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Abstract 18 
 19 

We analyse the impact of the North Atlantic Oscillation (NAO) on the climate of East Asia at 20 
subseasonal time scales during both winter and summer. These teleconections have mainly been 21 

investigated at seasonal and longer time scales, while higher-frequency links are largely unexplored. 22 
The NAO is defined using extended empirical orthogonal functions (EEOFs) on pentad-mean 23 
observations, which allows to elucidate the oscillation’s spatial and temporal evolution and clearly 24 
separate the development and decay phases. The downstream dynamical imprint and associated 25 
temperature and precipitation anomalies are quantified by means of a linear regression analysis. It is 26 

shown that the NAO generates a significant climate response over East Asia during both the dry and 27 
wet seasons, whose spatial pattern is highly dependent on the phase of the NAO’s life cycle. 28 
Temperature and precipitation anomalies develop concurrently with the NAO mature phase, and 29 
reach maximum amplitude 5-10 days later. These are shown to be systematically related to mid and 30 
high-latitude teleconnections across the Eurasian continent via eastward-propagating quasi-31 

stationary Rossby waves instigated over the Atlantic and terminating in the northeastern Pacific. 32 
These findings underscore the importance of rapidly evolving dynamical processes in governing the 33 

NAO’s downstream impacts and teleconnections with East Asia. 34 
 35 
 36 
 37 

Keywords: North Atlantic Oscillation; East Asian monsoon; teleconnections; precipitation; 38 

Extended Empirical Orthogonal Functions 39 

40 
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1. Introduction 41 

 42 
The annual cycle of East Asian climate is dominated by a seasonal reversal of the winds and a 43 

clearly defined rainy season, both key features of the East Asian monsoon (EAM). During boreal 44 

summer, the large-scale moisture-laden southwesterlies associated with the Asian monsoon flow 45 

along with the southeasterlies associated with the western Pacific subtropical high supply water 46 

vapor to the East Asian summer monsoon (EASM) and bring abundant precipitation across the 47 

region (e.g., Zhou et al. 2009). During the winter months the dominance of the continental Siberian 48 

High favours low-level cold northeasterlies, associated with the East Asian winter monsoon 49 

(EAWM). Variations in either of these components can exert large impacts on economy and society 50 

of this densely populated region, such as those due to extreme cold outbreaks and severe flooding 51 

(e.g., Huang et al. 2012). Additionally, given the near-global footprint of the Asian monsoon system, 52 

of which the EAM is a major component, the climate impacts may extend well beyond the regional 53 

scale (e.g., Ding and Chan 2005). 54 

The EAM presents considerable variability on multiple temporal and spatial scales, driven by a 55 

variety of local and remote factors (e.g., Chang 2004; Chang et al. 2006; Ding and Chan 2005, 56 

among others). In contrast to other monsoons (e.g., the South Asian monsoon), variations of the 57 

EAM are controlled by tropical as well as extratropical disturbances (e.g., Wang et al. 2003). 58 

One of the key drivers of the EAM seasonal to interannual variability is the El Niño-Southern 59 

Oscillation (ENSO; e.g., Wu et al. 2003); on decadal scales, ENSO’s influence on the monsoon can 60 

also be heavily modulated by the Pacific Decadal Oscillation (PDO; Feng et al. 2014; Song and 61 

Zhou 2015). Yet, the variability of the tropical Pacific can explain only part of the rich structure of 62 

the monsoon. .  63 

Recently, remote teleconnections on East Asia from the North Atlantic region have garnered 64 

considerable attention. For example, the Atlantic Multidecadal Oscillation (AMO) has been linked 65 

to multidecadal changes in atmospheric circulation and precipitation over China (e.g., Lu et al. 66 



 

4 

 

2006; Lin et al. 2016; Wu et al. 2016). The winter Arctic Oscillation (AO) has been shown to 67 

influence the EAWM (Wu and Wang 2002) and the occurrence of cold surges over East Asia (Jeong 68 

and Ho 2005) by modulating the jet stream and the Siberian High. Gong and Ho (2003) found that a 69 

positive AO in late spring can lead to a northward shift of the summertime East Asian jet stream and 70 

a redistribution of precipitation over East Asia, while Gong et al. (2011) proposed a spring AO-71 

EASM linkage mediated bu Pacific SST anomalies. Additionally, interdecadal variations in the 72 

winter AO have been related to the EASM via anomalous land surface conditions and subsequent 73 

modulation of the summer land-sea thermal contrast (Ju et al. 2005).  74 

The North Atlantic Oscillation (NAO) – which is closely related to the AO – also has important 75 

downstream influences on Asian climate, chiefly via quasi-stationary wave propagation of upper-76 

tropospheric anomalies along the Asian jet. This propagation pathway has been highlighted by a 77 

number of studies, both in the context of the NAO (e.g. Watanabe 2004; Sung et al., 2006) and more 78 

generally in terms of teleconnections with the East Asian region (e.g. Lu et al., 2002; Enomoto et 79 

al., 2003). The early studies on this subject have focussed on the (simultaneous) link during the 80 

winter season, when the NAO is strongest and most clearly defined in terms of its traditional 81 

measures. Interannual variations of the winter NAO were found to be significantly correlated with 82 

winter temperature (Wu and Huang 1999; Li and Wang 2003; Watanabe 2004) and rainfall (Xu et 83 

al. 2012; Xiao et al. 2015) anomalies over East Asia. The winter NAO can also have a lagged 84 

impact on Eurasian climate by modulating, for example, snow-cover and associated large-scale 85 

atmospheric circulation in spring and summer (Ogi et al. 2003; Xin et al. 2010), spring temperature 86 

(Yu and Zhou 2004), the timing of the onset of the Meiyu front (Xu et al. 2001), spring droughts 87 

(Xin et al. 2006) as well as summertime floods/droughts in parts of China (Fu and Zeng 2005), and 88 

monsoonal precipitation in eastern Asia (Sung et al. 2006). 89 

However, the NAO is a prominent teleconnection pattern all year round, albeit with a well-90 

defined seasonality (e.g., Portis et al. 2001; Hurrell et al. 2003). Recently, the (lagged) impact of the 91 
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NAO defined over months/seasons other than the canonical winter has been noted. Gu et al. (2009) 92 

found a link between January-March NAO and the main modes of summer precipitation variability 93 

over China, while the spring NAO was associated to the following summer’s EASM rainfall and 94 

circulation via changes in the North Atlantic sea surface temperatures (SSTs). In particular, Wu et 95 

al. (2009) showed that the Spring NAO and ENSO can be used as predictors to develop a simple 96 

forecast model for EASM strength. A similar SST mechanism was invoked to explain the influence 97 

of the summer NAO on September precipitation over China (Xu et al. 2013), although the spring 98 

and summer NAO may actually interfere (Zheng et al. 2016). May NAO variations were linked to 99 

the frequency of summer extreme precipitation over the Yangzte river (Qian et al. 2016), and the 100 

summer NAO to large-scale temperature, precipitation and circulation anomalies over East Asia 101 

(Folland et al. 2009; Linderholm et al. 2011; Sun and Wang 2012), as well as the eastern Tibetan 102 

Plateau (Liu and Yin 2001). The NAO may also modulate other teleconnection links; for example, 103 

the spring NAO played an important role in the recent strengthening of the EASM-ENSO 104 

relationship (Wu et al. 2012).  105 

In addition to the above footprint at the interannual scale, longer-term NAO signals over East 106 

