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Abstract
The reversed impacts of the Arctic oscillation (AO) on precipitation over the South China Sea and its surrounding areas 
(SCSA) in October and November during 1979–2014 are investigated. The correlation coefficients between AO and the 
precipitation in October and November are 0.44 and − 0.31, which are statistically significant at the 99% and 90% confi-
dence levels, respectively. In October (November), the specific humidity exhibits obvious positive (negative) anomalies in 
the SCSA, and an upward (downward) airflow moving from ground to the upper troposphere (1000–150 hPa) between 10°N 
and 30°N (10°N and 20°N) is observed with more (less) cloud cover. Moisture budget diagnosis suggests that the precipita-
tion’s increasing (decreasing) in October (November) mainly contributed by zonal moisture flux convergence (divergence). 
Furthermore, the Rossby wave guided by westerlies tends to motivate positive geopotential height in the upper troposphere 
over approximately 20°–30°N, 40°–80°E in October, which is accompanied by a stronger anticyclone in the Arabian Sea 
region. However, in November, the wave train propagating from the Arabian Sea to the Bay of Bengal is observed in the form 
of cyclones and anticyclones. Further analysis reveal that the AO in October may increase precipitation through the southern 
wave train (along the westerly jet stream from North Africa to the Middle East and South China). Moreover, air-sea interac-
tions over the North Pacific might also generate horseshoe-shaped sea surface temperature (SST) anomalies characterized 
by positive SST in the central subtropical North Pacific surrounded by negative SST, which may affect the precipitation in 
the SCSA. Ensemble-mean results from CMIP6 historical simulations further confirm these relationships, and the models 
that can better simulate the observed positive geopotential height in the Arabian Sea present more consistent precipitation’s 
increasing over the SCSA in October.
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1  Introduction

Thompson and Wallace (1998) used the empirical orthogo-
nal function (EOF) analysis method to study the SLP pole-
ward of 20°N and found that the first EOF mode shows 
reversed phase between the mid-latitude and Arctic regions. 

This pattern is named the Arctic oscillation (AO). Subse-
quently, a lot of studies reveal that the AO not only has sig-
nificant impact on climate change in mid- and high-latitude 
areas, such as North America (Hurrell 1995; Hurrell et al. 
1997), Europe (Rodwell et al. 1999; Thompson and Wal-
lace 2000; Cullen et al. 2002; Bader et al. 2011; Luo et al. 
2014, 2016a, b) and East Asia (Gong et al. 2001; Wu and 
Wang 2002; Jhun and Lee 2004; Watanab 2004; Jeong and 
Ho 2005; Orsolini et al. 2009; Mao et al. 2011a, b; He and 
Wang 2013; Gao et al. 2014; Zuo et al. 2015; Park and Ahn 
2016; He et al. 2017; Qiao et al. 2018; Feng et al. 2018), but 
also has important effects on the climate of the South China 
Sea, tropical Indian Ocean precipitation, tropical atmos-
pheric circulation and sea surface temperature (SST) in the 
western North Pacific (Mao et al. 2011a, b, c; Choi et al. 
2012; Zuo et al. 2012; Hu et al. 2012; Gong et al. 2014). The 
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mechanism of AO’s impact on climate at different latitudes 
is more complicated. Some studies (Gong et al. 2000, 2003; 
Wu et al. 2004; Park et al. 2011; Li et al. 2014) show that 
the positive phase of the AO in winter is associated with the 
weak East Asian winter monsoon; the positive phase also 
creates warm conditions in East Asia by affecting the Sibe-
rian High, Rossby waves and polar jet. Concerning the areas 
at mid- and low latitudes, the AO may affect the temperature 
and precipitation in East Asia, especially in South China, 
as well as the westerly jet, wave trains, the Middle East jet 
(Qu et al. 2015; Zhang et al. 2008; Zuo et al. 2015) and the 
Pacific SST (Gong et al. 2011; Kim and Ahn 2012). Never-
theless, the mechanism of how the AO affects the climate 
at different latitudes is still controversial, and no consistent 
conclusion has yet been reached.

The AO is one of the key factors affecting temperature 
and precipitation anomalies in the tropical and subtropical 
regions. Gong and Wang (2003) found that more precipita-
tion appears in China in association with the positive winter 
AO phase, which is consistent with the findings of Yang 
and Li (2008). During the positive phase of the AO, win-
ter precipitation or snowfall events occur more frequently 
in China (Park et al. 2011). And the Middle East jet may 
have stronger influence on the temperature and precipita-
tion in South China when the AO is positive (Wen et al. 
2009). A significant positive correlation is also disclosed 
between the winter AO and precipitation in South China 
(Li and Wang 2013), which is consistent with the findings 
of Wen et al. (2009) and Matsuo and Heki (2012). The pre-
cipitation’s increasing in Southeast China after the 1980s is 
closely related to the strengthened winter AO (Zhang et al. 
2014). However, Choi et al. (2013) proposed negative corre-
lation between the precipitation in North Korea and the AO 
in May. The correlation between the spring AO and summer 
precipitation abruptly turns from positive to negative in the 
late 1990s (Gao et al. 2014).

As for the South China regions, what is the main driver 
of precipitation in the area? Through the investigation of 
previous studies found that southwesterly wind flow (Zhao 
et al. 2007), monsoon (Zhou 2011), regional land thermal 
conditions (Wang et al. 2008), SST and so on (Tao and 
Chen 1987; Qi et al. 2008; Wang et al. 2000, 2001; Wu 
et al. 2003; Feng and Li 2011; Chen et al. 2014) play an 
important role in modulating precipitation over South China 
and its surrounding areas. AO might affect the precipitation 
at lower latitudes through different mechanisms. The pos-
sible pathways in which the AO affects the climate include 
the following aspects. Firstly, the AO may indirectly affect 
the winter climate through the Siberian High. Winter climate 
change caused by the AO is associated with the Siberian 
High (Gong et al. 2001). Secondly, the AO may directly 
affect the climate. Wu and Wang (2002) indicated that the 
winter AO may directly affect climate anomalies in East 

Asia. The AO, East Asian winter monsoon, quasi-stationary 
planetary waves and the Middle East jet also have combined 
influence. AO may affect the East Asian climate via quasi-
stationary planetary waves (Chen and Kang 2006). Zuo et al. 
(2015) showed that the anomalous relationship between the 
AO and temperature in South China is greatly dependent 
on the Middle East jet. And the strengthened relationship 
between the East Asian winter monsoon and winter AO after 
the 1980s may be attributed to the East Asian jet stream 
(Li et al. 2014). Moreover, the AO and SST may interact 
each other. The combined effect of the AO and North Pacific 
SST are presented on the East Asian temperature (Kim et al. 
2012). During years characterized by positive-phase AO and 
El Nino or negative-phase AO and La Niña, the temperature 
anomalies in North China are exacerbated (Chen et al. 2017). 
In addition, the Indian Ocean Dipole (IOD) associated with 
atmospheric circulation first affects the East Asian summer 
monsoon and then affects the climate at low latitudes, such 
as the South China Sea (Li and Mu 2011).

