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Abstract 23 

Summer climate in the Northwestern Pacific (NWP) displays large year-to-year 24 

variability, affecting densely populated Southeast and East Asia by impacting precipitation, 25 

temperature and tropical cyclones. The Pacific-Japan (PJ) teleconnection pattern provides a 26 

crucial link of high predictability from the tropics to East Asia. Using coupled climate 27 

model experiments, we show that the PJ pattern is the atmospheric manifestation of an 28 

air-sea coupled mode spanning the Indo-NWP warm pool. The PJ pattern forces the Indian 29 

Ocean (IO) via a westward propagating atmospheric Rossby wave. In response, IO sea 30 

surface temperature feeds back and reinforces the PJ pattern via a tropospheric Kelvin wave. 31 

Ocean coupling increases both the amplitude and temporal persistence of the PJ pattern. 32 

Cross-correlation of ocean-atmospheric anomalies confirms the coupled nature of this PJIO 33 

mode. The ocean-atmosphere feedback explains why the last echoes of El Niño-Southern 34 

Oscillation are found in the IO-NWP in the form of the PJIO mode. We demonstrate that 35 

the PJIO mode is indeed highly predictable, a characteristic that can enable benefits to 36 

society. 37 

38 
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¥body 39 

Introduction 40 

Summer is the rainy season for East Asia, and the precipitation supports the 41 

livelihood of over one billion people. The East Asian summer monsoon displays large 42 

interannual variability, and the prediction of summer climate anomalies is an urgent 43 

societal need. The prolonged rainy season in 1993 caused a nation-wide harvest failure in 44 

Japan, instrumental in opening the domestic rice market by forcing large-scale imports (1). 45 

The great Yangtze River flood in 1998 summer left 15 million homeless and triggered a 46 

national effort to restore wetlands (2). Dry summer, in contrast, is often accompanied by 47 

heat waves as in 2004, causing a large number of heat stroke and a risk of electric power 48 

shortage. El Niño-Southern Oscillation (ENSO) is the leading predictor for East Asian 49 

summer climate (3). Indeed, summer atmospheric circulation and surface temperature over 50 

Japan and Yangtze River discharge are significantly correlated with ENSO at a two-season 51 

lag (Fig. 1a). 52 

ENSO is the dominant mode of interannual variability with global influences. ENSO 53 

is strongly tied to the annual cycle, growing during boreal summer, peaking in winter, and 54 

decaying in the following spring (Fig. 1b) (4). By the subsequent summer, ENSO itself has 55 

dissipated in the equatorial Pacific, but its climatic influence lingers (Fig. 1) (5,6). A global 56 

survey reveals that in the El Niño-decay summer, surface climate anomalies are most robust 57 

over the Indo-Northwestern Pacific (NWP) region (Fig. 1). In such a summer, Indian Ocean 58 

(IO) sea surface temperature (SST) is anomalously high (Fig. 1b) (5,7), with suppressed 59 

convection and an anomalous anticyclonic circulation over the tropical NWP (8) extending 60 

to the northern Bay of Bengal (Fig. 1a) (9). The tropical NWP anomalies further affect East 61 
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Asia through an atmospheric meridional teleconnection called the Pacific-Japan (PJ) pattern 62 

(10,11). A question arises, which is addressed here: why are these last echoes of ENSO 63 

confined to the Indo-NWP warm pool? It may be tempting to invoke ocean thermal inertia 64 

as the cause of the long persistence of IO SST, but this simple explanation is challenged by 65 

the facts that the rate of El Niño-induced SST warming over the northern IO peaks after 66 

ENSO has dissipated, and that the persistence is sustained by reduced turbulent heat flux 67 

due to the relaxed southwesterly monsoon (12). We show here with coupled general 68 

circulation model (GCM) experiments that the aforementioned ocean-atmospheric 69 

anomalies are intrinsically coupled. We demonstrate that this new coupled mode over the 70 

Indo-NWP region is distinct from and can exist without ENSO. In nature, however, ENSO 71 

excites this coupled mode, giving rise to the temporal persistence and spatial coherence of 72 

