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Abstract Recent autumns have exhibited two dipole types of precipitation variability (DIPO1 and DIPO2)
over the subtropical East Asia-western Paciﬁc (SEAWP). Meanwhile, El Niño–Southern Oscillation (ENSO) has
undergone signiﬁcant mode shift, exhibiting as the eastern Paciﬁc or central Paciﬁc ENSO (EPSO or CPSO).
Whether there was any physical linkage between the two remains unclear. Here we demonstrate for the ﬁrst
time that interannual variations of DIPO1 and DIPO2 are closely linked to EPSO and CPSO, respectively.
Shifting ENSO modulates the patterns of SEAWP precipitation dipole mainly via changing the path of
tropospheric moisture transport and the location of anomalous water vapor convergence/divergence due to
different low-level cyclone/anticyclone activities induced by EPSO or CPSO. Further analysis shows that the
interdecadal variability of SEAWP precipitation is also linked to the La Niña-like climate shift in 1998. Hence,
our study provides some new insight into the ongoing hot debate on the shifting ENSO and increasing
autumn drought in southeastern China.

Plain Language Summary

We explore the mode changes in the subtropical East Asia-western
Paciﬁc (SEAWP) precipitation variability during boreal autumn over 1979–2016, which is important for crop
ripening and harvest from the autumn drought perspective. Results show that the eastern Paciﬁc ENSO (El
Niño–Southern Oscillation) and central Paciﬁc ENSO primarily drive the DIPO1 and DIPO2 via modifying the
low-level atmospheric circulation and moisture response over the SEAWP, respectively. So it should be
emphasized that shifting ENSO is responsible for modulating the SEAWP precipitation dipoles to certain
extent in the context of global warming.

1. Introduction
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As an important season for crop ripening and harvest, autumn precipitation can strongly inﬂuence agricultural productions, with remarkable socioeconomic consequences. For example, people in South China witnessed an extraordinarily long-lasting severe drought in autumn 2009, resulting in more than 80 million
people suffering direct economic losses of up to 30 billion yuan Renminbi (e.g., Barriopedro et al., 2012; Gu
et al., 2015; W. Zhang et al., 2013, 2014). In the context of global warming, more frequent regional autumn
droughts occurred over the subtropical East Asia in recent decades (e.g., L. Wang et al., 2015; Wei et al.,
2018; W. Zhang et al., 2013, 2014). Meanwhile, more frequent autumn tropical cyclones were observed to
generate over the northwestern part of the western North Paciﬁc due to the southwestward shift of the tropical upper-tropospheric trough and the northwestward retreat of the monsoon trough (e.g., Hu et al., 2017;
Wu et al., 2015), accompanied by abundant moisture transport and enhanced convective precipitation (Hu
et al., 2017). Such cases beg for answers to whether there exists potential resonant interannual variability
of precipitation over the subtropical East Asia-western Paciﬁc (SEAWP). In this respect, if there indeed exists
resonant interannual variability between subtropical East Asia and western Paciﬁc precipitations, there
should be signiﬁcant synergy anomalies in the same anomaly mode.
On the other hand, it is well known that interannual variations of precipitation and convection over the
SEAWP and Maritime Continent are strongly affected by El Niño–Southern Oscillation (ENSO), which link
anomalous sea surface temperature (SST) and the resultant low-level cyclone-anticyclone teleconnection
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from the Paciﬁc to East Asian in diverse season (e.g., Jia et al., 2016; B. Wang et al., 2000; R. H. Zhang et al.,
1996, 1999, 2017; R. H. Zhang & Sumi, 2002; W. Zhang et al., 2011, 2013, 2014). However, the characteristics
of ENSO have been changing remarkably, with increasing central Paciﬁc ENSO (hereafter CPSO) under global
warming than the traditional eastern Paciﬁc ENSO (hereafter EPSO; e.g., Cai et al., 2015; Capotondi et al., 2015;
Lee & McPhaden, 2010; Hu, Yang, Wu, Zhang, et al., 2016; Yu & Kim, 2013) due to natural variability and/or
external forcing (Cai et al., 2015; Collins et al., 2010; Yeh et al., 2018), inevitably resulting in changes in
ENSO-related atmospheric teleconnections (e.g., Hu, Yang, Wu, Li, et al., 2016; W. Zhang et al., 2011, 2013,
2014; Yeh et al., 2009, 2018). In addition, ENSO activities are strongly modulated by the Paciﬁc Decadal
Oscillation (PDO; e.g., Hu et al., 2017; Mantua et al., 1997) and/or the ENSO-like Interdecadal Paciﬁc
Oscillation (IPO; e.g., Henley et al., 2015; Power et al., 2006; Y. Zhang et al., 1997). Therefore, we will further
examine whether the shifting ENSO and SEAWP precipitation activities have any potential physical linkage.
In the present study, we demonstrate that there are two different dipole types of autumn precipitation
anomalies over the SEAWP and that the changes in the dipole types of precipitation anomalies are mainly
affected by shifting ENSO via modulating low-level circulations and the resultant anomalous water
vapor activities.