A growing number of studies indicate that AO is a key 
factor influencing climate anomalies at lower latitudes, but 
the pathway by which it affects the climate is still conten-
tious. Moreover, few studies have examined the potential 
influence of the AO on precipitation at the intraseasonal 
scale. In this study, we found that the October AO and 
November AO are in reverse-phase relationship with precipi-
tation over the South China Sea and its surrounding areas 
(SCSA, 0°–26°N, 86°–126°E). We also strove to under-
stand and clarity the mechanisms by which the October AO 
and November AO affect the precipitation over the SCSA. 
This study aims to provide clarity of these mechanisms and 
increase our knowledge of how they operate.

We organize the present paper as follows. In Sect. 2, 
the reanalysis datasets, model datasets, and methods are 
described. Section 3 presents the statistical relationship 
between the October/November AO and the precipitation 
over the SCSA. In Sect. 4, the possible physical explanation 
for October/November AO-SCSA precipitation linkage and 
their reproducibility in models’ simulation are discussed. 
Finally, summary and discussion are given in Sect. 5.

2 � Data and methodology

The atmospheric datasets used in this study are composed 
of reanalysis data from the National Centers for Environ-
mental Prediction and National Center for Atmospheric 
Research (NCEP) (Kalnay et al. 1996) with a spatial reso-
lution of 2.5° × 2.5°. The variables include the sea level 
pressure (SLP), zonal and meridional winds at 850 hPa 
(UV850) and 500 hPa (UV500), geopotential height at 
500 hPa (GPH500), zonal wind at 200 hPa (U200), specific 
humidity, latent and sensible heat fluxes, total cloud cover, 
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10 m winds and vertical velocity at each pressure level. 
The monthly precipitation data are from the Global Pre-
cipitation Climatology Project (GPCP v2.3) (Adler et al. 
2003) with a resolution of 2.5° × 2.5°. Monthly sea surface 
temperature (SST) data is from the Hadley Centre Sea Ice 
and Sea Surface Temperature (HadISST) datasets with a 
spatial resolution of 1° × 1° (Rayner 2003).

Monthly mean AO index is obtained from the Climate 
Prediction Center (CPC) of the US National Oceanic and 
Atmospheric Administration (NOAA). In research on 
the aforementioned mechanism, the signals of El Niño/
Southern Oscillation (ENSO) and the Indian Ocean Dipole 
(IOD) need to be linearly removed. Thus, linear regres-
sions of the variables with ENSO and the IOD are con-
ducted. Then, the residuals are regarded as variations that 
are statistically independent of ENSO and IOD. Here, the 
ENSO signal is measured by the Nino 3.4 index, which is 
the average SST anomaly in the region bounded by 5°S to 
5°N, from 170°W to 120°W. The intensity of IOD is rep-
resented by anomalous SST gradient between the western 
equatorial Indian Ocean (50°–70°E and 10°S–10°N) and 
the south eastern equatorial Indian Ocean (90°–110°E and 
10°S–0°) (Saji et al. 1999). All monthly averaged variables 
are selected for the analyses period of 1979–2014. Further-
more, the latitudes and longitudes of the South China Sea 
and surrounding areas (SCSA) is at 0–26°N, 86–126°E. 
The results are robust and insensitive to small changes for 
the definition of this area.

The moisture budget deals with the mass conservation 
of water substance in atmospheric column, and it is widely 
used to examine precipitation distributions and changes 
(Chou and Lan 2012). The moisture budget analysis 
defines the mass conservation of water substance in an 
atmospheric column as Eq. (1).

Here P is precipitation, q is specific humidity, u/v is 
zonal (meridional) wind, ω is vertical pressure–velocity, 
Res is the residual term and E is evaporation into atmos-
phere, respectively. Evaporation data is from the Japanese 
55-year Reanalysis (JRA-55) (Ebita et al. 2011; Kobayashi 
et al. 2015). In this study, <X> indicates a mass-weighted 
vertical integral and X denotes a temporal average. Total 
moisture flux convergence is decomposed into terms of 
circulation convergence and moisture advection. Thus, the 
horizontal advection in Eq. (1) can be further decomposed 
into stationary and transient terms as follows:

In Eq. (2), [X] and X* are climatological zonal mean 
and stationary eddy, respectively, and X′ is transient 

(1)P + ⟨�x(uq)⟩ +
�
�y(vq)

�
+
�
�p(�q)

�
+ Res = E

(2)X = X + X
�

= [X] + X
∗
+ X

�

variation. Then we can distinguish the contributions 
from different time and spatial scales to climatology 
(1979–2014). More details can be found from the litera-
tures (Yao et al. 2017; Chen et al. 2018; Lin et al. 2019).

Coupled Model Intercomparison Project phase 6 
(CMIP6) (Eyring et al. 2016; Simpkins 2017; Zhao et al. 
2018) data are archived by the Program for Climate Model 
Diagnosis and Intercomparison (PCMDI) (https​://esgf-node.
llnl.gov/proje​cts/cmip6​/). Among all the CMIP iterations 
since the program was first developed, CMIP6 has the larg-
est number of modes, the most complete scientific experi-
ments, and the largest amount of simulation data (Zhou et al. 
2016; Haarsma et al. 2016; Griffies et al. 2016; Kageyama 
et al. 2018). More than 20 modeling groups are performing 
CMIP6 simulations using more than 50 models (Eyring et al. 
2016; Gillett et al. 2016; Boer et al. 2016; Zhou et al. 2019). 
In this study, the historical experiments’ outputs of 11 mod-
els (Table 1) are employed. In addition, only one ensemble 
member from each model is chosen for the present research.