Indo-NWP climate anomalies. We show that the coupled mode is predictable, giving hopes 73 

for skillful seasonal forecast over the densely populated region.  74 

This study uses the Geophysical Fluid Dynamics Laboratory (GFDL) Coupled Model 75 

version 2.1 (CM2.1) (13) and its atmospheric component, the Atmospheric Model version 76 

2.1 (AM2.1) (14). CM2.1 is among the best models in simulating atmospheric variability 77 

over the summer NWP (15). Two sets of “partial coupling” experiments are performed with 78 

CM2.1, in which the SST evolution in the equatorial eastern Pacific is specified, but the 79 

atmosphere and ocean are fully coupled outside. In the Pacific Ocean-Global Atmosphere 80 

(POGA) experiment, SST anomalies follow observed historical values over the equatorial 81 

eastern Pacific in all nine member runs, while in the NoENSO experiment, interannual 82 

variability of SST is suppressed over the same region (see Materials and Methods). By 83 

suppressing internal variability, the POGA ensemble mean isolates ENSO-induced 84 

variability. NoENSO represents variability independent of ENSO, which is equivalent to 85 
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inter-member variability in POGA. To isolate atmospheric internal variability, we conduct 86 

an AM2.1 experiment (aCLIM) where the CM2.1 climatological SST is prescribed 87 

globally. 88 

Atmospheric mode 89 

We perform an empirical orthogonal function (EOF) analysis of 850hPa vorticity to 90 

extract the dominant mode of variability over the summer NWP (June-July-August; 91 

hereafter JJA) (see Materials and Methods). In observations, the leading mode (EOF1) 92 

features meridional dipoles in lower tropospheric circulation and precipitation between the 93 

tropics (10º-25ºN) and midlatitudes (25º-40ºN) (Figs. 2a,b) (10,11). These features 94 

characterize the PJ pattern, which provides a crucial connection between the tropics and 95 

midlatitudes. In its positive phase (Fig. 2), the PJ pattern brings a wetter and cooler summer 96 

to central China, Korea and Japan [see supporting information (SI) text and Fig. S1] (16,17). 97 

Tropical cyclone (TC) activity significantly decreases over the NWP (see Fig. S1) (18). 98 

Conversely, the pattern in its negative phase causes droughts and heat waves in the 99 

midlatitudes with enhanced TC activity. The corresponding principal component (PC1) is 100 

strongly positive (negative) in both 1993 and 1998 (in 2004) (Fig. 2i). The PJ pattern is 101 

correlated with ENSO (e.g., 1998) but can develop without it (e.g., 1993, 2004). The 102 

rainfall distribution of the vorticity-based EOF1 is slightly different from ENSO pattern 103 

over the tropical IO and Maritime Continent (Fig. 2b vs. Fig. 1a).  104 

The PJ pattern appears as EOF1 of each experiment (Figs. 2c-h), well separated from 105 

higher modes. The model and observational EOF1 patterns are highly alike (see Table S1). 106 

This pattern similarity is particularly striking in the mid- to high-latitudes while the tropical 107 

amplitude and spatial pattern vary somewhat in accordance with the degree of SST 108 
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influence. The dominance of the PJ pattern in aCLIM indicates that it can arise as an 109 

atmospheric internal mode in the absence of SST variability (11).  110 

The total PJ variance in POGA agrees with observations remarkably well (Fig. 3a). 111 

The POGA ensemble mean accounts for ~40% of the monthly PJ variance (Fig. 3a, Table 112 

1). It is correlated with the ENSO index [Niño3.4 (5ºS-5ºN, 150º-90ºW) SST] in preceding 113 

boreal winter (November-December-January; hereafter NDJ) at 0.66 (p < 0.01) when 114 

averaged for the summer season (see Fig. S2), consistent with observational (19) and 115 

prediction (3,20) studies. The POGA ensemble-mean PC1 is also significantly correlated 116 

with observations at 0.71 (p < 0.01) for seasonal mean (Fig. 2i). 117 

Coupled mode 118 

PJ variability in aCLIM is only ~36% of the total variance in POGA (Fig. 3a, Table 119 