Asia have also been identified. For example, the winter NAO has been suggested to affect 107 

interdecadal climate variability over China by modulating winter and summer temperature (Sun et 108 

al. 2008; Yuan and Sun 2009; Zuo et al. 2016), and spring and summer precipitation (Zhou et al. 109 

2015; Xu et al. 2016), including the occurrence of droughts (Xin et al. 2006); yet, these links are 110 

non-stationary (Yuan and Sun 2009). The recent cooling over the eastern edges of the Tibetan 111 

Plateau has also been related to long-term variations of the winter NAO (Li et al. 2008). 112 

The literature therefore provides extensive evidence of the NAO’s impacts on the EAM across a 113 

broad range of timescales. However, our understanding of this link is far from complete. In 114 

particular, we identify three knowledge gaps that still need to be addressed.  115 
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Firstly, the majority of past investigations has focused on seasonal to decadal time scales, while 116 

teleconnections at intraseasonal scales are largely unexplored. An obvious reason is that the NAO 117 

variance peaks at the former timescales (Feldstein 2000). However, the dynamical processes 118 

associated with the excitation, maintenance, and decay phases of an NAO-event life cycle take 119 

place over roughly a two-week period (e.g., Feldstein 2003). Therefore analyses based on monthly 120 

or seasonal mean data introduce a temporal averaging over several shorter-term NAO events. While 121 

this has arguably merits, for example by reducing the noise in the data, it also hinders the 122 

understanding of the fundamental dynamics underlying NAO-related teleconnection patterns. For 123 

example, Watanabe (2004) showed that convergence anomalies over the Mediterranean precede the 124 

wintertime NAO peak, and that downstream propagation occurs during the decay stage of the NAO 125 

cycle. Sung et al. (2010) investigated the vertical structure of winter downstream anomalies, 126 

distinguishing between upper-tropospheric wave trains common to both NAO positive and negative 127 

events and surface pressure anomalies occurring only during the latter. Linderholm (2011) found a 128 

propagation of the summer NAO signal to eastern Asia about one week after the peak of both 129 

positive and negative NAO phases.  130 

Secondly, the NAO is typically defined on a monthly or seasonal basis, using either station data 131 

or empirical orthogonal functions (EOFs). Both methodologies assume a stationary spatial pattern 132 

during the targeted season. While the impacts during the growing, peak and decay phases of such 133 

pattern can be separated (e.g., Linderholm et al. 2011), its spatial evolution is entirely overlooked.  134 

Finally, most individual studies have addressed the NAO-EAM link during a specific season, if 135 

not single months, as summarized above. While the conclusions drawn by different studies are not 136 

necessarily incompatible, the wide range of analysis techniques and NAO definitions makes it 137 

difficult to collate them into a unitary picture of the NAO’s influence on both the EASM and 138 

EAWM.  139 
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We further note that not accounting for the rapidly-evolving dynamics driving atmospheric 140 

teleconnections poses important challenges in identifying lagged links, and ultimately obscures any 141 

application to near-term predictability studies (Nigam and Baxter 2015). This is especially relevant 142 

here since the predictability of the EASM, and corresponding droughts or flooding, can be 143 

improved by accounting for the NAO influence (e.g., Wu et al. 2009; 2015).  144 

This paper aims to address the shortfalls outlined above. Specifically, it investigates the observed 145 

influence of the NAO’s spatio-temporal evolution on the EAM at intraseasonal timescales during 146 

both the summer (June to August, JJA) and extended winter (December to March, DJFM) seasons. 147 

The NAO is defined as the most recurring temporal series of spatial variability patterns during the 148 

relevant season using the extended EOF (EEOF) procedure (Weare and Nasstrom 1982). The rest of 149 

the manuscript is organized as follows: Section 2 details data and methods used in the analysis. The 150 

EEOF-based NAO is described in Section 3, showing the additional insights provided by this 151 

approach compared to an EOF or station-based analysis. Section 4 documents the statistical links 152 

between the EEOF-based NAO and East Asian climate, while a dynamical interpretation of the 153 

results follows in Section 5. Finally, Section 6 provides concluding remarks. 154 

 155 

2. Data and Methodology 156 

 157 

The primary datasets used in this paper are the 6-hourly European Centre for Medium-Range 158 

Weather Forecasts (ECMWF) Interim Reanalysis (ERA-I; Dee et al. 2011) at 0.7° x 0.7° horizontal 159 

resolution, and the Climate Prediction Center’s (CPC) pentad Merged Analysis of Precipitation 160 

(CMAP; Xie and Arkin 1997) at 2.5° x 2.5° resolution. The former is used to characterize near-161 

surface climate (temperature) and the three-dimensional atmospheric circulation, while the latter 162 

provides precipitation estimates. Both datasets have a global coverage, thus allowing a 163 

geographically comprehensive portrayal of the NAO and its climate footprint. Two daily station-164 
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based datasets of temperature and precipitation were also used to provide a regional, high-resolution 165 

validation to the larger-scale analysis: the 0.5° x 0.5° Asian Precipitation - Highly-Resolved 166 

Observational Data Integration Towards Evaluation of water resources (APHRODITE) for East 167 

Asian precipitation (Yatagai et al. 2012) and temperature (Yasutomi et al. 2011), and the 0.5° x 0.5° 168 

E-OBS for European temperature and precipitation (Haylock et al. 2008). The analysis focuses on 169 

the 30-year period 1979-2008, avoiding discontinuities linked to the beginning of satellite data 170 

assimilation in reanalyses in 1979, and is carried out at pentad resolution by averaging the data into 171 

consecutive non-overlapping five-day averages (73 for each year). Anomalies are computed with 172 

respect to their 30-year pentad climatology. ERA-I data were regridded to 2.5° x 2.5° resolution 173 

before the analysis in order to match CMAP resolution and reduce the influence of small-scale 174 

spatial features.  175 

The NAO is defined by applying the Extended Empirical Orthogonal Function (EEOF) 176 

technique (Weare and Nasstrom 1982) to pentad-mean 500-hPa geopotential height anomalies over 177 

the Atlantic sector (20°-80°N, 90°W-40°E). This is preferable to using SLP, which is more directly 178 

influenced by local meteorological processes, and allows for a clearer analysis of the NAO’s large-179 

scale circulation structure and downstream influences (see, for e.g., Nigam and Baxter 2015). The 180 

EEOF-based NAO is denoted as NAO-EE hereafter. The EEOF technique extracts the auto-181 

correlated variability within the sub-seasonal cycle and, unlike the more traditional EOF analysis, 182 

does not assume spatial stationarity. Additionally, there is no assumption or imposition of any 183 

specific periodicity. We describe the spatio-temporal evolution of the NAO as a five-pentad 184 

sequence of spatial patterns associated with a single principal component time series (e.g. Baxter 185 

and Nigam 2013). The choice of a 5-member temporal sampling window is consistent with the 186 

teleconnection analysis in Nigam and Baxter (2015), and is further discussed in Section 3 below. 187 

The NAO is therefore not just a single spatial pattern as in a conventional EOF analysis, but rather 188 
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the most recurrent temporal series of spatial patterns. We analyse both the extended boreal winter 189 

(December-March; e.g., Hurrell et al. 2003) and the boreal summer (June-August).  190 

