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ABSTRACT

The interannual variation of the East Asian upper-tropesiptwesterly jet (EAJ) significantly affects East Asiamddite
in summer. Identifying its performance in model predictinay provide us another viewpoint, from the perspective pleup
tropospheric circulation, to understand the predictgbdf summer climate anomalies in East Asia. This study prissa
comprehensive assessment of year-to-year variabilith@f2AJ based on retrospective seasonal forecasts, iditiaim
1 May, in the five state-of-the-art coupled models from ENSMS during 1960-2005. It is found that the coupled
models show certain capability in describing the interahmoeridional displacement of the EAJ, which reflects the etsid
performance in the first leading empirical orthogonal fiort{ EOF) mode. This capability is mainly shown over the oegi
south of the EAJ axis. Additionally, the models generallptoae well the main features of atmospheric circulation and
SST anomalies related to the interannual meridional digpieent of the EAJ. Further analysis suggests that the peedic
warm SST anomalies in the concurrent summer over the trlopastern Pacific and northern Indian Ocean are the two
main sources of the potential prediction skill of the sowthvshift of the EAJ. In contrast, the models are powerless in
describing the variation over the region north of the EA%aassociated with the meridional displacement, and interal
intensity change of the EAJ, the second leading EOF modenimeed still remains a challenge to better predict the EAJ,an
subsequently, summer climate in East Asia, using currempled models.
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1. Introduction prediction for East Asian summer rainfall remains a chal-

. s . . enge, it is imperative to comprehensively assess the predi
The East Asian upper-tropospheric westerly jet (EA bn of the summer EAJ.

one of the most important components in the Asian mon- . S . .
L : . The interannual variation of the EAJ is characterized by
soon system, is intimately related to the East Asian climate_ . .. : . . )
o : . meridional displacement of the EAJ location and intensity
anomalies in boreal summer (Lin, 2013; Lu etal., 2013). Tr(‘:%an e, which are the first and second leading EOF modes of
interannual variations in both the EAJ location and intgnsi ge, 9

correspond closely to the rainfall and surface air tempegat the EAJ, respectively (Lin and Lu, 2005). The atmospheric
P y circulation anomalies related to the meridional shift of th

anomalies over East Asia, especially for the meridional di AJ location involve two wave trains: the Pacific—Japan (PJ)

placement of the EAJ location (Lau et al., 2000; Lu, 200 éjleconnection (Nitta, 1987; Kosaka and Nakamura, 2006; Lu

Wang et al,, 2013). The poleward displacement of the E'&and Lin, 2009) or the East Asia—Pacific (EAP) teleconnec-

tends to be linked to deficient rainfall along the East Asian . . -
subtropical rainy belt (Lau et al., 2000) and more frequ:ﬂ?n (Huang and Sun, 1992; Huang, 2004) in the meridional

X i . rection over the East Asia—western North Pacific (WNP)
high temperature extremes in Southeast China (Wang et %gion, and the “Silk Road” teleconnection in the zonal di-

2013). Thus, interannual variation of the EAJ is expect(?ection along the upper-tropospheric Asian westerly jet (L
to have some implications for the predictability of summer, 9 bp Posp y)

: : . ; t al., 2002; Enomoto et al., 2003; Enomoto, 2004; Ding
climate anomalies over East Asia (Liang and Wang, 199 L . .
anp Wang, 2005). In addition, the transient eddy forcing
Zhang and Guo, 2005). As the current status of seasong o : 2 .
also demonstrates significant impact on the meridional dis-
placement of the EAJ, especially its northward progression
* Corresponding author: LIN Zhongda (Xiang and Yang, 2012). On the other hand, Lu (2004) also

Email: zdlin@mail.iap.ac.cn revealed a significant meridional connection of the EAJ in-
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tensity change with convective activities over the Philiigp tential height at 200 hPa suggest a potential predictgluifit
Sea, though it is weaker than that related to the meridiongiper-tropospheric zonal winds in the context of geostimph
displacement of the EAJ location. wind balance. Nevertheless, the current status of the sahso

Despite all the above atmospheric forcing, the interapredictability of the EAJ variation by CGCMs remains un-
nual meridional displacement of the EAJ location is also irlear and has not yet been well documented in the literature.
fluenced by the tropical SST anomalies. Lin (2010) found Recently, the ENSEMBLES project (ensembles-based
that, associated with the southward shift of the EAJ in Jupredictions of climate changes and their impacts), adwestat
and August, a warm SST anomaly in the tropical eastern Rg-the European Union (van der Linden and Mitchell, 2009),
cific persists from the preceding spring to the concurremtsuprovided seasonal multi-model prediction products of five
mer. Additionally, Qu and Huang (2012) revealed that tHeading CGCMs developed in Europe for the period 1960—
SST anomalies over the tropical Indian Ocean are also s&p05. Based on the retrospective forecast (hindcast) of EN-
nificantly related to the meridional displacement of the EASEMBLES, Li et al. (2012) investigated the prediction of the
When SST warms in the tropical Indian Ocean, especially tseammer WNP subtropical high and suggested that ENSEM-
northern Indian Ocean (NIO), the EAJ shifts southward. BLES shows considerable capability in describing the inter

