalous ascent is stronger during P2 than P1. After the 359 

mid-1990s, the tropical air rises to the upper troposphere and moves northward before 360 

sinking, representing a local closed circulation over the maritime continent (Fig. 11b). 361 

However, during P1, the local closed circulation is weaker and confined to the lower 362 

layers (Fig. 11a). Consequently, significant abnormal convergence occurs at South 363 

China Sea in the upper level and divergence appears in the lower level during P2, 364 

which are not present during P1. Near the surface, the descending air masses are 365 

deflected southward over the maritime continent and northward over eastern China, 366 

consistent with the anomalous southerly and strengthened meridional moisture 367 

transport over East China (Figs. 10f and h). 368 

5. Conclusion and discussion 369 
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This study investigates temporal variations in the connection between the leading 370 

EOF mode of NEC midsummer precipitation and simultaneous SST anomalies in the 371 

tropical West Pacific for 1961–2016. We observed a dramatically different correlation 372 

distribution in the TWP. The SST_TWP exhibits a significant positive correlation with 373 

the EOF1 mode of precipitation after the mid-1990s, whereas the relationship is 374 

statistically insignificant during 1961–1990. Further results indicate that the NPMO 375 

shifts to a positive phase around the 1990s. This is accompanied by the westward 376 

extension of the circulation anomalies from the Northeast Pacific to the central North 377 

Pacific-Aleutian Islands region, but also by the SST_TWP-associated wave trains that 378 

originate from the West Pacific and propagate northeastward to the midlatitude region 379 

of the North Pacific after the mid-1990s (Fig. 12). The latter induces the poleward 380 

expansion and intensification of the SST_TWP-associated circulation anomalies, 381 

connecting the SST_TWP and the circulation anomalies over the central North 382 

Pacific-Aleutian Islands region. Additionally, the atmospheric circulation anomalies 383 

over the central North Pacific-Aleutian Islands region exhibit an intimate relationship 384 

with the EOF1 mode of NEC precipitation during the whole period. Therefore, the 385 

SST_TWP has a close linkage with NEC precipitation after the mid-1990s. 386 

Moreover, the tropical anticyclone/cyclone related to the SST_TWP expands 387 

westward to South China and exerts an intensified impact on meridional wind 388 

anomalies and moisture transport over East China after the mid-1990s. Specifically, 389 

the lower-level convergent and upper-level divergent anomalies caused by warming 390 

SST anomalies lead to anomalous ascending movement over the maritime continent, 391 
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which strengthens and expands northward during P2. The rising air masses turn 392 

northward before sinking, representing a local closed circulation over the maritime 393 

continent. Furthermore, near the surface, the descending branch of the local cell is 394 

deflected equatorward over the South China Sea and northward over East China. Thus, 395 

warming SST anomalies are coincident with dominant southerly anomalies as well as 396 

enhanced moisture transport over eastern China during P2. In addition, in response to 397 

the positive SST_TWP, the easterly anomalies at the northern flank of the anomalous 398 

cyclone centered over Japan transport moisture from the Northwest Pacific to NEC 399 

across the eastern boundary. These conditions contribute to the strengthened 400 

relationship between the SST_TWP and the EOF1 mode of NEC midsummer 401 

precipitation after the mid-1990s. 402 

In addition, it should be noted that the western extension of the circulation 403 

anomalies over the North Pacific and the changes in the SST_TWP-associated 404 

circulation anomalies after the mid-1990s can also be obtained based on the fifth 405 

generation ECMWF atmospheric reanalysis data set (Figs. S6-S9). It suggests that the 406 

results in the present study are robust. 407 

It is well recognized that there were substantial atmospheric and oceanographic 408 

changes around the 1976/77 (Ding et al. 2013), termed the 1976/77 climate shift. The 409 

precipitation regime in eastern China has experienced an obvious shift in the mid- and 410 

late 1970s (Ding et al. 2008). However, the SST_TWP-related precipitation anomalies 411 

are hardly significant at most NEC both before and after the climate shift (Fig. S10), 412 

implying that the 1976/77 climate shift has little influences on the 413 
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SST_TWP-precipitation relationship.  414 

In addition, warming SST anomalies in the TWP is coherent with anomalous 415 

anticyclonic wind anomalies and moisture divergence over the West Pacific during 416 

both periods (Figs. 10e-h). Comparatively, the anticyclone and moisture divergence 417 

extend westward over South China and become intensified in the latter period, along 418 

with anomalous southerly current over East China. It implies that the East Asian 419 

circulation anomalies associated with the SST_TWP have experienced a significant 420 

decadal change around the 1990s. This result is consistent with Kwon et al. (2005) 421 

and Yim et al. (2008), which documented a strengthened relationship between the 422 

