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ABSTRACT: 42 

Based on the long-term reanalysis datasets and the multivariate copula method, this study 43 

reveals that the frequency of summer hot drought events (SHDEs) over northeastern China 44 

(NEC) shows interdecadal variations during 1925−2010. It is revealed that the summer sea 45 

surface temperature (SST) over the North Atlantic has a significant positive correlation with 46 

the frequency of SHDEs over NEC on the decadal time scale, indicating a potential influence 47 

of the Atlantic multidecadal oscillation (AMO). Further analyses indicate that during the 48 

positive phases of the AMO, the warming SST over the North Atlantic can trigger a stationary 49 

Rossby wave originating from the North Atlantic, which splits into two wave trains propagating 50 

along two different routes. One is a zonally orientated wave train that resembles the Silk Road 51 

pattern, whereas the other is an arching wave train that resembles the Polar/Eurasian pattern. A 52 

negative (positive) phase of the Silk Road pattern (Polar/Eurasian pattern) may result in the 53 

weakened westerly wind along the jet stream, the downward vertical motion, and the 54 

anomalous positive geopotential center over NEC, providing favorable conditions for 55 

precipitation deficiency and high temperature and resulting in increased SHDEs. Thus, the Silk 56 

Road pattern and the Polar/Eurasian pattern serve as linkages between the AMO and SHDEs 57 

over northeastern China in summer on the interdecadal time scale. Model simulations from 58 

CAM4 perturbed with warmer SST in the North Atlantic show precipitation deficiency and 59 

high temperature conditions over northeastern China in summer, supporting the potential 60 

impacts of the North Atlantic SST on SHDEs over northeastern China. The results suggest that 61 
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the phase of the AMO should be taken into account in the decadal prediction of SHDEs over 62 

northeastern China in summer. 63 

  64 
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1. Introduction 65 

Drought is a natural disaster that can significantly affect the ecosystem, agriculture, and 66 

economy worldwide. Northeastern China is known as “the granary of China”, which 67 

contributed one-fifth of the country’s total grain production in 2017 68 

(http://economy.caixin.com/2018-09-25/101329831.html). Agriculture in northeastern China 69 

is quite sensitive to changes in precipitation and temperature (Liu et al. 2018a). Previous studies 70 

have noted that summer drought events have great impacts on crop production and food 71 

security over northeastern China (Yu et al. 2014; Zheng et al. 2015). For instance, the extreme 72 

drought event in 2014 resulted in a serious decrease in agricultural production (approximately 73 

five billion kilograms) in northeastern China 74 

(http://news.cntv.cn/2014/08/26/ARTI1409032307435405.shtml). Recently, northeastern 75 

China suffered from another serious hot drought event in the summer of 2016, which led to a 76 

decrease in crop production and economic losses up to 15.61 billion yuan (Li et al. 2018a). 77 

Therefore, it is important for society to understand the mechanisms of drought events and to 78 

provide an early warning of such events. 79 

Previous studies investigated the intensity of drought events over northeastern China 80 

mainly from the perspective of precipitation deficiency and found that summer precipitation 81 

over northeastern China varies among different time scales, including interannual variability 82 

(Sun and Wang 2012; Zhang et al. 2019), interdecadal variability (Han et al. 2015), and long-83 

term trends (Liang et al. 2011). However, precipitation deficiency is not the only influential 84 
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factor of the summer drought event. Although high temperatures and precipitation deficiency 85 

do not always occur simultaneously, it is worth noting that high temperatures accompanied by 86 

precipitation deficiency can aggregate the severity of drought events (e.g., drought events over 87 

California in 2014, Aghakouchak et al. 2014). Thus, it is important to investigate hot drought 88 

events characterized as simultaneous precipitation deficiencies and high temperatures. Actually, 89 

the summer hot drought events (SHDEs) over northeastern China became severe over the past 90 

half-century, and human activity may play an important role (Li et al. 2020). Recently, Li et al. 91 

(2018a) suggested a linkage between the interannual variations in SHDEs over northeastern 92 

China and the sea ice change in the Barents Sea in March after the late 1990s. However, no 93 

such linkage is detected for the period prior to 1996/97. Furthermore, the more frequent SHDEs 94 

over northeastern China after the late 1990s coincided with the interdecadal shift of the phase 95 

change of the Atlantic multidecadal oscillation (AMO). 96 

The AMO is a mode of the natural variability of sea surface temperature (SST) occurring 97 

in the North Atlantic, which is characterized by basin-scale cooling or warming (Schlesinger 98 

and Ramankutty 1994). The AMO has a cycle of 60–80 years, but the drivers of the AMO 99 

remain unknown. A few studies suggested that the AMO is only a random variation that can be 100 

linked to intrinsic modes of atmospheric circulation (Deser et al. 2010; Amy et al. 2016), 101 

whereas other studies proposed that the large-scale ocean circulation (Knight et al. 2005) or the 102 

ocean-atmosphere coupling might contribute to these interdecadal variations (Omrani et al. 103 

2014). Despite the fact that the mechanisms underlying the AMO are under debate, numerous 104 
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studies have suggested that the interdecadal variations in the SST in the North Atlantic have 105 

great impacts on global climate changes. In summer, the AMO can influence the atmospheric 106 

circulation over the Atlantic (Semenov and Cherenkova 2018), North America and Europe 107 

(Sutton and Hodson 2005; Hu et al. 2011; Ionita et al. 2013; Kayano and Capistrano 2014; 108 

Ghosh et al. 2017), and Asia (Lu et al. 2006; Luo et al. 2017; Fan et al. 2018; Zhang et al. 2018). 109 

In winter, the AMO can influence Eurasian air temperature (Hao et al. 2016), the East Asian 110 

winter monsoon (Li and Bates 2007), and northeastern China winter precipitation (Han et al. 111 

2018). In addition to its impact on precipitation, temperature, and monsoon systems, the AMO 112 

can also regulate the changes in Arctic sea ice (Li et al. 2018b), the intensity of the Aleutian–113 

Icelandic low (Li et al. 2018c), the relationship between the North Atlantic Oscillation and the 114 

ENSO (Zhang et al. 2019), and the Walker circulation (Sun et al. 2017). 115 

Recently, several studies found that the AMO is significantly correlated with drought 116 

events over several regions around the world. For instance, the AMO can modulate the impact 117 

of the ENSO on drought frequencies over the United States (Mo et al. 2009). In addition, the 118 

AMO can modulate the intensities of multiyear drought events over the Great Plains of North 119 