However, atmospheric general circulation modebnnual variation of the summer lower-tropospheric cireula
(AGCMs) are deficient in describing the SST-induced irtion and precipitation anomalies over the WNP. Moreover,
terannual variation of the EAJ. Lu et al. (2006) investigataelated to the WNP subtropical high, the meridional telecon
the external and internal atmospheric variability over theection, in the lower troposphere, can be captured by these
WNP and East Asia based on the simulations forced by tbeupled models.
prescribed observed SST in the Met Office AGCM, known This study attempts to comprehensively assess the pre-
as HadAM3. They indicated that the interannual anomalidictability of the interannual variation of the EAJ, based o
of the EAJ, including both meridional displacement of ththe products of the ENSEMBLES forecast system. Assess-
EAJ location and its intensity change, are dominated Imyent of the EAJ will hopefully provide us another viewpoint,
atmospheric internal variability, different from the lowe from the perspective of upper-tropospheric circulationtree
tropospheric circulation anomaly over the WNP, in whickeasonal predictability of the summer monsoon and rainfall
external variability plays an important role. The stronfef over East Asia. The rest of this paper is organized as fol-
of the internal variability suggests a low potential pregliil- lows. Section 2 describes the model hindcasts and observed
ity of the EAJ variation in the AGCM. In addition, currentdatasets used in this study. Section 3 presents the compre-
AGCMs are unable to properly simulate the Asian summbensive assessment of the EAJ, including its climatology, i
monsoon rainfall because the ocean—atmosphere couplbi@gnnual variability, temporal correlation coefficientao
contributes significantly to the climate anomalies over tHeading EOF modes, circulation and tropical SST anomalies
WNP and East Asia (Wang et al., 2004, 2005). This wilissociated with the meridional displacement of the EAJloca
further increase the possibility of AGCM deficiencies in thdon. The predicted decadal change and potential predictio
prediction of the summer EAJ, in terms of the meridionakill of the EAJ location and its implications are discussed
teleconnection between the interannual variation of thd E&ection 4. Conclusions are summarized in section 5.
and convective activities over the WNP and East Asia. As a
consequence, ocean—atmosphere coupled general ciooulati
models (CGCMs) are more appropriate for the prediction of M odel hindcasts and observational datasets
the interannual variation of the summer EAJ.

Some studies have analyzed the potential predictability The ENSEMBLES project was a seasonal-to-annual
of summer climate and circulation anomalies in the Northemulti-model project developed by the European Union (van
Hemisphere in CGCMs (Chowdary et al., 2010; Lee et ater Linden and Mitchell, 2009). It comprised five fully cou-
2011; Kosaka et al., 2012; Li et al., 2012, 2014). Their rgpled atmosphere—ocean models, including the UK Met Of-
sults imply that atmosphere—ocean interactions, induged fice (UKMO), the Météo-France (MF), the European Centre
the tropical Indian and Pacific oceans, contribute remdykalior Medium-Range Weather Forecasts (ECMWEF), the Leib-
to the prediction reliability. Lee et al. (2011), for exampl niz Institute of Marine Sciences at Kiel University (IFM-
examined the predictability of summer upper-troposphe@@EOMAR) and the Euro-Mediterranean Center for Climate
circulation in the Northern Hemisphere. They pointed o@hange (CMCC-INGV). The atmosphere and ocean were ini-
that the seasonal forecast skill for the 200 hPa geopotentialized using realistic estimates of their observed stafél
height derived mainly from the CGCM'’s ability to prediciof these models included major radiative forcing and had
the first two EOF modes in the Northern Hemisphere, foro flux adjustments. An ensemble of nine initial conditions
the 25-year period of 1981-2005. The first two EOF modess run for each model. Further details on the ENSEM-
are characteristics of zonally uniform anomalies of uppdBLES multi-model project, the models and the initial con-
tropospheric geopotential height over the tropics (EOFIjition perturbations can be found in Weisheimer et al. (3009
due to the prolonged impact of El Niflo—Southern Oscillaand Doblas-Reyes et al. (2010).
tion (ENSO), and over the midlatitudes (EOF2) related to the A 46-year hindcast from 1960 to 2005 was carried out
developing ENSO. The zonally uniform anomalies of geopor the five models. They were initialized on 1 May for each
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year and run for seven months. The hindcast results for Jutiese current coupled models show certain capability in cap
July and August are analyzed in this study. Additionallg thturing the interannual variation of the EAJ, particularlgen
multi-model-ensemble (MME) results are calculated thtougt shifts southward. On the other hand, the standard devia-
a simple composite by applying equal weight to all the fiviion to the north of the EAJ axis is much weaker than that
models. in the observation. This weaker variability is related te th