The statistical links between the NAO and East Asian climate are investigated using least-191 

squares linear regressions and correlations. The analysis focuses on the intraseasonal (10-90 days) 192 

timescale, isolated by applying a band-pass Lanczos filter to pentad data. This highlights the spatio-193 

temporal evolution of the NAO pattern in relation to its underpinning dynamics and life cycle. The 194 

correlation between the filtered and unfiltered first principal components (PC1s) from EEOF 195 

analysis are 0.64 and 0.71 for the winter and summer seasons, respectively, indicating that the 196 

intraseasonal time scale explains 40-50% of the total NAO variance.  197 

Given the strong influence exerted by ENSO on both the NAO and the EAM variability (e.g., 198 

Wu et al, 2003; Folland et al. 2009), the NAO-EAM teleconnections may be incorrectly attributed if 199 

the ENSO-related component is not first isolated and removed from each time series. A widely-used 200 

approach to do so, which we adopt here, is to subtract the simultaneous least-square regression of 201 

each variable on an indicator of ENSO variability, under the assumption of linearity in the ENSO 202 

impact (e.g., Kucharski et al. 2009; Compo and Sardeshmukh 2010). The residual time series, to the 203 

first order, will reflect only the ENSO-independent component. Here ENSO is described by the SST 204 

anomalies averaged over the Niño3.4 region (5°S-5°N, 170°-120°W). However, it is important to 205 

note that all our findings are qualitatively robust to the inclusion of ENSO-related variability. 206 

Indeed, the patterns computed when the analysis is repeated without ENSO removal are very close 207 

to those derived from the original analysis, which is perhaps not surprising given our emphasis on 208 

intraseasonal variability. Additionally, it was verified that repeating the above procedure to remove 209 

the impact of the Madden-Julian Oscillation (MJO) did not result in any noticeable changes in the 210 

regression patterns discussed below. 211 

To prevent issues related to the large autocorrelation inherent in our time series, the significance 212 

of the correlations between the NAO-EE PC1 and other meteorological variables is evaluated using 213 
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a Monte Carlo approach with 1,000 random samples (following, for e.g., McCabe et al. 2004). Both 214 

the 90% and 95% confidence levels are displayed in all relevant figures.  215 

In order to compare and contrast the EEOF-based analysis with other previously-used methods, 216 

both an EOF-based and a pseudo-station NAO index were calculated (denoted as NAO-E and 217 

NAO-S, respectively). The NAO index is often defined by the difference in sea-level pressure 218 

(SLP) between a northern observing station in Iceland and a southern one varying among Ponta 219 

Delgada (Azores), Lisbon (Portugal), or Gibraltar. A pseudo station index was derived from the 220 

daily ERA-I anomalies using grid points at (65°N, 23°W) and (38°N, 9°W), representative of 221 

Stykkisholmur (Iceland) and Lisbon (Portugal), respectively. Following Hurrell (1995), the time 222 

series at the two points were then normalized prior to differencing by using the daily standard 223 

deviation of the respective anomalies. We note that the selection of the southern station, given the 224 

large longitudinal difference among the possible choices, can significantly affect the description of 225 

the circulation features associated with the NAO, especially during the summer. Therefore, the 226 

station-based index might have deficiencies in capturing the temporal variability of the NAO all-227 

year round given the fixed geographical locations and larger noises from small-scale and transient 228 

circulation phenomena (e.g., Li and Wang 2003). 229 

We characterise the strength of the large-scale EASM circulation using the Wang et al. (2001) 230 

dynamical index, based on the latitudinal difference of the 850-hPa zonal wind between a southern 231 

(5°-15°N, 100°-130°E) and northern (20°-30°N, 110°-140°E) region (see the boxes in Fig. 5). This 232 

low-level westerly shear index reflects not only the strength of the tropical westerlies but also the 233 

intensity of low-level vorticity associated with monsoon boundary-layer moisture convergence. 234 

From a circulation perspective, it captures variations in both the Western North Pacific monsoon 235 

trough and the Subtropical High, two key features associated with the EASM (Wang and Fan 1999).  236 
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Finally, the downstream impact of the NAO via upper-tropospheric dynamics is illustrated by 237 

using the horizontal component of the Takaya and Nakamura (2001) wave activity flux, a 238 

generalisation of the Plumb (1985) flux.  239 

 240 

3. A spatially varying North Atlantic Oscillation pattern 241 

 242 

The leading mode of the most recurrent five-pentad sequences of (unfiltered) 500-hPa height 243 

anomaly patterns from EEOF analysis are displayed in Figure 1. During the boreal winter, the mode 244 

features the traditional NAO dipole pattern over the North Atlantic (shown in its positive phase in 245 

Fig. 1, left column). The mode is centred on the peak phase of the NAO as its maximum amplitude 246 

occurs at lag = 0 andthe growing and decaying phases are approximately symmetric around lag = 0. 247 

Interestingly, while the Icelandic low pulses but remains stationary in space, the core of the high 248 

pressure region exhibits a noticeable westward shift through the sequence, from 249 

continental/southern Europe to the western North Atlantic. The NAO also emerges as the leading 250 

mode of variability during the boreal summer, and is shown in its positive phase in the right column 251 

of Fig. 1. The pattern, weaker and of smaller spatial extent than its winter counterpart, is 252 

characterised by a northwestern extension of the Azores high and an eastward-shifted Icelandic low, 253 

in agreement with previous studies (Folland et al. 2009). The modal evolution again shows a 254 

pulsing but quasi-stationary low, while the high undergoes a zonal expansion and subsequent 255 

contraction. It is noteworthy that positive and negative centres do not vary in phase: the former 256 

reaches maximum magnitude at lag = +1, while the latter peaks during the development phase (lag 257 

= -1). This is a potentially important yet overlooked dynamical feature of the summer NAO pattern 258 

at intraseasonal time scales. These two leading modes explain 11.7% and 7.2% of the 500-hPa 259 

geopotential height total variance during winter and summer, respectively, consistently with other 260 

analyses (e.g., Baxter and Nigam (2013) based on the 200-hPa geopotential height). These values 261 
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are small compared to those obtained from traditional EOF analysis (21.4% and 14.8%, 262 

respectively) but are the norm for EEOFs since the use of a series of five spatial patterns as opposed 263 

to a single pattern in the covariance matrix increases the overall variance.  264 

The corresponding patterns for the NAO-E, obtained from lead/lag regressions on the EOF 265 

principal component, are shown in the supplementary Fig. S1. A comparison of Figures 1 and S1 266 

helps to illustrate the key advantage of the EEOF approach over the traditional EOF. While both 267 

methods yield very similar spatial patterns for the mature phase (i.e., lag = 0), the temporal 268 

evolution portrayed by the EOF analysis is subdued, especially in the summer, as shown by the 269 

weaker regressions at both positive and negative lags. A further comparison with the NAO-S index 270 

confirms that during both seasons the NAO-EE retains a close link to the original interpretation of 271 

the NAO as a sea-level pressure dipole (Fig. S2). The temporal variability of the NAO-EE time 272 

series (PC1) is related to those of the other two indices, with correlations of approximately 0.8 in 273 

winter and slightly lower values in summer. The EEOF NAO therefore captures in full the 274 

information provided by the canonical NAO definition, while providing additional insights through 275 

a time-varying spatial pattern and an enhanced ability to portray the life-cycle of the oscillation. 276 

Indeed, the EEOF PC1 exhibits a much longer temporal autocorrelation than the two alternative 277 