1). Without SST forcing, this purely atmospheric internal mode shows vanishing 120 

month-to-month persistence, in sharp contrast with significant persistence in either POGA 121 

ensemble mean or total variability (Fig. 3b). Allowed to interact with ocean, PJ variability 122 

in NoENSO is significantly stronger than in aCLIM by a factor of 1.4~1.8 (Fig. 3a) and in 123 

addition, bears considerable month-to-month persistence (Fig. 3b). These changes in 124 

amplitude and temporal persistence are suggestive of coupled interaction between the PJ 125 

pattern and ocean.  126 

The spatial structures of ocean-atmospheric anomalies suggest a positive feedback. 127 

Anomalous anticyclonic circulation of the PJ’s tropical (10º-25ºN) lobe extends westward 128 

to the northern IO, as a cold Rossby wave response to precipitation decrease over the NWP 129 

(Fig. 4b, see also SI text and Fig. S3a) (21). The associated easterly anomalies on the 130 

southern flank weaken the climatological monsoon westerlies, reducing surface evaporation 131 
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and increasing SST over the northern IO and the South China Sea (SCS) (Fig. 4a). The 132 

northeasterly anomalies reach the equator, helping suppress evaporation and increase SST 133 

around the Maritime Continent. Reduction of cloud amount contributes to the warming of 134 

the northern SCS and Bay of Bengal through insolation (see Fig. S4). Positive SST 135 

anomalies thus induced heat the troposphere via moist adiabatic adjustment (22) and excite 136 

an atmospheric warm Kelvin wave extending eastward along the equator (Fig. 4b, see also 137 

SI text and Fig. S3b). Over the off-equatorial NWP, the Kelvin wave suppresses 138 

precipitation by inducing surface Ekman divergence (19). Weak negative SST anomalies in 139 

the NWP east of 140ºE may also contribute to this convective suppression (23). The 140 

resultant change in latent heat release in the troposphere is the primary energy source for 141 

the PJ pattern (11). This ocean-atmosphere feedback amplifies the initial PJ pattern. We 142 

have confirmed that observed PJ events in non-ENSO years feature a similar structure (see 143 

SI text and Figs. S5, S6). 144 

The remote effect of the northern IO SST on convection over the NWP has been 145 

confirmed with atmospheric GCMs (19,24). In the absence of SST forcing in aCLIM, the 146 

Kelvin wave and precipitation anomalies are missing along the equator (Figs. 2h,4e). 147 

Interestingly, the ocean-atmosphere coupling extends the PJ tropical lobe further westward 148 

(Figs. 4b,e), consistent with our linear model experiment (see SI text and Fig. S3b). 149 

We test the hypothesis of ocean-atmosphere coupling by calculating lead-lag 150 

correlation in NoENSO between the PJ pattern and SST averaged in the northern IO and 151 

SCS. If positive feedbacks dominate, this correlation would peak at zero lag, while negative 152 

feedbacks would cause the correlation to change sign near zero lag (25). In NoENSO, the 153 

correlation maximizes at zero lag (Fig. 4d), indicating the coupling between the PJ pattern 154 

and IO SST (hereafter the PJIO mode). Correlation also peaks at zero lag if the ocean index 155 
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is extracted with an EOF analysis of SST variability over the IO and SCS (Fig. 4c). The 156 

correlations are positive when the atmosphere leads ocean by one month (Fig. 4d), 157 

suggesting that chaotic variability of the atmosphere triggers the PJIO mode in NoENSO. 158 

The interaction with ocean increases the amplitude and temporal persistence of PJ 159 

variability (Fig. 3).  160 

While the PJIO mode can exist without external forcing, ENSO efficiently excites 161 

this mode by inducing IO SST anomalies (5,6,19) as an initial perturbation (Fig. 1). Indeed, 162 

spatial pattern of POGA ensemble-mean anomalies in ENSO-decay summer (Figs. 4f,g) 163 

resemble the PJIO mode in NoENSO (Figs. 4a,b), especially north of the equator. The total 164 