3 � Reversal of the October and November AO 
on the precipitation over the SCSA

The spatial distributions of the high-, middle- and low-level 
climate backgrounds over the SCSA in October and Novem-
ber are examined (Fig. 1). More precipitation appears in the 
southern area in October (Fig. 1a) than that in November 
(Fig. 1b). In addition, the northerly winds at 850 hPa over 
the South China Sea and Thailand in November are stronger 
than those in October, which may bring dry airflows from 
high latitudes. In the Bay of Bengal, the southerly winds 
are more obvious in October than in November, which may 
transport moisture from the tropical ocean. Furthermore, the 
East Asian westerly jet system in the upper troposphere is an 
important circulation system at high altitudes. In November, 
the westerly jet (Fig. 1d) is significantly stronger than that in 
October (Fig. 1c), and the axis of the East Asian westerly jet 
is located more southward. The previous study (Mao et al. 
2007) showed that AO may impact the East Asian westerly 
jet system and winter precipitation in South China. Qu et al. 
(2015) revealed that AO has significant impacts on spring 
precipitation in South China. The following sections will 
discuss the impacts of the October and November AO (Oct/
Nov AO) on the precipitation over the SCSA.

The spatial distributions and time series of the correla-
tion coefficients between the precipitation over the SCSA 
(0–26°N, 86–126°E) and the Oct/Nov AO during 1979–2014 
are shown in Fig. 2. The results show large differences 
between October and November. In October, significant 
positive correlation between the precipitation and AO exists 
in most of the SCSA (Fig. 2a), while there is significant 
negative correlation between the precipitation and AO in 

https://esgf-node.llnl.gov/projects/cmip6/
https://esgf-node.llnl.gov/projects/cmip6/
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November (Fig. 2b). It should be noted that the significant 
positive correlation areas are distributed in Thailand, Myan-
mar and Vietnam in October. However, the negative correla-
tion is over Bay of Bengal, Myanmar and South China Sea in 
November. The linear correlation coefficients between AO 
and precipitation index in the SCSA are further calculated. 
And the precipitation index is calculated on the basis of area 
average in SCSA (0°–26°N, 86°–126°E). It is found that the 
AO is significantly correlated with the October precipita-
tion with a correlation coefficient of 0.44 (Fig. 2c), which is 
statistically significant at the 95% confidence level accord-
ing to a two-tailed Student’s t-test. Of all 17 years of the 
positive-phase AO, 11 years (accounting for 64.7%) exhibit 
positive precipitation anomalies in October. Of all 19 years 
of the negative-phase AO, 10 years (accounting for 52.6%) 
display negative precipitation anomalies in October. The 
mutual influences and changes between the AO and Octo-
ber precipitation are strongly related to a frequent in-phase 
relationship during the period of 1979–2014 (Fig. 2c). Out 
of the 36 years, there are 21 years when the October AO 
and precipitation are in phase, accounting for approximately 
58.3% of all events. In contrast, significant negative correla-
tion appear between the AO and precipitation in November 
(Fig. 2d). The out-of-phase variations are revealed between 
the November AO and precipitation with a correlation coef-
ficient of − 0.31 (at the 90% confidence level). Moreover, 
an out-of-phase relationship between the November AO and 
precipitation is found in 24 out of 36 years, which accounts 
for approximately 66.7% of all events.

The precipitation anomalies are closely related to both 
the water vapor transported at the lower-level of the tropo-
sphere as well as the vertical ascending motion. Hence, we 
compute the regression coefficients between AO and the 
mass-weighted average specific humidity over the lower 
troposphere (1000–500 hPa) as well as vertical velocity in 

October and November, respectively (Fig. 3). The specific 
humidity anomalies extend throughout the lower tropo-
sphere. In October, the specific humidity anomalies show 
obvious positive anomalies from 1000 to 500 hPa in most 
of the SCSA (Fig. 3a). Along with the winds at lower level, 
the southerly winds transport water vapor from the tropical 
ocean, which provide favorable conditions for precipitation 
in the study region (Fig. 5a, b). In contrast, significant nega-
tive specific humidity anomalies are observed in November 
(Fig. 3b). It can be found that the meteorological variable 
distributions are similar, and the precipitation increases sig-
nificantly in the area where the specific humidity increases 
dramatically in October (Figs. 2a, b, 3a, b). Correspond-
ingly, the precipitation in November decreases in these 
areas where the specific humidity decreases noticeably. 
The precipitation-related vertical velocity is also examined 
in height-latitude sections. Figure 3c, d present the zonal-
mean zonal and meridional winds between 86°E and 126°E 
in October and November, respectively. Between 10°N and 
30°N, significant vertical ascending motion appears from 
the ground to 150 hPa, which may create possible dynamic 
conditions for precipitation’s increasing over the SCSA in 
October. Compared with October (Fig. 3c), there is signifi-
cant sinking motion in November between 10°N and 20°N 
(Fig. 3d), which may be related to precipitation’s decreasing 
throughout the study area.