America, where the AMO accounts for approximately half a portion to influence the 120 

precipitation (Nigam et al. 2011). In addition, the influence of the AMO on interdecadal 121 

variations in drought frequency over the Yellow River became significant after the early 1990s, 122 

whereas it failed to produce the same influence before the 1990s (Qian et al. 2014). Hence, the 123 

question arises as to whether the interdecadal variations in SST over the North Atlantic can 124 
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exert an influence on the interdecadal variations in SHDEs over northeastern China. An insight 125 

into these questions can help to understand the causal factors of the interdecadal changes in 126 

SHDEs over northeastern China and hence be conducive to reducing uncertainties in the future 127 

projection of the SHDEs over northeastern China. 128 

The outline of the paper is as follows. Section 2 provides the datasets employed in this 129 

study and introduces the survival copula method and the wave activity flux method. Section 3 130 

describes the characteristics of interdecadal changes in SHDEs over northeastern China. In 131 

section 4, the associated atmospheric circulations for more SHDEs over northeastern China are 132 

discussed. Section 5 further investigates the influence of the AMO-like pattern on the 133 

interdecadal variations in SHDEs over northeastern China. Discussion and conclusions are 134 

finally provided in section 6. 135 

2. Data and methods 136 

The monthly precipitation and surface air temperature datasets (version 4.01) derived 137 

from the Climatic Research Unit (CRU) are used in this research (Harris et al. 2014). The 138 

horizontal resolution of the CRU datasets is 0.25o×0.25o, covering the period 1901–2016. The 139 

monthly reanalysis datasets during the period 1900–2010 from ERA-20C are also employed, 140 

with a horizontal resolution of 2o×2o (Poli et al. 2013). Variables, including meridional and 141 

zonal wind, surface-level pressure, geopotential height, air temperature, specific humidity, and 142 

vertical velocity, are used. The monthly reanalysis datasets of the downward solar radiation, 143 
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the downward (upward) longwave radiation, the sensible heat net flux, and the latent heat net 144 

flux during the period 1900–2010 from 20th Century Reanalysis V2c data provided by the 145 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA (https://www.esrl.noaa.gov/psd/) are 146 

employed to calculate the net flux at the surface over northeastern China. In addition, the SST 147 

dataset during the period 1901–2016 from the Hadley Centre version 1 (HadISST1) is also 148 

employed (Balsamo et al. 2015), with a horizontal resolution of 1o×1o. In this research, 149 

northeastern China is defined within the region of 42–54oN and 110–135oE, and the summer is 150 

defined as the monthly mean of July to August (JA). 151 

In the present study, the multivariate copula method is used to calculate the probability-152 

based index (PI) that simultaneously considers precipitation deficiency and high temperature. 153 

The multivariate copula method has been widely used in recent studies (Michele et al. 2005; 154 

Salvadori and De Michele 2010; Zhang et al. 2013). To identify the vulnerable regions related 155 

to hot drought events (precipitation deficiency and high temperature), the joint survival 156 

function (𝐹̄𝑖 ) is introduced, which is defined as 𝐹̄𝑖 = 1 − 𝐹𝑖  (Salvadori et al. 2013). The 157 

definition of the joint survival cumulative distribution function (CDF) is defined as Eq. (1), 158 

which is based on the concept of the multivariate survival copula (𝐶̂) method (Salvadori et al. 159 

2013) 160 

𝑃𝐼 = 𝐶̂(𝐹̄1(𝑥1), 𝐹̄2(𝑥2)) = 𝑃(𝑋1 > 𝑥1, 𝑋2 > 𝑥2)             (1) 161 

where 𝑥1 and 𝑥2 represent precipitation and temperature, and the CDFs of them are 𝐹1(𝑥1) =162 

𝑃( 𝑋1 ≤ 𝑥1) and 𝐹2(𝑥2) = 𝑃(𝑋2 ≤ 𝑥2), respectively. The joint CDF for precipitation and 163 
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temperature is calculated as 𝐹(𝑥1, 𝑥2) = 𝐶̂(𝐹1(𝑥1), 𝐹2(𝑥2)) (Salvadori and De Michele 2010). 164 

Therefore, the marginal survival functions of precipitation ( 𝐹1(𝑥1) = 𝑃(𝑋1 > 𝑥1) ) and 165 

temperature (𝐹2(𝑥2) = 𝑃(𝑋2 > 𝑥2)) are defined as PI-based on their joint survival CDFs 166 

(𝐶̂(𝐹̄1(𝑥1), 𝐹̄2(𝑥2)) = 𝑃(𝑋1 > 𝑥1, 𝑋2 > 𝑥2)) in equation (1). The PI varies between zero and 167 

unity, and the small values of the PI correspond to more severe hot drought events (Li et al. 168 

2018a). In the present study, the interdecadal changes in short-term drought (summer) over 169 

NEC are investigated, and the small decadal values of the PI corresponds to more frequent 170 

SHDEs. 171 

In terms of the propagation of wave trains, numerous studies have employed the concept 172 

of wave activity flux (WAF) (Wang and He 2015; Liu et al. 2018b; Sun and Wang 2018; Sun 173 

B. et al. 2019a). Here, we also calculate the WAF based on the method proposed by Takaya 174 

and Nakamura (2001) to investigate propagations of the stationary waves relating to SHDEs 175 

over northeastern China. Equation (2) gives the method to calculate the corresponding WAF, 176 

where 𝑊  represents the three-dimensional wave flux, 𝜓  is the stream function, U =177 

(𝑢̅, 𝑣̅, 0)𝑇 denotes the basic flow, 𝑢̅ and 𝑣̅ are the climatological zonal and meridional wind 178 

components, respectively, p = (pressure/1000 hPa), a  is the earth’s radius, 𝑁2 =179 

(𝑅𝑎𝑝
𝜅/𝐻)(𝜕𝜃/𝜕𝑧) is the buoyancy frequency squared, and 𝐶𝑈 is the vector indicating the 180 

phase propagation of U. 181 
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+ 𝐶𝑈𝑀 (2) 182 

Here, the Lanczos filtering method is used to extract the decadal signals with a 9-year 183 

low-pass filtered series by giving a symmetrical set of weights. In addition, Pearson’s linear 184 

correlation coefficient is employed to conduct the statistical test. Considering that the 9-year 185 

low-pass filtered series substantially reduces the degree of freedom of the data, the effective 186 

degrees of freedom (𝑁𝑒) is defined as in Eq. (3): 187 

𝑁𝑒 =
𝑁

1+2∑ 𝑎𝑖𝑏𝑖
10
𝑖=1

                              (3) 188 

where 𝑁 is the length of the time series and 𝑎𝑖 and 𝑏𝑖 are the ith order autocorrelations for 189 

time series of 𝑎 and 𝑏, respectively.  190 

In this study, we identify a positive summer Polar/Eurasian pattern (POL) with regard to 191 

more SHDEs over northeastern China, which is characterized by an anomalous negative 192 

geopotential height over the polar region and an anomalous positive geopotential height over 193 

northeastern Asia. Here, the summer POL index is defined as the differences in geopotential 194 

height between the region of northeastern Asia (45–55°N, 90–125°E) and the polar region (65–195 