The observational datasets used here for validating thesemble mean of different initial conditions for the model
model simulation include: (1) National Centers for Envirorprediction, and it further suggests that many synopticypert
mental Prediction/National Center for Atmospheric Reslearbations contribute to the variations of the EAJ, especially
(NCEP/NCAR) monthly reanalysis data from 1960 to 200the north of the EAJ axis (e.g., Dole and Black, 1990; Wu et
(Kalnay et al., 1996); (2) National Oceanic and Atmosphera., 2006; Xiang and Yang, 2012). This is also the reason that
Administration Extended Reconstructed monthly mean S$ie interannual variability of the MME prediction is a létl
V3 data from 1960 to 2005 (Smith and Reynolds, 2004); angkaker than that of the five individual models. Among the
(3) monthly precipitation data obtained from the Global-Prdive models, the MF model (Fig. 2e) predicts a weaker stan-
cipitation Climatology Project during 1979-2005 (Adler etlard deviation over East Asia than the other four models.
al. 2003). 3.2. Prediction skill of the EAJ interannual variation

Figure 3 illustrates the spatial distribution of the termglor
3. Results correlation coefficient (TCC) between the model prediction
and observation for 200 hPa zonal wind during 1960-2005.

In this section, we show the performance of the predictiothe MME prediction performs generally the best (Fig. 3a).
of the EAJ in the five models in ENSEMBLES. The predicteéood predictions of the upper-tropospheric Zona| W|nd are
climatology and interannual standard deviation are ptesenfound mainly over the south of the EAJ axis, extending north-
in subsection 3.1, the prediction skill of the interannuaia-  eastward from India to Japan, where the TCC skill over most
tion of the EAJ in subsection 32, and the circulation and S%T these regions is Signiﬁcant at the 95% confidence level
anomalies associated with the meridional shift of the EAJ Igh the MME and all five models except for the MF model.
cation in subsections 3.3 and 3.4. Consistent with the performance of the interannual valitgbi
(Fig. 2e), the MF model exhibits relatively weaker capayili
in describing the variation of 200 hPa zonal wind over East

Figure 1 shows the climatology of JJA (June-JulyAsia and the good prediction skill is unable to extend north-
August)-mean 200 hPa zonal wind. In the observation, tekastward to North China and Japan (Fig. 3d). Compared with
upper-tropospheric jet stream is basically zonally ogdntthat south of the EAJ axis, the skill over the region north of
over East Asia. The axis of the EAJ, with the maximurthe EAJ axis is lower, though certain skill is also found over
200 hPa zonal wind in each longitude over East Asia, is lthe north of the EAJ axis, especially over the east of Lake
cated at approximately 48 (Fig. 1a). The above features ofBaikal, in the MME, ECMWF, IFM-GEOMAR, and UKMO
the EAJ are successfully captured by the five models and tiredictions. It is interesting to note that good predictiane
MME prediction (Figs. 1b—g). The location and intensity ofocated on the two sides of the EAJ axis, not in the axis region
the summer-mean EAJ described by the models are closgbglf. This may suggest that the coupled models tend to bet-
consistent with those shown in the observation, with a paer predict the meridional displacement of the EAJ location
tern correlation coefficient ranging from 0.96 to 0.98. Theather than its intensity change.

MME prediction performs generally better than the individ- Next, we investigate how well the models hindcasts de-
ual models, as it can reduce the noise presented in the soribe the dominant modes of the year-to-year variability o
dividual forecasts. Relatively, the intensity of the JJ&an the summer 200 hPa zonal wind over East Asia. To identify
zonal wind over East Asia is a little stronger in the ECMWFhe major modes of the EAJ, we apply EOF analysis to the
and IFM-GEOMAR models and weaker in the CMCC-INGMJA 200 hPa zonal wind over the region (Z#55°N, 120-
model. The axis of the EAJ is located a little south in the MESC°E), with strong interannual variability (Fig. 2), followgn
model than that in the observation. Lin and Lu (2005).

The interannual variation of upper-tropospheric zonal Figure 4 shows the spatial distribution of the first leading
wind, during 1960-2005 in the observation, mostly appedE©F mode (EOF1) of the JJA 200 hPa zonal wind for the
in the midlatitudes between 28 and 60N, with two max- observation, the MME and the predictions of the five models.
ima residing to the south and north sides of the EAJ axi8QF1, which accounts for 50% of the total variance in the ob-
respectively (Fig. 2a). The maximum interannual standasdrvation, is characterized by the meridional variatiothef
deviation is greater than 3.5 msboth to the north and EAJ location, with positive (negative) anomalies to thethou
south sides of the EAJ axis. In terms of the model prediforth) of the EAJ axis (Fig. 4a). The models show good ca-
tions, though it is weaker than observed, the maximum stgbility in describing the spatial distribution of EOF1 ¢Ei
dard deviation, greater than 2 msin the five models and 4b—g). Variation of the EAJ meridional displacement for the
1.5 m s1 in their MME prediction, is captured over the remodel prediction averaged by different ensemble members
gion south of the EAJ axis (Figs. 2b—g). The result suggestscounts for a much larger variance, especially for the MME