Moisture budget analysis are widely used to examine pre-
cipitation distributions and changes (Chou and Lan 2012), 
we also examine the moisture budget on AO in October and 
November using diagnostics for precipitation changes. Fig-
ure 4 shows the moisture budget diagnosis (Eq. 1) results 
over SCSA. In October, the precipitation’s increasing is 
mainly contributed by zonal convergence 

(
−�x(uq)

)
 partly 

offset by local evaporation and meridional moisture flux 
divergence 

(
−�y(vq)

)
 over SCSA (Fig. 4a, red bars). One 

Table 1   Details of the 11 CMIP6 climate models used in this study

Model Institute, country Horizontal 
Resolution 
(lat × lon)

BCC-CSM2-MR Beijing Climate Center, China Meteorological Administration China 1.1° × 1.1°
BCC-ESM1 Beijing Climate Center, China 2.8° × 2.8°
CAMS-CSM1-0 Chinese Academy of Meteorological Sciences, China 1.1° × 1.1°
CanESM5 Canadian Centre for Climate Modelling and Analysis, Environment and Climate Change Canada, Canada 2.8° × 2.8°
CESM2 National Center for Atmospheric Research, Climate and Global Dynamics Laboratory, USA 0.94° × 1.25°
CESM2-WACCM National Center for Atmospheric Research, Climate and Global Dynamics Laboratory, USA 0.94° × 1.25°
GISS-E2-1-G NASA Goddard Institute for Space Studies, USA 2.0° × 2.5°
GISS-E2-1-H NASA Goddard Institute for Space Studies, USA 2.0° × 2.5°
MIROC6 The University of Tokyo, National Institute for Environmental Studies, and Japan Agency for Marine-

Earth Science and Technology, Japan
1.4° × 1.4°

SAM0-UNICON National Seoul University, Korea 0.94° × 1.25°
MRI-ESM2-0 Meteorological Research Institute, Japan 1.1° × 1.1°
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contributors to the zonal moisture flux convergence is the 
stationary eddy zonal moisture transported via meridional 
flow convergence ( −

[
q∗
]
�yu

* ), and the other is the zonal-
mean moisture transported via stationary eddy zonal flow 
divergence ( −

[
q
]
�yu

* ). The decrease of precipitation in 
November is contributed by zonal ( −�x(uq) ) and meridional 
moisture flux divergence ( −�y(vq) ) over SCSA (Fig. 4a, blue 
bars), although it’s not statistically significant. The vertical 
moisture transported in October and November is not obvi-
ous. The spatial patterns of moisture budget components 
are shown in Fig. 4b–g. In most of SCSA, zonal moisture 
flux is positive in October (Fig. 4b). On the contrary, zonal 

moisture flux transported in November is negative in Thai-
land and the southern of South China Sea, while it’s positive 
in the northern of South China Sea (Fig. 4c). In October, the 
meridional moisture flux component is negative over Myan-
mar, south of the Bay of Bengal and south of South China 
Sea, while positive over Thailand and Hainan and western 
Qinghai (Fig. 4d). Due to the canceling effect of the positive 
and negative components over SCSA, the vertical moisture 
flux term as a whole contributes a little to the precipitation 
both in October and November (Fig. 4f–g).

In general, the increase of precipitation in October mainly 
contributed by zonal moisture flux convergence ( −�x(uq) ), 

Fig. 1   The climatology of the a precipitation (shading, units: mm/day) and 850 hPa wind (vectors, units: m/s) and c 500 hPa geopotential height 
(shading, units: gpm) and 200 hPa zonal wind (contours, units: m/s) in October for 1979–2014. b and d are the same as a and c, but in November
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and its decrease in November mainly contributed by zonal 
divergence.

4 � Possible mechanisms

4.1 � AO‑related atmospheric circulation anomalies

To better understand the influences of the Oct/Nov AO on 
the precipitation over the SCSA, it is crucial to clarify the 
relationships between the atmospheric circulation anomalies 
and the AO index. For this purpose, the regression coeffi-
cient distributions of the AO-related circulation anomalies 
in October and November during 1979–2014 are presented. 
Figure 5 shows the regression coefficients between the mete-
orological variables (including SLP, winds at 850 hPa and 
500 hPa, geopotential height at 500 hPa and zonal winds at 
200 hPa) and the AO index after removing the ENSO and 
IOD signals.

Northward/southward flow to the South China Sea gives 
rise to high/low precipitation there (Fig. 5a, b). It seems that 
the source of moisture mainly comes from the Bay of Ben-
gal (southwesterly wind) in October and the Pacific Ocean 
(northeasterly wind) becomes mainly source of moisture in 
November. In October, the change of the Siberian High is 
not obvious, while the Aleutian Low is significantly weaker, 
and a strong anticyclone appears over the North Pacific. In 
November (Fig. 5d), a dipole-like pattern is observed over 
the North Pacific (i.e., a pair of anomalous circulations occu-
pies the North Pacific, representing anticyclonic circulation 
anomalies over the mid- and high-latitudes and cyclonic 
circulation anomalies at lower latitudes), and this dipole-
like pattern becomes distinct in the upper troposphere. In 
the field of the 500 hPa geopotential height, significant 
positive anomalies are located over Baikal and East Asia, 
indicating the possibility that the East Asian Trough weak-
ens in October. Compared with that in November (Fig. 5e), 
the East Asian Trough anomaly is not significant. In the 

Fig. 2   a Spatial distributions of the correlation coefficients between 
the AO index and October precipitation; dotted regions indicate sig-
nificance at the 95% confidence level using a two-tailed Student’s 
t-test. c Normalized and detrended time series of the October AO 
index (bars) and precipitation (line) during 1979–2014; the dots in 
the bottom panel indicate the in-phase/out-of-phase years in October/

November between the AO and precipitation. The correlation coeffi-
cients between the October/November AO and precipitation are given 
in the top right-hand corner, which are significant at the 99%/90% 
confidence level using a two-tailed Student’s t-test. b and d are the 
same as a and c, but for the November precipitation
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200 hPa zonal wind field (Fig. 5c, f), significant negative 
anomalies occur in the area where the East Asian jet core 
is located (He and Wang 2013), and the zonal winds to the 
north and south of the jet become relatively strong. Moreo-
ver, a “positive–negative-positive–negative” distribution of 
the zonal wind in the upper-level troposphere moving from 
West Europe to the Arabian Sea is observed both in October 
and November. The notable difference is observed that the 
200 hPa zonal wind anomalies dominating the Arabian Sea 
region in October is no longer significant in November. Mao 
et al. (2011a, b, c) revealed that the AO might affect the East 
Asian westerly jet.

