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Abstract
This study investigates the joint impact of the boreal late winter–early spring North Pacific Victoria mode (VM) and South 
Pacific Quadrapole (SPQ) mode on the following summer Pacific Intertropical Convergence Zone (ITCZ) precipitation. Here, 
both observational data and historical simulations from the Coupled Model Intercomparison Project Phase 5 (CMIP5) models 
show that the precipitation anomalies are enhanced when the VM and the SPQ are in phase but are weakened when they are 
out of phase. The strength of the anomalous vertical velocity (ω) and outgoing longwave radiation also tend to be stronger 
(weaker) in same-sign (opposite-sign) events. One possible reason for this is that when the VM and the SPQ are in (out of) 
phase, westerly anomalies over the western–central tropical Pacific are greatly increased (reduced) due to the interactions 
between preceding North and South Pacific sea surface temperature anomalies, thereby enhancing (reducing) convective 
upward motion over the western and central Pacific. In addition, an empirical linear regression model is also developed to 
forecast Pacific ITCZ summer precipitation based on both the late winter–early spring VM and SPQ indices. The combina-
tion of the two precursors in North and South Pacific show higher prediction skills than the single VM or SPQ model, which 
means it is necessary to consider their joint impact when we focus on the Pacific ITCZ precipitation.
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1  Introduction

The Intertropical Convergence Zone (ITCZ) is a region of 
low pressure within the tropical belt and is characterized 
by rising air, cloudiness, and deep convective precipitation 
(Mechem 2013). Therefore, due to its strong and sustained 
convective activity, the ITCZ plays a critical role in the 
atmospheric energy budget and global climate variability 
(Castelli et al. 2018). For example, the ITCZ forms the 
ascending branch of the Hadley cells of the atmosphere and 

helps to compensate for the uneven solar radiation. When 
the northward extent of the ITCZ and its precipitation inten-
sity decrease in boreal summer, the summer monsoon rains 
weaken in parts of South Asia (Clement et al. 2004; Cheng 
et al. 2012).

The mechanisms driving the location of the ITCZ and 
its precipitation intensity are significant issues that remain 
unresolved in climate dynamics, so it is of great importance 
to identify climate precursors that are closely related to the 
ITCZ. Previous studies have linked the location and intensity 
of the ITCZ to local tropical influences on interannual time-
scales (e.g., Chiang et al. 2002; Gu et al. 2005; Chou and 
Lo 2007; Zhan et al. 2011), such as El Niño-Southern Oscil-
lation (ENSO; Bjerknes 1969; Mcphaden et al. 2006). The 
latitudinal average position of the ITCZ was closely related 
to the transport of energy across the equatorial atmosphere 
from observations (e.g., Donohoe et al. 2013, 2014; Adam 
et al. 2016) and climate models (e.g., Kang et al. 2008, 2009; 
Donohoe et al. 2013, 2014). In addition, Dai et al. (2000) 
and Liu et al. (2012) found that the western and central 
Pacific ITCZ shifted southward by about 2° from typical La 
Niña to El Niño conditions, and shifted southward by about 
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5° when the El Niño events was strong. Bain et al. (2011) 
showed that the ITCZ position and the intensity of related 
phenomena are associated with the magnitude of ENSO. 
The mean annual ITCZ locations expand in El Niño events 
and shrink in La Niña events. Nevertheless, after remov-
ing ENSO signal, there remains considerable unexplained 
variability from year to year. This suggests that there exist 
other factors, independent of the strongest interannual cli-
mate fluctuation on earth (ENSO), that affect the location 
and magnitude of the ITCZ.

In addition to the impacts from the tropics, many pale-
oclimatic and modeling studies have shown that the position 
of the ITCZ is affected by perturbations of thermal forcing 
in the extratropics, including the thermohaline circulation 
in the Atlantic (Zhang and Delworth 2005) and high-lat-
itude land ice, sea ice, and ocean heat transport (Chiang 
et al. 2003; Chiang and Bitz 2005). Pausata and Camargo 
(2019) demonstrated that volcanic eruptions can also shift 
the ITCZ southward or northward due to the strong asym-
metrical hemispheric cooling, which is consistent with the 
classical theory (antisymmetric interhemispheric heating) 
proposed by Broccoli et al. (2006). In addition, many schol-
ars have focused on the extratropical Pacific influence on 
ITCZ precipitation. For example, the Victoria mode (VM) 
(Bond et al. 2003), second dominant mode in the North 
Pacific, is shown to be an important precursor for the fol-
lowing summer ITCZ precipitation (Ding et al. 2015a). That 
study pointed out that after strong positive VM events, there 
are usually positive (negative) precipitation anomalies over 
the tropical central–eastern (western and eastern) Pacific 
ITCZ region. Qin et al. (2018) found that the South Pacific 
Quadrapole (SPQ) mode, a SST anomaly pattern poleward 
of 20°S (Ding et al. 2014), can have a substantial impact 
on precipitation over the South Pacific Convergence Zone 
(SPCZ; Trenberth 1976) and ITCZ via the wind-evapora-
tion-SST (WES) mechanism (Xie and Philander 1994).