80°N, 60–100°E) at 700 hPa in summer (Barnston and Livezey 1987). In addition, we also 196 

employ a Silk Road pattern index (SRPI), which is defined as the normalized principal 197 

component of the leading mode for 200 hPa meridional wind over East Asia (20–60oN, 30–198 

130oE) in summer (Wang et al. 2017). The AMO index is defined as the 9-year low-pass filtered 199 
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series of summer mean SST over the North Atlantic (0–65°N, 80°W–0°E) (Rayner 2003). 200 

To confirm the proposed mechanisms, the sensitivity experiment based on the Community 201 

Atmospheric Model, version 4 (CAM4), is performed. Here, two numerical experiments, 202 

including a control run and a sensitivity experiment, are carried out. In the control run, the 203 

boundary condition is prescribed as the climatological monthly mean during the period 1981–204 

2010. In the sensitivity experiment, we first calculate the anomalous composite SST over the 205 

North Atlantic in summer based on the negative and positive phases of the PINEC (the temporal 206 

series of the spatially averaged PI over northeastern China) from 1925 to 2010 (corresponding 207 

to the warming phases of the AMO-like pattern) (Fig. 6c). After that, the boundary condition 208 

of the SST in summer is set as the anomalous composite SST plus the boundary condition in 209 

the control run. For other months, the boundary conditions are prescribed as the climatological 210 

condition during 1981–2010. Both the control run and the sensitivity run are repeated 60 times, 211 

and we choose the last 40 ensembles for further analyses in this study. The horizontal resolution 212 

of CAM4 is 1.9o latitude ×2.5o longitude with 26 hybrid sigma-pressure levels. In this study, 213 

the differences between the sensitivity experiments and the control runs based on the relevant 214 

ensemble means are calculated to confirm the modulation of the summer AMO-like pattern on 215 

changes in SHDEs over northeastern China. 216 

3. Decadal variations in summer hot drought events over northeastern China 217 

Based on the multivariate survival method proposed in section 2, we calculate the PI to 218 
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illustrate the interdecadal changes in SHDEs. During the past century, the PINEC exhibits 219 

interannual and interdecadal variations (Fig. 1a). Based on the 9-year low-pass filtered series 220 

(black line), two abrupt interdecadal changes in the PINEC during 1900–2016 are identified, 221 

which are around the mid-1950s (shift from negative to positive phase) and around the mid-222 

1990s (shift from positive to negative phase). Generally, the abrupt decrease in the PINEC 223 

around the late 1990s is closely linked to the interdecadal decrease in summer precipitation 224 

(Han et al. 2015) and the abrupt increase in temperature (Chen and Lu 2014; Hong et al. 2017; 225 

Sun and Wang 2017) over northeastern China. In addition, the abrupt increase in the PINEC 226 

around the mid-1950s also coincided with the interdecadal decrease in temperature over 227 

northeastern China (figure not shown). Therefore, the interdecadal variations in the PINEC 228 

well represent the interdecadal variations in summer precipitation and temperature over 229 

northeastern China, which also show similarities to the interdecadal variations in the AMO 230 

index (Fig. 1b). It can be inferred that a positive (negative) phase of AMO may correspond to 231 

a negative (positive) phase of PINEC (the possible physical mechanisms are explained in 232 

section 5). However, this is not the case for 1905–1924. Namely, the negative phase of the 233 

AMO index was less significant during 1905–1924, while the PI was dominated as a positive 234 

anomaly during the negative phase of AMO for 1900–1914, accompanied by a large amplitude 235 

negative anomaly during 1915–1925 (Fig. 1a). Therefore, the relationship between the AMO 236 

index and PINEC was less robust during 1915–1925. To well demonstrate the out-phase 237 

relationship between AMO and PI, this study mainly focuses on the period 1925–2010 (results 238 

based on 1905–1924 are discussed in section 6). Based on the 9-year low-pass filtered PINEC 239 
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series (Fig. 1b), the entire period is separated into three subperiods, P1 (1925–1954), P2 (1955–240 

1995) and P3 (1996–2010), for composite analysis. 241 

To investigate the spatial distributions of the summer surface temperature, precipitation, 242 

and PI across China with regard to the interdecadal variations in the summer PINEC, we present 243 

the corresponding regression maps in Fig. 2. Since the negative phase of the PI represents the 244 

condition of precipitation deficiency and high temperature, we multiply the PINEC by –1 to 245 

facilitate the analyses regarding hot drought events. Apparently, during the negative phases of 246 

the PINEC (more occurrences of SHDEs over northeastern China), there is an overall positive 247 

temperature anomaly over the northern part of China, especially over northeastern China, 248 

where the regression coefficients are significant at the 95% confidence level (Fig. 2a). In 249 

addition, precipitation deficiency is also observed over the northern part of China. For most 250 

grids over northeastern China, precipitation deficiency conditions are significant at the 95% 251 

confidence level (Fig. 2b). Influenced by precipitation deficiency and high temperature 252 

conditions, there is an obvious negative PI center over northeastern China where the regression 253 

coefficients are significant at the 95% confidence level (Fig. 2c). The results based on the 254 

composite analyses between the negative and the positive phases of the PINEC are similar 255 

(figures not shown). 256 

For the summer PINEC, we also calculate the corresponding spatial distributions of 257 

explained variances based on the 9-year low-pass filtered datasets during the period 1925–2010. 258 

For the temperature (Fig. 2d) and PI (Fig. 2f), the explained variances are more than 80% for 259 
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most of the grids over northeastern China. For precipitation, the explained variances over most 260 

of the grids of northeastern China are more than 50% (Fig. 2e). The results suggest that the 261 

interdecadal variations in the PINEC well explain the interdecadal variances in the summer 262 

surface air temperature, precipitation, and PI over northeastern China (all significant at the 95% 263 

confidence level). 264 

Overall, changes in the PINEC can capture the spatial-temporal conditions of summer 265 

precipitation, temperature, and PI over northeastern China on the interdecadal timescale. In 266 

addition, the variances in summer precipitation, temperature, and PI over northeastern China 267 

can be highly explained by the PINEC on the interdecadal timescale. Accordingly, the PINEC 268 

is a good indicator to represent the interdecadal variations in SHDEs over northeastern China. 269 

In the following, the analyses regarding decadal changes in summer hot drought events over 270 

northeastern China are based on the 9-year low-pass filtered and detrended PINEC. 271 