We also investigate the circulations favoring precipita-
tion in October and November (figure is not given), to 

confirm the atmospheric circulation features with regard to 
the AO-SCSA precipitation relationships. The majority of 
the spatial pattern of the precipitation-related atmosphere 
circulation resembles the AO-related pattern in October. 
Furthermore, there is a cyclonic circulation anomaly in 
the northern North Pacific and an anticyclonic circulation 
at lower latitudes in November, which is different from 
the AO-related pattern. Next, the wind anomalies in the 
upper troposphere associated with the Oct/Nov AO are 
studied. After removing the ENSO and IOD signals, the 
change in the 200 hPa wind velocity corresponding to one 
unit change of the AO index is calculated at each grid, 
and the result is shown in Fig. 6. The most prominent 
feature is the alternating anticyclone and cyclone pattern 

Fig. 3   Regression coefficients of the following variables in October, 
a mass-weighted average specific humidity over the lower tropo-
sphere (1000–500 hPa, units: kgm−1  s−2). c Zonal-mean zonal wind 
(u), meridional wind (v), and vertical motion (w) over the SCSA 
(86°E–126°E) superposed onto the AO index; the contour lines rep-
resent u (m/s), and the vectors represent v (m/s) and w (10−4 hPa/s). 
Dotted regions in a and b indicate that the coefficients are statistically 

significant at the 95% confidence level using a two-tailed Student’s 
t-test. Red and blue contours in c and d indicate zonal wind anoma-
lies significant at the 90% confidence level. Red arrows indicate that 
components of the wind anomalies are statistically significant at the 
90% confidence level. b and d are the same as a and c, but in Novem-
ber
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Fig. 4   Moisture budget analysis 
of rainfall changes (units: mm/
day) under the AO influence 
in October and November 
during 1979–2014. a Regres-
sion coefficients of moisture 
budget analysis on AO (dots 
denote anomalies significant 
at 95% confidence level) in 
October (red color bars) and 
November (blue color bars). 
Rainfall change is balanced 
by the changes of evaporation, 
zonal, meridional and vertical 
moisture flux components, and 
the residual (left to the dashed 
line) and major processes 
contributing to moisture flux 
convergence (right to the dashed 
line). b, d, f Spatial patterns of 
zonal, meridional and verti-
cal component in October, 
respectively. c, e, g are same 
as b, d, f but for November. 
Dotted regions indicate that the 
coefficient is significant at the 
90% confidence level using a 
two-tailed Student’s t-test
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in the east–west direction that clearly generated by two 
wave trains. One wave train is from North Europe propa-
gating eastward through Siberia to the Sea of Japan along 
belts between 40°N and 65°N, and this phenomenon is 
called the northern wave train. The other is from North 
Africa passing through the Arabian Sea and the Bay of 
Bengal and then to the South China Sea (Gong et al. 2014) 
between 0°N and 30°N, which is called the southern wave 
train. Comparing Fig. 6a, b, it is found that the anticyclone 
over the Arabian Sea is extremely strong at the 200 hPa 
wind field in October, while there are anomalous anticy-
clones and cyclones moving from North Africa through 
the Arabian Sea and the Bay of Bengal to the South China 
Sea in November. Meanwhile, the dipole-like pattern 

over the North Pacific in November moves eastward and 
becomes stronger than that in October.

Based on the analysis in this paper and the results of 
previous research, it can be concluded that both the dipole 
pattern and the southern wave train have an impact on the 
South China climate. In view of this, how these two phe-
nomena affect the inverse relationships between the AO and 
precipitation in October and November over the SCSA is 
investigated. The Northern Pacific dipole pattern and south-
ern wave train are described quantitatively; accordingly, the 
North Pacific dipole index (DCA) and southern wave train 
index (SWT) are defined. The characteristics of the large-
scale atmospheric circulation corresponding to the cyclones 
and anticyclones in the North Pacific region are described by 

Fig. 5   Regression coefficients of the following variables with the 
AO index in October during 1979–2014: a wind at 850  hPa (vec-
tors, units: m/s) and SLP (shading, units: hPa), b geopotential height 
(shading, units: gpm) and wind at 500 hPa (vectors, units: m/s) and 
c zonal wind at 200 hPa (units: m/s). d–f are the same as a–c, but in 

November. Dotted regions indicate that the coefficient is significant 
at the 95% confidence level using a two-tailed Student’s t-test. Black 
and gray arrows indicate that both components of the wind anomalies 
are statistically significant and nonsignificant, respectively, at the 90% 
confidence level
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using the differences in the normalized 200 hPa geopotential 
height fields. In Fig. 6a, the anticyclone center in October 
lies within approximately 40°N–47.5°N, 177.5°E–165°W, 
while the anomalous cyclone center is located within 
20°N–27.5°N, 152.5°E-170°E. The difference between these 
two areas is defined as the North Pacific dipole index in 
October. For November (Fig. 6b), the anticyclone center is 
located at 42.5°N–50°N, 172.5°W–155°W, and the center 
of the anomalous cyclone is located at 24°N–31.5°N, 
165°E–177.5°W. These results show that the correlation 
coefficients between the AO and DCA in October and 
November are 0.48 and 0.57, respectively, which are statis-
tically significant at the 95% confidence level using a two-
tailed Student’s t-test (Table 2). These results indicate that 
the North Pacific dipole pattern plays an important role in 
the spreading process of the AO. However, the correlation 
coefficients between the precipitation in the SCSA and the 
DCA in October and November are only 0.17 and − 0.24, 
respectively, which are not statistically significant.

The southern wave train is described by the 200 hPa 
meridional winds, and three meridional winds regions 
are selected according to Fig.  6. In October (Fig.  6a), 
the normalized area-weighted averages of the meridi-
onal winds are denoted as v1_10, v2_10 and v3_10 
for region one (40°E–50°E, 22.5°N–30°N), region two 

(70°E–80°E, 22.5°N–30°N) and region three (115°E–125°E, 
22.5°N–30°N), respectively. The southern wave train 
index in October (SWT_Oct) is collectively expressed as 
v1_10-v2_10-v3_10. Similarly, in November (Fig.  6b), 
the normalized area-weighted averages of the meridional 
winds in region one (55°E–65°E, 15°N–22.5°N), region two 
(75°E–85°E, 15°N–22.5°N) and region three (115°E–125°E, 
15°N–22.5°N) are denoted as v1_11, v2_11 and v3_11, 
respectively, and the southern wave train index in Novem-
ber (SWT_Nov) is expressed as v1_11-v2_11 + v3_11. 
In October and November, the correlation coefficients 
between the SWT and the AO reach as high as 0.61 and 
0.39, respectively, which are statistically significant at the 

Fig. 6   Regression coefficients 
between the 200 hPa wind and 
the AO index in a October, b 
November during 1979–2014. 
The shaded areas represent the 
winds that are statistically sig-
nificant at the 90% confidence 
level. The ENSO and IOD 
signals are removed

Table 2   Correlation coefficients between the different index in Octo-
ber and November during 1979–2014

*Statistically significant at the 95% confidence level
**Statistically significant at the 99% confidence level

DCA Oct SWT Oct DCA Nov SWT Nov

AO Oct 0.48** 0.61**
Pre Oct 0.17 0.48**
AO Nov 0.57** 0.39*
Pre Nov − 0.24 − 0.53**
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99% confidence level (Table 2), while the correlation coef-
ficients between the SWT and precipitation in October and 
November are 0.48 and − 0.53, respectively, which are sta-
tistically significant at the 99% confidence level.