Since the North and South Pacific extratropical SST both 
have close relationship with subsequent Pacific ITCZ sum-
mer precipitation, one may wonder whether the VM influ-
ence interferes with that of the SPQ. Previous researches 
have primarily focused on the individual influence of the 
North and South Pacific SST on Pacific ITCZ summer pre-
cipitation, with little discussion of their joint role. Thus, 
here we investigate the joint impact of the North and South 
Pacific SST anomalies on subsequent Pacific ITCZ summer 
precipitation.

In Sect. 2, the observations, model datasets, and index 
definitions used in this study are described. Section 3 exam-
ines the joint connections between Pacific ITCZ precipita-
tion anomalies and antecedent VM and SPQ from observa-
tions. In Sect. 4, the mechanism underlying the joint impact 
of VM and SPQ on precipitation over the tropical Pacific 
is analyzed. Section 5 uses output of models to verify our 

findings. Then, in Sect. 6 several prediction models are 
developed to predict the ITCZ summer precipitation. Finally, 
discussion and conclusion are presented.

2 � Data and methods

2.1 � Observational datasets

The SST data used in this study are from the Hadley 
Centre Sea Ice dataset (HadISST) on a 1° × 1° horizontal 
grid (Rayner et al. 2003). The monthly precipitation data 
(mm day–1) utilized are from the Climate Prediction Center 
Merged Analysis of Precipitation (CMAP; Xie and Arkin 
1997). To verify the CMAP results, the Global Precipita-
tion Climatology Project (GPCP; Huffman et al. 1997; Adler 
et al. 2003) dataset is also used. Both datasets of precipita-
tion are at a resolution of 2.5° × 2.5°. In addition, u-wind, 
v-wind, and vertical velocity ( ω ) are obtained from the 
National Centers for Environmental Prediction–National 
Center for Atmospheric Research (NCEP–NCAR) reanalysis 
version I on a 2.5° × 2.5° grid (Kalnay et al. 1996). To char-
acterize tropical convective activity, we also use the outgo-
ing longwave radiation (OLR) data from the National Oce-
anic and Atmospheric Administration (NOAA; Liebmann 
and Smith 1996). All data applied in the analysis are for the 
period 1979–2017, because the datasets mentioned above are 
all available for this period. The long-term linear trends and 
seasonal cycles of all variables are removed prior to analysis. 
Late winter–early spring and summer are defined as Febru-
ary–April (FMA) and June–August (JJA), respectively, and 
correspond to boreal late winter–early spring and summer.

2.2 � Model datasets

To evaluate whether the joint relationship between boreal 
summer Pacific ITCZ precipitation and antecedent VM and 
SPQ can be reproduced in current coupled models, we use 
monthly output from historical experiments from 25 coupled 
atmosphere–ocean models that participated in CMIP5 (Cou-
pled Model Intercomparison Project, Phase 5). The variables 
we analyzed here are monthly SST, precipitation, and hori-
zontal winds from 1905 to 2004. What’s more, for ease of 
comparison and ensemble mean calculations, we convert all 
variables from the CMIP5 output into a horizontal resolution 
of 2.5° × 2.5°. The significance of correlation and composite 
values from both observed and modeled dataset is tested by 
a two-tailed Student’s t test (Li et al. 2012, 2013).

2.3 � Definitions of indices

According to Bond et  al. (2003), the VM is defined as 
the second empirical orthogonal function mode (EOF2) 
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of monthly SST anomalies over the North Pacific 
(120°E–150°W, 20°–60°N) for the period 1979–2017 
(Fig. 1a). The prominent feature of the VM is a tilted SST 
anomaly dipole structure oriented in the northeast–south-
west direction over the North Pacific, characterized by a 
band of positive SST anomalies extending from the Sea of 
Okhotsk to northeastern North Pacific and a band of nega-
tive SST anomalies extending from the central North Pacific 
to the western North Pacific (Fig. 1a). Naturally, the VM 
index (VMI) is the principal component (PC2) associated 
with the EOF2 (Ding et al. 2015a).

The SPQ is triggered by SLP variability over the South 
Pacific with a zonal wave number-3 structure, which resem-
bles the PSA (Pacific-South American; Mo and Higgins 
1998) pattern. Following Ding et al. (2014), the SPQ index 
(SPQI) is obtained by calculating the difference between the 
sum of normalized SST anomalies over the areas B and D 
and the sum of normalized SST anomalies over the areas A 
and C (Fig. 1b). The most obvious feature of the SPQ pattern 
is a quadrapole-like SST anomaly structure over the South 
Pacific, with centers over the Tasman Sea off the southeast 
coast of Australia, the Ross Sea, the Bellingshausen Sea, and 
the west coast of South America (Fig. 1b). The correlation 
coefficients between simultaneous SST anomalies and the 
SPQI prominent anomalies coincide with the locations of 
the four boxes.

Figure 1c presents the monthly time series of the VMI 
and SPQI. Their correlation coefficient is not significant at 
the 95% confidence level (R = 0.26), which indicates that the 
two series are relatively independent of each other. Previous 

studies reported that both the VM and SPQ have the maxi-
mum variance around boreal late winter–early spring (Ding 
et al. 2014, 2015b). Thus, our research uses the three-month 
averaged FMA VMI and SPQI. A year in which the FMA 
VMI (SPQI) > 0 is defined as a VM+ (SPQ+) event, and 
a VM− (SPQ−) event is a year in which the FMA VMI 
(SPQI) < 0.