East Asian and the western North Pacific summer monsoons. Moreover, these changes 423 

may be attributed to warming in the TWP. As documented by Gao et al. (2014), in the 424 

global warming, the SST in the tropical West Pacific exhibits a striking warming trend 425 

after the 1990s, which facilitates the intensification and westward extension of the 426 

West Pacific subtropical high. 427 

Moreover, the NPMO is the component of the Pacific Decadal Oscillation (PDO) 428 

that is linearly independent of ENSO (Deser and Blackmon 1995). The NPMO is 429 

equivalent to the PDO when the ENSO signal is removed (Zhang et al. 1996), and it is 430 

dominated by multidecadal variability (Zhang and Delworth 2007). Moreover, 431 

analysis of observations and numerical simulations suggested that the Atlantic 432 

multidecadal oscillation (AMO) fluctuations contribute to the NPMO through 433 

atmospheric teleconnections and oceanic dynamics (Zhang and Delworth 2007). 434 

Therefore, the AMO needs to be considered along with the forcing for the North 435 
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Pacific climate change. Furthermore, the PDO and AMO can also modulate 436 

interannual climate variation (Zhu et al. 2011, 2015). For example, the relationship 437 

between ENSO and East Asian monsoon systems is regulated by interdacadal signals 438 

(Wang 2002; He and Wang 2013). Zhang et al. (2018) pointed out that when the PDO 439 

and AMO are out of phase, the same-sign SST anomalies in the North Pacific and in 440 

the North Atlantic lead to a meridional tripole mode of summer precipitation at East 441 

China through a circumglobal teleconnection wave, and that when the PDO and AMO 442 

are in phase, the SST anomalies causes a meridional dipole mode of summer 443 

precipitation via a teleconnection wave train along the great circle route. The 444 

modulation of the PDO and AMO on the atmospheric circulation and precipitation 445 

patterns over the East Asia and the West Pacific is complicated and diverse (Lu et al. 446 

2006; Wang et al. 2008; Zhu et al. 2015; Hao et al. 2017). The interesting issue 447 

deserves further exploration but is beyond the scope of the present study.  448 
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 666 

FIG. 1. Sliding correlation coefficients between midsummer sea surface temperature 667 

(SST) in the tropical West Pacific and the PC1 associated with the EOF1 mode of 668 

simultaneous precipitation over Northeast China (NEC). The sliding window is 21 669 

years with 1 year interval. The year of each panel indicates the central year of the 670 

window. Dark (light) shadings indicate the values that significantly exceed the 95% 671 

(90%) confidence level, estimated using Student’s t-test. The green rectangular area in 672 

(a36) represents the selected region for the SST_TWP index. 673 
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 674 

FIG. 2. The 21-year-sliding correlation coefficients between the PC1 and SST_TWP 675 

indices. Horizontal line donates the 90% confidence level, estimated using Student’s 676 

t-test. 677 
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 678 

FIG. 3. Linear regression pattern of midsummer precipitation based on the CN05.1 679 

dataset (top) and the GPCC dataset (bottom) (unit: mm) against the SST_TWP index 680 

for 1961–1990 (left panels) and 1996–2016 (right panels). Stippling areas indicate the 681 

values that significantly exceed the 90% confidence level, estimated using Student’s 682 

t-test. 683 
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 684 

FIG. 4. Linear regression pattern of midsummer sea level pressure (refer to SLP, unit: 685 

mb) against the PC1 index for (a) 1961–1990 and (b) 1996–2016. (c, d) As in (a, b) 686 

but for the SST_TWP index. Stippling areas indicate the values that significantly 687 

exceed the 95% confidence level, estimated using Student’s t-test. The black 688 

rectangular area represents the selected region for the Aleutian circulation index. 689 
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 690 

FIG. 5. (a) The second principal mode of midsummer SST in the Pacific Ocean 691 

(20ºS–60ºN, 120ºE–80ºW), determined by EOF analysis. (b) The time series 692 

corresponding to the second mode (refer to PC2_SST). The green lines represent the 693 

9-year-sliding average. (c) Linear regression pattern of midsummer SLP (unit: mb) 694 

against the PC2_SST for 1961–2016. Stippling areas indicate the values that 695 

significantly exceed the 90% confidence level, estimated using Student’s t-test. 696 
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 697 

FIG. 6. Composite of SLP anomalies (unit: mb) relative to the climatology for (a) 698 

positive Aleutian circulation index during 1961–1990, (b) negative Aleutian 699 

circulation index during 1961–1990, (c) positive Aleutian circulation index during 700 