3.1. Climatology and interannual variability
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Fig. 1. Climatology of the JJA-mean 200 hPa zonal wind (units: Th)dor (a) the observation, and
the prediction of (b) the MME and (c—g) the five models of ENSHMS during 1960-2005. The
value in the upper-right corner is the pattern correlatioefficient between the observation and model
prediction. Shading indicates the region where the valweeds 20 ms! and the orange solid line
represents the location of the EAJ axis.

prediction that comprises more members. This suggests tRE€1) between the MME prediction and the observation is
these coupled models are apt at reproducing the distributi®.4, which is significant at the 99.5% confidence level. Simi-
pattern for this variation. Nevertheless, the models filygh larly, most of the five models, except for the MF model, show
overestimate the variation of the positive anomalies dver tsimilarly good capabilities. The IFM-GEOMAR model per-
southern extent and underestimate the negative anomalams the best among the five models and the prediction cor-
over the northern extent. This corresponds well to the inteelation coefficient reaches 0.5. The prediction correfati
annual variability exhibited by the models, as strongei-vacoefficient of 0.28 for the ECMWF and UKMO models ex-
ability is found to the south than the north side of the EAdeeds the 94% confidence level, but is not greater than the
axis (Figs. 2b—q). 95% confidence level. The good performance of the cou-

The models are also capable of predicting the tempogéd models in terms of EOF1 offers certain realizable pre-
evolution corresponding to EOF1 (Table 1). The correlatiatictability of the interannual meridional variation of tBAJ
coefficient of the associated principal component timeeseriocation.
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Fig. 2. Asin Fig. 1, but for interannual standard deviation of th&-ddan 200 hPa zonal wind. Shad-
ing indicates regions with values greater than 3thr the observation in (a) and 1.5 msfor the
model predictions in (b—g).

Table 1. Correlation coefficients of the first two principal compo{ositive values along the EAJ axis, accounting for 21.8% of
nents (PC1 and PC2) between the observation and model predle total variance in the observation. In general, a few mod-
tions. The values in bold and those underlined represetistital els, including the ECMWF and IFM-GEOAR models, and
§ignificance exceeding the 99% and 95% confidence leveseces the MME, tend to properly reproduce the spatial distribuitio
tively. of the EOF2 mode, but with a smaller explainable variance
IEM- CMCC- (Figs. 5b—d). The other three models show similar explain-
Corr. MME ECMWEF GEOMAR ME UKMO NGy  @ble variance to the observation, but the positive anomalie
extend more northward than the observation (Figs. 5e—g),
which contribute significantly to the northward distritarti
of the positive anomalies in the MME prediction (Fig. 5b). In
addition, the models are powerless in describing the intera
The second dominant mode (EOF2) features the changesi variation of the associated PC time series for the EOF2
of the EAJ intensity (Fig. 5). It is associated with signifita mode (PC2). The correlation coefficients are around zero for

PC1 040 0.28 0.50 0.14 0.28 _0.32
PC2 0.00 0.08 0.07 -0.08 -0.07 0.11
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Fig. 3. Temporal correlation coefficients of the JJA-mean 200 halaeind between the observation

and prediction of (a) the MME, and (b—f) the five models. Cansaepresent statistical significance of
the correlation coefficients at the 95% and 99% confidenaddend the thick blue line represents the
location of the EAJ axis.

the predictions of the MME and five models (Table 1). Thugnalysis, the EAJLI, instead of PC1, is used to depict merid-
the current coupled models have difficulty in capturing thenal shift of the EAJ location because it is more convenient
interannual intensity change of the EAJ. to discuss the relative contribution from 200 hPa zonal wind
) ) ] o ] on the southern (36-40°N, 120°-150E) and northern (46~
3.3. Circulation anornahsrelated to the meridional shift 50°N, 120-15CE) sides, respectively.
of the EAJ location The prediction skill of the EAJLI is presented in Table
Lu (2004) defined an index to depict the meridional shit. The correlation coefficient of the EAJLI between the
of the EAJ location by the difference of 200 hPa zonal winddME and observation is 0.35 during 1960-2005, which is
averaged over 12615C0E between 10to the south of the significant at the 95% confidence level. Similarly, significa
EAJ axis and 10to the north. Similarly, we define a JJA-correlation coefficients are also found in the IFM-GEOMAR
mean EAJ location index (EAJLI) as the difference of 200
hPa zonal winds averaged between the regions+8DN, Table2. Correlation coefficients of the EAJ location index (EAJLI)
120°-150°E) and (40-5C°N, 120-150°E). Indeed, this EA- and its two sides between the observation and model preasti
JLI depicts the first EOF leading mode of interannual varidhe values in bold and those underlined represent staiisignifi-
tions of the EAJ (Lin and Lu, 2005). The EAJ moves soutfgance exceeding the 99% and 95% confidence levels, resggctiv
ward when the EAJLI is positive, and it shifts northward IEM- CMCC-
th‘;en the_ EA\;ALI\IAié neg;;_ive. Tirgelseries r?f the_Eé._]Llén _trhe Corr. MME ECMWF GEOMAR MF UKMO INGV
observation, , and five models are shown in Fig. 6. Th
correlation cpefficient _between the EAJLI and PC1 is 0._92 i%‘iﬁfhl'elm 8:—25 8:_;3 %l 8:2; %4 8_’5
the observation, 0.96 in the MME, and larger than 0.9 in afloithern  0.06 001 -001 -010 017 0.09
of the five models for the period 1960-2005. In the following
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Fig. 4. Spatial distribution of the first EOF mode of the JJA-mean BP@ zonal wind over East Asia
for (a) the observation, (b) the MME and (c—g) the five modeldpetions. The percentage value in
the upper-right corner shows the percentage variance iaegldy this mode and the thick blue line
represents the location of the EAJ axis.