3 � Joint relationship of the VM and SPQ 
with the Pacific ITCZ precipitation

Figure 2a shows the spatial map of correlations between 
the FMA VMI and the JJA precipitation anomalies. There 
are positive and strong correlations over the central tropi-
cal Pacific, whereas significant negative correlations over 
the western tropical Pacific. These inhomogeneous spatial 
patterns are in agreement with the results of Ding et al. 
(2015a). Similarly, Fig. 2b shows a spatial map of correla-
tions between the FMA SPQI and the following JJA precipi-
tation anomalies, in which there are also two significantly 
correlated regions. Over the western Pacific (WP), there are 
strong negative correlations, whereas over the central Pacific 
(CP) there are significant positive correlations. The climato-
logical mean precipitation during JJA is indicated with green 
contours in Fig. 2. Similar patterns are obtained using the 
GPCP dataset (not shown). The above results indicate that 
both the VM and SPQ have positive correlations with central 
Pacific ITCZ summer precipitation and negative correlations 
with western Pacific ITCZ summer precipitation. Similar 

Fig. 1   a Spatial pattern of the 
EOF2 mode of North Pacific 
(120°E–100°W, 20°–61°N) 
monthly SST anomalies for 
the period 1979–2017 (after 
removing the long-term linear 
trend and seasonal cycle). EOF2 
accounts for 13.5% of the total 
variance. b Correlation map of 
the FMA SPQ index with con-
current SST anomalies. Positive 
(red) and negative (blue) values, 
with correlations significant at 
the 90% confidence level, are 
shaded. The FMA SPQ index is 
defined by the four green boxes 
[positive regression boxes: B 
(58°–36°S, 173°–145°W) and 
D (37°–17°S, 103°–76°W); 
negative regression boxes: A 
(47°–25°S, 142°E–179°W) and 
C (59°–40°S, 113°–81°W)]. c 
The normalized monthly VM 
indices (blue line) and SPQ 
indices (red line) as functions 
of time
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features can be obtained from the OLR field (Fig. 2c, d) 
and are consistent with the suppressed rainfall anomalies 
over the western Pacific and abundant central Pacific rainfall 
(Fig. 2a, b).

To test whether the VM and SPQ can interfere with each 
other, we analyze the joint relationship of the FAM VMI and 
SPQI on JJA Pacific ITCZ precipitation using scatterplots 
of the VMI and SPQI versus area-averaged precipitation 
anomalies over the western and central Pacific (WPI and 
CPI, respectively). The correlation coefficient between the 
FMA VMI and JJA western Pacific precipitation anoma-
lies is higher when the VMI and SPQI have the same sign 
(R = − 0.68; Fig. 3a) than when the VMI and SPQI have 
opposite signs (R = − 0.42; Fig. 4a). Similarly, the corre-
lation coefficient of the FMA SPQI with the JJA western 
Pacific precipitation anomalies also affected by the phase 
of VMI: it is − 0.73 when the VMI and SPQI are in phase 
but only − 0.11 when they are out of phase (Figs. 3b, 4b). In 
the central Pacific, we note that the correlation coefficient 
between the FMA VMI and JJA central Pacific precipitation 
anomalies is also high (R = 0.65; Fig. 3c) when the VMI and 
SPQI have the same sign, but the correlation coefficient is 

only 0.40 when they have opposite signs (Fig. 4c). In addi-
tion, the sign of the VMI can strongly affect the correlation 
coefficient between the FMA SPQI and JJA central Pacific 
precipitation anomalies, with correlations coefficient of 0.72 
when the VMI and SPQI have the same sign and 0.18 when 
they have opposite signs (Figs. 3d, 4d). Compared with the 
correlation coefficient between the VMI and WPI or CPI, 
the correlation coefficient between the SPQI and WPI or CPI 
can vary to a greater extent with varying phase combinations 
of the VM and SPQ. The above correlation coefficients are 
also vividly displayed in Table 1 where it is easier to get the 
conclusion that the correlations between these two modes in 
northern and southern hemispheres and tropical precipita-
tion are much stronger in VM/SPQ same-sign events than 
in opposite-sign events.

In addition, we measure the composite differences of 500-
hPa JJA ω anomalies in same-sign and opposite-sign events 
over the two regions. In same-sign events, the composite 
differences are calculated by positive VM with positive 
SPQ events (VM+/SPQ+) minus negative VM with nega-
tive SPQ events (VM−/SPQ−). For opposite-sign events, we 
use positive VM with negative SPQ events (VM+/SPQ−) 