PJ variance in POGA can be decomposed into ENSO-forced, non-ENSO but 165 

ocean-atmosphere coupled, and atmospheric internal components. The non-ENSO coupled 166 

component contributes one quarter of the total PJ variance in POGA, comparable to the 167 

other two components (Table 1). 168 

Origin of seasonal predictability 169 

The coupled PJIO mode brings predictability to summer climate over the NWP. We 170 

evaluate this hypothesis in predictions by fourteen coupled GCMs that are initialized on 171 

May 1 each year from around 1980 to the 2000s. A singular value decomposition (SVD) 172 

analysis extracts the leading covariability mode of 850hPa vorticity over the NWP and SST 173 

in the northern IO in JJA (see Materials and Methods). The PJIO mode emerges both in 174 

multi-model ensemble (MME)-mean (i.e. predicted signal) (Figs. 5c,d) and inter-member 175 

variability* (uncertainty of the prediction) in each model (Figs. S7, S8) and multi-model 176 

grand ensemble (Figs. 5e,f) (26). At first it may appear peculiar that both the prediction and 177 

its uncertainty project onto the same mode, but this similarity arises from the dominance of 178 
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the PJIO mode in the summer Indo-NWP region and its coupled nature. Initial anomalies, 179 

especially those of IO SST, set the PJIO mode in motion, although its precise evolution is 180 

chaotic and sensitive to initial atmospheric perturbations. 181 

The PJIO mode in the MME-mean prediction (Figs. 5c,d) is temporally correlated 182 

with observations (Figs. 5a,b) at 0.72 for vorticity and 0.90 for SST in seasonal mean. It is 183 

also correlated with the ENSO index in preceding boreal winter at 0.72 (0.88) for vorticity 184 

(SST). These correlations are all significant at p < 0.01, indicating a high predictability of 185 

the PJIO mode in ENSO-decay summer. The PJIO mode enables ENSO to induce its last 186 

echo over the Indo-NWP in boreal summer (Fig. 1), bringing seasonal predictability to the 187 

region. 188 

Summary and discussion 189 

Our analyses reveal a new coupled mode over the Indo-NWP warm pool during 190 

boreal summer that arises from interaction between IO SST and the PJ pattern. This PJIO 191 

coupled mode can exist without but is efficiently excited by ENSO. In total, the PJIO 192 

coupled mode, forced plus unforced, amounts to two thirds of the PJ variability in POGA 193 

(Fig. 3a, Table 1). The positive ocean-atmosphere feedback reduces the damping on the 194 

mode, making it the last echo of ENSO (Fig. 1). The coupled mode brings seasonal 195 

predictability to summer NWP climate. Suppressing this mode lowers the predictability 196 

substantially as shown by an IO-decoupled seasonal hindcast (3). The coupling also 197 

enhances the westward expansion of the PJ tropical lobe, thereby contributing to 198 

predictability over Indochina Peninsula and Gangetic Plain (9). 199 

Local correlation between precipitation and SST is often used as a test for 200 

ocean-atmosphere coupling (27). The PJIO mode is an exception to this rule, since the 201 
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non-local nature of the interaction does not require local positive precipitation-SST 202 

correlations. The spatial structure of the PJIO mode explains the observed negative local 203 

correlation over the tropical NWP in ENSO-decay summers (28,29). In ENSO-developing 204 

summers the local correlation is positive (29), resulting in an insignificant local correlation 205 

for all years. 206 

Summer climate prediction remains a grand challenge for Southeast and East Asia, 207 

regions that more than one billion people call home. The coupled nature of the PJIO mode, 208 

with an atmospheric center of action over East Asia, offers hope and points ways forward in 209 

meeting the prediction challenge. While ENSO is a major driver for East/Southeast Asian 210 

climate predictability, our study suggests that properly initializing the PJIO mode can 211 

improve seasonal prediction considerably: while 39% of the PJ variance is explained by 212 

ENSO, the non-ENSO coupled mode contributes an additional 25% (Table 1). In fact, in 213 

five weak ENSO summers†, correlation between seasonal-mean PC1s for observations and 214 