2. Data and Methods
Monthly atmospheric data sets are obtained from the ERA-Interim (Dee et al., 2011), with a resolution of
2.5° × 2.5°. The vertically integrated moisture ﬂux (QUV) and the corresponding integrated water vapor transport (IVT) are calculated as follows:
1 ps !
QUV ¼ ∫200
q V dp;
g
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2 
2
1 ps
1 ps
∫200 qudp þ ∫200
qvdp :
IVT ¼
g
g
Here g is the acceleration of Earth’s gravity, ps and p represent the surface pressure and air pressure, respec!
tively, q is the speciﬁc humidity, and V indicates horizontal wind vector. Precipitations from the National
Oceanic and Atmospheric Administration’s Precipitation Reconstruction over Land (Chen et al., 2002) and
the Global Precipitation Climatology Project version 2.3 (Adler et al., 2003) over land and ocean are ﬁrstly
interpolated to grids of 1.25° × 1.25° and then merged together in this study.
Monthly mean SST ﬁeld is averaged based on the two data sets from the National Oceanic and Atmospheric
Administration Extended Reconstructed SST version 5 (2° × 2°; Huang et al., 2017) and the Hadley Centre
Global SST (interpolated to 2° × 2°; Rayner et al., 2003), because the averaged SST data favors offsetting
the inconsistent signal (or noise) between different data sets to certain extent (Hu, Yang, Wu, Li, et al.,
2016). The normalized PDO index is computed from the ﬁrst principle component (PC) of standardized SST
anomalies over the North Paciﬁc (105°E–105°W, 20–60°N) during boreal autumn of 1979–2016, same as in
Hu et al. (2017). And the IPO index deﬁned by Henley et al. (2015) is also used (accessed on March 16,
2018 at the website of https://www.esrl.noaa.gov/psd/data/timeseries/IPOTPI). Referring to the Modoki El
Niño index deﬁned by Ashok et al. (2007), here an imitative central Paciﬁc ENSO index (CPI) is proposed as
follows: CPI = [SSTA]C  0.5*[SSTA]E  0.5*[SSTA]W, where [SSTA]C, [SSTA]E, and [SSTA]W represent the
area-mean of monthly normalized SST anomalies at each grid over the three regions of (165°E–145°W,
10°S–20°N), (120°–70°W, 10°S–5°N), and (125°–145°E, 0°–25°N), respectively. Following Hu, Yang, Wu, Li, et
al. (2016), the eastern Paciﬁc ENSO index (EPI) is deﬁned as the area-mean of monthly normalized SST anomalies at each grid over the region of (140°–80°W, 12°S–5°N).
The empirical orthogonal function (EOF) analysis is employed to capture the ﬁrst two leading modes of
autumn (September–November) precipitation anomalies over the SEAWP (105°–135°E, 12.5°–32.5°N) during
1979–2016. Considering that the local precipitation variances often exhibit signiﬁcant differentiations in
different months and different regions (e.g., the subtropical East Asian versus the subtropical western
Paciﬁc precipitations), applying a monthly normalization of the SEAWP precipitation anomaly for each grid
prior to the EOF analysis is more suitable and thus to be used in this study. Hence, it should be noted that
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Figure 1. (a) Normalized and detrended PC1, EPI, EPMCA-PRC, and EPMCA-SST. (b) Correlations (shading) and regressions (white curve; 0.5 mm/day) of precipitation
associated with PC1 are shown in Figure 1a. (c) Same as Figure 1b except for SST (curve; 0.5 °C). The right panels are the same as the left panels, except for PC2
and for showing the CPI, CPMCA-PRC, and CPMCA-SST in (d). Areas outlined by black thick lines indicate correlation at the estimated 90% conﬁdence level.
PC1 = principle component 1; SST = sea surface temperature; EOF = empirical orthogonal function; CPI = central Paciﬁc ENSO index; EPI = eastern Paciﬁc ENSO index;
ENSO = El Niño–Southern Oscillation. Black boxes shown in (c) and (f) are the regions used to deﬁne the EPI and CPI, respectively (see section 2 for details).