Fig. 2   a Correlation map of the FMA VMI with JJA precipitation 
anomalies based on the CMAP dataset. b As in a but for the correla-
tions between the FMA SPQI and JJA precipitation anomalies. c Cor-
relation map of the FMA VMI with JJA OLR anomalies. d As in c 
but for the correlations between the FMA SPQI and JJA OLR anoma-
lies. In a–d, The climatological (1988–2017) boreal summer mean 

precipitation or OLR are indicated by contours. The two black boxes 
are the areas of positive correlations (2°N–8°N, 160°E–145°W) and 
negative correlations (10°S–0°, 115°E–135°E), which indicate the 
locations of the CP and WP regions, respectively. Correlations that 
exceed the 90% significance level are stippled
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minus negative VM with positive SPQ events (VM−/SPQ+) 
to calculate the composite differences. The strength of the 
ω , which can represent the convective activity, is signifi-
cantly different between the two events, especially in the 
key study regions (Fig. 5a, b). In present study, the positive 
ω means downward motion and negative ω means upward 
motion. Over the western Pacific, negative anomalies are 
much stronger in same-sign events than in opposite-sign 
events. To quantitatively measure the strength of vertical 
velocity between the two events, we calculate the aver-
age value of ω in these two regions. For WP region, the 
mean value of vertical velocity in same-sign events is 1.68 
10−2 Pa s−1, compared with 0.25 10−2 Pa s−1 for opposite-
sign events (Fig. 5e). Thus, there exists a significant sink-
ing motion over the western tropical Pacific in same-sign 
events, whereas no such motion is evident in opposite-sign 
events. In the central Pacific (Fig. 5f), ascending motion is 
stronger in same-sign events (− 1.32 10−2 Pa s−1) than in 
opposite-sign events (− 0.73 10−2 Pa s−1). We perform the 
same analysis with OLR data to verify these results. The 
mean OLR values over the western tropical Pacific are 10.87 
and 1.17 W m−2 for same-sign and opposite-sign events, 

respectively. The differences between the two events (− 9.34 
and − 4.43 W m−2, respectively) are also large over the cen-
tral tropical Pacific. In conclusion, both ω and OLR have 
significant differences between same-sign and opposite-sign 
events over these two regions.

The above results suggest that the Pacific ITCZ summer 
precipitation anomalies are not only affected by the VM but 
also by the SPQ. When the VM and SPQ are in phase, their 
individual influence on Pacific ITCZ summer precipitation 
is enhanced. However, when the two modes are out of phase, 
they interfere with each other, causing a reduction in their 
influence on Pacific ITCZ summer precipitation.

4 � Mechanism

In order to study the physical mechanism by which the FMA 
VM and SPQ jointly affect the subsequent summer tropical 
Pacific ITCZ precipitation anomalies, we show concurrent 
and lagged correlation maps of the FMA, AMJ, and JJA 
surface wind, SST, and precipitation anomalies with the 
FMA VMI for events in which the VMI and SPQI have the 

Fig. 3   Scatterplots of the a 
FMA VMI versus subsequent 
JJA WPI, b FMA SPQI versus 
subsequent JJA WPI, c FMA 
VMI versus subsequent JJA 
CPI, and d FMA VMI versus 
subsequent JJA CPI. Only years 
in which the VMI has the same 
sign as the SPQI are plotted. 
Correlation coefficients are 
included in each panel and all of 
them are significant at the 99% 
confidence level
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same and opposite sign (Fig. 6). For same-sign VM/SPQ 
years, an anomalous circulation like the North Pacific Oscil-
lation (Walker et al. 1932) during FMA generate a notable 
horseshoe-like SST pattern, with positive SST anomalies 
extending from the subtropical central–eastern North Pacific 
toward the equatorial central Pacific (Fig. 6a). Meanwhile, 
significant negative SST anomalies triggered by the PSA 
mode can be clearly captured around Australia in the south-
western Pacific. Thus, positive SST anomalies over the 
North western–central Pacific, combined with negative SST 
anomalies over the South western Pacific, produce a zonal 
SST gradient across the tropical western–central Pacific. 
The distinct SST gradient related to VM and SPQ results in 

westerly anomalies over the western–central tropical Pacific. 
As for central Pacific, the anomalous westerlies from the 
western–central tropical Pacific meet the anomalous east-
erlies from the eastern tropical Pacific, this low-level con-
vergence then cause the convection motion and make the 
positive SST anomalies develop. Concurrently, anomalous 
westerlies to the east of the Maritime Continent cause diver-
gence over the western Pacific and then strengthen negative 
SST anomalies in this region. As the season changes, the 
North Pacific horseshoe-like SST pattern persists (Fig. 6b), 
which subsequently leads the anomalous westerlies over the 
central Pacific develop and persist during JJA through WES 
mechanism (Fig. 6c). At this time, the significant negative 
SST anomalies in the southwestern Pacific also strengthen 
anomalous southwesterlies over the western tropical Pacific. 
Then, these westerly anomalies cause low-level divergence 
(convergence) over the western (central) Pacific, which 
promotes active downward (upward) motion in this region. 
This central-Pacific upward movement is collocated with 
the rising branch of local Hadley cells and enhances convec-
tion. The increase in convection and precipitation tend to 
make the release of condensed latent heat to the atmosphere 

Fig. 4   As in Fig. 3, but for 
years in which the VMI has the 
opposite sign as the SPQI. And 
all of them are not significant at 
the 99% confidence level

Table 1   Correlation coefficients between VMI, SPQI and WPI, CPI

The bold represents same sign VM/SPQ events, and the italics means 
opposite VM/SPQ events

WPI CPI

VMI − 0.68 − 0.42 0.65 0.40
SPQI − 0.73 − 0.11 0.72 0.18
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Fig. 5   a Composite differences in 500-hPa summer (JJA) vertical 
velocity ( 10−2Pas−1 ) anomalies between VM+/SPQ+ and VM−/
SPQ− events. b Composite differences in 500-hPa summer (JJA) ver-
tical velocity ( 10−2Pas−1 ) anomalies between VM+/SPQ− and VM−/

SPQ+ events. c, d As in a, b but for composite differences in OLR 
(W m−2 ) anomalies. Composite differences that exceed the 90% sig-
nificance level are stippled. e Area-averaged strength of ω and OLR 
over the WP region. f As in e but for the CP region
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increase, that then helps to enhance low-level convergence, 
upward movement, and convective precipitation. At the same 
time, abnormal high-level divergent winds move southwest-
ward and converge over the western Pacific. This results in 
a downward movement that inhibits convection and reduces 
precipitation over the western Pacific.