MME is 0.85. We note that a useful prediction needs to be accompanied by a good estimate 215 

of uncertainty. Over the summer NWP, prediction uncertainty is organized into and 216 

determined by the PJIO mode. A nine-member atmospheric experiment, where POGA 217 

ensemble-mean SST is prescribed globally, underestimates the uncertainty of the PJ 218 

prediction because the ocean and atmosphere are decoupled (see SI text). The recognition 219 

of the coupled nature of the PJIO mode will enable the identification of optimal 220 

perturbations, a method that proves useful in estimating error growth and uncertainty of 221 

seasonal predictions (30,31). 222 

223 
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Materials and Methods 224 

Observational datasets. We use monthly sea-level pressure (SLP), tropospheric 225 

temperature, vorticity and wind velocity of 25-year Japanese Reanalysis (JRA-25; 226 

http://jra.kishou.go.jp/) (32), Climate Prediction Center Merged Analysis of Precipitation 227 

(CMAP; http://www.cpc.ncep.noaa.gov/products/global_precip/html/wpage.cmap.html) 228 

(33) and Hadley Centre Sea Ice and SST (HadISST1; 229 

http://www.metoffice.gov.uk/hadobs/hadisst/) (34) datasets. JRA-25 and CMAP 230 

(HadISST1) are provided with 2.5º×2.5º (1º×1º) resolution. Our analysis covers a 32-year 231 

period of 1979-2010. Other data used include Yangtze River flow at Datong station 232 

(~500km inland from the estuary) from 1980 to 2009, University of Delaware surface air 233 

temperature for 1978-2008 on a 0.5º×0.5º grid (http://climate.geog.udel.edu/~climate/) (35), 234 

and NWP TC track records for 1978-2010 from the Regional Specialized Meteorological 235 

Center Tokyo-Typhoon Center 236 

(http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/RSMC_HP.htm). We 237 

examine TCs with wind speed exceeding 17.2 m s–1. 238 

Model experiments. The atmospheric resolution in GFDL CM2.1 (13) and AM2.1 (14) is 239 

2.5º×2º in longitude-latitude with 24 vertical levels. The oceanic resolution in CM2.1 is 1º 240 

in longitude and latitude, with meridional resolution equatorward of 30º becoming 241 

progressively finer to 1/3º at the equator, and there are 50 oceanic levels vertically. 242 

Using CM2.1, we conduct the POGA (NoENSO) experiment, where SST over the 243 

deep tropical eastern Pacific is restored to the model climatology plus (without) historical 244 

anomaly, by overriding surface sensible heat flux to ocean (F↓) with 245 

F↓ = (1−α)F*
↓+α cD τ ⋅ ( $T − $T*) . 246 
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Here the prime indicates the anomaly and asterisks represent model-diagnosed values; T 247 

denotes SST, and the reference temperature anomaly T′ is obtained from observations in 248 

POGA while T′ = 0 in NoENSO. The model anomaly is the deviation from a 200-year 249 

monthly model climatology. c is specific heat, D = 50m represents the typical depth of the 250 

ocean mixed layer, and τ = 10 days represents the restoring timescale. Fig. S2 shows the 251 

region where SST is restored; within the inner box α = 1, and α linearly reduces to zero in 252 

the buffer zone (5 and 6 grid points in zonal and meridional directions, respectively) from 253 

the inner to outer boxes. This restoring reduces interannual standard deviation of NDJ 254 

Niño3.4 SST in NoENSO to 4.2% of the observed value. We perform an additional 255 

atmospheric experiment (aCLIM) by prescribing the CM2.1 SST climatology globally to 256 

AM2.1. 257 

The POGA experiment is made of nine member runs for 1979-2010, while NoENSO 258 

and aCLIM are each a single member integration of 194 years long. CM2.1 has been 259 

appropriately spun up before the POGA and NoENSO experiments.  260 

Seasonal predictions. The prediction models are those participated in Climate Prediction 261 

and its Application to Society (CliPAS) project (36) and Development of a European 262 

Multimodel Ensemble System for Seasonal to Interannual Prediction (DEMETER) project 263 