here the EOF decomposition is based on an area-weighted correlation coefﬁcient matrix (rather than a
covariance matrix) and that the corresponding eigenvectors are nondimensional. Accordingly, we show
the special structures of the two leading EOF modes by regressing and correlating the precipitation anomalies with the corresponding PCs, respectively. Besides, we also use the conditional maximum covariance analysis (MCA; see supporting information Method for details) to conﬁrm the prominence and reliability of the
EOF results. The MCA has been widely used for capturing the coupled modes between two physical ﬁelds
such as atmospheric circulation and SST (e.g., An & Wang, 2005; Ding et al., 2014; Hu, Wu, et al., 2016).

3. Results
3.1. Two Dipole Types of SEAWP Autumn Precipitation
Figure 1 shows the two leading modes of precipitation variability over the SEAWP and the associated SST
anomalies. EOF1 and EOF2 (Figures 1b and 1e) exhibit two very different dipole-type patterns of SEAWP
autumn precipitation anomalies (named as DIPO1 and DIPO2, respectively), with signiﬁcant interannual
and interdecadal variations (see the PC1 and PC2 shown Figures 1a and 1d, gray bar). The corresponding
locally explained variances are speciﬁcally shown in Figure S1 (see supporting information Explanation S1
for details). In the current study, a positive phase of DIPO1 is characterized by abundant rainfall over
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Figure 2. Correlation matrix of DIPO1, DIPO2, MCA-SST/PRC time series, PDO, and two types of ENSO indices. All indices are
normalized and detrended. Here only the correlation exceeding the estimated 90% conﬁdence level is shown.
ENSO = El Niño–Southern Oscillation; PDO = Paciﬁc Decadal Oscillation; CPI = central Paciﬁc ENSO index; EPI = eastern
Paciﬁc ENSO index; SST = sea surface temperature; PC1 = principle component 1.