For opposite-sign VM/SPQ events (Fig.  6d–f), the 
anomalous SST pattern related to the VM is weaker, and 
its subtropical positive SST anomalies does not extend far 
into the tropical region during FMA (Fig. 6d). The biggest 
difference in the South Pacific compared with same-sign 
events (Fig. 6a) is that positive SST anomalies (instead of 

Fig. 6   Correlation maps of 3-month averaged SST (shading), surface 
wind (vectors) and precipitation (stippled) anomalies for FMA, AMJ, 
and JJA with the FMA VMI, calculated for years in which the VM 
and SPQ have the same (left panels) and opposite (right panels) signs. 
Positive (red) and negative (blue) SST anomalies with correlations 

significant at or above the 90% confidence level are shaded. Only sur-
face wind vectors significant at the 90% confidence level are shown. 
Positive (green) and negative (red) precipitation anomalies with cor-
relations significant at or above the 90% confidence level are stippled
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negative SST anomalies) appear around Australia because 
of the opposite SPQ phase (which are not significant above 
90% confidence level). As a result, the tropical zonal SST 
gradient across the western–central Pacific weakens, which 
results in weaker abnormal westerly winds. Low-level con-
vergence (divergence) over the central (western) Pacific 
becomes indistinct in opposite-sign events, thereby attenu-
ating the development of anomalous precipitation in this 
region (Fig. 6f).

We also examine the correlations of the FMA, AMJ, and 
JJA surface wind, SST, and precipitation anomalies with late 
winter–early spring SPQ for years where the FMA VMI and 
SPQI have the same or opposite signs (Fig. 7). As found in 
the analysis described above, westerly anomalies over the 
western–central tropical Pacific are greatly enhanced in 
same-sign VM/SPQ events because the zonal SST gradient 
across the western–central tropical Pacific continues to exist 
(Fig. 7a). However, for opposite-sign VM/SPQ events, the 

Fig. 7   As in Fig. 6, but for correlations with SPQI
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central Pacific are covered by negative SST anomalies due to 
the negative VM, which do not exceed the 90% significance 
level (Fig. 7d). In South Pacific, negative SST anomalies 
still exist (but weaker) around Australia. Hence, the tropi-
cal zonal SST gradient across the western–central Pacific is 
reduced because of the positive-to-negative change in central 
Pacific SST anomalies which related to the VM. The anoma-
lous westerlies are also reduced as a result of the weakened 
zonal SST gradient, which is not favorable for low-level 
convergence (divergence) over the eastern–central (western) 
Pacific and associated anomalous precipitation (Fig. 7f).

5 � Model simulations

To further confirm that different phase combinations of VM 
and SPQ can have different influences on precipitation over 
the western and central Pacific, we analyze the output of 25 
individual models from CMIP5 (Table 2). Basic works have 
confirmed that these 25 CMIP5 models can simulate the VM 
and SPQ well which are not shown here.

Figure 8a shows the correlation coefficients between 
the FMA VMI and the JJA WPI. Most models capture the 
higher correlation coefficients in same-sign events and the 
lower correlation coefficients in opposite-sign events. The 
multimodel ensemble mean (MME) is consistent with the 
individual model results. Figure 8b displays the correlation 
coefficients between the FMA SPQI and the JJA WPI for 25 
models and the MME. These individual models and MME 
results have correlation coefficients for same-sign events 
that are much higher than those of opposite-sign events. 
Figure 8c, d is similar to Fig. 8a, b, but show correlation 
coefficients with CPI. The higher correlation coefficients 
for same-sign events and lower correlation coefficients for 
opposite-sign events support the finding that the competing 
impacts of the VM and SPQ on Pacific ITCZ summer pre-
cipitation can lead to a reduced net influence. In summary, 
most CMIP5 model simulations capture the patterns found in 
observations and support the conclusions drawn here.