NAO indices considered here (Fig. 2). The NAO-E and NAO-S indices display small 278 

autocorrelation beyond lags of ±1 pentad for both winter and summer, indicating the predominance 279 

of high-frequency (synoptic) variability. The e-1 threshold suggests an ~ 3-4 pentad duration of 280 

winter NAO events in the EOF portrayal, consistent with life-cycle estimates in the literature (e.g. 281 

Feldstein 2003; Keeley et al. 2009). The EEOF PC1, on the other hand, shows a meaningful 282 

autocorrelation beyond three pentads during both the summer and winter seasons, consistently with 283 

the EEOF emphasis on pattern development and decay as it intrinsically appears in the data, and 284 

contrasts with its shorter-lived statistical approximation via lead-lag correlations/regressions. This is 285 

particularly valuable in the context of subseasonal variability, allowing the EEOF regressions to 286 
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capture the time-varying footprint and teleconnections associated with the evolution of the NAO, 287 

with potential broader implications for identifying and understanding novel sources of sub-monthly 288 

predictability. 289 

The EEOF analysis described above comprises variability across all frequencies to ease the 290 

comparison of the NAO-EE with other diagnostics. However, as this study aims to emphasize NAO 291 

teleconnections at sub-seasonal time-scales, the contribution of the lower frequency variability 292 

needs to be removed. The evolution of the sub-seasonal NAO spatial pattern, computed by 293 

regressing the pentad 500-hPa geopotential anomalies on the 10-90 day filtered PC1 associated with 294 

the EEOF-based NAO, is displayed in Figure S3, while an estimate of the NAO time-scale is 295 

provided by the autocorrelation shown in Fig. S4. The pre- to post-mature phase (lags = -1 to +1) 296 

patterns bear considerable resemblance to those of the total (unfiltered) NAO: for example, the 297 

westward shift of the core of the NAO’s positive pole during the winter, as well as its expansion and 298 

successive contraction during the summer, are apparent in Fig. S3. However, removing the low-299 

frequency variability has a substantial impact on the duration of NAO events: the autocorrelation 300 

falls below the e-1 folding scale after less than 10 days, suggesting a strong influence of interannual 301 

and longer time-scales on the persistence of the NAO anomalies and their slow decay beyond two 302 

pentads (e.g., Barnes and Hartmann 2010). Furthermore, the impact of removing the low-frequency 303 

variability is larger on the winter than the summer NAO, resulting in almost identical decorrelation 304 

times at subseasonal time scales (e.g., Keeley et al. 2009). A number of factors, both internal and 305 

external to the NAO’s subseasonal dynamics, may contribute to extend the NAO’s persistence at 306 

relatively low frequencies (e.g., Franzke and Woollings 2011). However, a detailed investigation of 307 

this aspect is beyond the scope of this study.  308 

An additional point that merits discussing is the choice of the timescale adopted in the present 309 

analysis. For a stationary EOF pattern, intraseasonal timescales capture the single NAO events, 310 

while on longer scales the dominant NAO mode for the different seasons or years emerges. For 311 
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EEOFs, intraseasonal timescales will highlight the non-stationary nature of the pattern and of the 312 

associated teleconnections, while the longer timescales will naturally overshadow the life-cycle of 313 

individual NAO episodes. This justifies our choice of focussing on periods of 10 to 90 days. 314 

 315 

4. Teleconnections with the winter and summer East Asian climate 316 

 317 

The impact of the intraseasonal EEOF NAO pattern on Asian climate is illustrated in terms of 318 

regressions of precipitation, temperature and SLP on the NAO-EE (filtered and with ENSO 319 

removed)1 PC1 for winter (Figs. 3 and 5 left column) and summer (Figs. 4 and 5 right column). The 320 

patterns are displayed at lags of -1, 0, +1 and +2 pentads. Accounting for the fact that we do not 321 

expect the teleconnection across Eurasia to be simultaneous, these lags correspond to the growth, 322 

mature and initial decay phases of the NAO (cfr. Section 3). This allows to track the development of 323 

the downstream imprint of the NAO signal and the expected lagged response over Asia. We opt not 324 

to show lag +3 pentads, thus partially losing the footprint of the final decay phase of the NAO, 325 

because we do not want to blur the dynamical interpretation of our results by mixing different life-326 

cycles.  327 

The most remarkable feature of the winter precipitation pattern  is the development of a band of 328 

excess precipitation extending zonally between south-eastern China and the western Pacific and 329 

reaching the southernmost part of Japan (Fig. 3 left column). Initially located along the Equator, the 330 

rain-band gradually moves northeastward while growing in magnitude and spatial extent as the 331 

NAO evolves, and finally peaks at lag +2. This pattern is very different from the results found using 332 

a seasonal EOF-based NAO/AO index (e.g., Liu and Yin 2001), consistently with the different 333 

mechanisms that may be at play on longer timsecales. As the EAWM is characterised by cold, dry 334 

                                                           
1 We note that ENSO removal results in only very minor changes to the NAO patterns displayed in Figs. 1 and S3. 
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lower-tropospheric northeasterlies and low precipitation rates across China (maximum of 3 mm day-335 

1 over the southeastern regions), regression values approaching 1 mm day-1 suggest that the NAO 336 

plays a major role in modulating the cold-season precipitation.  337 

Near-surface temperature also exhibits a prominent evolution (Fig. 3 right column). The initial 338 

extensive positive anomaly across northern Eurasia highlights the large footprint of the growing 339 

phase of the NAO, and is largely consistent with the previous EOF-based NAO/AO analyses (e.g., 340 

Hurrell 1996; Gong et al. 2001). At later lags, the warm anomaly gradually weakens and shifts 341 

northward, while an area of colder anomalies moves eastwards across central Asia and Mongolia, 342 

and eventually spreads over a large part of the region (lag = +2).  343 

Figure 4 shows the same results as Figure 3 but for the boreal summer season (JJA). As for 344 

winter, precipitation and temperature show a remarkable evolution during the NAO cycle. The 345 

precipitation regression displays two zonally-elongated bands forming a meridional dipole across 346 

the region, characterized by drier conditions from southern India to the north-equatorial Pacific and 347 

wetter anomalies over the land areas to the north/northeast. Albeit only locally significant, both 348 

anomalies peak in magnitude at lag = +2.  349 

The temperature evolution is characterised by a strong modulation of the amplitude of the 350 

anomalies while the main centres of action remain approximately stationary in space. The initial 351 

cold and widespread anomaly over western and central Russia decreases to a negligible amplitude 352 

by lag = +1, and is replaced by a weaker warm anomaly one pentad later. Simultaneously, the initial 353 

small positive temperature anomaly over eastern China turns to large negative values at lag = 0, and 354 

successively extends southwestward. These features are indicative of an eastward-propagating 355 

negative temperature signal across the domain.  356 

Inspection of the sea-level pressure and low-level wind patterns provides a consistent dynamical 357 

context for the development of the precipitation and temperature signals (Fig. 5). During the winter 358 

(left column), as the NAO evolves a positive sea-level pressure anomaly propagates north-eastward 359 
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across Eurasia, replacing the widespread negative anomaly seen in the growth phase (lags = -1 and 360 

0). This evolution corresponds to a progressive strengthening of the Siberian high, peaking at lag = 361 