(0.31) and UKMO (0.34) models, at the 95% confidendbe other two models, the correlation coefficient of the kout
level, and in the CMCC-INGV (0.27) model, at the 90% corern side is 0.33 in the ECMWF model, significant at the 95%
fidence level. The skill of the EAJLI is mainly attributed tcconfidence level, and 0.22 in the MF model, though the corre-
that of the southern side. The correlation coefficient of tHation coefficients of the corresponding EAJLI for these two
southern side is 0.51 in the MME, 0.59 in the IFM-GEOMARnNodels are only 0.19 and 0.07, respectively. However, the
model, 0.38 in the UKMO model, and 0.44 in the CMCCprediction skill of the northern side is poor, with a maxi-
INGV model, all significant at the 99% confidence level. Fanum correlation coefficient of 0.17 and minimum 0.1
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Fig. 5. As in Fig. 4, but for the second EOF mode.

between the observation and the five individual models aB@J. In addition, the westerly and easterly wind anomalies
their MME. over East Asia extend westward into West Asia so that the
Further analysis shows that the main features of the ciksian westerly jet together moves southward. In the lower
culation anomalies in the upper and lower troposphere, tesposphere, a meridional wave train is observed, with a cy-
lated to the EAJLI, are well predicted by the models, as-lluslonic anomaly over East Asia and an anticyclonic anomaly
trated in Fig. 7. In the observation, associated with thelEAJover the western North Pacific (WNP), i.e., the PJ or EAP
are a westerly anomaly to the south of Mi0and an easterly pattern. This meridional connection between the EAJ and the
anomaly to the north over East Asia in the upper troposphéoever-tropospheric circulation anomalies over the EasaAs
(Fig. 7a), consistent with a southward shift tendency of thNP region is consistent with the result previously ideetfi



DECEMBER 2015 LI AND LIN 1677

—

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Fig. 6. Normalized time series of the EAJLI during 1960-2005 forahservation
and model predictions.
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Fig. 7. Regression of the (a, b) 200 hPa zonal wind, (c, d) 850 hPa waimntl(e, f) precipitation anomalies
onto the normalized EAJLI in the (a, c, e) observation andd(f) MME prediction. Shading indicates the
region where the anomaly exceeds the 95% confidence level cditour interval of the 200 hPa zonal wind
(precipitation) anomaly is 0.4 nT$ (0.4 mm d'1).

by Lu and Lin (2009). Associated with the meridional con- The circulation anomalies in the upper and lower tropo-
nection, rainfall is enhanced over East Asia and suppresspthere and rainfall anomalies related to the EAJLI, dissdiss
over the WNP, Northeast China, and southern Russia (Fapove in the observation, are successfully captured by the
7e). model predictions. In the MME prediction, associated with
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the EAJLI, the Asian westerly jet moves southward in theultaneous warm SST anomalies in the tropical eastern Pa-
upper troposphere (Fig. 7b) and the meridional connectioific and Indian Ocean, especial the northern Indian Ocean
is established with a cyclonic anomaly over East Asia arfN10).
an anticyclonic anomaly over the WNP in the lower tropo- The tropical SST anomalies depicted above are success-
sphere (Fig. 7d). Meanwhile, rainfall increases over Edstlly reproduced in the MME prediction (Fig. 8b), includ-
Asia and decreases over the WNP (Fig. 7f). The successhd the warm SST anomalies in the tropical eastern Pacific
reproducibility of the enhanced rainfall over East Asia-fuand NIO. This result therefore suggests a possible rolesof th
ther presents an implication for the important contribatiotropical SST anomalies in the prediction of the EAJ location
of the EAJ displacement to the East Asian summer predldewever, the signals are much stronger in the model predic-
tion. However, the relationship between the EAJ and trdpidéons than in the observation, arising from the averagefef di
anomalies from the East Indian Ocean to the western Paciferent ensemble members in the model predictions. Here, we
in the MME prediction, is significantly strengthened, comdse two SST indices, the Nifio3 index and NIO index (NIOI),
pared with that in the observation. Related to the EAJLI, to represent the interannual variation of SST in the trdpica
the MME prediction, there are significant westerly anonwli@astern Pacific and NIO, respectively. The Nifio3 index is
over the tropical regions in the upper troposphere (Fig, 7lefined as the JJA-mean SST anomalies averaged over the
and westerly anomalies over the tropical western Pacific aradjion (5S-5N, 90°—150W) and the NIOI over the region
easterly anomalies over the East Indian Ocean in the low8r—20°N, 40°—100°E). The correlation coefficient between
troposphere (Fig. 7d), concurrent with increased rainfall the EAJLI and Nifio3 index increases from 0.26 in the obser-
the tropical western Pacific and decreased rainfall over thation to 0.73 in the MME, and it ranges from 0.35 to 0.66
Maritime Continent (Fig. 7f). This enhanced EAJLI-tropics the five individual models (Table 3). Similarly, the cdere
connection is due to the overestimated effect of the trdpideon coefficient between the EAJLI and NIOI rises from 0.44
SST in the central-eastern Pacific and Indian Ocean in tinethe observation to 0.67 in the MME, and it changes from
model predictions, which is discussed in the next subsecti®.52 to 0.63 in all of the models except the UKMO (0.44) and
. . ) . CMCC-INGV (0.39) models (Table 3).