4. Anomalous atmospheric circulations for more summer hot drought events over 272 

northeastern China 273 

To investigate the favorable atmospheric circulation patterns for the occurrences of 274 

SHDEs over northeastern China (corresponding to the negative phases of the PINEC) on the 275 

interdecadal timescale, Figure 3 displays the regression maps of the atmospheric circulations 276 

in summer with regard to the 9-year low-pass filtered PINEC during 1925–2010 after removing 277 

the linear trend. 278 
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Corresponding to the negative phase of the PINEC, there is an anomalous anti-cyclonic 279 

center over northeastern China from low (Fig. 3d) to high (Fig. 3a) troposphere. Despite the 280 

climatological low level of specific humidity over northeastern China, the anomalous anti-281 

cyclonic circulation favors water vapor transport (WVT) (Fig. S1a), which is unbeneficial to 282 

moisture accumulation (Fig. S1b) (Sun and Wang 2013). Additionally, an anomalous upper-283 

level easterly wind along the jet core is present over northeastern China, weakening the 284 

intensity of and results in the northward movement of the westerly jet (see the dashed purple 285 

line in Fig. 3a). Previous studies suggested that the weakened upper-level westerly jet favors 286 

indirect circulation accompanied by the anomalous positive geopotential height over 287 

northeastern China (Chen et al. 2016; Hong and Lu 2016) from the sea level (Fig. 3e) to the 288 

mid (Fig. 3b) troposphere. In addition, at the nose of the upper-level jet stream, the air is 289 

deflected to the right side of the jet by the supergradient winds, leading to the descending 290 

motion on the right side (Brill et al. 1985). Associated with the positive geopotential height 291 

anomaly, a uniform descending motion (Fig. 3c) also exists over northeastern China, which 292 

further prevents moisture accumulation (Fig. S1) and cloud formation and leads to increased 293 

solar radiation (Fig. S2a) as well as positive surface net heat flux (Fig. 3f) over northeastern 294 

China. Accordingly, the increased surface net heat flux and the moisture deficiency lead to 295 

SHDEs. Therefore, the anomalous atmospheric circulations provide a favorable condition for 296 

more SHDEs over northeastern China, which is consistent with those features on the 297 

interannual time scales (Li et al. 2018a). Moreover, all of these results are consistent with the 298 

composite analysis between the negative and positive phases of the PINEC (figures not shown). 299 
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In addition to the regional atmospheric circulations over northeastern China, the 300 

teleconnection patterns also deserve attention (Li et al. 2018a). Corresponding to the negative 301 

phase of the PINEC, a positive Polar/Eurasian pattern that featured as an anomalous positive 302 

geopotential center is evident over northeastern China, with two anomalous negative 303 

geopotential centers to its north (polar region) and south (the southern part of China and the 304 

northwestern Pacific) (Fig. 4a). Being influenced by this teleconnection pattern, an anomalous 305 

anti-cyclonic center is evident over northeastern China, along with two anomalous cyclonic 306 

centers to its north and south sides (Fig. 4a). Meanwhile, the Silk Road pattern featured as a 307 

series of cyclonic and anticyclonic centers is also evident over the northern hemisphere (Fig. 308 

4a). As suggested by the above analyses, the meridional displacement of the westerly jet that 309 

regulated by the Silk Road pattern is essential to influence atmospheric circulation over 310 

northeastern China (Hong and Lu, 2016). Subsequently, the influence of the Polar/Eurasian 311 

pattern and the Silk Road pattern on SHDEs are further investigated on the interdecadal time 312 

scale. 313 

Figure 5a shows the 9-year low-pass filtered time series of the POL index, SRPI, and PI 314 

(calculated by the method proposed in section 2). Noticeably, the POL index (SRPI) is highly 315 

correlated with the PINEC (Fig. 5a), with a correlation coefficient of –0.64 (0.57) (both are 316 

significant at the 95% confidence level). Correspondingly, the anomalous summer atmospheric 317 

circulations with regard to the summer POL index (Figs. 5b–d) and SRPI (Figs. 5e–g) are also 318 

given. The results suggest that the positive (negative) phase of the Polar/Eurasian pattern (Silk 319 
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Road pattern) is associated with an anomalous anti-cyclonic circulation (Figs. 5b, d, e, g) and 320 

a positive geopotential height (Figs. 5c, f) over northeastern China, and a weakened westerly 321 

jet (Figs. 5b, e), which indirectly leads to descending motion (figures not shown). As a result, 322 

during the negative phases of the PINEC, there is an anomalous positive Polar/Eurasian pattern 323 

(Fig. 4a) and a negative Silk Road pattern (Fig. 4a) over the northern hemisphere. Both of them 324 

induce favorable atmospheric circulations for precipitation deficiency and high temperature, 325 

which are further linked to more SHDEs over northeastern China (Figs. S3–S4). 326 

5. Possible modulation of the summer sea surface temperature over the North Atlantic 327 

Numerous studies have suggested that the interdecadal changes of the SST in the Atlantic, 328 

the Pacific, and the Indian Ocean may regulate the interdecadal climate variations globally 329 

(Zhu et al. 2011; Luo et al. 2018; Zhang et al. 2018; Sun B. et al. 2019b; Chen and Sun 2020). 330 

To investigate the causal factors for the interdecadal variations in SHDEs over northeastern 331 

China, we further focus on the associated variations in the global SST. 332 

Figure 6 presents the global composite SST between different phases of the PINEC. 333 

Corresponding to the negative phases of the PINEC, there is an anomalous warming pattern 334 

over the North Atlantic and the Indo-Pacific sector and cooling over the Southern Ocean. The 335 

significant warming over the North Atlantic well resembles the positive phases of the AMO. 336 

Generally, the amplitude (coverage) of the positive SST anomalies in the North Atlantic is the 337 

largest (broadest) among the different oceans, regardless of the composite periods. For example, 338 
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the anomalous positive SST in the North Atlantic reaches 0.4oC in most areas, significant at 339 

the 99% confidence level based on Student’s t-test (Figs. 6a–c). However, only a few parts of 340 

the Indian Ocean and the South Pacific exhibit warming anomalies for case one (Fig. 6a). In 341 

comparison with the former case, the warming pattern over the Indian Ocean and the South 342 

Pacific seem to be more significant for case two (Fig. 6b), while the warming anomalies over 343 

these regions are no more than 0.2oC based on the case three (Fig. 6c). Accompanied by the 344 

warming SST over the North Atlantic, there are obvious ascending air over the North Atlantic 345 

at 700 hPa (Figs. 6d–f), suggesting an enhanced convective activity. Overall, the SST 346 

anomalies in the North Atlantic may be an important factor influencing the interdecadal 347 

variations in SHDEs over northeastern China. 348 

Here, we define the SSTI as the spatially averaged SST over the North Atlantic (0–70oN, 349 