+2. The 850-hPa circulation evolves accordingly: the initial southwesterlies over the Eurasian mid- 362 

and high-latitudes are gradually replaced by northeasterlies, which extend eastward and intensify, 363 

leading to the advection of cold air masses over northern China and Mongolia. In the meanwhile, 364 

the negative SLP anomalies progressively shift south-eastward over Southeast Asia, where a strong 365 

cyclonic circulation develops. This leads to an increased southwesterly moisture transport across the 366 

region, where excess precipitation is indeed found. Neither of these features were fully appreciated 367 

in previous EOF-based analyses, which only highlighted the negative pressure anomalies across 368 

northern Eurasia (e.g., Wu and Wang 2002, looking at seasonal-mean values). 369 

During the summer, the SLP anomalies at lags = -1 and 0 feature a zonal dipole across northern 370 

Eurasia, consisting of a large anticyclone over western Russia and a weaker cyclone over north-371 

eastern China and the China Sea. As a result, northerlies bring colder air over central Eurasia, while 372 

the southwesterly EASM flow is diverted zonally, confining precipitation to Southeast Asia. At later 373 

lags, the anticyclone weakens and eventually disappears altogether. Negative pressure anomalies 374 

appear over northern Russia at lag = +1 and grow at lag = +2. At the same time, an anticyclonic 375 

anomaly forms over China and the western Pacific, peaking at lag = +2. This pattern brings warm 376 

low-level southwesterlies over central Asia and strengthens the climatological monsoon flow over 377 

China, shifting the precipitation northward. In particular, the precipitation anomalies seen at 378 

positive lags (Fig. 4) can be related to the positive regressed pressure values to the south-west of the 379 

climatological location of the Western Pacific subtropical high, as further discussed in Section 5. 380 

Both these patterns highlight a remarkable evolution of the regressions in parallel with the growth 381 

and decay of the EEOF NAO. 382 

To ascertain the robustness of the NAO-related surface climate imprint over East Asia, the 383 

analysis was repeated using the APHRODITE dataset (Figs. S5, S6). Although geographically 384 
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bounded and thus potentially less suitable to pinpoint the continental-scale/oceanic nature of the 385 

anomalies, APHRODITE is based on station observations and thus represents the “ground truth” 386 

against which to corroborate the findings shown in Figs. 3 and 4. A comparison of the latter with 387 

Figs. S5 and S6 immediately reveals a close resemblance in terms of magnitude and temporal 388 

evolution of the anomalies and location of the areas with the highest statistical significance.  389 

 390 

5. Discussion and Dynamical Interpretation 391 

 392 

The analysis in Section 4 has highlighted consistent anomalous patterns in near-surface climate 393 

(temperature and precipitation) and large-scale lower-tropospheric dynamics (sea-level pressure and 394 

850-hPa winds) over the Asian region, with notable changes during the various phases of the 395 

NAO’s life-cycle. This picture is very different from past analyses, which mainly focussed on quasi-396 

stationary features (e.g., compare the positive pole in SLP over northwestern China in Fig. 8 from 397 

Linderholm et al. (2011) with the right-hand column of Fig. 5 here).  398 

Previous studies have interpreted the downstream influence of both the summer and winter NAO 399 

in terms of quasi-stationary upper-tropospheric wave trains emanating from the NAO region and 400 

travelling across Eurasia. The different phases of the NAO correspond to significant circulation 401 

anomalies and locally to upper-level convergence and vorticity anomalies which can act as a source 402 

of wave activity.  Some studies have further proposed that the Asian jet stream can facilitate the 403 

downstream propagation of the NAO signal by acting as a Rossby waveguide (e.g., Branstator 404 

2002; Watanabe 2004; Linderholm et al. 2011). Additionally, a distinct high-latitude pathway has 405 

also been identified, whereby the NAO wave train propagates poleward and then eastward across 406 

the northern Eurasian land mass (Li et al. 2008; Sung et al. 2010; Song et al. 2014). The prevalence 407 

of either pathway has been related to the phase of the NAO (Sung et al. 2011), its seasonal mean 408 
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anomaly (Linderholm et al. 2011), as well as to preconditioning large-scale conditions, such as El-409 

Niño (Song et al. 2014).  410 

To probe the existence of this mechanism in the context of the present EEOF analysis, we focus 411 

on the wave activity at different lags. Figure 6 displays the horizontal wave activity flux 412 

corresponding to the 300-hPa geopotential anomalies associated with NAO-EE PC1, together with 413 

the anomalous 300-hPa streamfunction. The wave activity flux is a quantity parallel to the wave 414 

group velocity, thus indicating the propagation of wave activity. We calculate it following Takaya 415 

and Nakamura (2001), ignoring the vertical terms and assuming that the phase propagation term is 416 

small enough to be neglected. Divergence (convergence) of the wave activity flux then indicates a 417 

source (sink) of stationary wave activity. The streamfunction, rather than the geopotential, is more 418 

suitable to represent and analyse upper-level circulation anomalies which extend to low latitudes, as 419 

is the case here. The anomaly patterns are now shown from lag = -2 to depict the entire evolution 420 

and propagation of the upper-tropospheric circulation signals starting from the NAO centres over 421 

the North Atlantic.  422 

During the winter season (Fig. 6, left column), the NAO build-up phase (lag = -2) features a 423 

strong wave flux emanating from the NAO negative centre over the North Atlantic and directed 424 

south-eastward across Europe. A secondary divergence centre for the wave flux is evident over the 425 

central Mediterranean region. As the NAO evolves, the flux intensifies and crosses the Middle East 426 

to reach India at the NAO peak (lag = 0). In the post-mature phase, as the NAO northern pole 427 

weakens and the southern pole shifts westward (Fig. 1), the wave activity flux also decays (lag = 428 

+2). Interestingly, in addition to the south-eastward branch, a high-latitude pathway also emanating 429 

from the North Atlantic region emerges at the NAO peak phase (lag = 0): this wave flux points 430 

eastward across Siberia and turns progressively south-eastward over central Asia while intensifying 431 

as the NAO subdues. 432 



 

19 

 

Changes in the wave activity flux are accompanied, not surprisingly, by corresponding anomalies 433 

in the stream function and meridional wind (Fig. 7). The latter allow to better appreciate regional 434 

circulation features associated with the zonally asymmetric component of the teleconnection 435 

patterns, but may not be fully revealed in a wind-speed composite due to the pronounced zonal 436 

structure of stream function anomalies. A south-eastwards propagating wave-train, featuring a weak 437 

cyclone over the Middle East and anticyclonic circulation over the Indian sub-continent and the 438 

eastern part of the Arabian Peninsula, appears during the NAO pre-mature phase (lag = -1), peaks at 439 

lag = 0, and then gradually decays. The northern branch of the wave flux instigates an eastward 440 

wave train across Eurasia from Scandinavia to Southeast Asia. This is characterized by an extensive 441 

cyclone over central Asia and an anticyclone over southern East Asia, achieving peak amplitude 442 

during the NAO post-mature phase. A very similar pattern is seen at 500 hPa (not shown), pointing 443 

to a coherent westerly wave propagation across the middle and upper troposphere. The out-of-phase 444 

relationship between the southern and northern wave trains generates an overall eastward 445 

propagation of the upper-level anticyclonic circulation anomalies across the midlatitudes; at the 446 

surface, this evolution results in the eastward propagation of positive SLP regression values across 447 

northern Eurasia (Fig. 5, left column). 448 

The wave activity flux and streamfunction anomalies are consistent with a meandering of the 449 

westerly East Asian jet stream (EAJS) over East Asia, which results in a progressive intensification 450 

and poleward shift of the jet core from its climatological location south of Japan (Fig. 8; see also 451 