(37). See SI text for individual models analysed.  264 

The leading mode of variability over the summer Indo-NWP. An EOF analysis of 265 

monthly 850hPa vorticity over the NWP (0º-60ºN, 100º-160ºE) for JJA extracts the PJ 266 

pattern as EOF1 (11). We apply this EOF analysis to JRA-25, POGA ensemble-mean, 267 

inter-member and total (ensemble-mean plus inter-member), NoENSO and aCLIM 268 

variability. Figure 3a shows the corresponding eigenvalues scaled with that of observational 269 

EOF1. The EOF1 pattern differs slightly among experiments and from observations (see 270 
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Table S1). For a fair comparison, we project POGA ensemble-mean, NoENSO and aCLIM 271 

variability onto the common pattern of POGA total variance EOF1 (Fig. 3a), and evaluate 272 

the relative contributions of ENSO-forced, non-ENSO forced but air-sea coupled, and 273 

atmospheric internal components as POGA ensemble-mean, NoENSO minus aCLIM, and 274 

aCLIM, respectively (Table 1). 275 

We also apply an EOF analysis to monthly SST over the tropical IO (10ºS-30ºN, 276 

40º-120ºE) in NoENSO (Figs. 4c,d).  277 

We perform SVD analyses between monthly SST over the tropical IO-SCS 278 

(10ºS-30ºN, 40º-120ºE) and 850hPa vorticity over the NWP (0º-60ºN, 100º-160ºE) for JJA 279 

to extract the coupled mode from observations, POGA ensemble mean, and MME mean 280 

and grand ensemble of inter-member variance of seasonal predictions. For the grand 281 

ensemble of inter-member predictions, we have removed the ensemble mean for each 282 

model, and then accumulated the covariance of all the models. Regression and correlation 283 

maps are plotted against the SST time series. 284 
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Footnotes 288 

*Like POGA inter-member variability, the leading mode of inter-member variability in 289 

prediction models strongly resembles the PJIO mode in the NoENSO experiment. 290 
†1986, 1990, 1993, 1994 and 1996, for which Niño3.4 SST in preceding NDJ and 291 

simultaneous JJA are both within ±0.7 times the standard deviation, out of twenty 292 

hindcasted years. 293 
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Figure Legends 390 

Fig. 1. Observed correlations and regressed anomalies with respect to NDJ Niño3.4 SST. 391 

(a) Precipitation regressions (shading) and SLP correlations (contours), and (b) correlations 392 
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of SST (shading) and tropospheric temperature (contours), in subsequent JJA. Stippling 393 

indicates 95% confidence of shaded fields. Contours are drawn for ±0.4, ±0.5, ±0.6, …. 394 

Insets show three-month running correlations for ENSO-peak to decay seasons. (a) 395 

(Anticlockwise from top left) Yangtze River flow, TC genesis, SLP over [10º-25ºN, 396 

110º-160ºE], 1000hPa vorticity over [32.5º-42.5ºN, 115º-145ºE] and land-surface air 397 

temperature over [38º-46ºN, 138º-148ºE]. (b) (Left to right) tropical (20ºS-20ºN, 398 

40º-100ºE; solid) and northern (5º-25ºN, 40º-100ºE; dashed) IO and Niño3.4 SST. Open 399 

(closed) circles indicate 90% (95%) confidence. 400 

Fig. 2. (a-h) Anomalies of (a,c,e,g) 850hPa vorticity and (b,d,f,h) precipitation associated 401 

with EOF1s of NWP 850hPa vorticity. (a,b) Observations, (c,d) POGA ensemble mean, 402 

(e,f) NoENSO and (g,h) aCLIM. Shading indicates correlations, with stippling representing 403 

95% statistical confidence, while contours show regressed anomalies, all with respect to 404 

PC1s. Contours are plotted for (a,c,e,g) ±0.5, ±1.5, ±2.5, … ×10–6 s–1 and (b,d,f,h) ±0.5, 405 

±1.5, ±2.5, … mm day–1. (i) The corresponding PC1 time series in observations (black) and 406 

POGA (red), averaged for JJA. Shading represents ±1 standard deviation of inter-member 407 

PC1 in POGA. Orange and blue triangles at the top indicate El Niño and La Niña events 408 

(large: strong to moderate, small: weak), respectively, based on NDJ Niño3.4 SST.  409 