70oW–25oE) (see the red rectangle in Fig. 6a) in summer. Figure 7a gives the 9-year low-pass 350 

filtered series of the SSTI and the PINEC during the period 1925–2010, with a correlation 351 

coefficient of –0.55 between them that significant at the 90% confidence level. The results 352 

suggest that the 9-year low-pass filtered series of the SSTI is nearly the same as the summer 353 

AMO index (Fig. 7b), with the correlation coefficient between the SSTI and the AMO index to 354 

be 0.98 (significant at the 99% confidence level). Hereafter, we use the AMO index to represent 355 

the interdecadal variations in the SST over the North Atlantic.  356 

Figure 8 presents the anomalous atmospheric circulations with regard to the 9-year low-357 

pass filtered AMO index in summer from 1925 to 2010. During the positive phases of the AMO, 358 
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a positive Polar/Eurasian pattern and a negative Silk Road pattern are evident (Fig. 4b), 359 

accompanied by an anomalous anti-cyclonic (Figs. 8a, d) and positive geopotential center (Figs. 360 

8b, e) over northeastern China. The weakened upper-level westerly wind along the jet over 361 

northeastern China is also obvious (Fig. 8a), which induces an anomalous descending motion 362 

(Fig. 8c) and a positive surface net heat flux over northeastern China (Fig. 8f). These anomalous 363 

atmospheric circulations benefit precipitation deficiency (Fig. 9b) and high temperature (Fig. 364 

9a) over northeastern China, thus leading to more SHDEs (Fig. 9c). 365 

It is interesting to note that the atmospheric anomaly pattern related to the AMO (Fig. 8) 366 

well resembles the pattern associated with the POL index (Fig. 5b–d) and the SPRI (Figs. 5e–367 

g). Therefore, a hypothesis is proposed that the interdecadal variations in the AMO-like pattern 368 

might modulate the interdecadal variations in SHDEs over northeastern China and the 369 

associated atmospheric circulations through atmospheric teleconnection. As shown in Fig. 10, 370 

two routes of wave trains are identified over the mid to high latitudes during the negative phases 371 

of the PINEC, characterized by a series of anomalous negative and positive meridional wind 372 

centers (Fig. 10a) as well as anomalous anti-cyclonic and cyclonic centers (Fig. 4a). The wave 373 

train generally originates from the western North Atlantic, which propagates eastward and 374 

splits into two different parts over the eastern North Atlantic. In detail, one part is an arching 375 

wave train along the great circle route that propagates from the North Atlantic toward the polar 376 

region and further into northeastern Asia (resembling the Polar/Eurasian pattern), whereas the 377 

other part is a zonally orientated Rossby wave train propagating from the North Atlantic to East 378 
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Asia (resembling the Silk Road pattern) (Fig. 10a). Moreover, there are anomalous upward 379 

wave trains generating over the western North Atlantic (approximately 70–50°W, 40°N–55°N) 380 

(Fig. 11a) and northern Atlantic (approximately 30–0°W, 60°N–80°N) (Fig. 11c) that propagate 381 

eastward, accompanied by a series of barotropic negative and positive meridional wind centers 382 

(Figs. 11a, c). In general, the warming over the North Atlantic (during the positive phase of 383 

AMO) releases more heat flux from the ocean to the atmosphere (consistent with Ghosh et al. 384 

2017), which leads to enhanced convective activity (Fig. 6d–f) in the troposphere over the 385 

North Atlantic. The enhanced convective activity (Fig. 6d–f) generates a wave train over the 386 

North Atlantic (Li et al. 2008) and it propagates upward (Fig. 11b, d) and eastward (Fig. 10b), 387 

thus resulting in a series of meridional wind centers (Fig. 10b) as well as anti-cyclonic and 388 

cyclonic centers (Fig. 4b). Therefore, the positive phases of the AMO may modulate the 389 

formation and propagation of wave trains (Figs. 10b, 11b, 11d, and 4b) through air-sea 390 

interactions and convective activities (Fig. 6), which are further linked to atmospheric 391 

teleconnections related to SHDEs over northeastern China (Figs. 10a, 11a, 11c, and 4a). 392 

The above results suggest that the two routes of wave trains are closely connected to 393 

SHDEs over northeastern China, characterized by an arching wave train (positive 394 

Polar/Eurasian pattern) and a zonally orientated wave train (negative Silk Road pattern). 395 

Therefore, the AMO account for the interdecadal variations in atmospheric teleconnections that 396 

further influence SHDEs over northeastern China. Here, we further investigate the role of the 397 

Polar/Eurasian pattern and the Silk Road pattern in regulating wave activities linked to SHDEs 398 
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over northeastern China. The results suggest that the positive Polar/Eurasian pattern favors the 399 

arching wave train (Fig. 10c), while the negative Silk Road pattern favors the zonally orientated 400 

Rossby wave train (Fig. 10d) propagating from the eastern North Atlantic to East Asia. 401 

Therefore, the formation of a positive Polar/Eurasian pattern and a negative Silk Road pattern 402 

are the results of wave train propagation and atmospheric teleconnection relating to the positive 403 

phases of the AMO in summer, which are further linked to the negative phase of the PINEC 404 

(more SHDEs over northeastern China). 405 

To further verify the above analyses, Figure 12 shows the simulated differences in East 406 

Asian atmospheric circulation between the sensitivity experiments and the control runs based 407 

on the ensemble means of CAM4. Corresponding to the warming North Atlantic (Fig. 13a), 408 

there is an anticyclone and positive geopotential center to the north of northeastern China (Figs. 409 

12a, b), and both are further north compared with the reanalysis results (Figs. 7a, b). By contrast, 410 

the anticyclone at 700 hPa over northeastern China (Fig. 12c) shows high similarities to the 411 

reanalysis results (Fig. 7c) and hence provides an unfavorable condition for moisture 412 

accumulation. In addition, the jet stream is weakened by the easterly wind (Fig. 12a), which 413 

indirectly leads to descending motion over northeastern China (Fig. 12d). As a result, these 414 

anomalous atmospheric circulations result in warmer temperature (Fig. 13b) and less 415 

precipitation (Fig. 13c) over northeastern China, confirming the proposed linkage between the 416 