These results indicate that the influences of the Oct/Nov 
AO on the precipitation over the SCSA are closely related to 
the SWT. Hence, composite and regression analysis are car-
ried out to further study the impacts of the SWT on atmos-
pheric circulation anomalies. Figure 7 presents the regres-
sion coefficient distributions of the SWT-related circulation 
anomalies in October and November during 1979–2014. 
Comparing Figs. 5a–c and 7a–c, the SWT-related circulation 
anomalies are similar to the AO-related circulation in Octo-
ber, especially for the the 200 hPa zonal winds fields. There 

are significant differences in the atmospheric circulation 
fields between October and November (Fig. 7d–f). In the 
200 hPa zonal winds fields, no significant band-like anomaly 
distribution is observed, while discontinuously distributed 
anomaly centers appear in November.

The composite analysis of the SWT-related precipitation 
anomalies in October and November are shown in Fig. 8. 
And the standard deviation is 0.5. Under the higher October 
SWT, significant positive precipitation appears in Thailand, 
Myanmar and Vietnam (Fig. 8a), which is similar to the 
distribution in Fig. 2a. In contrast, under the lower October 
SWT, the precipitation is negative in most of the study area. 
The distribution of the difference (Fig. 8c) demonstrates that 
the precipitation is increasing in most of the northwestern 

Fig. 7   Regression coefficients between the following variables and 
the AO index in October during 1979–2014: a wind at 850 hPa (vec-
tors, units: m/s) and SLP (shading, units: hPa), b geopotential height 
(shading, units: hgm) and wind (vectors, units: m/s) at 500 hPa and 
c zonal wind at 200 hPa (units: m/s). d–f are the same as a–c, but in 

November. Dotted regions indicate statistical significance at the 95% 
confidence level using a two-tailed Student’s t-test. Black and gray 
arrows indicate that both components of the wind anomalies are sta-
tistically significant and nonsignificant, respectively, at the 90% con-
fidence level
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Fig. 8   Composite anomalies of the precipitation (units: mm/d) corre-
sponding to the a higher (H), b lower (L) SWT index, c their differ-
ence (H–L) in October during 1979–2014. d–f are the same as a–c, 

but in November. Dotted regions indicate statistical significance at the 
95% confidence level using a two-tailed Student’s t-test
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extent of the study area. In November (Fig. 8d–f), the pre-
cipitation is decreasing over the Bay of Bengal and the 
South China Sea due to the higher SWT, and the precipi-
tation’s decreasing is more obvious in the the differences 
fileds (Fig. 8f), which is similar to the distribution shown 
in Fig. 2b.

Figure 9 shows the distributions of the regression coef-
ficients between the AO index and the 200 hPa quasigeos-
trophic streamfunction, wave activity flux (WAF), RWS and 
divergent winds. In October (Fig. 9a), corresponding to the 
positive phase of the AO, an anomalous wave train origi-
nates from the North Atlantic with two paths: an eastward 
propagation path is passing through the Mediterranean and 
traveling further to East Asia and the North Pacific, and a 
southeastward propagation path is traveling to the Arabian 
Sea and further to East Asia. However, the Rossby wave 
guided by westerlies tends to trigger positive streamfunction 
anomalies in the upper troposphere over the Middle East 
and South Asia region in October, while there are negative 
streamfunction anomalies in November (Fig. 9c). The most 
notable feature in Fig. 9 is the obvious upper-level conver-
gence and RWS anomalies over the Euro-Atlantic midlati-
tude and the northern North Pacific both in October and 
November. The positive RWS anomalies are located mainly 
at approximately 25°–35°N, 50°–70°E in October, which 
may facilitate the propagation of Rossby waves, while nega-
tive RWS anomalies are located in this region in November. 
Specifically, there are obvious upper-level convergence and 

positive RWS anomalies over the northern North Pacific in 
October. In contrast, divergence anomalies appear in the 
tropical North Pacific and convergence anomalies appear in 
the subtropical North Pacific in November. The AO-related 
patterns of upper-level RWS anomalies and convergence 
over the North Pacific and their apparent intraseasonal con-
trasts may be associated with the cyclonic and anticyclonic 
circulation anomalies at lower level. Furthermore, these con-
trasts may have implications for the relationships between 
the AO and precipitation anomalies over the SCSA in Octo-
ber and November.

4.2 � AO‑associated SST evolution in the North Pacific

The atmospheric circulation anomalies associated with the 
AO may also be affected by sea-atmosphere interactions (He 
and Wang 2013). Some studies indicated that the warmer 
SST in the eastern Pacific is associated with an anomalous 
lower-tropospheric anticyclone located in the South China 
Sea and Philippine Sea, causing anomalously wet condi-
tions over southern China (Wang et al. 2000, 2001; Wu et al. 
2003; Feng and Li 2011; Chen et al. 2014). SST may bridge 
AO and climate over SCSA, and have significant influence 
on atmospheric circulation anomalies in the Pacific region, 
so we exam the SST anomalies in the Pacific. We further 
illustrate the anomalies associated with the Oct/Nov AO in 
Figs. 10 and 11, including the evolution of SST, sea surface 
temperature tendency (dsst), turbulent heat flux, 10 m winds 