Fig. 3. (a) Variance explained by (shaded bars) EOF1 of individual variability and (open 410 

bars) projections onto the EOF1 pattern of POGA total variability, both scaled with 411 

variance of observational EOF1 (Materials and Methods). (b) One month-lagged 412 

autocorrelations of PC1s. Error bars (a) are derived from North’s rule and (b) represent 413 

95% intervals. 414 

Fig. 4. Regressed anomalies of (a,f) SST (shading) and latent head flux (contours; positive 415 
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downward), and (b,e,g) correlations of tropospheric temperature (shading) and 10m wind 416 

velocity (arrows) in JJA, against (a,b) NoENSO PC1, (e) aCLIM PC1, and (f,g) Niño3.4 417 

SST in preceding NDJ in ensemble-mean POGA. Contours in (a,f) are drawn for ±1, ±3, ±5, 418 

… W m–2. Stippling indicates 95% confidence of (a,f) latent heat flux and (b,e,g) 419 

tropospheric temperature. In (g), the tropical (30ºS-30ºN) average has been removed from 420 

tropospheric temperature. (c) SST EOF1 in the tropical IO and (d) lead-lag correlations of 421 

the corresponding PC and SST in [0º-25ºN, 60º-120ºE] with PC1 of NWP 850hPa vorticity 422 

in NoENSO. Error bars represent 95% intervals. 423 

Fig. 5. Anomalies of (a,c,e) SST (shading), (b,d,f) precipitation (shading) and 850hPa wind 424 

velocity (arrows) regressed onto SVD1s of IO SST and NWP 850hPa vorticity in JJA, 425 

based on (a,b) observations, and (c,d) MME mean and (e,f) grand ensemble of 426 

inter-member variance of seasonal predictions. Contours in (a) indicate tropospheric 427 

temperature correlation with its tropical (30ºS-30ºN) average subtracted, and are drawn for 428 

±0.1, ±0.2, ±0.3, …. Stippling indicate 95% statistical confidence of shaded fields. 429 



Table 1. Variance fractions of the PJ pattern explained by variability components, 

evaluated by projecting POGA ensemble mean, NoENSO and aCLIM variability onto 

the EOF1 pattern of POGA total variability. See Materials and Methods for details. 

ENSO-forced  

(air-sea coupled) 

non-ENSO forced 

air-sea coupled atmospheric internal 

39.2% 24.5% 36.3% 

 



 

Fig. 1. Observed correlations and regressed anomalies with respect to NDJ Niño3.4 SST. 

(a) Precipitation regressions (shading) and SLP correlations (contours), and (b) correlations 

of SST (shading) and tropospheric temperature (contours), in subsequent JJA. Stippling 

indicates 95% confidence of shaded fields. Contours are drawn for ±0.4, ±0.5, ±0.6, …. 

Insets show three-month running correlations for ENSO-peak to decay seasons. (a) 

(Anticlockwise from top left) Yangtze River flow, TC genesis, SLP over [10º-25ºN, 

110º-160ºE], 1000hPa vorticity over [32.5º-42.5ºN, 115º-145ºE] and land-surface air 

temperature over [38º-46ºN, 138º-148ºE]. (b) (Left to right) tropical (20ºS-20ºN, 

40º-100ºE; solid) and northern (5º-25ºN, 40º-100ºE; dashed) IO and Niño3.4 SST. Open 

(closed) circles indicate 90% (95%) confidence. 
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Fig. 2. (a-h) Anomalies of (a,c,e,g) 850hPa vorticity and (b,d,f,h) precipitation associated 

with EOF1s of NWP 850hPa vorticity. (a,b) Observations, (c,d) POGA ensemble mean, 

(e,f) NoENSO and (g,h) aCLIM. Shading indicates correlations, with stippling representing 

95% statistical confidence, while contours show regressed anomalies, all with respect to 

PC1s. Contours are plotted for (a,c,e,g) ±0.5, ±1.5, ±2.5, … ×10–6 s–1 and (b,d,f,h) ±0.5, 

±1.5, ±2.5, … mm day–1. (i) The corresponding PC1 time series in observations (black) and 