AMO and SHDEs over northeastern China (Fig. 8). In terms of the teleconnection patterns, 417 

two wave trains that propagate from the North Atlantic toward northeastern Asian are detected 418 
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(Fig. S5a), accompanied by a series of anti-cyclonic and cyclonic centers (Fig. S5b). It should 419 

be noted that the teleconnections may be sensitive to the background flows in models as 420 

suggested by previous studies (Sun X. et al. 2019; Stephan et al. 2018); hence, CAM4 partially 421 

reproduce the Polar/Eurasian pattern and Silk Road pattern (Fig. S5). 422 

6. Discussion and conclusions 423 

In this study, the interdecadal variations in SHDE frequency over northeastern China are 424 

identified based on the multivariate probability-based index of the PINEC (Fig. 1). The results 425 

suggest that the negative (positive) values of the PINEC correspond to more (less) SHDEs over 426 

northeastern China (Fig. 2c), which well captures the conditions of precipitation, temperature, 427 

and SHDEs over northeastern China (Fig. 2). In terms of the associated regional atmospheric 428 

circulations with regard to more SHDEs over northeastern China, the weakened westerly along 429 

the jet stream is obvious (Fig. 3a) and hence induces indirect circulation characterized by an 430 

anomalous positive geopotential center (Fig. 3b) and a descending motion (Fig. 3c) over 431 

northeastern China. 432 

Results suggest that the summer AMO-like pattern over the North Atlantic might account 433 

for the interdecadal variations in SHDE frequency over northeastern China. Generally, the 434 

decadal warming over the North Atlantic might excite anomalous wave activity over the North 435 

Atlantic through the air-sea interaction (Fig. 11b) and the enhanced convective activity (Fig. 436 

6). The wave train originating from the western North Atlantic propagates eastward and splits 437 
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into two different pathways (Fig. 10b). One of them is a zonally orientated Rossby wave train 438 

from the North Atlantic to East Asia, resembling the negative Silk Road pattern. The other is 439 

an arching wave train along the great circle route propagating from the North Atlantic to the 440 

polar region and further into East Asia, resembling the positive Polar/Eurasian pattern. 441 

Generally, these anomalous wave activities and atmospheric teleconnections are closely 442 

correlated to more SHDEs over northeastern China (Figs. 10a) by influencing the associated 443 

regional atmospheric circulations, featured as an anomalous anti-cyclonic center and positive 444 

geopotential center, a downward vertical motion, and a weakened upper-level westerly jet 445 

stream over northeastern China (Figs. 5, 8). These anomalous regional atmospheric circulations 446 

provide a favorable condition for precipitation deficiency (Fig. 9b) and high temperature (Fig. 447 

9a), thus resulting in more SHDEs (Fig. 9c) over northeastern China. Consequently, 448 

interdecadal changes in the AMO may account for the interdecadal variations in SHDEs over 449 

northeastern China, and the Polar/Eurasian pattern and Silk Road pattern serve as pathways 450 

between the AMO and SHDEs over northeastern China. 451 

While the results of this study suggest a potential linkage between the summer SST in the 452 

Atlantic Ocean and SHDEs over northeastern China on the interdecadal time scale, a few issues 453 

remain to be answered. The above analyses indicate that the relationship between the AMO 454 

and SHDEs is robust during 1925–2010, whereas it is not the case for 1905–1924 as suggested 455 

in section 3 (Fig. 1b). Therefore, a question is raised: whether the relationship between the 456 

AMO-PINEC through the Polar/Eurasian pattern and the Silk Road pattern also exists during 457 
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1905–1924? To answer this question, the atmospheric circulation and wave activities 458 

associated with the AMO index during 1905–1924 are further analyzed. Results indicate that 459 

the Silk Road pattern is also evident (Fig. S6a) during 1905–1924, accompanied by the 460 

anomalous atmospheric teleconnections and wave activities (Fig. S6b). However, the 461 

Polar/Eurasian pattern was located northeastward during 1905–1924 compared to that during 462 

1925–2010 (Fig. S6). Being influenced by the northeast-movement of the Polar/Eurasian 463 

pattern, the anticyclonic center and positive geopotential center (Fig. S7a, b, d), the positive 464 

net heat center (Fig. S7f), and the downward motion (Fig. S7c) consistently moved 465 

northeastward. These favorable atmospheric conditions for more SHDEs located to the 466 

northeastward of northeastern China. As a result, the SHDEs over northeastern China and the 467 

AMO is positively correlated during 1905–1924 (Fig. S8c) rather than negatively correlated 468 

during 1925–2010 (Fig. 9c), accompanied with the negatively (positively) correlation between 469 

the AMO and temperature (precipitation) over northeastern China (Figs. S8a, b). However, it 470 

should be noted that the relationship between the AMO and the SHDEs over northeastern China 471 

also existed during 1905–1914 (Fig. S8d), which indicates that this inconspicuous relationship 472 

is mainly influenced by the period of 1915–1924. In brief, the relationship between the AMO 473 

and the PINEC through Polar/Eurasian pattern and the Silk Road pattern did not exist during 474 

1905–1924 (especially during 1915–1924), even though the Polar/Eurasian pattern and the Silk 475 

Road pattern were still evident during that period.  476 

Actually, a previous study has suggested that the SST anomalies in the North Pacific, 477 
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North Atlantic, and the Indian Ocean jointly modulate interdecadal variations of precipitation 478 

over eastern China (Zhang et al. 2018). Considering that anomalous warming is observed in 479 

the Indian Ocean and the western South Pacific corresponding to negative PINEC phases (Figs. 480 

6a, b, c), the SSTs in the Indian Ocean and the western South Pacific might have an impact on 481 

the SHDEs over northeastern China. Thus, the role of SSTs in the Indian Ocean and the western 482 

South Pacific in the interdecadal variations of SHDEs deserves further attention.  483 

In addition, the reliability of datasets should also be taken into consideration. The previous 484 

study has suggested that there is a large uncertainty of the data before 1920 in China due to the 485 

properties of the CRU material (Wang et al. 2015). According to the official statistical datasets 486 

(Lin et al. 1995), there are only 13–25 (37–42) stations across the whole China during 1905–487 

1914 (1915–1920) and most of the them located in eastern China, while it increased 488 

significantly after 1920 (more than 100 stations). Therefore, the large uncertainty of datasets 489 

during 1905–1924 may also account for the inconspicuous relationship between AMO and 490 