southeastern China and the northern part of the East China Sea but deﬁcient precipitation over the South
China Sea-Philippine Sea (SCS-PS, Figure 1b). In contrast, DIPO2 is featured by prominently weakened rainfall
over southeastern Asia, the South China Sea, and the East China Sea but enhanced precipitation to the east of
the Philippine Sea (Figure 1e).
Associated with DIPO1 and DIPO2, it is clear that the Paciﬁc SST anomalies are characterized by the classic
EPSO and CPSO patterns (Figures 1c and 1f), with maximum SST warming (cooling) over tropical eastern
(western) Paciﬁc and central (northwestern) Paciﬁc, respectively. As expected, the associated time series of
DIPO1 and DIPO2 (i.e., PC1 and PC2, Figures 1a and 1d) are signiﬁcantly correlated to EPI and CPI
(Figures 1a and 1d, green line) with signiﬁcant correlations of 0.67 and 0.58, respectively, both exceeding
the 99.9% conﬁdence level (Figure 2), suggesting that there are close teleconnections between the types
of ENSO and SEAWP rainfall anomaly.
Similar results could be well reproduced by using the conditional MCA, as shown in supporting
information Figures S2 and S3. Corresponding to DIPO1 (DIPO2), the time series obtained from the MCA
between precipitation and SST (Figures S2 and S3) are referred as EPMCA-PRC and EPMCA-SST (CPMCAPRC and CPMCA-SST), with a robust correlation of 0.75 (0.65). Furthermore, the correlations between (1)
EPMCA-PRC and PC1, (2) EPMCA-SST and EPI, (3) CPMCA-PRC and PC2, and (4) CPMCA-SST and CPI are all
high, up to 0.95 (Figure 2), reconﬁrming that DIPO1 and DIPO2 are indeed closely related to EPSO and
CPSO, respectively. It is worth noting that the MCA method is completely independent from the EOF analysis,
consequently indicating that the above results about DIPO1 and DIPO2 are prominent and reliable.
3.2. Inﬂuence Mechanisms of Shifting ENSO on DIPO1 and DIPO2
To identify the underlying physical mechanism, the changes in the coupled structure of rainfall-ENSO are further
analyzed by calculating and contrasting sea level pressure (SLP), 850-hPa wind (UV850), and tropospheric water
vapor transport, as shown in Figure 3. During the EPSO/DIPO1 autumn, positive and negative SLP anomalies of
the traditional ENSO are quasi-symmetrically distributed on the left and right sides of the International Date Line,
respectively (Figures 3a and 3c, shading). Accompanying such distribution of SLP anomalies, there are two adjacent anomalous anticyclones over the Bay of Bengal and the SCS-PS (Figures 3a and 3c, vector), which advect
the tropospheric moisture transport into southeastern China and the East China Sea (Figures 3e and 3g, vector).
The corresponding water vapor convergence over southeastern China-East China Sea and divergence over the
SCS-PS (Figures 3e and 3g, shading) tends to bring more rainfall to southeastern China-East China Sea but less to
the SCS-PS, ultimately contributing to the formation of DIPO1 (Figure 1b).
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Figure 3. Correlations of UV850 (vector) and SLP (shading) with respect to the normalized and detrended time series of (a) PC1, (b) PC2, (c) EPI, and (d) CPI. The right
panels are the same as the left panels, except for showing QUV (vector) and its divergence (shading). Only the vectors with a signiﬁcant u or v component over
the estimated 90% conﬁdence level are plotted. The thick contour indicates correlation at the estimated 90% conﬁdence level. SLP = sea level pressure;
QUV = vertically integrated moisture ﬂux; CPI = central Paciﬁc ENSO index; EPI = eastern Paciﬁc ENSO index; PC1 = principle component 1.

For the CPSO/DIPO2 autumn, the pattern of SLP anomalies related to a malposed ENSO has changed
markedly (Figures 3b and 3d versus Figures 3a and 3c, shading), which will inevitably lead to anomalous
low-level circulation and moisture transport over the SEAWP: As shown by the vectors in Figures 3b and
3d, the CPSO-related anticyclone over South Asia is weaker and shifts northwestward, relative to the
EPSO-related double anticyclone, due to the occurrence of a double subtropical Paciﬁc cyclone (implying
a weakened North Paciﬁc Subtropical High). Under the synergy of subtropical anticyclone and cyclone
separately located in the west and east of 120°E or so (Figures 3b and 3d), the southerly moisture transport over the SCS-PS is strongly inhibited (Figures 3f and 3h, vector); and the resultant water vapor
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Figure 4. (a) Normalized PDO and IPO indices in autumn. (b) The shadings show decadal changes in SST climatology
(1998–2014 minus 1981–1997, 0.5 °C; see supporting information Explanation S3 and Figure S4 for details), and the
contours indicate the regression of SST anomalies (0.5 °C) onto the negative PDO index. (c) Interdecadal changes in precipitation (1998–2014 minus 1981–1997; shading, mm/day), and the regression pattern of precipitation anomalies
(contour, 0.5 mm/day) onto the negative IPO index. (d) Correlation patterns of QUV (vector) and IVT (shading) with the
negative IPO. PDO = Paciﬁc Decadal Oscillation; IPO = Interdecadal Paciﬁc Oscillation; SST = sea surface temperature;
IVT = integrated water vapor transport; QUV = vertically integrated moisture ﬂux; SON = September–November.

divergence and convergence (Figures 3f and 3h, shading) greatly favor local precipitation deﬁcit and
surplus to generate the DIPO2 (Figure 1e).