Figure  8e presents the composite differences of JJA 
WPI between VM+/SPQ+ and VM−/SPQ− events and 
the composite differences of JJA WPI between VM+/
SPQ− and VM−/SPQ+ events. For most models (21 out of 

Table 2   List of the CMIP5 
models used in this study

Number Model name Model center Atmosphere (ocean) 
variable resolution 
(lon × lat)

1 ACCESS1-0 CSIRO-BOM/Australia 192 × 145 (360 × 300)
2 bcc-csm1-1-m BCC/China 320 × 160 (360 × 232)
3 CanESM2 CCCma/Canada 128 × 64 (256 × 192)
4 CCSM4 NCAR/United States 288 × 192 (320 × 384)
5 CESM1-BGC NCAR/United States 288 × 192 (320 × 384)
6 CESM1-FASTCHEM NCAR/United States 288 × 192 (320 × 384)
7 CESM1-WACCM NCAR/United States 144 × 96 (320 × 384)
8 CMCC-CM CMCC/Italy 480 × 240 (182 × 149)
9 CMCC-CMS CMCC/Italy 192 × 96 (182 × 149)
10 CNRM-CM5 CNRM-CERFACS/France 256 × 128 (362 × 292)
11 EC-EARTH ICHEC/Ireland 320 × 160(362 × 292)
12 FGOALS-g2 LASG-IAP/China 128 × 60 (360 × 196)
13 FIO-ESM FIO/China 128 × 64 (320 × 384)
14 GFDL-CM3 NOAA GFDL/United States 144 × 90 (360 × 200)
15 GFDL-ESM2G NOAA GFDL/United States 144 × 90 (360 × 210)
16 GISS-E2-R-CC NASA GISS/United States 144 × 90 (144 × 90)
17 HadGEM2-CC MOHC/UK 144 × 192 (360 × 216)
18 HadGEM2-ES MOHC/UK 144 × 192 (360 × 216)
19 inmcm4 INM/Russia 180 × 120 (360 × 340)
20 IPSL-CM5A-LR IPSL/France 96 × 96 (182 × 149)
21 IPSL-CM5A-MR IPSL/France 144 × 143 (182 × 149)
22 IPSL-CM5B-LR IPSL/France 96 × 96 (182 × 149)
23 MIROC-ESM MIROC/Japan 256 × 128 (256 × 192)
24 NorESM1-M NCC/Norway 144 × 96 (320 × 384)
25 NorESM1-ME NCC/Norway 144 × 96 (320 × 384)
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25), WPI strength in same-sign events is much stronger than 
in opposite-sign events. WPI values are negative in same-
sign events, which indicates that the individual influences 
of VM and SPQ are strengthened. In opposite-sign events, 

WPI values become positive in four models, which indicates 
that the influences of VM and SPQ compete and lead to 
indistinct precipitation anomalies over the western Pacific. 
We also calculate the MME of the 25 models and find that 

Fig. 8   Correlation coefficients 
of the a, c FMA VMI and 
b, d FMA SPQI with subse-
quent a, b WPI and c, d CPI 
in 25 CMIP5 models and the 
multimodel ensemble mean 
(MME) of 25 CMIP5 models. 
Red (blue) bars indicate years 
in which the VM has the same 
(opposite) sign as the SPQ. e 
Composite differences of WPI 
between VM+/SPQ+ events 
and VM−/SPQ− events (orange 
bars) and between VM+/SPQ− 
events and VM−/SPQ+ events 
(green bars) for 25 individual 
models and MME. f As in e but 
for composite differences of 
CPI. Vertical error bars indicate 
0.5 standard deviation of inter-
model variability. Number 0 
represent MME and numbers 
1–25 represent the 25 CMIP5 
models listed in Table 2

(a)

(b)

(c)

(e)

(f)
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the mean strength in same-sign events is significantly greater 
than in opposite-sign events. Figure 8f displays the com-
posite differences of JJA CPI between VM+/SPQ+ and 
VM−/SPQ− events and the composite differences of JJA 
WPI between positive VM+/SPQ− and VM−/SPQ+ events. 
There are 20 models that perform well in simulating the 
differences between same-sign and opposite-sign events. 
In these 20 models, the CPI strength in same-sign events 
is much greater than in opposite-sign events. The weaker 
CPI and changes of CPI sign (positive-to-negative) during 
VM+/SPQ− and VM−/SPQ+ events further confirm the 
opposing effects of VM and SPQ on Pacific ITCZ summer 
precipitation.

The results presented above indicate that the CMIP5 
model captures well the interdependence of the late 

winter–early spring VM and the SPQ in affecting following 
summer Pacific ITCZ precipitation. Next, we use the MME 
of these models to analyze the evolution of FMA, AMJ, JJA 
surface wind, SST, and rainfall anomalies for events with 
four distinct combinations of VM and SPQ. In the VM+/
SPQ+ events (Fig. 9a–c), there are positive SST anomalies 
in the central Pacific, and ocean regions to the north and 
east of Australia are covered by cold SST anomalies. These 
conditions are both favorable for zonal SST gradients and 
anomalous westerlies across the western–central Pacific. 
This leads to significant positive precipitation anomalies 
in the central Pacific while marked negative precipitation 
anomalies occur in the western Pacific. The 3-month evolu-
tion of the VM−/SPQ− events (Fig. 9d–f) is almost opposite 
that of the VM+/SPQ+ events. As shown in Fig. 9g, there 

Fig. 9   Composite of the MME 3-month averaged SST (°C; shading), 
surface wind (m/s; vectors) and precipitation (mm  day−1; hatching) 
anomalies in four different VM and SPQ phase combinations (top to 
bottom) for 25 CMIP5 models for FMA, AMJ and JJA (left to right). 