3.4. Tropical SST-EAJ location relationship To confirm the crucial role of the tropical SST anomalies

The next step is to investigate what is responsible for tloéthe eastern Pacific and NIO in the prediction of the EAJ lo-
prediction skill of the EAJLI. To explore the possible impaccation, we build a multiple linear regression model based on
of external forcing, we regress JJA-mean SST anomalies ottie predicted JJA Nifio3 index and NIOI, to statisticallgpr
the EAJLI in the observation (Fig. 8a) and the MME prediddict the EAJLI. Accordingly, the statistical predictionilblof
tion (Fig. 8b). As shown in Fig. 8a, in the observation, thihe EAJLI is due to the linear contribution of the dynamigall
southward shift of the EAJ is significantly correlated with s predicted tropical eastern Pacific and NIO SST anomalies in

SSTA Reg. EAJLI

(2)OBS

60E 90E 120E 150E 180 150W 120W 90w

60E 90E 120E 150E 180 150W 120W 90W

Fig. 8. Regression of the SST anomalies onto the normalized EAXhEifa) observation and (b) MME
prediction. Shading indicates the regions where the anpexaleeds the 95% confidence level, and the
contour interval is 0.08C.
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Table3. Correlation coefficients between the EAJLI and SStTorrelation between the warm NIO SST anomalies and south-
anomalies averaged over the Nifio3 and NIO region. ward shift of the EAJ. They proposed that when the tropical
Indian Ocean SST is higher than normal, the anomalous trop-

Corr. Nifio 3 northern Indian Ocean ical convection forces a Kelvin wave wedge penetrating into
OBS 0.26 0.44 the equatorial western Pacific, leading to a decrease itigprec
MME 0.73 0.67 itation near the Philippines (Xie et al., 2009). Combinethwi
ECMWF 0.35 0.61 the climatological easterly shear over the subtropical WNP
IFM-GEOMAR 0.63 0.63 (Lim and Chang, 1983, 1986; Wang and Xie, 1996; Lu, 2004:
MF 0.47 0.52 Lin, 2010), the EAP teleconnection (Huang and Sun, 1992) is
UKMO 0.43 0.44

induced along the East Asian coast, which accelerates west-
erly on the southern flank of the EAJ and decelerates westerly
on the northern flank in the upper troposphere (Kosaka and
the MME prediction. The cross-validated time series of tHéakamura, 2006; Lu and Lin, 2009). Thus, the EAJ shifts
statistically predicted EAJLI are presented in Fig. 9. lis-c southward.
relation coefficient with the observation is 0.32, closette t ~ Furthermore, the anomalous SSTs show a much stronger
value of 0.35 between the MME prediction and the obsenvigleconnection with the 200 hPa zonal winds on the southern
tion during 1960—-2005. Moreover, the cross-validated BAJside of the EAJ axis than on its northern side. The corredatio
agrees well with the MME-predicted EAJLI, with a correlacoefficient between the southern side of the EAJ axis and the
tion coefficient of 0.72 between them, indicating that abodtino3 (NIO) SST anomalies is 0.50 (0.47) in the observa-
half of the predicted variance of the EAJLI is contributed li tion. This close teleconnection is reproduced by the model;
early by the predicted tropical SST anomalies in the eastéhe corresponding correlation coefficients are both 0.73 in
Pacific and NIO in the MME. the MME prediction, presenting more predictable signals of
The SST anomalies associated with the summertime Ethe wind anomalies over the region. However, the correla-
JLI were also revealed by Lin (2010), particularly in Julyantion coefficient between the northern side of the EAJ axis
August. Lin (2010) proposed that the tropical eastern Racifind the Nifio3 (NIO) SST anomalies is only 0.070(20)
warm SST anomaly links to a southward shift of the EAl the observation and 0.37 (0.25) in the MME prediction.
through a meridional teleconnection over the WNP—East Asi&e stronger relationship to the southern side of the EAg axi
region, which is associated with increased precipitatiegro of zonal winds at 200 hPa with the tropical SST anomalies,
the tropical western Pacific and decreased precipitatien oleads to higher prediction skill of the southern side coragar
the subtropical WNP. The rainfall anomalies are partiaily i to the northern side (Table 2). The lower prediction skill on
dicated by the EAJLI-related rainfall in the MME predictionthe northern side is probably due to the effect of synoptic
as shown in Fig. 7f. On the other hand, Shaman and Tziptiansient activities (Xiang and Yang, 2012), which have les
man (2007) additionally highlighted the role of the westvarpredictability.
propagating Rossby wave, induced by the tropical eastern Pa
cific warm SST-related divergence forcing over the equatori ) )
Pacific in the upper troposphere. This interacts with thetNord.  Discussion
Africa—Asia westerly jet and manifests as positive votyici 41, Predicted decadal change of the EAJ location