4. Discussion and Concluding Remarks
Studies have suggested a signiﬁcant Paciﬁc climate regime shift since the late 1990s, which has not only led
to abrupt interdecadal changes in autumn tropical cyclone activities over the western North Paciﬁc (e.g.,
Hong et al., 2016; Hsu et al., 2014; Hu et al., 2017; Zhao & Wang, 2016), but also to a change in the relationship
between PDO and ENSO since 1998 (e.g., Hu, Yang, Wu, Zhang, et al., 2016; Hu et al., 2017; Jo et al., 2015; Yeh
et al., 2018). Here we also ﬁnd that almost all of the DIPO1- and DIPO2-related precipitation and SST indices
shown in Figure 2 are signiﬁcantly correlated to the PDO, indicating that both the SEAWP precipitation and
ENSO activities could be modulated by the 1998 Paciﬁc climate shift (see supporting information
Explanation S2).
To conﬁrm such interdecadal change in the SEAWP rainfall-ENSO relationship associated with PDO/IPO, we
investigate the relevant interdecadal patterns of autumn SST, SEAWP precipitation, and the corresponding
vertically integrated moisture transport (Figures 4a–4d). As expected, both PDO and IPO in autumn
(R = 0.76) have undergone a sharp interdecadal change since 1998 (Figure 4a); relevant interdecadal SST
anomalies exhibit a La Niña-like mode (Figure 4b) with robust SST warming over the western Paciﬁc-
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central North Paciﬁc, which is generally considered to be linked to the late 1990s Paciﬁc interdecadal climate
shift (e.g., Hong et al., 2016; Hsu et al., 2014; Hu et al., 2017; Zhao & Wang, 2016). Inspiringly, the
corresponding interdecadal patterns of SEAWP precipitation (Figure 4c), integrated moisture ﬂux, and
water vapor transport (Figure 4d) also mirror the similar patterns but associated with negative DIPO1 to
certain extent (Figures 1b and 3e), further highlighting that the interdecadal variability of SEAWP autumn
precipitation is also modulated by the Paciﬁc climate shift in 1998.
By analyzing the oceanic and atmospheric environment changes tied to the SEAWP autumn precipitation
variability, we ﬁnd for the ﬁrst time that there are two dipole types of SEAWP autumn precipitation anomalies
(i.e., DIPO1 and DIPO2), and that their interannual variations are closely linked to EPSO and CPSO, respectively.
Concisely, shifting ENSO plays a key role in modulating the Paciﬁc-East Asian teleconnection patterns (via
changing the location and intensity of low-level cyclone and anticyclone), which changes the moisture
transport path. This is conductive to the different convergence and/or divergence of water vapor in the
SEAWP region, favoring different regional precipitation increase and/or decrease, and resulting in different
SEAWP precipitation dipoles ultimately. Given the synergy effects of increasingly frequent CPSO under greenhouse warming (e.g., Cai et al., 2015; Hu, Yang, Wu, Zhang, et al., 2016; Lee & McPhaden, 2010; McPhaden et al.,
2006; Yeh et al., 2009; Yu & Kim, 2013) and the ENSO-like interdecadal climate shift (e.g., Hong et al., 2016; Hsu
et al., 2014; Hu et al., 2017; Y. Zhang et al., 1997; Zhao & Wang, 2016), we project that autumn drought over
southeastern China would be more frequent due mainly to the correspondingly changing atmospheric circulations and moisture transport activities (e.g., W. Zhang et al., 2011, 2013, 2014; R. H. Zhang & Sumi, 2002).
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