POGA (red), averaged for JJA. Shading represents ±1 standard deviation of inter-member 

PC1 in POGA. Orange and blue triangles at the top indicate El Niño and La Niña events 

(large: strong to moderate, small: weak), respectively, based on NDJ Niño3.4 SST. 
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Fig. 3. (a) Variance explained by (shaded bars) EOF1 of individual variability and (open 

bars) projections onto the EOF1 pattern of POGA total variability, both scaled with 

variance of observational EOF1 (Materials and Methods). (b) One month-lagged 

autocorrelations of PC1s. Error bars (a) are derived from North’s rule and (b) represent 

95% intervals. 
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Fig. 4. Regressed anomalies of (a,f) SST (shading) and latent head flux (contours; positive 

downward), and (b,e,g) correlations of tropospheric temperature (shading) and 10m wind 

velocity (arrows) in JJA, against (a,b) NoENSO PC1, (e) aCLIM PC1, and (f,g) Niño3.4 

SST in preceding NDJ in ensemble-mean POGA. Contours in (a,f) are drawn for ±1, ±3, ±5, 

… W m–2. Stippling indicates 95% confidence of (a,f) latent heat flux and (b,e,g) 

tropospheric temperature. In (g), the tropical (30ºS-30ºN) average has been removed from 

tropospheric temperature. (c) SST EOF1 in the tropical IO and (d) lead-lag correlations of 

the corresponding PC and SST in [0º-25ºN, 60º-120ºE] with PC1 of NWP 850hPa vorticity 

in NoENSO. Error bars represent 95% intervals. 

 

30ºN

20ºN

10ºN

EQ

10ºS

20ºS

a

0.5
0.4
0.3
0.2
0.1

0
–0.1

SST lead
simultaneous

atmos. lead
–0.45   –0.25   –0.05 0.05    0.25      0.45 [ºC]

c d

40ºE         60ºE          80ºE        100ºE      120ºE

30ºN

20ºN

10ºN

EQ

10ºS

60ºE           80ºE          100ºE         120ºE         140ºE         160ºE

30ºN

20ºN

10ºN

EQ

10ºS

20ºS

0.5
0.4
0.3
0.2
0.1
–0.1
–0.2
–0.3
–0.4
–0.5

0.25
0.2
0.15
0.1
0.05
–0.05
–0.1
–0.15
–0.2
–0.25

f

tropical IO
SST PC1

northern
IO SST

[ºC]

SST, latent heat flux

EOF1 of SST in NoENSO Lag corr.

SST, latent heat flux

–1          0          1 [mon]

60ºE           80ºE          100ºE         120ºE         140ºE         160ºE

1b

30ºN

20ºN

10ºN

EQ

10ºS

20ºS

e

g

Tropospheric temperature, 10m wind
NoENSO 

aCLIM 
POGA ensemble mean 

Tropospheric temperature, 10m wind

Tropospheric temperature, 10m wind
60ºE           80ºE          100ºE         120ºE         140ºE         160ºE         180º

60ºE           80ºE          100ºE         120ºE         140ºE         160ºE         180º

60ºE           80ºE          100ºE         120ºE         140ºE         160ºE         180º

0.4
0.3
0.2
0.1
0
–0.1
–0.2
–0.3
–0.4

0.4
0.3
0.2
0.1
0
–0.1
–0.2
–0.3
–0.4

0.9
0.7
0.5
0.3
0
–0.3
–0.5
–0.7
–0.9

SST (ºC)

[ºC]

–0.35   –0.15          0.15      0.35



 

Fig. 5. Anomalies of (a,c,e) SST (shading), (b,d,f) precipitation (shading) and 850hPa wind 

velocity (arrows) regressed onto SVD1s of IO SST and NWP 850hPa vorticity in JJA, 

based on (a,b) observations, and (c,d) MME mean and (e,f) grand ensemble of 

inter-member variance of seasonal predictions. Contours in (a) indicate tropospheric 

temperature correlation with its tropical (30ºS-30ºN) average subtracted, and are drawn for 

±0.1, ±0.2, ±0.3, …. Stippling indicate 95% statistical confidence of shaded fields. 
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