Fig. 9   Regression coefficients between the 200  hPa variable fields 
and the AO index in October during 1979–2014: a quasigeostrophic 
streamfunction (shading, units: 106  m2  s−1) and wave activity flux 
(vectors, units: m2  s−2) and b RWS (shading, units: 10−11  s−2) and 

divergent wind (vectors, units: m/s). c, d are the same as a, b, but in 
November. Dotted regions indicate statistical significance at the 95% 
confidence level using a two-tailed Student’s t-test
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Fig. 10   Regression coefficients between the following variables and 
the AO index in October during 1979–2014: a sea surface tempera-
ture (SST, units: °C), b sea surface temperature tendency (dsst, units: 
°C), c turbulent heat flux (shading, units: W/m2) and horizontal sur-
face wind at 10 m (vector, units: m/s) and d total cloud cover (TCDC, 
units: %). Dotted regions indicate statistical significance at the 90% 

confidence level using a two-tailed Student’s t-test. Black arrows 
indicate that both components of the wind anomalies are statistically 
significant at the 90% confidence level. Positive heat flux anomalies 
indicate the transfer of heat flux from the ocean to the atmosphere, 
and vice versa

Fig. 11   The same as Fig. 10, but in November
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and total cloud cover (TCDC). The SST tendency in a spe-
cific month is defined as the SST in the succeeding month 
minus the SST in the preceding month divided by 2, and the 
SST tendency is calculated by the central difference method. 

A horseshoe-shaped SST anomaly preliminarily takes 
shape both in October and November, which is first observed 
by Liu et al. (2006). Comparing Figs. 10a and 11a, it can be 
seen that the range of colder-than-normal SSTs in the North 
Pacific is greater in November than in October. The struc-
ture of the SST tendency field is similar to that of the SST 
field. Furthermore, the total cloud cover anomalies in the 
SCSA are significantly more in October than in November 
(Figs. 10d, 11d), which provides a possible dynamic condi-
tion for the precipitation’s incerasing in this area.

Figure  10c shows an apparent anticyclone over the 
North Pacific related to the simultaneous occurrence 
of the Oct AO that contributes to the formation of the 
horseshoe-shaped SST anomalies. To the south of the 
anticyclone (10°N–30°N, 140°E–125°W) and the north 
of it (50°N–60°N,175°E–130°W), the SST anomaly 
is negative (Fig.  10a), whereas the SST is abnormally 
positive in the center of the anticyclone. The signifi-
cant anticyclone in 30°N–50°N,170°E–140°W in Octo-
ber can be developed a dipole-like pattern in the form of 
cyclones (0°N–30°N,145°E–150°W) and anticyclones 
(35°N–60°N,150°E–135°W) in November (Figs.  10c, 
11c). The climatological winds are present easterly winds 
and westerly winds over the significant anticyclone 
(30°N–50°N,170°E–140°W) east and west flanks, and the 
anticyclone acts to increase these winds on its east and west 
flanks (figure is not given). The turbulent heat flux domi-
nates the net sea surface flux at the mid-latitudes. Positive 
heat flux anomalies indicate the transfer of heat flux from 
ocean to atmosphere. The combined effect of turbulent heat 
flux anomalies and the 10 m sea surface winds field anoma-
lies (Fig. 10c) make the turbulent heat increasing and local 
SST decreasing (Fig. 10a), which in turn could effectively 
form an anomalous anticyclone over the North Pacific by 
strengthening the northern temperature gradient and weak-
ening the southern temperature gradient. Finally, the dipole 
pattern in the form of cyclones and anticyclones over the 
North Pacific is strengthened in November. SST has sig-
nificant effect to the dipole pattern circulation, however, the 
directly effect between SST and precipitation over SCSA 
is not significant in October and November (figure is not 
given), maybe SST have effect by the dipole pattern cir-
culation on precipitation over SCSA indirectly. This part 
deserves further study in the future.

4.3 � Validation by CMIP6 model simulations

To test whether the coupled models can represent the reversed 
responses of the AO on the precipitation in October and 

November, we use the simulations (historical experiments) 
of eleven models from the Coupled Model Intercomparison 
Project phase 6 (CMIP6) during the period 1979–2014 (see 
Table 1). We exam the basic structure of AO mode in CMIP6 
models (figure is not given), results show that the models can 
capture the basic structure of AO in general, although some 
models show bias in both strength and the location of AO. 
We select three CMIP6 models (CAMS-CSM1-0, CanESM5, 
and CESM2-WACCM) that can be driven primarily by their 
capability to reproduce the spatial and temporal patterns of the 
observed fields since 1979. These models are called “CMIP6 
HIGH-r”, which have higher correlation coefficients between 
AO and precipitation. In contrast, we select the other 8 models 
that poorly simulate the impact of AO on the atmospheric cir-
culation and refer to these models as “CMIP6 LOW-r”, which 
have lower correlation coefficients between AO and precipita-
tion. Here, we provide the ensemble mean results of the model 
simulations.

Using this CMIP6 subset, which we refer to as CMIP6 
HIGH-r, we calculate the correlation coefficient between the 
AO and precipitation in October is 0.42 (significant at the 
99% confidence level) during 1979–2014. In addition, the 
CMIP6 HIGH-r simulation can reproduce the negative cor-
relation over Thailand and its neighboring areas in Novem-
ber. However, this simulation overestimates the response of 
the AO on precipitation in the Bay of Bengal (Fig. 12b). In 
contrast to CMIP6 HIGH-r, the CMIP6 LOW-r simulation 
results are poor both in October and November. As shown 
in Fig. 12, the CMIP6 HIGH-r simulation better reproduces 
the reversed relationships between AO and precipitation 
over the SCSA in October and November than does CMIP6 
LOW-r. Figures 13 and 14 illustrate the regression maps 
of the October and November ensemble-mean atmosphere 
circulation fields with AO in the CMIP6 HIGH-r and CMIP6 
LOW-r simulations. Both sets of models can capture the 
change from an anticyclone over the North Pacific in Octo-
ber to the dipole-like pattern in November. However, the 
200 hPa zonal wind anomaly in the Arabian Sea region and 
its neighboring continents in October can be reproduced 
only by CMIP6 HIGH-r. Moreover, CMIP6 LOW-r cannot 
simulate the observed dominant “positive–negative-posi-
tive–negative” distribution in the upper-level troposphere 
moving from West Europe to the Arabian Sea in Novem-
ber. To some extent, the physical linkages between AO and 
the reversed precipitation in October and November can be 
reproduced by CMIP6 HIGH-r.