Zhang et al. 2006). A stronger EAJS is typically associated, on a seasonal basis, with colder winter 452 

surface temperatures over eastern Asia, especially over Mongolia and along the eastern coast, and a 453 

meridional precipitation dipole featuring drier conditions over eastern China, Japan, and Korea and 454 

stronger precipitation over the Maritime continent (e.g., Yang et al. 2002). As the NAO evolves, 455 

changes in the position and intensity of the jet core affect the cross-jet circulation: the ascending 456 

branch of the upstream direct meridional circulation shifts northward, offsetting the existing 457 
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subsiding circulation and generating a prevailing southerly flow and a positive precipitation 458 

anomaly over eastern China. At the same time, the descending branch moves toward central Asia, 459 

and so does the returning northerly cold flow (Fig. 3, left column). The gradual strengthening and 460 

shifting of the EAJS is therefore consistent with the weakening and disappearance of the positive 461 

temperature anomalies over the East Asian coastline at positive lags. At the same time, we note that 462 

an intensified EAJS has previously been associated with decreased precipitation across central and 463 

northern China, Korea and Japan, driven by an anomalous low-level dry northerly flow (Yang et al. 464 

2002).  465 

During the boreal summer season the wave activity flux exhibits, as for the winter, two preferred 466 

propagation pathways across the Eurasian continent which evolve asymmetrically with respect to 467 

the NAO cycle and opposite in phase with each other (Fig. 6, right column). The two branches 468 

originate from a single wave flux emanating from a large divergence area associated with the 469 

NAO’s positive pole: as the latter gradually migrates north-eastward and strengthens, so does the 470 

former, resulting in a stronger wave flux over the North Atlantic. The flux splits over Eastern 471 

Europe, generating a northern zonal branch over Russia, and a south-eastern branch across the 472 

Caspian Sea and the Middle East. While both branches are recognizable throughout the NAO cycle, 473 

the former retreats westward while the latter extends south-eastwards toward China. Streamfunction 474 

anomalies clearly show the downstream propagation of the NAO signal along the wave flux 475 

pathways. As the NAO builds up (lag = -2), a wave train originates from the upper-tropospheric 476 

anticyclonic anomaly located northwest of the Iberian Peninsula. This splits, with the southern 477 

pathway resulting in an upper-level trough over Pakistan and a ridge over eastern China. At the 478 

same time, the northern pathway is associated with a cyclone over eastern Siberia. As the NAO 479 

evolves (Fig. 1), the northern SLP pole weakens almost to disappearance, while the southern pole 480 

(and its upper-level counterpart displayed in Fig. 6) is more persistent (Fig. 1). Correspondingly, the 481 

northern wave train weakens, while the southern pathways now results in an anticyclonic anomaly 482 
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over western China. The lag = ± 2 patterns are strikingly similar and of opposite sign, a direct 483 

consequence of the changes in the driving NAO pattern and, as pointed out earlier, suggestive of an 484 

eastward propagation of a quasi-stationary wave. This difference maps very clearly to the regressed 485 

upper-level zonal wind (Fig. 8), which displays opposite signs between lag = -2 and lag = +2 over 486 

the subtropical jet region. The area of positive zonal wind anomalies over East Asia roughly 487 

matches the location of the southern pole of the Lau et al. (2000) monsoon index2, where a weaker 488 

upper-level jet is associated with weaker monsoonal precipitation over the Yangtze River basin and 489 

Japan. Consistently with this, we find a band of positive regressed precipitation over the same 490 

region (cf. Fig. 5 here with Fig. 7a in Lau et al. (2000)). 491 

The boreal summer precipitation pattern can also be related to the Wang et al. (2001) EASM 492 

index discussed in Section 2. A higher index value corresponds to rainfall increases along a zonal 493 

band extending from the South China Sea across the Philippines and into the Central Pacific, with a 494 

concomitant decrease along the Meiyu/Baiu band, spanning the Yangtze river basin, the East China 495 

Sea and Japan. Referring back to Fig. 5, as the NAO evolves from negative to positive lags, we see 496 

a sharp decrease in the monsoon index (see Table 1) associated with positive zonal anomalies over 497 

southeastern China (the northern box of the index) and an area of intense easterly anomalies over 498 

the north equatorial western Pacific (the southern box). This meridional anomalous dipole is 499 

consistent with the positive values of regressed SLP over the region which lead to an anticyclonic 500 

circulation anomaly - in other words, a south-westward extension of the climatological Western 501 

Pacific Subtropical High - at positive lags (Fig. 5). Coherently with the above interpretation, the 502 

                                                           
2 The East Asian monsoon index discussed in Lau et al. (2000) is a measure of the 200-hPa meridional shear of the 

zonal wind across East Asia and essentially captures variations in the upper level circulation associated to changes in 

precipitation over Indochina and the Western Pacific, the core rainfall area. The relationship between East Asian 

precipitation and three-dimensional circulation anomalies can be interpreted as a Rossby wave response to anomalous 

convective heating and associated large-scale vorticity balance (i.e., the Sverdrup balance), which results in an 

anomalous upper (lower)-tropospheric anticyclone (cyclone) coincident with and northwest of the heating anomaly, and 

subsidence over eastern China between 25°-30°N. This 850-hPa wind anomalies bear a striking resemblance to those 

associated with the Wang et al. (2001) EASM index, indicating a close link between the two indices and, ultimately, a 

common underlying mechanism. 
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sharp decrease in monsoon index with progressing lags is associated with a band of positive 503 

precipitation values along the monsoonal front and a region of negative values to the southeast. 504 

Finally, it is worth noting that, while our analysis has primarily focused on East Asia, NAO-505 

related anomalies in precipitation and temperature are also present over South Asia (Figs. 3-4). This 506 

link has received comparatively little attention so far, and the underlying dynamical mechanisms are 507 

debated. Among the few existing studies, statistically significant inverse interannual correlations 508 

were identified between the previous winter NAO and All-India summer monsoon rainfall and 509 

upper-level circulation (Dugam et al. 1997; Yang et al. 2004), as well as between April NAO and 510 

peak summer precipitation anomalies over India (Viswanbharan and Mohanakumar 2014). Despite 511 

the strong heterogeneity at sub-regional scale (Roy 2011), the correlation pattern tends to feature 512 

rainfall anomalies of opposite sign between Pakistan and northeastern India (Syed et al. 2012). 513 

Figures 3 and 4 (and their higher-resolution counterparts, Figs. S5 and S6) show that the NAO leads 514 

to a significant precipitation reduction over north-eastern India during the winter, and to widespread 515 

wetter (up to 15% of the climatology) and colder conditions across the Indo-Gangetic Plain during 516 

the summer3. This is particularly relevant for this vastly populated and water-overexploited region 517 

(MacDonald et al. 2016). Recalling the pattern of NAO-related circulation anomalies, these surface 518 

changes can be dynamically linked to the northward shift of the Asian jet in the winter, deflecting 519 

the westerly disturbances, and to the formation of an anticyclonic anomaly over southern China. 520 

The latter feature results in increased moisture transport from the north-eastern equatorial Indian 521 

Ocean, although its dynamical origin is unclear. Furthermore, Figs. 6 and 7 display a distinct NAO 522 

signal centred over Iran and northern Pakistan during the summer consisting of a strengthening mid-523 

upper tropospheric anticyclonic anomaly as part of the southeastward-propagating NAO-related 524 

wave train. This pattern, sign reversed, bears a strong similarity to that associated to the 2010 525 