anomalies along the westerly jet, causing the southwafd shi
of the EAJ. Some previous studies have reported a decadal tendency

Furthermore, Qu and Huang (2012) also found a positigéthe southward shift of the EAJ after the late 1970s (Yu and

CMCC-INGV 0.66 0.39

! Corr. MME=035 ! ‘
" “Corr. Crpss” Validated=0.32" 1|

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Fig. 9. Normalized time series of the EAJLI for the observation ¢hathe

MME prediction (red dashed line) and the statistically demtli(cross-validated,
blue solid line) by the predicted Nifio3 and NIO SST anonsali€he correla-
tion coefficient between the MME predicted (cross-validatEAJLI and the

observation is 0.35 (0.32).
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Zhou, 2007; Zhang and Huang, 2011). This decadal shift42. Potential prediction skill of the EAJ location

the EAJis also revealed in the observation and MME predic- Thg interannual variability of midlatitude anomalies is,

tion of the present study (Fig. 6), suggesting a possible pggnerally, considered unpredictable (Lu et al., 2006; Wang
dicted decadal change of the EAJ location in ENSEMBLES0g: kosaka et al. 2012). Lu et al. (2006), for example
To reveal the predictability of decadal change of the EAJ 1gsnq that the anomaly of the EAJ—both the meridional shift
cation, we isolate the decadal component of the EAJLL, Wit the EAJ location and its intensity change—is dominated
its period longer than 8 years, based on a Fourier harmonigs,imospheric internal variability, different from thewer-

filter, and the residual is referred to as the interannual—coqpopospmriC circulation anomaly over the WNP in which the

ponent. _ o external variability plays an important role.

Table 4 shows the correlation coefficients of the decadal |, ihe present study, we find a correlation coefficient of
and interannual components of the EAJLI, separately, Rg3s of the EAJILI during 1960-2005 between the observation
tween the observation and model simulations. The correlgsq MME prediction in the previous section. It is significant
tion coefficient of the EAJLI between the observation ang the 959 confidence level and better improved compared to
MME, for the decadal component, is 0.47. Similarly, thgat jn an AGCM simulation (Lu et al., 2006). However, the
decadal component is also predicted in the five model pigsiential prediction skill of the EAJLI is still lower thahe
dictions, with the correlation coefficients ranging fron2®. \yNp anomalies, with a correlation coefficient of 0.68 for the
to 0.40. The potential skill of the decadal variation of theynp summer monsoon index (Li et al., 2012) between the
EAJLI is attributed significantly to summer SST anomaliggme predictions and the observation. Moreover, the merid-
in the trop|.cal central—easte_rn Pacific and Indian Oceath Wional shift of the EAJ location is successfully capturedres t
warm tropical SST anomalies related to the southward shifr1 mode in the five models and their MME in ENSEM-
of the EAJ, similar to that shown in Fig. 8. Moreover, thesg g5 the same as in the observation, while it is represented
tropical SST anomalies can be traced back to an El N|no—I||59 the EOF2 mode in the SST-forced AGCM simulation in
SST pattern in the previous winter (figure not shown). Thgagam3 (Lu et al., 2006). The improved potential skill of

positive SST anomalies may induce atmospheric warminggf, EAJ prediction may help increase the prediction skill of
the tropics (Yulaeva and Wallace, 1994; Kumar and Hoerlingimate anomalies in East Asia, since they are closely tied o

2003; Huang and Huang, 2009), which increases the merigs interannual timescale (Liang and Wang, 1998; Lau et al.,
ional temperature gradient in the subtropics to the south §§50- | 2004).

the EAJ axis and results in a southward shift of the EAJ.