5 � Summary and discussion

In this paper, we investigate the reversed relationships 
between Oct/Nov AO and precipitation over the SCSA 
during 1979–2014. The influences of Oct/Nov AO on 
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precipitation in the study region and the possible mecha-
nisms are discussed. The main conclusions are as follows.

In most areas of the SCSA, the correlation coefficients 
between AO and precipitation in October and November 
are 0.44 and − 0.31, which are statistically significant at 
the 99% and 90% confidence levels, respectively. There 
are 21 years when the October AO and precipitation are in 
phase, accounting for approximately 58.3% of all events, 
and there are 24 years when the November AO and pre-
cipitation are out of phase, accounting for approximately 
66.7% of all events. In October, the specific humidity 
shows significant positive anomalies in most of the SCSA, 
and the water vapor transported by the southerly winds 
provides favorable conditions for the precipitation in this 
region. In contrast, the specific humidity accompanied by 

the northerly winds in November presents negative anom-
alies, and less water vapor is transported to the SCSA, 
which may lead to less precipitation in this region. The 
significant upward air movement from ground to the upper 
troposphere (1000–150 hPa) is observed between 10°N 
and 30°N with more total cloud cover in October, cre-
ating possible dynamic conditions for the precipitation’s 
increasing over the SCSA. In November, there is down-
ward air motion between 10°N and 20°N with less total 
cloud cover, which may result in precipitation’s decreasing 
over the SCSA. Moisture budget diagnosis suggests that 
the increase of precipitation in October mainly contrib-
uted by zonal moisture flux convergence ( −�x(uq) ) and 
its decrease in November mainly contributed by zonal 
divergence.

Fig. 12   Spatial distributions of the correlation coefficients between 
the AO index and precipitation in October (a) and November (b) on 
the basis of CMIP6 HIGH-r; dotted regions indicate significance at 

the 95% confidence level using a two-tailed Student’s t-test. c and d 
are the same as a and b, but on the basis of CMIP6 LOW-r
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Regressive analysis reveal that the significant positive 
geopotential height anomalies and anticyclonic circula-
tion anomalies over the Arabian Sea appears in the 200 hPa 
winds fields in October, while there are anomalous anticy-
clones and cyclones moving from North Africa through the 
Arabian Sea and the Bay of Bengal to the South China Sea 
in November. The anomalous RWS and divergent winds in 
the upper troposphere stimulate the appearance of an anoma-
lous anticyclone in October over the North Pacific, while 
the anomalies develop into a dipole pattern in the form of 
cyclones and anticyclones in November. Further analysis 
reveal that the AO in October may increase precipitation 
through the southern wave train (SWT), which along with 
the westerly jet stream from North Africa to the Middle 
East and South China. The correlation coefficients between 
SWT and AO are as high as 0.61 and 0.39 in October and 
November, respectively, which are statistically significant 
at the 99% confidence level. For SWT and precipitation, the 

correlation coefficients are 0.48 and − 0.53 in October and 
November, respectively, which are statistically significant 
at the 99% confidence level. These further indicate that the 
influences of the Oct/Nov AO on the precipitation over the 
SCSA are closely related to the SWT. Composite analysis 
show that under the influence of the positive Oct SWT, sig-
nificant positive precipitation occurs in Thailand, Myanmar 
and the Bay of Bengal. Under the influence of the negative 
Oct SWT, precipitation is negative in most of the study area. 
In November, the precipitation is decreasing over the Bay 
of Bengal and South China Sea at the positive Nov SWT 
phase, while the precipitation is increasing at the negative 
Nov SWT phase.

In addition, air-sea interactions may exist over the North 
Pacific and affect the precipitation over the SCSA. Horse-
shoe-shaped SST anomalies are then formed with positive 
SST anomalies located in the central subtropical North 
Pacific and surrounded by negative SST anomalies. The 

Fig. 13   The same as Fig. 5, but on the basis of CMIP6 HIGH-r
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change in the turbulent heat flux field is more obvious in 
November, especially in the North Pacific, and the turbulent 
heat flux anomalies become more significant with stronger 
10 m winds in November than in October. In addition, the 
dipole pattern in the form of cyclones and anticyclones over 
the North Pacific is strengthened in November, which may 
be associated with the southerly winds, thereby decreasing 
the precipitation over the SCSA.

Furthermore, CMIP6 model simulations suggest that the 
AO-associated changes in the geopotential height anoma-
lies over the Arabian Sea and neighboring areas are more 
crucial for the SCSA precipitation anomalies. Three mod-
els (CAMS-CSM1-0, CanESM5, and CESM2-WACCM), 
which we refer to collectively as “CMIP6 HIGH-r” can 
better simulate the reversed relationships between Oct/
Nov AO and precipitation over the SCSA. The correlation 
coefficient between the AO and precipitation in October 
is 0.42 (significant at the 99% confidence level) during 

1979–2014. And CMIP6 HIGH-r can reproduce the nega-
tive correlation over Thailand and its neighboring areas 
in November. In contrast to CMIP6 HIGH-r, the CMIP6 
LOW-r simulation results are poor in both October and 
November. To some extent, the physical linkages between 
AO and the reversed precipitation in October and Novem-
ber can be reproduced by the CMIP6 HIGH-r. The associ-
ated dynamical processes in this study are summarized in 
Fig. 15 schematically.

However, to better understand the dynamics of the feed-
back mechanism proposed in this paper, the numerical 
experiments are needed with coupled atmosphere–ocean 
model in the future. In regard of ocean–atmosphere feed-
back, this paper mainly focuses on SST changes in the 
Northwest Pacific. While Wei et al. (2017) indicated that 
the Indian Ocean warm pool and the central Pacific SST 
might impact precipitation over South China. Furthermore, 
other external factors, such as snow cover and sea ice, may 

Fig. 14   The same as Fig. 5, but on the basis of CMIP6 LOW-r
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contribute to the persistent impacts of the AO on precipita-
tion. Therefore, further research is needed in this regard.
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