1996–2016, and (d) negative Aleutian circulation index during 1996–2016. The 701 

climatology is the average during 1961–2016. 702 
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 703 

FIG. 7. Linear regression pattern of midsummer SLP (unit: mb; left panels) and 704 

surface divergent wind component (unit: m s−1; right panels) against the Aleutian 705 

circulation index for (a, b) 1961–1990 and (c, d) 1996–2016. Stippling areas indicate 706 

the values that significantly exceed the 95% confidence level, estimated using 707 

Student’s t-test. The black rectangular area in (a) and (c) represents the selected region 708 

for the Aleutian circulation index. 709 
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 710 

FIG. 8. Linear regression pattern of midsummer meridional wind (unit: m s−1; shaded) 711 

and wave activity flux (unit: m2 s−2; vectors) at 200 hPa with regard to the SST_TWP 712 

index for (a) 1961–1990 and (b) 1996–2016. Stippling areas indicate the values that 713 

significantly exceed the 95% confidence level, estimated using Student’s t-test. 714 
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 715 

FIG. 9. Linear regression pattern of midsummer (a, b) near-surface horizontal wind 716 

(unit: m s−1; vectors) and 1000 hPa geopotential height (unit: m; shaded) and (c, d) 717 

zonal wind at 200 hPa (unit: m s−1) with regard to the SST_TWP index for (left panels) 718 

1961–1990 and (left panels) 1996–2016. Stippling areas indicate the values that 719 

significantly exceed the 95% confidence level, estimated using Student’s t-test. 720 
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FIG. 10. Linear regression pattern of midsummer (a, b) horizontal wind at 850 hPa (m 722 

s−1) and (c, d) vertically integrated moisture flux from the surface to 300 hPa (kg m−1 723 

s−1) with regard to the PC1 index for (left panels) 1961–1990 and (right panels) 1996–724 

2016. (e–h) As (a, d) but with regard to the SST_TWP index. Dark (light) shading 725 

indicates values that significantly exceed the 95% (90%) confidence level, estimated 726 

using the Student’s t-test. 727 
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 728 

FIG. 11. Vertical–horizontal cross section averaged within (100°–120°E) for vertical 729 

wind (vectors, m s−1 for meridional wind and −10−2 Pa s−1 for omega) and divergence 730 

(shading, 10−7 s−1) anomalies during midsummer regressed onto the SST_TWP index: 731 

(a) 1961–1990 and (b) 1996–2016. Divergence anomalies enclosed by black contours 732 

are at the 90% confidence level based on the Student’s t-test. 733 
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 734 

FIG. 12. Schematic diagram of the lower-level circulation anomalies associated with 735 

warming SST anomalies in the tropical West Pacific. Cold SST anomalies correspond 736 

to a converse case. The “AC” is short for “anticyclone” and “C” is short for “cyclone”. 737 

Arrows indicate horizontal winds. 738 
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TABLE 1. Correlation coefficients between indices before and after the 1990s. One 739 

and two asterisks indicate values that significantly exceed the 90% and 95% 740 

confidence levels, respectively. Two asterisks and bold indicate values that 741 

significantly exceed the 99% confidence level.  742 

 1961–1990 1996–2016 

Corr. (PC1, SST_TWP) 0.07 0.57** 

Corr. (PC1, Aleutian index) 0.41** 0.42* 

Corr. (SST_TWP, Aleutian index) 0.13 0.69** 

Corr. (SST_TWP, V index) -0.01 0.49** 

Corr. (SST_TWP, VQ index) 0.01 0.51** 
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TABLE 2. Years characterized by a positive or negative Aleutian circulation index 743 

during negative and positive NPMO phases, respectively. 744 

  1961–1990 is a negative NPMO 

phase period. 

1996–2016 is a positive NPMO 

phase period. 

  Positive 

Aleutian 

Negative 

Aleutian 

Positive 

Aleutian 

Negative 

Aleutian 

Years 1961, 1962, 

1963, 1964, 

1966, 1967,  

1969, 1970, 

1973, 1980, 

1981, 1982, 

1983, 1984, 

1985, 1989 

1965, 1968, 

1971, 1972, 

1974, 1975, 

1976, 1977, 

1978, 1979, 

1986, 1987, 

1988, 1990 

1996, 1998, 

1999, 2000, 

2001, 2003, 

2006, 2010, 

2012, 2016 

1997, 2002, 

2004, 2005, 

2007, 2008, 

2009, 2011, 

2013, 2014, 2015 

Total 16 14 10 11 
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