For precipitation, green indicates positive anomalies and red indicates 
negative anomalies. Only SST, surface wind and precipitation anoma-
lies significant at the 90% confidence level are shown
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are also positive SST anomalies in the North Pacific, but the 
anomalous SST in the South Pacific are completely differ-
ent, and warm SST anomalies around Australia do not pro-
duce a zonal SST gradient. The influences of the North and 
South Pacific compete with each other, and thus there are 
no significant SST anomalies a season later, and undoubt-
edly no significant precipitation anomalies. Figure 9j–l 
shows the evolution in the VM−/SPQ+ events, revealing 
that SST anomalies related to the VM suppress the formation 
of westerly anomalies and that there is no significant ITCZ 
precipitation during JJA.

These results from most CMIP5 models indicate that the 
physical processes underlying the VM and SPQ involvement 
in ITCZ summer anomalous precipitation for same-sign 
and opposite-sign VM/SPQ years are significantly differ-
ent, and are generally similar to the processes indicated by 
observations.

6 � Prediction model

The results shown above reveal that the capability of the 
VM or the SPQ to influence following Pacific ITCZ pre-
cipitation depends on the phase of the other. In addition, the 
correlation coefficient between the FMA VMI and SPQI is 
relatively weak, which suggests that the VM and the SPQ are 
relatively independent of each other. Considering their tight 
relationship in predicting precipitation over the two regions, 
two empirical models are established to predict the boreal 
summer WPI and CPI (referred to as WPIJJA and CPIJJA, 
respectively) based on both the FMA VMI and FMA SPQI 
(referred to as VMIFMA and SPQIFMA, respectively):

The parameters a1  =  −  0.45 and b1  =  −  0.36, and 
a2 = 0.46 and b2 = 0.34 are calculated by a least-squares fit 
to the VMIFMA and SPQIFMA, respectively. To assess the pre-
diction skills of these two models, we compare the predicted 
JJA WPI and JJA CPI with observations. There is a high 
correlation coefficient (R = 0.66) between the observed JJA 
WPI and those predicted by model (1), which is higher than 
for the single VMI model (R = 0.56) and single SPQI model 
(R = 0.50; Fig. 10a). The root-mean-squared error (RMSE) 
between the observed JJA WPI and that predicted by model 
(1) is 0.55, which is smaller than that for the single VMI 
model (0.59) and single SPQI model (0.62; Fig. 10a). For 
central Pacific (Fig. 10b), the correlation coefficient between 
the observed JJA CPI and that predicted by model (2) is 0.61, 
which is higher than that of the single-factor VMI (0.51) and 
the single-factor SPQI (0.60). The RMSE calculated from 

(1)WPIJJA=
a
1
× VMIFMA + b

1
× SPQIFMA and

(2)CPIJJA=
a
2
× VMIFMA + b

2
× SPQIFMA.

model (2) is also smaller (0.55) than those from the single 
VMI model (0.59) and the single SPQI model (0.60). These 
results indicate that the combination of both the VM and 
SPQ has better prediction skills for JJA WPI and CPI than 
do the single-factor models.

Although models (1) and (2) have relatively high predic-
tion skill, we cannot ignore the influence of ENSO, which 
is the most important interannual signal around the world. 
As the Niño3.4 index reaches its peak during boreal win-
ter, calculated as the area-averaged SST over the Niño3.4 
region (5°S–5°N, 170°–120°W), we use the previous-win-
ter Niño3.4 index (December–February) (Trenberth and 
Stepaniak 2000) to build an empirical prediction model for 
JJA ITCZ precipitation. The prediction skills of the single 
Niño3.4 index are shown in Fig. 10a, b. The correlation coef-
ficients for both the western and central Pacific regions are 
very small (0.02 and 0.07, respectively), which means that 
the single preceding Niño3.4 index is not useful for predic-
tions of JJA ITCZ precipitation.

We also add the Niño3.4 index into models (1) and (2) to 
establish new models (3) and (4):

The correlation coefficients and RMSE of models (3) and 
(4) are almost the same as those of models (1) and (2), as 
shown in Fig. 10a, b. This means that the addition of the 
Niño3.4 index does not improve predictions of summer pre-
cipitation over these two areas. Therefore, the optimal choice 
for predictions of Pacific ITCZ summer precipitation is the 
use of a combination of the FMA VMI and SPQI, as used 
in models (1) and (2).

To further evaluate the prediction skills of models using 
both the VMI and SPQI, we perform several hindcast experi-
ments. First, we use a leave-one-out method, which is to 
repeatedly delete 1 year during 1979–2017, and then estab-
lish a linear regression model with the FMA VMI and SPQI 
based on the remaining data, and finally hindcast the missing 
year. As shown in Fig. 11b, the correlations between the 
observed values and cross-validated hindcasts are somewhat 
lower than those shown in Fig. 11a, but are still statistically 
significant in the key regions we focus on (including the WP 
and CP regions).

A holdout method is also applied to a set of hindcast experi-
ments in which the whole time series is divided into two parts: 
a training period and a hindcasting period. We establish the 
model based on historical data from 1979 to 2000, and predict 
the JJA WPI and CPI from 2001 to 2017. High correlation 
coefficients and relatively small RMSE between the hindcast 
and observed WPI and CPI are obtained for these hindcast 

(3)
WPIJJA = a

3
× VMIFMA + b

3
× SPQIFMA + c

3
× NINO3.4DJF and

(4)
CPIJJA = a

4
× VMIFMA + b

4
× SPQIFMA + c

4
× NINO3.4DJF.
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experiments (Fig. 11c, d). Therefore, this model can be used 
to accurately simulate ITCZ summer precipitation.