                                                           
3 Sign and pattern of summer anomalies indicate that temperature is responding to the local precipitation change.  
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Pakistan flood (see Fig. 4 in Lau and Kim 2012), and together with other findings (e.g., Wright et al. 526 

2014), is suggestive of a potential contribution of the NAO (in its negative phase) to that event. We 527 

additionally note that the interaction between the NAO and the Indian Monsoon may not be one-528 

directional, as diabatic heating associated with the monsoon has been associated with significant 529 

atmospheric circulation anomalies in the North Atlantic region (Lin, 2009). 530 

 531 

6. Concluding remarks 532 

 533 

The subseasonal variability of the NAO and its influence on the large-scale circulation and near-534 

surface climate over East Asia were investigated during both the winter and summer seasons. The 535 

analysis was motivated by the need to characterise the NAO’s signature in the context of the 536 

rapidly-evolving processes inherent to the NAO dynamics and teleconnections. The bulk of the 537 

literature has addressed the impact of the NAO on the East Asian winter and summer monsoons at 538 

seasonal or longer time scales, while comparatively little attention has been devoted to analysing 539 

teleconnections at shorter timescales. Furthermore, a number of studies have focussed on delayed 540 

mechanisms (e.g. Gong and Ho 2003; Sung et al. 2006) whose dynamical interpretation is still 541 

unclear. Importantly, none of these analyses has taken into account the role of non-stationarity in the 542 

NAO’s spatial pattern - in particular during its development and decay phase - in modulating its 543 

downstream signature. 544 

The analysis is conducted by using the extended EOF technique, which allows us to objectively 545 

identify the recurrent spatial and temporal NAO patterns, including their nascent and decay 546 

structures. This contrasts with the canonical EOF analysis which favours the mature mode, given its 547 

larger amplitude and greater contribution to the total variance. The five-pentad sequence of patterns 548 

derived from the EEOF can effectively characterise the spatial evolution of the NAO variability at 549 

sub-seasonal scales and can be used to provide a detailed portrayal of the downstream link with the 550 
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East Asian monsoon system. This study therefore provides a link between past analyses of seasonal 551 

NAO teleconnections and the underlying higher-frequency variability. 552 

The NAO’s spatial pattern at the peak phase is found to closely resemble that derived from EOF 553 

analysis, the only appreciable difference being in the percentage of total variance explained. 554 

However, the pattern evolution from the nascent to the post-mature NAO phase shows a more 555 

complex spatial structure and different temporal characteristics (i.e., longer duration). The NAO 556 

generates a significant signature on East Asian climate, playing an important role in modulating 557 

regional temperature and precipitation during both the dry and wet seasons. Temperature and 558 

precipitation anomalies start developing concurrently with the NAO mature phase, and reach 559 

maximum amplitude 5-10 days later. These are shown to be consistently related to the formation of 560 

large-scale anomalies in the atmospheric circulation over Asia, at the surface as well as - in an 561 

equivalent barotropic structure - in the upper troposphere. The circulation pattern is ultimately 562 

associated with mid and high-latitude teleconnections across the Eurasian continent via eastward-563 

propagating quasi-stationary Rossby waves instigated over the North Atlantic and terminating in the 564 

northeastern Pacific. 565 

We summarise the rich variety of temperature and precipitation patterns associated with the 566 

spatio-temporal evolution of the NAO in Figure 9. Precipitation and temperature anomalies are 567 

averaged over a box located over southeastern China (26°-32°N, 112°-122°E, see green boxes in 568 

Figs. S5, S6). The selected area features a large NAO signal (cfr. Figs. 3, 4 and S5, S6) and is of 569 

utmost social and economic relevance as it encloses various megacities (amongst which Shanghai 570 

and Hangzou) and the densely populated Jiangsu province, as well as a large fraction of the 571 

intensively cultivated North China Plain and Yangtze River regions. As Figure 9 illustrates, 572 

significant temperature and precipitation anomalies tend to develop during the NAO life-cycle. The 573 

impact on precipitation is particularly notable in the drier winter season, when the regressed values 574 

are comparatively large relative to the climatological precipitation rates in the region. More 575 
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generally, the figure highlights the non-stationary nature of the link, whose magnitude – and even 576 

sign – can change over the NAO’s life-cycle. Some of the links we find, such as the summertime 577 

strong positive precipitation signal over the Yangtze River basin for a positive NAO, are very 578 

different from the patterns previously highlighted in the literature using a stationary description of 579 

the NAO. This has wider implications, as the potentially important role of internal climate 580 

variability in modulating the climate of this key region is critical for a more accurate assessment of 581 

the magnitude of anthropogenic-driven changes and, ultimately, to enable the development of cost-582 

effective adaptation policies.  583 

The above findings and the EEOF-based approach have important implications for the sub-584 

monthly predictability of the NAO impact on Asian climate. In particular, the appreciation of the 585 

remotely-driven intraseasonal temperature and precipitation variability is crucial for addressing 586 

events such as flash droughts and floods. The first is a relatively recent concept (Senay et al. 2008) 587 

referring to brief periods characterised by warm surface temperatures and a rapid decrease in soil 588 

moisture, although later studies have discussed flash droughts driven by precipitation deficits (Mo 589 

et al. 2016). The second is a common occurrence in China, often associated with intense rainfall 590 

over relatively short periods (e.g. Zhou et al. 2013). Our results therefore provide a valuable 591 

complement to the rapidly advancing understanding of the seasonal, interannual and longer-592 

timescale remote drivers of East Asian climate. Furthermore, this study provides a powerful toolkit 593 

to evaluate the skill of climate models in reproducing the NAO-driven seasonal and sub-seasonal 594 

patterns over East Asia. 595 
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Tables 805 

 806 

Lag (pentads) -1 0 +1 +2 

EASM Index (m s-1) 0 -0.42 -0.86 -0.76 

 807 
Table 1: Non-normalised values of the Wang et al. (2001) EASM index during JJA from t = -5 days 808 

(lag = -1) to t = +10 days (lag = +2) relative to the peak NAO-EE. 809 
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Figure captions 852 

 853 
Figure 1: The first mode of pentad 500-hPa geopotential height variability (m) from EEOF 854 
analysis, constituing the NAO pattern. The data covers the period 1979-2008 for (left) DJFM and 855 
(right) JJA. Each lag represents a pentad (5 days) interval, with negative (positive) lags showing the 856 
growing (decaying) phase and the lag = 0 showing simultaneous anomalies. 857 

 858 
Figure 2: Autocorrelations of the pentad NAO indices (the PC1 from EEOF analysis, denoted as 859 
NAO-EE; the PC1 from traditional EOF analysis, denoted as NAO-E; the pseudo-station NAO, 860 
denoted as NAO-S) for DJFM (blue) and JJA (red). The horizontal black line marks the e-1 value. 861 

 862 
Figure 3: Lead-lag regressions (shades) of pentad (left) precipitation (mm day-1) and (right) 2-m 863 
temperature (°C) on the NAO-EE PC1 during DJFM from t = -5 days (lag = -1) to t = +10 days (lag 864 
= +2). The effect of El Niño was removed and the data were filtered to retain intraseasonal 865 

variability (10-90 days) before computing the patterns. The cross-hatching marks regions where the 866 
correlation exceeds the 90% (grey) and 95% (black) confidence levels, estimated by using a Monte 867 
Carlo approach. 868 