PINEC during that period. 491 

Our results suggest that the interdecadal change in SHDE frequency is partly a natural 492 

variability that is modulated by the AMO. If the AMO switches to a negative phase in the future, 493 

the number of SHDEs will likely be reduced given that the other climate forcings are 494 

unchanged. 495 

  496 
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Figure Captions 713 

FIG. 1. (a) Temporal series of the anomalous probability-based index (PI) averaged over 714 

northeastern China (NEC; 42o–54oN, 110o–135oE) in summer (JA; July to August) during 1900 715 

to 2016 after removing linear trend. The black line denotes the corresponding 9-year low-pass 716 

filtered series using the Lanczos filter method. (b) Time series of 9-year low-pass filtered 717 

anomalous PINEC (blue) and the AMO index from 1905 to 2010 after removing the linear 718 

trend.  719 

FIG. 2. Regression maps of the 9-year low-pass filtered (a) surface air temperature (oC), (b) 720 

precipitation (mm), and (c) PI in JA with regard to 9-year low-pass filtered PI series averaged 721 

over NEC (PINEC) in JA during the period from 1925 to 2010 after removing linear trend. The 722 

variance for 9-year low-pass filtered (d) surface air temperature (%), (e) precipitation (%), and 723 

(f) PI (%) in JA explained by PINEC based on 9-year low-pass filtered datasets from 1925 to 724 

2010 after removing linear trend. Stippling denotes the regression coefficient or the explained 725 

variances significant at the 95% confidence level based on the Student’s t-test. Here, PINEC is 726 

multiplied by –1. 727 

FIG. 3. Regression maps of the 9-year low-pass filtered circulations in JA with regard to 9-year 728 

filtered PINEC in JA from 1925 to 2010 after removing linear trend: (a) 200 hPa (m s–1) and 729 

(d) 700 hPa wind (m s–1), (b) 500 hPa geopotential height (gpm), (c) vertical–horizontal cross-730 

section averaged along 115o–135 oE (m s–1), (e) sea level pressure (Pa), and (f) net heat flux (W 731 
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m–2). The dashed purple line in (a) gives the climatological position of the jet stream. Blue 732 

shading in (a), (c) and stippling in (b), (e), and (f) denote the regression coefficient significant 733 

at the 90% confidence level based on the Student’s t-test. Here, the zonal mean of geopotential 734 

height in (b) and (e) is removed, and PINEC is multiplied by –1. 735 

FIG. 4. Regression maps of the 9-year low-pass filtered 300 hPa wind (arrow, units: m s–1) and 736 

meridional wind (shading, units: m s–1) with regard to (a) 9-year filtered PINEC and (b) 9-year 737 

filtered AMO index. Red arrows denote the anomalies significant at the 90% confidence level 738 

based on the Student’s t-test. Here, PINEC is multiplied by –1. 739 

FIG. 5. (a) Time series of 9-year low-pass filtered anomalous PINEC (grey shading), POL 740 

index (red line), and SRPI index (blue line) from 1925 to 2010 after removing linear trend. (b)–741 

(d) are the same as FIG. 3(a), (b), and (d), but for the results regard to 9-year filtered POL index. 742 

(e)–(g) are the same as FIG. 3(a), (b), and (d), but for the results regard to 9-year filtered SRPI 743 

index. Here, SRPI is multiplied by –1. 744 

FIG. 6. Globally composite sea surface temperature (SST) in summer during the period 745 

between (a) P1 (1925–1954) and P2 (1955–1995) (case one) (oC), (b) P3 (1996–2010) and P2 746 

(1955–1995) (case two) (oC), and (c) P1+P3 and P2 (case three) (oC) after removing linear 747 

trend. (d)–(f) are the same as (a)–(c), but for 700 hPa ω over North Atlantic (units: m s–1). 748 

Stippling denotes the anomalies significant at the 90% confidence level based on the Student’s 749 

t-test. The red rectangle indicates the North Atlantic.  750 

FIG. 7. (a) Time series of 9-year low-pass filtered anomalous PINEC and the SSTI index from 751 
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1925 to 2010 after removing the linear trend. (b) Time series of 9-year low-pass filtered 752 

anomalous summer SSTI and the AMO index from 1905 to 2012 after removing linear trend. 753 

FIG. 8. Same as FIG. 3, but for the results with regard to the 9-year low-pass filtered AMO 754 

index in JA from 1925 to 2010 after removing the linear trend.  755 

FIG. 9. Same as FIG. 2, but for the results regarding the 9-year low-pass filtered AMO index 756 

in JA from 1925 to 2010 after removing the linear trend. Stippling denotes the regression 757 

coefficient or the explained variances significant at the 90% confidence level based on the 758 

Student’s t-test.  759 

FIG. 10. Regression maps of 9-year low-pass filtered 300 hPa meridional wind anomalies 760 

(shading) and wave activity flux (vector; units: m2 s–2) in JA with regard to 9-year filtered (a) 761 

PINEC, (b) AMO index, (c) POL index, and (d) SRPI index during 1925–2010 after removing 762 

linear trend. Stippling denotes the anomalies significant at the 90% confidence level based on 763 

the Student’s t-test. Here, PINEC is multiplied by –1.  764 

FIG. 11. Regression maps of 9-year low-pass filtered vertical-horizontal cross-section averaged 765 

along 40°N–55°N for JA wave flux (vectors, units: m s–1) and meridional wind (shading, units: 766 

m s–1) anomalies with regard to (a) 9-year filtered PINEC and (b) 9-year filtered AMO index. 767 

Regression maps of 9-year low-pass filtered vertical-horizontal cross-section averaged along 768 

60°N–80°N for JA wave flux (vectors, units: m s–1) and meridional wind (shading, units: m s–769 

1) anomalies with regard to (c) 9-year filtered PINEC and (d) 9-year filtered AMO index. 770 

Stippling denotes the anomalies significant at the 90% confidence level significant based on 771 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-19-0440.1.



 

42 

 

the Student’s t-test. Here, PINEC is multiplied by –1. 772 

FIG. 12. Composite differences of (a) 200 hPa wind (units: m s–1), (b) 500 hPa geopotential 773 

height (units: gpm), (c) 700 hPa wind (units: m s–1), and (d) vertical–horizontal cross-section 774 

averaged along 115o–135 oE (units: m s–1) between sensitive runs and control experiments based 775 

on 40 ensembles. Colored arrow in (a, c) and stippling in (b) denote that more than half of the 776 

models share the same sign as the ensemble mean. The dashed purple line in (a) gives the 777 

climatological position of the jet stream. Here, the zonal mean of geopotential height in (b) is 778 

removed. 779 

FIG. 13. Composite differences of (a) SST (units: oC), (b) surface air temperature (units: oC), 780 

and (c) precipitation (units: mm) between sensitive runs and control experiments based on the 781 

ensembles means of the 40 ensembles. Stippling in (b, c) denotes that more than half of the 782 

ensembles share the same sign as the ensemble mean. 783 

 784 

  785 
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Figures 786 

   787 

FIG. 1. (a) Temporal series of the anomalous probability-based index (PI) averaged over 788 

northeastern China (NEC; 42o–54oN, 110o–135oE) in summer (JA; July to August) during 1900 789 

to 2016 after removing linear trend. The black line denotes the corresponding 9-year low-pass 790 

filtered series using the Lanczos filter method. (b) Time series of 9-year low-pass filtered 791 

anomalous PINEC (blue) and the AMO index from 1905 to 2010 after removing the linear 792 

trend.  793 

  794 
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 795 

FIG. 2. Regression maps of the 9-year low-pass filtered (a) surface air temperature (oC), (b) 796 

precipitation (mm), and (c) PI in JA with regard to 9-year low-pass filtered PI series averaged 797 

over NEC (PINEC) in JA during the period from 1925 to 2010 after removing linear trend. The 798 

variance for 9-year low-pass filtered (d) surface air temperature (%), (e) precipitation (%), and 799 