These hindcast experiments to the models prove that the 
VM and SPQ are essential precursors of summer precipitation 
over the western and central tropical Pacific. Their joint use 
improves prediction skills more than does their individual use.

7 � Summary and discussion

Our research examines the joint relationship of the VM 
and SPQ with Pacific ITCZ summer precipitation. We find 
that the relationship of VM with subsequent Pacific ITCZ 

summer precipitation intensity may strongly depend on 
the state of concurrent SPQ, and vice versa. When boreal 
late winter–early spring VM and SPQ have opposite signs, 
their individual correlations with subsequent Pacific ITCZ 
summer precipitation anomalies become much smaller, and 
the precipitation, OLR, and vertical motion also tend to be 
weaker. However, these correlations become significantly 
stronger when the two sets of anomalies have the same sign. 
The strength of the precipitation, OLR, and vertical motion 
also tend to be stronger under these conditions.

The possible reason for this relationship is that due to 
the competing SST anomalies resulting from the VM and 
the SPQ, the anomalous westerly in the western–central 

Fig. 10   Prediction skills of 5 empirical models for Pacific ITCZ 
summer precipitation for the period 1979–2017. a Correlation 
coefficients (blue bars) and root-mean-squared errors (RMSE; 

orange bars) between observed and predicted JJA WPI for differ-
ent empirical models (VMI, SPQI, VMI + SPQI, NINO34, and 
VMI + SPQI + NINO34). b As in a but for predictions of the JJA CPI
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tropical are strengthened/weakened during the same-sign 
and opposite-sign events, which is favoring/suppressing the 
development of Pacific ITCZ summer precipitation. Fig-
ure 12 presents a schematic diagram of the various processes 
that result in different ITCZ summer precipitation anomalies 
for same-sign and opposite-sign events. When the VM and 
SPQ both have positive signs, the SST pattern associated 
with VM+ events result in an eastward zonal SST gradient 
and anomalous westerlies, the SST pattern associated with 
SPQ+ events also generate an eastward zonal SST gradient 
and anomalous westerlies. Anomalous westerlies over the 
tropical western–central Pacific are thus strengthened. These 
strengthened westerlies cause convergence over the central 
Pacific and naturally bring about divergence over the west-
ern Pacific. Low-level convergence may further cause deep 
convection and enhanced precipitation, whereas low-level 
divergence may lead to suppressed convection and reduced 
precipitation. In opposite-sign events, the SST pattern 

associated with VM+ events generate an eastward zonal 
SST gradient and anomalous westerlies, but the SST pattern 
associated with SPQ− events generates a westward zonal 
SST gradient and anomalous easterlies. Therefore, opposing 
westerly anomalies in the North Pacific and easterly anoma-
lies in the South Pacific weaken the anomalous westerlies 
over the tropical western–central Pacific. These weakened 
westerly anomalies lead to a decrease in convection and pre-
cipitation over both the western and central Pacific.

A set of CMIP5 model simulations confirm that the 
influence of the VM on Pacific ITCZ summer precipitation 
either constructively or destructively interferes with the 
corresponding influence of the SPQ. Most models show a 
higher correlation between the two precursors and Pacific 
ITCZ summer precipitation when the VM and SPQ have 
the same sign than when they have opposite signs. An 
analysis of the evolution of SST, wind, and precipitation 
using CMIP5 model data also indicates that our results 

Fig. 11   a Correlation between 
observed and hindcasted sum-
mer (JJA) precipitation anoma-
lies obtained from the empirical 
prediction model with VMI and 
SPQI. b Correlations between 
observations and cross-validated 
hindcasts of JJA precipitation 
anomalies. Only areas with cor-
relations significant at the 90% 
level are shown. The climato-
logical (1981–2010) summer 
mean precipitation (mm day−1) 
is shown as contours. c JJA 
WPI from observations (black 
line; 1979–2017), the training 
period (blue line; 1979–2000) 
and the hindcasting period (red 
line; 2001–2017). d As in c but 
for JJA CPI. **99% confidence 
level
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derived from observations are robust. Note that the conclu-
sions drawn here should be further verified using numeri-
cal simulations, such as the Community Earth System 
Model (CESM).

We have demonstrated that the VM and SPQ are impor-
tant precursors to subsequent ITCZ summer precipitation, 
and we have built two empirical models to predict pre-
cipitation anomalies over the central and western Pacific. 
Applying a leave-one-out hindcast and a holdout hindcast, 
we demonstrate the high prediction skills of these models. 
Thus, the FMA VMI and SPQI are useful in predictions of 
ITCZ summer precipitation 4 months later.

Apart from the SST signal from the extratropical North 
and South Pacific, signals from other oceans should also 
be investigated for their ability to improve prediction skills 
for ITCZ summer precipitation. For example, the Indian 
Ocean dipole (Saji et al. 1999) and North American dipole 
(Ding et al. 2016) also have significant influences on the 
tropical Pacific (Ding et al. 2016, 2019; Stuecker et al. 
2017; Zhou et al. 2019), and their roles in Pacific ITCZ 
summer precipitation should be further analyzed.
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