On the other hand, the potential prediction skill for the in-
terannual component remains stable, compared with thie t&a Summary
EAJLI. The correlation coefficient of the interannual com- ) ] ) ) N )
ponent of the EAJLI between the MME prediction and the 1 NiS Study investigates the predictability of the EAJ in
observation, as shown in Table 4, is 0.32, close to the vaRignmer based on 46-yr predictions initiated on 1 May in
of 0.35 for the total EAJLI (Table 2), significant at the 95041€ five models of ENSEMBLES during 1960-2005 and
confidence level. For the five models, the prediction skill #CEP/NCAR reanalysis data (taken as the observation). The

the interannual component, compared with the total EAJI,rﬁsu'tS show that the five models can capture the climatolog-

is also stable, with a correlation coefficient with the obseic@l location and intensity of the summer-mean EAJ. In ad-

vation of 0.35 (0.34) in the UKMO model, 0.30 (0.31) inditiqn,_ the models also predic;t strong i_nterannual staahda_r
the IFM-GEOMAR model, 0.27 (0.27) in the CMCC-INGVdeviation of upper-troposp_henc zona_ll winds over I_East Asia
model, 0.13 (0.19) in the ECMWF model, and 0.0 (0.07) it the_ south of the EAJ axis, though its magnitude is weaker
the MF model, for the interannual component (total) of th&an in the observation. _ _
EAJLI. We also regress circulation and SST anomalies upon Moreover, the prediction skill for the first two EOF lead-
the interannual component of the EAJLI, and obtain simildf9 modes, i.e., the meridional displacement of the EAJ lo-
results to those in Figs. 7 and 8, except for weakened waf@fion and intensity change of the EAJ, respectively, is-eva
summer SST anomalies in the tropical eastern Pacific in t&t€d- The spatial pattern of the EOF1 mode is successfully
observation, suggesting a close relationship of the tedpi€aPtured by the five models and their MME. The temporal
SST anomalies in the eastern Pacific and the EAJ locationHrelation coefficient between the observation and MME is
decadal timescales, as described in the above paragraph. 0-4 for the PC1 and 0.35 for the EAJ location index (EAJLI).
Further examination on the two sides of the EAJLI shows that
Table 4. Correlation coefficients of the decadal and interannudine prediction skill of the EAJLI can be attributed to that in
component of the EAJLI between the observation and model pt@e southern side. For the EOF2 mode, only the ECMWF
dictions. and IFM-GEOMAR models, among the five, reproduce the
=y CMOC. spatial pattern_of intgrannufal intensity.change of_thg BAd,

Corr. MME ECMWF GEOMARMF UKMO [NGy  hone of them, including their MME, skillfully predict itsie-
poral variation.

Finally, we compare the circulation and SST anoma-
lies associated with the EAJLI between the observation and

Decadal 0.47 0.39 0.40 0.30 0.34 0.26
Interannual 0.32 0.13 0.30 0.00 0.35 0.27
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model predictions. The results show that the models can ad- on general circulation and analysis on its mechani€hi-
equately capture the meridional shift of the Asian westerly — nese J. Atmos. Sci., 33, 1-15, doi: 10.3878/j.issn.1006-
jetin the upper troposphere and a meridional wave train over 9895.2009.01.01. (in Chinese).

East Asia and the WNP in the lower troposphere, associatd#/ang, R. H., and F. Y. Sun, 1992: Impacts of the tropical erest
with the EAJLL. In addition, the warm SST anomalies in the ~ Pacific on the East Asian summer monsodrMeteor. Soc.
tropical eastern Pacific and NIO related to the southwarftl shi Japan, 70, 243-256.

. Kalnay, E., and Coauthors, 1996: The NCEP/NCAR 40-Year re-
of the EAJ are also successfully captured, though their tele analysis projectBull. Amer. Meteor. Soc., 77, 437—471.

connections are stronger in the model predictions thanen thKosaka Y., and H. Nakamura, 2006: Structure and dynamics of
observation. Based on a statistical multiple linear regjoes the summertime Pacific-Japan teleconnection pate@uart.
model built on two model-predicted SST indices, represent- 3, Roy. Meteor. Soc., 132, 2009-2030.

ing the interannual variation of SST in the tropical easterKosaka, Y., J. S. Chowdary, S. P. Xie, Y.-M. Min, and J.-Y. Lee
Pacific and NIO, respectively, we reproduce about half of the  2012: Limitations of seasonal predictability for summer cl
year-to-year variance of the model-predicted EAJLI, sstige mate over East Asia and the Northwestern PaclfiClimate,

ing that the prediction skill of the EAJLI is contributed ig-s 25, 7574-7589, doi: 10.1175/JCLI-D-12-00009.1.

nificantly by the linear impact of the model-predicted tagi  Kumar, A., and M. P. Hoerling, 2003: The nature and causes for
SST anomalies in the above two regions. The possible mech- the delayed atmospheric response to EI NRElimate, 16,
anisms linking the tropical SST anomalies to the interahnua}_au 1391-1403.

variation of the EAJ location are also discussed KM, K-M. Kim, and S. Yang, 2000: Dynamical and
’ boundary forcing characteristics of regional componerits o

) the Asian summer monsood.Climate, 13, 2461-2482.
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