 869 
Figure 4: As Figure 3, but for JJA. 870 

 871 
Figure 5: Lead-lag regressions of pentad sea-level pressure (hPa, shades) and 850-hPa winds (m, 872 
green arrows) on the NAO-EE PC1 for (left) DJFM and (right) JJA from t = -5 days (lag = -1) to t = 873 

+10 days (lag = +2). The effect of El Niño was removed and the data were filtered to retain 874 
ntraseasonal variability before computing the patterns. The dots mark regions where the correlation 875 
exceeds the 90% (grey) and 95% (black) confidence levels, estimated by using a Monte Carlo 876 

approach. The boxes mark the regions (5°-15°N, 100°-130°E) and (20°-30°N, 110°-140°E) used to 877 

compute the EASM index. 878 

 879 
Figure 6: Lead-lag regressions of pentad 300-hPa streamfunction (x105 m2 s-1, shades) on the 880 

NAO-EE PC1 for (left) DJFM and (right) JJA from t = -10 days (lag = -2) to t = +10 days (lag = 881 
+2). The black lines mark the zero contour. Also shown is the wave activity flux (x103 m2 s-2, 882 

arrows) associated with the 300-hPa geopotential height anomalies obtained by regression on the 883 
NAO-EE PC1. The effect of El Niño was removed and the data were filtered at intraseasonal scale 884 
before computing the patterns.  885 

 886 
Figure 7: Lead-lag regressions of pentad 300-hPa meridional wind (m s-1) on the NAO-EE PC1 for 887 

(left) DJFM and (right) JJA from t = -10 days (lag = -2) to t = +10 days (lag = +2). The green 888 
countours represent the 1979-2008 climatological 300-hPa zonal wind (m s-1). The effect of El Niño 889 
was removed and the data were filtered at intraseasonal scale before computing the patterns. The 890 

cross-hatching marks regions where the correlation exceeds the 90% (grey) and 95% (black) 891 
confidence levels, estimated by using a Monte Carlo approach. 892 

 893 
Figure 8: Lead-lag regressions of pentad 300-hPa zonal wind (m s-1) on the NAO-EE PC1 for (left) 894 

DJFM and (right) JJA from t = -10 days (lag = -2) to t = +10 days (lag = +2). The black line marks 895 
the zero contour, while the green countours represent the 1979-2008 climatological 300-hPa zonal 896 
wind (m s-1). The effect of El Niño was removed and the data were filtered at intraseasonal scale 897 
before computing the patterns. The cross-hatching marks regions where the correlation exceeds the 898 
95% confidence level. 899 

 900 



 

33 

 

Figure 9: Lead-lag regressions of APHRODITE pentad precipitation (mm day-1) and 2-m 901 

temperature (°C) area-averaged over southeastern China (26°-32°N, 112°-122°E; see Figs. S5, S6) 902 
on the NAO-EE PC1 for (left) DJFM and (right) JJA and from t = -5 days (lag = -1) to t = +10 days 903 
(lag = +2). The effect of El Niño was removed and the data were filtered at intraseasonal scale 904 

before computing the values. The black dots mark where the correlation exceeds the 90% 905 
confidence level. 906 
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Figures 908 

 909 
Figure 1: The first mode of pentad 500-hPa geopotential height variability (m) from EEOF 910 
analysis, constituing the NAO pattern. The data covers the period 1979-2008 for (left) DJFM and 911 
(right) JJA. Each lag represents a pentad (5 days) interval, with negative (positive) lags showing the 912 
growing (decaying) phase and the lag = 0 showing simultaneous anomalies. 913 
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 915 
Figure 2: Autocorrelations of the pentad NAO indices (the PC1 from EEOF analysis, denoted as 916 

NAO-EE; the PC1 from traditional EOF analysis, denoted as NAO-E; the pseudo-station NAO, 917 
denoted as NAO-S) for DJFM (blue) and JJA (red). The horizontal black line marks the e-1 value. 918 

919 
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 920 
Figure 3: Lead-lag regressions (shades) of pentad (left) precipitation (mm day-1) and (right) 2-m 921 
temperature (°C) on the NAO-EE PC1 during DJFM from t = -5 days (lag = -1) to t = +10 days (lag 922 

= +2). The effect of El Niño was removed and the data were filtered to retain intraseasonal 923 
variability (10-90 days) before computing the patterns. The cross-hatching marks regions where the 924 
correlation exceeds the 90% (grey) and 95% (black) confidence levels, estimated by using a Monte 925 
Carlo approach. 926 

927 
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 928 
Figure 4: As Figure 3, but for JJA. 929 
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 931 
Figure 5: Lead-lag regressions of pentad sea-level pressure (hPa, shades) and 850-hPa winds (m, 932 
green arrows) on the NAO-EE PC1 for (left) DJFM and (right) JJA from t = -5 days (lag = -1) to t = 933 
+10 days (lag = +2). The effect of El Niño was removed and the data were filtered to retain 934 
ntraseasonal variability before computing the patterns. The dots mark regions where the correlation 935 
exceeds the 90% (grey) and 95% (black) confidence levels, estimated by using a Monte Carlo 936 

approach. The boxes mark the regions (5°-15°N, 100°-130°E) and (20°-30°N, 110°-140°E) used to 937 
compute the EASM index. 938 
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 940 
Figure 6: Lead-lag regressions of pentad 300-hPa streamfunction (x105 m2 s-1, shades) on the 941 
NAO-EE PC1 for (left) DJFM and (right) JJA from t = -10 days (lag = -2) to t = +10 days (lag = 942 

+2). The black lines mark the zero contour. Also shown is the wave activity flux (x103 m2 s-2, 943 
arrows) associated with the 300-hPa geopotential height anomalies obtained by regression on the 944 
NAO-EE PC1. The effect of El Niño was removed and the data were filtered at intraseasonal scale 945 
before computing the patterns. 946 

947 
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 948 
Figure 7: Lead-lag regressions of pentad 300-hPa meridional wind (m s-1) on the NAO-EE PC1 for 949 
(left) DJFM and (right) JJA from t = -10 days (lag = -2) to t = +10 days (lag = +2). The green 950 
countours represent the 1979-2008 climatological 300-hPa zonal wind (m s-1). The effect of El Niño 951 
was removed and the data were filtered at intraseasonal scale before computing the patterns. The 952 

cross-hatching marks regions where the correlation exceeds the 90% (grey) and 95% (black) 953 
confidence levels, estimated by using a Monte Carlo approach. 954 
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 956 
Figure 8: Lead-lag regressions of pentad 300-hPa zonal wind (m s-1) on the NAO-EE PC1 for (left) 957 

DJFM and (right) JJA from t = -10 days (lag = -2) to t = +10 days (lag = +2). The black line marks 958 
the zero contour, while the green countours represent the 1979-2008 climatological 300-hPa zonal 959 
wind (m s-1). The effect of El Niño was removed and the data were filtered at intraseasonal scale 960 
before computing the patterns. The cross-hatching marks regions where the correlation exceeds the 961 
95% confidence level. 962 
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 964 
Figure 9: Lead-lag regressions of APHRODITE pentad precipitation (mm day-1) and 2-m 965 
temperature (°C) area-averaged over southeastern China (26°-32°N, 112°-122°E; see Figs. S5, S6) 966 
on the NAO-EE PC1 for (left) DJFM and (right) JJA and from t = -5 days (lag = -1) to t = +10 days 967 

(lag = +2). The effect of El Niño was removed and the data were filtered at intraseasonal scale 968 
before computing the values. The black dots mark where the correlation exceeds the 90% 969 

confidence level. 970 