(f) PI (%) in JA explained by PINEC based on 9-year low-pass filtered datasets from 1925 to 800 

2010 after removing linear trend. Stippling denotes the regression coefficient or the explained 801 

variances significant at the 95% confidence level based on the Student’s t-test. Here, PINEC is 802 

multiplied by –1. 803 
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 804 

FIG. 3. Regression maps of the 9-year low-pass filtered circulations in JA with regard to 9-year 805 

filtered PINEC in JA from 1925 to 2010 after removing linear trend: (a) 200 hPa (m s–1) and 806 

(d) 700 hPa wind (m s–1), (b) 500 hPa geopotential height (gpm), (c) vertical–horizontal cross-807 

section averaged along 115o–135 oE (m s–1), (e) sea level pressure (Pa), and (f) net heat flux (W 808 

m–2). The dashed purple line in (a) gives the climatological position of the jet stream. Blue 809 

shading in (a), (c) and stippling in (b), (e), and (f) denote the regression coefficient significant 810 

at the 90% confidence level based on the Student’s t-test. Here, the zonal mean of geopotential 811 

height in (b) and (e) is removed, and PINEC is multiplied by –1. 812 

 813 
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 814 

FIG. 4. Regression maps of the 9-year low-pass filtered 300 hPa wind (arrow, units: m s–1) and 815 

meridional wind (shading, units: m s–1) with regard to (a) 9-year filtered PINEC and (b) 9-year 816 

filtered AMO index. Red arrows denote the anomalies significant at the 90% confidence level 817 

based on the Student’s t-test. Here, PINEC is multiplied by –1. 818 
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 819 

FIG. 5. (a) Time series of 9-year low-pass filtered anomalous PINEC (grey shading), POL 820 

index (red line), and SRPI index (blue line) from 1925 to 2010 after removing linear trend. (b)–821 

(d) are the same as FIG. 3(a), (b), and (d), but for the results regard to 9-year filtered POL index. 822 

(e)–(g) are the same as FIG. 3(a), (b), and (d), but for the results regard to 9-year filtered SRPI 823 

index. Here, SRPI is multiplied by –1. 824 

 825 
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 826 

FIG. 6. Globally composite sea surface temperature (SST) in summer during the period 827 

between (a) P1 (1925–1954) and P2 (1955–1995) (case one) (oC), (b) P3 (1996–2010) and P2 828 

(1955–1995) (case two) (oC), and (c) P1+P3 and P2 (case three) (oC) after removing linear 829 

trend. (d)–(f) are the same as (a)–(c), but for 700 hPa ω over North Atlantic (units: m s–1). 830 

Stippling denotes the anomalies significant at the 90% confidence level based on the Student’s 831 

t-test. The red rectangle indicates the North Atlantic.  832 
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 833 

FIG. 7. (a) Time series of 9-year low-pass filtered anomalous PINEC and the SSTI index from 834 

1925 to 2010 after removing the linear trend. (b) Time series of 9-year low-pass filtered 835 

anomalous summer SSTI and the AMO index from 1905 to 2012 after removing linear trend. 836 
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 838 

FIG. 8. Same as FIG. 3, but for the results with regard to the 9-year low-pass filtered AMO 839 

index in JA from 1925 to 2010 after removing the linear trend.  840 

  841 
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 842 

FIG. 9. Same as FIG. 2, but for the results regarding the 9-year low-pass filtered AMO index 843 

in JA from 1925 to 2010 after removing the linear trend. Stippling denotes the regression 844 

coefficient or the explained variances significant at the 90% confidence level based on the 845 

Student’s t-test.   846 
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 847 

FIG. 10. Regression maps of 9-year low-pass filtered 300 hPa meridional wind anomalies 848 

(shading) and wave activity flux (vector; units: m2 s–2) in JA with regard to 9-year filtered (a) 849 

PINEC, (b) AMO index, (c) POL index, and (d) SRPI index during 1925–2010 after removing 850 

linear trend. Stippling denotes the anomalies significant at the 90% confidence level based on 851 

the Student’s t-test. Here, PINEC is multiplied by –1.  852 

853 
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  854 

FIG. 11. Regression maps of 9-year low-pass filtered vertical-horizontal cross-section averaged 855 

along 40°N–55°N for JA wave flux (vectors, units: m s–1) and meridional wind (shading, units: 856 

m s–1) anomalies with regard to (a) 9-year filtered PINEC and (b) 9-year filtered AMO index. 857 

Regression maps of 9-year low-pass filtered vertical-horizontal cross-section averaged along 858 

60°N–80°N for JA wave flux (vectors, units: m s–1) and meridional wind (shading, units: m s–859 

1) anomalies with regard to (c) 9-year filtered PINEC and (d) 9-year filtered AMO index. 860 

Stippling denotes the anomalies significant at the 90% confidence level significant based on 861 

the Student’s t-test. Here, PINEC is multiplied by –1. 862 

  863 
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 864 

FIG. 12. Composite differences of (a) 200 hPa wind (units: m s–1), (b) 500 hPa geopotential 865 

height (units: gpm), (c) 700 hPa wind (units: m s–1), and (d) vertical–horizontal cross-section 866 

averaged along 115o–135 oE (units: m s–1) between sensitive runs and control experiments based 867 

on 40 ensembles. Colored arrow in (a, c) and stippling in (b) denote that more than half of the 868 

models share the same sign as the ensemble mean. The dashed purple line in (a) gives the 869 

climatological position of the jet stream. Here, the zonal mean of geopotential height in (b) is 870 

removed. 871 
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 872 

FIG. 13. Composite differences of (a) SST (units: oC), (b) surface air temperature (units: oC), 873 

and (c) precipitation (units: mm) between sensitive runs and control experiments based on the 874 

ensembles means of the 40 ensembles. Stippling in (b, c) denotes that more than half of the 875 

ensembles share the same sign as the ensemble mean. 876 
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